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Abstract: Exosomes as nanosized vesicles are emerging as drug delivery systems for therapeutics
owing to their natural origin, their ability to mediate intercellular communication, and their potential
to encapsulate various biological molecules such as proteins and nucleic acids within the lipid bilayer
membrane or in the lumen. Exosomes contain endogenous components (proteins, lipids, RNA)
that could be used to deliver cargoes to target cells, offering an opportunity to diagnose and treat
various diseases. Owing to their ability to travel safely in extracellular fluid and to transport cargoes
to target cells with high efficacy, exosomes offer enhanced delivery of cargoes in vivo. However,
several challenges related to the stabilization of the exosomes, the production of sufficient amounts
of exosomes with safety and efficacy, the efficient loading of drugs into exosomes, the clearance of
exosomes from circulation, and the transition from the bench scale to clinical production may limit
their development and clinical use. For the clinical use of exosomes, it is important to understand the
molecular mechanisms behind the transport and function of exosome vesicles. This review exploits
techniques related to the isolation and characterization of exosomes and their drug delivery potential
to enhance the therapeutic outcome and stabilization methods. Further, routes of administration,
clinical trials, and regulatory aspects of exosomes will be discussed in this review.

Keywords: exosomes; drug delivery; isolation; characterization; stabilization; route of administration

1. Introduction

Over decades, synthetic drug delivery systems such as liposomes, micelles, den-
drimers, and polymeric nanoparticles have been exploited to improve the efficacy and
therapeutic index (in terms of the pharmacokinetics and pharmacodynamics profiles) of
therapeutics, while minimizing the toxicity and drug-related off-target side effects [1-4].
Many hurdles still exist for synthetic drug delivery systems, including the delivery of
drugs to target organs, toxicity owing to the chemical and physical features of the synthetic
delivery system, reactions to the host immune system, and activation of an acute hypersen-
sitivity reaction, which can result in discontinuation of treatment in some individuals. The
utilization of extracellular vesicles as a natural carrier system to deliver therapeutics can
overcome the limitations associated with synthetic drug delivery systems [1,5-7].

Extracellular vesicles are differentiated into apoptotic bodies, microvesicles, and
exosomes, depending on the intracellular origin and size. Apoptotic bodies contain cellular
contents, including deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and histone
proteins, with sizes ranging from 50 to 5000 nm and which are formed by membrane
blebbing during apoptosis. Microvesicles, also known as microparticles or ectosomes,
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have sizes ranging from 50 nm to 1000 nm and are formed through fission from plasma
membranes. Exosomes are nanosized membrane vesicles with a size range of 30-100 nm,
which are secreted by various types of cells [8-11]. Exosome formation typically involves
the formation of endocytic vesicles from the plasma membrane; inward budding of the
endosomal vesicle membrane, which results in the multivesicular body (MVB); and the
release of exosomes derived from the MVB into the extracellular environment when the
MYVB fuses with the plasma membrane [12]. The exosome biogenesis, cargo sorting, and
vesicle release processes are shown in Figure 1. Owing to their nanoscale dimensions,
exosomes have received greater attention in recent years and are considered to be the most
promising vehicles for drug delivery to target cells or organ [13].

Membrane
proteins

Exocytosis

Figure 1. Exosome vesicle formation, cargo sorting (starts from endocytosis and ends in the MVBs),
and release. (A). Endocytosis of the plasma membrane (B) Uptake of proteins, nucleic acids, and
membrane-associated molecules into encysted body and formation of EE. (C) Transformation of
early endosomes (EE) into multivesicular bodies (MVB) or late endosomes (LE), intraluminal vesi-
cle (ILV) formation via inward budding of MVB or LE, and cargo sorting through ESCRT- and
ESCRT-independent pathways. (D) Fusion of MVB or LE with the plasma membrane and lysosome.
(E) Exocytosis of exosomes in response to MVB-plasma membrane interactions. (F). Degradation of
MVB or LE by the lysosome (modified from [14]).

Exosomes are released by cells in both physiological and pathological circumstances.
As exosomes circulate in the blood, they may operate as signal transducers both locally
and far away from their source [15]. For example, exosomes are released via activation at
sites of vascular damage, where they may have a signaling or adhesion function. Antigen-
presenting cells also secrete exosomes that carry peptide-loaded MHC molecules function-
ing as intercellular vehicles for antigenic materials [16,17]. Several studies have reported
that exosomes have been found to be released from several regions of the female reproduc-
tive system, including the endometrium, uterus, oviduct epithelium, placenta trophoblastic
cells, and preimplantation embryos. Exosomes have critical roles in modulating transcrip-
tion and translational activity, granulosa cell proliferation and differentiation, cumulus
expansion, gametogenesis, proper follicular growth, oocyte maturation, fertilization rate
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regulation, embryo development, and blastocyst formation and implantation, as well as
pregnancy outcomes and fertility [18-23]. The presence of exosomes in reproductive system
secretions further indicates their potential functions in preconception and postconception
intercellular interactions; nonetheless, modified exosomes have recently been employed as
markers for pregnancy and diseases linked with pregnancy in humans [23-25].

Exosomes are involved in sperm activities and epigenetic inheritance and are secreted
by the epididymis (epididymosomes) and prostate (prostasomes). There are two types
of epididymosomes: CD9+ epididymosomes and ELSPBP1-enriched epididymosomes.
The CD9+ epididymosomes govern sperm maturation by transferring their protein car-
goes to the spermatozoa. ELSPBP1-enriched epididymosomes bind to dead spermatozoa
preferentially, quenching reactive oxygen species that could otherwise harm sperm matura-
tion [26]. Protein cargoes in prostasomes, as with those in epididymosomes, are transported
to spermatozoa and are involved in sperm survival and motility via calcium-dependent
signaling. Despite the fact that the prostasome contains DNA, coding, and regulatory
RNAs with potential modulatory activities, there is little indication that these nucleic acids
are transferred to spermatozoa [27]. Choy et al. isolated and characterized the testicular
exosomes, demonstrating that they were taken up by somatic and germ cells, including
sperm cells. Their findings have provided new insights into intercellular communication
in the testes, which have broad implications for spermatogenesis and paternal epigenetic
inheritance [28]. Proteins in the exosomes may be associated with cell recognition, allowing
them to target a certain cell type. The majority of epididymosome-associated proteins
are transferred to the subcellular or membranous sperm domains during epididymal
transit and are involved in the acquisition of fertilization ability, modulation of motility,
and protection against oxidative stress. Proteins associated with prostasomes stimulate
sperm motility and regulate the capacitation timing to prevent premature acrosome re-
sponse induction [29]. In a previous study, Choy et al. revealed the plethora of proteins
in the testicular exosomes that have been implicated in male fertility, suggesting that the
communication mediated by testicular exosomes is required for spermatogenesis [28].

Exosomes play an essential role in intercellular communication by carrying genetic
and proteomic information between neighboring cells or distant organs. Exosomes com-
municate their message or deliver the cargo to the recipient cell in different ways. Firstly,
exosomes bind to target cell membranes through ligands expressed on their surfaces, facili-
tating the ligand-receptor interaction. This ligand-receptor interaction elicits an immune
response and mediates hemostasis, angiogenesis, and cancer progression [30]. Secondly;,
exosomes transfer their surface proteins and cytoplasms to the target cells through budding
and subsequent fusion with the plasma membranes of the target cells [31,32]. The third
mechanism involves the horizontal transfer of proteins and genetic material from one cell
to another. Studies have shown that fusion or internalization of exosomes can aid in the
transfer and release of their cargo and in mediating regulatory processes [8,33]. Despite
the wide range of functions carried out by exosomes, little is known about the molecular
pathways involved in exosome secretion. Exosome release is aided by the presence of
Ca?*. In most cell types, an increase in the intracellular Ca?*concentration, a universal
intracellular signal, is required to initiate exosome secretion. During the exocytosis process,
the membrane of a secretory vesicle fuses with the plasma membrane in a tightly controlled
Ca®*-triggered reaction. In endocrine cells, secretory granules contain many Ca?* ions, and
it has been suggested that a high intragranular Ca?* concentration is required for effective
exocytosis [17]. Therefore, it is evident that many intracellular transport events depend on
Ca?*, and thus it is likely that Ca?* might be required for the fusion events involved in the
secretion of the exosomes [34].

Exosomes have many properties that a drug delivery vehicle should have, such as
tolerability due to their wide distribution in biological fluids, the ability to exert func-
tional responses by transferring their cargoes across the membranes of the target cells,
the potential to mediate intercellular transfer of mRNAs and miRNAs, and the ability to
cross biological barriers [35-37]. Various cell types are used to obtain exosomes, including
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mesenchymal cells, immune cells, and tumor cells. The selection of the cell type is crucial
because the exosomes’ functions (quantity of drug load, amount of exosome release) will
depend on the properties of the cell types. Moreover, the biodistribution of exosomes may
vary depending on the cell origin [38].

In exosome formulation, biomolecules including coding and non-coding RNAs and
cell-targeting and cell adhesion moieties are packed within the lumen or lipid bilayer. The
exosome structure is similar to the unilamellar liposome, whereby an amphiphilic lipid
bilayer surrounds an aqueous core. Due to this structural resemblance, there are expected
to be similar characteristics between exosome and liposome drug delivery systems [11].
However, the low immunogenicity, non-cytotoxicity, and non-mutagenicity of exosomes
give them superior drug delivery potential compared to liposomes [39]. For these reasons,
exosomes can be used as specific drug delivery systems by selecting the exosome source.
Exosomes possess different roles, acting as innate bio-therapeutics, therapeutic targets,
and drug delivery carriers. Several approaches can be used to maximize the efficacy
of exosomes, including introducing exogenous drug molecules, increasing their innate
therapeutic capability, and altering their surfaces to improve their in vivo bio-distribution
and attenuate their pathological activities [40].

To date, researchers have mainly utilized exosomes as drug or gene carriers, disease
markers, and therapeutic targets. In recent years, various methods have been used for exo-
some isolation and characterization. Numerous studies have demonstrated that depending
on the different cell types, exosomes containing different compositions exhibit different
functions. As a result, the current review discusses exosome drug delivery systems from
the following perspectives: exosome isolation or purification and characterization methods;
exosome applications as drug, gene, and nucleic acid delivery systems; the various admin-
istration routes of exosomes, as well as their production methods and scalability challenges.
Additionally, clinical trials and regulatory challenges related to exosome delivery systems
will be reviewed and discussed. An overview of the use of exosomes for drug delivery, their
clinical applications, and their potential administration routes with stabilization strategies
is presented in Figure 2.
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Figure 2. Overview of drug delivery and therapeutic applications of exosomes.
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2. Isolation or Purification Methods

To obtain ultrapure exosomes, it is imperative to isolate exosomes from cell fragments
and interfering substances. Different techniques can be employed to isolate or separate
exosomes from cell culture or body fluids, depending on the exosome source and size.
Various techniques have been developed to isolate exosomes, including differential cen-
trifugation, filtration, size exclusion chromatography (SEC), and polymer precipitation
techniques. Table 1 shows the strategies, mechanisms, advantages, and disadvantages of
exosome isolation techniques.

2.1. Ultracentrifugation

Ultracentrifugation is referred to as the classic and golden standard method used to
isolate exosomes. This method utilizes centrifugal force to condition cell culture media
or biological fluids to remove cells and large cell debris according to the density, size,
and shape [41]. Théry et al. reported an experimental protocol for ultracentrifugation to
obtain and isolate exosomes, which is as follows: (1) The culture-conditioned medium is
initially centrifuged at 300x g for 10 min to separate or remove the living cells. (2) The
collected supernatant is then centrifuged to precipitate the dead cells at a centrifugation
force of 2000 g for 10 min; (3) The collected supernatant is centrifuged at 10,000 g
for 30 min to eliminate the cell debris, then the collected supernatant is centrifuged at
100,000 x g for 70 min to precipitate the exosomes. The pellet collected is washed with
a large volume of phosphate-buffered saline (PBS) to remove the contaminated proteins.
(4) The resultant solution is finally centrifuged at 100,000x g for 70 min to obtain an
ultrapure exosome [42]. With the continuous development of centrifugation technology,
combining ultracentrifugation with density gradient separation could significantly enhance
exosome isolation [43]. Although ultracentrifugation is an established method used to
isolate exosomes, repeated use of this method can rupture the exosome membrane due to
the effects of centrifugal force on the exosome [44].

2.2. Density Gradient Ultracentrifugation

This method is based on increasing the density gradient of solutions from the top
of the tube to the bottom. After the centrifugation, contaminants with densities different
than exosomes will be separated into layers, while the exosomes will sediment into other
layers matching the density of the exosomes [11]. Sucrose, iodixanol in water, and ice-cold
PBS are the most commonly used gradient media for exosome isolation [45]. By using the
gradient density of sucrose, contaminants whose density is different than the exosome
density may be separated from the exosomes, thereby producing a theoretically pure
fraction of exosomes. Density gradient ultracentrifugation is considered one of the best
methods due to the purity, yield, and preservation of vesicular structure when compared
to other physical exosome isolation methods [46]. However, contamination of the exosome-
containing fraction with high-density and low-density lipoproteins has been observed [47].
The exosomes isolated using ultracentrifugation may interfere with protein aggregates,
apoptotic bodies, and other non-exosome microvesicles. This can be overcome by using
density gradient ultracentrifugation [48].

2.3. Ultrafiltration

Exosomes can be separated from cell debris, soluble protein aggregates, and other
extracellular vesicles using standard membrane filters with defined molecular weight or
size exclusion limits. As exosomes are small, they can be isolated according to their size.
Ultrafiltration is typically used as a subsequent step during ultracentrifugation and as a
final step in chromatography. The typical protocol for ultrafiltration is as follows: (1) dead-
end filtration to separate the floating cells and cell debris from the cell culture supernatant
using a 0.1 pum filter at 22 °C temperature; (2) tangential flow filtration (TFF) of the filtrate
through a filter with a molecular weight cutoff of 500 kDa at a process temperature of 4 °C;
(3) further filtration of the deposits from step 2 using a sterilized 100 nm filter [49].
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Ultrafiltration can be performed using either direct flow filtration or tangential flow
filtration. Direct filtration, also known as dead-end filtration, is most preferred for filtration
of small-volume samples of up to 30 mL, however it has problems related to membrane
fouling and impaired particle separation [50,51]. Tangential flow filtration, also known as
crossflow filtration, is a more efficient, convenient, and rapid process to isolate exosomes on
a large-scale basis. In TFF, the sample fluid flows tangentially through the filter membrane
to avoid clogging or cake formation. Briefly, samples filtered through a 0.2 pm polyether-
sulfone membrane are subjected to the ultrafiltration process through a TFF system with a
cartridge filter membrane (500 kDa molecular weight cutoff) at a flow rate of 120 mL/min,
transmembrane pressure of <3.5 psi, and crossflow rate of >10:1 [50]. Exosomes that are too
large to pass through the membrane pores remain as a retentate, whereas small molecules
including free proteins are eluted as a permeate after passing through hollow fiber pores
and ultimately discarded from the process. Further, the retentate is reconcentrated serially
by TFF to deplete the contaminants smaller than 500 kDa and the purified exosomes are re-
suspended and stored in 0.1 M sucrose at —80 °C [49]. Ultrafiltration can be combined with
other techniques such as chromatography to enhance the exosome purity after isolation
using ultrafiltration [52].

2.4. Size Exclusion Chromatography (SEC)

In SEC, large molecules and other particulate matter are separated by utilizing a
porous stationary phase, depending on the exosome size. The small hydrodynamic radius
components in the sample of interest can pass through the pores, resulting in late elution.
In contrast, it is difficult for components with a relatively larger hydrodynamic radius
(exosomes) to enter the pores, leading to early elution [53]. It has been reported that
exosomes isolated from the SEC can maintain the structure of the exosomes, as confirmed
by transmission electron microscopy. Moreover, the structure and integrity of the exosomes
during isolation from the SEC will not be affected by shear force compared to the centrifugal
method. This is because SEC can be performed under low pressure, which maintains the
integrity of exosomes during isolation. This technique mainly helps to separate or remove
the protein or lipoprotein impurities from the isolated exosomes. Additionally, this method
has been used as a subsequent isolation technique for ultrafiltration and ultracentrifugation
methods [14]. However, the relatively long running time limits the use of the SEC technique
in the isolation of samples [54].

2.5. Precipitation Technigue

This technique involves charge-based precipitation of exosomes by utilizing hy-
drophilic polymers such as polyethylene glycol (PEG). PEG causes a decrease in the
solubility of exosomes by hijacking the water molecules and making exosomes settle under
low-speed centrifugal conditions. Briefly, co-incubation of exosome-containing samples
with a solution of PEG (molecular weight of 8000 Da) leads to precipitation of the exosomes.
The precipitated exosome samples can be recycled or separated using either filtration or
centrifugation when incubated at 4 °C overnight. This method does not require specialized
equipment and is relatively easy to operate without lengthy running times [54,55]. Kanchi
et al. [56] reported the potential application of the precipitation technique to isolate the
exosomes from urinary fluid using a DL—dithiothreitol solution to remove or separate
the polymeric networks of Tamm-Horsfall protein. Subsequent precipitation of exosomes
was performed at 25 °C at a centrifugal force of 10,000x g for 30 min. The recovery
and resuspension of exosomes isolated by the precipitation method is more efficient than
ultracentrifugation-based isolation [57].

2.6. Immunoisolation

The immunoisolation or immunoaffinity technique uses magnetic beads coated with
antibodies to identify certain proteins on the lipid bilayer membrane of the exosomes,
thereby separating them from other substances [58,59]. It has been reported that biomarkers
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such as CD34, CD63, and CD326 are often used as the biomarkers of acute myeloid leukemia
blasts, human exosomes, and tumor exosomes, respectively [60,61]. An immunoaffinity
isolation kit (microplate-based enzyme linked immunosorbent assay, ELISA) can be used
to isolate the exosomes based on the exosome surface markers and tetraspanin proteins,
considered as determining factors for the immunoisolation technique [14]. Compared to
ultracentrifugation, the immunoisolation method is superior in capturing a small quantity
of plasma with high specificity. Thus, it is often used to further isolate the specific exosomes
that have been previously isolated by other techniques. Nevertheless, this technique is
applicable for the isolation of exosomes that are specific to the particular biomarkers [41,62].

2.7. Microfluidics-Derived Chip Isolation Methods

In recent years, the microfluidics-based chip isolation techniques have become a
promising approach for the separation of exosomes. These methods are based on the
difference between the physical and biochemical properties of the exosomes, such as
the size, density, and immunoaffinity. The purification and isolation methods utilizing
microfluidics-based chip isolation techniques can be categorized into three approaches,
namely approaches involving immunoaffinity for exosome trapping, sieving approaches,
and approaches involving exosomes being adsorbed into the porous structure [63]. All
three approaches require off-chip steps for sample preparation, such as reagent mixing and
plasma extraction, which enhance the processing complexity. Exosomes measuring around
40-100 nm in size are specifically entrapped with this technique, and the specificity of
the exosomes is high, particularly for the microfluidic-chip-based immunoaffinity capture
approach. The sieving method can be used to separate the exosomes from the whole
blood based on pressure or electrophoresis [14,64]. Low cost, portability, and fast sample
processing are some of the advantages of this technique. However, the ability to efficiently
separate, purify, and economically produce the exosomes in sufficient quantities may limit
the entry of this technique into the clinical market [54].

Table 1. Strategies, advantages, and disadvantages of exosome isolation or purification methods.

Isolation or

Purification Methods Mechanism Advantages Limitations References
Sedimentation coefficient Capable of producing a Poor repeatability, low
. . 1 £ , i
Ultracentrifugation of exosomes and other arge numper ° recovery rate requures [65-67]
substances in a sample exosomes with high more time, unsuitable for
’ separation purity. clinical diagnosis.
Preserves exosome vesicle
Density gradient Separation based on the  integrity, while yield can be Difficult to scale-up, [11,44,68]
ultracentrifugation different densities. maximized for samples multi-step procedure. Y
that are already pure.
Faster, requires no special Deformation and
S Separation based on size  equipment, easy to handle breaking up of large
. . 7
Ultrafiltration and molecular weight. compared to vesicles may occur due to (69,701
ultracentrifugation. the use of force.
Allows separation of large
. and small molecules. The . .
Utilizes a column packed structure of the exosomes Requires a long running
Size exclusion liquid with porous polymeric . . . time, which limits the
isolated by this method is [71,72]

chromatography

beads, which separate the
exosomes based on size.

not affected by shearing
force compared to
centrifugation methods.

processing of multiple
biological samples.
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Table 1. Cont.

Isolation or

Purification Methods Mechanism Advantages Limitations References
Based on the specific High reagent cost, low
interactions between . . . capacity and yield,
Immunoaffinity immobilized antibodies su;tcizieeffgslsgzgoyﬂ Oﬁ cannot be used for the
capture-based (ligands) and P ibility of sub t, irg1 separation of exosomes [66,73]
techniques membrane-bound pﬁi’sh_ u};i’? issi)la}t,i};n & at a large scale. Requires
antigens (receptors) ghpunty ’ non-physiological salt
of exosomes. and pH conditions.
Requires long running
Change in the times and preand
dispersibility or Easy to use, requires no postseparation cleanup.
Precipitation technique solubility of exosome specialized equipment, and Co-precipitation of [74-76]
vesicles using water scalable sample capacity. non-exosome
excluding polymers. contaminants
within the sample.
Immunoaffinity, sieving Quantitative technique that Low sample capacity.
. - il g allows high-throughput Lack of standardization,
Microfluidic and trapping of . o
. analysis of method validation, and [70,77]
technologies exosomes on

porous structure.

exosome contents with
high sensitivity.

large-scale tests on
clinical samples.

3. Exosomes in Drug Delivery

Typically, liposomes and polymeric nanoparticles are the most preferred drug delivery
systems for entrapment or encapsulation of drug molecules, and these delivery systems
are routinely used to deliver different classes of drug molecules, including anticancer,
antifungal, and analgesics molecules. However, the biocompatibility, better stability, long-
term safety, and ability to evade the host immune system with long systemic circulating
capability and stability remain major concerns [6,12].

Over the past few years, considerable efforts have been made to develop exosomes
as novel nanoscale delivery systems. Several characteristics of exosomes, including their
biocompatiblity and biodegradability, mean they do not elicit acute immune reactions,
have low toxicity, carry the required fusogenic properties, contain low-uptake machin-
ery, have high specificity to the target cells, and are smaller in size, making exosomes
attractive nanocarrier drug delivery systems. Further, exosomes have a tendency to ac-
cumulate more in tumor tissues than in normal tissue. Moreover, the specificity of the
exosome delivery platform can be further enhanced by anchoring exosomes with tumor
targeting ligands such as proteins, peptides, or antibodies for specifically targeted drug
delivery [78,79]. Table 2 shows the application of exosomes for therapeutic delivery in
various pathological conditions.

3.1. Protein and Peptide Delivery

Exosomes represent a favorable therapeutic approach for delivering protein or peptide
molecules. Initially, exosomes were investigated as a garbage bin to remove the proteins,
lipids, and nucleic acids that are unwanted for cells. Over the past few years, exosomes
have been known to convey biological molecules for various diagnostic and therapeutic
purposes. Exosomes isolated from most of the cells are intrinsic carriers for endogenous
protein molecules, suggesting that the exosome carrier system would be a suitable delivery
approach for proteins or peptides [80]. Proteins such as enzymes, transmembrane proteins,
and cytoskeletal proteins are reported to be delivered by exosomes. The exosome vesicles
have been considered as a transporter of biomolecules, including lipids, proteins, and
genetic material, owing to their ability to transfer their contents from mother cells to
neighboring cells [8,81].
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Naturally occurring exosomes contain membrane-associated protein ligands. Upon
their biogenesis, these bioactive ligands cluster into microdomains on the exosomes, thereby
providing a natural membrane environment for the biomacromolecules, which helps main-
tain stability and bioactivity, thereby contributing to elevating the efficiency of membrane
protein therapeutics [82,83].

A number of proteins, such as heat shock proteins, annexins, and Rab family proteins,
which are abundantly found in exosomes, are mainly involved in trafficking of exosomes
and intercellular assembly, and inclusion of such proteins in exosomes may not be beneficial
for drug delivery purpose. However, several other protein therapeutics may be exploited
for exosome delivery purposes [35].

In the treatment of cancer, Survivin-T34A (dominant-negative mutant of the inhibitor
of apoptosis protein Survivin) was successfully introduced into exosomes isolated from
melanoma cell lines and played an important role in inducing apoptosis [84]. Kooijmans
et al. anchored antiepidermal growth factor receptor nanobodies to the surfaces of exosome
vesicles via glycosylphosphatidylinositol to improve the interactions between exosomes
and epidermal growth factor receptor-expressing tumor cells [85].

Modified exosomes derived from the dendritic cells consisting of SAV (a protein that
binds to biotin with high affinity) and LA (an exosome-tropic protein) were mixed with
pH-sensitive GALA peptides to produce GALA-modified exosomes. These engineered
exosomes are effective in controlling the intercellular transport and antigen presentation
ability of tumor cells [86]. Similarly, alphagalactosylceramide or ovalbumin-loaded exo-
somes could potentially induce an adaptive immune response in the absence of triggering
invariant natural killer T-cell anergy [87].

Tian et al. [88] conjugated exosomes on the surface of the ¢(RGDyK) peptide using
bio-orthogonal chemistry for the treatment of ischemic stroke by targeting the lesion region
of the ischemic brain. Further, these engineered exosomes were loaded with curcumin to
suppress both the inflammatory response and cellular apoptosis in the targeted (lesion)
region. The in vivo results for the cRGD-exosome delivery system showed encouraging
therapeutic efficacy and targeting ability.

Some biomolecules are prevalent in all types of exosomes, including the generation of
cytosolic proteins such as tubulin and actin, protein kinases, Annexin and Rab family pro-
teins, tetraspanins (CD9, CD63, CD81), heat shock proteins (HSP 70, HSP 90), and various
transmembrane proteins molecules [89]. Exosomes derived from antigen-presenting cells
carry tetraspanin CD86 and major histocompatibility complex molecules I and II on their
surfaces, enabling them to simulate CD8* and CD4* T cells. In addition, some molecules
present at the exosome membrane may act as pathogen-associated molecular patterns,
thereby contributing to the activation of immune cells [90]. Exosomes have the ability
to increase and modulate immune responses, which could be one important strategy in
the design of new vaccine formulations. The nanoscale exosomal vesicles are capable of
stimulating innate and adaptive arms of the immune system, suggesting their potential
to activate granulocytes or NK cells, and are also able to interact with CD8*, CD4", and B
cells in order to demonstrate antigen-specific immune responses [91].

In a previous study, Sandra et al. [92] investigated exosomes as potential vaccine
adjuvants. Exosomes were isolated from lipopolysaccharide endotoxin (LPS)-stimulated
human monocytic cell line (THP-1). The isolated exosomes were combined with a hepatitis
B recombinant antigen (HBsAg) solution or suspension comprising HBsAg-loaded poly-
e-caprolactone—chitosan nanoparticles. The obtained results suggested that exosomes
combined with HBsAg induced a humoral immune response similar to the control group,
which is a HBsAg solution without exosomes. The findings of their study suggest that
exosomes, when co-ingested with the antigen, could have potential applications to improve
the protective immune response in vaccine development.

Liu et al. [93] investigated the utility of exosomes in neuronal recovery after ischemic
stroke. Enkephalin-loaded exosomes containing a transferrin complex called enkephalin-
tar-exo were developed to target the blood-brain barrier (BBB). In vivo delivery of the
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exosomal system showed that enkephalin-tar-exo crossed the BBB and decreased the levels
of lactate dehydrogenase, p53, and caspase-3 when tested in rats using a transient middle
cerebral artery occlusion-reperfusion model. In addition, the enkephalin-tar-exo system
improved the brain neuron density and neurological score, indicating neurological recovery
after stroke.

Barok et al. [94] examined the delivery of an antibody—drug conjugate (trastuzumab-
emtansine) against HER2-positive cancer. Exosomes were isolated from several cell lines
such as HER2+ (SKBR-3 and EFM-192A breast cancer), HER2 (MCEF-7 breast cancer),
and gastric cancer (SNU-216) via ultracentrifugation method followed by treatment with
trastuzumab—emtansine. The results showed that antibody—drug-conjugated exosomes
bound to HER2+ cancer cells with growth inhibition and activation of caspases-3, confirm-
ing the binding of trastuzumab-emtansine to HER2+ cancer cells.

Cho et al. [82] compared the efficacy between exosomes and the ferritin nanocage
carrier in the delivery of signal regulatory protein « owing to the greater phagocytosis of
tumor cells by macrophages, whereby the tumor growth inhibition induced by the exosome
carrier was higher than that of nanocages. The abundance of proteins and lipids in the
exosome vesicles offers a substantial advantage in providing an ideal microenvironment
for membrane proteins regarding the activity and distribution in the membrane, reflecting
their potential advantage over other delivery platforms.

Although exosome-associated proteins play an important role in triggering cellular
responses and regulatory processes, the functional aspects of exosomes are complex in
terms of their assembly, binding, fusion with targeted cells, and interactions with the
extracellular matrix; for instance, paraformaldehyde-mediated crosslinking of proteins on
the surfaces of exosomes decreased fusion of exosomes with parental cells by approximately
20%. Furthermore, exosomes that were treated through solubilization with octylglucoside
and reconstructed by dialysis to remove the membrane proteins showed a decrease in
their ability to fuse with target cells compared to untreated exosomes [95]. The fusion
efficiency of exosomes with depleted proteins demonstrated comparable fusion efficiency
to that of large unilamellar vesicles whose lipid composition was similar to that of naturally
occurring exosomes, confirming the importance of exosome-associated proteins in fusion
events [8]. Kim et al. [96] evaluated the potential of genetically modified exosomes to
express a targeting ligand that can improve the exosome delivery to a target tissue and
reduce the systemic toxicity. Briefly, the ability of cardiac-targeting peptide, a targeting
ligand expressed from genetic modification of exosomes, to deliver tissues and heart
cells in vitro and in vivo was investigated. Exosomes isolated from HEK293 cells via
differential centrifugation were genetically modified by fusion of cardiac-targeting peptide
(CTP)-Lamp2b on the membrane of the exosome (CTP-Exo), and exosomes expressing
only Lamp2b (CTL-Exo) were used as a control. The in vitro study results showed that
compared to CTL-Exo, a significant increase in the delivery of CTP-Exo was observed in
HOC2 rat cardiomyocytes. In vivo studies showed that delivery of CTP-Exo was 15% more
effective than CTL-Exo, confirming that genetic modification of exosomes with targeting
peptides can be explored as a therapeutic tool for heart diseases owing to enhanced
delivery and reduced systemic toxicity. Recently, for successful delivery across the BBB,
exosomes loaded with the antioxidant protein catalase showed an improved disease state
in Parkinson’s disease patients. As with many other actives, delivery of catalase across the
BBB is a major hurdle, however loading of catalase into the exosome carrier system seems
to be a promising approach for Parkinson’s disease therapy.

In a previous study, Haney et al. [97] incorporated catalase into exosomes using differ-
ent methods, including incubation with or without the use of saponin permeabilization,
freeze-thaw cycles, and extrusion and sonication procedures. Western blot analysis showed
that sonication and extrusion techniques are the most effective in incorporating the cata-
lase into exosomes. Further, lipophilic fluorescent dye was used to label the exosomes to
confirm the delivery of catalase across the BBB. The exosomes labeled with fluorescent dye
were incubated with a pheochromocytoma (PC12) cells. Confocal images confirmed the up-
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take of labeled exosomes in PC12 cells. When exosomal catalase was added, elimination of
reactive oxygen species (ROS) was observed in in vitro-activated macrophages, suggesting
successful delivery of exosome-loaded catalase and neutralization of ROS.

3.2. Exosomes in Gene Delivery

The triggering of RNA interference to induce gene silencing has been significantly
intensified in biomedical applications. The RNA interference technique involves pro-
cessing double-stranded RNAs into small interfering RNAs (siRNAs) via posttranscrip-
tional, sequence-specific gene silencing. The siRNAs are used to selectively cleave target
mRNA [98-100]. Several RNA-structure-related factors, including their negative charge,
instability in the blood circulation owing to degradation by nucleases, immunogenicity, and
need for a delivery vehicle, particularly when repeated dosing is needed to treat disease,
limit the biomedical application of synthetic siRNAs [101,102]. The use of exosomes that
can carry exogenous siRNAs to human cells can overcome these impediments. Exosomes
as naturally occurring RNA carriers might be an effective source for the delivery of genetic
material [103]. Owing to their natural ability to carry genetic material such as DNA and
RNA to the targeted cells, exosomes have attracted increased interest in drug delivery
involving genetic modification or alterations of gene expression in certain genetic thera-
pies. Typically, small interfering RNAs (siRNAs) are used to disrupt the gene of interest.
However, these siRNAs are prone to rapid degradation in the systemic circulation owing
to their low stability. Exosomes as a carrier system help in both the protection and delivery
of siRNAs to the targeted cells. Several studies have reported the utility of exosomes as
therapeutic vehicles for the delivery of exogenous genetic material. There is a shortage of
safe, efficient, target-specific therapeutic delivery vehicles for conveying genetic material.
In the past, the ability of exosomes to transport endogenous mRNAs and microRNAs
expressed by the exosome-producing cells to different cells in culture has demonstrated
the concept of using exosomes for gene delivery [12].

Exosomes were used to deliver siRNA due to being non-immunogenic to the host
and owing to their natural ability to deliver RNA from cell to cell. Wahlgreen et al. [104]
used human exosomes to deliver siRNA to T cells and monocytes. Exosomes were isolated
from various cell types, including lung cancer cells TB-177 and HeLa cells, then siRNA was
loaded into exosomes via chemical transfection and electroporation methods. The results
from confocal microscopy, flow cytometry, and Western and Northern blotting showed
successful incorporation of siRNA into exosomes. Additionally, whether the delivered
exosomes induced posttranscriptional gene-silencing in recipient cells was evaluated by
performing immunoblotting analysis. The results showed that exosome-loaded siRNA
caused a decrease in tagged siRNA against mitogen-activated protein kinase 1 (MAPK-1)
expression, indicating successful gene slicing with downregulation of the specific gene,
with these results suggesting the utility of exosomes as delivery vehicles in gene therapy.
Similarly, Shtam et al. [105] evaluated the potential of exosomes to deliver siRNA to human
cells by targeting RAD51, a gene protein that helps in repairing double-strand breaks of
DNA. Exosomes isolated from HeLa cells using the centrifugation method were loaded
with Alexa Fluor 488-labeled siRNA and then further co-cultured with HeLa and HT1080
cells. The results from the Western blot analysis showed that exosome-delivered siRNA
downregulated the expression of RAD51 and RAD52. Skog et al. [106] reported that
exosomes obtained from glioblastoma tumor cells could be used for diagnosis as they
naturally contain miRNA in the exosomes. Using exosomes, the delivery success rate of
siRNA was enhanced significantly. Moreover, exosomes released from the self-derived
dendritic cells of mice had a more than 60% success rate in delivering siRNA specifically to
the nervous system, which is much greater than that of the siRNA itself [107].

Exosomes isolated from different types of cells may have different compositions and
functions. Exosomes released from endothelial cells are mostly associated with atheroscle-
rosis and vascular inflammation. However, the ability of exosomes to deliver exogenous
contents has not been explored greatly. In a study, Banizs et al. [108] investigated the poten-
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tial of endothelial exosomes to deliver siRNA to endothelial cells. Exosomes isolated from
endothelial cells using filtration and ultracentrifugation methods and then further loaded
with siRNA using the electroporation technique were investigated for their capability to
deliver siRNA to endothelial cells. Further, exosomes carrying siRNA were incubated
in the presence of luciferase-expressing endothelial cells. The study results showed that
endothelial-exosome-loaded siRNA expressed lower luciferase compared to the control
group, suggesting the functionality of endothelial exosomes to deliver exogenous material
to cells in vitro at the target site.

Typically, nucleic acid drugs can be loaded either endogenously or externally. The
ability of nucleic acid drugs to exert a maximum therapeutic effect is important for vigorous
exploration, gene expression, and maintenance of the physiological balance of the cells
regulated by the delivery of specific functional siRNA to target cells. However, it is difficult
for exogenous siRNA to penetrate the cell membrane and it can be easily degraded. One
major challenge for the clinical application of gene therapy is the development of a suitable
vehicle for diffuse delivery of genetic material to the brain. The ability of exosomes to
load exogenous genetic cargo, the specificity imparted by the targeted exosomes, and their
potential to systematically administer genetic material and invoke immune evasion are
important properties for gene therapy applications [107,109,110].

Lydia et al. [107] loaded exogenous siRNA using dendritic-cell-derived exosomes
through electroporation method, while engineering of dendritic cells was performed
to express Lamp2b, an exosomal membrane protein, in order to achieve tissue-specific
targeting. Further, the exosomes were injected with the targeting peptide RVG into mice
intravenously to deliver GAPDH siRNA to neurons, oligodendrocytes, and microglia in
the brain to show a specific gene knockdown. The study results showed that the exosome
vesicles delivered GAPDH siRNA specifically to neurons in knockdown-related genes.
The loading of exogenous linear DNA by exosomes using electroporation technique to
explore the potential of delivering DNA to recipient cells in the clinical gene therapy was
previously reported. However, the capacity of DNA and its loading efficiency depended
on both the size of the DNA and the exosomes [111]. The delivery of nucleic acid drugs
or genetic material via the exosomes involves fundamental treatment at the genetic level,
which has gained greater attention in treating several diseases. Nevertheless, the usage
methods, precise mechanism, and clinical effects in relation to safety considerations still
need to be vigorously explored [86].

In recent years, studies have reported the successful delivery of siRNA to target cells.
Faruqu et al. [112] loaded siRNA into exosomes for delivery to cancer cells. Exosomes
isolated from HEK-293 cells by centrifugation method were fluorescently labeled and then
loaded onto exosomes by electroporation method. The excess siRNA after loading into
exosomes was removed using gel filtration. The results showed the efficient encapsulation
of siRNA with promising exosome yield and successfully delivery into cancer cells.

Similarly, Limoni et al. [113] developed LAMP2B-DARPin-bearing exosomes to specif-
ically bind to HER2/Neu, with subsequent delivery of the siRNA molecule against the
TPD52 gene into SKBR3 cells. The results showed that exosome-loaded siRNA downregu-
lated the gene expression of TPD52 by up to 70%, indicating the successful gene transfer to
cancer cells by exosomes, providing an additional delivery system option for gene ther-
apy. Zhang et al. [114] evaluated the efficiency of serum-derived exosomes in delivering
siRNA via intratracheal instillation into lung macrophages to modulate lipopolysaccharide-
induced lung inflammation. The results indicated that the exosome delivery system
avoided the immune system, which is a major concern in delivering genetic material.

3.3. Exosomes in Delivery of Other Therapeutic Compounds

The vast majority of studies have investigated the exosome-based drug delivery
systems for therapeutic transfer of interfering RNAs and other therapeutic cargo, while ex-
osomes isolated from cancer cells for anticancer drug delivery systems have been explored
for the potential loading of anticancer agents into exosomes. Exosomes are also promising
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delivery vehicles for small-molecule drugs owing to their small size, reduced toxicity, and
bio-compatibility compared to nanoformulations such as liposomes and dendrimers. Drugs
(particularly anticancer drugs) encapsulated in exosomes have demonstrated improved
pharmacokinetic and pharmacodynamic properties and enhanced in vivo anticancer activ-
ity compared to free drugs [115]. Several studies have explored the use of exosomes in the
in vitro and in vivo delivery of small-molecule drugs. Few studies have reported the supe-
rior therapeutic effects of exosome-loaded small-molecule therapeutics compared to free
drugs or encapsulated carriers [116]. Schindler et al. [117] developed doxorubicin-loaded
exosomes and studied their redistribution and rapid cellular uptake to the cytoplasm and
nucleus. The doxorubicin exosomes demonstrated enhanced in vitro potency in multiple
cell lines with increased cell uptake and redistribution when compared to free doxorubicin
and its liposomal formulations. The exosome delivery system can provide benefits for both
cell-based and nanotechnology-based drug delivery, allowing efficient transport of drugs,
which can overcome the various biological barriers. Nevertheless, several factors need
to be considered before using the exosomes for transporting drug molecules, such as the
efficient drug loading of exosomes without causing significant changes in the exosomal
membrane structure or content.

In cancer therapy, exosomes have the capability to interact with and accumulate in
the target cancer cells. The exosomes found in Taxol are taken-up via endocytosis, owing
to the presence of adhesion proteins, immunoglobulins, proteoglycans, tetraspanins, inte-
grins, and lectins, meaning exosomes have superior uptake [118]. Furthermore, cellular
membranes found in exosomes may fuse with endocytic membranes to deliver drugs,
overcoming the Pgp-mediated efflux. Additionally, exosome-mediated cell-to-cell commu-
nication is important in the encounters between cancer cells and the immune system [119].
Parolini et al. [95] reported that the fusion of exosomes with target cells occurred more
efficiently under acidic conditions, indicating the preferential uptake of exosomes by tumor
cells, which have an acidic microenvironment, as compared to the surrounding healthy tis-
sue. Since the exosome vesicles are small in size and native to the animals, they can be used
to avoid phagocytosis and bypass the engulfment by lysosomes. Thus, most chemothera-
peutic agents such as doxorubicin and paclitaxel are encapsulated into exosomes, showing
potential for delivering into target cells [12].

Kim et al. [120] evaluated the feasibility of exosomes in delivering paclitaxel for multi-
drug-resistant cancer. Various methods, including incubation at RT, electroporation, and
mild sonication, were used to incorporate paclitaxel into exosomes. Of these methods,
mild sonication provided the greatest loading capacity, which could be because a decrease
in rigidity and the microviscosity of exosomal membranes upon sonication allowed the
incorporation of paclitaxel into lipid bilayers of exosomes. The study results showed that
paclitaxel-loaded exosomes greatly increased the cytotoxicity of drug-resistant MDCK-
MDR1 (Pgp+) cells, indicating the therapeutic potential of exosomes to treat drug-resistant
cancers. The mechanisms likely to be responsible for the enhanced exosome-loaded an-
ticancer activity included the efficient transport of paclitaxel into the target cancer cells,
overcoming the Pgp-mediated drug efflux in the cells resistant to cancer, and the preferen-
tial accumulation of paclitaxel in targeted cancer cells.

In the past, curcumin encapsulated in exosomes has been shown to be more stable,
being highly concentrated in blood and with a therapeutic effect [121]. Curcumin exhibits
antioxidative and anti-inflammatory properties and could be a promising treatment for
cerebral diseases. Accumulating evidence suggests that curcumin, when encapsulated in
exosomes, induces exosome secretion and increases its solubility, stability, and therapeutic
potential [122,123].

Kalani et al. [124] investigated the potential of exosomes when primed with curcumin
in terms of endothelial cell dysfunction by studying their effects on oxidative stress, tight
junction proteins, and endothelial cell layer permeability. The results demonstrated that
oxidative stress in Hcy-treated cells was significantly decreased with exosome-loaded
curcumin, suggesting its antioxidative potential. Likewise, curcumin-primed exosomes
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showed a beneficiary effect in amelioration of junction proteins and endothelial cell layer
permeability by maintaining redox homeostasis, lowering the levels of MMP-9 and improv-
ing tight junctions, which eventually improved the endothelial cell permeability. In another
study, exosomes were incorporated with curcumin to enhance the effectiveness of cur-
cumin. Exosomes derived from a murine tumor cell line (EL-4) were mixed with curcumin
and then subjected to sucrose gradient centrifugation. TSG101 and CD81 were used as
exosomal protein markers to identify the exosome curcumin complex. Various in vitro and
in vivo experiments were carried out to assess the anti-inflammatory activity of exosomal
curcumin. The macrophages treated with exosome-loaded curcumin showed fewer inflam-
matory cytokines in vitro than those treated with curcumin alone, suggesting enhanced
anti-inflammatory activity caused by the exosomal curcumin. In vivo, mice treated with
exosomal curcumin demonstrated significant survival in a lipopolysaccharides-induced
septic shock animal model compared to mice treated with curcumin alone [121].

Although exosomes have been proven to be useful carriers for delivering anticancer
drugs, their in vivo delivery of anticancer drugs could be limited owing to their non-specific
toxicity and off-target effects, which can be observed with the conventional delivery of
chemo drugs. This necessitates the anchoring of tumor-targeted ligands such as peptides,
antibodies, and aptamers with drugs loaded onto exosome surfaces to reduce the non-
specific toxicity and allow tumor-specific drug delivery. Such ligand-equipped exosomes
were reported to exhibit tumor growth suppression via a receptor-mediated endocytosis
process, thereby overcoming endosome encapsulation and trapping [125].

Liu t al. [126] tested surface-modified exosomes with ligands to deliver doxorubicin.
Exosomes isolated from the non-cancerous HEK293T cells were anchored with a ligand
(lipophilic hyaluronic acid) to target CD44-overexpressing MCF7/ADR breast cancer cells.
The ligand-anchored exosomes were shown to be elevated by doxorubicin in breast cancer
cells, thereby decreasing the tumor mass by 89%. In addition to improving the properties of
small-molecule drugs, exosomes are also used to transport drugs across the BBB. Owing to
the problems associated with the permeability of small-molecule drugs across the BBB, most
of the potent central nervous system drugs have not been successful in clinical trials because
the majority of these drugs cannot cross the BBB. To compensate for these complications,
exosomes as a body’s own cells are employed as delivery vehicles to tailor the drugs to
cross the BBB, enhancing drug transport to the brain by decreasing mononuclear phagocyte
system drug clearance [12,127].

Table 2. Examples of exosomes as drug delivery systems.

Isolation or Drug
Cargo Type Origin of Exosomes Disease Type Purification Loading Outcome Reference
Method Method
Signal Human embryonic Enhanced
regula}tory Kidney293T cells Cancer Centrifugation  Transfection phagocytosis of [82]
protein « tumor cells
Survivin-T34A Melanoma cell lines Pancreatic Centrifugation NA Apoptotic death [128]
cancer of cells
proteins Antiepidermal Mouse Epidermoid gil;aggitslicz)?l/
growth factor prae . NA Target specificity [85]
neuroblastoma carcinoma liquid chro-
receptor h
matography
20S Mesenchymal Mouse Tangential NA Reduction in [129]
proteasome stem cells myocardium flow filtration myocardial infraction
Genetic miRNA Glioblastoma cells Glioblastoma lef.erentl.al Transfection Prov.ldlng dla.gnostlc [106]
substances tumor centrifugation information
Human cord Ischemic Protected kidney
miRNA blood endothelial . .. Centrifugation ~ Transfection function and reduced [130]
; kidney injury . .
colony-forming cells kidney injury




Nanomaterials 2021, 11, 1481 15 of 43
Table 2. Cont.
Isolation or Drug
Cargo Type Origin of Exosomes Disease Type Purification Loading Outcome Reference
Method Method
Spherical Naturally 3000-fold-enhanced
O PC-3 cells Prostate cancer ~ Centrifugation knockdown [131]
nucleic acids encased .
of miR-21
TPD52 gene
expression was
. Human embryonic Sequential Electro- downregulated up to
SIRNA kidneycells (HEK293) Breast cancer centrifugation poration 70% compared with [113]
non-targeted
exosomes
. Prost.ate cancer cell Autologous Differential Co- Enhanceq c.lrug
Paclitaxel lines (PC-3 rostate cancer  centrifugation  incubation cytotoxicity [152]
and LNCaP) P & to cancer cells
Immature mouse
dendritic cells Specific drug
Doxorubicin transfected with the Breast cancer Centrifugation Electro- delivery to the tumor [116]
vector-expressing and ultrafiltration ~ poration site andinhibited
iRGD-Lamp2b tumor growth
Small
ma fusion proteins
molecules
Tumor cells Brain tumor Sucrose Inhibited brain
Curcumin (GL26-Luc, BV2, and autoi une radient Direct inflammation and [121]
3T3L1,4T1, CT26, encephalitis cengtri fugation mixing delayed brain
A20, and EL-4) p & tumor growth
Enhanced
Dopamine Kunming Parkinson’s Ultracentri- Co- therapeutic effect due [133]
P mouse blood disease fugation incubation to brain specific )
drug delivery

4. Exosomes Drug Loading Techniques

The lipid bilayer membrane of the exosome vesicle serves as a natural barrier to
protect the degradation of cargo in the blood circulation. However, this lipid bilayer
membrane, as well as the endogenous content of exosomes, makes drug loading into
exosomes challenging [134]. Generally, active loading and passive methods can be used
to sort the drug into the exosomes [135]. Active loading is also known as remote or
postdrug loading, in which the drug is incubated with isolated exosomes. Passive drug
loading, also termed as the preloading method, involves the secretion of drug-sorted
exosomes from a pretreated donor or source cells. This method does not require the
addition of drugs into the exosome vesicle. The active loading approach has been reported
to be more effective in attaining a higher drug/vesicle ratio owing to its active pumping
mechanisms. The postloading approach is more suitable for hydrophobic drugs than
hydrophilic drugs [136,137]. Different approaches for drug loading into exosomes are
presented in Figure 3, while the advantages and disadvantages of different exosome drug
loading approaches are detailed in Table 3.

4.1. Passive Loading Approach
4.1.1. Incubation of Drugs with Exosomes

This approach is also known as the passive drug loading method, in which both
drug and exosomes are incubated together and the drug diffuses into exosomes along the
concentration gradient. The drug loading efficiency using this method is directly related
to the hydrophobicity of drug molecules because of the potential of hydrophobic drugs
to interact with the lipid bilayer membrane of the vesicle [137]. In a study, Dongmel et al.
incubated mouse lymphoma-derived exosomes with curcumin in PBS at 22 °C for 5 min,
then the mixture was centrifuged based on a different sucrose gradient. The encapsulation
of curcumin into exosomes enhanced the solubility, stability, and bioavailability compared
to free curcumin [121]. Similarly, Vashisht et al. [138] reported that incubation of curcumin
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Donor cells

with exosomes resulted in a loading efficiency of 70.46%. Enzyme catalase was also
encapsulated into exosomes via incubation in PBS at room temperature for 18 h. However,
the low loading capacity is one of the main drawbacks associated with this method [97].

Purification of exosomes Incorporation of drug into .
from donor cells purified exosomes ’ .

Naive exosomes Drug Drug loaded
exosomes

’ Incubation of donor cells ‘ ‘ Isolation of drug loaded
B + . . with drugs ‘ exosomes

Figure 3. Exosomal drug loading approaches: (A) postloading approach; (B) preloading approach.

4.1.2. Incubation of Drugs with Donor Cells

In this approach, the targeted exosome donor cells are treated with a drug molecule of
interest and the pretreated cells then secrete drug-loaded exosomes [14]. The objective of
this approach is for the donor cells to accumulate the bioactive or therapeutic compounds
and secrete exosomes that can accommodate the therapeutic compounds. Owing to its
untargeted nature, this approach may result in low exosome yield [137]. Pascucci et al. [139]
treated and incubated SR4987 mesenchymal stromal cells with a low dose of paclitaxel for
24 h. Then, the cells were washed and reseeded in a new flask containing a fresh medium.
After 48 h of culture, the exosomes loaded with paclitaxel were isolated and collected from
the cell-conditioned medium. The pretreated donor cells may be exposed to mechanical
or biological stimuli such as ultraviolet light, heat, or combination in order to release the
drug-loaded exosomes [140,141].

4.2. Active Drug Loading Approaches

Active drug loading involves temporary disruption of the exosome membrane so
that active cargo can easily diffuse into the vesicles. The integrity of the exosome mem-
brane is then restored after the desired compounds are loaded into the exosomes. The
various approaches used to disrupt the membranes of the exosomes include sonication,
extrusion, and freeze—thaw cycles [135]. Compared to passive drug loading, the drug
loading capacity of exosome vesicles increased up to 11 times using the active drug loading
approach [136]. The main problem associated with this approach is the potential to damage
targeting features and the native structure of exosomes during the membrane disruption
process [135].

4.2.1. Sonication

Exosomes derived from donor or target cells are mixed with a drug or protein of
interest and then sonicated using a homogenizer probe. The mechanical shear force gener-
ated during sonication disturbs the exosome membrane’s integrity and allows bioactive
compounds to diffuse into the exosome while deforming the membrane [137,142,143].
Kim et al. [120] reported that the microviscosity of the exosome membrane decreases sig-
nificantly after sonication. However, the membrane-bound proteins or lipid contents of
the exosome are not significantly affected by this membrane deformation process. It was
found that the membrane integrity of the exosome can be restored within an hour when
incubated at 37 °C. Moreover, in some cases, biphasic drug release is observed from the
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exosomes when the drugs are encapsulated inside of the exosomes and also attached to the
outer membrane layer of the exosome vesicle. When the drug is attached to the exosome
outer layer this results in burst release, whereas when the drug is encapsulated inside the
exosomes this leads to slow release [120].

4.2.2. Extrusion

Extrusion is a postloading method that employs a syringe-based lipid extruder for
drug loading. Exosomes isolated from the donor cells are mixed with a targeted drug
and then loaded into a syringe-based lipid extruder with a 100-400 nm porous membrane
at a controlled temperature. During the extrusion, the drug is vigorously mixed with
the disrupted exosome membrane [14]. Fuhrmann et al. [136] reported the benefits of the
extrusion approach for the drug loading of exosomes. Exosomes derived from MDA-MB231
breast cancer cells were loaded with porphyrin using the extrusion method. Compared
to the incubation method, extrusion loading resulted in a greater cytotoxic effect. Further,
the extrusion method alters the zeta potential of original exosomes, while increasing the
number of extrusions in the intensive extrusion process can contribute to effective drug
loading due to the transformation of the vesicle constitution.

4.2.3. Freeze-Thaw Cycles

Drug loading using the freeze-thaw approach involves incubation of exosomes with a
targeted drug at room temperature for a given amount of time and rapid freezing at —80 °C
or in liquid nitrogen. Then, the mixture is thawed at room temperature. For better drug
encapsulation, freeze-thaw cycles are repeated for at least three cycles. This method has
lower drug loading capacity compared to sonication or extrusion approaches. Additionally,
this technique can promote the aggregation of exosomes, leading to broad size distribution
of the drug-loaded exosomes [97,137,144].

4.2.4. Electroporation

Electroporation utilizes an electric field, which facilitates the movement of drug
molecules into the lumen of the exosomes by disturbing the phospholipid bilayer of the
exosomes, thereby creating pores on it [145]. During electroporation, drug molecules
diffuse through the pores formed on the exosome lipid bilayer membrane; meanwhile, the
integrity of the membrane is recovered after the loading. This method is widely used for
the loading of large molecules such as nucleotides (siRNA or miRNA) into exosomes [136].
The electroporation technique has low loading capacity owing to RNA aggregation and
exosome instability issues. This technique can increase RNA loading into exosomes and
enhance the loading of hydrophilic small molecules into exosomes [136].

4.2 5. Incubation with Membrane Permeabilizers

Membrane permeabilizers and surfactants such as saponin can interact with the choles-
terol in the cell membrane and form pores, which leads to exosomal membrane permeability.
Compared to the incubation method, the membrane permeability method can enhance
the loading efficiency of catalase into exosomes [146]. A previous study showed that an
11-fold increase in drug loading of hydrophilic molecules into exosomes was observed with
saponin compared to the passive loading approach without saponin [136,137]. Using this
method, the amount of saponin used for drug loading should be optimal and exosomes
should be purified after incubation with saponin.
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Table 3. Advantages and disadvantages of different exosome drug loading approaches [97,137,146-153].

Drug Loading Approach

Mechanism

Advantages

Disadvantages

Passive loading

Incubation of exosomes
and free drugs.

Incubation of the donor
cells with free drugs.

Diffusion of cargo
into a cell or
exosomal membrane.

Simple operation.
Does not compromise
the membrane integrity.

Loading efficiency.
Drugs may cause cytotoxicity
to the donor cells.

Active loading

Sonication

Creation of micropores
for diffusion by
mechanical shear force.

Higher loading
capacity than the
simple incubation

method.

Sonication-induced
membrane damage is a
roadblock for large scale
application. Influence on
exosome integrity
and cargo aggregation.

Extrusion

Membrane
recombination.

High cargo
loading efficiency.
Repeated extrusion
provides a
homogeneous blend of
exosomes with cargoes.

Recombination of exosomal
surface structure may
compromise the
immune-privileged status of
exosomes, making exosomes
visible to immune cells such
as mononuclear phagocytes.

Freeze-thaw cycles

Membrane fusion.

Simple and effective
strategy to load various
cargoes (drugs,
proteins, and peptides)
into exosomes directly.

Repeated freeze-thaw may
cause protein degeneration
and exosome aggregation.
Drug loading efficiency is
lower than sonication and
extrusion methods.

Electroporation

Creation of micropores
for diffusion by the
electric field.

High loading efficiency

The loading efficiency and
aggregation of cargoes are
major limitations.

Incubation with
membrane
permeabilizers

Dissolves membrane
molecules (cholesterol),
create pores on the
exosomal surface.

Higher loading
capacity as compared
with the simple
incubation method

Saponin is hemolytically
active in vivo, limiting the
concentration (toxicity) of

saponin used for
drug loading.

Extra purification process

may be required to
remove saponin.

5. Exosomes Administration Routes

To deliver the therapeutic agent or cargo-loaded exosomes to the target tissue or organ,
several administration routes have been tested, including intravenous and intratumoral
routes, which may lead to systemic distribution of exosomes. The route of administration
can influence the tissue distribution of exosome-loaded drugs in vivo. The advantages
of and diseases targeted by exosomes administered via different routes are presented in
Table 4.

5.1. Intravenous Administration

Owing to its endogenous origin, exosome-based drug delivery should avoid hepatic
clearance or removal by immune cells. When injected intravenously, exosome-loaded drugs
can be delivered to several tissues, such as the brain, pancreas, and tumor tissues [154].
Similar to the other types of nanocarriers, intravenous injection of exosomes may favor
extravasation and retention of the exosomes inside the tumor due to a lack of proper
lymphatic drainage and the presence of leaky blood vessels in solid tumors [145]. Therefore,
intravenous administration of exosomes is an appropriate delivery route, especially in
malignancies. In a previous study, after intravenous injection, the pharmacokinetic profile
of exosomes showed a half-life of around 2 minutes in systemic circulation, with minimal
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presence observed after 4 h [155]. The accumulation of exosomes in the liver and then in
the lungs suggests that the clearance of exosomes from systemic circulation is comparable
to that of other vesicular systems such as liposomes. In a previous study, exosomes derived
from metastatic B16-F10 melanoma cells showed their distribution to the lungs, liver,
bone marrow, and spleen when injected intravenously [156]. In a study by Morishita
et al., exosomes derived from B16BL6 melanoma cells were radioactively labeled and
then injected intravenously to measure the radioactivity by collecting blood and organs at
different time points. After injection, at the 30 min time point, the injected exosome doses
detected were 1% in the blood, 10% in the lungs, and 40% in the liver. These observations
indicated that after intravenous injection, rapid clearance of exosomes from circulation was
mainly driven by macrophages, which resulted in the accumulation of the injected exosome
dose in the liver [157,158]. Although intravenous administration allows the exosomes to
reach the target site, their short half-life index in circulation is one the major limitations
of this route of administration [155]. However, additional modifications to the exosomes,
including PEGylation of the exosome particles, can be effective in avoiding rapid clearance
from the circulation after the intravenous injection by prolonging the half-life of exosomes
in the circulation.

5.2. Intratumoral Injection

The intratumoral injection of exosomes loaded with a therapeutic agent is an ap-
propriate administration route for cancer types, whereby the tumor is reachable without
requiring major invasive manipulation. Previous studies have reported on reductions in
tumor volume or dimensions after intratumoral injection of exosome-loaded therapeutic
cargo to the tumor mass [159,160]. The advantage of this approach is that a direct injection
of exosomes to tumor cells allows specific delivery of the therapeutics [145].

5.3. Intraperitoneal Route

Exosome administration via the intraperitoneal route allows the loading of larger
exosome doses compared to other systemic administration routes. However, exosomes
injected via this route rapidly dilute and expand to remote sites due to the vast area of the
peritoneal cavity [161]. Few studies have reported the intraperitoneal injection approach
for the delivery of exosomes.

In a previous study, Sun et al. [121] investigated the anti-inflammatory activity of
curcumin when delivered by exosomes to the peritoneal cavity. To evaluate the potential of
exosomal curcumin to increase the bioavailability of curcumin, both free curcumin and exo-
somal curcumin were administered intraperitoneally at doses of 100 mg/kg. Intraperitoneal
administration of curcumin resulted in five- to ten-fold higher accumulation of curcumin
in peripheral blood than with free curcumin. At 12 h after injection, a group of mice
injected with exosomal curcumin showed detectable curcumin in their plasma, whereas no
detectable curcumin was observed in the plasma of mice treated with curcumin alone.

5.4. Oral Administration

Although oral administration is convenient, easy, and facilitates patient compliance to
treatment, exosome delivery using this route involves several obstacles, such as enzymatic
activity and changes in the pH and intestinal barrier along the gastrointestinal tract. The
existence of severe acid-base changes and the characteristics of the intestinal microflora
are issues that need to be overcome in order for the exosomes to reach the target tissue of
interest. Oral administration of exosomes is more successful delivery to intestinal luminal
epithelial surfaces than in non-gastrointestinal tissues [161]. Agrawal et al. [162] utilized
bovine-milk-derived exosomes for oral delivery of paclitaxel for improved efficacy and
reduced toxicity. Paclitaxel-loaded exosomes showed excellent stability in the presence
of simulated gastrointestinal fluids. Following oral delivery, significant tumor growth
inhibition was observed against human lung tumor xenografts in nude mice. Compared
to intravenous administration, oral delivery of paclitaxel-loaded exosomes resulted in
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reduced systemic toxicity and inflammation. Aquil et al. [163] reported on the oral delivery
of curcumin using milk-derived exosomes. Oral administration of exosomal curcumin
resulted in significant inhibition of a cervical tumor xenograft. Additionally, enhanced
antiproliferative activity against various cancer cell lines was observed after oral delivery
of exosomal curcumin compared to free curcumin. However, depending on the admin-
istered dose, higher levels of curcumin were found in the lungs, liver, and brain in a
dose-dependent manner.

5.5. Intranasal Administration

The intranasal administration route is more effective, particularly in circumventing the
challenges involved in delivering drugs across the blood—brain barrier (BBB). The intranasal
route diminishes the exosome loss by avoiding the intestinal and hepatic metabolism,
thereby retaining the exosome vesicles in the brain tissue [145]. Studies have reported that
intranasal administration of exosomes loaded with curcumin and cucurbitacin resulted
in rapidly delivery to the mouse brain. Using this route, cucurbitacin-loaded exosomes
increased the rate of tumor apoptosis and exhibited a reduction in disease progression in
mice models. Curcumin-loaded exosomes showed a significant reduction in the microglial
cell number [122]. The intranasal delivery of exosomes has also been successfully used to
transport therapeutic cargo to inhibit inflammation and cancer of the brain [122]. Further-
more, the exosomes used in intranasal administration showed promising results and were
reported to be more effective in mouse models for Parkinson’s disease therapy [97].

Table 4. Advantages and targeted diseases of exosomes administered via different routes [145,164-168].

Routes of Administration Targeted Disease Advantages
Stroke, Parkinson’s disease, traumatic
brain injury, acute kidney injury, Most common route for systemic
Intravenous - . . .
antitumor therapies administration of exosomes.
(prostate and breast cancer).
. Bronchopulmonary dysplasia .
Intraperitoneal - . Allows the loading of larger EV doses.
Autoimmune type 1 diabetes
Facilitates Convenient administration
Oral . o . .
resolution of colitis, arthritis route for patients.
Brain parenchyma
Intranasal Brain cancer Suitable for EV delivery into the brain,
Encephalitis (inflammation of the brain), surpassing the blood brain barrier.
Parkinson’s disease therapy
Glioblastoma multiforme More effectlvg strategy fqr antitumor
Intratumoral therapies due to higher

antitumor therapi .
umor therapies EV retention in tumors.

6. Characterization Techniques

After isolation of the exosome, the exosome samples should be characterized thoroughly
using a set of combination methods to validate the isolation method. One major challenge
in exosome biology is the accuracy of the methods in measuring the quantity and purity
of exosomes. The characterization methods used for measuring the exosome purity are
categorized into marker-based, biophysical, and imaging-based methods. The advantages
and limitations of exosome characterization techniques are presented in Table 5.

6.1. Imaging

An imaging tool is a qualitative technique used to determine the morphology of
exosomes. Owing to the size of exosome vesicles, microscopic techniques may not show
sufficient resolution to image exosomes. Atomic force microscopy (AFM), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM) are commonly used
imaging techniques that can allow high-resolution exosome imaging.
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6.1.1. AFM

The AFM imaging technique detects and measures the force between the probing tip
and sample surface in order to produce a topological map of the sample. AFM uses surface
scanning with a sharp tip on the cantilever to scan over a sample surface. When the tip
approaches the sample surface, the attractive force between the surface and the tip makes
the cantilever deflect towards the surface and provides sub-nanometer, high-resolution
imaging at less than 1 nm [169]. Briefly, a sample containing an exosome vesicle is placed
on a mica substrate, dried at room temperature, then the dried samples are subsequently
washed and allowed to dry in the presence of liquid nitrogen. Here, the dried sample can
be viewed under AFM using a silicon probe and analyzed with software [170]. The AFM
technique requires minimal sample preparation and can be used to measure the exosome
vesicle in native conditions with a non-destructive mode of operation. This technique
provides useful information related to the morphology, biomechanics, and biomolecular
characteristics of the exosomes. Several studies have reported the effective use of AFM in
characterizing the membrane composition, mechanical properties, morphologies, and sizes
of various types of cell-derived exosomes [171].

6.1.2. TEM

TEM is widely used to characterize the existence of exosomes in solution and to
study the structure, size, and morphology in order to assess the quality of exosomes [172].
TEM uses an accelerated electronic beam with a smaller wavelength than that of light to
determine the structure and morphology characteristics. The principle involved is the
generation of the image as a beam of electrons that passes through a sample, whereby a
secondary electron is generated [171]. Briefly, a suspension of exosome vesicles is fixed
with paraformaldehyde (2% w/v), then deposited onto formvar—carbon-coated grids and
incubated for 20 min. The carbon-coated grids are then washed with PBS, incubated with
glutaraldehyde, a crosslinking agent, and washed with water. Finally, the exosome vesicles
are stained with uranyl acetate solution (2% w/v) and then air-dried [173]. During TEM
sample preparation, the morphology of exosomes can be affected due to the involvement
of multiple steps, and often electron beams may induce changes in the morphology of
exosomes. Hence, the TEM technique can be upgraded (Cryo-TEM) to eliminate the effects
related to sample preparation by utilizing a different protocol [65].

6.1.3. SEM

In the SEM technique, accelerated electrons carry a significant amount of kinetic
energy, which is dissipated as different signals produced by the interactions between
electron samples while the incident electrons are decelerated in the solid sample. Briefly,
exosome samples are fixed on a carbon-coated or copper grid with glutaraldehyde and
dehydrated with ethanol. The grids are then air-dried and sputter-coated with gold at a
thickness range of 2 to 10 nm, then the samples are analyzed using SEM. In one study,
it was reported that images of exosomes were round and bulging in appearance when
observed using SEM [14,174,175].

6.2. Dynamic Light Scattering (DLS)

DLS, also known as photon correlation spectroscopy, works on the principle of time-
dependent fluctuations in scattering intensity caused by Brownian movements of the
particles within a sample [176]. DLS is the most suitable technique for measuring monodis-
perse suspensions (one type of particle in a suspension). When large vesicles are present in
the suspension, even at low quantities, which may be problematic for the detection of small
particles [177], this technique can be used to determine the vesicle size of the exosomes,
however it does not provide information about the source or biochemical data for the
exosomes [178]. However, the DLS method has some limitations in the characterization of
exosomes, as follows: this technique requires a high sample (particle) concentration, which
may be challenging to prepare for exosomes; the presence of larger particles in the sample



Nanomaterials 2021, 11, 1481

22 0f 43

results mask the exosome population due to the influence of larger particles on the intensity
distribution; this technique is unable to accurately determine the particle concentration;
the low scattering properties of the exosomes can make measurements inaccurate [174].

6.3. Flow Cytometry

Flow cytometry is a technique that passes individual cells through a laser beam
at a specific wavelength and detects the emitted fluorescence or scattered light. This
technique allows the measurement of the size and structure of the exosome, is used to
characterize the exosomal surface proteins, and has the potential to determine the cellular
origin of a single exosome vesicle [171,179]. Using this technique, Melo et al. [180] reported
that exosomes isolated from non-tumorigenic cells carry less glypican-1 when compared
to exosomes obtained from pancreatic cancer cells. Conventional flow cytometry has a
detection limit of 200-500 nm, which limits its use in measuring free exosomes. When
the flow cytometry technique is optimized to detect small particles it can then be used to
detect the exosomes, however the low detection limit (approximately 100 nm) indicates
the insufficient sensitivity of this technique. However, the sensitivity of the instrument in
detecting exosomes can be improved by decreasing the wavelength of the laser beam to
405 nm [179,181].

6.4. Nanoparticle Tracking Analysis (NTA)

The NTA technique relies on the same basic principles as DLS. However, in NTA, a mi-
croscope is used to capture the individual particles in Brownian motion. NTA can measure
the exosome concentration and size distribution in the range of 10 nm to 2pm. It allows one
to measure the path of exosomal movement by tracking individual particles through image
analysis, then this movement can be correlated to estimate the hydrodynamic diameters.
As an individual particle is imaged in different regions, this technique can detect particles
of different sizes in the sample. In addition, NTA can also have fluorescence capability,
meaning is can be used to detect the antigen present on the exosome by applying fluores-
cently labeled antibodies [182]. The pre- and postprocessing settings used for NTA, such
as changes to the camera sensitivity and detection threshold for a particle, can influence
the results [183]. The sample preparation and correct dilution factor are two important
parameters for the success of NTA. The ability of NTA to detect exosomes with diameters
as low as 30 nm, its speed, and the ease of sample preparation and recovery in their native
form after the measurements makes this technique more attractive [184].

6.5. Tunable Resistance Pulse Sensing (TRPS)

TRPS is a biophysical technique that involves the passing of single particles through
nanoscale pores. The duration and frequency of resistance pulses are detected when the
particles pass through the pores. This information is used to determine the concentration,
size, and zeta potential. TRPS can determine colloidal particles with diameters ranging
from 50 nm up to the size of cells, which is crucial when investigating cellular functions
and uptake. When compared to the NTA, the size distribution and particle concentration of
exosomes more closely resemble the true distribution as measured by TRPS. While making
measurements using TRPS, frequent pore blocking by particles and susceptibility to system
suitability issues have been reported [181,185].

6.6. Protein Characterization

Characterization methods based on proteins or markers can be used to confirm that the
isolated exosomes contain low levels of potential contaminants and do not have high levels
of exosome markers. The total exosome protein content can be quantified by measuring
the total protein assay. However, discriminating the exosomal proteins from non-exosomal
proteins is a challenge when using this method, which is mainly due to the co-isolation of
exosomes with non-exosomal proteins during the isolation process. Owing to the endoso-
mal origin, exosomes isolated from most of the sources will contain proteins (membrane
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or intraluminal proteins) involved in the endosomal formation. The characterization of
protein markers can be performed using Western blot or ELISA techniques [11,186].

6.6.1. ELISA

ELISA is plate-based assay technique used for the detection and quantification of
the protein content of the exosomes. Its low sensitivity and the need for a large sample
volume are some of the disadvantages of this technique. The ELISA technique can be used
to measure exosome counts with accuracy [187].

6.6.2. Western Blotting

The Western blotting technique is most commonly used to detect the presence of
target proteins associated with exosomes. Briefly, purified exosome samples are treated
with buffered lysis solution containing denaturants or protease inhibitors, then dodecyl
sulfate—polyacrylamide gel electrophoresis is used to separate the protein lysates before
being transferred onto a membrane for immunoblotting of specific protein targets. This
technique is useful in determining the sizes of different proteins. However, the lengthy
preparation and processing times involved are the major drawbacks of this method. Both
ELISA and Western blotting techniques have similar limits of detection, however ELISA

can be scaled up for high-throughput measurements [188,189].

Table 5. Methods, advantages, and limitations of exosome characterization techniques [172,179,188,190-195].

Identification or
Quantification Methods

Purpose

Advantages

Limitations

Dynamic light scattering

Exosomes size distribution.

The lower measurement limit is
10 nm, suitable for the
determination of monodisperse
systems. Sample preservation for
downstream analysis and requires
no sample preparation.

Difficult to distinguish
contaminated proteins with
exosomes, not suitable for
measuring complex exosome
samples with large size ranges.
Inaccurate with polydispersed
and heterogeneous samples.

Nanoparticle tracking
analysis Technology

Measurement of size and

concentration of exosomes.

Higher resolution than flow
cytometer, exosomes can be
observed in real time with faster
detection speed.

Detection threshold and
camera levels will affect the
quantification of exosomes.

Atomic force microscopy

Detection of
exosomal morphology.

Require small sample amount, no
sample fixation or staining.

Sample dehydration on mica
surfaces may lead to
modifications of the size and
morphology of exosomes.

SEM and TEM

Detection of
exosomal morphology.

SEM can be used to directly
observe the surface structure,
whereas TEM can be used to

observe the internal structure of
exosomes and provide
information about
particle size distribution.

SEM resolution is lower than
TEM, high requirements in
terms of sample preparation
make TEM not suitable for
rapid measurement of a large
number of samples.

Flow cytometry

Detection of biomarkers
of exosomes.

Qualitative and quantitative
characterization of exosomes.

Detection limit is 400 nm,
identification of multiple
vesicles as a single event is
possible, the particle size of
exosomes cannot be measured,
detection of proteins or
antibody aggregates
limits its application.
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ELISA uantification high specificity, can be used to marker proteins, complicated

d ' analyze the marker proteins operation with
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The detection of exosomal
marker proteins varies

depending on the type of

Easy to analyze exosomes from parental cell, meaning this
Exosome marker cell culture media, the classic technique not suitable for the
Western blot method for qualitative and detection of exosomal marker

rotein quantification. NS . .
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Provides non-specific
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size or distribution.
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7. Manufacturing of Exosomes

Exosomes are a novel form of biotherapeutics, and their manufacturing (production
and purification) is similar to biologic production in terms of the cell culture and purifi-
cation process. Exosome production involves a culture of the parent cell line, harvesting
from the conditioned medium, and separation or purification from the process-related
contaminants as extracellular vesicles. The exosome manufacturing process is divided into
two stages: upstream and downstream. The upstream and downstream process workflow
for the generation of exosome-based therapeutics is shown in Figure 4.

Storage or stabilization

\!

Cell expansion (Upstream) Exosomes isolation (Downstream) Fill finish

1 ) |
‘ ( ) [ |

® o0 !

0o

Cryopreservation

Exosomes purification (tangential flow Lyophilization

filtration or ultracentrifugation) Filling

Bioreactor

Figure 4. Schematic representation of the manufacturing scheme (upstream and downstream processing) for exosome-

based therapeutics.

7.1. Upstream Processing

In exosome manufacturing, the cell source and cell culture media are the most impor-
tant starting components. The cell culture media mainly employed in the production of
exosomes include mesenchymal stem cells, dendritic cells, HEK293 cells, and 293T cells.
The exosomes secreted by mesenchymal stem or stromal cells (MSCs) are well studied for
the treatment of a range of therapeutic conditions. The MSCs can be isolated from different
tissues, including adipose, bone marrow, and umbilical cord tissues [196]. In the early
stages of product development, it is necessary to screen multiple cell types to identify the
optimal cell source for a specific therapeutic efficacy and indication.

The cell culture medium is used to isolate cells and support the expansion of the
parent cell line. Fetal bovine serum (FBS) and human platelet lysate (hPL) are standard



Nanomaterials 2021, 11, 1481

25 0f 43

cell culture media components. The cultivation medium is classified into animal-free or
animal-derived components as dissociation enzymes are utilized in the manufacturing
process [197].

The presence of a significant amount of endogenous exosomes in both FBS and
hPL is an important issue for these media, which can contaminate the secreted exosome
product [198]. In such cases, a serum-free medium (SFM) is an alternative option to
allow exosomes of the desired quality. Importantly, the choice of medium should be
considered early in development, particularly for media involving serum deprivation,
because this can affect the protein content and function of the cell line [199]. The cell
cultivation technique involves static (flasks) and dynamic (bioreactors) systems. In a
previous study, the static flask system used was a stand tissue culture flask and a CellBIND®
surface with a negative surface charge, which was pretreated with an oxygen-containing
functional group [200,201]. Bioreactors are dynamic monitoring systems used for large-
scale production. The type of bioreactor used can affect the exosome yield by affecting
the cell density, secretion, and reuptake by the cells. For exosome production, T-flask or
hollow fiber bioreactors have been commonly used [202]. Owing to the size of exosomes
(60-200 nm), a hollow fiber bioreactor with a molecular weight cutoff membrane is often
used for harvest conditions. Such bioreactor systems facilitate a dynamic environment
for cell cultivation and a continuous medium collection system, which is beneficial for
downstream purification [200]. Microenvironmental controls in the bioreactor, including
control of the oxygen, carbon dioxide, temperature, and homogeneous nutrient transport,
can affect the quality of exosomes.

7.2. Downstream Processing

Typically, the downstream processing consists of filtration to remove the cell debris,
concentrate the cell culture condition medium, and isolate exosomes from the concen-
trated condition medium. After cell harvest, a variety of methods can be used to purify
exosomes, including ultracentrifugation, microfiltration, size exclusion chromatography;,
and immunoaffinity.

The current purification methodologies are based on separating exosome vesicles
from cells, media, and proteins depending on the vesicle density, size, and surface markers.
Each separation or purification method isolates a slightly different exosome population;
hence, there is no standardized method for separation of exosomes. However, the choice
of downstream processing depends on the target product profile and complexity of the
starting material from the upstream operation [203].

Historically, ultracentrifugation is a commonly used method for efficient purification.
Ultracentrifugation involves two main variations. The first variation employs a combina-
tion of centrifugal forces (3000-10,000x g) to reduce contamination associated with cell
debris or fragments, followed by a centrifugal force measuring 10,000-20,000x g for or-
ganelles and non-exosomal vesicles, then a centrifugal force measuring 100,000-120,000x g
before producing a final pellet of exosomes. The second variation discriminates the exo-
somes from other vesicles through flotation using commercially available reagents, such as
iodixanol or density gradients obtained from deuterium oxide-sucrose cushions [70,204].
Exosome vesicle aggregation or destruction may occur after harvesting the exosomes
via ultracentrifugation because of elevated shear associated with the ultracentrifugation
process, which can break down the exosomes and release or leach the proteins from the
exosomes [205].

In recent years, the TFF technique has been used to concentrate exosomes from cell
culture media based on their size distribution. Tangential flow filtration can facilitate
the buffer exchange and product washing, making this process attractive as a primary
recovery method. Compared to ultracentrifugation, exosomes obtained from tangential
flow filtration have shown greater immunomodulatory potency, which is similar to that of
the parental cells. Moreover, the exosomes obtained from TFF show more soluble factors in
the exosomes, including cytokines, proteins, DNA, RNA, and lipids [205].
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In addition, hollow fiber ultrafiltration coupled with microfiltration enables the re-
moval of large particles and cell-culture-derived proteins while retaining the structural
and functional integrity of the exosomes [204,206-208]. Immunoaffinity is the most promis-
ing method for exosome purification; however, this method is the least reported in the
literature as compared to the recovery of exosomes from a human colon cancer cell line
(LIM1863) using different purification methods [68,209]. Study results have shown that
exosomes captured via immunoaffinity demonstrate superior expression levels of known
exosomal markers compared to other methods, such as ultracentrifugation and differential
centrifugation. Further, immunoaffinity isolation enables identification of the ESCRT-III
component VPS32C/CHMP4C and the SNARE synaptobrevin 2 (VAMP2) molecules in the
exosomes, indicating the potential of the immunoaffinity method for exosome characteriza-
tion and isolation.

Size exclusion chromatography (SEC) is a suitable purification method for removing
protein aggregates and lipoprotein particles. SEC provides a significant decrease in the
total particle number (by 30-70%). Although upscaling is possible with SEC, this method
may not be suitable for the initial volume reduction required for cell-derived exosomes.
However, compared to ultracentrifugation, a 100-fold decrease in ferritin (major protein
complex contaminant) concentration has been reported in SEC-purified exosomes [202,210].

7.3. Fill Finish

After the purification of exosomes, the exosome product must be stored in a suitable
container closure system under cryopreservation in a storage buffer that maintains the
exosomes’ vesicle stability. Cryopreservation (—80 °C) with cryoprotectants is frequently
used to reduce osmotic damage and enhance the stability of proteins and cells during
freezing [211].

8. Stability and Stabilization Methods

Although exosomes have sparked interest in a variety of applications as cell-derived
biotherapeutics and drug delivery vehicles, preservation and storage remain major chal-
lenges, which are yet to be studied extensively and must be addressed to enable their
use for delivery systems. Previous studies suggest that freezing (—80 °C) is a promising
mode of storage for exosomes. However, the effects of storage may vary with the source of
isolation. The lack of knowledge about appropriate storage and stabilization conditions
for exosomes and the limited understanding of storage-mediated effects may hinder the
widespread clinical applications of exosomes for drug delivery [212].

In most cases, depending on the source of isolation, exosomes are not stable even
under long-term storage conditions at —80 °C. Compared to freshly isolated exosomes,
a change in the exosomes’ morphology was observed when stored at —80 °C for 4 days.
Briefly, freshly isolated bronchoalveolar lavage fluid (BALF) exosomes have a characteristic
morphology and mean diameter. The diameter of BALF exosomes increases by 10%
and 25% when stored at +4 °C and —80 °C, respectively, due to multilamellar structure
formation. Moreover, exosomes stored at different temperatures can show leakage of
distinct protein groups or dissociation of pre-exosomal proteins loosely bound to exosomes.
These observations indicate that storage conditions destabilize the morphological features,
surface properties, and protein content of BALF exosomes [213]. Sokolova et al. [174]
examined the stability of exosomes when stored at —20 °C, 4 °C, and 37 °C. The size of
the exosomes was decreased under storage conditions of 4 °C and 37 °C, indicating an
exosomal structural change or degradation. Further, multiple ultracentrifugation, freezing,
and thawing did not affect the size of the exosomes. Thus, the size and integrity of the
exosomes greatly depend on the storage conditions.

Similarly, Wu et al. [172] characterized the quality of RNA contained within the
exosomes when stored under different storage conditions. A long-term storage period
(2 years) also degraded the exosomal RNA, even when samples were frozen at —80 °C.
Moreover, a decrease in the biological activity of exosomes was observed during storage at
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—80 °C for 28 days, highlighting the potential changes during the storage of exosomes and
emphasizing the storage conditions that need to be considered while developing exosomes
for clinical use [214].

In order to obtain viable and effective exosomes for drug delivery applications, the
preservation technique should protect the contents of exosomes during both preparation
and storage. Various approaches to preserving the physical characteristics of exosomes in
solution and solid state are crucial to maintaining biological activity and reproducibility
in downstream processing. During standard isolation procedures, problems related to
particle aggregation during high-speed centrifugation of exosomes, interactions of highly
enriched extracellular vesicle suspensions during storage, and damage caused by freezing
are recurrent problems linked to exosome delivery systems [42,215]. The clinical thera-
peutic potential of exosomes as delivery vehicle can be widened by developing a suitable
preservation method. Although a freezing temperature of —80 °C is generally used for the
storage of exosomes, this temperature may not be ideal for transportation and handling.
Therefore, other methods are required to improve the storage stability of exosomes. Cryop-
reservation and lyophilization or freeze-drying are effective storage methods that can be
used to preserve exosomes [216]. Cryopreservation includes freezing of exosomes, thawing,
and possible refreezing after usage, which preserves the exosome functions by lowering
the temperature below that required for the biochemical reaction. However, cryopreser-
vation may be associated with stress caused to the exosome vesicles. This stress is due to
intracellular ice formation and osmotic imbalance within the freezing procedure [217].

In a previous study, the exosomal protein, RNA, and exosome marker were greatly
reduced when stored at room temperature for 10 days compared to similar exosomes
stored at —70 and 4 °C. Flow cytometry results revealed that when incubated at room
temperature for 10 days, the exosome population became more dispersed than freshly
isolated exosomes or exosomes incubated at —70 °C [218]. In a previous study, it was
concluded that temperatures above —20 °C were not suitable for the preservation of
intact exosomes. Some of the study results showed that exosomal RNA and the stability
of exosome vesicles isolated from plasma were not affected by repeated freezing and
thawing [174]. Other studies have stated that the exosome vesicle structure can be sensitive
to repeated freezing and thawing [172]. Thus, although the cryopreservation technique
is favorable in terms of its simplicity and availability, temperatures above —20 °C are
not suitable for exosome preservation and repeated freezing and thawing may affect
the exosomes. Hence, dehydration or drying by lyophilization appears to be a suitable
technique for the preservation of exosomes [217].

Lyophilization is a preservation method for effective and long-term storage of exo-
somal formulations, which can enable storage at room temperature. Lyophilization is the
preferred method over freezing, owing to the improved stability of exosome contents (pro-
teins or RNA) resulting from the removal of freezable water associated with the exosomal
content [219].

The lyophilization process consists of freezing (solidification) and primary drying
(sublimation), followed by secondary drying (desorption) [220]. Sublimation is the basic
principle involved in the lyophilization preservation process. Similar to cryopreservation,
stresses associated with the freezing and dehydration steps of the lyophilization process
may lead to destructive effects on the structural content of the exosomes. Thus, the addition
of cryoprotectants or lyoprotectants in the formulation can protect the exosome vesicles
and their cargoes [217].

Lyophilization can prevent the hydrolysis of phospholipids, thereby decreasing the
physical degradation of vesicles during their shelf life. In addition, it may also help in the
stabilization of the active components incorporated in the exosomes. Typically, sugars,
especially trehalose, have been used as cryo- or lyoprotectants during lyophilization,
effectively preventing leakage and protecting the membrane integrity due to their higher
Tg values, making them suitable stabilizing agents during the lyophilization of exosomes.
Trehalose is a non-reducing homodisaccharide composed of two glucose units linked by an
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a-1,1-glycosidic linkage. It has been reported that the addition of trehalose to exosomes
narrows the particle size distribution and enhances the number of individual particles
per microgram of protein. Moreover, trehalose can minimize the aggregation of vesicles
caused by freeze—thaw cycles and maintain the particle characteristics of the lyophilized
exosomes. Moreover, in in vitro electroporation experiments, trehalose can minimize the
vesicle fusion and loss of exosomes during lyophilization [221,222].

Generally, cryoprotectants are divided into intracellular agents or penetrating cry-
oprotectants and extracellular compounds (non-penetrating cryoprotectants). Intracellular
agents (dimethyl sulphoxide, glycerol, and ethylene glycol) prevent the formation of ice
crystals by penetrating the cells, subsequently avoiding membrane rupture. Extracellular
compounds such as sucrose, trehalose, and other sugars that do not penetrate the cell
membrane act via different mechanisms [217,223]. Trehalose primarily acts through wa-
ter replacement and vitrification mechanisms during exosome lyophilization. The water
replacement mechanism involves the replacement of water molecules by formation of a
stable hydrogen bond between sugars (trehalose) and exosome lipids at the bilayer surface,
without affecting the lipid bilayer structure upon removal of water. Moreover, sugars
maintain the spacing between lipid head groups and reduce the van der Waals interactions
between acyl chains of the phospholipids to retain sealed membrane structures during
lyophilization [220,224]. Vitrification represents the kinetic stabilization related to the Tg of
the glassy matrix, which is based on the immobilization of molecules (proteins or lipids)
by the glassy matrix of the stabilizer (trehalose) upon removal of water. Thus, the glassy
matrix, having low mobility and high viscosity, prevents the aggregation or fusion and
protects the lipid bilayers or protein molecules from damage from the ice crystals. The
presence of trehalose also inhibits the conformational changes observed from the lipid
phase transition [176,225].

Charoenviriyakul et al. [216] developed lyophilized exosomes for preservation at room
temperature and compared their properties with those of the exosomes stored at —80 °C.
The presence of a cryoprotectant (trehalose) during lyophilization greatly prevented the
aggregation of B16BL6-melanoma-derived exosomes. In contrast, lyophilization without
trehalose resulted in the aggregation of exosomes owing to stresses generated during this
process. During lyophilization, proteins and RNA in exosomes were protected in the
presence of trehalose. Additionally, exosomes after the lyophilization retained the activity
and immunomodulatory of Gaussia luciferase and CpG DNA, respectively, for 4 weeks
when stored at 25 °C, suggesting that the lyophilization of exosomes with trehalose is an
effective storage method that can be used to preserve exosomes for various applications.

Bosch et al. [221] investigated the potential benefits of trehalose in phosphate-buffered
saline (PBS) to maintain the stability and functionality of beta cell exosome-like vesicles
during isolation and storage. The addition of trehalose significantly decreases the aggre-
gation of exosome vesicles when compared to PBS alone and preserves the integrity by
reducing the exosome vesicle loss during isolation and storage, helping in improving the
stability of exosome vesicles for large-scale applications. Typically, trehalose provides
a physical shield effect through different mechanisms, including vitrification, preferen-
tial exclusion, or water replacement theories [176]. The exosomes’ lipid bilayer may be
damaged by the ice crystals that are formed during the freezing step of the lyophilization
process. Additionally, vesicle fusion or phase separation may occur during dehydration
and rehydration, respectively [225,226]. In a previous study, Akers et al. [227] investigated
the impacts of storage conditions on cerebrospinal-fluid-derived exosomes. They found
that lyophilization in the absence of trehalose resulted in a reduction in the number of
exosome particles, which was likely due to aggregation, indicating that lyophilization
without a cryoprotectant, particularly trehalose, damages the exosome vesicles. Therefore,
it is necessary to investigate the appropriate preservation technique and optimal amount
of cryo- or lyoprotectant required to preserve and extend the biological effect of exosomes
or exosome-loaded cargoes to facilitate their clinical application.
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9. Scalability Challenges

The endeavor to bring therapeutic exosomes into industrial-scale production and
clinical use will require scalable cell culture conditions and methods related to the isolation
and purification of exosomes. Further, storage conditions that maintain the functionality
of exosomes must be utilized, and the entire production environment should adhere to
current Good Manufacturing Practices (cGMP). The scaling-up of cell-culture-conditioned
media needs to be assessed for exosome products based on the cell culture method used
(adherent or suspension type cell culture), quantity of exosomes produced by the suitable
cells, and the amount of exosomes required for therapeutic administration [1]. Studies
have reported that MSC and cardiac progenitor cells can be obtained from bioreactor and
HyperStack systems, respectively, in clinically relevant amounts. The results indicate
that neither cells nor exosome vesicles change the phenotype while scaling-up the cell
culture [200,228]. Cellular changes may occur while transitioning from a bench-scale cell
culture to scalable cell culture platforms, which often alter the composition and function
of the exosomes. The use of large-scale stem cell cultures might be a rate-limiting step in
producing effective and stable products owing to high development costs and uncertainty
in meeting regulatory and marketing requirements. Similarly, opportunities for delivering
large quantities of cell-culture-conditioned medium with which to undertake the scaling-up
of exosome production are limited [204,229].

When scaling up the cell culture, maximization of the surface area in stirred bioreactors
or hollow fiber bioreactors may offer greater process control. Controlling the environmental
parameters within the bioreactors is one main technical challenges, however, controlling
such parameters can mean that the phenotype of the cell-derived exosomes does not change
in structure or functionality. When moving from static, planar cultures at the lab scale to a
dynamic production-scale environment, the generation of shear stress from the impellers
in the bioreactor and the cavitation of bubbles from oxygen sparging are still issues that
may change the exosome product [204].

A bioreactor system should be designed to support adequate mass transfer in the
cell culture. The reactor system can retain the exosome product within the culture con-
dition medium to yield a more concentrated cultured medium, thereby reducing further
downstream liquid handling requirements [206]. Owing to the poor production efficiency
of exosomes in vitro, standard batch mode manufacturing can involve more expensive
and complicated multilayer flask systems. Thus, it can take time to establish reproducible
culture conditions and achieve robust production of exosomes with lot-consistent popu-
lations when scaling-up systems. Many basic environmental conditions and scale factors
differentiate the culture media in small-scale flask- and impeller-based bioreactors. Culture
progression and production efficiency-related concerns exist in relation to mass transfer
differences, microcarrier binding, and hydrodynamic forces generated in sparging and
agitation. Variations in these factors between bench and production scales can affect the cul-
ture characteristics in terms of the apoptosis potential, quality, and quantity of the exosome
product [230]. The isolation methods used for exosomes in large-scale formats begin with
tangential flow fractionation, which is frequently used as a first diafiltration and concentra-
tion step. Following TFF, the exosomal product is further purified by ultracentrifugation or
other purification steps such as bead elute chromatography. Ultracentrifugation is difficult
to scale up, while bead elute chromatography is relatively scalable [1].

The purification methods used in exosome production rely on the differences in size
or density to purify specific cell-derived exosome populations or specific drug-loaded
exosome populations.

Over the past few years, the development of exosomes has advanced towards clinical
translation, while concerns related to isolation, storage, and GMP production remain
challenging. During large-scale production, satisfactory yield of exosomes with good purity
has been difficult to achieve, such that the optimal scaling-up conditions for therapeutically
relevant exosomes need to be thoroughly evaluated.
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10. Exosomes in Clinical Trials

Although exosome-based clinical trial studies are ongoing, the use of exosomes for
drug delivery applications may be limited due to the possibility of loading exosomes with
sufficient amounts of drugs, their potential to retain drugs under systemic circulation
conditions, and their capability to deliver drugs to the target cells of interest in a functional
state [152]. Several clinical trial studies have been carried out in patients, verifying the
clinical benefits. Dendritic-cell- and mesenchymal-cell-derived exosomes are the two main
categories of exosomes that have been applied in clinical trials.

Several phase 1 and one phase 2 clinical trial have been performed to evaluate the
safety of exosome-based antitumor and antibacterial vaccines. In a phase 1 trial, dendritic
cells were isolated from patients with advanced melanoma and then pulsed with tumor
antigen. Exosomes carrying the tumor antigen were purified and injected into patients via
intradermal and subcutaneous administration. After the administration, exosomes were
found to be tolerated for up to 21 months with a mild inflammatory reaction at the site of
injection. One out of 15 patients showed specific melanoma antigen T-cell response and a
reduction in tumor size [231]. In another phase 1 trial, exosomes derived from autologous
dendritic cells pulsed with melanoma antigen gene peptides were administered to patients
with non-small cell lung cancer. Exosomes were well tolerated after administration weekly
for up to 4 weeks and one-third of patients exhibited melanoma antigen gene-specific T-cell
responses [232]. A phase 2 trial evaluated exosomes derived from interferon y dendritic
cells loaded with major histocompatibility complex 1/Il-restricted cancer antigens after
induction of chemotherapy in patients with inoperable non-small cell lung cancer without
tumor progression. The primary endpoint of the study was that at least 50% of patients
after chemotherapy cessation should show progression-free survival at 4 months. One
patient experienced a grade III hepatotoxicity and seven patients exhibited stabilization
for more than 4 months out of 22 patients who received the therapy, suggesting that the
exosomes that are derived from dendritic cells may be safe and may promote T and NK
cell responses in patients [233,234].

Clinical trials have also been conducted on the use of exosomes as diagnostic and prog-
nostic biomarkers for cancer. Clinical trials are being conducted on plant-derived exosomes
to carry therapeutic agents in the treatment of colorectal cancer (CRC) (NCT01294072). In
one such trial, curcumin was administered orally using exosomes to improve its pharmaco-
logical properties. The phase 1 clinical trial demonstrated the effects of curcumin-loaded
exosomes on the immune modulation and cellular metabolism of normal and colon cancer
subjects diagnosed with CRC.

A phase 2 clinical trial (NCT01854866) tested the effects of tumor cell-derived exo-
somes loaded with different chemotherapeutic agents in treating malignant ascites and
pleural effusion. The subjects were treated with chemotherapeutic drugs such as hydroxyl
camptothecin, cisplatin, doxorubicin, and methotrexate loaded into exosomes by adding
them to the culture medium of the H22 and A2780 cancer cell lines [235]. In recent years,
there has been an interest in using exosomes as potentially viable vaccines for immunother-
apy. The exosomes derived from dendritic cells are enriched with the components, which
function as antigen-presenting entities [236]. Exosome-based clinical trials have been
conducted on patients with lung cancer and melanoma. These clinical studies employed
exosomes derived from clinical-grade dendritic cells, with the method relying on combi-
nations of ultrafiltration and ultracentrifugation to isolate exosomes from dendritic cell
culture supernatant [237]. In phase 1 clinical studies, the injection of dendritic cells derived
from exosomes in melanoma patients was shown to be safe, with some tumor regression
and long-term stabilization. Further, increases in circulating natural killer cells and natu-
ral killer group 2 member D-dependent functions were observed in melanoma patients
after injecting dendritic-cell-derived exosomes [231,238]. Similarly, in a phase 1 clinical
trial, patients with stage III/IV lung cancer showed the tolerance of dendritic-cell-derived
exosomes, with long-term stabilization being achieved in 4 out of 12 patients. [239]. The
preclinical data have shown that mesenchymal-cell-derived exosomes are safe and scalable
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to large and clinically relevant doses. However, the clinical use of mesenchymal-cell-
derived exosomes is limited due to the lack of optimal protocols for exosome production,
isolation, and storage, meaning cell culture conditions, administration schedules, and
reliable characterization methods must be established to evaluate the efficacy of exosome
therapy [240].

Nassar et al. evaluated the effects of mesenchymal-cell-derived allogeneic cord tissue
exosomes on B-cell mass in patients with type 1 diabetes mellitus (NCT02138331). The
preclinical trial prior to this clinical trial showed that mesenchymal-cell-derived exosomes
prevented the onset of the disease in a mouse model of type 1 diabetes and effectively
suppressed autoimmunity. The results indicated that exosome therapy suppresses the
development of T helper cells (Th1 and Th2), restoring the balance between immunological
responses of Thl and Th2 [241,242]. The study results of this clinical trial have not yet
been published. A phase 2/3 clinical trial was conducted using cord-tissue-derived MSC
exosomes to improve the renal functions in patients with chronic kidney disease. The
primary endpoint of the study was safety, while the secondary endpoint was improvements
in the glomerular filtration rate or reductions in plasma creatinine levels. The exosome
therapy resulted in an improved glomerular filtration rate and a decrease in the creatinine
level [240,243,244]. The details of the clinical trials related to exosome-based drug delivery
are presented in Table 6.

Table 6. List of clinical trials for exosome-based therapeutics.

Study Title NCT Number Conditions Phase Outcome Measures Source of Exosomes
Incidence of
treatment-emergent adverse
Allogenic mesenchymal events (deteriorating stroke,
stem cell derived NCT03384433 Cerebrovascular Phase 1/2 stroke recurrences, brain Mesenchymal
exosome in patients with disorders edema, seizures, stem cell
acute ischemic stroke. hemorrhagic transformation).
The degree of disability in
stroke patients.
Evaluation of adipose .
derived stem cells Changes in gingival Adipose-derived
. NCT04270006 Periodontitis Early phase 1 inflammation, bone levels,
exosomes in treatment of robine depth stem cells
periodontitis. P & depth
Study investigating the Cgiiﬁzicﬁlggﬁﬁgls ;rf d
ability of plant exosomes cancerous tissue, safety and
to deliver curcumin to NCT01294072 Colon cancer Phase 1 1 ity of ’ Ly Plants (fruit)
normal and colon to erabl ity of curcumin, and
cancer tissue. immune systerm .
response to curcumin.
Effect of plasma derived Ulcer size. the pain of
exosomes on cutaneous NCT02565264 Ulcers Early phase 1 ep Plasma
wound healing. cutaneous wounds.
Trial of a vaccination with
iﬁg;ﬁgﬁﬁﬁgﬁﬁg NCT01159288 celll\Il?Jr;gST;r?cer Phase 2 Progression-free survival. Dendritic cells
exosomes.
Edible plant exosome
mikég;ti}t,i;(;ssroegi?;;xilth Head and neck Pain caused by oral mucositis,
chemoradiation NCT01668849 cancer and Phase 1 levels of immune biomarkers Plants (grape)
treatment of head and oral mucositis in blood and mucosal tissue.
neck cancer.
Effect of microvesicles Total daily insulin dose
and exosomes therapy on NCT02138331 Diabetes mellitus Phase 2 and ancreatic [}Sl—cell mass ar; d Mesenchymal
[3-cell mass in type I type 1 phase 3 p ! stem cells

diabetes mellitus.

hemoglobin Alc.
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Table 6. Cont.

Study Title

NCT Number Conditions Phase Outcome Measures Source of Exosomes

Exosomes and
Immunotherapy in
Non-Hodgkin
B-cell lymphomas.

NCT03985696 B-cell, aggressive

Quantification of CD20 and
PDL-1 in exosomes purified
from cell cultures of diffuse
large B-cell lymphoma
(DLBCL) human cell lines Tumor B cells
and evaluation of whether
peripheral exosomes can be
used as novel diagnostic
biomarkers in DLBCL.

Lymphoma, Not

non-Hodgkin applicable

Exosomes in treating
participants with
metastatic pancreas

NCT03608631 Phase 1 in high-risk patients, and

. . Overall survival
Metastatic pancreatic . .
progression-free survival,

adenocarcinoma i . .
. minimal residual disease rate
Pancreatic ductal Mesenchymal

. adenocarcinoma ! stromal cells
cancer with Stase IV pancreatic maximum tolerated dose
KrasG12D mutation. o agncer i] CC v8 determined by
dose-limiting toxicity.
A safety study of IV stem ini?cflztgc:n;in?lsf\?:;ilttyof
cell-derived extracellular Bronchopulmonar BPD ;1 t 36 woeks y Bone marrow
Vesicles (UNEX-42) in NCT03857841 P y Phase 1 mesenchymal
dysplasia (BPD) postmenstrual age and

preterm neonates at high
risk for BPD.

incidence of death at stem cells

36 weeks postmenstrual age.

11. Regulatory Challenges

Native exosomes contain a huge number of proteins and nucleic acid components,
which may have intrinsic therapeutic effects, making the exosomes themselves biological
products. Although the use of exosomes has been proven clinically, no exosomal products
have been approved by the regulatory agencies [230]. Exosome therapy is considered a sub-
set of cell therapy. Regulations similar to those used for biologics products will be required
to ensure that the manufacturing process for exosomes complies with GMP requirements,
while the components used in manufacturing should be qualified to assure the biological
activity of exosomes. Furthermore, the characterization of the cell sources used to isolate
the exosomes is critical and donor eligibility criteria must comply with the requirements
of the regulatory framework. To ensure the safety of exosome-based therapeutics, issues
related to cell bank qualification and product quality need to be addressed. In cell bank
testing, the characterization of essential steps is needed in order to obtain a uniform product
with lot-to-lot consistency and to demonstrate that the cell lines that are used to isolate
the exosomes should be free from endogenous viruses and other adventitious agents. The
presence of contaminants, including host cell DNA and extraneous soluble proteins, may
result in increases in the risk of immunogenic responses and adverse side effects, compro-
mising product quality [245]. Therefore, a complete understanding of the characteristics
and molecular composition of each exosome type, their impurity profiles, and their harvest
sources is needed, while the manufacturing and isolation of exosome-containing products
should follow a set of applicable quality and regulatory considerations, as with many other
biological products [230]. Although no regulatory agencies or national compendia have
established guidance or standards, the USFDA recently approved an investigational new
drug to begin clinical trials for exosomes isolated from bone-marrow-derived mesenchymal
stem cells to treat severe dermatological conditions in burn patients [246]. Despite the
biological and regulatory complexity of exosome-based therapeutics, it is necessary to de-
velop scalable and reproducible purification protocols using a robust risk-based approach
to produce exosomes of desired quality. The regulatory agencies, including the EMA and
USFDA, consider human exosome-based therapeutics as biologic products. Exosome thera-
peutics manipulated pre- or postisolation, including through expansion of parent cells or
genetic manipulation, are classified as advanced therapy medicinal products (ATMPs) [247].
Compared to mesenchymal stem cell (MSC) therapies, exosome-based therapeutics have
the potential to overcome safety concerns related to MSC proliferation while maintaining
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similar therapeutic effects, which could be due to the lower risk associated with exosomes
than cell-based therapeutic approaches. However, the limited number of clinical trials on
exosome-based therapeutics depict the problems associated with understanding the molec-
ular functions generated by exosomes in target cells [248]. There are still many hurdles to
overcoming the complex nature of exosome-based therapeutics, including determining
the route of administration, frequency of treatments, optimal dose, and time window for
exosome delivery to accomplish maximum efficacy without any adverse effects. Safety
standards relevant to the cell source or conditioned medium are one important parame-
ter for the characterization of exosome-based products in both non-clinical and clinical
applications [249].

12. Future Prospects and Concluding Remarks

The exploitation of exosome vesicles as drug delivery systems is highly dependent
on the cell source and type. Because of the ability of exosomes to transfer therapeutics to
recipient cells via an endogenous uptake mechanism, the exosome vesicle is a promising
candidate for drug delivery. Nevertheless, current obstacles related to scalable exosome
isolation methods and efficient drug loading approaches and guidelines for appropriate
storage must be overcome before exosomes can be used at the production scale in clinical
trials. The long-term storage stability of exosomes is one important issue that needs to be
further investigated. Studies have shown that drying techniques such as lyophilization
using trehalose could prevent exosomal damage by preserving the exosomes” endogenous
content (protein and RNA). Another important challenge in exosome drug delivery is to
ensure that exosome-based therapeutics meet the requirements of the regulatory bodies
to ensure clinical approval. Compared to other types of nanomedicines, the regulatory
considerations for exosome-based therapeutics have not been tackled thoroughly to date.
Although research and clinical studies related to the use of exosome-based therapeutics
for drug delivery are still in their infancy, the on-demand methods used for advanced
understanding and systemic characterization of exosomes will address the challenges and
clinical transition issues of exosome-based therapeutics.

Author Contributions: Conceptualization, A.B., N.K. and N.D.; writing—original draft preparation,
A .B.; writing—review and editing, A.B., N.K. and N.D.; supervision, N.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: The study did not report any data.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Elsharkasy, O.M.; Nordin, ].Z.; Hagey, D.W.; de Jong, O.G.; Schiffelers, R.M.; Andaloussi, S.E.; Vader, P. Extracellular Vesicles as
Drug Delivery Systems: Why and How? Adv. Drug Deliv. Rev. 2020, 159, 332-343. [CrossRef]

2. Svenson, S. Clinical Translation of Nanomedicines. Curr. Opin. Solid State Mater. Sci. 2012, 16, 287-294. [CrossRef]

3.  Vander Meel, R.; Fens, M.H.A.M.; Vader, P,; van Solinge, W.W.; Eniola-Adefeso, O.; Schiffelers, R.M. Extracellular Vesicles as
Drug Delivery Systems: Lessons from the Liposome Field. ]. Control. Release 2014, 195, 72-85. [CrossRef]

4. Bulbake, U.; Doppalapudi, S.; Kommineni, N.; Khan, W. Liposomal Formulations in Clinical Use: An Updated Review.
Pharmaceutics 2017, 9, 12. [CrossRef]

5. Balachandran, B.; Yuana, Y. Extracellular Vesicles-Based Drug Delivery System for Cancer Treatment. Cogent Med. 2019, 6, 1635806.
[CrossRef]

6. Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.Y.; Sood, A K.; Hua, S. Advances and Challenges of Liposome Assisted Drug
Delivery. Front. Pharmacol. 2015, 6, 286. [CrossRef]

7. Shao, J.; Zaro, ]J.; Shen, Y. Advances in Exosome-Based Drug Delivery and Tumor Targeting: From Tissue Distribution to
Intracellular Fate. Int. ]. Nanomed. 2020, 15, 9355-9371. [CrossRef] [PubMed]

8.  Kooijmans, S.A.A.; Vader, P.; van Dommelen, S.M.; van Solinge, W.W.; Schiffelers, R.M. Exosome Mimetics: A Novel Class of
Drug Delivery Systems. Int. |. Nanomed. 2012, 7, 1525-1541. [CrossRef]

9. Schiller, M.; Bekeredjian-Ding, I.; Heyder, P.; Blank, N.; Ho, A.D.; Lorenz, H.-M. Autoantigens Are Translocated into Small

Apoptotic Bodies during Early Stages of Apoptosis. Cell Death Differ. 2008, 15, 183-191. [CrossRef]


http://doi.org/10.1016/j.addr.2020.04.004
http://doi.org/10.1016/j.cossms.2012.10.001
http://doi.org/10.1016/j.jconrel.2014.07.049
http://doi.org/10.3390/pharmaceutics9020012
http://doi.org/10.1080/2331205X.2019.1635806
http://doi.org/10.3389/fphar.2015.00286
http://doi.org/10.2147/IJN.S281890
http://www.ncbi.nlm.nih.gov/pubmed/33262592
http://doi.org/10.2147/IJN.S29661
http://doi.org/10.1038/sj.cdd.4402239

Nanomaterials 2021, 11, 1481 34 of 43

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Gregory, C.D.; Pound, ].D. Microenvironmental Influences of Apoptosis In Vivo and In Vitro. Apoptosis 2010, 15, 1029-1049.
[CrossRef]

Wang, ]J.; Chen, D.; Ho, E.A. Challenges in the Development and Establishment of Exosome-Based Drug Delivery Systems.
J. Control. Release 2021, 329, 894-906. [CrossRef]

Ha, D.; Yang, N.; Nadithe, V. Exosomes as Therapeutic Drug Carriers and Delivery Vehicles across Biological Membranes: Current
Perspectives and Future Challenges. Acta Pharm. Sin. B 2016, 6, 287-296. [CrossRef]

Bunggulawa, E.J.; Wang, W.; Yin, T.; Wang, N.; Durkan, C.; Wang, Y.; Wang, G. Recent Advancements in the Use of Exosomes as
Drug Delivery Systems. J. Nanobiotechnology 2018, 16, 81. [CrossRef]

Gebeyehu, A.; Kommineni, N.; Meckes, D.; Sachdeva, M. Exosome Vehicles as Nano-Drug Delivery Materials for Chemothera-
peutic Drugs. CRT 2021. [CrossRef]

Mittelbrunn, M.; Sanchez-Madrid, F. Intercellular Communication: Diverse Structures for Exchange of Genetic Information.
Nat. Rev. Mol. Cell Biol. 2012, 13, 328-335. [CrossRef] [PubMed]

Heijnen, H.E; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, J.J. Activated Platelets Release Two Types of Membrane Vesicles:
Microvesicles by Surface Shedding and Exosomes Derived from Exocytosis of Multivesicular Bodies and Alpha-Granules. Blood
1999, 94, 3791-3799. [CrossRef]

Savina, A.; Furlan, M.; Vidal, M.; Colombo, M.I. Exosome Release Is Regulated by a Calcium-Dependent Mechanism in K562
Cells. . Biol. Chem. 2003, 278, 20083-20090. [CrossRef]

Hung, W.-T,; Hong, X.; Christenson, L.K.; McGinnis, L.K. Extracellular Vesicles from Bovine Follicular Fluid Support Cumulus
Expansion. Biol. Reprod. 2015, 93, 117. [CrossRef]

Machtinger, R.; Laurent, L.C.; Baccarelli, A.A. Extracellular Vesicles: Roles in Gamete Maturation, Fertilization and Embryo
Implantation. Hum. Reprod. Update 2016, 22, 182-193. [CrossRef]

Patton, A.L.; McCallie, B.; Parks, J.C.; Schoolcraft, W.B.; Katz-Jaffe, M. Exosome Bound MicroRNAs Transcriptionally Regulate
Embryo-Endometrial Dialogue Impacting Implantation Potential for AMA Patients. Fertil. Steril. 2015, 104, e308. [CrossRef]
Matsuno, Y.; Onuma, A.; Fujioka, Y.A ; Yasuhara, K.; Fujii, W.; Naito, K.; Sugiura, K. Effects of Exosome-like Vesicles on Cumulus
Expansion in Pigs In Vitro. J. Reprod. Dev. 2017, 63, 51-58. [CrossRef]

Qu, P; Qing, S.; Liu, R.; Qin, H.; Wang, W.; Qiao, F,; Ge, H.; Liu, J.; Zhang, Y.; Cui, W.; et al. Effects of Embryo-Derived Exosomes
on the Development of Bovine Cloned Embryos. PLoS ONE 2017, 12, e0174535. [CrossRef]

Mobarak, H.; Heidarpour, M.; Lolicato, F.; Nouri, M.; Rahbarghazi, R.; Mahdipour, M. Physiological Impact of Extracellular
Vesicles on Female Reproductive System; Highlights to Possible Restorative Effects on Female Age-Related Fertility. Biofactors
2019, 45, 293-303. [CrossRef]

Tsochandaridis, M.; Nasca, L.; Toga, C.; Levy-Mozziconacci, A. Circulating MicroRNAs as Clinical Biomarkers in the Predictions
of Pregnancy Complications. Biomed. Res. Int. 2015, 2015, 294954. [CrossRef]

25 Koh, Y.Q.; Peiris, H.N.; Vaswani, K; Reed, S.; Rice, G.E.; Salomon, C.; Mitchell, M.D. Characterization of Exosomal Release in
Bovine Endometrial Intercaruncular Stromal Cells. Reprod. Biol. Endocrinol. 2016, 14, 78. [CrossRef] [PubMed]

Sullivan, R.; Frenette, G.; Girouard, J. Epididymosomes Are Involved in the Acquisition of New Sperm Proteins during Epididymal
Transit. Asian J. Androl. 2007, 9, 483-491. [CrossRef]

Andrews, R.E.; Galileo, D.S.; Martin-DeLeon, P.A. Plasma Membrane Ca?*-ATPase 4: Interaction with Constitutive Nitric
Oxide Synthases in Human Sperm and Prostasomes Which Carry Ca?* /CaM-Dependent Serine Kinase. Mol. Hum. Reprod.
2015, 21, 832-843. [CrossRef]

Choy, KH.K,; Chan, S.Y.; Lam, W.; Jin, J.; Zheng, T; Yu, S.S.; Wang, W.; Li, L.; Xie, G.; Yim, H.C.H.; et al. The Repertoire of Testicular
Extracellular Vesicles Cargoes and Their Involvement in Inter-Compartmental Communication Required for Spermatogenesis.
bioRxiv 2021. [CrossRef]

Baskaran, S.; Panner Selvam, M.K.; Agarwal, A. Exosomes of Male Reproduction. Adv. Clin. Chem. 2020, 95, 149-163. [CrossRef]
Zhou, Y.; Tian, T.; Zhu, Y,; Jaffar Ali, D.; Hu, F; Qi, Y.; Sun, B.; Xiao, Z. Exosomes Transfer Among Different Species Cells and
Mediating MiRNAs Delivery. J. Cell. Biochem. 2017, 118, 4267—4274. [CrossRef]

Baj-Krzyworzeka, M.; Majka, M.; Pratico, D.; Ratajczak, J.; Vilaire, G.; Kijowski, J.; Reca, R.; Janowska-Wieczorek, A.; Ratajczak,
M.Z. Platelet-Derived Microparticles Stimulate Proliferation, Survival, Adhesion, and Chemotaxis of Hematopoietic Cells.
Exp. Hematol. 2002, 30, 450-459. [CrossRef]

Al-Nedawi, K.; Meehan, B.; Kerbel, R.S.; Allison, A.C.; Rak, J. Endothelial Expression of Autocrine VEGF upon the Uptake of
Tumor-Derived Microvesicles Containing Oncogenic EGFR. Proc. Natl. Acad. Sci. USA 2009, 106, 3794-3799. [CrossRef]

Tian, T.; Wang, Y.; Wang, H.; Zhu, Z.; Xiao, Z. Visualizing of the Cellular Uptake and Intracellular Trafficking of Exosomes by
Live-Cell Microscopy. J. Cell. Biochem. 2010, 111, 488-496. [CrossRef]

Mayer, A. Intracellular Membrane Fusion: SNAREs Only? Curr. Opin. Cell Biol. 1999, 11, 447-452. [CrossRef]

Simpson, R.J.; Jensen, S.S.; Lim, ].W.E. Proteomic Profiling of Exosomes: Current Perspectives. Proteomics 2008, 8, 4083—4099.
[CrossRef]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].].; Lotvall, ].O. Exosome-Mediated Transfer of MRNAs and MicroRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654—659. [CrossRef]

Yeo, RW.Y,; Lai, R.C.; Zhang, B.; Tan, S.S,; Yin, Y.; Teh, B.J.; Lim, S.K. Mesenchymal Stem Cell: An Efficient Mass Producer of
Exosomes for Drug Delivery. Adv. Drug Deliv. Rev. 2013, 65, 336-341. [CrossRef] [PubMed]


http://doi.org/10.1007/s10495-010-0485-9
http://doi.org/10.1016/j.jconrel.2020.10.020
http://doi.org/10.1016/j.apsb.2016.02.001
http://doi.org/10.1186/s12951-018-0403-9
http://doi.org/10.1615/CritRevTherDrugCarrierSyst.2021036301
http://doi.org/10.1038/nrm3335
http://www.ncbi.nlm.nih.gov/pubmed/22510790
http://doi.org/10.1182/blood.V94.11.3791
http://doi.org/10.1074/jbc.M301642200
http://doi.org/10.1095/biolreprod.115.132977
http://doi.org/10.1093/humupd/dmv055
http://doi.org/10.1016/j.fertnstert.2015.07.964
http://doi.org/10.1262/jrd.2016-124
http://doi.org/10.1371/journal.pone.0174535
http://doi.org/10.1002/biof.1497
http://doi.org/10.1155/2015/294954
http://doi.org/10.1186/s12958-016-0207-4
http://www.ncbi.nlm.nih.gov/pubmed/27829441
http://doi.org/10.1111/j.1745-7262.2007.00281.x
http://doi.org/10.1093/molehr/gav049
http://doi.org/10.1101/2021.01.08.426002
http://doi.org/10.1016/bs.acc.2019.08.004
http://doi.org/10.1002/jcb.26077
http://doi.org/10.1016/S0301-472X(02)00791-9
http://doi.org/10.1073/pnas.0804543106
http://doi.org/10.1002/jcb.22733
http://doi.org/10.1016/S0955-0674(99)80064-7
http://doi.org/10.1002/pmic.200800109
http://doi.org/10.1038/ncb1596
http://doi.org/10.1016/j.addr.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22780955

Nanomaterials 2021, 11, 1481 35 of 43

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Cabeza, L.; Perazzoli, G.; Pefia, M.; Cepero, A.; Luque, C.; Melguizo, C.; Prados, ]. Cancer Therapy Based on Extracellular Vesicles
as Drug Delivery Vehicles. J. Control. Release 2020, 327, 296-315. [CrossRef]

Armstrong, ] PK.; Stevens, M.M. Strategic Design of Extracellular Vesicle Drug Delivery Systems. Adv. Drug Deliv. Rev. 2018, 130, 12-16.
[CrossRef]

Kwon, S.; Shin, S.; Do, M.; Oh, B.H.; Song, Y.; Bui, V.D,; Lee, E.S.; Jo, D.-G.; Cho, YYW,; Kim, D.-H.; et al. Engineering Approaches
for Effective Therapeutic Applications Based on Extracellular Vesicles. J. Control. Release 2021, 330, 15-30. [CrossRef]

Liao, W,; Du, Y.; Zhang, C.; Pan, F; Yao, Y.; Zhang, T.; Peng, Q. Exosomes: The next Generation of Endogenous Nanomaterials for
Advanced Drug Delivery and Therapy. Acta Biomater. 2019, 86, 1-14. [CrossRef]

Théry, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and Characterization of Exosomes from Cell Culture Supernatants and
Biological Fluids. Curr. Protoc. Cell Biol. 2006, 30, 3.22.1-3.22.29. [CrossRef]

Greening, D.W.; Xu, R.; Ji, H.; Tauro, B.J.; Simpson, R.J. A Protocol for Exosome Isolation and Characterization: Evaluation of
Ultracentrifugation, Density-Gradient Separation, and Immunoaffinity Capture Methods. Methods Mol. Biol. 2015, 1295, 179-209.
[CrossRef]

Lobb, R.].; Becker, M.; Wen, S.W.; Wong, C.S.F,; Wiegmans, A.P.; Leimgruber, A.; Moller, A. Optimized Exosome Isolation Protocol
for Cell Culture Supernatant and Human Plasma. J. Extracell. Vesicles 2015, 4, 27031. [CrossRef]

Li, K; Wong, D.K.; Hong, K.Y.; Raffai, R.L. Cushioned-Density Gradient Ultracentrifugation (C-DGUC): A Refined and High
Performance Method for the Isolation, Characterization, and Use of Exosomes. Methods Mol. Biol. 2018, 1740, 69-83. [CrossRef]
Taylor, D.D.; Shah, S. Methods of Isolating Extracellular Vesicles Impact Down-Stream Analyses of Their Cargoes. Methods
2015, 87, 3-10. [CrossRef]

Sodar, B.W.; Kittel, A.; Paloczi, K.; Vukman, K.V.; Osteikoetxea, X.; Szabé-Taylor, K.; Németh, A.; Sperlagh, B.; Baranyai, T.;
Giricz, Z.; et al. Low-Density Lipoprotein Mimics Blood Plasma-Derived Exosomes and Microvesicles during Isolation and
Detection. Sci. Rep. 2016, 6, 24316. [CrossRef]

Onadi, Z.; Pelyhe, C.; Terézia Nagy, C.; Brenner, G.B.; Almasi, L.; Kittel, A.; Mantek-Keber, M.; Ferdinandy, P; Buzas, E.I; Giricz,
Z. Isolation of High-Purity Extracellular Vesicles by the Combination of Iodixanol Density Gradient Ultracentrifugation and
Bind-Elute Chromatography from Blood Plasma. Front. Physiol. 2018, 9, 1479. [CrossRef]

Heinemann, M.L.; Ilmer, M; Silva, L.P.; Hawke, D.H.; Recio, A.; Vorontsova, M.A.; Alt, E.; Vykoukal, ]. Benchtop Isolation and
Characterization of Functional Exosomes by Sequential Filtration. J. Chromatogr. A 2014, 1371, 125-135. [CrossRef]

Busatto, S.; Vilanilam, G.; Ticer, T.; Lin, W.-L.; Dickson, D.W.; Shapiro, S.; Bergese, P.; Wolfram, J. Tangential Flow Filtration for
Highly Efficient Concentration of Extracellular Vesicles from Large Volumes of Fluid. Cells 2018, 7, 273. [CrossRef]

Yang, D.; Zhang, W.; Zhang, H.; Zhang, F,; Chen, L.; Ma, L.; Larcher, L.M.; Chen, S.; Liu, N.; Zhao, Q.; et al. Progress, Opportunity,
and Perspective on Exosome Isolation—Efforts for Efficient Exosome-Based Theranostics. Theranostics 2020, 10, 3684-3707.
[CrossRef]

Wang, Y.; Qin, X,; Zhu, X.; Chen, W.; Zhang, J.; Chen, W. Oral Cancer-Derived Exosomal NAP1 Enhances Cytotoxicity of Natural
Killer Cells via the IRF-3 Pathway. Oral Oncol. 2018, 76, 34-41. [CrossRef] [PubMed]

Feng, Y.; Huang, W.; Wani, M.; Yu, X.; Ashraf, M. Ischemic Preconditioning Potentiates the Protective Effect of Stem Cells through
Secretion of Exosomes by Targeting Mecp2 via MiR-22. PLoS ONE 2014, 9, e88685. [CrossRef]

Yang, X.-X.; Sun, C.; Wang, L.; Guo, X.-L. New Insight into Isolation, Identification Techniques and Medical Applications of
Exosomes. J. Control. Release 2019, 308, 119-129. [CrossRef] [PubMed]

Zeringer, E.; Barta, T.; Li, M.; Vlassov, A.V. Strategies for Isolation of Exosomes. Cold Spring Harb Protoc. 2015, 2015, 319-323.
[CrossRef] [PubMed]

Kanchi Ravi, R.; Khosroheidari, M.; DiStefano, ] K. A Modified Precipitation Method to Isolate Urinary Exosomes. J. Vis. Exp.
2015, 51158. [CrossRef]

Deregibus, M.C.; Figliolini, F.; D’Antico, S.; Manzini, PM.; Pasquino, C.; De Lena, M.; Tetta, C.; Brizzi, M.F.,; Camussi, G.
Charge-Based Precipitation of Extracellular Vesicles. Int. J. Mol. Med. 2016, 38, 1359-1366. [CrossRef]

Clayton, A.; Court, J.; Navabi, H.; Adams, M.; Mason, M.D.; Hobot, ].A.; Newman, G.R.; Jasani, B. Analysis of Antigen Presenting
Cell Derived Exosomes, Based on Immuno-Magnetic Isolation and Flow Cytometry. J. Immunol. Methods 2001, 247, 163-174.
[CrossRef]

Théry, C.; Ostrowski, M.; Segura, E. Membrane Vesicles as Conveyors of Immune Responses. Nat. Rev. Immunol. 2009, 9, 581-593.
[CrossRef]

Yafiez-Mo, M.; Barreiro, O.; Gordon-Alonso, M.; Sala-Valdés, M.; Sanchez-Madrid, F. Tetraspanin-Enriched Microdomains: A
Functional Unit in Cell Plasma Membranes. Trends Cell Biol. 2009, 19, 434-446. [CrossRef]

Kim, D.; Nishida, H.; An, S.Y.; Shetty, A K.; Bartosh, T.J.; Prockop, D.J. Chromatographically Isolated CD63*CD81* Extracellular
Vesicles from Mesenchymal Stromal Cells Rescue Cognitive Impairments after TBI. Proc. Natl. Acad. Sci. USA 2016, 113, 170-175.
[CrossRef]

Wubbolts, R.; Leckie, R.S.; Veenhuizen, P.T.M.; Schwarzmann, G.; Mobius, W.; Hoernschemeyer, J.; Slot, ].-W.; Geuze, H.J.;
Stoorvogel, W. Proteomic and Biochemical Analyses of Human B Cell-Derived Exosomes. Potential Implications for Their
Function and Multivesicular Body Formation. J. Biol. Chem. 2003, 278, 10963-10972. [CrossRef]

Chen, C.; Skog, J.; Hsu, C.-H.; Lessard, R.T.; Balaj, L.; Wurdinger, T.; Carter, B.S.; Breakefield, X.O.; Toner, M.; Irimia, D.
Microfluidic Isolation and Transcriptome Analysis of Serum Microvesicles. Lab Chip 2010, 10, 505-511. [CrossRef]


http://doi.org/10.1016/j.jconrel.2020.08.018
http://doi.org/10.1016/j.addr.2018.06.017
http://doi.org/10.1016/j.jconrel.2020.11.062
http://doi.org/10.1016/j.actbio.2018.12.045
http://doi.org/10.1002/0471143030.cb0322s30
http://doi.org/10.1007/978-1-4939-2550-6_15
http://doi.org/10.3402/jev.v4.27031
http://doi.org/10.1007/978-1-4939-7652-2_7
http://doi.org/10.1016/j.ymeth.2015.02.019
http://doi.org/10.1038/srep24316
http://doi.org/10.3389/fphys.2018.01479
http://doi.org/10.1016/j.chroma.2014.10.026
http://doi.org/10.3390/cells7120273
http://doi.org/10.7150/thno.41580
http://doi.org/10.1016/j.oraloncology.2017.11.024
http://www.ncbi.nlm.nih.gov/pubmed/29290284
http://doi.org/10.1371/journal.pone.0088685
http://doi.org/10.1016/j.jconrel.2019.07.021
http://www.ncbi.nlm.nih.gov/pubmed/31325471
http://doi.org/10.1101/pdb.top074476
http://www.ncbi.nlm.nih.gov/pubmed/25834266
http://doi.org/10.3791/51158
http://doi.org/10.3892/ijmm.2016.2759
http://doi.org/10.1016/S0022-1759(00)00321-5
http://doi.org/10.1038/nri2567
http://doi.org/10.1016/j.tcb.2009.06.004
http://doi.org/10.1073/pnas.1522297113
http://doi.org/10.1074/jbc.M207550200
http://doi.org/10.1039/B916199F

Nanomaterials 2021, 11, 1481 36 of 43

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Davies, R.T.; Kim, J.; Jang, S.C.; Choi, E.-].; Gho, Y.S.; Park, J. Microfluidic Filtration System to Isolate Extracellular Vesicles from
Blood. Lab Chip 2012, 12, 5202-5210. [CrossRef] [PubMed]

Patil, S.M.; Sawant, S.S.; Kunda, N.K. Exosomes as Drug Delivery Systems: A Brief Overview and Progress Update. Eur. |.
Pharm. Biopharm. 2020, 154, 259-269. [CrossRef]

Momen-Heravi, F,; Balaj, L.; Alian, S.; Mantel, P-Y.; Halleck, A.E.; Trachtenberg, A.].; Soria, C.E.; Oquin, S.; Bonebreak, C.M.;
Saracoglu, E.; et al. Current Methods for the Isolation of Extracellular Vesicles. Biol. Chemn. 2013, 394, 1253-1262. [CrossRef]

Li, Y.;; Zheng, Q.; Bao, C.; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X.,; Huang, S. Circular RNA Is Enriched and Stable in
Exosomes: A Promising Biomarker for Cancer Diagnosis. Cell Res. 2015, 25, 981-984. [CrossRef]

Tauro, B.J.; Greening, D.W.; Mathias, R.A; Ji, H.; Mathivanan, S.; Scott, A.M.; Simpson, R.]. Comparison of Ultracentrifugation,
Density Gradient Separation, and Immunoaffinity Capture Methods for Isolating Human Colon Cancer Cell Line LIM1863-
Derived Exosomes. Methods 2012, 56, 293-304. [CrossRef]

Boriachek, K.; Islam, M.N.; Moller, A.; Salomon, C.; Nguyen, N.T.; Hossain, M.S.A.; Yamauchi, Y.; Shiddiky, M.]. Biological
functions and current advances in isolation and detection strategies for exosome nanovesicles. Small 2018, 14, 1702153. [CrossRef]
Li, P; Kaslan, M.; Lee, S.H.; Yao, J.; Gao, Z. Progress in Exosome Isolation Techniques. Theranostics 2017, 7, 789-804. [CrossRef]
Yakimchuk, K. Exosomes: Isolation and Characterization Methods and Specific Markers. Mater. Methods 2021. [CrossRef]
Muller, L.; Hong, C.-S.; Stolz, D.B.; Watkins, S.C.; Whiteside, T.L. Isolation of Biologically-Active Exosomes from Human Plasma.
J. Immunol. Methods 2014, 411, 55-65. [CrossRef]

Batrakova, E.V.; Kim, M.S. Using Exosomes, Naturally-Equipped Nanocarriers, for Drug Delivery. |. Control. Release 2015, 219, 396—405.
[CrossRef]

Yamashita, T.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Effect of Exosome Isolation Methods on Physicochemical Properties of
Exosomes and Clearance of Exosomes from the Blood Circulation. Eur. ]. Pharm. Biopharm. 2016, 98, 1-8. [CrossRef]

Chen, B.-Y.; Sung, C.W.-H.; Chen, C.; Cheng, C.-M,; Lin, D.P.-C.; Huang, C.-T.; Hsu, M.-Y. Advances in Exosomes Technology.
Clin. Chim. Acta 2019, 493, 14-19. [CrossRef]

Soares Martins, T.; Catita, J.; Martins Rosa, I.; A B da Cruz E Silva, O.; Henriques, A.G. Exosome Isolation from Distinct Biofluids
Using Precipitation and Column-Based Approaches. PLoS ONE 2018, 13, e0198820. [CrossRef]

Panagiotara, A.; Markou, A.; Lianidou, E.S.; Patrinos, G.P; Katsila, T. Exosomes: A Cancer Theranostics Road Map. Public Health Genom.
2017, 20, 116-125. [CrossRef] [PubMed]

Milman, N.; Ginini, L.; Gil, Z. Exosomes and Their Role in Tumorigenesis and Anticancer Drug Resistance. Drug Resist. Updates
2019, 45, 1-12. [CrossRef] [PubMed]

Tan, A.; Rajadas, J.; Seifalian, A.M. Exosomes as Nano-Theranostic Delivery Platforms for Gene Therapy. Adv. Drug Deliv. Rev.
2013, 65, 357-367. [CrossRef]

Graner, M.W.; Alzate, O.; Dechkovskaia, A.M.; Keene, ].D.; Sampson, ].H.; Mitchell, D.A.; Bigner, D.D. Proteomic and Immuno-
logic Analyses of Brain Tumor Exosomes. FASEB J. 2009, 23, 1541-1557. [CrossRef]

Van Dommelen, S.M.; Vader, P,; Lakhal, S.; Kooijmans, S.A.A.; van Solinge, WW.; Wood, M.J.A; Schiffelers, R.M. Microvesicles
and Exosomes: Opportunities for Cell-Derived Membrane Vesicles in Drug Delivery. J. Control. Release 2012, 161, 635-644.
[CrossRef] [PubMed]

Cho, E.; Nam, G.-H.; Hong, Y.; Kim, Y.K; Kim, D.-H.; Yang, Y.; Kim, L.-S. Comparison of Exosomes and Ferritin Protein Nanocages
for the Delivery of Membrane Protein Therapeutics. J. Control. Release 2018, 279, 326-335. [CrossRef] [PubMed]

Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, Biogenesis and Function. Nat. Rev. Immunol. 2002, 2, 569-579.
[CrossRef]

Khan, S.; Bennit, H.F.; Wall, N.R. The Emerging Role of Exosomes in Survivin Secretion. Histol. Histopathol. 2015, 30, 43-50.
[CrossRef]

Kooijmans, S.A.A.; Aleza, C.G.; Roffler, S.R.; van Solinge, W.W.; Vader, P; Schiffelers, R.M. Display of GPI-Anchored Anti-EGFR
Nanobodies on Extracellular Vesicles Promotes Tumour Cell Targeting. J. Extracell. Vesicles 2016, 5, 31053. [CrossRef]

Peng, H.; Ji, W,; Zhao, R.; Yang, ].; Lu, Z; Li, Y.; Zhang, X. Exosome: A Significant Nano-Scale Drug Delivery Carrier. ]. Mater.
Chem. B 2020, 8, 7591-7608. [CrossRef] [PubMed]

Gehrmann, U.; Hiltbrunner, S.; Georgoudaki, A.-M.; Karlsson, M.C.; Naslund, T.I.; Gabrielsson, S. Synergistic Induction of Adap-
tive Antitumor Immunity by Codelivery of Antigen with x-Galactosylceramide on Exosomes. Cancer Res. 2013, 73, 3865-3876.
[CrossRef]

Tian, T.; Zhang, H.-X.; He, C.-P; Fan, S.; Zhu, Y.-L.; Qi, C,; Huang, N.-P; Xiao, Z.-D.; Lu, Z.-H.; Tannous, B.A; et al. Surface
Functionalized Exosomes as Targeted Drug Delivery Vehicles for Cerebral Ischemia Therapy. Biomaterials 2018, 150, 137-149.
[CrossRef]

De Toro, J.; Herschlik, L.; Waldner, C.; Mongini, C. Emerging Roles of Exosomes in Normal and Pathological Conditions: New
Insights for Diagnosis and Therapeutic Applications. Front. Immunol. 2015, 6, 203. [CrossRef]

Anand, PK. Exosomal Membrane Molecules Are Potent Immune Response Modulators. Commun. Integr. Biol. 2010, 3, 405-408.
[CrossRef]

Gehrmann, U.; Néslund, T.I; Hiltbrunner, S.; Larssen, P.; Gabrielsson, S. Harnessing the Exosome-Induced Immune Response for
Cancer Immunotherapy. Semin. Cancer Biol. 2014, 28, 58-67. [CrossRef]


http://doi.org/10.1039/c2lc41006k
http://www.ncbi.nlm.nih.gov/pubmed/23111789
http://doi.org/10.1016/j.ejpb.2020.07.026
http://doi.org/10.1515/hsz-2013-0141
http://doi.org/10.1038/cr.2015.82
http://doi.org/10.1016/j.ymeth.2012.01.002
http://doi.org/10.1002/smll.201702153
http://doi.org/10.7150/thno.18133
http://doi.org/10.13070/mm.en.5.1450
http://doi.org/10.1016/j.jim.2014.06.007
http://doi.org/10.1016/j.jconrel.2015.07.030
http://doi.org/10.1016/j.ejpb.2015.10.017
http://doi.org/10.1016/j.cca.2019.02.021
http://doi.org/10.1371/journal.pone.0198820
http://doi.org/10.1159/000478253
http://www.ncbi.nlm.nih.gov/pubmed/28723694
http://doi.org/10.1016/j.drup.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31369918
http://doi.org/10.1016/j.addr.2012.06.014
http://doi.org/10.1096/fj.08-122184
http://doi.org/10.1016/j.jconrel.2011.11.021
http://www.ncbi.nlm.nih.gov/pubmed/22138068
http://doi.org/10.1016/j.jconrel.2018.04.037
http://www.ncbi.nlm.nih.gov/pubmed/29679665
http://doi.org/10.1038/nri855
http://doi.org/10.14670/HH-30.43
http://doi.org/10.3402/jev.v5.31053
http://doi.org/10.1039/D0TB01499K
http://www.ncbi.nlm.nih.gov/pubmed/32697267
http://doi.org/10.1158/0008-5472.CAN-12-3918
http://doi.org/10.1016/j.biomaterials.2017.10.012
http://doi.org/10.3389/fimmu.2015.00203
http://doi.org/10.4161/cib.3.5.12474
http://doi.org/10.1016/j.semcancer.2014.05.003

Nanomaterials 2021, 11, 1481 37 of 43

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

Jesus, S.; Soares, E.; Cruz, M.T.; Borges, O. Exosomes as Adjuvants for the Recombinant Hepatitis B Antigen: First Report. Eur. J.
Pharm. Biopharm. 2018, 133, 1-11. [CrossRef]

Liu, Y.; Fu, N.; Su, J.; Wang, X,; Li, X. Rapid Enkephalin Delivery Using Exosomes to Promote Neurons Recovery in Ischemic
Stroke by Inhibiting Neuronal P53 /Caspase-3. BioMed Res. Int. 2019, 2019, e4273290. [CrossRef]

Barok, M.; Puhka, M.; Vereb, G.; Szollosi, J.; Isola, J.; Joensuu, H. Cancer-Derived Exosomes from HER2-Positive Cancer Cells
Carry Trastuzumab-Emtansine into Cancer Cells Leading to Growth Inhibition and Caspase Activation. BMC Cancer 2018, 18, 504.
[CrossRef]

Parolini, I.; Federici, C.; Raggi, C.; Lugini, L.; Palleschi, S.; De Milito, A.; Coscia, C.; Iessi, E.; Logozzi, M.; Molinari, A.; et al.
Microenvironmental PH Is a Key Factor for Exosome Traffic in Tumor Cells. J. Biol. Chem. 2009, 284, 34211-34222. [CrossRef]
Kim, H.; Yun, N.; Mun, D.; Kang, J.-Y,; Lee, S.-H.; Park, H.; Park, H.; Joung, B. Cardiac-Specific Delivery by Cardiac Tissue-
Targeting Peptide-Expressing Exosomes. Biochem. Biophys. Res. Commun. 2018, 499, 803-808. [CrossRef]

Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V.; et al.
Exosomes as Drug Delivery Vehicles for Parkinson’s Disease Therapy. J. Control. Release 2015, 207, 18-30. [CrossRef]

Kole, R.; Krainer, A.R.; Altman, S. RNA Therapeutics: Beyond RNA Interference and Antisense Oligonucleotides. Nat. Rev.
Drug Discov. 2012, 11, 125-140. [CrossRef] [PubMed]

Guo, P. The Emerging Field of RNA Nanotechnology. Nat. Nanotechnol. 2010, 5, 833-842. [CrossRef]

Bramsen, J.B.; Kjems, J. Development of Therapeutic-Grade Small Interfering RNAs by Chemical Engineering. Front. Genet.
2012, 3, 154. [CrossRef] [PubMed]

Seow, Y.; Wood, M.]. Biological Gene Delivery Vehicles: Beyond Viral Vectors. Mol. Ther. 2009, 17, 767-777. [CrossRef]

Foged, C. SiRNA Delivery with Lipid-Based Systems: Promises and Pitfalls. Curr. Top. Med. Chem. 2012, 12, 97-107. [CrossRef]
[PubMed]

El Andaloussi, S.; Méger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular Vesicles: Biology and Emerging Therapeutic Opportuni-
ties. Nat. Rev. Drug Discov. 2013, 12, 347-357. [CrossRef]

Wahlgren, J.; Karlson, T.D.L.; Brisslert, M.; Vaziri Sani, F,; Telemo, E.; Sunnerhagen, P; Valadi, H. Plasma Exosomes Can Deliver
Exogenous Short Interfering RNA to Monocytes and Lymphocytes. Nucleic Acids Res. 2012, 40, €130. [CrossRef] [PubMed]
Shtam, T.A.; Kovalev, R.A.; Varfolomeeva, E.Y.; Makarov, E.M; Kil, Y.V,; Filatov, M.V. Exosomes Are Natural Carriers of Exogenous
SiRNA to Human Cells In Vitro. Cell Commun. Signal. 2013, 11, 88. [CrossRef] [PubMed]

Skog, J.; Wiirdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T.; Carter, B.S.; Krichevsky, A.M.;
Breakefield, X.O. Glioblastoma Microvesicles Transport RNA and Proteins that Promote Tumour Growth and Provide Diagnostic
Biomarkers. Nat. Cell Biol. 2008, 10, 1470-1476. [CrossRef] [PubMed]

Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of SIRNA to the Mouse Brain by Systemic Injection
of Targeted Exosomes. Nat. Biotechnol. 2011, 29, 341-345. [CrossRef] [PubMed]

Banizs, A.B.; Huang, T.; Dryden, K.; Berr, S.S.; Stone, J.R.; Nakamoto, R.K.; Shi, W.; He, J. In Vitro Evaluation of Endothelial
Exosomes as Carriers for Small Interfering Ribonucleic Acid Delivery. Int. |. Nanomed. 2014, 9, 4223-4230. [CrossRef]

Zheng, M.; Huang, M.; Ma, X.; Chen, H.; Gao, X. Harnessing Exosomes for the Development of Brain Drug Delivery Systems.
Bioconjugate Chem. 2019, 30, 994-1005. [CrossRef]

Saeedi, S.; Israel, S.; Nagy, C.; Turecki, G. The Emerging Role of Exosomes in Mental Disorders. Transl. Psychiatry 2019, 9, 1-11.
[CrossRef]

Lamichhane, T.N.; Raiker, R.S.; Jay, S.M. Exogenous DNA Loading into Extracellular Vesicles via Electroporation Is Size-
Dependent and Enables Limited Gene Delivery. Mol. Pharm. 2015, 12, 3650-3657. [CrossRef]

Faruqu, EN.; Xu, L.; Al-Jamal, K.T. Preparation of Exosomes for SIRNA Delivery to Cancer Cells. J. Vis. Exp. 2018. [CrossRef]
Limoni, S.K.; Moghadam, M.E,; Moazzeni, S.M.; Gomari, H.; Salimi, F. Engineered Exosomes for Targeted Transfer of SiRNA to
HER?2 Positive Breast Cancer Cells. Appl. Biochem. Biotechnol. 2019, 187, 352-364. [CrossRef]

Zhang, D.; Lee, H.; Wang, X.; Rai, A.; Groot, M,; Jin, Y. Exosome-Mediated Small RNA Delivery: A Novel Therapeutic Approach
for Inflammatory Lung Responses. Mol. Ther. 2018, 26, 2119-2130. [CrossRef]

Melzer, C.; Rehn, V.; Yang, Y.; Bahre, H.; von der Ohe, J.; Hass, R. Taxol-Loaded MSC-Derived Exosomes Provide a Therapeutic
Vehicle to Target Metastatic Breast Cancer and Other Carcinoma Cells. Cancers 2019, 11, 798. [CrossRef]

Tian, Y,; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, ].; Nie, G. A Doxorubicin Delivery Platform Using Engineered Natural
Membrane Vesicle Exosomes for Targeted Tumor Therapy. Biomaterials 2014, 35, 2383-2390. [CrossRef]

Schindler, C.; Collinson, A.; Matthews, C.; Pointon, A.; Jenkinson, L.; Minter, RR.; Vaughan, T.J.; Tigue, N.J. Exosomal Delivery of
Doxorubicin Enables Rapid Cell Entry and Enhanced In Vitro Potency. PLoS ONE 2019, 14, e0214545. [CrossRef]

Mulcahy, L.A.; Pink, R.C.; Carter, D.R.FE. Routes and Mechanisms of Extracellular Vesicle Uptake. J. Extracell. Vesicles 2014, 3.
[CrossRef]

Finn, O.J. Immuno-Oncology: Understanding the Function and Dysfunction of the Immune System in Cancer. Ann. Oncol.
2012, 23, viii6-9. [CrossRef]

Kim, M.S.; Haney, M.].; Zhao, Y.; Mahajan, V.; Deygen, L.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.; Okolie, O.; et al.
Development of Exosome-Encapsulated Paclitaxel to Overcome MDR in Cancer Cells. Nanomedicine 2016, 12, 655-664. [CrossRef]


http://doi.org/10.1016/j.ejpb.2018.09.029
http://doi.org/10.1155/2019/4273290
http://doi.org/10.1186/s12885-018-4418-2
http://doi.org/10.1074/jbc.M109.041152
http://doi.org/10.1016/j.bbrc.2018.03.227
http://doi.org/10.1016/j.jconrel.2015.03.033
http://doi.org/10.1038/nrd3625
http://www.ncbi.nlm.nih.gov/pubmed/22262036
http://doi.org/10.1038/nnano.2010.231
http://doi.org/10.3389/fgene.2012.00154
http://www.ncbi.nlm.nih.gov/pubmed/22934103
http://doi.org/10.1038/mt.2009.41
http://doi.org/10.2174/156802612798919141
http://www.ncbi.nlm.nih.gov/pubmed/22196274
http://doi.org/10.1038/nrd3978
http://doi.org/10.1093/nar/gks463
http://www.ncbi.nlm.nih.gov/pubmed/22618874
http://doi.org/10.1186/1478-811X-11-88
http://www.ncbi.nlm.nih.gov/pubmed/24245560
http://doi.org/10.1038/ncb1800
http://www.ncbi.nlm.nih.gov/pubmed/19011622
http://doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://doi.org/10.2147/IJN.S64267
http://doi.org/10.1021/acs.bioconjchem.9b00085
http://doi.org/10.1038/s41398-019-0459-9
http://doi.org/10.1021/acs.molpharmaceut.5b00364
http://doi.org/10.3791/58814
http://doi.org/10.1007/s12010-018-2813-4
http://doi.org/10.1016/j.ymthe.2018.06.007
http://doi.org/10.3390/cancers11060798
http://doi.org/10.1016/j.biomaterials.2013.11.083
http://doi.org/10.1371/journal.pone.0214545
http://doi.org/10.3402/jev.v3.24641
http://doi.org/10.1093/annonc/mds256
http://doi.org/10.1016/j.nano.2015.10.012

Nanomaterials 2021, 11, 1481 38 of 43

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Sun, D.; Zhuang, X.; Xiang, X.; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.-G. A Novel Nanoparticle
Drug Delivery System: The Anti-Inflammatory Activity of Curcumin Is Enhanced When Encapsulated in Exosomes. Mol. Ther.
2010, 18, 1606-1614. [CrossRef]

Zhuang, X.; Xiang, X.; Grizzle, W.; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.; Mu, J.; Zhang, L.; Steinman, L.; et al. Treatment of
Brain Inflammatory Diseases by Delivering Exosome Encapsulated Anti-Inflammatory Drugs from the Nasal Region to the Brain.
Mol. Ther. 2011, 19, 1769-1779. [CrossRef]

Canfran-Duque, A.; Pastor, O.; Quintana-Portillo, R.; Lerma, M.; de la Pefia, G.; Martin-Hidalgo, A.; Fernandez-Hernando, C.;
Lasuncién, M.A.; Busto, R. Curcumin Promotes Exosomes/Microvesicles Secretion That Attenuates Lysosomal Cholesterol Traffic
Impairment. Mol. Nutr. Food Res. 2014, 58, 687-697. [CrossRef]

Kalani, A.; Kamat, PK.; Chaturvedi, P; Tyagi, S.C.; Tyagi, N. Curcumin-Primed Exosomes Mitigate Endothelial Cell Dysfunction
during Hyperhomocysteinemia. Life Sci. 2014, 107, 1-7. [CrossRef]

Kim, S.M.; Yang, Y.; Oh, S.J.; Hong, Y.; Seo, M.; Jang, M. Cancer-Derived Exosomes as a Delivery Platform of CRISPR/Cas9
Confer Cancer Cell Tropism-Dependent Targeting. J. Control. Release 2017, 266, 8-16. [CrossRef]

Hou, S.; Niu, X; Li, L.; Zhou, J.; Qian, Z.; Yao, D.; Yang, F.; Ma, P.X.; Fan, Y. Simultaneous Nano- and Microscale Structural
Control of Injectable Hydrogels via the Assembly of Nanofibrous Protein Microparticles for Tissue Regeneration. Biomaterials
2019, 223, 119458. [CrossRef]

Pardridge, W.M. Drug Transport across the Blood-Brain Barrier. J. Cereb. Blood Flow Metab. 2012, 32, 1959-1972. [CrossRef]
[PubMed]

Aspe, ].R,; Diaz Osterman, C.J.; Jutzy, ].M.S.; Deshields, S.; Whang, S.; Wall, N.R. Enhancement of Gemcitabine Sensitivity in
Pancreatic Adenocarcinoma by Novel Exosome-Mediated Delivery of the Survivin-T34A Mutant. J. Extracell. Vesicles 2014, 3.
[CrossRef] [PubMed]

Lai, R.C.; Tan, S.S.; Teh, B.].; Sze, S.K.; Arslan, F.; de Kleijn, D.P,; Choo, A.; Lim, S.K. Proteolytic Potential of the MSC Exosome
Proteome: Implications for an Exosome-Mediated Delivery of Therapeutic Proteasome. Int. J. Proteomics 2012, 2012, 971907.
[CrossRef] [PubMed]

Vifias, J.L.; Burger, D.; Zimpelmann, J.; Haneef, R.; Knoll, W.; Campbell, P.; Gutsol, A.; Carter, A.; Allan, D.S.; Burns, K.D.
Transfer of MicroRNA-486-5p from Human Endothelial Colony Forming Cell-Derived Exosomes Reduces Ischemic Kidney Injury.
Kidney Int. 2016, 90, 1238-1250. [CrossRef]

Alhasan, A.H.; Patel, P.C.; Choi, C.H.J.; Mirkin, C.A. Exosome Encased Spherical Nucleic Acid Gold Nanoparticle Conjugates as
Potent MicroRNA Regulation Agents. Small 2014, 10, 186-192. [CrossRef]

Saari, H.; Lazaro-Ibanez, E.; Viitala, T.; Vuorimaa-Laukkanen, E.; Siljander, P,; Yliperttula, M. Microvesicle- and Exosome-Mediated
Drug Delivery Enhances the Cytotoxicity of Paclitaxel in Autologous Prostate Cancer Cells. J. Control. Release 2015, 220, 727-737.
[CrossRef]

Qu, M; Lin, Q.; Huang, L.; Fu, Y,; Wang, L.; He, S.; Fu, Y,; Yang, S.; Zhang, Z.; Zhang, L.; et al. Dopamine-Loaded Blood Exosomes
Targeted to Brain for Better Treatment of Parkinson’s Disease. |. Control. Release 2018, 287, 156-166. [CrossRef]

Vader, P; Mol, E.A; Pasterkamp, G.; Schiffelers, R M. Extracellular Vesicles for Drug Delivery. Adv. Drug Deliv. Rev. 2016, 106, 148-156.
[CrossRef]

Akuma, P.; Okagu, O.D.; Udenigwe, C.C. Naturally Occurring Exosome Vesicles as Potential Delivery Vehicle for Bioactive
Compounds. Front. Sustain. Food Syst. 2019. [CrossRef]

Fuhrmann, G.; Serio, A.; Mazo, M.; Nair, R.; Stevens, M.M. Active Loading into Extracellular Vesicles Significantly Improves the
Cellular Uptake and Photodynamic Effect of Porphyrins. J. Control. Release 2015, 205, 35—44. [CrossRef]

Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering Exosomes as Refined Biological Nanoplat-
forms for Drug Delivery. Acta Pharmacol. Sin. 2017, 38, 754-763. [CrossRef]

Vashisht, M.; Rani, P.; Onteru, S.K.; Singh, D. Curcumin Encapsulated in Milk Exosomes Resists Human Digestion and Possesses
Enhanced Intestinal Permeability In Vitro. Appl. Biochem. Biotechnol. 2017, 183, 993-1007. [CrossRef]

Pascucci, L.; Cocce, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Vigano, L.; Locatelli, A.; Sisto, F; Doglia, S.M.; et al.
Paclitaxel Is Incorporated by Mesenchymal Stromal Cells and Released in Exosomes That Inhibit In Vitro Tumor Growth: A New
Approach for Drug Delivery. J. Control. Release 2014, 192, 262-270. [CrossRef]

Chen, T.; Guo, J.; Yang, M.; Zhu, X.; Cao, X. Chemokine-Containing Exosomes Are Released from Heat-Stressed Tumor Cells via
Lipid Raft-Dependent Pathway and Act as Efficient Tumor Vaccine. J. Immunol. 2011, 186, 2219-2228. [CrossRef]

Wang, L.-Y,; Shi, X.-Y.; Yang, C.-S.; Huang, D.-M. Versatile RBC-Derived Vesicles as Nanoparticle Vector of Photosensitizers for
Photodynamic Therapy. Nanoscale 2013, 5, 416-421. [CrossRef]

Lamichhane, T.N.; Jeyaram, A.; Patel, D.B.; Parajuli, B.; Livingston, N.K.; Arumugasaamy, N.; Schardt, ].S.; Jay, S.M. Oncogene
Knockdown via Active Loading of Small RNAs into Extracellular Vesicles by Sonication. Cell. Mol. Bioeng. 2016, 9, 315-324.
[CrossRef] [PubMed]

Arun, B.; Narendar, D.; Veerabrahma, K. Development of Olmesartan Medoxomil Lipid-Based Nanoparticles and Nanosuspension:
Preparation, Characterization and Comparative Pharmacokinetic Evaluation. Artif. Cells Nanomed. Biotechnol. 2018, 46, 126-137.
[CrossRef]

Sato, Y.T.; Umezaki, K.; Sawada, S.; Mukai, S.; Sasaki, Y.; Harada, N.; Shiku, H.; Akiyoshi, K. Engineering Hybrid Exosomes by
Membrane Fusion with Liposomes. Sci. Rep. 2016, 6, 21933. [CrossRef] [PubMed]


http://doi.org/10.1038/mt.2010.105
http://doi.org/10.1038/mt.2011.164
http://doi.org/10.1002/mnfr.201300350
http://doi.org/10.1016/j.lfs.2014.04.018
http://doi.org/10.1016/j.jconrel.2017.09.013
http://doi.org/10.1016/j.biomaterials.2019.119458
http://doi.org/10.1038/jcbfm.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/22929442
http://doi.org/10.3402/jev.v3.23244
http://www.ncbi.nlm.nih.gov/pubmed/24624263
http://doi.org/10.1155/2012/971907
http://www.ncbi.nlm.nih.gov/pubmed/22852084
http://doi.org/10.1016/j.kint.2016.07.015
http://doi.org/10.1002/smll.201302143
http://doi.org/10.1016/j.jconrel.2015.09.031
http://doi.org/10.1016/j.jconrel.2018.08.035
http://doi.org/10.1016/j.addr.2016.02.006
http://doi.org/10.3389/fsufs.2019.00023
http://doi.org/10.1016/j.jconrel.2014.11.029
http://doi.org/10.1038/aps.2017.12
http://doi.org/10.1007/s12010-017-2478-4
http://doi.org/10.1016/j.jconrel.2014.07.042
http://doi.org/10.4049/jimmunol.1002991
http://doi.org/10.1039/C2NR32506C
http://doi.org/10.1007/s12195-016-0457-4
http://www.ncbi.nlm.nih.gov/pubmed/27800035
http://doi.org/10.1080/21691401.2017.1299160
http://doi.org/10.1038/srep21933
http://www.ncbi.nlm.nih.gov/pubmed/26911358

Nanomaterials 2021, 11, 1481 39 of 43

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Johnsen, K.B.; Gudbergsson, ].M.; Skov, M.N.; Pilgaard, L.; Moos, T.; Duroux, M. A Comprehensive Overview of Exosomes
as Drug Delivery Vehicles—Endogenous Nanocarriers for Targeted Cancer Therapy. Biochim. Biophys. Acta 2014, 1846, 75-87.
[CrossRef]

Podolak, I.; Galanty, A.; Sobolewska, D. Saponins as Cytotoxic Agents: A Review. Phytochem. Rev. 2010, 9, 425-474. [CrossRef]
Reshke, R; Taylor, J.A.; Savard, A.; Guo, H.; Rhym, L.H.; Kowalski, P.S.; Trung, M.T.; Campbell, C.; Little, W.; Anderson, D.G.; et al.
Reduction of the Therapeutic Dose of Silencing RNA by Packaging It in Extracellular Vesicles via a Pre-MicroRNA Backbone.
Nat. Biomed. Eng. 2020, 4, 52—-68. [CrossRef]

Haney, M.].; Zhao, Y,; Jin, Y.S.; Li, S.M.; Bago, ]J.R.; Klyachko, N.L.; Kabanov, A.V.; Batrakova, E.V. Macrophage-Derived
Extracellular Vesicles as Drug Delivery Systems for Triple Negative Breast Cancer (TNBC) Therapy. . Neuroimmune Pharmacol.
2020, 15, 487-500. [CrossRef] [PubMed]

Fu, S.; Wang, Y.; Xia, X.; Zheng, ].C. Exosome Engineering: Current Progress in Cargo Loading and Targeted Delivery. Nanolmpact
2020, 20, 100261. [CrossRef]

Xu, M.; Yang, Q.; Sun, X.; Wang, Y. Recent Advancements in the Loading and Modification of Therapeutic Exosomes.
Front. Bioeng. Biotechnol. 2020, 8, 586130. [CrossRef]

Meng, W.; He, C.; Hao, Y.; Wang, L.; Li, L.; Zhu, G. Prospects and Challenges of Extracellular Vesicle-Based Drug Delivery System:
Considering Cell Source. Drug Deliv. 2020, 27, 585-598. [CrossRef] [PubMed]

Antimisiaris, S.G.; Mourtas, S.; Marazioti, A. Exosomes and Exosome-Inspired Vesicles for Targeted Drug Delivery. Pharmaceutics
2018, 10, 218. [CrossRef]

Jafari, D.; Shajari, S.; Jafari, R.; Mardi, N.; Gomari, H.; Ganji, F; Forouzandeh Moghadam, M.; Samadikuchaksaraei, A. Designer
Exosomes: A New Platform for Biotechnology Therapeutics. BioDrugs 2020, 34, 567-586. [CrossRef]

El-Andaloussi, S.; Lee, Y.; Lakhal-Littleton, S.; Li, J.; Seow, Y.; Gardiner, C.; Alvarez-Erviti, L.; Sargent, L.L.; Wood, M.J.A.
Exosome-Mediated Delivery of SiIRNA In Vitro and In Vivo. Nat. Protoc. 2012, 7, 2112-2126. [CrossRef]

Takahashi, Y.; Nishikawa, M.; Shinotsuka, H.; Matsui, Y.; Ohara, S.; Imai, T.; Takakura, Y. Visualization and In Vivo Tracking of
the Exosomes of Murine Melanoma B16-BL6 Cells in Mice after Intravenous Injection. J. Biotechnol. 2013, 165, 77-84. [CrossRef]
Peinado, H.; Ale¢kovi¢, M.; Lavotshkin, S.; Matei, I.; Costa-Silva, B.; Moreno-Bueno, G.; Hergueta-Redondo, M.; Williams,
C.; Garcia-Santos, G.; Ghajar, C.; et al. Melanoma Exosomes Educate Bone Marrow Progenitor Cells toward a Pro-Metastatic
Phenotype through MET. Nat. Med. 2012, 18, 883-891. [CrossRef]

Imai, T.; Takahashi, Y.; Nishikawa, M.; Kato, K.; Morishita, M.; Yamashita, T.; Matsumoto, A.; Charoenviriyakul, C.; Takakura, Y.
Macrophage-Dependent Clearance of Systemically Administered B16BL6-Derived Exosomes from the Blood Circulation in Mice.
J. Extracell. Vesicles 2015, 4, 26238. [CrossRef]

Morishita, M.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Kato, K.; Yamashita, T.; Imai, T.; Saji, H.; Takakura, Y. Quantitative Analysis
of Tissue Distribution of the B16BL6-Derived Exosomes Using a Streptavidin-Lactadherin Fusion Protein and Iodine-125-Labeled
Biotin Derivative after Intravenous Injection in Mice. J. Pharm. Sci. 2015, 104, 705-713. [CrossRef]

Kosaka, N.; Iguchi, H.; Yoshioka, Y.; Hagiwara, K.; Takeshita, F.; Ochiya, T. Competitive Interactions of Cancer Cells and Normal
Cells via Secretory MicroRNAs. J. Biol. Chem. 2012, 287, 1397-1405. [CrossRef]

Mizrak, A.; Bolukbasi, M.E; Ozdener, G.B.; Brenner, G.J.; Madlener, S.; Erkan, E.P.; Strobel, T.; Breakefield, X.O.; Saydam,
O. Genetically Engineered Microvesicles Carrying Suicide MRNA /Protein Inhibit Schwannoma Tumor Growth. Mol. Ther.
2013, 21, 101-108. [CrossRef]

Rezaie, J.; Ajezi, S.; Avci, C.B.; Karimipour, M.; Geranmayeh, M.H.; Nourazarian, A.; Sokullu, E.; Rezabakhsh, A.; Rahbarghazi, R.
Exosomes and Their Application in Biomedical Field: Difficulties and Advantages. Mol. Neurobiol. 2018, 55, 3372-3393. [CrossRef]
Agrawal, AK,; Aqil, F; Jeyabalan, J.; Spencer, WA.; Beck, J.; Gachuki, B.W.; Alhakeem, S.S.; Oben, K.; Munagala, R;
Bondada, S.; et al. Milk-Derived Exosomes for Oral Delivery of Paclitaxel. Nanomedicine 2017, 13, 1627-1636. [CrossRef]
[PubMed]

Aqil, F; Munagala, R.; Jeyabalan, J.; Agrawal, A K.; Gupta, R. Exosomes for the Enhanced Tissue Bioavailability and Efficacy of
Curcumin. AAPS J. 2017, 19, 1691-1702. [CrossRef]

Braun, R.K.; Chetty, C.; Balasubramaniam, V.; Centanni, R.; Haraldsdottir, K.; Hematti, P.; Eldridge, M.W. Intraperitoneal
Injection of MSC-Derived Exosomes Prevent Experimental Bronchopulmonary Dysplasia. Biochem. Biophys. Res. Commun.
2018, 503, 2653-2658. [CrossRef]

Yu, M,; Shi, J.; Sheng, M. Exosomes: The New Mediator of Peritoneal Membrane Function. KBR 2018, 43, 1010-1022. [CrossRef]
Ortega, A.; Martinez-Arroyo, O.; Forner, M.].; Cortes, R. Exosomes as Drug Delivery Systems: Endogenous Nanovehicles for
Treatment of Systemic Lupus Erythematosus. Pharmaceutics 2020, 13, 3. [CrossRef]

Ju, S;; Mu, J; Dokland, T.; Zhuang, X.; Wang, Q.; Jiang, H.; Xiang, X.; Deng, Z.-B.; Wang, B.; Zhang, L.; et al. Grape Exosome-like
Nanoparticles Induce Intestinal Stem Cells and Protect Mice From DSS-Induced Colitis. Mol. Ther. 2013, 21, 1345-1357. [CrossRef]
Pinheiro, A.; Silva, A.M.; Teixeira, ].H.; Gongalves, R.M.; Almeida, M.I.; Barbosa, M.A.; Santos, S.G. Extracellular Vesicles:
Intelligent Delivery Strategies for Therapeutic Applications. J. Control. Release 2018, 289, 56-69. [CrossRef]

Paolini, L.; Zendrini, A.; Di Noto, G.; Busatto, S.; Lottini, E.; Radeghieri, A.; Dossi, A.; Caneschi, A.; Ricotta, D.; Bergese, P.
Residual Matrix from Different Separation Techniques Impacts Exosome Biological Activity. Sci. Rep. 2016, 6, 23550. [CrossRef]
Parisse, P; Rago, I.; Ulloa Severino, L.; Perissinotto, F.; Ambrosetti, E.; Paoletti, P; Ricci, M.; Beltrami, A.P,; Cesselli, D.; Casalis, L.
Atomic Force Microscopy Analysis of Extracellular Vesicles. Eur. Biophys. ]. 2017, 46, 813-820. [CrossRef]


http://doi.org/10.1016/j.bbcan.2014.04.005
http://doi.org/10.1007/s11101-010-9183-z
http://doi.org/10.1038/s41551-019-0502-4
http://doi.org/10.1007/s11481-019-09884-9
http://www.ncbi.nlm.nih.gov/pubmed/31722094
http://doi.org/10.1016/j.impact.2020.100261
http://doi.org/10.3389/fbioe.2020.586130
http://doi.org/10.1080/10717544.2020.1748758
http://www.ncbi.nlm.nih.gov/pubmed/32264719
http://doi.org/10.3390/pharmaceutics10040218
http://doi.org/10.1007/s40259-020-00434-x
http://doi.org/10.1038/nprot.2012.131
http://doi.org/10.1016/j.jbiotec.2013.03.013
http://doi.org/10.1038/nm.2753
http://doi.org/10.3402/jev.v4.26238
http://doi.org/10.1002/jps.24251
http://doi.org/10.1074/jbc.M111.288662
http://doi.org/10.1038/mt.2012.161
http://doi.org/10.1007/s12035-017-0582-7
http://doi.org/10.1016/j.nano.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28300659
http://doi.org/10.1208/s12248-017-0154-9
http://doi.org/10.1016/j.bbrc.2018.08.019
http://doi.org/10.1159/000490821
http://doi.org/10.3390/pharmaceutics13010003
http://doi.org/10.1038/mt.2013.64
http://doi.org/10.1016/j.jconrel.2018.09.019
http://doi.org/10.1038/srep23550
http://doi.org/10.1007/s00249-017-1252-4

Nanomaterials 2021, 11, 1481 40 of 43

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Gurunathan, S.; Kang, M.-H.; Jeyaraj, M.; Qasim, M.; Kim, J.-H. Review of the Isolation, Characterization, Biological Function,
and Multifarious Therapeutic Approaches of Exosomes. Cells 2019, 8, 307. [CrossRef]

Wu, Y,; Deng, W.; Ii, D.J.K. Exosomes: Improved Methods to Characterize Their Morphology, RNA Content, and Surface Protein
Biomarkers. Analyst 2015, 140, 6631-6642. [CrossRef]

Jung, M.K.; Mun, ].Y. Sample Preparation and Imaging of Exosomes by Transmission Electron Microscopy. . Vis. Exp. 2018.
[CrossRef]

Sokolova, V.; Ludwig, A.-K,; Hornung, S.; Rotan, O.; Horn, P.A.; Epple, M.; Giebel, B. Characterisation of Exosomes Derived from
Human Cells by Nanoparticle Tracking Analysis and Scanning Electron Microscopy. Colloids Surf. B Biointerfaces 2011, 87, 146-150.
[CrossRef]

Brinton, L.T.; Sloane, H.S.; Kester, M.; Kelly, K.A. Formation and Role of Exosomes in Cancer. Cell. Mol. Life Sci. 2015, 72, 659-671.
[CrossRef]

Butreddy, A.; Janga, K.Y.; Ajjarapu, S.; Sarabu, S.; Dudhipala, N. Instability of Therapeutic Proteins—An Overview of Stresses,
Stabilization Mechanisms and Analytical Techniques Involved in Lyophilized Proteins. Int. J. Biol. Macromol. 2021, 167, 309-325.
[CrossRef] [PubMed]

Hoo, C.M.; Starostin, N.; West, P.; Mecartney, M.L. A Comparison of Atomic Force Microscopy (AFM) and Dynamic Light
Scattering (DLS) Methods to Characterize Nanoparticle Size Distributions. J. Nanoparticle Res. 2008, 10, 89-96. [CrossRef]
Gercel-Taylor, C.; Atay, S.; Tullis, R.H.; Kesimer, M.; Taylor, D.D. Nanoparticle Analysis of Circulating Cell-Derived Vesicles in
Ovarian Cancer Patients. Anal. Biochem. 2012, 428, 44-53. [CrossRef] [PubMed]

Pospichalova, V.; Svoboda, J.; Dave, Z.; Kotrbova, A.; Kaiser, K.; Klemova, D.; Ilkovics, L.; Hampl, A.; Crha, I; Jandakova, E.; et al.
Simplified Protocol for Flow Cytometry Analysis of Fluorescently Labeled Exosomes and Microvesicles Using Dedicated Flow
Cytometer. J. Extracell. Vesicles 2015, 4, 25530. [CrossRef]

Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F; Gammon, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.; Weitz, J.;
Rahbari, N.; et al. Glypican-1 Identifies Cancer Exosomes and Detects Early Pancreatic Cancer. Nature 2015, 523, 177-182.
[CrossRef] [PubMed]

Van der Pol, E.; Coumans, FA.W.; Grootemaat, A.E.; Gardiner, C.; Sargent, I.L.; Harrison, P.; Sturk, A.; van Leeuwen, T.G.;
Nieuwland, R. Particle Size Distribution of Exosomes and Microvesicles Determined by Transmission Electron Microscopy, Flow
Cytometry, Nanoparticle Tracking Analysis, and Resistive Pulse Sensing. J. Thromb. Haemost. 2014, 12, 1182-1192. [CrossRef]
Thane, K.E.; Davis, A.M.; Hoffman, A.M. Improved Methods for Fluorescent Labeling and Detection of Single Extracellular
Vesicles Using Nanoparticle Tracking Analysis. Sci. Rep. 2019, 9, 12295. [CrossRef]

Vestad, B.; Llorente, A.; Neurauter, A.; Phuyal, S.; Kierulf, B.; Kierulf, P; Skotland, T.; Sandvig, K.; Haug, K.B.E,; Ovstebg, R. Size
and Concentration Analyses of Extracellular Vesicles by Nanoparticle Tracking Analysis: A Variation Study. J. Extracell. Vesicles
2017, 6, 1344087. [CrossRef]

Szatanek, R.; Baj-Krzyworzeka, M.; Zimoch, J.; Lekka, M.; Siedlar, M.; Baran, J. The Methods of Choice for Extracellular Vesicles
(EVs) Characterization. Int. . Mol. Sci. 2017, 18, 1153. [CrossRef]

Anderson, W.; Lane, R.; Korbie, D.; Trau, M. Observations of Tunable Resistive Pulse Sensing for Exosome Analysis: Improving
System Sensitivity and Stability. Langmuir 2015, 31, 6577-6587. [CrossRef] [PubMed]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.]J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K;; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

Rissin, D.M.; Kan, C.W.; Campbell, T.G.; Howes, S.C.; Fournier, D.R.; Song, L.; Piech, T.; Patel, P.P.; Chang, L.; Rivnak, A.].; et al.
Single-Molecule Enzyme-Linked Immunosorbent Assay Detects Serum Proteins at Subfemtomolar Concentrations. Nat. Biotechnol.
2010, 28, 595-599. [CrossRef]

Shao, H.; Im, H.; Castro, C.M.; Breakefield, X.; Weissleder, R.; Lee, H. New Technologies for Analysis of Extracellular Vesicles.
Chem. Rev. 2018, 118, 1917-1950. [CrossRef] [PubMed]

Coumans, EA.W.; Gool, E.L.; Nieuwland, R. Bulk Immunoassays for Analysis of Extracellular Vesicles. Platelets 2017, 28, 242-248.
[CrossRef]

Pisitkun, T.; Shen, R.-F.; Knepper, M. A. Identification and Proteomic Profiling of Exosomes in Human Urine. Proc. Natl. Acad.
Sci. USA 2004, 101, 13368-13373. [CrossRef]

Maas, S.L.N.; de Vrij, J.; van der Vlist, E.J.; Geragousian, B.; van Bloois, L.; Mastrobattista, E.; Schiffelers, R.M.; Wauben, M.H.M.;
Broekman, M.L.D.; Nolte-"t Hoen, E.N.M. Possibilities and Limitations of Current Technologies for Quantification of Biological
Extracellular Vesicles and Synthetic Mimics. J. Control. Release 2015, 200, 87-96. [CrossRef]

Zhang, Y.; Bi,]J.; Huang, J.; Tang, Y.; Du, S.; Li, P. Exosome: A Review of Its Classification, Isolation Techniques, Storage, Diagnostic
and Targeted Therapy Applications. Int. . Nanomed. 2020, 15, 6917-6934. [CrossRef]

Chiriaco, M.S.; Bianco, M.; Nigro, A.; Primiceri, E.; Ferrara, F.; Romano, A.; Quattrini, A.; Furlan, R.; Arima, V.; Maruccio, G.
Lab-on-Chip for Exosomes and Microvesicles Detection and Characterization. Sensors 2018, 18, 3175. [CrossRef]

Zhang, Y.; Liu, Y,; Liu, H.; Tang, W.H. Exosomes: Biogenesis, Biologic Function and Clinical Potential. Cell Biosci. 2019, 9, 19.
[CrossRef]


http://doi.org/10.3390/cells8040307
http://doi.org/10.1039/C5AN00688K
http://doi.org/10.3791/56482
http://doi.org/10.1016/j.colsurfb.2011.05.013
http://doi.org/10.1007/s00018-014-1764-3
http://doi.org/10.1016/j.ijbiomac.2020.11.188
http://www.ncbi.nlm.nih.gov/pubmed/33275971
http://doi.org/10.1007/s11051-008-9435-7
http://doi.org/10.1016/j.ab.2012.06.004
http://www.ncbi.nlm.nih.gov/pubmed/22691960
http://doi.org/10.3402/jev.v4.25530
http://doi.org/10.1038/nature14581
http://www.ncbi.nlm.nih.gov/pubmed/26106858
http://doi.org/10.1111/jth.12602
http://doi.org/10.1038/s41598-019-48181-6
http://doi.org/10.1080/20013078.2017.1344087
http://doi.org/10.3390/ijms18061153
http://doi.org/10.1021/acs.langmuir.5b01402
http://www.ncbi.nlm.nih.gov/pubmed/25970769
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1038/nbt.1641
http://doi.org/10.1021/acs.chemrev.7b00534
http://www.ncbi.nlm.nih.gov/pubmed/29384376
http://doi.org/10.1080/09537104.2016.1265926
http://doi.org/10.1073/pnas.0403453101
http://doi.org/10.1016/j.jconrel.2014.12.041
http://doi.org/10.2147/IJN.S264498
http://doi.org/10.3390/s18103175
http://doi.org/10.1186/s13578-019-0282-2

Nanomaterials 2021, 11, 1481 41 of 43

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Chuo, S.T--Y,; Chien, J.C.-Y,; Lai, C.P-K. Imaging Extracellular Vesicles: Current and Emerging Methods. J. Biomed. Sci. 2018, 25, 91.
[CrossRef] [PubMed]

Dominici, M.; Le Blanc, K.; Mueller, I; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,
E. Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells. The International Society for Cellular Therapy Position
Statement. Cytotherapy 2006, 8, 315-317. [CrossRef]

Chen, Y.-S,; Lin, E.-Y.; Chiou, T.-W.; Harn, H.-]. Exosomes in Clinical Trial and Their Production in Compliance with Good
Manufacturing Practice. Available online: https://www.tcmjmed.com/article.asp?issn=1016-3190;year=2020;volume=32;issue=2;
spage=113;epage=120;aulast=Chen (accessed on 3 April 2021).

Soekmadji, C.; Hill, A.F,; Wauben, M.H.; Buzas, E.I; Di Vizio, D.; Gardiner, C.; Lotvall, J.; Sahoo, S.; Witwer, K.W. Towards
Mechanisms and Standardization in Extracellular Vesicle and Extracellular RNA Studies: Results of a Worldwide Survey.
J. Extracell. Vesicles 2018, 7, 1535745. [CrossRef] [PubMed]

Li, J.; Lee, Y,; Johansson, H.].; Méger, I.; Vader, P; Nordin, ].Z.; Wiklander, O.P.B.; Lehtio, J.; Wood, M.].A.; Andaloussi, S.E. Serum-
Free Culture Alters the Quantity and Protein Composition of Neuroblastoma-Derived Extracellular Vesicles. . Extracell. Vesicles
2015, 4, 26883. [CrossRef] [PubMed]

Andriolo, G.; Provasi, E.; Lo Cicero, V.; Brambilla, A.; Soncin, S.; Torre, T.; Milano, G.; Biemmi, V.; Vassalli, G.; Turchetto, L.; et al.
Exosomes From Human Cardiac Progenitor Cells for Therapeutic Applications: Development of a GMP-Grade Manufacturing
Method. Front. Physiol. 2018, 9, 1169. [CrossRef]

Pachler, K.; Lener, T.; Streif, D.; Dunai, Z.A.; Desgeorges, A.; Feichtner, M.; Oller, M.; Schallmoser, K.; Rohde, E.; Gimona, M. A
Good Manufacturing Practice-Grade Standard Protocol for Exclusively Human Mesenchymal Stromal Cell-Derived Extracellular
Vesicles. Cytotherapy 2017, 19, 458-472. [CrossRef]

Doyle, LM.; Wang, M.Z. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome
isolation and analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

Adlerz, K.; Patel, D.; Rowley, J.; Ng, K.; Ahsan, T. Strategies for Scalable Manufacturing and Translation of MSC-Derived
Extracellular Vesicles. Stem Cell Research 2020, 48, 101978. [CrossRef]

Colao, I.L.; Corteling, R.; Bracewell, D.; Wall, I. Manufacturing Exosomes: A Promising Therapeutic Platform. Trends Mol. Med.
2018, 24, 242-256. [CrossRef] [PubMed]

Bari, E.; Perteghella, S.; Catenacci, L.; Sorlini, M.; Croce, S.; Mantelli, M.; Avanzini, M.A.; Sorrenti, M.; Torre, M.L. Freeze-Dried
and GMP-Compliant Pharmaceuticals Containing Exosomes for Acellular Mesenchymal Stromal Cell Inmunomodulant Therapy.
Nanomedicine 2019, 14, 753-765. [CrossRef]

Wen, Y.-T.; Chang, Y.-C.; Lin, L.-C,; Liao, P--C. Collection of In Vivo-like Liver Cell Secretome with Alternative Sample Enrichment
Method Using a Hollow Fiber Bioreactor Culture System Combined with Tangential Flow Filtration for Secretomics Analysis.
Anal. Chim. Acta 2011, 684, 72-79. [CrossRef]

Morenweiser, R. Downstream Processing of Viral Vectors and Vaccines. Gene Ther. 2005, 12, S103-5110. [CrossRef]

Nordin, ]J.Z.; Lee, Y.; Vader, P; Méger, 1.; Johansson, H.].; Heusermann, W.; Wiklander, O.P.B.; Hallbrink, M.; Seow, Y.;
Bultema, J.J.; et al. Ultrafiltration with Size-Exclusion Liquid Chromatography for High Yield Isolation of Extracellular Vesicles
Preserving Intact Biophysical and Functional Properties. Nanomedicine 2015, 11, 879-883. [CrossRef]

Gardiner, C.; Di Vizio, D.; Sahoo, S.; Théry, C.; Witwer, KW.; Wauben, M.; Hill, A.F. Techniques Used for the Isolation and
Characterization of Extracellular Vesicles: Results of a Worldwide Survey. J. Extracell. Vesicles 2016, 5, 32945. [CrossRef]
Gimona, M.; Pachler, K.; Laner-Plamberger, S.; Schallmoser, K.; Rohde, E. Manufacturing of Human Extracellular Vesicle-Based
Therapeutics for Clinical Use. Int. . Mol. Sci. 2017, 18, 1190. [CrossRef]

Witwer, KW.; Buzas, E.I; Bemis, L.T.; Bora, A.; Lasser, C.; Lotvall, J.; Nolte-'t Hoen, E.N.; Piper, M.G.; Sivaraman, S.; Skog, J.; et al.
Standardization of Sample Collection, Isolation and Analysis Methods in Extracellular Vesicle Research. J. Extracell. Vesicles 2013, 2.
[CrossRef]

Jeyaram, A.; Jay, S.M. Preservation and Storage Stability of Extracellular Vesicles for Therapeutic Applications. AAPS J. 2017, 20, 1.
[CrossRef]

Maroto, R.; Zhao, Y.; Jamaluddin, M.; Popov, V.L.; Wang, H.; Kalubowilage, M.; Zhang, Y.; Luisi, J.; Sun, H.; Culbertson, C.T; et al. Effects
of Storage Temperature on Airway Exosome Integrity for Diagnostic and Functional Analyses. J. Extracell. Vesicles 2017, 6, 1359478.
[CrossRef]

Lérincz, A.M.; Timar, C.I; Marosvari, K.A.; Veres, D.S.; Otrokocsi, L.; Kittel, A.; Ligeti, E. Effect of Storage on Physical and
Functional Properties of Extracellular Vesicles Derived from Neutrophilic Granulocytes. |. Extracell. Vesicles 2014, 3, 25465.
[CrossRef]

Linares, R.; Tan, S.; Gounou, C.; Arraud, N.; Brisson, A.R. High-Speed Centrifugation Induces Aggregation of Extracellular
Vesicles. J. Extracell. Vesicles 2015, 4, 29509. [CrossRef] [PubMed]

Charoenviriyakul, C.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Preservation of Exosomes at Room Temperature Using
Lyophilization. Int. J. Pharm. 2018, 553, 1-7. [CrossRef]

Bahr, M.M.; Amer, M.S.; Abo-El-Sooud, K.; Abdallah, A.N.; El-Tookhy, O.S. Preservation Techniques of Stem Cells Extracellular
Vesicles: A Gate for Manufacturing of Clinical Grade Therapeutic Extracellular Vesicles and Long-Term Clinical Trials. Int. ]. Vet.
Sci. Med. 2020, 8, 1-8. [CrossRef]


http://doi.org/10.1186/s12929-018-0494-5
http://www.ncbi.nlm.nih.gov/pubmed/30580764
http://doi.org/10.1080/14653240600855905
https://www.tcmjmed.com/article.asp?issn=1016-3190;year=2020;volume=32;issue=2;spage=113;epage=120;aulast=Chen
https://www.tcmjmed.com/article.asp?issn=1016-3190;year=2020;volume=32;issue=2;spage=113;epage=120;aulast=Chen
http://doi.org/10.1080/20013078.2018.1535745
http://www.ncbi.nlm.nih.gov/pubmed/30370018
http://doi.org/10.3402/jev.v4.26883
http://www.ncbi.nlm.nih.gov/pubmed/26022510
http://doi.org/10.3389/fphys.2018.01169
http://doi.org/10.1016/j.jcyt.2017.01.001
http://doi.org/10.3390/cells8070727
http://www.ncbi.nlm.nih.gov/pubmed/31311206
http://doi.org/10.1016/j.scr.2020.101978
http://doi.org/10.1016/j.molmed.2018.01.006
http://www.ncbi.nlm.nih.gov/pubmed/29449149
http://doi.org/10.2217/nnm-2018-0240
http://doi.org/10.1016/j.aca.2010.10.040
http://doi.org/10.1038/sj.gt.3302624
http://doi.org/10.1016/j.nano.2015.01.003
http://doi.org/10.3402/jev.v5.32945
http://doi.org/10.3390/ijms18061190
http://doi.org/10.3402/jev.v2i0.20360
http://doi.org/10.1208/s12248-017-0160-y
http://doi.org/10.1080/20013078.2017.1359478
http://doi.org/10.3402/jev.v3.25465
http://doi.org/10.3402/jev.v4.29509
http://www.ncbi.nlm.nih.gov/pubmed/26700615
http://doi.org/10.1016/j.ijpharm.2018.10.032
http://doi.org/10.1080/23144599.2019.1704992

Nanomaterials 2021, 11, 1481 42 of 43

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

Lee, M.; Ban, J.-J.; Im, W.; Kim, M. Influence of Storage Condition on Exosome Recovery. Biotechnol. Bioproc. E 2016, 21, 299-304.
[CrossRef]

Yadava, P.; Gibbs, M.; Castro, C.; Hughes, ].A. Effect of Lyophilization and Freeze-Thawing on the Stability of SIRNA-Liposome
Complexes. AAPS PharmSciTech 2008, 9, 335-341. [CrossRef]

Butreddy, A.; Dudhipala, N.; Janga, K.Y.; Gaddam, R.P. Lyophilization of Small-Molecule Injectables: An Industry Perspective on
Formulation Development, Process Optimization, Scale-Up Challenges, and Drug Product Quality Attributes. AAPS PharmSciTech
2020, 21, 252. [CrossRef]

Bosch, S.; de Beaurepaire, L.; Allard, M.; Mosser, M.; Heichette, C.; Chrétien, D.; Jegou, D.; Bach, J.-M. Trehalose Prevents
Aggregation of Exosomes and Cryodamage. Sci. Rep. 2016, 6, 36162. [CrossRef]

Hood, J.L.; Scott, M.].; Wickline, S.A. Maximizing Exosome Colloidal Stability Following Electroporation. Anal. Biochem.
2014, 448, 41-49. [CrossRef]

Motta, J.PR.; Paraguassu-Braga, FH.; Bouzas, L.F,; Porto, L.C. Evaluation of Intracellular and Extracellular Trehalose as a
Cryoprotectant of Stem Cells Obtained from Umbilical Cord Blood. Cryobiology 2014, 68, 343-348. [CrossRef]

Wang, Y.; Grainger, D.W. Lyophilized Liposome-Based Parenteral Drug Development: Reviewing Complex Product Design
Strategies and Current Regulatory Environments. Adv. Drug Deliv. Rev. 2019, 151-152, 56-71. [CrossRef]

Chen, C,; Han, D.; Cai, C.; Tang, X. An Overview of Liposome Lyophilization and Its Future Potential. ]. Control. Release 2010, 142, 299-311.
[CrossRef]

Lee, M.K,; Kim, M.Y,; Kim, S.; Lee, J. Cryoprotectants for Freeze Drying of Drug Nano-Suspensions: Effect of Freezing Rate.
J. Pharm. Sci. 2009, 98, 4808-4817. [CrossRef]

Akers, ].C.; Ramakrishnan, V.; Yang, I.; Hua, W.; Mao, Y.; Carter, B.S.; Chen, C.C. Optimizing Preservation of Extracellular
Vesicular MiRNAs Derived from Clinical Cerebrospinal Fluid. Cancer Biomark. 2016, 17, 125-132. [CrossRef]

Mendt, M.; Kamerkar, S.; Sugimoto, H.; McAndrews, KM.; Wu, C.-C.; Gagea, M.; Yang, S.; Blanko, E.V.R.; Peng, Q.; Ma, X; et al.
Generation and Testing of Clinical-Grade Exosomes for Pancreatic Cancer. JCI Insight 2018, 3. [CrossRef]

Vishnubhatla, I.; Corteling, R.; Stevanato, L.; Hicks, C.; Sinden, J. The Development of Stem Cell-Derived Exosomes as a Cell-Free
Regenerative Medicine. J. Circ. Biomark. 2014, 3, 2. [CrossRef]

Whitford, W.; Guterstam, P. Exosome Manufacturing Status. Future Med. Chem. 2019, 11, 1225-1236. [CrossRef] [PubMed]
Escudier, B.; Dorval, T.; Chaput, N.; André, F.; Caby, M.-P.; Novault, S.; Flament, C.; Leboulaire, C.; Borg, C.; Amigorena, S.; et al.
Vaccination of Metastatic Melanoma Patients with Autologous Dendritic Cell (DC) Derived-Exosomes: Results of Thefirst Phase I
Clinical Trial. J. Transl. Med. 2005, 3, 10. [CrossRef] [PubMed]

Morse, M.A.; Garst, ].; Osada, T.; Khan, S.; Hobeika, A.; Clay, T.M.; Valente, N.; Shreeniwas, R.; Sutton, M.A.; Delcayre, A.; et al. A
Phase I Study of Dexosome Immunotherapy in Patients with Advanced Non-Small Cell Lung Cancer. |. Transl. Med. 2005, 3, 9.
[CrossRef]

Besse, B.; Charrier, M.; Lapierre, V.; Dansin, E.; Lantz, O.; Planchard, D.; Le Chevalier, T.; Livartoski, A.; Barlesi, F;
Laplanche, A ; et al. Dendritic Cell-Derived Exosomes as Maintenance Immunotherapy after First Line Chemotherapy in NSCLC.
Oncoimmunology 2016, 5, e1071008. [CrossRef]

Pitt, ].M.; André, F; Amigorena, S.; Soria, J.-C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic Cell-Derived Exosomes for
Cancer Therapy. J. Clin. Invest. 2016, 126, 1224-1232. [CrossRef]

Tang, K.; Zhang, Y.; Zhang, H.; Xu, P,; Liu, J.; Ma, J.; Lv, M.; Li, D.; Katirai, E; Shen, G.-X,; et al. Delivery of Chemotherapeutic
Drugs in Tumour Cell-Derived Microparticles. Nat. Commun. 2012, 3, 1282. [CrossRef]

Zitvogel, L.; Regnault, A.; Lozier, A.; Wolfers, J.; Flament, C.; Tenza, D.; Ricciardi-Castagnoli, P.; Raposo, G.; Amigorena, S.
Eradication of Established Murine Tumors Using a Novel Cell-Free Vaccine: Dendritic Cell-Derived Exosomes. Nat. Med.
1998, 4, 594-600. [CrossRef]

Lamparski, H.G.; Metha-Damani, A.; Yao, ].-Y.; Patel, S.; Hsu, D.-H.; Ruegg, C.; Le Pecq, J.-B. Production and Characterization of
Clinical Grade Exosomes Derived from Dendritic Cells. |. Immunol. Methods 2002, 270, 211-226. [CrossRef]

Viaud, S.; Terme, M.; Flament, C.; Taieb, J.; André, F.; Novault, S.; Escudier, B.; Robert, C.; Caillat-Zucman, S.; Tursz, T.; et al.
Dendritic Cell-Derived Exosomes Promote Natural Killer Cell Activation and Proliferation: A Role for NKG2D Ligands and
IL-15Ralpha. PLoS ONE 2009, 4, e4942. [CrossRef]

Mathivanan, S; Ji, H.; Simpson, R.J. Exosomes: Extracellular Organelles Important in Intercellular Communication. J. Proteomics
2010, 73, 1907-1920. [CrossRef] [PubMed]

Mendt, M.; Rezvani, K; Shpall, E. Mesenchymal Stem Cell-Derived Exosomes for Clinical Use. Bone Marrow Transplant. 2019, 54, 789-792.
[CrossRef]

Ezquer, F; Ezquer, M.; Contador, D.; Ricca, M.; Simon, V.; Conget, P. The Antidiabetic Effect of Mesenchymal Stem Cells Is
Unrelated to Their Transdifferentiation Potential but to Their Capability to Restore Th1/Th2 Balance and to Modify the Pancreatic
Microenvironment. Stem Cells 2012, 30, 1664-1674. [CrossRef]

Zhao, Y,; Jiang, Z.; Zhao, T.; Ye, M.; Hu, C,; Yin, Z.; Li, H.; Zhang, Y.; Diao, Y.; Li, Y.; et al. Reversal of Type 1 Diabetes via Islet
3 Cell Regeneration Following Immune Modulation by Cord Blood-Derived Multipotent Stem Cells. BMC Med. 2012, 10, 3.
[CrossRef]

Jiang, Y,; Zhang, Y.; Zhang, L.; Wang, M.; Zhang, X.; Li, X. Therapeutic Effect of Bone Marrow Mesenchymal Stem Cells on
Laser-Induced Retinal Injury in Mice. Int. J. Mol. Sci. 2014, 15, 9372-9385. [CrossRef]


http://doi.org/10.1007/s12257-015-0781-x
http://doi.org/10.1208/s12249-007-9000-1
http://doi.org/10.1208/s12249-020-01787-w
http://doi.org/10.1038/srep36162
http://doi.org/10.1016/j.ab.2013.12.001
http://doi.org/10.1016/j.cryobiol.2014.04.007
http://doi.org/10.1016/j.addr.2019.03.003
http://doi.org/10.1016/j.jconrel.2009.10.024
http://doi.org/10.1002/jps.21786
http://doi.org/10.3233/CBM-160609
http://doi.org/10.1172/jci.insight.99263
http://doi.org/10.5772/58597
http://doi.org/10.4155/fmc-2018-0417
http://www.ncbi.nlm.nih.gov/pubmed/31280675
http://doi.org/10.1186/1479-5876-3-10
http://www.ncbi.nlm.nih.gov/pubmed/15740633
http://doi.org/10.1186/1479-5876-3-9
http://doi.org/10.1080/2162402X.2015.1071008
http://doi.org/10.1172/JCI81137
http://doi.org/10.1038/ncomms2282
http://doi.org/10.1038/nm0598-594
http://doi.org/10.1016/S0022-1759(02)00330-7
http://doi.org/10.1371/journal.pone.0004942
http://doi.org/10.1016/j.jprot.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20601276
http://doi.org/10.1038/s41409-019-0616-z
http://doi.org/10.1002/stem.1132
http://doi.org/10.1186/1741-7015-10-3
http://doi.org/10.3390/ijms15069372

Nanomaterials 2021, 11, 1481 43 of 43

244.
245.
246.
247.
248.

249.

Nikfarjam, S.; Rezaie, ].; Zolbanin, N.M.; Jafari, R. Mesenchymal Stem Cell Derived-Exosomes: A Modern Approach in
Translational Medicine. J. Transl. Med. 2020, 18, 449. [CrossRef]

IBI—International Biopharmaceutical Industry. Available online: https:/ /biopharmaceuticalmedia.com/ (accessed on 3 April 2021).
Aegle Therapeutics. Available online: https://www.aegletherapeutics.com/ (accessed on 4 April 2021).

Hanna, E.; Rémuzat, C.; Auquier, P; Toumi, M. Advanced Therapy Medicinal Products: Current and Future Perspectives. ]. Mark.
Access Health Policy 2016, 4. [CrossRef]

Conlan, R.S.; Pisano, S.; Oliveira, M.I; Ferrari, M.; Mendes Pinto, I. Exosomes as Reconfigurable Therapeutic Systems.
Trends Mol. Med. 2017, 23, 636—-650. [CrossRef] [PubMed]

Biopharma Excellence. Available online: https:/ /www.biopharma-excellence.com (accessed on 3 April 2021).


http://doi.org/10.1186/s12967-020-02622-3
https://biopharmaceuticalmedia.com/
https://www.aegletherapeutics.com/
http://doi.org/10.3402/jmahp.v4.31036
http://doi.org/10.1016/j.molmed.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28648185
https://www.biopharma-excellence.com

	Introduction 
	Isolation or Purification Methods 
	Ultracentrifugation 
	Density Gradient Ultracentrifugation 
	Ultrafiltration 
	Size Exclusion Chromatography (SEC) 
	Precipitation Technique 
	Immunoisolation 
	Microfluidics-Derived Chip Isolation Methods 

	Exosomes in Drug Delivery 
	Protein and Peptide Delivery 
	Exosomes in Gene Delivery 
	Exosomes in Delivery of Other Therapeutic Compounds 

	Exosomes Drug Loading Techniques 
	Passive Loading Approach 
	Incubation of Drugs with Exosomes 
	Incubation of Drugs with Donor Cells 

	Active Drug Loading Approaches 
	Sonication 
	Extrusion 
	Freeze–Thaw Cycles 
	Electroporation 
	Incubation with Membrane Permeabilizers 


	Exosomes Administration Routes 
	Intravenous Administration 
	Intratumoral Injection 
	Intraperitoneal Route 
	Oral Administration 
	Intranasal Administration 

	Characterization Techniques 
	Imaging 
	AFM 
	TEM 
	SEM 

	Dynamic Light Scattering (DLS) 
	Flow Cytometry 
	Nanoparticle Tracking Analysis (NTA) 
	Tunable Resistance Pulse Sensing (TRPS) 
	Protein Characterization 
	ELISA 
	Western Blotting 


	Manufacturing of Exosomes 
	Upstream Processing 
	Downstream Processing 
	Fill Finish 

	Stability and Stabilization Methods 
	Scalability Challenges 
	Exosomes in Clinical Trials 
	Regulatory Challenges 
	Future Prospects and Concluding Remarks 
	References

