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Abstract: Exosomes, as natural nanocarriers, characterized with low immunogenicity, non-cytotoxicity and targeted delivery
capability, which have advantages over synthetic nanocarriers. Recently, exosomes have shown great potential as diagnostic markers
for diseases and are also considered as a promising cell-free therapy. Engineered exosomes have significantly enhanced the efficacy
and precision of delivering therapeutic agents, and are currently being extensively employed in targeted therapeutic investigations for
various ailments, including oncology, inflammatory disorders, and degenerative conditions. Particularly, engineered exosomes enable
therapeutic agent loading, targeted modification, evasion of MPS phagocytosis, intelligent control, and bioimaging, and have been
developed as multifunctional nano-delivery platforms in recent years. The utilization of bioactive scaffolds that are loaded with
exosome delivery has been shown to substantially augment retention, extend exosome release, and enhance efficacy. This approach has
advanced from conventional hydrogels to nanocomposite hydrogels, nanofiber hydrogels, and 3D printing, resulting in superior
physical and biological properties that effectively address the limitations of natural scaffolds. Additionally, plant-derived exosomes,
which can participate in gut flora remodeling via oral administration, are considered as an ideal delivery platform for the treatment of
intestinal diseases. Consequently, there is great interest in exosomes and exosomes as nanocarriers for therapeutic and diagnostic
applications. This comprehensive review provides an overview of the biogenesis, composition, and isolation methods of exosomes.
Additionally, it examines the pathological and diagnostic mechanisms of exosomes in various diseases, including tumors, degenerative
disorders, and inflammatory conditions. Furthermore, this review highlights the significance of gut microbial-derived exosomes.
Strategies and specific applications of engineered exosomes and bioactive scaffold-loaded exosome delivery are further summarized,
especially some new techniques such as large-scale loading technique, macromolecular loading technique, development of multi-
functional nano-delivery platforms and nano-scaffold-loaded exosome delivery. The potential benefits of using plant-derived exosomes
for the treatment of gut-related diseases are also discussed. Additionally, the challenges, opportunities, and prospects of exosome-
based nanocarriers for disease diagnosis and treatment are summarized from both preclinical and clinical viewpoints.
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Introduction
The fields of oncology, immunology, and regenerative medicine have consistently presented challenges and served as
focal points for clinical management research. Notably, targeted therapies have made significant strides in the treatment
of these diseases, particularly with the advancements in nanomedicine." ™ Several artificial nanocarriers such as
liposomes, nanotubes, micelles, dendrimers and self-assembled peptides have been developed for targeted delivery of
therapeutic agents.” > However, with the clinical translation of nanocarriers, several challenges have emerged, such as
cytotoxicity, immunogenicity, complex fabrication processes, and other drawbacks.'®'?

Exosomes are also considered nanoparticles (NPs) owing to their nanoscale size and some properties similar to NPs,
including passive targeting ability and enhanced permeability and retention effects.'® Typically, exosomes are highly
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stable, with low immunogenicity, and can be transported long distances in vivo across physiological barriers.'* Specific
membrane proteins and carrier ligands such as tetraspanins and integrins on the exosome membrane surface mediate the
specific binding of exosomes to target cells with specific cytophilic properties and homing selectivity.'> Therefore,
exosomes are considered to be a natural nanocarrier. Additionally, exosomes can be secreted by all eukaryotic cells and
bacteria, are the main mediators of extracellular communication and carry proteins, nucleic acids, lipids and other active
components that can be detected in body fluids such as blood, urine, joint fluid, saliva and breast milk.'® Therefore,
exosome as a liquid biopsy method can be used for disease diagnosis. Significantly, the emergence of gut microbiome
analysis techniques has led to the identification of extracellular vesicles (EVs) derived from the gut microbiota, which
have been detected in blood and urine samples of both healthy individuals and patients exhibiting characteristics strongly
associated with the gut microbiome. These EVs may offer a novel approach for the diagnosis and prognosis of gut-related
disorders."”

Properties of natural exosomes make them an alternative to cellular therapies with increasing applications in anti-
tumor, immunomodulatory and regenerative medicine. To further improve efficacy, engineered exosomes have gained
popularity recently, such as loading schemes for different therapeutic agents, engineered membrane modifications, and
engineered hybridization with artificial NPs based on exosomes (Figure 1). These engineered strategies have achieved
remarkable results in terms of enhanced drug utilization, enhanced targeting, controlled release, and bioimaging.lg*20
However, several studies have shown that exosomes tend to accumulate in the liver, lungs, and spleen and are rapidly
eliminated by the mononuclear phagocytic system (MPS).?'** In addition, phosphatidylserine from the phospholipid
bilayer of exosomes membranes can be recognized by macrophages, leading to exosome clearance.”* Therefore, in recent
years, researchers have again performed bionic optimization of exosomes, including membrane coating techniques, and
design of targeted ligands that block MPS phagocytosis to circumvent this phenomenon.?>*® Based on the integration of
these approaches, a series of multifunctional nano-delivery platforms have been developed successively.?” On the other
hand, several new techniques have been developed successively in recent years to overcome the challenges of loading
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large molecules of RNA and proteins as well as large-scale loading.?’ ?° In addition, with the development of tissue
engineering, bioactive scaffolds loaded with exosomes can enable precise delivery, avoid rapid clearance, and effectively
improve retention, such as hydrogels.*® In recent years, advances in nanomaterials technology have facilitated the
development of nanocomposite hydrogel and nanofiber hydrogel, which possess excellent mechanical properties,
porosity and biocompatibility, improving the shortcomings of natural hydrogels.*'*? The role of exosomes in the
pathological mechanisms of various diseases has been extensively reported.”> > Recently, an increasing number of
studies have shown that gut microbial-derived vesicles mediate microbiota function through the transport and delivery to
host cells of effector molecules that regulate host signaling pathways and cellular processes.*®*” Gut microbiota-derived
exosomes possess the potential to exert a substantial influence on health and disease. Conversely, orally-administered
exosomes, such as those derived from plants, exhibit anti-inflammatory and protective characteristics towards intestinal
tissues, and can also contribute to the restructuring of the intestinal microbiota. These exosomes are deemed to be
optimal delivery vehicles for treating ailments associated with intestinal and microbiota dysbiosis.®

In light of the benefits of exosomes as natural nanocarriers over synthetic nanocarriers, as well as their growing
importance as nanocarriers in the diagnosis and treatment of clinical disease, this paper firstly discusses exosome
composition, biogenesis, uptake, and isolation techniques. The role of exosomes in disease pathological processes,
including the recent popularity of gut microbial-derived exosomes, is also discussed. More importantly, the potential of
exosomes as natural nanocarriers in disease diagnosis and treatment is demonstrated using latest research. Strategies and
recent advances in engineered exosomes and bioactive scaffold-loaded exosomes delivery are also summarized, parti-
cularly multifunctional nano-delivery platforms and nanomaterial hydrogels. In addition, studies related to plant-derived
exosomes and their advantages in gut microbial remodeling are also described. Through continued investigation into
exosomes, the comprehension of their function as nanocarriers in the diagnosis and treatment of diseases will be
enhanced. It is our aspiration that this article will aid in the clinical implementation and utilization of exosomes as
nanocarriers for both therapeutic and diagnostic objectives in the foreseeable future.

Structure and Composition of Exosomes

Exosomes belong to EVs, approximately 30-150 nm in diameter, which are spherical lipid bilayer vesicles.”® The
exosome membrane is a bilayer lipid membrane, mainly composed of unsaturated lipids, including cholesterol, phos-
phatidylserine and sphingomyelin. Generally, the unsaturated lipids and sphingolipids are believed to protect exosomes
and maintain membrane rigidity, which is essential for maintaining exosome stability in vivo.** Also, they are involved in
cargo sorting and exosome secretion.*' The exosomal protein components include mainly the tetraspanin family (CD9,
CD63 and CDS81), membrane transport and fusion proteins (GTPases, annexins and flotillin), integrins, heat shock
proteins (HSPs), endosomal sorting complex proteins required for transport (Alix, TSG101), cytoskeletal proteins and
some proteins in specific types of exosomes such as transferrin receptors and MHC I and II molecules (Figure 2).**** In
addition to proteins and lipids, exosomes contain large amounts of DNA, mRNA and non-coding RNA, which are the
main cargo of intercellular communication and reflect the state of parental cells while influencing the biological processes

of target cells.**

Biogenesis and Uptake of Exosomes

Biogenesis

Exosomes originate from the endosomal system (Figure 2). Extracellular components, including proteins and lipids, can
enter the cell along with cell surface proteins via endocytosis and plasma membrane invagination to form early
endosomes, which further mature into late endosomes.*> The endosomal membrane buds inward to form luminal vesicles
(ILVs), and late endosomes containing a large number of small vesicles are called multivesicular bodies (MVBs), during
this process components derived from cytoplasmic proteins, nucleic acids and lipids are sorted into these vesicles.*
These MVBs are cither fused to lysosomes and degraded or transported to the plasma membrane via the cytoskeleton and
microtubule network to release ILVs extracellularly as exosomes.*” The fate of MVBs has been shown to be related to its
internal cholesterol level. That means MVBs containing high concentrations of cholesterol more readily escape
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Figure 2 Mechanisms of exosome biogenesis and uptake, and the main structure and composition of exosomes.

degradation from lysosomes and are released by plasma membrane fusion.*® The mechanism of exosome biogenesis is
extremely complex and involves biological processes such as cargo sorting, vesicle formation, vesicle translocation, and
exosome release. The current view is that MVB and exosome formation and release are primarily related to mechanisms
mediated by the endosomal sorting complex required for transport (ESCRT) and related proteins (eg VPS4, VTAL,
ALIX).*>*° ESCRT is a complex protein machine consisting of four different protein complexes, including ESCRT-0, -I,
-I1, -I11.°>'? Specifically, ubiquitinated (UB)-cargo proteins are recognized by ESCRT-0, which has a ubiquitin structural
domain (UBD), and are sorted into the lipid structural domain, thereby initiating an ESCRT-dependent mechanism.
Ubiquitinated structural domains are also present in ESCRT-1 and ESCRT-II, which can work together with ESCRT-0 and
produce a high affinity for ubiquitinated cargo at the site of ILV formation sorting domains.**>> ESCRT-I then recruits
ESCRT -III via ESCRT-II or Alix, and finally, ESCRT is mechanically dissociated by the action of AAA-ATPase VPS4.>*
However, the depletion of ESCRT components only reduces exosome secretion and does not completely block its
secretion, so it is speculated that non-ESCRT-dependent mechanisms.> Often, exosomal membranes are enriched in
tetraspanins, which are known to be markers of exosomes. These proteins have been found to be associated with
exosome release and the independent-ESCRT pathway. For example, an Epstein Barr virus-associated oncoprotein (latent
membrane protein 1) was found to bind to the tetraspanin CD63, can be sorted into exosomes, avoid lysosomal
degradation, and promote exosome release.® Another study found that in HEK 293T cells, tetraspanins CD9 and
CDS82 promote P-linked protein secretion via a ceramide-dependent exosome pathway.”’ Notably, sphingomyelin
ceramide has been shown to play a role in exosome biogenesis and to inhibit neutral sphingomyelinase, a key enzyme
that facilitates the breakdown of sphingomyelin to phosphorylcholine and ceramide, reducing exosome secretion.’® In
addition, some small GTPases of the Rab-related protein (Rabs) family have been shown to play an important role in
intracellular vesicle transport, affecting exosome secretion.’® Rab35 regulates the docking of MVB to the plasma
membrane in oligodendrocytes, and affects the secretion of exosomes.®” Ostrowski et al used RNA interference screening
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to find that Rab27a and Rab27b mediate MVB-plasma membrane docking, while Rab27a knockdown inhibits MVB-
plasma membrane docking, and two effector proteins of Rab27, Slp4 and Slac2b, were also identified, which are
associated with exosomal secretion of Rab27a and Rab27b.°' Furthermore, genomic DNA (gDNA) is mainly found in
the nucleus, while exosomes occur in the cytoplasm, and the mechanism of how DNA is loaded remains unclear.
A recent study found that nuclear contents, including gDNA, are loaded into exosomes with the assistance of the
tetraspanin CD63 after the collapse of cytoplasmic structures encased by the nuclear membrane (micronucleus).®?

Uptake

Exosomes serve as the primary mediator of intercellular communication, and multiple mechanisms were identified to
mediate this biological process, such as endocytosis, direct plasma membrane fusion and intercellular receptor pathways
(Figure 2).%® Of these, endocytosis is the most extensively studied and includes mechanisms of endocytosis mediated by
the clathrin, caveolin, macropinocytosis, phagocytosis, and lipid rafts.** Most endocytosed exosomes target lysosomes to
be degraded to release cargo, or they can escape from lysosomes and form endosomal cycles.®® In some cases, exosomes
activate cellular signaling pathways through specific binding to target cell receptor proteins and do not involve
endocytosis. Previous studies have demonstrated that neural stem cell-derived exosomes activate the Statl signaling

pathway in target cells via IFN-y/Ifngr].%°

Another possible uptake mechanism is the direct fusion of the exosome
membrane with the target cell membrane, releasing the cargo directly into the cytoplasm. Melanoma cells were observed
to take up exosomes via membrane fusion by fluorescent lipid decolorization technique, and the acidic pH environment
may facilitate this mechanism.®” Exosomes from different cells preferentially interact with specific cell types. For
instance, exosomes derived from oligodendrocyte precursor cells are endocytosed by microglia but not by astrocytes,
while exosomes from cortical neurons are not taken up by glial cells and tend to bind to other neuronal cells.®*” The
mechanism of this specific uptake is not well unknown and may depend on the cell type or the specific recognition of
various lipid and adhesion proteins of the exosome membrane with the target cell surface, such as tetraspanins, integrins,

ECM proteins and proteoglycans, which determine the localization and entrance of the exosome.**"°

Isolation Techniques of Exosomes

Ultracentrifugation is currently the most commonly used technique for exosome isolation. The principle is that different
extracellular components in the sample can be separated successively according to density, size and shape at appropriate
centrifugal forces, two main methods included, differential speed and gradient density. Firstly, dead cells, cell debris and
large extracellular vesicles are removed after a series of successive low to medium centrifugation, and then exosomes are
further separated by centrifugation at 100,000 x g.”' All components with overlapping density, size and mass including
exosomes, microvesicles, proteins, can be precipitated in the centrifuge tube.”” Therefore, the composition obtained at the
end of differential ultracentrifugation contains proteins or other non-exosomal components, which affects the purity and
is extremely unfavorable for further studies of exosomes. While adding the sample to the top of a density gradient
medium (iodixanol or sucrose) followed by prolonged centrifugation, extracellular components, such as exosomes,
apoptotic vesicles, and protein aggregates, can be easily separated into components with different buoyant densities.
For example, protein aggregations are mainly concentrated at the bottom of the centrifuge tube, while exosomes are
retained in the media layer between 1.1-1.2 g/mL.”* Therefore, density gradient differential centrifugation is often
combined with differential ultracentrifugation to improve the purity of exosome isolation.

Ultrafiltration is a method of isolating exosomes using nanomembranes based on the size of the exosomes. The
classical design is non-exosomal components, large vesicles including apoptotic vesicles, are filtered out by a 200 nm
membrane, while the remaining 20-200 nm diameter vesicles are left behind and smaller particles (proteins) are further
filtered through a 20 nm microfilter, finally, leaving the exosomes.”* Compared to ultracentrifugation, ultrafiltration is
less time consuming and simple to operate. However, some disadvantages such as membrane pore clogging have also
been reported, leading to low capture efficiency or membrane damage.” The shear stress caused by the membrane pores
to exosomes is also an issue that has to be considered.”* In addition, some NPs that are similar in size to exosomes cannot
be filtered out and can affect their purity.”
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The exosome membrane contains a large number of tetraspanins considered to be markers of exosomes (eg CD9,
CD63, CDS81), as well as the presence of MHC I and II molecules and heat shock proteins. Immunoaffinity capture
techniques have been developed to isolate exosomes by exploiting the immunological interaction between these proteins
(antigens) and their antibodies. A recent study successfully captured exosomes from the plasma of COVID-19 patients
using the immunoaffinity of CD81 antibody with the exosomal surface antigen protein CD81.”° In another study,
researchers used magnetic beads coated with MHC II antibodies to isolate exosomes from cell culture supernatants.’’
Typically, the purity of exosomes isolated by immunoaffinity techniques is higher compared to other exosome isolation
techniques.”® However, this highly specific isolation method may result in low yields and cannot be used for high-
throughput isolation of exosomes.

Polymer precipitation methods usually use the interaction between highly hydrophilic polymers and water molecules
surrounding the exosomes to form a hydrophobic microenvironment that reduces the solubility of the exosomes and
isolates them under centrifugal conditions.”® Polyethylene glycol (PEG) is a widely accepted non-toxic polymer that is
commonly used in polymer precipitation methods.*® The polymer precipitation method is relatively simple to perform
and has a high yield. Although it is possible to precipitate exosomes, this may lead to high contamination rates and low
purity of the isolated exosomes.®'**

Size exclusion chromatography (SEC) is also a technique for isolating exosomes based on molecular size.
Specifically, as the sample passes through a stationary phase consisting of porous resin particles, molecules smaller
than the pores of the stationary phase enter the pores preferentially resulting in longer distances and relatively slower
speeds, and larger molecules that cannot enter the pores are forced to surround the porous particles and elute from the
column. Commonly used materials such as dextran polymers, agarose and polyacrylamide.®® Hong et al successfully
isolated high-purity exosomes of approximately 50-200 nm in size from acute myeloid leukemia plasma using a small-
size exclusion chromatography column with agarose 2B.** Although this method does not affect the structure and activity
of exosomes and is low-cost, the disadvantage is time-consuming and difficult to be used for high-throughput isolation.®
In addition, the size of exosomes may overlap with some contaminants, which is a common drawback of size-based
exosome isolation methods. To improve this problem, it can be solved by combining different separation methods.
Previous studies have shown that combining ultrafiltration and SEC to separate exosomes significantly improves
exosome purity compared to SEC or ultrafiltration alone, and does not affect their functionality.®®

Microfluidic technology enables the integration of multiple assays, sensors and other components on the same chip to
manipulate small fluid volumes in microchannels of tens to hundreds of microns in size, exploiting the biological or
physical properties of exosomes for isolation and detection, demonstrating high efficiency, rapidity and low sample
requirements.®” One commonly used microfluidic technique is based on immunoaffinity. For instance, researchers
recently developed a microfluidic device made of polydimethylsiloxane (PDMS) and functionalized using a CD63
antibody that specifically binds to the CD63 antigen on the surface of exosomes to isolate them. The source of ExoChip-
immobilized exosomes was confirmed using immunoelectron microscopy and protein blotting.*® Another more common
technique is the acoustic nanofilter, in which a matrix containing exosomes and other extracellular components is injected
into a chamber exposed to ultrasound, using acoustic waves to isolate extracellular vesicles according to their size and
density, larger particles are subjected to stronger radiation forces and therefore migrate more rapidly toward the pressure
node, and the ultrasound can be adjusted to separate particles of the desired size.®® Viscoelastic microfluidic separation
techniques developed in recent years have also been shown to isolate exosomes with high efficiency and purity by
exploiting the different elastic lift forces of particles of different sizes through viscoelastic media such as
polyoxyethylene.”® In conclusion, a variety of microfluidic-based isolation techniques for high-throughput exosome
acquisition have been developed as a result of advances in microfluidics.

Recently, advances in nanomaterials technology are expected to improve the efficiency of exosome capture and
isolation. For example, researchers developed an Fe304@TiO2-CD63 aptamer composite nanomaterial for the rapid
isolation of exosomes, double capture was achieved by relying on the high affinity of TiO2 to phosphate groups on the
lipid bilayer of exosomes and the specific binding of CD63 aptamer to exosome membrane proteins, and the results
showed that 92.6% of exosomes were captured <10 min.”' Zhang et al developed a nano-interfaced microfluidic platform
for exosome isolation using nanostructured graphene oxide/polydopamine coated membranes on the channel and
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microcolumn surfaces to increase the surface area and antibody immobilization density, greatly improving the efficiency
of exosome immunocapture and effectively inhibiting the adsorption of nonspecific exosomes, while the reactive sites on
the polydopamine coating allow easy covalent coupling of protein G to immobilize captured antibodies in a targeted
manner, further improving purity.””

The Role of Exosomes in Disease

Exosomes act as communication mediators between cells, and a large number of studies have shown that they are involved in the
pathological processes of numerous diseases. The tumor microenvironment (TME) is mainly composed of tumor cells, stromal
cells and stromal cell molecules. A growing number of research have shown that exosome biogenesis and cargo delivery serve an
essential role in the regulation of the TME and are involved in biological processes such as tumor cell growth, tumor metastasis,
and drug resistance. For example, compared with normal colonic epithelial cell-derived exosomes, colorectal cancer cell-derived
exosomes promote cancer cell proliferation and inhibit apoptosis, participating in tumor progression.” Paracrine exosomes from
breast cancer cells inhibit T-cell activation through the programmed death 1 (PD-1)/PD ligand pathway, allowing cancer cells to
evade surveillance from the immune system and metastasize to other tumor cells that do not express PDL1, facilitating metastasis
between tumor cells.”* Ma et al found that exosomes derived from non-small cell lung cancer cells contained miR-3157-3p
delivered to vascular endothelial cells, targeted downregulation of TIMP/KLF?2 levels in endothelial cells, increased VEGF/MMP
expression, promoted angiogenesis, increased vascular permeability, thereby promoting tumor progression.” In addition, tumor
cell-derived exosomes can promote tumor metastasis and drug resistance.’®*” Furthermore, the researchers found that injections
of exosome secretion inhibitors significantly reduced overall exosome secretion and inhibited tumor growth and tumor cell
metastasis, possibly owing to the predominance of tumor cell numbers in TME.”>'%° It also suggests that exosomes are not only
involved in tumor progression, and inhibiting the secretion of exosomes from tumor cells may be beneficial to intervene in tumor
progression. Within the central nervous system (CNS), exosomes carry and release a variety of molecules related to neuronal
function and neurotransmission in the brain, and have been shown to facilitate neuron-glia communication,'®" synaptic
plasticity,'® and neuronal development.'® On the other hand, exosomes are also involved in disease progression. Studies have
shown that brain-derived exosomes in Alzheimer’s disease (AD) contain increased amounts of toxic amyloid (AB) and found
that AD brain-derived exosomes can mediate the transmission of AB.'* These findings indicated that exosomes may mediate the
pathological progression of AD. Another study showed that microglia secrete tau proteins via exosomes to facilitate neuronal
transmission, while inhibition of exosome synthesis dramatically decreased tau protein transmission in vitro and in vivo.'®
Moreover, A and hyperphosphorylated tau are considered to be the central mechanisms in the pathogenesis of AD. Similarly, it is
unclear whether the number of exosomes is up- or down-regulated in neurological diseases. Interestingly, a study in a transgenic
animal model of AD showed that the use of a neutral sphingomyelinase inhibitor reduced the level of exosome release and
decreased the AP load as well as the number of plaques.'® In osteoarthritis (OA), exosomes derived from synovial cells and
chondrocytes interact to cause cellular phenotypic changes that lead to cartilage degradation, inflammatory cytokine release, and
promote OA pathological progression.'””'% A recent study compared osteoblast-derived exosomes from the sclerotic and non-
sclerotic regions of OA subchondral bone and found that osteoblast-derived exosomes from the sclerotic region significantly
inhibited chondrocyte extracellular matrix synthesis, and further RNA sequencing revealed that miR-210-5p mediated commu-
nication between osteoblasts and chondrocytes.'” Hence, the progression of OA is facilitated by communication between the
subchondral microenvironment, synovium and articular cartilage via exosomes. This provides a new mechanism for the
pathogenesis of OA. Current studies have shown that exosomes mediate the pathological progression of related diseases in
almost all parts of the body, such as the cardiovascular, digestive and respiratory systems.''®"''? In recent years, exosomes have
been recognized to play an important role in the interaction between intestinal flora and host cells, mediating the formation of
intestinal microbial structures, regulating food metabolism, intestinal epithelial barrier integrity and intestinal immunity, and
together maintaining the homeostasis of the intestinal microenvironment. (Figure 3).'”® For example, Liu et al found that EV's of
Fusobacterium nucleatum induced macrophage shift to a pro-inflammatory phenotype and oxidative stress and mediated intestinal
epithelial cell death by targeting RIPK 1 and disrupted the intestinal barrier.''® In another study, probiotic (Clostridium butyricum)-
derived EVs were found to protect intestinal barrier function, improve gut microbiota homeostasis in ulcerative colitis, and
contribute to the relief of colitis.'** And in inflammatory bowel disease (IBD) and colorectal cancer, a potential association was
found between intestinal miRNA expression profiles and intestinal microbiota abundance.''>''® To further visualize the
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Figure 3 Exosomes mediate communication between intestinal microbes and host cells and together maintain the balance of the intestinal microenvironment. Exosomes
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communication between EVs from gut microbial and the host, researchers used the Cre-LoxP system to report in vivo transfer of
bacterial-derived EVs to recipient cells in a mouse model, and colonization of the intestines of these mice with E. coli Cre resulted
in Cre-recombinase-induced expression of fluorescent reporter genes in intestinal epithelial cells, even well beyond the intestine,
and bacterial-derived Cre induced a wide range of host tissues with expanded marker gene expression, including heart, liver,
kidney, spleen, and brain, indicating that intestinal flora-derived EVs can act as a biological shuttle system to transfer functional

biomolecules laterally between bacterial and mammalian host cells.'”

The Role of Exosomes in the Diagnosis and Treatment of Diseases

Since exosomes carry a large number of active substances from donor cells and can be detected in almost all body fluids,
exosomes show great potential as biomarkers for disease diagnosis. For instance, Han et al developed a novel technique
of microfluidic combined with surface-enhanced Raman spectroscopy to analyze protein biomarker levels on plasma
exosomes from osteosarcoma patients and healthy donors, with significantly higher levels of CD63, vimentin and
epithelial cell adhesion molecules on plasma exosomes from osteosarcoma patients compared to healthy controls,
which were used in a rapid diagnostic classification model for osteosarcoma with 100% sensitivity, 90% specificity
and 95% accuracy, respectively.''® Tetraspanin 1 (TSPAN1) was reported to be significantly elevated in plasma exosomes
of patients with hepatocellular carcinoma, and it has been shown to be superior to carcinoembryonic antigen (CEA) as
a novel biomarker for the diagnosis of hepatocellular carcinoma.''® Protein levels of P-S396-tau, P-T181-tau and AB1-42
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in neurogenic blood exosomes were found to be higher than controls in a 10-year clinical study, which can be used to
predict the progression of AD, showing potential as a diagnostic marker for AD."*° MicroRNA is the most abundant
RNA in exosomes and is not easily degraded by RNA enzymes, while IncRNA, although low in abundance, is easily
extracted and highly stable in the external environment.'?'"'>* Therefore, microRNAs and IncRNAs have been widely
used as biomarkers for disease diagnosis in recent years. For instance, Karimi et al found that serum exosomes miR-23a,
mir-301a were highly enriched in patients with colorectal cancer, and characteristic curve analysis revealed that these
exosomes were able to distinguish patients with colorectal cancer from non-colon cancer patients.'** A recent study
showed that miR-17-5p, miR-92a-3p levels were significantly elevated in serum exosomes of rectal cancer patients with
liver metastases, which were closely associated with liver metastasis and could be used as a predictor of metastasis.'*’
Recently, IncRNA (SAP30L-AS1, SChLAP1) in circulating exosomes has been reported to be used for the diagnosis of
prostate disease. In benign prostatic hyperplasia (BPH), SAP30L-AS1 levels were upregulated, and SAP30L-AS1 levels
were significantly higher in prostate cancer than in normal and BPH, ROC curves indicated that SAP30L-AS1 and
SChLAPI1 had sufficient diagnostic value to distinguish prostate cancer from controls.'*® In addition, SAP30L-ASI
expression levels were associated with PSA values and tumor invasion.'?® Compared to the traditional use of circulating
DNA (ctDNA) alone, the combination of exosomal RNA/DNA and ctDNA increases the total number of mutant copies
available for sampling, increasing the sensitivity and specificity of the detection.'?”'?® A recent meta-analysis analyzed
the diagnostic value of ctDNA, circulating tumor cells and exosomes for pancreatic cancer, with exosomes exhibiting the
highest sensitivity and specificity.'?’ Detection of changes in microbial-derived exosomes in blood, feces and urine
provides insight into the composition of the gut microbiota and allows timely detection of imbalances. Recently, these
microbial-derived EVs have been used as new markers for the diagnosis of gastrointestinal and extraintestinal diseases.
For example, using macrogenomic analysis of microbiome and microbial-derived EV in stool samples, researchers found
that analysis of gut microbial-derived EV better distinguished patients with IBD from healthy controls than did analysis
of the stool microbiome.'** The microbial signature of EVs in urine can also serve as a potential biomarker for colorectal
cancer diagnosis.'®' Based on macroscopic genomic analysis of serum microbial EVs, researchers developed a diagnostic
model for atopic dermatitis.'** Together with the advantages of relatively minimally invasive exosome acquisition and
the abundance of exosome sources, exosomes are increasingly used in liquid biopsies, or in combination with other

Table | Partial Demonstration of Exosomes as Diagnostic Markers for Diseases

Dove:

Diseases Body Fluids Biomarkers Applications References
Pancreatic cancer Serum Glypican-| Diagnosis [133]
Hepatocellular carcinoma | Serum miR-18a, miR-221 and Diagnosis [134]
miR-222miR-224
Gastric Cancer Serum miR-26a and miR-148a Prognostic guidance [135]
Prostate Cancer Urine Prostate-specific antigen | Diagnosis [136]
(UE-PSA)
Lung adenocarcinoma Broncho alveolar lavage miR-126 and let-7a Diagnosis [137]
fluid
Colorectal cancer Serum DANCR (IncRNA) Diagnosis and prognostic guidance [138]
Alzheimer’s disease Serum or cerebrospinal miR-193b Disease Progression [139]
fluid
Rheumatoid arthritis Synovial fluid Citrullinated proteins Diagnosis [140]
Atherosclerotic Disease Serum miR-122-5p, miR-27b- Predicting recurrent ischemic events in [141]
3p, and miR-101-3p intracranial atherosclerotic disease
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adjunctive tests, to further improve diagnostic accuracy and sensitivity. Some examples of exosomes as biomarkers for
disease diagnosis are summarized in Table 1.

Natural exosomes exert therapeutic effects by delivering biologically active substances to target cells and have been
heavily investigated as cell-free therapies in recent years. These studies covered various fields such as tumor vaccine
development, inflammatory disease treatment, and regenerative medicine. For example, exosomes from dendritic cells
(DCs) carrying MHCU/II peptide complexes activate the differentiation of CD8+ T cells into cytotoxic lymphocytes
(CTL) and have been shown to have anti-immune tumor effects.'** Studies have shown that this anti-immune tumor
effect is positively correlated with the high maturation of DCs.'** A previous study showed that CD8+ T cells-derived
exosomes target tumor mesenchymal cells via miR-298-5p and disrupt tumor stroma to inhibit tumor invasion and
metastasis.'** NK cell-derived exosomes showed antitumor effects, and the number of exosomes and antitumor effects
were increased in hypoxia-treated NK cells. It was further found that increased expression of functional proteins (specific
FasL, perforin and granzyme B-as) was found in hypoxia-treated NK cell-derived exosomes, which may mediate the
anti-tumor mechanism of NK-exosomes.'** In recent years, the polarized phenotype of macrophages has been found to
be closely associated with inflammation and tumor progression. Studies have shown that M1 macrophage-exosomes

146,14 . . 148,14
6147 while M2 macrophage-exosomes promote tumor progression.'**!'** Hence, exosomes

exhibit antitumor properties,
derived from immune cells are potential candidates for tumor immune vaccines. Mesenchymal stem cells (MSCs) are
known to be one of the abundant sources of exosomes, while their secreted exosomes show immunomodulatory functions
and tissue protection properties. For instance, in a mouse model of atherosclerosis, BMSC-derived exosomes induced
polarization of macrophages from pro-inflammatory phenotype M1 to anti-inflammatory phenotype M2 via miR-let7,
which attenuated disease progression.'>® Similarly, MSC-derived exosomes have been shown to induce synovial
macrophage polarization from M1 to M2, thereby suppressing inflammation and slowing the progression of OA."" In
addition, MSC-derived exosomes can inhibit immune cells such as B-cell proliferation,'* T-cell differentiation and
proliferation,'>® and DC cell maturation,'>* exerting immunosuppressive capacity. Hence, MSC-derived exosomes
possess great potential for the treatment of inflammatory diseases. An increasing number of studies have shown that
MSC-derived exosomes carry microRNAs that promote chondrocyte migration, attenuate chondrocyte extracellular
matrix degradation, and demonstrate chondroprotective properties, such as miR-136-5p and miR-125a-5p.'3>!¢
Additionally, MSC-derived exosomes deliver specific mRNAs and growth factors that promote proliferation and anti-
apoptosis of renal tubular epithelial cells, thereby promoting recovery of kidney function.'>” In a mouse model of acute
myocardial infarction, MSC-derived exosome miR-22 exhibits cardioprotective effects by reducing myocardial apoptosis
and fibrosis through downregulation of methyl CpG-binding protein 2 (Mecp2)."”® These studies suggest that MSC-
derived exosomes represent a promising approach to regenerative medicine. Within the CNS, the MSC-derived exosome
miR-542-3p attenuates ischemia-induced cerebral infarct size and suppresses inflammatory responses in a mouse model
by inhibiting Toll-like receptor 4 (TLR4)."*” Another study showed that BMSCs reduce inflammation while improving
cognitive function by transferring exosomal miR-146a to astrocytes in a mouse model of AD, suggesting that exosomes
can penetrate the blood-brain barrier (BBB) and represent an effective vehicle for treating CNS diseases.'® In fact,
exosome-based cell-free therapy has been considered a promising approach in recent years and is now in clinical trials.
Selected clinical trials of exosomes for the treatment of diseases were showed in Table 2.

Cargo Loading Engineering for Exosome

Previously, we stated that natural exosomes are considered as nanocarriers for the treatment of diseases by delivering
active substances to target cells. The personalized design of exosome cargo loading can improve cargo utilization
efficiency and reduce side effects and is a classic way to use exosomes as a nano-delivery platform. Including direct
exosome loading and indirect loading based on parental cells (Figure 4A and B). For example, the antioxidant (curcumin)
was loaded into the exosome by direct co-incubation with the exosome, increasing the stability of the drug in circulation
and maintaining its biological activity compared to free curcumin, enhancing the anti-inflammatory properties of
curcumin (Figure 4C).'% In another study, exosomes from MSC were co-incubated with doxorubicin (Dox) and the
prepared Exo-Dox exhibited higher cellular uptake efficiency, lower cytotoxicity and stronger antitumor effects in
osteosarcoma MG63 cells compared to free Dox (Figure 4D).'®” In addition, co-incubation of paclitaxel (PTX) with
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Table 2 Selected Clinical Trials of Exosomes for the Treatment of Diseases

Cell Diseases Phases Status Results NCT Numbers

Sources

MSC Severe COVID-19 2 Completed Improved clinical symptoms and NCT04493242
oxygenation el

Ascites Colorectal Cancer | Completed Safe, activated CD8+ CTL cells to exert Unknown

specific anti-tumor immunityI62

MSC Acute Ischemic Stroke 1,2 Recruiting Unknown NCT03384433
MSC Degenerative meniscus 2 Recruiting Unknown NCT05261360
injury
DC Melanoma | Completed Feasible, safe and mild effector T-cell Unknown
response'®>
DC Non-small cell lung cancer | 2 Completed Feasible and safe, enhanced anti-tumor NCTO01159288

response of NK cells, 32% patients achieved

progression-free survival (4 months)'®*

MSC Chronic kidney disease 2,3 Completed Safe and improved inflammatory immune Unknown
response and improved overall renal function
in patients with grade Ill-IV CKD'®®

MSC OA | Recruiting Unknown NCT05060107

MSC AD 1,2 Recruiting Unknown NCT04388982

MSCs showed that the secreted vesicles were successfully loaded with PTX and exhibited strong anti-proliferative
activity.'®® Due to the ability of siRNA to bind to the target mRNA, resulting in the degradation of the target mMRNA by
cellular nucleases and blocking the expression of the target gene. In recent years, the targeted delivery of siRNA has
become a new direction in gene therapy research. In 2011, researchers first loaded siRNA by electroporation into neuron-
targeted peptide (GVG)-modified dendritic cell (DC)-derived exosomes, which were successfully delivered to the brain,
resulting in neuronal and glial cell-specific gene knockdown.'®® Yang et al directly transfected VEGF-siRNA to
exosomes derived from brain endothelial cells that were delivered to the zebrafish brain and inhibited VEGF expression
to exert anti-tumor effects.'’® Also, siRNA can be transfected into parental cells for loading. For example, researchers
demonstrated that transfection of embryonic kidney 293T cells with HGF-siRNA, isolated exosomes significantly
reduced the expression of HGF and VEGFE.'”' In addition, Chen et al transfected therapeutic miRNA-150-5p into
MSCs by plasmid and isolated exosomes targeted to rheumatoid arthritis synovial tissue significantly inhibited fibroblast
expression of MMP14 and VEGF and alleviated joint inflammation in mice.'”* (Figure 4E). Transfection is the most
commonly used technique for loading miRNAs, while studies of miRNAs in EVs relevant to disease diagnosis and
therapy have gained significant popularity in recent years. As erythrocytes are anucleate cells, loading RNA does not
pose a risk of gene transfer. Therefore, the researchers developed a simple and efficient method for erythrocyte-based
exosome delivery, including loading short RNAs such as antisense oligonucleotides (ASOs) and gRNAs and long RNAs
(Cas9mRNA) by electroporation for targeted delivery.'”> Recently, Yang et al reported a cellular nano-perforation
method that allows the passage of transient electrical pulses through nanochannels to shuttle DNA plasmids from buffers
into donor cells, producing 50-fold more exosomes and 10°-fold more mRNA transcripts than electroporation and other
exosome production strategies.'”* More importantly, this new approach is not limited to specific cells and addresses the
challenges of loading large amounts of mRNA. Exosome-targeted delivery of DNA can be used for transgenic therapy
and can also be loaded by different methods. For instance, plasmid encoding peroxidase (pDNA) transfected macro-
phages and isolated exosomes successfully delivered to the CNS for the treatment of Parkinson’s disease (PD) mice with

sustained levels of oxidase expression in the brain (>1 month) and significantly reduced levels of inflammation
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Figure 4 Strategies and applications of exosome loading cargo. (A) Direct loading cargo strategies. (B) Indirect cargo loading strategy via parental cells. (C) Exosomes
loaded with curcumin via direct co-incubation for targeted anti-inflammatory therapy.'66 Reprinted from Sun D, Zhuang X, Xiang X, et al. A novel nanoparticle delivery
system: enhanced anti-inflammatory activity of curcumin when encapsulated in exosomes. Mol Ther. 2010;18(9):1606—1614. http://creativecommons.org/licenses/by/4.0/. (i)
Plasma circulation times of exosome-loaded curcumin and free curcumin, **P < 0.01. (i) TNF-a and IL-6 levels in supernatants after PBS, exosomes, free curcumin and
curcumin-loaded exosomes treatment of LPS-stimulated RAW 264.7 cells, *P < 0.05, **P < 0.01. (D) Exosomes from MSC loaded with Dox by direct co-incubation for
osteosarcoma treatment.'®” Reprinted from Wei H, Chen J, Wang S, et al. A Nanodrug Consisting of Doxorubicin and Exosome Derived from Mesenchymal Stem Cells for
Osteosarcoma Treatment In Vitro. Int ] Nanomedicine. 2019; 14:8603-8610. http://creativecommons.org/licenses/by-nc/3.0/. (i) Fluorescence intensity of exosome-loaded
Dox and free Dox co-incubated with osteosarcoma cells for different times, ****P < 0.0001. (ii) Cell viability of osteosarcoma cells treated with the same concentration of
free Dox and exosome-loaded Dox for 24 hours and the half-maximal inhibitory concentration (IC50) of free Dox and exosome-loaded Dox. (E) Treatment of CIA mice by
transfection of MSC loaded to exosomes with miRNA-| 50-5p.I72 Reprinted with permission from Chen Z, Wang H, Xia Y, Yan F, Lu Y. Therapeutic Potential of Mesenchymal
Cell-Derived miRNA-150-5p-Expressing Exosomes in Rheumatoid Arthritis Mediated by the Modulation of MMP14 and VEGF. | Immunol. 2018;201(8):2472-2482.www.
jimmunol.org. Copyright © 2018 by The American Association of Immunologists, Inc. (i) Immunohistochemistry showed the expression levels of VEGF and MMP14 in the
synovium after transfection of exosomes with miRNA-150-5p to treat CIA mice. (i) The DiO-labeled MSC exosomes in the joint cavity of CIA model as shown by

immunofluorescence.

(>3-fold).'”® Another study reported loading of exogenous linear DNA into exosomes by electroporation, with loading
efficiency and volume depending on DNA size, but no functional gene delivery was observed.'’® Some specific protein
molecules can be loaded by applying co-incubation methods. For example, dopamine can be loaded into exosomes by co-
incubation with blood exosomes for the systemic treatment of PD, showing a more than 15-fold increase in brain
distribution of dopamine compared to free dopamine, with lower systemic toxicity.'”” However, large molecular proteins
or peptides are limited for exosome-targeted delivery due to their poor stability and large molecular weight. Current
studies mainly focused on indirect loading with the genetic engineering of parent cells. Recently, researchers designed
a self-assembled structure capture, known as an enveloped protein nanocage (EPN) for EV delivery of proteins, where
the EPN is transfected through the vesicular stomatitis virus G protein (VSV-G) into donor cells and overexpressed in
released EVs, and each EPN can be actively loaded with up to 60 therapeutic protein molecules.'”® Tlahibaks et al
developed a novel technique (TOP-EVs) for loading proteins via EVs integrating VSV-G and rapamycin-induced

4762 e International Journal of Nanomedicine 2023:18
Dove!


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/3.0/
www.jimmunol.org
www.jimmunol.org
https://www.dovepress.com
https://www.dovepress.com

Dove Zou et al

heterodimeric T82L mutant FRB (DmrC) fused to a target protein with FKBP12 (DmrA), different target proteins such as
GFP, Cre and CRISPR/Cas9 ribonucleoprotein complexes, were efficiently loaded and functionally delivered to different
cell types in vitro, and it was also demonstrated that the technique can mediate the functional transfer of proteins

180 and ultrasonic

in vivo.?” The other loading methods, such as extrusion, freeze-thaw cycles,'”® saponin treatment
treatment'®' are also commonly used for cargo loading.

Different methods affect cargo loading capacity, which is related to the properties of the cargo being loaded, such as
hydrophilicity, hydrophobicity and molecular weight. A previous study comparing the loading of hydrophobic molecules
paclitaxel (PTX) onto exosomes by incubation and ultrasound methods showed higher ultrasound loading rates due to the
easier diffusion of PTX molecules onto lipid bilayers by ultrasound.'®* Another study evaluated different techniques for
loading catalase into exosomes, incubation, freeze-thaw cycling, sonication or extrusion for Parkinson’s disease drug

179 Ultrasonication and extrusion

delivery, and showed that sonication loading efficiency loading was the most efficient.
caused diffusion of peroxidase on the lipid bilayer, resulting in high loading efficiency of exosome carriers, while saponin
selectively removed cholesterol from exosome membranes and formed pores on the lipid bilayer of exosome membranes,
thus promoting binding of peroxidase and improving loading efficiency.!”® In addition, loading methods can affect the
stability of exosomes, such as sonication, electroporation, or permeants can disrupt the integrity of EV membranes and
reduce stability.'”® Electroporation produces siRNA aggregation effects during the loading process and can affect the
actual loading rate. To circumvent this phenomenon, the researchers suggested adding ethylenediaminetetraacetic acid to

the electroporation buffer.'®?

Exosome Membrane Modification Engineering

Direct Exosome Membrane Surface Modification

However, depending on exosome-loaded drug delivery alone is not the primary factor in increasing drug accumulation in
the lesioned region, and is more dependent on targeted modifications of exosomes. Since some specific structures on the
exosome membrane surface mediate the targeting function and homing properties of exosomes, appropriate membrane
surface modifications can further improve the delivery efficiency, including direct modification of the exosome mem-
brane surface and indirectly modified exosome-derived parental cells (Figure 5A and B).

Using exogenous molecules such as proteins and peptides to modify the surface of exosomes by various chemical and
mechanical methods can enhance their active targeting ability and improve their efficacy. For instance, exosome
membranes were coupled to neuropilin-1 targeting peptide (RGERPPR, RGE) by click chemistry to design therapeuti-
cally functional glioma-targeting exosomes, and these engineered exosomes were found to cross the BBB, further
enhancing targeting ability.'®® The targeting peptide ¢ (RGDyK) of the vascular endothelial cell integrin avf3 receptor
was coupled to the surface of exosomes loaded with miR-210 by click chemistry.'®* In vivo experiments showed that
target-modified exosomes increased the ability to target areas of cerebral ischemia and increased miR-210 and VEGF
levels in lesioned areas (Figure 5C).'®* Click chemistry is a method for covalent modification of exosome membrane
surfaces. In addition, some non-covalent modifications have been applied to surface modification. Researchers modified
exosome membranes with cationized pullulan via electrostatic interactions, and the cationic branched-chain starch
specifically targeted hepatocyte asialoglycoprotein receptor (AGPR). In a mouse model of liver injury, the engineered
exosomes accumulated more in liver tissue compared to unmodified exosomes and are expected to be a targeted drug
delivery system for liver disease.'®’ Since target cell-derived exosome membranes express target cell-specific receptors
on their surface, the exosome membranes can be engineered with targeted fractions through ligand/receptor binding
method. For example, A33-positive exosomes were isolated from A33 overexpressing tumor cells, and A33 antibody-
modified superparamagnetic iron oxide NPs (US) bound to the exosome membrane via ligand/receptor interactions were
designed as a drug delivery system for the treatment of colon cancer, loaded with Adriamycin, with significantly
enhanced targeting ability and reduced cardiotoxicity.'®® Similarly, exosomes derived from reticulocytes bind to super-
paramagnetic magnetite colloidal nanocrystal clusters via surface transferrin receptors, significantly enhancing the
targeting ability and anti-cancer capacity of exosomes.'®® The dual lipid structure of exosomes provides hydrophobic

properties allowing some hydrophobic molecules to be incorporated within the exosome membrane. For example,
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Figure 5 Strategies and applications of exosome membrane modification. (A) Direct modification of exosome membrane strategies. (B) Indirect modification of exosome
membrane strategies by genetic engineering. (C) Targeting peptide ¢ (RGDyK)-modified exosomes loaded with miR-210 for the treatment of cerebral ischemia models.'®*
Reprinted from Zhang H, Wu ], Wu }, et al. Exosome-mediated targeted delivery of miR-210 for angiogenic therapy after cerebral ischemia in mice. ] Nanobiotechnology.
2019;17(1):29. http://creativecommons.org/licenses/by/4.0/. (i) Fluorescence intensity of GRD-modified exosomes and unmodified exosomes loaded with miR-210 in a brain
ischemia-reperfusion model in the lesioned (intralesional) and matched non-lesioned (contralateral) areas 6 hours after intravenous injection, *P < 0.05, **P < 0.01. (i) VEGF
expression in the lesion area at 7 and 14 days after reperfusion and administration of RGD-exo:NC or RGD-exo:miR-210, *P < 0.05, **P < 0.01. (D) FPC-modified exosome
for RA-targeted therapy.25 Reprinted from Yan F, Zhong Z, Wang Y, et al. Exosome-based biomimetic nanoparticles targeted to inflamed joints for enhanced treatment of
rheumatoid arthritis. | Nanobiotechnology. 2020;18(1):115. http://creativecommons.org/licenses/by/4.0/. (i) In vivo imaging of plasma and organs 24 hours after intravenous
injection of Dex-loaded liposomes, Dex-loaded exosomes, and Dex-loaded FPC-modified exosomes. (ii) Serum levels of inflammatory cytokines (TNF-q, IL-1B and IL-10) in
normal and treated CIA mice, *p <0.05, **p < 0.01, *¥p < 0.001, #p <0.05. (jii) Serum levels of ALT and AST in normal and treated CIA mice. (E). IMTP-Exosomes for
Myocardial Ischemia Targeted Therapy.'85 Reprinted from Wang X, Chen Y, Zhao Z, et al. Engineered Exosomes With Ischemic Myocardium-Targeting Peptide for Targeted
Therapy in Myocardial Infarction. ] Am Heart Assoc. 2018;7(15):e008737. http://creativecommons.org/licenses/by/4.0/. (i) Fluorescence imaging of DiR-labeled blank-Exos
and IMTP-Exos in a mouse model of myocardial ischemia after 72h of intravenous injection. (ii) Expression levels of inflammatory factors (TNF-a, IL-1f and IL-6) after IMTP-
Exos and blank-Exos treatment, **p < 0.001.
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exosomal membrane can be loaded with both hydrophobic small molecules and modified by hydrophobic insertion.
Targeted ligand-modified PEG phospholipids can insert into exosomal lipid membrane and is a commonly used technique
in the development of targeted drug delivery systems in recent years.'”® Folic acid (FA)-modified PEG-cholesterol (FPC)
can specifically target FA receptors expressed on the surface of synovial macrophages by inserting into the membrane
surface of macrophage-derived exosomes. Loaded dexamethasone (DEX) for intra-articular delivery is precisely targeted
to inflamed synovial tissue with longer retention time and enhanced therapeutic efficacy, no significant hepatic toxicity
was observed, and superiority over synthetic liposomes (Figure 5D).** Similarly, tumor cell-derived exosomes based on
PEG-FA modification for targeted drug delivery in breast cancer significantly improved targeting ability and tumor
killing effect by up to 15%.""! Moreover, PEG enhances the stability and circulation time of drug delivery systems.'** In

fact, PEG coating technique is widely utilized for membrane modification of NPs to evade the clearance of MPS.'"?

Indirect Modification of Exosome-Derived Parental Cells
Genetic modification of exosome-derived cells is another important method of exosome surface functionalization. By
transfecting target cell receptor genes into parental cells, these receptor proteins are fused to exosomal transmembrane
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proteins during exosome biogenesis to form the targeting portion expressed on the exosome surface. Wang et al used the
ischemic myocardial targeting peptide CSTSMLKAC (IMTP) plasmid to transfect MSC with fused exosomal membrane
protein (Lamp2b), and the isolated exosomes expressed Lamp2b-IMTP complex on the surface and found that IMTP-
exosomes were more efficiently taken up by injured cardiomyocytes than unmodified exosomes, accumulated more in the
ischemic region of the heart, and showed an enhanced therapeutic effect on acute myocardial infarction.'®* (Figure 5E) In
another study, researchers genetically engineered DCs to produce exosomes of Lamp2b fused to the neuron-targeting
peptide RVG, loaded with exogenous siRNA via electroporation, and effectively delivered to the plasmatic brain through
the BBB for targeted therapy of AD.'® Similarly, anti-epidermal growth factor receptor (EGFR), a tumor cell receptor,
was expressed on the surface of EVs by transfection of EV-producing cells encoding EGFR antibodies and fused to
glycosylphosphatidylinositol (GPI) anchor signaling peptides, significantly enhancing exosome-tumor cell binding and
depending on the density of EGFR.'** Using tetraspanins expressed on the surface of exosomes, Liang et al designed
Apo-A1-CD63 complexes on the surface of exosomes and loaded miR-26a by electroporation to target the scavenger
receptor class B (SR-B1) receptor on the surface of hepatocellular carcinoma cells and successfully delivered anti-tumor
RNA.' Tian et al transfected RGD-4C targeting peptide fused to Lactadherin C1C2 structural domain on EV membrane
by plasmid transfection significantly improved the ability of EV to target brain ischemic regions and significantly
decreased the level of inflammation compared to unmodified EV.'”® In addition, the interaction of CD47 with the
immunosuppressive receptor SIRPo on the surface of macrophages can stimulate the immune escape system.'*”'*® Since
macrophages are primarily responsible for the clearance of circulating exosomes, the CD47-SIRPa signaling axis has
been used to engineer exosomes to escape macrophage phagocytosis.'”” By transfecting CD47 into donor cells, CD47
overexpressed exosomes effectively escaped phagocytosis from MPS, prolonged the circulation time of exosomes, and
increased the distribution in tumor tissues.”*” Meanwhile, CD47 can target CD47 receptors on the surface of tumor cells

and enhance the anti-tumor effect.?°

Hybrid Engineering of Exosomes and NPs

Advances in nanotechnology greatly contributed to the development of engineered exosomes. Incorporating the advan-
tages of liposomes and exosomes, hybrid exosomes based on membrane fusion have emerged as a novel nanodrug
delivery system. For instance, lipid charge affects the uptake of target cells, and depending on the target cell properties,
personalized liposomes can be selected to hybridize with exosomes to improve the uptake rate.”!?°2 A previous study
using freeze-thaw cycling techniques to hybridize exosomes and lipids found that neutral and anionic lipids did not affect
cellular uptake of hybrid exosomes, while hybridizing cationic lipids to exosomes decreased cellular uptake efficiency.”*®
In contrast, the cellular uptake of hybrid exosomes with PEG-DOPS was significantly increased nearly 2-fold compared
to unmodified exosomes.””® In addition, the pH, optical and thermal sensitive liposomes provide controlled release
properties to the drug delivery system, further improving drug delivery efficiency and reducing drug side effects. For
instance, recently developed exosomes from macrophages were hybridized with PH-sensitive liposomes and loaded with
Adriamycin. Under acidic conditions, the drug was released, exhibiting enhanced toxicity to tumor cells, suggesting that
this hybrid exosome is a potential drug delivery system for the acidic tumor environment.’** On the other hand,
membrane fusion-based approaches may disrupt the integrity of membrane proteins and increase the size of exosomes,
affecting the stability and targeting ability of exosomes.?*> From the perspective of synthetic NPs, exosome membranes
can be used for membrane coating technology of synthetic nanoparticles, which is beneficial to reduce their
immunogenicity.

Apart from organic liposomes, inorganic nanomaterials such as metal NPs, metal oxides and quantum dots (QDs)
display excellent physical properties such as plasmonic, magnetic and fluorescent properties. For example, the magnetic
navigation properties of iron oxide NPs loaded with MSC-derived exosomes can significantly improve targeting
properties and increase exosome accumulation in disease regions, such as cerebral ischemia (>5-fold) and myocardial
ischemia (>2-fold), compared to unmodified exosomes.?’° In addition to loading therapeutic agents for targeted drug
delivery, these magnetic NPs can also generate heat when disturbed by external alternating magnetic fields, which can
promote the ablation of targeted tumor cells through magnetothermal therapy, further enhancing the efficacy of the
treatment.’”” Also, iron oxide NPs loaded in exosomes are used for bioimaging and are suitable contrast agents for
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MRI.>*® Au NPs are widely used for CT imaging due to their high imaging resolution and safety.’®® In addition,
exosomes loaded with Au NPs respond to near-infrared radiation and selectively induce target cell death through
photothermal effects.”'’ Cao et al loaded vanadium carbide quantum dots (V2C QD) into RGD-targeting peptide-
modified breast cancer cell-derived exosomes for tumor-targeting therapy by electroporation, and also using photother-
mal therapy to kill tumor cells.?'! Therefore, based on the many properties of inorganic NPs, the hybridization strategy of
exosomes and inorganic NPs can design multifunctional nanocarriers with both bioimaging, targeted therapy, and
intelligent control. Hybridization with inorganic NPs can be achieved by covalent binding of chemically modified
junctions to exosomal surface proteins or by hydrophobic insertion into the lipid bilayer of exosomes.*'**'* Inorganic
NPs can also be loaded directly into exosomes by various physical methods such as electroporation, extrusion,
sonication, and freeze-thawing.?'* A recent study found that including electroporation, diffusion passive loading, thermal
shock, ultrasound and saponin-assisted loading of gold NPs (GNs), the loading rate was <15% and some loading methods
affected the morphology and integrity of exosomes. However, the loading rate of exosomes secreted via the exosome
biogenesis pathway was >50% by co-incubation of cells with polyethylene glycolized HGNs (PEG-GNs).>'* More
importantly, loading inorganic NPs via the biogenesis pathway can increase exosome yield and enrich more functional

molecules, which is beneficial to further improve the therapeutic effect.”’°

Bioactive Scaffolds for Delivery of Exosomes

Due to the rapid clearance effect of exosomes, the delivery of exosomes by bioactive materials can further improve the
retention of exosomes in the disease area and achieve long-term release, on the other hand, these bioactive materials can
also enhance additional repair effects. Bioactive scaffolds are now widely used for therapeutic agent or nanocarrier
delivery, particularly in tissue repair and regenerative medicine. The ideal scaffold material should have good biocom-
patibility, maintain exosome activity and structural integrity, achieve long-term exosome release, and facilitate the
migration of target cells to the scaffold to take up exosomes to exert therapeutic effects.”'> Decellularized extracellular
matrix (ECM) has good biocompatibility, promotes cell recruitment and differentiation, and facilitates exosome homing
by delivering exosomes as a biological scaffold.?'® Jiang et al prepared a chondrocyte-derived ECM scaffold loaded with
umbilical cord MSC-derived exosomes for cartilage defect repair in rabbit knee, and showed that the cartilage repair
effect of the ECM-+exosome combination was superior to the exosome or ECM scaffold groups alone.”!” Hydrogels are
the most commonly used biological scaffolds for exosome delivery and include both natural and synthetic hydrogels.
Such as polysaccharides (chitosan, hyaluronic acid and alginate) and proteins (fibronectin, silk cardiac protein, collagen
and gelatin), can be used in the preparation of natural hydrogels.”'® Natural hydrogels have good biocompatibility,
biodegradability and proper cellular interactions. However, their disadvantages are also evident with lack of adequate
mechanical properties and low levels of cell adhesion.?'” Therefore, an increasing number of studies tend to design
synthetic or composite hydrogels with bionic properties for exosome delivery. For instance, Zhou et al used Pluronic
F-127 thermosensitive hydrogel loaded with MSC-exosomes for the treatment of skin wounds and achieved controlled
release based on thermal sensitivity, with exosome release still detectable up to 96 h.?>° The retention time was 2-fold
longer compared to the unapplied hydrogel group, achieving a lower dose frequency of administration to promote wound
healing.** In addition, the addition of some nanomaterials, such as nano-hydroxyapatite (nHAP), nano-silicate, polymer
micelles, nanoclay and liposomes can overcome the local defects of hydrogels.>' Lu et al prepared GeIMA-HAMA /
nHAP nanocomposite hydrogels loaded with exosomes derived from human urine stem cells, showing excellent
controlled release properties and appropriate mechanical properties to promote the repair of cranial defects in a rat
model.*?! Wu et al developed a gelatin methacrylate (Gelma)/nanoclay hydrogel (Gel-nano) with stronger mechanical
properties, better biocompatibility, and longer exosome release time compared to the Gelma group, possibly due to the
unique physical and biological properties of the nanomaterials.**? This new system showed excellent therapeutic efficacy
when used to load MSC-derived exosomes for cartilage injury, mediated via miR-23a-3p.?*? 3D printing technology
allows better tuning of composite scaffolds in terms of shape, size, and porosity for in vivo transplantation. In a recent
study, MSC-derived exosomes were composite with collagen/chitosan by 3D printing technology with good mechanical
properties and biocompatibility, and 3D-CC-BMExos scaffold with porous network structure and high porosity promoted
cell adhesion with significantly higher cumulative exosome release than CC-BMExos scaffold for the treatment of post-
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traumatic brain injury to improve cognitive function and recovery of sensorimotor function.””® Yue et al prepared
nanocomposite scaffolds composed of ECM, gelatin, QCs and nano-hydroxyapatite with high pore structure, proper
degradability, good biocompatibility and mechanical properties by 3D printing for loading MSC-derived exosomes
showed significantly enhanced osteogenic differentiation and vascular regeneration in in vitro and in vivo trials.>?
Nanofiber reinforcement is another important method for hydrogel modification with excellent porosity, mechanical
properties, good biodegradability, controlled release design potential, and similar to ECM, nanofibers have regenerative
ability to promote cell growth, adhesion and proliferation.”** For example, nanofiber-reinforced alginate hydrogels
prepared by electrostatic spinning technology successfully mimic the ECM structure, enhance the mechanical strength,
deliver PRP to the nucleus pulposus, achieve the protection and controlled release of PRP in nucleus pulposus fibers,
with long-term replenishment of bioactive molecules.”*> Zhou et al developed a matrix metalloproteinase-2 (MMP2)-
sensitive controlled-release self-assembling peptide (KMP2) nanofiber hydrogel that was used for local delivery of MSC-
EVs for tissue repair.”*® More importantly, natural or synthetic polymers can now be prepared into nanofibers by different
techniques such as electrospinning, phase separation, and self-assembly.”?” Hence, nanocomposite hydrogels and
nanofiber hydrogels, may be promising strategies for future delivery of exosomes. We summarized the potential delivery
strategies for hydrogel-loaded exosomes in Figure 6.

3D Printing

o o
O Qi) O N

O O

Synthetic Nanocomposite

hydrogel hydrogel
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Figure 6 Summary of hydrogel-loaded exosome delivery strategies.
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Exosome Bioimaging
The combination of some biofluorescent materials or NPs with imaging capabilities with exosomes is beneficial for
tracking exosomes in vivo, which is used to determine the biodistribution and pharmacokinetics of exosomes. For

. . . 22 229
instance, Gaussian luciferase (Gluc)**®

and Renilla luciferase (Rluc)**” can be loaded into exosomes by transfection to
produce bioluminescence effects after the addition of enzyme substrates, and then bioluminescence imaging is used to
show the distribution of exosomes in different organs of the body. Radioisotopes, such as *’mTc, '*'I, and '"'In-oxine for
labeling exosomes, and single photon emission computed tomography (SPECT) or positron emission tomography (PET)
tracking are the most commonly used non-invasive techniques for radiolabeled exosome imaging.****** The unique
imaging properties of nanomaterials are ideal imaging agents for exosome bioimaging. For example, inorganic NPs
(superparamagnetic iron oxide) have been loaded into exosomes by researchers via electroporation or co-incubation,

offering excellent imaging depth using magnetic resonance imaging (MRI).***#**

Plant-Derived Exosomes

In recent years, plant-derived exosomes have gained popularity owing to their wide range of sources and equally low
immunogenicity. Another advantage is that plants do not carry zoonotic or human pathogens compared to mammals.
Numerous studies have demonstrated that plant-derived exosomes are favorable candidates for development as nano-
carriers into delivery platforms. For example, ginger-derived exosome-like NPs, conjugated with the targeting ligand FA,
successfully delivered Adriamycin to colon cancer cells. While improving the efficacy, the ginger-derived nanocarriers
showed more efficient drug loading efficiency compared to commercially available liposomes.>> In another study,
grapefruit-derived nanocarriers were modified with FA ligands for enhanced targeting and rapid delivery of miR17 across
the BBB via intranasal administration to target folic acid receptor-positive GL-26 brain tumor cells and inhibit tumor

growth. >

Apart from being engineered exosomes for targeted delivery systems, plant-derived exosomes carry natural
components that have demonstrated anti-tumor, anti-inflammatory and tissue regenerative properties. Exosome-like
particles from Artemisia annua inhibit tumor growth and enhance anti-tumor immunity by remodeling the tumor
microenvironment and reprogramming tumor-associated macrophages in a mouse model of lung cancer.?*’ Plant-
derived mitochondrial DNA (mtDNA) was also found to be internalized into macrophages via vesicles and promote
the transformation of tumor macrophages to an anti-tumor phenotype, revealing for the first time that mtDNA is
exchanged between plants and mammals.>*” Other studies demonstrated that exosome-like NPs derived from ginger
rhizomes and shiitake mushrooms inhibited NLRP3 inflammasome activation and reduced the release of inflammatory
factors after being taken up by macrophages.”*®?*° A recent study found that orally administered ginger-derived
exosomes can be taken up by intestinal macrophages and epithelial cells, reduce the release of pro-inflammatory
cytokines, and promote the proliferation of epithelial cells, while exhibiting anti-inflammatory and protective properties
of intestinal tissues.>*” Due to the advantage of edibility, plant-derived exosomes can be selectively absorbed by the gut
microbiota and contain microRNAs that alter microbiome composition and host physiology, remodeling the intestinal
flora and exert therapeutic effects.”*' Recently, researchers isolated tea flowers-derived exosomes that accumulate at
breast tumor and lung metastasis sites after intravenous or oral administration (intravenous > oral) and inhibit breast
cancer growth and metastasis, with comparable therapeutic efficacy between oral and intravenous administration,
attributed to the fact that treatment by the oral route substantially increases the community abundance and diversity of
the gastrointestinal microbiota.*** In addition, plant exosomes inherently carry active plant derivatives. For example,
ginger-derived exosomes enriched in 6-gingerol and 6-gingerenol, which have anti-inflammatory properties.”** Broccoli-

derived exosomes contain high levels of carotenoids, which are recognized as antioxidants or anticancer agents.***

Challenges, Opportunities, and Future Perspectives

Despite significant progress in the field of exosome research in the past, the biogenesis of exosomes is still not clearly
explained, especially the cargo sorting mechanism of RNA and DNA, the factors and mechanisms affecting exosome
secretion. These basic studies on exosomes are essential for our comprehensive understanding of exosomes and for
further research on their applications. Current isolation techniques for exosomes do not allow for both high-throughput
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and high-purity screening, further optimization of isolation protocols may contribute to overcoming these shortcomings
and accelerating exosome research for both basic and clinical applications. Notably, nanocomposites combined with
nanomaterial-modified microfluidic channels are expected to achieve high capture rates and high-throughput screening of
exosomes, which may be a new direction for the future.

Natural exosomes possess anti-tumor, immunomodulatory and tissue repair abilities. We summarized the relevant
preclinical and clinical studies on exosome therapy for these diseases, and exosome therapy is a promising cell-free
therapy. Exosomes are the main communication signal for intercellular communication mechanisms, involved in the
development of almost all diseases in the human body, and provide new insights into the pathological mechanisms of
some diseases, such as the role of exosomes in the intestinal microenvironment, and synovial microenvironment. Also,
exosomes show great potential for disease diagnosis and promising clinical applications as rapid and minimally invasive
liquid biopsies. Exosomes can be used as drug delivery carriers to assist in the more accurate delivery of clinical drugs to
targeted tissues, improving both drug efficacy and reducing systemic toxicities. We summarized and analyzed the current
loading techniques of different cargoes and the advantages and disadvantages of different loading techniques, and
suggested that the appropriate loading technique should be considered according to the chemical nature and molecular
weight of the cargo. In addition, factors affecting exosome stability such as exosome membrane integrity and zeta
potential should also be considered. We summarized various loading schemes for drugs, proteins, and nucleic acids,
however, large-scale loading and loading of large molecule therapeutic proteins and nucleic acids remain challenging.
Therefore, we focused on new techniques, such as cellular nanoporation for large-scale loading of large nucleic acids,
envelope protein nanocage (EPN) capture and TOP-EVs technology for efficient loading of large molecule proteins,
which are expected to solve the current challenges but still need to be validated by extensive in vivo animal experiments.
Excitingly, several exosome-loaded therapeutic agents are currently in clinical trials such as plant-derived exosomes
loaded with curcumin for intestinal cancer (NCT01294072), MSC-exosome loaded siRNA for metastatic pancreatic
adenocarcinoma (NCT03608631), and tumor-derived vesicles loaded with cisplatin for malignant pleural or ascites fluid

Bioimaging in vivo
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Figure 7 Strategies for the development of exosome-based multifunctional nano-delivery platforms. The multifunctional nano-delivery platforms mainly include active
loading of therapeutic agents, targeted functional modifications, evasion of MPS clearance (CD47-SIRPa axis, PEG membrane coating); controlled release using sensitive
chemical bonds or hybridized liposomes (PH-sensitive, light-sensitive, heat-sensitive), inorganic nanoparticles (heat-sensitive, light-sensitive) and in vivo bioimaging; utilization
of adjuvant therapies, such as magnetothermal therapy, photothermal therapy to further improve the efficacy.
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(NCTO01854866). It is believed that exosomes will be used more often as drug delivery platforms for clinical targeted
therapies in the future. Engineering of exosome membrane modifications facilitates enhanced active targeting ability and
evasion of MPS clearance, further improving delivery efficiency. Hybridization with NPs can further enhance targeting
capabilities by exploiting the unique properties of these NPs, including inorganic NPs such as liposomes, organic NPs
such as peroxisomes, metal NPs, and QDs, for controlled release, in vivo bioimaging, and adjuvant therapy. Several
multifunctional delivery platforms have been developed focusing on exosome membrane modification, therapeutic agent
loading and controlled release, and adjuvant therapies such as thermotherapy and photothermal therapy (Figure 7). For
instance, by loading both doxorubicin and Ag 2S QDs into the exosome, controlled release of the drugs and QDs can be
achieved using external infrared light, and photothermal therapy can also be used to kill tumor cells, further enhancing
the therapeutic efficacy.”** In another study, the anticancer drug (Adriamycin) was designed to bind to milk-derived
exosomal membranes via PH-sensitive imine bonds, using the acidic microenvironment inside the tumor to break the
imine bonds, and the drug was rapidly released while effectively killing tumor cells.*** Click chemically modified M1
macrophage-derived exosomes are coupled to aCD47 and aSIRPa (antibodies) via pH-sensitive bonds, where aCD47
targets tumor cells and the acidic tumor microenvironment cleaves the pH-sensitive bonds to release aSIRPa and aCD47,
blocking the CD47-SIRPa axis between tumor cells and macrophages to exert phagocytosis. Meanwhile, natural M1
exosomes can effectively reprogram macrophages from pre-tumor M2 to anti-tumor M1.%*® These multifunctional nano-
delivery platforms developed based on exosomes, which may be emerging therapeutic approaches for targeted therapies,
are currently limited to in vivo experimental studies in animals and more preclinical studies should be conducted to
accumulate more data and to prepare for relevant clinical studies. Bioactive scaffold-loaded exosome delivery can
achieve increased retention and long-term release of exosomes at disease sites, which are now widely used in tissue
repair and regenerative medicine and have shown good therapeutic effects, such as hydrogel-loaded exosomes. In recent
years, advances in nanomaterials technology have facilitated the development of nanocomposite biomimetic scaffolds
and nanohydrogel scaffolds that integrate the positive properties of natural and synthetic materials and may be a new
direction for future research on bio-scaffold-loaded exosomes, especially combined with 3D printing technology. Due to
the complex physiological microenvironment in the human body, the biocompatibility, degradability, and mechanical
properties of these scaffold materials require extensive testing to validate before clinical translation. In addition, plant
derived exosomes are considered ideal delivery platforms for gut diseases and diseases related to gut microbial dysbiosis
owing to their oral availability, wide source and natural carriage of anticancer and anti-inflammatory components, and

should be considered in the future.

Conclusions
Exosomes, being natural nanocarriers, possess significant clinical translational and applicative potential in the diagnosis
and treatment of diseases. In the foreseeable future, exosomes, as natural nanocarriers, would emerge as a novel

therapeutic alternative in the fields of oncology, immunology, and regenerative medicine.
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