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In the past few decades, scientists have actively worked on developing effective drug delivery systems
(DDSs) as means to control life-threatening diseases and challenging illnesses. In order to develop such
DDSs, nanobiotechnological strategies have been introduced, and many nanomaterial-based DDS
platforms have been proposed. Among these nanomaterials, DDSs based on exosomes and hybrids of
exosomes have been focused upon and developed due to their low toxicity, high bioactivity, and

biocompatibility. In this review, we describe the processes involved in drug loading into exosomes and
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Accepted 15th June 2022 e surface modification of exosomes with treatment agents. Furthermore, we describe the synthesis
methods of hybrid exosomes with organic or inorganic nanoparticles. Moreover, we focus on the

DOI: 10.1039/d2ra02351b effective therapeutic applications of exosome-based DDSs against various diseases. In conclusion, we
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show that exosomes and hybrids of exosomes show excellent drug carrier potential and capacity.

1 Introduction

Nanoparticles (NPs) have been utilized in various applications
and in different fields ranging from cosmetics to nano-
biomedicine and drug delivery systems (DDSs)."* NP-based
DDSs have gained special attention, as they have been
designed to effectively transport various therapeutic agents to
target diseases of different organ systems.>® Both organic and
inorganic NPs have been used in DDSs. Inorganic NPs
composed of various materials, including gold, silver, iron
oxide, and silicates, have been loaded with drugs and used for
drug delivery to treat different diseases.®** Similarly, treatment
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agents have been encapsulated into organic NPs like polymeric
NPs and liposomes in order to enhance the healing effect.****
Although these NPs have been described as potential drug
carriers, a major and critical limitation to their application in
the biomedical and biotechnological fields is their toxicity
profile.**>

Recently, many scientists have shifted focus to exosomes as
new potential drug carriers and attempted the development of
exosome-based DDSs.”*** Exosomes are a bioproduct that can
be obtained from various cell lines such as immune cells,
cancer cells, or stem cells as well as from body fluids, including
blood and cerebrospinal fluid.**-*® Given their source, exosomes
are less toxic. The surface of exosomes is composed of a lipid
bilayer membrane with embedded tetraspanins, glycoproteins,
and signaling receptors, encapsulating DNA and micro RNA.*~*°
Interestingly, the characteristics of exosomes vary depending on
their origin, so they can also be utilized in biopsy-based
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diagnosis as biomarkers.**** Moreover, several researchers have
modified the surface or nucleic acid content of exosomes
through cell engineering to expand their applications in nano-
biotechnology, especially in the field of DDSs.**>°

Based on the valuable efforts of researchers, various types of
exosomal DDSs have been developed and produced by several
strategies using both physical and chemical processes and
approaches. Many kinds of drugs have been either encapsulated
into exosomes or surface-modified and have revealed substan-
tial treatment effects in various diseases. Furthermore, an
advanced structure called a hybrid exosome was also success-
fully developed to improve the therapeutic applications.”*"*

Therefore, many start-up companies have been established
in Korea and worldwide to work on exosome-based DDSs; some
of these companies have already started clinical trials using
exosomes and their engineered structure in various fields like
diabetes treatment, bone treatment, skin regeneration, and
anti-cancer therapy.***°

In this review article, we discuss the methods for the prep-
aration of exosome-based DDSs through encapsulation and
loading of drugs into exosomes as well as the synthesis methods
of hybrid exosomes through diverse approaches. We also
describe the effects of treatment using exosome-based DDSs in
different diseases.

2 Modification methods for
exosome-based DDSs

Many studies have been conducted to develop various strategies
for encapsulation or modification of drugs with exosomes in
order to obtain high performance exosome-based DDS.** Drug-
loaded exosome systems have been prepared through physical
processes or chemical modification or cell engineering
methods. For the case of physical encapsulation methods
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including electroporation, sonication, extrusion, freeze/thaw
method, they are facile methods and high molecular weight
cargo loading is possible. Meanwhile they can disturb the exo-
some integrity and account for relatively lower loading efficacy.
It meant the exosome carrier could get the damage through the
physical stimulation, so recovery time should be required. On
the other hands, the exosome-based drug carrier could be tuned
without structure damage through chemical modification
process and precise control could be possible. However, by
product and side reaction should be avoid for effective nano bio
application. The exosome-based DDS could be produced by cell
engineering approaches, and in this case, advantage of various
biomolecules transportation could be achieved. But the meth-
odology is complicated and function of various biomolecules
should be defined before modification. In addition, encapsu-
lation methods should be selected depending on the property of
the drug. Hydrophobic drugs can penetrate into the exosomes
via mixing due to the hydrophobic interactions between the
drug and the lipid bilayer of the exosomes. However, hydro-
philic drugs cannot enter exosomes due to their inability to
penetrate the lipid bilayer. Therefore, other loading or modifi-
cation processes are required to force this penetration such as
physical stimulations using pressure, sonication, or electrical
force or chemical coupling reactions between the drugs and the
surface of the exosomes.

2.1 Encapsulation process of therapeutic agents into
exosome

Many researchers have tried to load or encapsulate drugs into
the exosomes via several physical methods including ultra-
sonication, electroporation, extrusion, agitation. However, the
structure of exosomes can be damaged via such external stim-
ulations. Therefore, the exosome encapsulation processes
should be carefully conducted under well-established
conditions.

Haney et al. successfully loaded a catalase into an exosome
through sonication, extrusion, and other methods.®® In a study,
they used exosomal DDS for delivering a therapeutic agent for
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characterized by catalase enzymatic activity with H,0,. The
results showed that sonication had the highest loading effi-
ciency (26.1 + 2%) compared to that of other processes, such as
extrusion (22.2 £ 2%), freeze/thaw method (14.7 £+ 1.1%), and
incubation (4.9 £+ 2%). Another study on sonication-induced
encapsulation of poly(lactic-co-glycolic acid) (PLGA) into an
exosome was carried out by Liu et al., where the exosome was
isolated from A549 cells (human lung carcinoma cell line);** an
in situ encapsulation process was used, wherein the exosome
and PLGA were mixed in microfluidic channels, and then
coating was performed in the sonication area under a frequency
of 80 kHz frequency and a power of 100 W (Fig. 1A). The final
product was collected at the outlet channel, and 90.5% of EM-
PLGA NPs showed a typical core-shell structure as per trans-
mission electron microscopy (TEM) (Fig. 1B). Additionally, in
this study, an EM-(dye/PLGA) hybrid structure was also devel-
oped. Interestingly, this cancer cell-derived exosome coating the
core of an imaging dye accumulated into cancer cells in mice, by
a homotypic targeting effect without off-target labeling, and
allowed fluorescence imaging of the target organ.

A study by Wang et al. focused on the synthesis of paclitaxel
(PTX)-loaded exosome as an anti-cancer DDS.* They isolated
exosomes from RAW264.7 macrophage cells and then mixed
them with PTX in a 1 : 6 ratio (m m™"). The mixture was soni-
cated at 20% amplitude, with 6 cycles of 30 s on/off for 3 min
(with 2 min cooling time between cycles). The loading efficiency
was measured by High Performance Liquid Chromatography
(HPLC), and it was found to be 19.55 =+ 2.48%. Compared to that
of a simple agitation process, the loading efficiency of PTX was 4
times higher in case of sonication. The authors rationalized that
this improved loading efficiency could be because the transient
pores that are created during sonication allow the drug to
diffuse into the exosomes. The tetraspanin quantity in the
exosomes was clearly measured after sonication, and it
confirmed that the exosome structure was maintained after
sonication. In a different study, Yu et al. loaded erastin into an
HFL-1 cell-derived (human lung fibroblast cell line) exosome
through sonication, to use it as an anti-cancer drug.®* The
authors evaluated the loading amount of the drug via HPLC,
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Fig. 1

(A) Schematic illustration of the sonication-assisted encapsulation process for PLGA-loaded exosome structure (EM-PLGA) and (B) TEM

image of EM-PLGA. Reprinted with permission.®®* Copyright 2019, American Chemical Society.
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which was found to be 3.2 mg erastin per mg protein.
Furthermore, in another study, insulin was encapsulated into
an exosome through electroporation for use in diabetes treat-
ment.®® The authors used exosomes derived from HepG2
(hepatocellular carcinoma), primary dermal fibroblasts (HDFa),
and pancreatic islet cell tumor (RIN-m) to prepare the drug
carrier. Electroporation was carried out at 200 V and 50 pF in
order to encapsulate insulin. The results showed that the
loading efficiency was estimated to be 50.75 £+ 1.2%, 57.42 +
5.47%, and 49.70 £ 4.32% for HepG2, HDFa, and RIN-m exo-
somes, respectively. Similarly, Tian et al. reported the encap-
sulation of doxorubicin (DOX) into an via
electroporation to produce an anti-cancer agent delivery plat-
form.®” The exosome was collected from imDC (mouse imma-
ture dendritic cells) culture medium, and DOX was loaded into
the imDC-derived exosome by electroporation at 350 V and 150
uF. During this process, some pores on the surface of the exo-
some were created by electrical stimulation, so DOX could enter
more freely into the exosome. However, an additional 30 min of
incubation of the product at 37 °C was needed to recover the
surface of the exosome. The loading efficiency was estimated by
the measurement of the fluorescence intensity of DOX with
fluorescence spectroscopy (excitation: 480 nm; emission: 594
nm), and it was reported to be approximately 20%. Liang et al.
also developed exosomal DDS via electroporation using an
engineered exosome, 5-fluorouracil (5-FU), and miR-21i
(miRNA) for cancer treatment (Fig. 2).°® In this study, the
authors prepared the exosome that was engineered by Her 2
affibody to improve cancer cell targeting. Subsequently, 5-FU
and miR-21i were co-encapsulated into the engineered exosome
by electroporation at 1000 V for 10 ms. The results showed that
the loading efficiency of 5-FU and miR-21i was approximately
3.1% and 0.5%, respectively. Although the loading efficiency
was slightly low, co-delivering RNA and a drug by an exosome
exhibited the potential for efficient and effective cancer
treatment.

Li et al. synthesized an anti-cancer drug-loaded exosome
through agitation and dialysis.®® In this study, DOX was

exosome
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encapsulated into exosomes derived from LIM1215 cells (colo-
rectal cancer (CRC) cell line) by incubation, and the loading
capacity was estimated by detection of fluorescence of DOX with
microplate leader, where it was determined to be around 9.06%.
Similarly, Zhuang et al. developed anti-inflammatory drug-
loaded exosomes that were prepared by incubation and agita-
tion.”® According to this study, curcumin was encapsulated into
the EL4 cell-derived exosome by incubation for 5 min at 22 °C,
followed by purification through sucrose gradient (8, 30, 45, and
60%, respectively), and then centrifugation for 1.5 h at
36 000 rpm. In another study, PTX was loaded into LNCaP cells
(prostate cancer cells) derived exosomes by incubation.” In this
case, Saari et al. mixed PTX in DMSO and isobutanol (1 : 1 ratio)
with the exosomes, and the mixture was incubated at 22 °C for
1 h. The loading efficiency was measured using Ultra Perfor-
mance Liquid Chromatography (UPLC) and was estimated to be
9.2 £ 4.5%. In other studies, porphyrin was encapsulated by
extrusion into exosomes derived from various cells, including
MDA-MB231 (breast cancer cells), hESC (human embryonic
stem cells), and hMSC (human mesenchymal stem cells).”

Porphyrin loading was conducted at 42 °C using a mini
extruder with a polycarbonate membrane, which had 400 nm-
sized pores, and extrusion was repeated 31 times in each
group. In this study, the loading efficiency was associated with
the degree of hydrophobicity.

Interestingly, not only chemical drug but also protein drug
were modified with exosome via various approaches. And protein
drug involved exosome DDSs were described in the next part.

In another study, Shi and colleagues prepared synthetic
multivalent antibodies retargeted exosome (SMART-Exo) for
breast cancer treatment.” In this case, HER-2 Ab and CD3 Ab
were attached on the surface of exosome and this SMART-Exo
was isolated from anti-CD3-anti-HER2 bispecific scFv Ab
transfected Expi293 cell, and the existence of two types Ab was
confirmed by ELISA. The SMART-Exos could exhibit dually tar-
geting T cell CD3 and breast cancer associated HER2 receptors
and as a result, specific anti-tumor activity and immunotherapy
were achieved.
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Fig. 2 Preparation scheme of engineered exosome-based DDS and its treatment application. Reprinted with permission.® Copyright 2020,
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Some research groups reported that the protein modification
process with exosome was taken a place through the incident
light. For example, Yim and co-worker introduced ‘exosomes for
protein loading via optically reversible protein-protein interac-
tions’ (EXPLORs) technique.” Briefly, they prepared target
protein and light sensitive protein conjugation structure which
was cargo protein and CRY2 protein (cargo-CRY2). And such
conjugated protein was co-cultured with HEK293T under blue
light (460 nm) irradiation environment. During the incubation,
CRY2 part of cargo-CRY2 was activated by blue light in the media
and this activated part was conjugated with CIBN part of CIBN
modified CD9 (CIBN-CD9) at the surface of the cell. Subsequently,
endocytosis of conjugated protein was occurred, and then exo-
some structure was created in the cell. Finally, cargo protein
encapsulated exosomes were released from the cell and collected
for further application. And in this study, Cre recombinase, Bax
and super-repressor IkB were encapsulated as cargo protein into
the exosome through EXPLORs method and as results, these
kinds of protein were effectively delivered to target cell, so it
showed novel protein carrier function. The other case of incident
light assisted protein delivery was introduced by Cheng and
colleagues.” Firstly, the target cargo protein was modified with
photocleavable protein (PhoCl) and CD9 by genetically linking in
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the Expi293F cell which was transfected with expression
constructs. And then, target protein included exosomes were
isolated and collected by UC. Interestingly, such linked cargo
protein with PhoCl in the exosome could be disassembled by
incident UV light (408 nm), and finally cargo protein could be
delivered and released into the target cell effectively.

2.2 Surface modification of exosomes with therapeutic
agents

To prevent damage to exosomes during the drug encapsulation
process via physical processes, some researchers have explored
alternative strategies and modified the surface of exosomes with
therapeutic agents using chemical reactions. However, it is
essential that such reactions are conducted with precise and
well-established methods to reduce side reactions and by
products.

Kim et al. studied surface modification of an exosome with
an anti-cancer drug, where DOX was attached on to the surface
of the exosome by the assistance of phenylboronic acid (BPA).”
First, BPA was chemically conjugated on the surface of the
exosome through EDC/NHS coupling reaction, and then DOX
was added to induce binding with BPA on the exosome. The
DOX loading efficiency was estimated to be 36.7%, using
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Fig. 3 (A) Diagram representing synthesis of AB680-EMVs-aPDL1 and (B) its immunotherapy mechanism. Reprinted with

permission.”® Copyright 2020, American Chemical Society.
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fluorescence spectroscopy with excitation wavelength at 470 nm
and emission at 595 nm.

In a previous study, the surface of an exosome was also
functionalized with an anti-cancer drug by a streptavidin
(strep)-biotin coupling reaction.”” According to the study by
Kim et al., the surface of a serum-derived exosome was conju-
gated with biotin through an EDC/NHS (1-ethyl-3-[3-
dimethylamino-propy]carbodiimide  hydrochloride/N-hydrox-
ysuccinimide) coupling reaction, and then strep was mixed with
the biotin-exosome mixture to obtain the strep-biotin-exosome
complex (strep-bio-exo). Meanwhile, DOX, as an anti-cancer
drug, was intercalated into the double-stranded biotin-imotif/
flare duplex (ds-i-motif-bio) in order to tune the drug
releasing behavior, depending on the pH. Subsequently, strep—
bio-exo was mixed with ds-i-motif-bio-DOX, and the two
precursors were combined via strep-biotin interaction to
produce a pH-sensitive DOX delivery system. The release of DOX
from the exosomal complex structure was monitored, and it was
shown that about 17.5 + 1.5 and 21.0 + 4.9% of DOX was
released at an acidic pH after 1 and 3 h, respectively.

Zhou et al. synthesized an anti-PD-L1 (aPD1) modified exo-
some as an immunotherapy agent.”® First, the authors conju-
gated aPD1 with NHS-functionalized PEG (aPD1-PEG). Next,
macrophage-derived exosome-mimetic nanovesicles (EMVs)
were mixed with aPD1-PEG for 2 h. Interestingly, AB680 was also
encapsulated into the EMVs by a mini extruder in order to
inhibit CD73, which is related to the activation of tumor reactive
T-cells and natural killer cells (Fig. 3). In this study, encapsu-
lation efficiency of AB680 was estimated to be 61.0 £ 3.1%, and
the graft ratio of aPDL1 on the surface of the EMVs was also
determined to be approximately 5.47 & 0.36% (w/w) under a 2.5
weight ratio of EMVs to aPDL1 (mg protein per mg, w/w).

Examples of exosome-based DDSs are listed in Table 1.

3 Methods for synthesis of hybrid
exosomes as drug carriers

Recently, hybrid exosomes have been developed, such as lipo-
some-exosome fusion structure, inorganic NP-exosome core/
shell, or NP-decorated exosome structure. These hybrid exo-
somes have been developed to obtain synergistic properties that
can be utilized in multiple treatments and theragnostic appli-
cations. Several methods have been used for the production of
hybrid systems including extrusion, sonication, freeze-thaw
method. In this section, the preparation process for organic or
inorganic nanoparticle/exosome hybrid structure has been
discussed.

3.1 Exosome-liposome nanoparticle hybrid structure

Many scientists have been interested in the development of
exosome-liposome hybrid structures to improve DDSs, and they
tried to prepare these hybrid structures through various phys-
ical processes. For example, Cheng et al. reported that engi-
neered and thermosensitive liposomes
successfully combined via membrane fusion technology to be
used in photothermal therapy and cancer immunotherapy.” In
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this case, the engineered exosomes were isolated from CD47-
overexpressed CT26 cells, and the thermosensitive liposomes
(TSLs) were prepared by loading ICG/R837 (indocyanine green
(ICG)/imiquimod (R837)) as a photothermal treatment agent.
Subsequently, these two precursors were mixed at a ratioof 1 : 1
and fused via the freeze-thaw method. Briefly, the mixture was
frozen at —80 °C for 15 min and incubated at 37 °C for 15 min in
3 cycles, and then the TSL-exosome hybrid was isolated. The
photothermal activity of the TSL-exosome was characterized by
NIR irradiation (808 nm, 2 W e¢m™?) for 10 min, and the
temperature change was monitored up to 56.2 °C. At 42 °C,
90.7% of the encapsulated ICG and R837 were released after 6 h
and 69.5% of the encapsulated ICG/R837 were released after
12 h. Another hybrid structure was introduced by Piffoux et al.;
they produced a liposome-exosome hybrid DDS structure to
improve cellular uptake.®® In this study, the authors obtained
exosomes from MSCs, and the liposomes were prepared by the
extrusion method. Then, the exosomes and liposomes were
mixed to synthesize the hybrid structure (exo-lipo) via incuba-
tion with PEG assistance in a thermomixer for 2 h at 40 °C. In
addition, mTHPC (anti-cancer photosensitizer) was also loaded
into the exo-lipo with 90% encapsulation efficiency. The
cellular uptake ratio of only mTHPC was shown to be approxi-
mately 20%, whereas mTHPC-exo-lipo showed a higher cellular
uptake ratio of up to 70% in CT26 colon cancer cells. In a study
by Rayamajhi et al., a macrophage-derived exosome and lipo-
some hybrid structure (mExo-lipo) was introduced. This hybrid
DDS was produced via membrane extrusion, and DOX was
loaded into the mExo-lipo through extrusion.** The DOX
loading efficiency was reported to be from 82% to 99%,
depending on the drug concentration (400, 200, 100, 50 mg
ml ). However, the researchers observed that mExo-lipo was
aggregated at high DOX concentrations, and the best loading
amount of DOX was determined to be 100 mg ml~*, by dynamic
light scattering (DLS). The viability of 4T1 cells against free DOX
and DOX-mExo-lipo was investigated, and the results showed
higher cytotoxicity with DOX-mExo-lipo than with free DOX.
Therefore, drug delivery was effectively performed using this
system.

3.2 Exosome-inorganic NP hybrid structure

In this section, exosome-inorganic NP hybrid DDSs are dis-
cussed, including how they are formed in a core/shell or surface
assembly structure. Inorganic NPs like metallic NPs, metal
oxide NPs, and quantum dots (QDs) possess excellent physical
properties, such as plasmonic, magnetic, and fluorescence
properties; therefore, a synergistic treatment effect can be ex-
pected from these NPs.*

For example, hollow gold NPs (HGNs) were encapsulated
into exosomes derived from murine melanoma cells (B16-F10-
exos) through various methods, such as incubation, freeze-
thaw method, sonication, and electroporation, and the encap-
sulation efficiency for each process was estimated.*® In case of
incubation, saponin, as a proper detergent to enhance encap-
sulation, increased the efficiency of encapsulation from 13.7 +
9.9% (with no saponin) to 16.4 £ 5.1%. In contrast, the
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efficiencies of encapsulation by other methods like freeze-thaw
(thermal shock I and II), sonication, and electroporation were
approximately 18.20 + 1.35, 9.11 + 2.0, 19.34 £ 10, and 1%,
respectively. The researchers rationalized that the exosome
structure was damaged during the electroporation process, so
its encapsulation efficiency might not have been monitored
clearly. Furthermore, the researchers also conducted encapsu-
lation of HGNs into exosomes via a cell-mediated process.
Briefly, B16-F10 cells were incubated with PEGylated HGNs
(PEG-HGNs) and the secreted HGNs—exosome structures were
collected and characterized. Then, tetraspanin CD9 content in
HGN-exosomes was measured by western blotting, and the
core/shell structures were observed by TEM. This cell-mediated
method yielded the highest encapsulation efficiency, which was
estimated to be 50%. Interestingly, HGNs in the exosomes could
generate heat by incident light stimulation due to its plasmonic
property. Therefore, this hybrid material could be used as
a photothermal treatment agent.

Khongkow et al. also introduced a gold NP-exosome hybrid
structure that was prepared by the extrusion method to improve
neuron targeting through enhanced blood-brain barrier (BBB)
penetration.®* In this case, engineered exosomes that possessed
neuron-specific  rabies glycoprotein  (RVG) and
glycosylation-stabilized (GNSTM) peptides were produced by
transfected HEK293T cells with the pcDNA GNSTM-3-RVG-10-
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Lamp2b-HA vector. The gold NPs were synthesized by a heat-
assisted method. In order to prepare the gold-RVG/GNSTM-
Exo, the gold NP solution and engineered exosome solution
were mixed and extruded using a mini extruder with 400 nm,
200 nm, and 100 nm polycarbonate porous membranes. The
physical properties of gold-RVG/GNSTM-Exo were characterized
by DLS, and its hydrodynamic ratio was measured at 105 +
10.1 nm; the targeting properties of these hybrids were exam-
ined by measuring the percentage of gold NPs that crossed the
BBB co-culture model into the basal chamber of the Trans-
well™ System, by spectrophotometry over a certain period of
incubation, and the results revealed that from 30 min to 20 h,
the percentage increased from 5 to 20%. Furthermore, brain
uptake of gold-RVG/GNSTM-Exo was characterized via mice
experiments. According to in vivo analysis, gold-RVG/GNSTM-
Exo-induced fluorescence image was clearly observed at the
mouse brain site, indicating that this hybrid system could
penetrate the BBB and targeted the brain.

In another study, a metal-organic frame (MOF) was coated
with an exosome to be used as an anti-cancer agent.*® Cheng
et al. produced a protein loaded MOF (ZIF-8) by a self-assembly
process, and the exosomes were obtained from MDA-MB-231
cells (Fig. 4 I and II). These two components were then mixed
to form a protein/ZIF-8-exosome structure by sonication and
repeated extrusion (Fig. 4 III). The results showed that the
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Fig.4 Schematic figure of synthesis of MOF—exosome hybrid structure and its anti-tumor activity. Reprinted with permission.® Copyright 2020,

American Chemical Society.
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protein loading efficiency of the ZIF-8 was estimated to be 94%
(low initial protein concentration) and around 41% (high initial
protein concentration). Furthermore, over 91% of protein/ZIF-8
was coated with exosomes. Interestingly, because the exosome
in the hybrid structure originated from a cancer cell, this
protein/ZIF-8-exosome could be automatically accumulated into
the cancer site through homotypic effect without the need for
targeting moieties on the surface of the exosome. Moreover,
after injecting this protein/ZIF-8-exosome into tumor-bearing
mice, tumor growth was effectively suppressed, which implied
that this hybrid could be applied as an anti-cancer drug. In
2017, Popovtzer et al. created gold NP-exosome hybrid structure
through surface modification approaches.*® Briefly, the exo-
somes were isolated from MSCs (human mesenchymal stem
cells), and the surface of gold NPs was modified with glucose
and PEG by EDC/NHS coupling reaction. Then, the hMSC-
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derived exosomes and the glucose-gold NPs were mixed and
incubated for 3 h at 37 °C. This exosome-gold NP hybrid
structure could be accumulated in the brain and successfully
used as a neuroimaging agent.

Meanwhile, Wang et al. reported that inorganic NPs were
attached on the surface of drug-loaded exosomes to be used as
multiple treatment agents® (Fig. 5). In this study, DOX was first
encapsulated into a biotin labeled exosome (DOX-exo-bio) by
electroporation. The surface of iron oxide was coated with pol-
ydopamine (PDA), and then modified with avidin and molecular
beacon (Fe;0,-PDA-MB-avidin). Next, DOX-exo-bio and av-
mb-IONP were mixed and incubated at 4 °C overnight, and
during incubation, these two precursors attached via av-bio
interaction to finally produce the hybrid system. This hybrid
system could be used as a multi-functional DDS and it could be
utilized in cancer therapy for chemo-thermal-gene treatment.

Dopamine Molecular beacon Lo E
. pH 8.5 . Q Target Q +

FesO: insitupolymerization Fe:0s@PDA  Avidin

DSPE-PEG-Biotin%

DOX I

Donor cell

Exosome blotmylatlon

~ I
miRNA 21 imaging

Suppress gene expression

Fe3O+«@PDA-MB-avidin MicroRNA detection

Chemotherapy drug release

Fig. 5 Schematic illustration of the preparation of exosome—-DOX-FezO4—-PDA-MB and its multiple therapeutic applications. Reprinted with

permission.®” Copyright 2021, Elsevier.
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Table 2 Types of hybrid exosome-based DDSs

Exosome origin Combined NP  Assembly strategy Loaded agent Application Ref.
CT26 Liposome Freeze-thaw ICG/R837 Cancer therapy 79
MSC Liposome Extrusion mTHPC Cancer therapy 80
Macrophage Liposome Extrusion DOX Cancer therapy 81
Fibroblast Liposome Freeze-thaw DTX and GM-CSF Cancer therapy 92
L-929 Liposome Extrusion Clodronate Pulmonary fibrosis treatment 110
BMSC Liposome Freeze-thaw Polypyrrole NPs  Peripheral neuropathy treatment 111
Murine melanoma Hollow gold NPs Incubation, freeze-thaw method, N/A Photothermal cancer therapy and 83
cell sonication and electroporation imaging

HEK293T Gold NP Extrusion N/A Brain imaging 84
MSC Gold NP Incubation with PEG N/A Brain imaging 86
Macrophage Iron oxide NP  Surface modification with strep/biotin DOX and miRNA21 Cancer therapy 87
MSC Iron oxide NP  Cell-mediated process N/A Cutaneous wound treatment 98
MDA-MB-231 MOF Sonication and extrusion Protein drug Cancer therapy 85
H22 and Bel7402 MPS Cell-mediated process DOX Cancer therapy 93

Interestingly, this hybrid DDS could also accumulate at the
tumor site through external magnetic forces, thus its thera-
peutic effect could be enhanced.

A series of examples of hybrid exosome-based DDS is pre-
sented in Table 2.

4 Exosome-based DDSs in treatment
of various diseases

In this part, therapeutic applications of exosome- and hybrid
exosome-based DDSs are described. These DDSs could be used
as treatment agents in various conditions, including cancer,
skin damage, bone-related diseases.

4.1 Cancer treatment

In order to enhance the efficiency of anti-cancer drug therapy,
several types of chemical drugs have been loaded into exo-
somes, and these exosomal formulations have been continu-
ously developed to improve biodistribution and
pharmacokinetics of anti-cancer drugs while reducing their side
effects.

For example, Bagheri et al. prepared a DOX-encapsulated
exosome to utilize it in anti-cancer treatment.*® The exosome
was isolated from MSCs and DOX was encapsulated by elec-
troporation; the system had 35% encapsulation efficiency.
Moreover, the MSC-derived exosome was functionalized with
the MUC1 aptamer through the EDC/NHS coupling reaction to
introduce the cancer-targeting ligand on the exosome, thus
improve its accumulation in target cancer cells. In order to
evaluate the efficiency of MUC1lapt-MExo-DOX in cancer
therapy, a C26 carcinoma-bearing mouse model was treated
with this hybrid. The results showed that the DDS effectively
reduced the cancer volume compared to that of the control
groups, and the survival ratio in MUC1lapt-MExo-DOX-treated
mice was around 100% after 30 days.

In 2018, Kim et al. evaluated the anti-cancer effect of PTX-
loaded macrophage-derived exosome (exo-PTX) that was
produced by sonication, with a loading capacity of approxi-
mately 33%.% In an attempt to enhance targeted delivery, the

18484 | RSC Adv, 2022, 12, 18475-18492

surface of exo-PTX was modified with aminoethylanisamide-
polyethylene glycol (AA-PEG), as it recognizes a sigma receptor
that is overexpressed by lung cancer cells. In vivo analysis
showed that the treatment with AA-PEG-exo-PTX system sup-
pressed metastases on the lungs that was less than 5%. The
results also showed excellent survival rate in mice treated with
AA-PEG-exo-PTX compared to those who received other treat-
ments such as exo-PTX, exosome alone. In another study, Gong
et al. used exosomes derived from THP-1 cells (human leukemia
monocytic cell line) (THP-1exo) as anti-cancer drug carriers to
treat breast cancer.® They functionalized THP-1exo with met-
alloproteinase 15 (A15) to enhance cancer targeting. Two
different therapeutic agents, DOX and cholesterol-modified
miRNA 159 (Cho-miR159), were loaded into Al5-exo by agita-
tion and shaking incubation. The loading amount of DOX was
estimated to be 160 ng in 1 ug Al5-exo, meanwhile the encap-
sulation efficiency of Cho-miR159 was approximately 5.33%.
DOX-Cho-miR159-A15-exo was injected into a breast cancer
xenograft mouse model, and its treatment capacity was studied.
In vivo analysis showed that the cancer volume and weight were
clearly reduced in mice treated with DOX-Cho-miR159-A15-exo
compared to those of the control groups. Additionally, the
survival period of the mice treated with this exosome-based DDS
was longer than that of the other control groups. Therefore, A15-
exo carriers could successfully reach the cancer site and
chemotherapy and miR159 treatment were effective.

In addition to the studies on DDSs loaded with various
chemical drugs for cancer therapy, attempts have also been
made to deliver siRNA to tumor cells using exosome carriers.
Zhao et al. encapsulated siS100A4 (siRNA)/cationic bovine
serum albumin (CBSA) complex into a breast cancer cell-derived
exosome as an anti-cancer agent.”* In this study, CBSA and
siS100A4 were first mixed and incubated at 42 °C for 30 min to
produce the siS100A4/CBSA NP structure. Then, siS100A4/CBSA
NP and a cancer cell-derived exosome were mixed and incu-
bated at 4 °C for 30 min and then at 37 °C for 1 h. Subsequently,
this mixture was extruded using a mini extruder with 200 nm
and 100 nm pore-diameter filters to prepare the siS100A4/CBSA-
exosome. After siRNA was loaded into the exosome, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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encapsulation efficiency was estimated to be 86.70 £+ 1.22%.
Mice with lung cancer were used as models to study the effect of
siS100A4/CBSA-exosomes in cancer treatment. Mice treated
with siS100A4/CBSA-exosomes had an accumulation of the
complex in the lung tumors. The mean number of metastatic
nodules in the lungs of the mice treated with siS100A4/CBSA-
exosome was the lowest compared to that of the other control
groups, which were treated with siS100A4/CBSA-liposome or
siS100A4-CBSA.

Organic or inorganic NP-exosome hybrid DDSs have also
been used in cancer treatment. For example, Qijun et al
synthesized a hybrid structure of a genetically-engineered exo-
some (gExo) and a TSL encapsulating an anti-tumor agent to be
used in cancer therapy.” In this study, gExo was isolated from
fibroblasts overexpressing CD47 and granulocyte-macrophage
colony-stimulating factor (GM-CSF), and DTX was loaded into
TSL (DTX-TSL). The gExo and DTX-TSLs were fused by the
freeze-thaw method (Fig. 6). The gETL can act as a therapeutic
agent in two different ways. First, it can activate T-cells by GM-
CSF from the exosomes (immunotherapy application). Second,
DTX in the liposomes can treat the tumor through chemo-
therapy. Consequently, through these functions, this DDS
platform showed excellent anti-cancer treatment performance.

Yong et al. described another inorganic NP-exosome hybrid
structure for delivery of anti-cancer agents.”® In this study, DOX
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was loaded into a mesoporous silica NP (DOX-MPS) and applied
to cancer cells. DOX-MPSs could penetrate into the H22 or
Bel7402 cells through endocytosis and turn into DOX-MPS/
exosome core/shell structure in the cells. Finally, these
hybrids were released from the cells and collected by centrifu-
gation. Their anti-cancer effect was proven in H22 tumor-
bearing mice and B16-F10 lung metastasis mice. After the
injection of DOX-MPS/exosomes into both cancer xenograft
mouse models, the tumor volume did not increase in either
cancer group compared to that of the mice treated with DOX
and DOX/exosomes. In addition, the colony number and size
was smaller in DOX-MPS/exosomes treated mice groups, and
these mice exhibited the highest survival. Therefore, these
cancer cell-derived exosome coated-inorganic NPs could serve
as excellent drug carrier.

4.2 Skin therapy

Exosomes loaded with therapeutic agents have also been used
in skin therapy. Some cells such as MSCs are known to promote
skin repair, thus MSC-derived exosomes can be used to induce
skin regeneration.®* Additionally, some milk-derived exosomes
could prevent skin aging and help in wound repairing.”® This
shows that skin therapeutic agent-loaded exosomes can aid in
the treatment of skin damage.

T cells

..... ‘€_/

‘. CD4T cells' ./4
L J

Y siRPa * TNF-a *IFN-y

Fig. 6 Synthetic scheme of gETL NPs (exosome/liposome hybrid structure) and their anti-tumor activity. Reprinted with permission.?? Copyright

2020, John Wiley and Sons.
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Moran et al. conducted both in vivo and in vitro analyses of
the treatment of ischemic wounds using exosomes containing
transforming growth factor beta (TGF-B).*® This study explored
the utility of a purified CD63, CD9, and ALG-2 interacting
protein X (Alix)-positive exosome population (PEP), which was
extracted from activated platelets, in promoting wound healing;
the results confirmed that bioactive TGF- was released to aid
the wound healing process. The continuous delivery of PEP
through fibrin sealant (TISSEEL) showed significant regenera-
tion effects on overall ischemic wound healing, and the results
described the potential ability to preserve the biological activity
of TGF-B in freeze-dried exosomes applied to accelerate wound
healing. The researchers developed a PEP bioactive hydrogel
specialized in curing ischemic wounds in rabbits—a cell-free
regeneration treatment method. The mechanisms governing
this effect on ischemic wound healing were related to regulation
of epithelial metastatic differentiation, collagen reconstruction,
and overall skin tissue development through the TGF-B path-
ways. In a study by Gondaliya et al., it was reported that miRNA-
loaded exosomes could treat a diabetic wound.®” The exosome
was isolated from MSCs and miR-155 inhibitor was encapsu-
lated within the exosome with CaCl, assistance by incubation at
42 °C for 60 s and then on ice for 5 min. Diabetic wound healing
is known to be delayed by miR-155 upregulation, so its inhibitor
was loaded into the exosome to enhance the wound healing
effect. The loading efficiency was estimated to be 60%. After the
treatment of diabetic wound model mice with miR-155
inhibitor-encapsulated MSC-derived exosome, it was shown
that collagen deposition, angiogenesis, and re-epithelialization
were enhanced in these mice groups compared to those in the
control groups.

In a study by Li et al, magnetic NP-exosome core/shell
structures were applied for cutaneous wound treatment.®® The
researchers incubated MSCs with iron oxide NPs for 16 h, and
then the iron oxide NP-exosomes secreted from the MSCs were
collected by centrifugation. Next, the iron oxide NP-exosomes
were injected into surgically wounded mouse models. Inter-
estingly, this NP-exosome hybrid could accumulate at the
wound site by external magnetic forces, which allowed excellent
wound healing. The results showed that the wound size in the
group treated with iron oxide NP-exosomes was more quickly
reduced than that in the control groups. Additionally, the
collagen deposition area in the group treated with the hybrid
exosome almost recovered back to normal, in contrast to that in
the other groups treated with a vehicle or only MSC-derived
exosome. Moreover, high blood vessel density was observed in
the wounds of the mice treated with the hybrid NP-exosomes,
which proves that angiogenesis was actively taking place.
Therefore, these results established that iron oxide NP-exosome
hybrids could be considered good wound healing agents.

In other study, Kim et al. produced melatonin encapsulated
exosomes (mel-exosome) to treat atopic dermatitis (AD).*® To
encapsulate melatonin into exosomes, melatonin was first
incubated with HEK293 cells and extruded with 10, 5, and 1 um
polycarbonate membrane filters, and then mel-exosomes were
isolated by ultracentrifugation at 100 000xg for 1 h. The loading
amount of melatonin was approximately 97.1 ng mel per pg
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exosome, which was determined using an ELISA kit. According
to the in vitro analysis, mel-exosomes could suppress TNF-o and
B-hexosaminidase release, which confirmed that the exosomes
exhibited anti-inflammatory effects. Furthermore, AD-like mice
were treated with mel-exosomes to evaluate their healing effect.
The results showed that local inflammation, mast cell infiltra-
tion, and fibrosis were highly suppressed in the mice treated
with mel-exosomes, and symptoms of AD such as erythema,
edema, and dryness were alleviated in these mice. Furthermore,
treatment with mel-exosomes caused the restoration IFN-y and
IL-4 levels, and the suppression of COX-2, TNF-a, and PAR-2
expression levels. These results prove that mel-exosome could
be a candidate for AD treatment.

4.3 Bone-related disease treatment

Exosomal DDSs have been applied in the treatment of various
bone-related diseases, including rheumatoid arthritis, osteo-
porosis. The therapeutic effect of cell-derived exosomes on such
diseases have been tested previously, wherein they showed good
therapeutic ability."°*'* In order to enhance the treatment
effect, the structures of drug-containing exosomes have been
investigated.

Recently, Yan et al. studied rheumatoid arthritis (RA) treat-
ment using dexamethasone sodium phosphate (Dex)-loaded
exosomes (Exo/Dex).'"** In this case, Dex was encapsulated into
exosomes derived from raw 264.7 macrophage cell lines via
electroporation, with a loading efficiency of approximately 11.12
+ 1.82%. The Exo/Dex was functionalized with folic acid-poly-
ethylene glycol-cholesterol (FPC) to improve its targeted
delivery. Since FPC-Exo/Dex could recognize the folic acid
receptors in the damaged areas, this DDS could accumulate
there and treat the area more effectively. Micro-CT analysis
indicated that the ankle and toe joint in mice treated with FPC-
Exo/Dex showed bone morphology similar to that of normal
mice (Fig. 7a). Other parameters like bone mineral density
(BMD), percent bone volume (BV/TV), bone surface density (BS/
BV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
and trabecular spacing (Tb.Sp) also reflected that FPC-Exo/Dex
treatment was the most effective compared to the effect in
control groups (Fig. 7b-g). Therefore, FPC-Exo/Dex could be
considered a potential candidate for RA treatment.

Li et al. conducted further research on RA therapy using
chemotherapeutic drugs and DNA co-loaded exosomes.'® In
their study, IL-10 plasmid DNA (IL10pDNA) was first transfected
into M2 macrophages and the secreted exosome that possessed
IL10pDNA was obtained. Next, betamethasone sodium phos-
phate (BSP, a chemical drug) was encapsulated into the
IL10pDNA-exosome by electroporation at 200 V for 5 ms. In this
case, the loading efficiency was estimated to be 29.03% for BSP
and 6.97% for IL-10 pDNA. The authors carried out an in vivo
study using collagen-induced arthritis (CIA) mice model, where
they injected BSP-IL10pDNA-exosome and monitored the
effect. The results showed that the body weight in mice treated
with BSP-IL10pDNA-exosome gradually increased to reach
a level close to that in the healthy group. In contrast, mice in
other control groups, like those treated with free BSP, naked

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Micro-CT analysis of the hind limbs of the mice from different treatment groups. (a) Representative 3D reconstructed images from each
treatment group. (b—g) Bone morphometric parameters of ROl within calcaneus bone (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
vs. mice treated with saline, #p < 0.05 is mice treated with Lip/Dex compared to Exo/Dex). Reprinted with permission.*2 Copyright 2020, BioMed

Central.

pDNA, BSP/pDNA, showed body weight reduction. Besides, the
paw of the mice showed swelling in the control groups espe-
cially in the saline group; however, the paw shape in mice
treated with BSP-IL10pDNA-exosome group seemed similar to
that in healthy mice. Furthermore, BSP-IL10pDNA-exosome
was highly accumulated at the inflamed joint site and showed
anti-inflammatory activity.

Liang et al. investigated osteoarthritis (OA) treatment using
micro RNA encapsulated exosomes.’ In their study, miRNA-
140 was encapsulated by electroporation into an exosome
(miR-140-CAPexo) modified with chondrocyte-affinity peptide
(CAP) and Lamp2b. In this structure, miR-140 can protect the
chondrocytes and be a potential candidate for osteoarthritis
treatment. The OA mice were injected with miR-140-CAPexo,
and the results revealed that miR-140-CAPexo was highly accu-
mulated in the cartilage tissues compared to miR-140-exo. In
addition, the mice treated with miR-140-CAPexo exhibited

© 2022 The Author(s). Published by the Royal Society of Chemistry

smooth and flat cartilage, which was similar to that in healthy
mice, while miR-140-exo-injected mice had small cavities at the
junction of the cartilage and subchondral bone. Thus, the
developed exosomal DDS could be considered as a candidate for
OA treatment.

4.4 Treatment applications in other diseases

Exosome-based DDSs were developed to treat not only cancer
and skin conditions, but also conditions like Alzheimer's
disease and ocular disease.'®'°® For example, Alvarez-Erviti
et al. developed a treatment agent for Alzheimer's disease
using siRNA-encapsulated exosomes.'”” In this study, they
delivered GAPDH siRNA to the brain in dendritic cells-derived
exosomes; the loading of siRNA into the exosomes was con-
ducted through electroporation at 400 V and 125 pF. The results
of the in vivo analysis showed that the exosomal DDSs accu-
mulated in many sites of the brain, and BACE1 mRNA levels and
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total B-amyloid 1-42 levels were significantly decreased, i.e.,
approximately 66 £ 15% and 55%, respectively after injection.
On the other hand, Liu et al. introduced rabies virus glycopro-
tein and exosome-based core-shell structure (REXO) as a drug
carrier for Parkinson's disease treatment.'® Curcumin and
phenylboronic acid-poly(2-(dimethylamino)ethyl acrylate) NPs
(CANP) were co-loaded into the REXO by sonication, with cur-
cumin loading efficiency to be approximately 70%. Then, the
surface of the carrier was modified with small interfering RNA
targeting SNCA (REXO-C/ANP/S) to improve the penetration into
BBB. REXO-C/ANP/S effectively accumulated in mice brains and
enhanced neuronal recovery without any organ toxicity.

In another study, Dong et al. reported the inhibition of
pathological retinal angiogenesis wusing anti-angiogenic
peptide-conjugated exosomes.'® In this study, the researchers
prepared human umbilical vein endothelial cell (HUVEC)-
derived exosomes (HUVEC-exo) and incubated them with
CPO5-linked KV11 peptide, as anti-angiogenic peptide, to
prepare the conjugation structure. The loading efficiency was
estimated to be 83.1%. According to the results, vessel regres-
sion was not induced in the avascular areas of the retina against
oxygen stress, while retinal neovascularization was clearly
reduced after KV11-HUVEC-Exo treatment (Fig. 8). The expres-
sion level of key proteins such as HIFla and VEGF that are
known to induce the neovascularization was significantly
decreased after the treatment. Therefore, exosome-based DDSs
could be potential therapeutic agents for ocular disease.

Another study explored the application of an exosome-lipo-
some hybrid system (exo-lipo) as a treatment agent for

View Article Online
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pulmonary fibrosis (lung disease).’® Sun et al. isolated the
exosomes from L-929 cells (fibroblast cell line) and synthesized
the clodronate (CLD)-loaded liposomes. Subsequently, the
exosomes and CLD-liposomes were mixed and fused through
the membrane extrusion method using a mini extruder with 400
and 200 nm polycarbonate membranes under 10 times cycle.
The authors conducted in vivo experiments using pulmonary
fibrosis-induced mice to evaluate the effect of exosome-CLD-
liposome hybrid structure (EL-CLD). The results showed that
EL-CLD accumulated at the lung site compared to exo-lipo, and
EL-CLD was detected in the lung even 48 h after injection.
Furthermore, collagen deposition increased, and thickened
alveolar walls and alveolar air areas decreased after treatment
with EL-CLD. Hence, this hybrid DDS can be considered as
a potential candidate for anti-fibrotic treatment of pulmonary
fibrosis. Furthermore, it was reported that exo-lipo system
could be utilized in the treatment of peripheral neuropathy.'"*
Singh et al. produced an exosome from the bone marrow
mesenchymal stromal cells (BMSCs) and prepared polypyrrole
NPs (PpyNPs)-loaded liposome (PpyNP-lipo). In this case,
PpyNPs possess electrical conductivity, so they can assist in
nerve regeneration. These two precursors were mixed and
assembled by the freeze-thaw process using liquid nitrogen
(freeze) and 50 °C water bath (thaw) in a 10 times cycle. An in
vivo experiment was performed using diabetic peripheral
neuropathy mouse models with electrical stimulation assis-
tance. After injecting exo-PpyNP-lipo, the nerve diameter was
significantly restored compared to the diameter in other
controls, where it was thicker than that in healthy mice. In
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(A) Schematic illustration of the treatment of oxygen-induced retinopathy (OIR) mouse model, (B) confocal images of retina vasculature

stained with IsoB4, (C) vascular area, and (D) neovascularization quantification. Reprinted with permission.**® Copyright 2021, lvyspring Inter-

national Publisher.
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addition, the diameter of the axon was also recovered by the
exo-PpyNP-lipo treatment. Moreover, gastrocnemius muscle
was also regenerated after the exosomal DDS treatment.
Therefore, this hybrid DDS can be utilized as a novel agent for
regenerative therapy.

5 Summary

Effective chemotherapy, gene therapy, and photothermal
therapy can be carried using proper DDS platforms, and exo-
somes with their hybrid systems have been considered as
alternative drug carriers. To achieve high performance DDSs
based on exosomes and their hybrid structures, many methods
of encapsulation and modification of therapeutic agents have
been developed, and these DDSs have been utilized to treat
various diseases.

Exosome, itself could be utilized as novel drug carrier
without target Ab labeling due to homotypic targeting effect and
self-recognition. However, challenges with respect to loading
efficiency and stability of the exosome structure still persist. On
the other hands, hybrid exosomes showed excellent synergic
effect including treatment and diagnosis at the same time, so it
could perform theragnosis function. However, some disadvan-
tages also could be raised such as the high cost for synthesis of
hybrid exosomes and the complication of preparation process
and thus facile synthesis method should be suggested for
accessible applications. Moreover, the function of various types
of exosome and its hybrid structure-based DDS should be tuned
to fit the proper therapeutic applications.

By various approaches, exosome-based DDSs have been
developed as mentioned it above, and recently, it was reported
that exosome-based DDS showed more effective therapy
performance than cell therapy. In addition, in the several
countries including USA, China, clinical trials have been taken
a place to help for the patient treatment. Also, many research
groups and some start-up companies have developed exosome-
based DDSs as 3rd generation anticancer therapeutic agents to
apply for chemo-immunotherapy. However, still mass produc-
tion of exosome and exosome-based DDS is very difficult for
commercialization, and drug loading efficiency should be
improved in order to achieved high therapeutic function. And
these kinds of huddles should be overcome in order to
contribute the human health care and commercialize.
Furthermore, during the preparation of hybrid exosome or
encapsulation of drug into the exosome via physical process
and chemical synthesis, therapeutic agents, exosome carrier,
and other active materials would be lost in each modification
steps. And it could bring the low yield for production and poor
reproducibility. Therefore, these kinds of challenge should be
solved to grow the exosome-based DDS field.

Nevertheless, as mentioned it above, exosomes and their
hybrid structures have showed a lot of advantages such as high
targeting, non-toxicity, biocompatibility. The clinical applica-
tion of these exosomes should thus be expanded to the treat-
ment of various diseases. In conclusion, exosomes exhibit
a promising potential for application in DDS, which will provide
substantial benefit to public health and society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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