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In recent years, stem cells and their secretomes, notably exosomes, have
received considerable attention in biomedical applications. Exosomes are
cellular secretomes used for intercellular communication. They perform the
function of intercellular messengers by facilitating the transport of proteins,
lipids, nucleic acids, and therapeutic substances. Their biocompatibility,
minimal immunogenicity, targetability, stability, and engineerable
characteristics have additionally led to their application as drug delivery
vehicles. The therapeutic efficacy of exosomes can be improved through
surface modification employing functional molecules, including aptamers,
antibodies, and peptides. Given their potential as targeted delivery vehicles to
enhance the efficiency of treatment while minimizing adverse effects, exosomes
exhibit considerable promise. Stem cells are considered advantageous sources of
exosomes due to their distinctive characteristics, including regenerative and self-
renewal capabilities, whichmake themwell-suited for transplantation into injured
tissues, hence promoting tissue regeneration. However, there are notable
obstacles that need to be addressed, including immune rejection and ethical
problems. Exosomes produced from stem cells have been thoroughly studied as
a cell-free strategy that avoids many of the difficulties involved with cell-based
therapy for tissue regeneration and cancer treatment. This review provides an in-
depth summary and analysis of the existing knowledge regarding exosomes,
including their engineering and cardiovascular disease (CVD) treatment
applications.
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1 Introduction

Cardiovascular disease (CVD) and its complications are
expected to account for a significant proportion of morbidity and
death cases worldwide, with an estimated 23.6 million cases
anticipated by the year 2030 (Clark, 2013; WHO, 2017). CVD
encompasses a range of conditions, including coronary heart
disease, deep vein thrombosis, pulmonary embolism, and
myocardial infarction (MI). These conditions are characterized by
the occurrence of ischemia and subsequent tissue death. MI and
heart failure are the primary conditions that might result in
mortality (Chandarana et al., 2018). Morphogenesis, cardiac
rhythm, and muscle function and repair are all abnormalities
associated with cardiac disease (Ouyang and Wei, 2021).
Hypertension, atherosclerosis, and dyslipidemia are the principal
etiological factors contributing to the prevalence of CVD. MI can
result in a loss of approximately 25% of cardiomyocytes within the
heart (Weinberger and Riley, 2023). Due to the inability of adult
cardiomyocytes to proliferate, the heart is incapable of generating
new cardiomyocytes to replace those that have been lost. It therefore
self-heals through the formation of unbeatable fibrotic scar tissue.
The gradual process of ventricular remodeling, commonly referred
to as the healing process, leads to the weakening of the cardiac
muscles. This weakening subsequently leads to a decline in
contractility and muscular strength, ultimately resulting in the
development of congestive heart failure and eventual death
(Prajnamitra et al., 2019). One potential strategy for addressing
heart disorders involves the targeted administration of
cardioprotective medications directly to the infarcted myocardial
and cardiovascular systems. Hence, the need for improved
therapeutic interventions and the utilization of numerous drugs
within the cardiac domain led to the emergence of targeted drug
delivery. The knowledge, application, and implementation of
nanoscience in medicine are novel methods for treating CVD
and have the potential to enhance CVD treatment (Hu et al., 2020).

In numerous human tissues, mesenchymal stem cells (MSCs)
are found and perform a variety of functions. They are present in a
variety of tissues, including the placenta, adipose tissue, spinal cord,
umbilical cord tissue, and blood (Kou et al., 2022). Due to its low
immunogenicity, versatile differentiation capacity, and notable
homing ability, it exhibits considerable promise for research in
the fields of CVD, nervous system, and hematological disorders
(Zhuang et al., 2022). Due to its advantageous properties, the MSC-
based drug delivery system has emerged as a promising therapeutic
option. Nevertheless, the use of cells as drug carriers presents several
challenges, including unpredictable differentiation incidents,
infection, cell embolism, storage, and production issues (Su et al.,
2021). The exosomes, being the secretion of MSCs, possess the
inherent benefits of MSCs while also addressing the limitations
associated with MSCs as vehicles for drug delivery (Tang
et al., 2021).

Exosomes, classified as extracellular vesicles (EVs), exhibit a size
range of approximately 40–160 nm and are released by many
eukaryotic cells. By fusing multivesicular bodies across the
plasma membrane, these are generated, subsequently liberating
their intracellular contents into the extracellular environment
(Kalluri and LeBleu, 2020). Extensive study has been conducted
on the properties of exosomes and their prospective applications as

delivery vehicles for small molecule treatment (Liu et al., 2018a).
Exosomes can be easily obtained from different tissues in the body
and circulate freely in the bloodstream. Their contents have different
impacts based on the type and health of the cell they come from.
Given their distinct attributes and mechanisms, they are pivotal
elements in controlling cardiovascular function and have a
significant impact on nearly all aspects of cardiovascular
pathology (Zheng et al., 2021a). Exosomes transport a diverse
range of micro (mi)RNAs that directly impact several key factors
of CVD, including angiogenesis, hypertrophy, apoptosis, damage,
fibrosis, and repair. Exosomes generated from MSCs are vital to
MSC-based treatment of CVDs, including as MI and reperfusion
damage. In contrast to MSC transplantation, the administration of
exosomes derived from MSCs has demonstrated therapeutic
potential for CVDs, including the ability to prolong
cardiomyocyte survival and prevent apoptosis. Consequently,
exosomes derived from MSCs appear to be a viable strategy for
the treatment of CVDs (Arslan et al., 2013). As a result of the active
secretion of exosomes by numerous types of MSCs, they have
garnered considerable interest in the context of CVD. They
facilitate the transfer of cytoplasmic cargo across cells and have
therapeutic and diagnostic applications (Hirai et al., 2020). An
illustrative instance can be found in the study conducted by
Mayourian et al., wherein they discovered that exosomes derived
from humanMSCs (hMSCs) affect cardiac contraction by mediating
the excitation–contraction coupling of the heart via miR-21-5p,
thereby regulating cardiac contraction (Mayourian et al., 2018).
Furthermore, there has been growing interest in utilizing exosomes
as a promising nanoscale platform for the targeted delivery of
therapeutic drugs or genes. This approach holds great potential
for targeted treatment of cardiac diseases, particularly when
employing artificially enhanced exosomes with superior cardiac
targeting capabilities (Wan et al., 2020). Additional techniques,
such as the modification of polypeptides on exosomes, may also
be employed to enhance the specificity of cardiac targeting.
Engineered exosomes possess distinct features as natural
nanoparticles (NPs) that distinguish them from other synthetic
nanocarriers. This unique feature enables them to serve as a
novel approach for the interventional treatment and early
diagnosis of CVD. Specifically, it demonstrated efficacy in
promoting the differentiation of cells, preventing apoptosis, and
facilitating targeted modification for cardiac homing through their
paracrine effect. These effects could inhibit inflammatory responses,
mitigate fibrosis, and enhance heart homing, thereby offering
promising therapeutic benefits for CVD. This review will
examine the current developments, significant obstacles, and
opportunities for the applicability of exosomes derived from
MSCs. This review aims to provide valuable insights into the
potential advancements in the design and development of
exosomes derived from MSCs, as well as the prospects for their
therapeutic application.

2 Biogenesis and functionality
of exosome

EVs are classified based on their size, specifically their diameter.
These categories include apoptotic bodies, which have a diameter
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greater than 1,000 nm; microvesicles, ranging from 100 to 1,000 nm
in diameter; and exosomes, with a diameter between 30 and 150 nm
(Gurunathan et al., 2019). They were discovered in a variety of
physiological fluids, including milk, saliva, urine, blood, and amniotic
fluid. It is now recognized that EVs play a role in pathological and
physiological processes by mediating intracellular communication
(Minciacchi et al., 2015). As therapeutic nanocarriers and non-
invasive diagnostic biomarkers for the treatment of numerous
diseases, including cancer, cardiovascular dysfunction, and
neurodegeneration, EVs exhibit potential in a number of medical
applications (Zhang et al., 2019a). Exosomes are generated via the
process of endosomal membrane inward budding, leading to the
development of ILVs, or intraluminal vesicles. These ILVs
subsequently undergo conversion into multivesicular bodies (MVBs)
Figure 1 (Yuan et al., 2022). The fusion process encompasses the
participation of multiple Rab GTPases, while the discharge of ILVs
into the endosomal lumen is facilitated by the Endosomal Sorting
Complexes Required for Transport (ESCRT) machinery (Dixson
et al., 2023). Endosomal membrane ubiquitinated proteins are
recognized and sequestered by ESCRT 0, which in turn recruits
ESCRT I and II. Ubiquitin functions as a signaling molecule that
facilitates the transportation of membrane proteins or impaired
cellular constituents to the lysosome for disintegration. Additionally, it
acts as a signal for the sorting of exosomal cargo on the endosome
membrane (Zhang et al., 2021). MVB is capable of fusing with either
lysosomes for deterioration or the plasma membrane to liberate
exosomes. The initiation of intraluminal membrane budding is
facilitated by the binding of ESCRT I and II to the endosomal
membrane’s outer surface near the ubiquitinated protein cargos. This
binding process selectively targets these cargos to be included within the
newly-formed intraluminal buds in the MVB. The procedure is
completed by ESCRT III sequestering MVB proteins. Nevertheless,

inhibiting the ESCRT pathway did not prevent MVB production,
indicating the existence of an ESCRT-independent process. When
ALIX and syntenin co-accumulate with exosomes, ubiquitous
transmembrane proteins called syndecans directly control ILVs during
exosome production (Li et al., 2022a). By encouragingMVBbudding and
enriching exosomes with CD63, proteolipoprotein, TSG101, and CD81,
neutral sphingomyelinase (nSMase) promotes the production of ILVs.

A lipid bilayer membrane encapsulates exosomes, which are
composed of ceramide, sphingomyelin, and cholesterol. Certain
lipid constituents, such as prostaglandins and phosphatidylserine,
might be involved in exosome function (Qiao et al., 2023). The
tetraspanin family, including CD63, CD9, and CD81 represents the
prevailing proteins that function as markers on the surface of
exosomes (Zhu et al., 2023). Heat shock proteins, membrane
transporters, fusion proteins, lipid-related proteins,
phospholipases, and MVB biogenesis proteins are among the
other frequent proteins (Gupta et al., 2022). Exosomes are
known to encompass microRNAs (miRNAs) and mRNAs.
Endocytosis of exosomes by recipient cells can induce protein
expression changes in those cells due to the genetic information
conveyed by the RNAs (Li et al., 2023a). Exosomes, a cellular
entity, possess the potential for application in disease detection,
drug administration, and therapeutic interventions owing to their
distinctive bioactive compounds. Non-invasive isolation of these
biomarkers from patients renders them promising candidates for
diagnostic purposes in several diseases, including cancer,
metabolic conditions, neurodegenerative, and infectious diseases
(Li et al., 2022b; Motallebnezhad et al., 2022). Exosomes also have
potential drug delivery features, such as the ability to penetrate the
blood-brain barrier and resist degradation by RNase activity
during migration (Li et al., 2022b). Exosomes possess a
structural resemblance to liposomes, hence affording protection

FIGURE 1
The biogenesis of exosomes and its uses. (A) Biogenesis of exosomes. Exosome biogenesis can occur via three distinct routes. ESCRT-dependent
pathway and associated proteins. 2. ESCRT-independent pathway and associated proteins. 3. Direct budding of the plasma membrane and associated
proteins. (B) Components of exosomes. ICAM-1: intercellular adhesion molecule 1; MFGE8: milk fat globule-EGF factor 8 protein; LAMP1,2: lysosomal-
associated membrane protein 1,2; MAPK: mitogen-activated protein kinase; MHC I, II: major histocompatibility complex I, II. ERK: extracellular
signal-regulated kinase; PGK1: phosphoglycerate kinase 1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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to their payload against the external environment. In addition, they
may serve as a viable substitute for cell treatment due to their
enhanced safety and controllability relative to therapeutic
approaches employing live cells (Ragni et al., 2022). In contrast
to cells, exosomes do not undergo mutation, replication, or
promote metastasis. However, it is essential to conduct careful
verification of the correlation that exists between the biomarker
and the disease.

3 Isolation of exosomes

The accurate isolation of exosomes is of utmost importance
in the assessment of their biological functions. Nevertheless, the
isolation of exosomes can provide challenges due to their
diverse content, varying sizes, many sources, and distinct
functions Figure 2 (Chen et al., 2022). Numerous current
isolation techniques exhibit limitations in achieving complete

FIGURE 2
A schematic illustration of prevalent techniques utilized in exosomal separation. (A) Ultracentrifugation and density gradient centrifugation, (B) size-
exclusion chromatography, (C) immunoaffinity, (D) dead-end filtration (DEF), and (E) microfluidic flow filtration (Chen et al., 2022).
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separation of exosomes and extracellular vesicles, as well as
lipoproteins originating from nonendosomal pathways, due to
their comparable physicochemical characteristics (Nguyen
et al., 2019). Consequently, the purity of exosomes may be
diminished. The efficient enrichment of exosomes holds
significant importance, prompting the selection of diverse
isolation methods designed for specific applications and
objectives. The following methods are frequently employed:
polymer precipitation, size-based isolation, immunoaffinity
capture, and ultracentrifugation (Li et al., 2017; Luo
et al., 2018a).

3.1 Ultracentrifugation

Ultracentrifugation (UC) is a commonly employed technique
in the field of exosome extraction, recognized for its superior
efficacy in separating and extracting exosomes from other
constituents by exploiting disparities in density and size
(Shirejini and Inci, 2022). The procedure entails a two-step
approach: initial centrifugation at a low to moderate speed to
eliminate undesired constituents, followed by a subsequent high-
speed extraction of exosomes at 100,000 × g. Time, rotor type,
and centrifugal force are variables that can influence the yield
and purity of exosomes. To eliminate impurities, exosomes are
frequently rinsed with PBS (Théry et al., 2006). To enhance the
purity of exosomes, density gradient centrifugation is frequently
employed in conjunction with ultracentrifugation. As a result of
the elevated viscosity of the sucrose solutions utilized in this
method, sedimentation time may be prolonged (Cvjetkovic et al.,
2014). High-purity separation of exosomes from cells infected
with human immunodeficiency virus has been accomplished
using an alternative technique, iodixanol gradient
centrifugation (Zhou et al., 2020a). Cantin et al. (2008)
discovered distinct sedimentation rates in the iodixanol
gradient, which allowed them to successfully separate
exosomes from infected cells. This approach made it easier to
collect exosomes with high purity. Although density gradient
centrifugation offers the benefit of enhancing exosome purity, its
utilization of sucrose solutions with a high viscosity results in a
decrease in the sedimentation rate of exosomes, thus extending
the duration of the procedure (Ford et al., 1994).

3.2 Ultrafiltration

The ultrafiltration technique relies on the utilization of a
membrane possessing a specified molecular weight cutoff
(MWCO) or certain pore diameter to segregate particles based
on their size, hence serving as a size-dependent isolation
methodology (Kurian et al., 2021). Devices for ultrafiltration can
be divided into two categories: tandem-structured and sequential.
The kind of filter utilized has an impact on the exosome recovery
efficacy. In one investigation, for example, cellulose membranes with
pore sizes of 10 kDa had the best rescue performance (Vergauwen
et al., 2017). In addition to significantly reducing processing time,
ultrafiltration does not necessitate the use of specialized apparatus.
However, membrane fouling poses a substantial challenge, resulting

in diminished operational efficacy and a reduced lifespan of
membranes (Chang et al., 2022). Tangential flow filtration (TFF)
approaches can provide a viable option through the implementation
of cross-flow filtration. The tangential flow component significantly
enhances the permeability flow by preventing the development of
the concentration polarization layer. By reducing the possibility of
impurities and exhibiting higher consistency than traditional
isolation techniques, TFF lowers the possibility of pore blockage
(Haraszti et al., 2018). Nevertheless, a drawback of ultrafiltration is
the presence of NPs that are similar in size to exosomes, whichmight
result in the clogging of pores. Combining ultrafiltration with
alternative techniques may efficiently reduce this issue (Abiri
et al., 2019).

3.3 Polymer precipitation

The polymer precipitation approach is commonly employed in
exosome extraction and purification. It operates on the principle of
decreasing the solubility of exosomes by applying the application of
particular centrifugation conditions, utilizing poly (ethylene glycol)
as the medium (Oh et al., 1988). Because viruses and exosomes share
comparable biophysical characteristics, this technique, which was
initially developed for virus separation, can be applied to exosomes
as well (Le and Fan, 2021). The polymer precipitation approach
offers numerous notable advantages, such as its capacity to
effectively process substantial sample volumes, its user-friendly
operational characteristics, and its ability to yield prompt analysis
results. However, the recovery rate and purity of exosomes may be
comparatively low, and the existence of residual polymers may cause
false positive results and disrupt subsequent functional analysis. To
overcome these constraints, other purification techniques, including
size exclusion chromatography (SEC) or ultracentrifugation, can be
utilized to enhance the purity of exosomes and eliminate any
remaining impurities (Diaz et al., 2018).

3.4 Size-based isolation

To isolate and purify exosomes, a common strategy is to
combine SEC with ultrafiltration. SEC depends on the variations
in size between exosomes and other components in biological
samples (Benedikter et al., 2017). The approach employs the
separation of macromolecules according to their ability to enter
pores, whereas tiny molecules are separated by the use of a mobile
phase. Easy, quick, and affordable methods for isolating exosomes
can be achieved with commercially accessible columns based on SEC
like qEV separation columns, EVs second purification columns, and
Exospin exosome purification columns. The integrity of isolated
exosomes is, nevertheless, compromised by the method’s
susceptibility to contamination by particles of comparable size
(Böing et al., 2014). In contrast, samples are selectively separated
via ultrafiltration using membranes with varying MWCO. This
technique is extensively employed in the field of exosome
research due to its cost-effectiveness, notable enrichment efficacy,
and capacity to maintain exosome function. Nonetheless,
nonspecific membrane binding to exosomes is an additional
drawback of ultrafiltration, which contributes to diminished
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recovery rates and poor purity. Ultrafiltration and SEC have been
utilized in tandem to isolate exosomes of exceptional purity. This
approach presents enhanced exosome purity, and its favorable
recovery rate and ability to maintain exosome activity render it a
compelling choice for numerous exosome investigations (Xu
et al., 2023).

3.5 Immunoaffinity chromatography

The immunoaffinity technique is a specialized and extremely
sensitive approach for purifying and separating substances, relying
on the particular binding interactions between ligands and
antibodies (Chen et al., 2019). The approach is predicated on the
distinct identification of surface biomarkers present on exosomes,
including proteins associated with the ESCRT complex. These
biomarkers should be prevalent on the surfaces of exosome
membranes. Similar results to ultracentrifugation can be obtained
with immunoaffinity chromatography but at a lower volume.
Additionally, it is capable of being employed for both
quantitative and qualitative exosome detection. The technique
offers several benefits, including excellent specificity, high
sensitivity, high yield, and high purity (Tschuschke et al., 2020).
Enzyme-linked immunosorbent assay (ELISA) approaches utilizing
microbes can be employed to facilitate the enrichment of various
body fluids, such as serum, plasma, and urine. The efficiency of
exosomes is comparable to ultracentrifugation, according to
quantitative analysis using immunoaffinity chromatography,
however, a significantly smaller sample is needed (Zarovni et al.,
2015). Furthermore, exosomes can be purified in a highly specific
manner using immunoaffinity chromatography, which does not
necessitate the use of specialized apparatus or extended
processing times. Nevertheless, the storage of exosomes obtained
using immunoaffinity chromatography has certain challenges, and
this technique may not be optimal for the extraction of exosomes on
a large scale (Theel and Schwaminger, 2022).

3.6 Microfluidics-based isolation

Microfluidic devices have been recognized as a high-throughput
approach for the isolation of exosomes, employing principles
including size density and density. The immune-microfluidic
method is widely employed as the predominant microfluidic
technology, wherein antibodies are selectively bound to
immobilized exosome markers on microfluidic chips (Chen et al.,
2010). The ExoChip, a microfluidic device commonly employed for
exosome isolation, utilizes CD63 antibodies. Additional microfluidic
systems that can be employed in various applications encompass
gold electrodes with CD9 antibodies, CD81 antibodies with
nanointerfaces made of graphene oxide and polydopamine, and
CD9 antibodies in herringbone grooves (Zhang et al., 2016). This
method has the benefit of isolating exosomes quickly and efficiently
while maintaining a high yield. Despite the complexity and expense
of microfluidic devices, they are more economical than
immunoaffinity capture (Carnino et al., 2019). Depending on the
device type and the duration of the flow channel, exosomes may be
isolated from sample volumes. However, this approach necessitates

the use of specialized equipment and has not yet gained widespread
acceptance as a standardized technique for exosome isolation
(Contreras-Naranjo et al., 2017). Despite these constraints,
microfluidic devices have demonstrated significant promise in
extracting exosomes, and further advancements in this domain
could facilitate the widespread implementation of this technique
(Contreras-Naranjo et al., 2017).

4 Surface modification of exosomes for
cardiovascular targeting

Deriving and target cells exhibit distinct mechanisms of
exosome binding and uptake. Target cells internalize them by
phagocytosis, endocytosis, micropinocytosis, and membrane
fusion. The surface molecules, including tetraspanins,
proteoglycans, integrins, and lectins, are of utmost importance in
facilitating these activities (He et al., 2018). Surface modification is
the primary method employed to impart myocardial-targeting
specificity to exosomes, given the established evidence of
differential protein expression between ischemic and normal
myocardium (Thupakula et al., 2022). The targeting performance
of exosomes has been enhanced by engineering them to over-express
surface peptides with ischemic myocardial selectivity. Numerous
myocardial homing peptides have been discovered and validated
using in vivo biopanning and phage display methodologies, which
are commonly employed for the detection of cell-targeting peptides
(CTP). These peptides exhibit the ability to specifically target
ischemic myocardium (Wang et al., 2021a).

Surface modification can be accomplished using several
techniques, including biological, chemical, and physical processes.
In the context of biological modification, gene transfer vectors, such
as lentiviruses or adeno-associated viruses (AAVs), can be employed
to introduce the genetic sequences encoding a myocardium-
targeting peptide into the genome of exosome-donor cells. This
genetic modification enables the host cells to express a peptide that
facilitates homing to the myocardium. The myocardial homing
peptide is subsequently combined with exosome surface-
expressed transmembrane proteins (Witwer and Wolfram, 2021).
The lysosome-associated membrane glycoprotein 2B (LAMP-2B) is
a member of the lysosomal-associated membrane protein (LAMP)
family and is prominently expressed on the membrane of EVs. It is
widely utilized as a membrane protein in various applications
(Salunkhe et al., 2020). The protein consists of two distinct
regions: an extramembrane domain located at the N-terminus
and a transmembrane domain located at the C-terminus. To
generate a specific targeting effect, the targeting peptide can be
combined with the extracellular domain of LAMP-2B at the
N-terminus. Cardiac-targeting peptide (CTP)-Lamp2B vectors
were introduced into HEK 293 cells by Kim et al. to produce
CTP-expressing EVs (Kim et al., 2018). The efficiency at which
CTP-expressing EVs are distributed to the heart was enhanced in
both in vitro and in vivo settings. In contrast to conventional EVs,
the EVs engineered with myocardium-targeting peptides showed a
notable increase in their ability to specifically target ischemic
myocardium. This led to a noteworthy reduction of cardiomyocyte
apoptosis and inflammation, as well as an enhancement in
angiogenesis and a reduction in infarct size in a mouse model of
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MI (Figure 3A). Mentkowski et al. utilized a comparable methodology
in their study, wherein they genetically modified cardio-sphere-
derived cells (CDCs) to incorporate the expression of Lamp2b.
This was subsequently fused with a peptide specific to
cardiomyocytes, namely, WLSEAGPVVTVRALRGTGSW

(Mentkowski and Lang, 2019). The EVs extracted from the
aforementioned on the surface led to an increased cardiac retention.

Chemical modifications can be applied to the surface of
exosomes after their isolation. In contrast to the biological
modification approach, chemical reactions exhibit greater speed,

FIGURE 3
(A) Exosome isolation and fusion with monocytes (Mons) through serial extrusion to enhance endothelial development during angiogenesis and
regulate macrophage subpopulations following MI (Zhang et al., 2020). (B) The reaction of DOPE-NHS with cardiac homing peptide (CHP) produced
exosomes that target themyocardium. The lipophilic ends of the DOPE-CHP compound have an amazing ability to spontaneously insert themselves into
the exosomal membrane, covering the exosome with a layer of protection made up of CHP peptide (Vandergriff et al., 2018).
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efficiency, and simplicity. In their study, Zhu et al. employed bio-
orthogonal chemistry to conjugate exosomes with a peptide that
specifically targets the ischemic myocardium. The researchers
observed that the modified exosomes exhibited a notable affinity
for the ischemia lesions in the injured heart, leading to a significant
cardioprotective effect during MI (Zhu et al., 2018). In a previous
study, Antes et al. introduced a novel method called “cloaking” to
effectively incorporate targeting molecules onto the surfaces of
exosomes through a membrane anchoring platform (Antes et al.,
2018). The cloaking system is made up of three different
components: a polyethylene glycol spacer, A conjugated platform
molecule of streptavidin, and a phospholipid membrane
anchor made of DMPE. Any biotinylated molecule can be
attached to the platform molecule to decorate exosomes. By
conjugating exosomes with cardiac homing peptide via
a dioleoylphosphatidylethanolamine N-hydroxysuccinimide
(DOPE-NHS) linker, Vandergriff et al. showed enhanced
therapeutic results and increased homing efficacy of the injured
heart Figure 3B (Vandergriff et al., 2018).

Membrane fusion is a physical method of modifying the
surface of exosomes, as opposed to chemical or genetic
methods. Zhang et al. successfully produced monocyte mimetic
exosomes by fusing MSC-derived exosomes with monocyte cell
membranes via the fusion-extrusion technique (Zhang et al.,
2020). These modified exosomes possessed the inflammatory
targeting characteristics of monocytes, and they were able to
penetrate damaged myocardium through the bloodstream. The
aforementioned technique demonstrated notable efficacy in
selectively targeting damaged myocardial tissue, resulting in
enhanced therapeutic effects on heart function. Hu et al.
combined MSC-derived exosomes and platelet membranes by
extruding them via 200 nm filters, which improved their capacity
to target injured tissue and enhanced the internalization of cells
through macropinocytosis (Zhang et al., 2020). By modifying the
exosomes with platelet membranes, they were able to increase
their uptake by cardiomyocytes and endothelial cells while
decreasing their uptake by the mononuclear phagocyte
system in vivo.

Exosomes were endowed with enhanced targeting capabilities
through surface peptide engineering. The effects of these
technologies, however, on the biological characteristics of
exosomes remain unknown. Additional research is required to
determine whether the surface engineering performance may
have undesirable effects, including immunogenic activities, or
alter the typical functions of proteins in the exosome membrane.
Modifying the cells that produce exosomes is a laborious and time-
consuming process, and these methods have the potential to
compromise the integrity and stability of the exosome membrane
or result in a poor exosome yield (Lee et al., 2016; Armstrong et al.,
2017). Furthermore, surface modification is incapable of
simultaneously loading multiple surface peptides. Peptides
exposed on the surface of exosomes are also unstable and
susceptible to degradation (Lee et al., 2016). Hung et al. provided
evidence that the fusion of LAMP-2B with membrane display could
potentially result in the loss of ligands (Pessentheiner et al., 2013).
Glycosylation motif–containing designed targeted peptide–Lamp2b
fusion proteins could be useful in protecting peptides from
degradation.

5 Engineered exosomes as biocarriers

Exosomes have been utilized as biocarriers for the delivery of
various therapeutic agents, including macromolecules, noncoding
RNA (ncRNAs), and bioactive proteins in the context of CVD
treatment. The biological origins of exosomes, including
endothelial cells, fibroblasts, and smooth muscle cells, play an
essential role in the cardiac system. Exosomes have favorable
characteristics such as low biocompatibility and immunogenicity,
rendering them highly promising as drug carriers in the field of
medicine and therapeutic interventions (Liu et al., 2021a). The
heterogeneity of natural exosomes restricts their applicability in
CVD. Immunosuppressive, immunomodulatory, and regenerative
effects of exosomes are improved by preconditioning other cells or
stem cells triggered by chemicals, hypoxia, and cytokines (Zhang
et al., 2019b). Tumor necrosis factor, deferoxamine, nitric oxide,
lipopolysaccharides (LPS), and interferon increase the effectiveness
of exosomes. Similar improvements were observed when cytokines,
including hypoxia-inducible factors (HIF) and interleukins (ILs),
were stimulated (Nocera et al., 2019). The effectiveness of exosomes
is further enhanced by ultraviolet induction and miRNAs (Hegyesi
et al., 2019). The therapeutic efficiency of exosomes is enhanced
through stem cell surface modification and gene transfection (Bu
et al., 2021).

5.1 Stimulated exosomes

To increase the therapeutic efficacy of exosomes in cardiac
protection, several methods have been developed to enhance
their activity. Different methods, including exercise, medications,
low oxygen conditions, and others, are employed to induce
exosome-mediated beneficial effects that have the potential to
ameliorate CVD. The immunomodulatory, immunosuppressive,
and regenerative effects of stem cells or other cells activated with
HIF, cytokines (ILs), chemicals, and hypoxia can be enhanced
through preconditioning (Zheng et al., 2021b). The effectiveness
of specific exosomes is enhanced by LPS, deferoxamine, nitric oxide,
tumor necrosis factor, and interferon (Nocera et al., 2019).

EVs and microbubbles (MBs) are nanoparticles in drug-delivery
systems that are both considered important for clinical translation.
Current research has found that both MBs and EVs have the
potential to be utilized as drug-delivery agents for therapeutic
targets in various diseases (Ullah et al., 2021). MBs have a
gaseous core (perfluorocarbon gas) with a protein, polymer, or
phospholipid coating (Aliabouzar et al., 2016). Acoustic pressure
expands and contracts MBs in an ultrasound (US) field due to their
compressible internal gas phase. Oscillation under US, internal gas
leakage due to shear stress by USmechanical force, and cavitation by
intense ultrasound can dissipate MBs. US-induced MB cavitation
causes jet-stream and produces temporary pores on the surrounding
cell membrane. Therapeutic substances, including genetic material
and chemical drugs, can be efficiently transported via the transient
formed pores (Jang et al., 2023). MBs may be more easily disrupted
at the US site, which might lead to an increase in cell membrane
permeability and recipient cell absorption. An effective method to
enhance the efficiency of exosomes is by utilizing ultrasound-
targeted microbubble disruption (UTMD), which facilitates the

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Pang et al. 10.3389/fbioe.2024.1363742

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


delivery of exosomes into adipose tissue. When stimulated with LPS,
bone marrow MSC exosomes prevent nuclear factor-κB from being
transported to the nucleus (Villarreal-Leal et al., 2021).
Immunomodulatory effects are enhanced by improved cardiac
function and protection against apoptosis. According to a study,
prolonged exercise has been found to induce the activity of plasma
exosomal miR-342-5p, which serves as a carrier for promoting heart
protection (Hou et al., 2019). Additionally, hypoxia preconditioning
is an efficient stimulation technique. hMSCs preconditioned to
hypoxia can provide exosomes with cardioprotective properties;
in this regard, miRNA-26a was utilized to downregulate the
expression of GSK3β in a model of ischemia-reperfusion injury.
After MI, loading these exosomes into a hydrogel prolonged their
therapeutic effects and prolonged their typically short retention time
(Kajimoto et al., 2013).

Atherosclerosis (AS) is a chronic inflammatory disease with a
complex etiology that serves as the primary cause of CVD (Chen
et al., 2017a). The main pathogenic features of AS include lipid
accumulation, inflammatory cell infiltration, cell proliferation, and
apoptosis. These conditions might eventually result in stroke andMI
(Wang et al., 2019). As a result, it is critical to investigate the
pathogenesis of AS and to designate molecules that have a close link
with its occurrence and progression, as such efforts can have a
substantial effect on the early detection and treatment of the disease,
thereby preventing adverse events. Recent research studies have
discovered that exosomes play a crucial role in inter-cellular
communication by releasing inflammatory cytokines and
triggering excessive inflammatory responses. This suggests that
exosomes are closely associated with the onset and progression of
cardiovascular disease, such as AS (Hulsmans and Holvoet, 2013). In
conjunction with their contents, exosomes can serve as an indicator
for the diagnosis and prognosis of AS, and sometimes as a vehicle for
targeted therapy. Many studies indicate that anti-inflammatory
therapy provides a novel avenue for the treatment of AS. IL-10
has a significant function in restricting inflammation and protecting
against tissue damage. AS has been demonstrated to be inhibited by
therapeutic delivery of IL-10 (Pinderski Oslund et al., 1999). In a
study, the substitution of miR-122 with miR-155 in inflammatory
atherosclerosis led to the activation of IL-10 mRNA, thus triggering
the inflammatory response. miR-155 stimulates the expression of IL-
10 mRNA in inflammatory macrophages. Engineered IL-10 mRNA
can be passively encapsulated into exosomes through forced
expression in donor cells, and subsequently transported to
macrophages and specific other cell types in ApoE (−/−) mice
plaques. The delivery of IL-10 via engineered exosomes, which
decreases atherosclerosis in ApoE (−/−) mice, is an encouraging
strategy (Liang et al., 2020; Bu et al., 2021). Additionally, MSC-
derived exosomes are pivotal in AS pathogenesis and therapy. As an
example, MSC-derived exosomal miR-21a-5p andmiR-let7 have the
ability to reduce AS, increase M2 reparative polarization, and
decrease macrophage infiltration (Li et al., 2019; Ma et al., 2021).
Similarly, endothelial cells can be protected against atherosclerotic
damage by exosomes produced from adipose tissue-derived MSCs
(ADSCs) containing miR-342-5p. Exosomal miR-100-5p, isolated
from human umbilical cord MSCs, reduces AS by inhibiting
eosinophilic granulocyte inflammation via the FZD5/Wnt/
b-catenin pathway, according to the research (Xing et al., 2020;
Gao et al., 2021). In brief, exosomes have the potential to be utilized

for both AS diagnosis and treatment. The primary components of
exosomes are protein and RNA, particularly exosome miRNAs,
which have the ability to control target cell gene expression and
physiological state, potentially playing a major role in the
intercellular interference of CVD.

5.2 Hybrid exosomes

Exosome-liposome hybrid NPs serve as a vehicle for targeted
drug delivery. These spherical NPs are used to load siRNA, or short
interfering RNA. They carry several indicators and provide targeted
siRNA to the appropriate cells. This particular hybrid possesses the
capability to combine the benefits of both biological and synthetic
gene delivery platforms, hence serving as novel carriers for siRNA
(Evers et al., 2022).

Antibody-conjugated magnetic NPs can be delivered via
exosomes for the treatment of MI. In infarcted heart tissue, novel
NPs with a core of Fe3O4 and a shell of SiO2 bound to an antibody
such as CD63 or MLC may interact with circulating exosomes. The
MLC and CD63 antibodies have been identified as valuable markers
that exhibit affinity for the surface of exosomes and exhibit
accumulation within infarcted tissue. By reducing the infarct area
and enhancing cardiac function, this method may offer a novel
approach to the treatment of MI (Liu et al., 2020a). Exosomes are a
promising carrier for the transport of biomolecules. A core-shell
NPs system was developed, consisting of a Fe3O4 core and a silica
shell. The particles were synthesized utilizing conjugation
established through hydrazone bonds. Two antibodies have a
high affinity for surface markers on injured cardiac cells, or
towards the CD63 antigens located on the surface of exosomes.
In rat and rabbit models of MI, exosomes expressing CD63 that are
specific to infarcted tissue were captured by magnets. This capture
process has the potential to modify angiogenesis and enhance the left
ventricular ejection fraction.

Various methodologies have been employed to administer
therapeutic agents to the cardiac region, employing either
synthetic or natural injectable hydrogels, to address cardiac
diseases. The limited cardiac retention hinders the potential
utilization of intravenous administration. Following several
modifications, exosomes have been engineered to serve as
efficient vehicles for drug delivery in the development of drugs
for cardiac repair. Additionally, they can be utilized as tissue
engineering strategies to enhance their targeted distribution
within the cardiac tissue (Huang et al., 2021; Pu et al., 2021).
The hydrogel formulation has received extensive attention due to
its notable characteristics, including excellent permeability,
favorable biocompatibility, and biodegradability. The gelation
duration of this substance is easily controllable, and it can
replicate the structure and functionality of the extracellular
matrix. This matrix plays a crucial role in cardiovascular repair
and the therapy of cardiac ischemia (Yao et al., 2021). A delivery
platform with less invasive characteristics was employed to
administer therapeutic substances into the pericardial cavity
using hydrogel injection, to facilitate heart repair (Yao et al.,
2021). Upon administration, this innovative hydrogel assumed a
comparable structure to a cardiac patch; thus, it represents a
promising strategy for the delivery of therapeutic components in
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the context of cardiac therapy (Figure 4). Minimally invasive
exosome sprays, which resemble cardiac patches, were used to
administer hydrogels containing various stem cell-derived
exosomes in another investigation. After MI, an innovative
minimally invasive exosome spray was discovered to repair the
damaged heart (Zhu et al., 2021). To address the issue of inefficient
drug delivery to the heart and cardiac function, biomaterial-based
exosome formulations were developed. This approach enhanced
endogenous angiogenesis and decreased fibrosis in the heart
following injury (Zhu et al., 2021). The role of MSC exosomes as
paracrine factors in stem cells for heart regeneration has been
identified. A functional peptide hydrogel was utilized to
encapsulate human umbilical MSC exosomes for cardiac repair.
Additionally, a three-dimensional hydrogel composed of hyaluronic
acid was employed to encapsulate exosomes obtained from human
cardiomyocytes (Derkus, 2021). Furthermore, an injectable hydrogel
has been developed to repair cardiac injuries.

5.3 Delivery of biologically
therapeutic protein

Various modification and pretreatment techniques,
including electroporation, incubation, gene transfection,
sonication, extrusion, hypotonic dialysis, and thermal shock,
have been employed as effective strategies for the

encapsulation of drugs, genes, and proteins into exosomes (Xi
et al., 2021). These techniques are advantageous in inducing a
cardioprotective impact on the modified exosomes.
H3K27 demethylase UTX expression in mouse myocardial
cells is decreased by the use of novel exosomes isolated from
the Chinese patent drug Suxiao Jiuxin in conjunction with
cardiac MSC therapy (Ruan et al., 2018a; Ruan et al., 2018b).
After incubating HIF-1 with cardiac progenitors, Ong et al.
indicated that external bodies might be used as drug vectors
to treat MI (Ong et al., 2014). Overexpressed HIF-1 expressing
cells release miR-126 and miR-210-rich exosomes. These
miRNAs protect against myocardial ischemia. These exosomes
stimulate miRNAs in mouse cardiomyocytes upon intravenous
injection, increasing the myocytes’ resistance to hypoxia and
decreasing apoptosis, ultimately aiding in the restoration of
cardiac function. These techniques control the endogenous
biodistribution of exosome treatment for CVD.

6 Applications of exosomes in
CVD treatment

Stem cells-derived exosomes possess a wide range of functional
RNAs, therefore presenting the potential for utilizing exosomes in
facilitating the differentiation process of endothelial progenitor cells
into smooth muscle cells, vascular endothelium cells, and

FIGURE 4
(A) Schematic illustrating exosome delivery intrapericardially for MI therapy and (B) development of an MA-HA hydrogel. (C) SEM images of MA-HA
hydrogel prior to and subsequent to in vitro gelation induced by UV irradiation. (D) Schematic representation of therapeutics being delivered minimally
invasively into the pericardial cavity of a pig using an endoscope. (E) Confocal microscopy images demonstrating cardiomyocyte assimilation of
exosomes 3 days following iPC injection (Zhu et al., 2021).
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cardiomyocytes within the damaged myocardium (Ringuette Goulet
et al., 2018). Through the delivery of mRNA and miRNA, exosomes
produced from MSCs, ESCs, EPCs, ADSCs, and iPSCs can affect
cardiac protection (He et al., 2020).

6.1 Acute coronary syndrome (ACS)

ACS occurs when unstable coronary plaques erode or rupture,
causing an acute myocardial infarction (AMI) (Zheng et al., 2021c).
AMI and myocardial ischemia are treated with exosomes generated
from a variety of cell sources, including EPCs, MSCs, iPSCs, and
embryonic stem cells. Ischemia–reperfusion injury of the
myocardium can result in arrhythmia, microvascular obstruction,
and stunning, all of which have a profound impact on cardiac
function and prognosis. Li et al. found that tanshinone IIA
upregulates miR-223-5p, which in turn increases the therapeutic
effect of MSC-derived exosomes in the HUVEC and H9C2 models
(Li et al., 2023b). In addition, BMSC exosomes prevent damage
caused by ischemia-reperfusion via altering autophagy, and
pretreating H9C2 cell lines with oridonin enhanced the
protective effect (Fu et al., 2021).

Cardiac exosomes generated from hiPSCs improved swine MI
recovery. These exosomes exhibited an upregulation in the
expression of vascular endothelial growth factor and activation of
the PKA signaling pathway, hence leading to a heightened
angiogenic response in HUVEC (Almeria et al., 2019). By
enhancing myocardial viability and angiogenesis, ESC exosomes
enhance cardiac function in mice with AMI (Wang et al., 2018). The
use of exosomes derived from the neural stem cell line CTX0E03 has
been found to decrease the size of infarcts in mice through their
influence on the opening of permeability transition pores in
mitochondria. Exosomes released by neural stem cells in a mouse
model of MI regulate these pores, protecting cardiomyocytes against
the disease (Crewe et al., 2021). The majority of exosomes produced
from stem cells can transmit miRNAs through targeted cell-free
treatment. Wang et al. demonstrated that exosomes derived from
ADMSCs and containing miRNA-671 exhibited a reduction in MI
through the inactivation of the TGFBR2/Smad2 axis (Wang et al.,
2021b). According to Lai et al., miRNA-221/222 mediated the
protective effect of ADMSC exosomes on ischemic
cardiomyocytes (Lai et al., 2020). Hypoxic MSC-derived
exosomes released miR-125b and decreased cell death in a mouse
model (Joo et al., 2020). MiRNAs can also be delivered via exosomes
for the treatment of myocardial ischemia. Exosomes protect
ischemic myocardial muscle due to their highly effective targeting
capability. Several cardioprotective factors, such as miR-210, miR-
183-5p, miR-125b, miR-182, miR-150, etc., are transported via
exosomes produced by MSCs.

6.2 Heart failure

MSC therapy has been shown to enhance the condition of
patients with ischemic heart failure through multiple
mechanisms. MSC therapy exhibits cardioprotective and
antifibrotic properties. A polypeptide called CTRP9 enhances the
retention and survival rates of cortical bone-generated stem cells by

upregulating the production of superoxide dismutase 2 and 3.
CTRP9-281 induces the generation of exosomes enriched with
vascular endothelial growth factor A by activating cortical bone-
derived stem cells. This process subsequently facilitates
angiogenesis, cardioprotection, and antifibrotic effects (Liu et al.,
2021b). By dysregulating let-7i-5p and miR-27b, cardiac stromal cell
exosomes utilized in the treatment of heart failure impede cardiac
protection. The potential therapeutic application of exosomes from
trophoblast stem cells in mitigating doxorubicin-induced
myocardial damage through the pathway involving let-7i/Yes-
associated protein 1 suggests a promising avenue for the
treatment of heart failure (Ni et al., 2020).

The detection of asymptomatic individuals with latent heart
disease is crucial for early management and prevention, thereby
reducing the risk of further development of atrial fibrillation and
heart failure. The levels of exosomal miR-181c and miR-495 are
elevated in a canine model of heart failure associated with
myxomatous mitral valve disease (Zhou et al., 2020b). By
enhancing cardiac remodeling and delaying the course of valvular
disease, exosomal miRNA therapy has identified prospective
therapeutic targets, such as an upregulation of miR-9 and a
downregulation of miR-599 (Janjusevic et al., 2021). According to
these investigations, the response and expression of exosomal
ncRNAs change between the early and late stages of valvular
heart disease. This indicates that an accurate diagnosis impacts
various stages of cardiac damage.

6.3 Cardiac fibrosis

The regenerative capability of the adult mammalian heart is
limited, rendering it inadequate for repairing or regenerating itself
after an MI. Consequently, this condition ultimately results in the
development of significant cardiac fibrosis. Although current
treatment approaches, including pharmacological, mechanical,
and physical therapies, have demonstrated enhanced survival
rates and decreased recurrence of ischemic instances in patients
with AMI, they do not possess the ability to regenerate damaged
cardiomyocytes or eliminate the formation of fibrotic scars (Nunez-
Gil et al., 2019). Because of the reparative reaction mediated by
fibroblasts and myofibroblasts to ischemic cell loss, the post-MI is
characterized by widespread cardiac fibrosis (Talman and
Ruskoaho, 2016). The first fibrotic response of the heart is
essential in reducing the risk of ventricular wall rupture and
hence plays an essential role in preventing eventual heart failure.
Numerous bioactive compounds have been discovered within EVs
or exosomes, which play a crucial role in facilitating the survival and
proliferation of preexisting cardiomyocytes, hence contributing to
cardioprotection (Xiao et al., 2018), facilitating the process of
angiogenesis (Zhu et al., 2022a), mitigating hypertrophy of the
heart (Lu et al., 2023), Immunomodulation, or the reduction of
inflammation (Zhu et al., 2022b), reducing the risk of cardiac fibrosis
(Fu et al., 2023), restoring the bioenergetics of the myocardium and
inhibiting ventricular arrhythmias (Dawkins et al., 2022).

The administration of exosomes produced from MSCs has been
demonstrated to improve disease characteristics in many models of
disease. In a rat model of MI, for instance, Teng et al. (2015) found
that exosomes produced from MSCs considerably enhanced
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endothelial cell tube development, decreased infarct size, hindered
T cell activities, and protected cardiac systolic and diastolic
performance. To further improve exosome cardioprotective
action, miRNAs can be overexpressed in MSCs. For instance, by
inhibiting CaMKII, exosomes isolated frommiR-214 overexpressing
MSCs protected cardiac stem cells against oxidative stress (Liu t al.,
2018b). Exosomes generated by MSCs overexpressing miR-133
reduced inflammation and cardiac fibrosis in a rat model of AMI
(Chen Y. et al., 2017b). In vitro experiments showed that exosomes
produced fromMSCs overexpressing miR-126 exhibited a reduction
in the production of inflammation factors induced by hypoxia.
Additionally, these exosomes facilitated myocardial cell migration
and microvascular generation. In vivo studies further revealed that
these exosomes contributed to a decrease in cardiac fibrosis and the
levels of inflammatory cytokines (Luo et al., 2018b). Exosomes
produced from activated cardiac fibroblasts have the potential to
mediate endothelial cell dysfunction and enhance endothelial
function (Ranjan et al., 2021). The endothelial cells are markedly
affected by fibrosis-associated miRNAs in the cargo of fibroblast
exosomes containing transforming growth factor-β1, particularly
when miR-200a-3p levels are elevated. The impact of exosomes
derived from human amniotic fluid MSCs has also been investigated
in the context of cardiac fibrosis. It represents an innovative
prospective therapeutic approach for cardiac fibrosis as it
promotes angiogenesis and exerts pro-angiogenic impacts on
endothelial cells associated with the condition (Hu et al., 2021).

6.4 Cardiomyopathy

Exosomes are also employed in the therapeutic management of
dilated cardiomyopathy and cardiomyopathy linked to Duchenne
muscular dystrophy. Using CDC-derived exosomes, an
investigation revealed that in swine models of dilated
cardiomyopathy, miR-146a-5p reduced the production of
inflammatory cytokines (Hirai et al., 2020). Because they contain
the dystrophin gene mRNA, exosomes derived from allograft
myogenic progenitors can transiently restore relative gene
expression and enhance cardiac function in mice (Su et al.,
2018). The impact of allogenic exosomes on cardiomyopathy is
beneficial. According toWang et al., in the context of type 2 diabetes,
cardiomyocytes demonstrate an anti-angiogenic role in rats with this
condition. This outcome is attained via the translocation of miR-320
into endothelial cells via exosomes (Wang et al., 2014). Exosomes
generated from non-stem cells can facilitate intercellular
communication and confer cardioprotective benefits. Exosomes
produced by cardiomyocytes, for instance, were discovered to
stimulate endothelial cell angiogenesis in a glucose-deprivation
setting (Garcia et al., 2016). Exosomes derived from myogenic
progenitor cells alleviate diabetic cardiomyopathy and fibrosis-
induced cardiac damage by inhibiting the TGF-β1/
Smad2 signaling pathway. Diabetes mellitus is complicated by the
transfer of exosomes containing Mst1 from microvascular
endothelial cells of the heart to cardiomyocytes (Lin et al., 2019).
Experimental evidence suggests that reducing inflammation and
fibrosis by targeting macrophages generated from mouse bone
marrow containing human antigen R associated with exosomes

may be useful in the treatment of diabetic heart disease
(Govindappa et al., 2020).

7 Conclusion and future prospects

In conclusion, exosomes emerged as important mediators of
intercellular communication, demonstrating a wide array of
potential uses in the physiological and pathological mechanisms
of CVD. However, for exosomes to reach their maximum potential,
sensitive detection, accurate characterization, and efficient isolation
are required. Exosomes are crucial in the treatment and diagnosis of
CVD. In addition, exosomes have the potential to serve as biological
vehicles for the delivery of therapeutic genes and drugs in the
treatment of CVD. Stem cell-derived exosomes can specifically
stimulate angiogenesis, inhibit apoptosis, and alleviate stress-
induced damage. Furthermore, bioengineered exosomes can
improve their targeting capability, resulting in a rise in
accumulation inside the cardiovascular system. This demonstrates
significant promise as a customized therapeutic strategy for
enhancing outcomes in patients with CVD.

Exosomes exhibit significant potential as vehicles for drug
delivery due to their inherent membrane stability and targeted
characteristics. Exosomal ncRNAs (circRNA, lncRNA, and tRF)
are difficult to detect due to the presence of confounding
interfering factors; hence, their therapeutic utility is limited.
Exosomes are regarded as a natural drug delivery method, even
though they can be modified to contain ncRNA for gene
transmission or be modified with homing peptides to enhance
cardiac targeting. In comparison to stem cell therapy, which
carries the danger of immunogenicity and tumorigenicity,
modified exosomes provide the potential for therapeutic
utilization in CVD treatment. However, significant progress is
still required to improve the loading efficiency and targeted
modification of exosomes. This includes enhancing targeting and
stability as well as refining cell pretreatment techniques (Wang et al.,
2021c). Notably, there are still obstacles to overcome regarding the
use of exosomes for gene or drug delivery. Several challenges persist
in the field, including a poor extraction rate, the difficulty in
achieving high concentrations and high purity of exosomes, as
well as concerns regarding their long-lasting efficacy and safety.
The potential impact of targeted modification on the structural
integrity of exosomes during large-scale synthesis remains
uncertain. Since in vitro and in vivo findings support the
methods, ongoing research is conducted to resolve the difficulties.
Current research focuses on optimizing administration routes,
preparing formulations with excellent in vivo stability, improving
target specificity, engineering exosomes without altering their
biophysical and biochemical properties, etc. As a result, scalable
manufacturing procedures are necessary to produce exosomes
quickly, efficiently, and reliably if they are to be used as
therapeutic carriers. Mass production of exosomes can be
achieved by many techniques, including polymer-based
precipitation, aqueous twophase systems, size exclusion
chromatography, and ultrafiltration (Charoenviriyakul et al.,
2017). The reaching large-scale desired exosomes for clinical
usage is a main challenge.

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Pang et al. 10.3389/fbioe.2024.1363742

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


Emerging technologies are crucial in enabling the detection and
tracking of exosomes, as well as in vivo monitoring and analysis
(Charoenviriyakul et al., 2017). Optical sensors and magnetically
labeled particles hold tremendous potential for exosome detection
and in vivo monitoring (Liu T. et al., 2020b). Since exosome
technology is already being utilized more in the diagnosis and
treatment of disease, researchers are encouraged to focus more of
their efforts on overcoming the obstacles and limits in the field
(Verweij et al., 2019). Several challenges hinder the progress of
implementing exosomes in clinical applications. These include the
absence of standardized protocols for isolating and analyzing these
microvesicles, as well as the variability in yield caused by factors such
as extraction methods, human error, storage conditions, and
equipment type (Yang et al., 2023).

Native exosomes possess a vast array of proteins and nucleic acid
constituents, which exhibit inherent therapeutic properties, hence
classifying the exosomes as biological products. Despite the clinical
validation of exosomes, regulatory agencies have yet to grant approval to
any exosomal products (Whitford and Guterstam, 2019). Another
crucial obstacle in exosome drug delivery is to guarantee that
exosome-based therapies fulfill the criteria set by regulatory
authorities to ensure clinical approval. Compared to other types of
nanomedicines, the regulatory considerations for exosome-based
therapeutics have not been tackled thoroughly to date. Although
research and clinical studies related to the use of exosome-based
therapeutics for drug delivery are still in their infancy, the on-
demand methods used for advanced understanding and systemic
characterization of exosomes will address the challenges and clinical
transition issues of exosome-based therapeutics. Scalable cell culture
conditions and methods for isolating and purifying exosomes are
necessary for the effort to put therapeutic exosomes into industrial-
scale production and clinical application. Due to high development
expenses and the uncertainty of meeting regulatory and marketing
standards, the use of large-scale stem cell cultures could potentially
impede the production of stable and effective products. Similarly, there
are few opportunities for supplying a large amount of cell-culture-
conditioned medium to scale up exosome synthesis. To determine the
optimal scaling-up conditions for therapeutically pertinent exosomes, it
has proven challenging to obtain a satisfactory yield of high-purity
exosomes during large-scale production. It is imperative to direct
attention to the effectiveness and safety of exosomes to facilitate
their utilization in clinical settings. The number of registered
experiments conducted on exosomes and EVs is fewer than 200
(Stine et al., 2020). Exosomes derived from MSCs are scalable to
extremely high and clinically relevant concentrations, according to
preclinical data. The therapeutic benefits of exosomes derived from
MSCs have been validated in numerous preclinical investigations across
a wide range of surgical subspecialties (Butreddy et al., 2021). Exosomes
have been found and employed as diagnostic biomarkers in numerous
clinical trials. Beyond their use as stem cell produced exosomes, in
numerous clinical trials, exosomes have been shown to serve as both
therapeutic agents and biological markers. A comprehensive search was
conducted on ClinicalTrials.gov, utilizing the keywords ‘exosome
therapy’, ‘exosome treatment’, and ‘exosome’ to yield 188 records.
However, of these, only 60 (or 32%) relate specifically to
interventional studies that use exosomes as therapeutic agents (Tan
et al., 2024). In December 2019, a clinical trial using umbilical stem cell
(UMSC) exosomes to treat dry eye symptoms was registered

(NCT04213248). At present, a clinical trial (NCT02138331) is being
conducted to assess the impact of repetitive intravenous infusions of
MSC exosomes derived from UCB blood on individuals with T1DM
(Lee et al., 2021).Multiple clinical trials have been conducted on patients
to validate the clinical advantages. Of these seven published clinical
studies and fourteen ongoing clinical trials (as of September 2022) have
evaluated MSC-derived exosomes as a therapeutic agent against various
diseases, including stroke, Alzheimer’s disease, type 1 diabetes, kidney
diseases, acute respiratory distress syndrome (ARDS), graft-versus-host
disease (GvHD), and osteoarthritis (Lotfy et al., 2023). Exosome-based
clinical trials are currently in progress. Exosomes generated from
dendritic cells and mesenchymal cells are the primary types of
exosomes utilized in clinical trials. However, the lack of ideal
procedures for exosome manufacturing, isolation, and storage
limits the clinical application of mesenchymal-cell-derived
exosomes. To assess the effectiveness of exosome therapy,
reliable characterization techniques, administration schedules,
and cell culture conditions must be developed (Mendt et al.,
2019). The identification of urinary exosomal proteins as a
means of diagnosing autoimmune thyroid heart disease, as well
as the use of exosomes derived from epicardial fat as atrial
fibrillation biomarkers, have been explored. Clinical trials have
been conducted, and ongoing recruitment efforts are focused on
exploring the potential of exosomal miRNA in patients with MI.
Despite the aforementioned limitations, exosomes have demonstrated
a wide array of potential regarding the ongoing advancement of cell-
based drug delivery systems and the clinical use of nano-biomimetic
drug delivery systems. The potential success of clinical trials related to
the treatment of exosomes has yet to be determined.

Author contributions

J-LP: Visualization, Writing–original draft. HS:
Conceptualization, Writing–original draft. X-GX: Writing–review
and editing. Z-WL: Investigation, Writing–review and editing.
X-YC: Investigation, Writing–review and editing. J-YC:
Supervision, Visualization, Writing–review and editing. X-ZM:
Supervision, Visualization, Writing–review and editing. P-YH:
Supervision, Visualization, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The work
was supported by the Natural Science Foundation of Zhejiang
Province (LGF20H020011 to HS), the Zhejiang Provincial
Traditional Chinese Medicine Project (2012ZZ004 to X-ZM).

Conflict of interest

Authors Z-WL and J-YC were employed by Zhejiang
Healthfuture Biomedicine Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Pang et al. 10.3389/fbioe.2024.1363742

http://ClinicalTrials.gov
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or

those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made
by its manufacturer, is not guaranteed or endorsed by
the publisher.

References

Abiri, A., Pensa, J., Tao, A., Ma, J., Juo, Y.-Y., Askari, S. J., et al. (2019). Multi-modal
haptic feedback for grip force reduction in robotic surgery. Sci. Rep. 9 (1), 5016. doi:10.
1038/s41598-019-40821-1

Aliabouzar, M., Zhang, L. G., and Sarkar, K. J. (2016). Lipid coated microbubbles and
low intensity pulsed ultrasound enhance chondrogenesis of human mesenchymal stem
cells in 3D printed scaffolds. Sci. Rep. 6 (1), 37728. doi:10.1038/srep37728

Almeria, C., Weiss, R., Roy, M., Tripisciano, C., Kasper, C., Weber, V., et al. (2019).
Hypoxia conditioned mesenchymal stem cell-derived extracellular vesicles induce
increased vascular tube formation in vitro. Front. Bioeng. Biotechnol. 7, 292. doi:10.
3389/fbioe.2019.00292

Antes, T. J., Middleton, R. C., Luther, K. M., Ijichi, T., Peck, K. A., Liu, W. J., et al.
(2018). Targeting extracellular vesicles to injured tissue using membrane cloaking
and surface display. J. Nanobiotechnology 16 (1), 61–15. doi:10.1186/s12951-018-
0388-4

Armstrong, J. P., Holme, M. N., and Stevens, M. M. (2017). Re-engineering
extracellular vesicles as smart nanoscale therapeutics. ACS Nano 11 (1), 69–83.
doi:10.1021/acsnano.6b07607

Arslan, F., Lai, R. C., Smeets, M. B., Akeroyd, L., Choo, A., Aguor, E. N., et al. (2013).
Mesenchymal stem cell-derived exosomes increase ATP levels, decrease oxidative stress
and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse
remodeling after myocardial ischemia/reperfusion injury. Stem Cell Res. 10 (3),
301–312. doi:10.1016/j.scr.2013.01.002

Benedikter, B. J., Bouwman, F. G., Vajen, T., Heinzmann, A. C., Grauls, G., Mariman,
E. C., et al. (2017). Ultrafiltration combined with size exclusion chromatography
efficiently isolates extracellular vesicles from cell culture media for compositional
and functional studies. Sci. Rep. 7 (1), 15297. doi:10.1038/s41598-017-15717-7

Böing, A. N., Van Der Pol, E., Grootemaat, A. E., Coumans, F. A., Sturk, A., and
Nieuwland, R. (2014). Single-step isolation of extracellular vesicles by size-exclusion
chromatography. J. Extracell. Vesicles 3 (1), 23430. doi:10.3402/jev.v3.23430

Bu, T., Li, Z., Hou, Y., Sun, W., Zhang, R., Zhao, L., et al. (2021). Exosome-mediated
delivery of inflammation-responsive Il-10 mRNA for controlled atherosclerosis
treatment. Theranostics 11 (20), 9988–10000. doi:10.7150/thno.64229

Butreddy, A., Kommineni, N., and Dudhipala, N. J. N. (2021). Exosomes as
naturally occurring vehicles for delivery of biopharmaceuticals: insights from
drug delivery to clinical perspectives. Nanomater. (Basel). 11 (6), 1481. doi:10.
3390/nano11061481

Cantin, R., Diou, J., Bélanger, D., Tremblay, A. M., and Gilbert, C. (2008). Discrimination
between exosomes and HIV-1: purification of both vesicles from cell-free supernatants.
J. Immunol. Methods 338 (1-2), 21–30. doi:10.1016/j.jim.2008.07.007

Carnino, J. M., Lee, H., and Jin, Y. (2019). Isolation and characterization of
extracellular vesicles from Broncho-alveolar lavage fluid: a review and comparison
of different methods. Respir. Res. 20, 240–311. doi:10.1186/s12931-019-1210-z

Chandarana, M., Curtis, A., and Hoskins, C. (2018). The use of nanotechnology
in cardiovascular disease. Appl. Nanosci. 8, 1607–1619. doi:10.1007/s13204-018-
0856-z

Chang, T.-H., Wu, C.-S., Chiou, S.-H., Chang, C.-H., and Liao, H.-J. (2022). Adipose-
derived stem cell exosomes as a novel anti-inflammatory agent and the current
therapeutic targets for rheumatoid arthritis. Biomedicines 10 (7), 1725. doi:10.3390/
biomedicines10071725

Charoenviriyakul, C., Takahashi, Y., Morishita, M., Matsumoto, A., Nishikawa, M.,
and Takakura, YJEJ. P. S. (2017). Cell type-specific and common characteristics of
exosomes derived from mouse cell lines: yield, physicochemical properties, and
pharmacokinetics. Eur. J. Pharm. Sci. 96, 316–322. doi:10.1016/j.ejps.2016.10.009

Chen, B.-Y., Sung, C.W.-H., Chen, C., Cheng, C.-M., Lin, D. P.-C., Huang, C.-T., et al.
(2019). Advances in exosomes technology. Clin. Chim. Acta 493, 14–19. doi:10.1016/j.
cca.2019.02.021

Chen, C., Skog, J., Hsu, C.-H., Lessard, R. T., Balaj, L., Wurdinger, T., et al. (2010).
Microfluidic isolation and transcriptome analysis of serummicrovesicles. Lab a Chip 10
(4), 505–511. doi:10.1039/b916199f

Chen, J., Li, P., Zhang, T., Xu, Z., Huang, X., Wang, R., et al. (2022). Review on
strategies and technologies for exosome isolation and purification. Front. Bioeng.
Biotechnol. 9, 811971. doi:10.3389/fbioe.2021.811971

Chen, L., Yang, W., Guo, Y., Chen, W., Zheng, P., Zeng, J., et al. (2017a). Exosomal
lncRNA GAS5 regulates the apoptosis of macrophages and vascular endothelial cells in
atherosclerosis. PLoS ONE 12 (9), e0185406. doi:10.1371/journal.pone.0185406

Chen, Y., Zhao, Y., Chen, W., Xie, L., Zhao, Z.-A., Yang, J., et al. (2017b). MicroRNA-
133 overexpression promotes the therapeutic efficacy of mesenchymal stem cells on
acute myocardial infarction. Stem Cell Res. Ther. 8 (1), 268–311. doi:10.1186/s13287-
017-0722-z

Clark, H. (2013). NCDs: a challenge to sustainable human development. Lancet 381
(9866), 510–511. doi:10.1016/s0140-6736(13)60058-6

Contreras-Naranjo, J. C., Wu, H.-J., and Ugaz, V. M. (2017). Microfluidics for
exosome isolation and analysis: enabling liquid biopsy for personalized medicine.
Lab a Chip 17 (21), 3558–3577. doi:10.1039/c7lc00592j

Crewe, C., Funcke, J.-B., Li, S., Joffin, N., Gliniak, C. M., Ghaben, A. L., et al. (2021).
Extracellular vesicle-based interorgan transport of mitochondria from energetically
stressed adipocytes. Cell Metab. 33 (9), 1853–1868. e11. doi:10.1016/j.cmet.2021.08.002

Cvjetkovic, A., Lötvall, J., and Lässer, C. (2014). The influence of rotor type and
centrifugation time on the yield and purity of extracellular vesicles. J. Extracell. Vesicles 3
(1), 23111. doi:10.3402/jev.v3.23111

Dawkins, J. F., Ehdaie, A., Rogers, R., Soetkamp, D., Valle, J., Holm, K., et al. (2022).
Biological substrate modification suppresses ventricular arrhythmias in a porcine model
of chronic ischaemic cardiomyopathy. Eur. Heart J. 43 (22), 2139–2156. doi:10.1093/
eurheartj/ehac042

Derkus, B. (2021). Human cardiomyocyte-derived exosomes induce cardiac gene
expressions in mesenchymal stromal cells within 3D hyaluronic acid hydrogels and in
dose-dependent manner. J. Mater. Sci. Mater. Med. 32, 2–11. doi:10.1007/s10856-020-
06474-7

Diaz, G., Bridges, C., Lucas, M., Cheng, Y., Schorey, J. S., Dobos, K. M., et al. (2018).
Protein digestion, ultrafiltration, and size exclusion chromatography to optimize the
isolation of exosomes from human blood plasma and serum. J. Vis. Exp. (134), e57467.
doi:10.3791/57467

Dixson, A. C., Dawson, T. R., Di Vizio, D., andWeaver, A.M. (2023). Context-specific
regulation of extracellular vesicle biogenesis and cargo selection.Nat. Rev. Mol. Cell Biol.
24, 454–476. doi:10.1038/s41580-023-00576-0

Evers, M. J., van de Wakker, S. I., de Groot, E. M., de Jong, O. G., Gitz-François, J. J.,
Seinen, C. S., et al. (2022). Functional siRNA delivery by extracellular vesicle–liposome
hybrid nanoparticles. Adv. Healthc. Mater. 11 (5), 2101202. doi:10.1002/adhm.
202101202

Ford, T., Graham, J., and Rickwood, D. (1994). Iodixanol: a nonionic iso-osmotic
centrifugation medium for the formation of self-generated gradients. Anal. Biochem.
220 (2), 360–366. doi:10.1006/abio.1994.1350

Fu, M., Xie, D., Sun, Y., Pan, Y., Zhang, Y., Chen, X., et al. (2021). Exosomes derived
from MSC pre-treated with oridonin alleviates myocardial IR injury by suppressing
apoptosis via regulating autophagy activation. J. Cell. Mol. Med. 25 (12), 5486–5496.
doi:10.1111/jcmm.16558

Fu, X., Mishra, R., Chen, L., Arfat, M. Y., Sharma, S., Kingsbury, T., et al. (2023).
Exosomes mediated fibrogenesis in dilated cardiomyopathy through a MicroRNA
pathway. Iscience 26 (2), 105963. doi:10.1016/j.isci.2023.105963

Gao, H., Yu, Z., Li, Y., and Wang, X. (2021). miR-100-5p in human umbilical cord
mesenchymal stem cell-derived exosomes mediates eosinophilic inflammation to
alleviate atherosclerosis via the FZD5/Wnt/&beta;-catenin pathway. Acta Biochim.
Biophys. Sin. (Shanghai). 53 (9), 1166–1176. doi:10.1093/abbs/gmab093

Garcia, N. A., Moncayo-Arlandi, J., Sepulveda, P., and Diez-Juan, A. (2016).
Cardiomyocyte exosomes regulate glycolytic flux in endothelium by direct transfer
of GLUT transporters and glycolytic enzymes. Cardiovasc. Res. 109 (3), 397–408. doi:10.
1093/cvr/cvv260

Govindappa, P. K., Patil, M., Garikipati, V. N. S., Verma, S. K., Saheera, S.,
Narasimhan, G., et al. (2020). Targeting exosome-associated human antigen R
attenuates fibrosis and inflammation in diabetic heart. FASEB J. 34 (2), 2238–2251.
doi:10.1096/fj.201901995r

Gupta, S., Krishnakumar, V., Soni, N., Rao, E. P., Banerjee, A., and Mohanty, S.
(2022). Comparative proteomic profiling of Small Extracellular vesicles derived from
iPSCs and tissue specific mesenchymal stem cells. Exp. Cell Res. 420 (2), 113354. doi:10.
1016/j.yexcr.2022.113354

Gurunathan, S., Kang, M.-H., Jeyaraj, M., Qasim, M., and Kim, J.-H. (2019). Review of
the isolation, characterization, biological function, and multifarious therapeutic
approaches of exosomes. Cells 8 (4), 307. doi:10.3390/cells8040307

Haraszti, R. A., Miller, R., Stoppato, M., Sere, Y. Y., Coles, A., Didiot, M.-C., et al.
(2018). Exosomes produced from 3D cultures ofMSCs by tangential flow filtration show

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Pang et al. 10.3389/fbioe.2024.1363742

https://doi.org/10.1038/s41598-019-40821-1
https://doi.org/10.1038/s41598-019-40821-1
https://doi.org/10.1038/srep37728
https://doi.org/10.3389/fbioe.2019.00292
https://doi.org/10.3389/fbioe.2019.00292
https://doi.org/10.1186/s12951-018-0388-4
https://doi.org/10.1186/s12951-018-0388-4
https://doi.org/10.1021/acsnano.6b07607
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1038/s41598-017-15717-7
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.7150/thno.64229
https://doi.org/10.3390/nano11061481
https://doi.org/10.3390/nano11061481
https://doi.org/10.1016/j.jim.2008.07.007
https://doi.org/10.1186/s12931-019-1210-z
https://doi.org/10.1007/s13204-018-0856-z
https://doi.org/10.1007/s13204-018-0856-z
https://doi.org/10.3390/biomedicines10071725
https://doi.org/10.3390/biomedicines10071725
https://doi.org/10.1016/j.ejps.2016.10.009
https://doi.org/10.1016/j.cca.2019.02.021
https://doi.org/10.1016/j.cca.2019.02.021
https://doi.org/10.1039/b916199f
https://doi.org/10.3389/fbioe.2021.811971
https://doi.org/10.1371/journal.pone.0185406
https://doi.org/10.1186/s13287-017-0722-z
https://doi.org/10.1186/s13287-017-0722-z
https://doi.org/10.1016/s0140-6736(13)60058-6
https://doi.org/10.1039/c7lc00592j
https://doi.org/10.1016/j.cmet.2021.08.002
https://doi.org/10.3402/jev.v3.23111
https://doi.org/10.1093/eurheartj/ehac042
https://doi.org/10.1093/eurheartj/ehac042
https://doi.org/10.1007/s10856-020-06474-7
https://doi.org/10.1007/s10856-020-06474-7
https://doi.org/10.3791/57467
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.1002/adhm.202101202
https://doi.org/10.1002/adhm.202101202
https://doi.org/10.1006/abio.1994.1350
https://doi.org/10.1111/jcmm.16558
https://doi.org/10.1016/j.isci.2023.105963
https://doi.org/10.1093/abbs/gmab093
https://doi.org/10.1093/cvr/cvv260
https://doi.org/10.1093/cvr/cvv260
https://doi.org/10.1096/fj.201901995r
https://doi.org/10.1016/j.yexcr.2022.113354
https://doi.org/10.1016/j.yexcr.2022.113354
https://doi.org/10.3390/cells8040307
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


higher yield and improved activity.Mol. Ther. 26 (12), 2838–2847. doi:10.1016/j.ymthe.
2018.09.015

He, C., Zheng, S., Luo, Y., and Wang, B. (2018). Exosome theranostics: biology and
translational medicine. Theranostics 8 (1), 237–255. doi:10.7150/thno.21945

He, N., Zhang, Y., Zhang, S., Wang, D., and Ye, H. (2020). Exosomes: cell-free therapy
for cardiovascular diseases. J. Cardiovasc. Transl. Res. 13, 713–721. doi:10.1007/s12265-
020-09966-7

Hegyesi, H., Sándor, N., Sáfrány, G., Lovas, V., Kovács, Á., Takács, A., et al. (2019).
Radio-detoxified LPS alters bone marrow-derived extracellular vesicles and endothelial
progenitor cells. Stem Cell Res. Ther. 10 (1), 313–412. doi:10.1186/s13287-019-1417-4

Hirai, K., Ousaka, D., Fukushima, Y., Kondo, M., Eitoku, T., Shigemitsu, Y., et al.
(2020). Cardiosphere-derived exosomal microRNAs for myocardial repair in pediatric
dilated cardiomyopathy. Sci. Transl. Med. 12 (573), eabb3336. doi:10.1126/
scitranslmed.abb3336

Hou, Z., Qin, X., Hu, Y., Zhang, X., Li, G., Wu, J., et al. (2019). Longterm exercise-
derived exosomal miR-342-5p: a novel exerkine for cardioprotection. Circulation Res.
124 (9), 1386–1400. doi:10.1161/circresaha.118.314635

Hu, B., Boakye-Yiadom, K. O., Yu, W., Yuan, Z. W., Ho, W., Xu, X., et al. (2020).
Nanomedicine approaches for advanced diagnosis and treatment of atherosclerosis and
related ischemic diseases.Adv. Healthc.Mater. 9 (16), 2000336. doi:10.1002/adhm.202000336

Hu, J., Chen, X., Li, P., Lu, X., Yan, J., Tan, H., et al. (2021). Exosomes derived from
human amniotic fluid mesenchymal stem cells alleviate cardiac fibrosis via enhancing
angiogenesis in vivo and in vitro. Cardiovasc. Diagnosis Ther. 11 (2), 348–361. doi:10.
21037/cdt-20-1032

Huang, F., Na, N., Ijichi, T.,Wu, X., Miyamoto, K., Ciullo, A., et al. (2021). Exosomally
derived Y RNA fragment alleviates hypertrophic cardiomyopathy in transgenic mice.
Mol. Therapy-Nucleic Acids. 24, 951–960. doi:10.1016/j.omtn.2021.04.014

Hulsmans, M., and Holvoet, P. J. (2013). MicroRNA-containing microvesicles
regulating inflammation in association with atherosclerotic disease. Cardiovasc. Res.
100 (1), 7–18. doi:10.1093/cvr/cvt161

Jang, Y., Park, J., Kim, P., Park, E.-J., Sun, H., Baek, Y., et al. (2023). Development of
exosome membrane materials-fused microbubbles for enhanced stability and efficient
drug delivery of ultrasound contrast agent. Acta Pharm. Sin. B 13 (12), 4983–4998.
doi:10.1016/j.apsb.2023.08.022

Janjusevic, M., Fluca, A. L., Ferro, F., Gagno, G., D’Alessandra, Y., Beltrami, A.
P., et al. (2021). Traditional and emerging biomarkers in asymptomatic left
ventricular dysfunction—promising non-coding RNAs and exosomes as
biomarkers in early phases of cardiac damage. Int. J. Mol. Sci. 22 (9), 4937.
doi:10.3390/ijms22094937

Joo, H. S., Suh, J. H., Lee, H. J., Bang, E. S., and Lee, J. M. (2020). Current knowledge
and future perspectives on mesenchymal stem cell-derived exosomes as a new
therapeutic agent. Int. J. Mol. Sci. 21 (3), 727. doi:10.3390/ijms21030727

Kajimoto, T., Okada, T., Miya, S., Zhang, L., and Nakamura, S.-i. (2013).
Ongoing activation of sphingosine 1-phosphate receptors mediates maturation
of exosomal multivesicular endosomes. Nat. Commun. 4 (1), 2712. doi:10.1038/
ncomms3712

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical
applications of exosomes. Science 367 (6478), eaau6977. doi:10.1126/science.aau6977

Kim, H., Yun, N., Mun, D., Kang, J.-Y., Lee, S.-H., Park, H., et al. (2018). Cardiac-
specific delivery by cardiac tissue-targeting peptide-expressing exosomes. Biochem.
Biophysical Res. Commun. 499 (4), 803–808. doi:10.1016/j.bbrc.2018.03.227

Kou, M., Huang, L., Yang, J., Chiang, Z., Chen, S., Liu, J., et al. (2022). Mesenchymal
stem cell-derived extracellular vesicles for immunomodulation and regeneration: a next
generation therapeutic tool? Cell Death Dis. 13 (7), 580. doi:10.1038/s41419-022-
05034-x

Kurian, T. K., Banik, S., Gopal, D., Chakrabarti, S., and Mazumder, N. (2021).
Elucidating methods for isolation and quantification of exosomes: a review. Mol.
Biotechnol. 63, 249–266. doi:10.1007/s12033-021-00300-3

Lai, T.-C., Lee, T.-L., Chang, Y.-C., Chen, Y.-C., Lin, S.-R., Lin, S.-W., et al. (2020).
MicroRNA-221/222 mediates ADSC-exosome-induced cardioprotection against
ischemia/reperfusion by targeting PUMA and ETS-1. Front. Cell Dev. Biol. 8,
569150. doi:10.3389/fcell.2020.569150

Le, M.-C. N., and Fan, Z. H. (2021). Exosome isolation using nanostructures and
microfluidic devices. Biomed. Mater. 16 (2), 022005. doi:10.1088/1748-605x/abde70

Lee, B.-C., Kang, I., and K-Rjjocm, Yu (2021). Therapeutic features and updated
clinical trials of mesenchymal stem cell (MSC)-derived exosomes. J. Clin. Med. 10 (4),
711. doi:10.3390/jcm10040711

Lee, J., Lee, H., Goh, U., Kim, J., Jeong, M., Lee, J., et al. (2016). Cellular engineering
with membrane fusogenic liposomes to produce functionalized extracellular vesicles.
ACS Appl. Mater. Interfaces 8 (11), 6790–6795. doi:10.1021/acsami.6b01315

Li, C., Qin, S., Wen, Y., Zhao, W., Huang, Y., and Liu, J. (2022b). Overcoming the
blood-brain barrier: exosomes as theranostic nanocarriers for precision neuroimaging.
J. Control. Release 349, 902–916. doi:10.1016/j.jconrel.2022.08.002

Li, J., Xue, H., Li, T., Chu, X., Xin, D., Xiong, Y., et al. (2019). Exosomes derived from
mesenchymal stem cells attenuate the progression of atherosclerosis in ApoE−/-mice via

miR-let7 mediated infiltration and polarization of M2 macrophage. Biochem. Biophys.
Res. Commun. 510 (4), 565–572. doi:10.1016/j.bbrc.2019.02.005

Li, J., Zhang, Y., Dong, P.-Y., Yang, G.-M., and Gurunathan, S. (2023a). A
comprehensive review on the composition, biogenesis, purification, and
multifunctional role of exosome as delivery vehicles for cancer therapy. Biomed.
Pharmacother. 165, 115087. doi:10.1016/j.biopha.2023.115087

Li, P., Kaslan, M., Lee, S. H., Yao, J., and Gao, Z. (2017). Progress in exosome isolation
techniques. Theranostics 7 (3), 789–804. doi:10.7150/thno.18133

Li, S., Yang, K., Cao, W., Guo, R., Liu, Z., Zhang, J., et al. (2023b). Tanshinone IIA
enhances the therapeutic efficacy of mesenchymal stem cells derived exosomes in
myocardial ischemia/reperfusion injury via up-regulating miR-223-5p. J. Control.
Release 358, 13–26. doi:10.1016/j.jconrel.2023.04.014

Li, Y., Chen, Z.-K., Duan, X., Zhang, H.-J., Xiao, B.-L., Wang, K.-M., et al. (2022a).
Targeted inhibition of tumor-derived exosomes as a novel therapeutic option for cancer.
Exp. Mol. Med. 54 (9), 1379–1389. doi:10.1038/s12276-022-00856-3

Liang, G., Zhu, Y., Ali, D. J., Tian, T., Xu, H., Si, K., et al. (2020). Engineered exosomes
for targeted co-delivery of miR-21 inhibitor and chemotherapeutics to reverse drug
resistance in colon cancer. J. Nanobiotechnology 18 (1), 10–15. doi:10.1186/s12951-019-
0563-2

Lin, Y., Zhang, F., Lian, X.-f., Peng, W.-q., and Yin, C.-y. (2019). Mesenchymal stem
cell-derived exosomes improve diabetes mellitus-inducedmyocardial injury and fibrosis
via inhibition of TGF-Î21/Smad2 signaling pathway. Cell. Mol. Biol. 65 (7), 123–126.
doi:10.14715/cmb/2019.65.7.21

Liu, B., Lee, B.W., Nakanishi, K., Villasante, A.,Williamson, R., Metz, J., et al. (2018a).
Cardiac recovery via extended cell-free delivery of extracellular vesicles secreted by
cardiomyocytes derived from induced pluripotent stem cells. Nat. Biomed. Eng. 2 (5),
293–303. doi:10.1038/s41551-018-0229-7

Liu, D., Gu, G., Gan, L., Yan, W., Zhang, Z., Yao, P., et al. (2021b). Identification of a
CTRP9 C-Terminal polypeptide capable of enhancing bone-derived mesenchymal stem
cell cardioprotection through promoting angiogenic exosome production. Redox Biol.
41, 101929. doi:10.1016/j.redox.2021.101929

Liu, J., Jiang, M., Deng, S., Lu, J., Huang, H., Zhang, Y., et al. (2018b). miR-93-5p-
containing exosomes treatment attenuates acute myocardial infarction-induced
myocardial damage. Mol. Therapy-Nucleic Acids 11, 103–115. doi:10.1016/j.omtn.
2018.01.010

Liu, Q., Piao, H., Wang, Y., Zheng, D., and Wang, W. (2021a). Circulating exosomes
in cardiovascular disease: novel carriers of biological information. Biomed.
Pharmacother. 135, 111148. doi:10.1016/j.biopha.2020.111148

Liu, S., Chen, X., Bao, L., Liu, T., Yuan, P., Yang, X., et al. (2020a). Treatment of
infarcted heart tissue via the capture and local delivery of circulating exosomes through
antibody-conjugated magnetic nanoparticles. Nat. Biomed. Eng. 4 (11), 1063–1075.
doi:10.1038/s41551-020-00637-1

Liu, T., Zhu, Y., Zhao, R., Wei, X., and Xin, X. J. M. (2020b). Visualization of exosomes
from mesenchymal stem cells in vivo by magnetic resonance imaging. Magn. Reson.
Imaging 68, 75–82. doi:10.1016/j.mri.2020.02.001

Lotfy, A., AboQuella, N.M., andWang, HJSCR (2023). Therapy.Mesenchymal stromal/
stem cell (MSC)-derived exosomes in clinical trials. Stem Cell Res. Ther. 14 (1), 1–18.
doi:10.1186/s13287-023-03287-7

Lu, Y., Zhang, J., Han, B., Yu, Y., Zhao, W., Wu, T., et al. (2023). Extracellular vesicles
DJ-1 derived from hypoxia-conditioned hMSCs alleviate cardiac hypertrophy by
suppressing mitochondria dysfunction and preventing ATRAP degradation.
Pharmacol. Res. 187, 106607. doi:10.1016/j.phrs.2022.106607

Luo, Q., Guo, D., Liu, G., Chen, G., Hang, M., and Jin, M. (2018b). Exosomes from
MiR-126-overexpressing adscs are therapeutic in relieving acute myocardial ischaemic
injury. Cell. Physiology Biochem. 44 (6), 2105–2116. doi:10.1159/000485949

Luo, X., An, M., Cuneo, K. C., Lubman, D. M., and Li, L. (2018a). High-
performance chemical isotope labeling liquid chromatography mass
spectrometry for exosome metabolomics. Anal. Chem. 90 (14), 8314–8319.
doi:10.1021/acs.analchem.8b01726

Ma, J., Chen, L., Zhu, X., Li, Q., Hu, L., and Li, H. J. (2021). Mesenchymal stem cell-
derived exosomal miR-21a-5p promotes M2 macrophage polarization and reduces
macrophage infiltration to attenuate atherosclerosis. Acta Biochim. Biophys. Sin.
(Shanghai). 53 (9), 1227–1236. doi:10.1093/abbs/gmab102

Mayourian, J., Ceholski, D. K., Gorski, P. A., Mathiyalagan, P., Murphy, J. F., Salazar,
S. I., et al. (2018). Exosomal microRNA-21-5p mediates mesenchymal stem cell
paracrine effects on human cardiac tissue contractility. Circulation Res. 122 (7),
933–944. doi:10.1161/circresaha.118.312420

Mendt, M., Rezvani, K., and Shpall, E. (2019). Mesenchymal stem cell-derived
exosomes for clinical use. Bone Marrow Transpl. 54 (Suppl. 2), 789–792. doi:10.
1038/s41409-019-0616-z

Mentkowski, K. I., and Lang, J. K. (2019). Exosomes engineered to express a
cardiomyocyte binding peptide demonstrate improved cardiac retention in vivo. Sci.
Rep. 9 (1), 10041. doi:10.1038/s41598-019-46407-1

Minciacchi, V. R., Freeman, M. R., and Di Vizio, D. (2015). “Extracellular vesicles in
cancer: exosomes, microvesicles and the emerging role of large oncosomes,” Seminars in
cell & developmental biology (Amsterdam, Netherlands: Elsevier).

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Pang et al. 10.3389/fbioe.2024.1363742

https://doi.org/10.1016/j.ymthe.2018.09.015
https://doi.org/10.1016/j.ymthe.2018.09.015
https://doi.org/10.7150/thno.21945
https://doi.org/10.1007/s12265-020-09966-7
https://doi.org/10.1007/s12265-020-09966-7
https://doi.org/10.1186/s13287-019-1417-4
https://doi.org/10.1126/scitranslmed.abb3336
https://doi.org/10.1126/scitranslmed.abb3336
https://doi.org/10.1161/circresaha.118.314635
https://doi.org/10.1002/adhm.202000336
https://doi.org/10.21037/cdt-20-1032
https://doi.org/10.21037/cdt-20-1032
https://doi.org/10.1016/j.omtn.2021.04.014
https://doi.org/10.1093/cvr/cvt161
https://doi.org/10.1016/j.apsb.2023.08.022
https://doi.org/10.3390/ijms22094937
https://doi.org/10.3390/ijms21030727
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1016/j.bbrc.2018.03.227
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1038/s41419-022-05034-x
https://doi.org/10.1007/s12033-021-00300-3
https://doi.org/10.3389/fcell.2020.569150
https://doi.org/10.1088/1748-605x/abde70
https://doi.org/10.3390/jcm10040711
https://doi.org/10.1021/acsami.6b01315
https://doi.org/10.1016/j.jconrel.2022.08.002
https://doi.org/10.1016/j.bbrc.2019.02.005
https://doi.org/10.1016/j.biopha.2023.115087
https://doi.org/10.7150/thno.18133
https://doi.org/10.1016/j.jconrel.2023.04.014
https://doi.org/10.1038/s12276-022-00856-3
https://doi.org/10.1186/s12951-019-0563-2
https://doi.org/10.1186/s12951-019-0563-2
https://doi.org/10.14715/cmb/2019.65.7.21
https://doi.org/10.1038/s41551-018-0229-7
https://doi.org/10.1016/j.redox.2021.101929
https://doi.org/10.1016/j.omtn.2018.01.010
https://doi.org/10.1016/j.omtn.2018.01.010
https://doi.org/10.1016/j.biopha.2020.111148
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.1016/j.mri.2020.02.001
https://doi.org/10.1186/s13287-023-03287-7
https://doi.org/10.1016/j.phrs.2022.106607
https://doi.org/10.1159/000485949
https://doi.org/10.1021/acs.analchem.8b01726
https://doi.org/10.1093/abbs/gmab102
https://doi.org/10.1161/circresaha.118.312420
https://doi.org/10.1038/s41409-019-0616-z
https://doi.org/10.1038/s41409-019-0616-z
https://doi.org/10.1038/s41598-019-46407-1
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


Motallebnezhad, M., Omraninava, M., Ghaleh, H. E. G., Jonaidi-Jafari, N., Hazrati, A.,
Malekpour, K., et al. (2022). Potential therapeutic applications of extracellular vesicles in
the immunopathogenesis of COVID-19. Pathology-Research Pract. 241, 154280. doi:10.
1016/j.prp.2022.154280

Nguyen, H.-Q., Lee, D., Kim, Y., Paek, M., Kim, M., Jang, K.-S., et al. (2019). Platelet
factor 4 as a novel exosome marker in MALDI-MS analysis of exosomes from human
serum. Anal. Chem. 91 (20), 13297–13305. doi:10.1021/acs.analchem.9b04198

Ni, J., Liu, Y., Wang, K., Wu, M., Kang, L., Sha, D., et al. (2020). Trophoblast stem-
cell-derived exosomes improve doxorubicin-induced dilated cardiomyopathy by
modulating the let-7i/YAP pathway. Mol. Therapy-Nucleic Acids. 22, 948–956.
doi:10.1016/j.omtn.2020.10.014

Nocera, A. L., Mueller, S. K., Stephan, J. R., Hing, L., Seifert, P., Han, X., et al. (2019).
Exosome swarms eliminate airway pathogens and provide passive epithelial
immunoprotection through nitric oxide. J. Allergy Clin. Immunol. 143 (4),
1525–1535. e1. doi:10.1016/j.jaci.2018.08.046

Nunez-Gil, I. J., Riha, H., and Ramakrishna, H. (2019). Review of the 2017 European
Society of Cardiology’s Guidelines for the management of acute myocardial infarction
in patients presenting with ST-segment elevation and focused update on dual
antiplatelet therapy in coronary artery disease developed in collaboration with the
European Association for Cardio-Thoracic Surgery. J. Cardiothorac. Vasc. Anesth. 33
(8), 2334–2343. doi:10.1053/j.jvca.2018.09.032

Oh, D. K., Hyun, C. K., Kim, J. H., and Park, Y. H. (1988). Production of penicillin in a
fluidized-bed bioreactor: control of cell growth and penicillin production by phosphate
limitation. Biotechnol. Bioeng. 32 (4), 569–573. doi:10.1002/bit.260320421

Ong, S.-G., Lee, W. H., Huang, M., Dey, D., Kodo, K., Sanchez-Freire, V., et al. (2014).
Cross talk of combined gene and cell therapy in ischemic heart disease: role of exosomal
microRNA transfer. Circulation 130 (11_Suppl. l_1), S60–S69. doi:10.1161/
circulationaha.113.007917

Ouyang, Z., and Wei, K. (2021). miRNA in cardiac development and regeneration.
Cell Regen. 10 (1), 14–21. doi:10.1186/s13619-021-00077-5

Pessentheiner, A. R., Pelzmann, H. J., Walenta, E., Schweiger, M., Groschner, L. N.,
Graier, W. F., et al. (2013). NAT8L (N-acetyltransferase 8-like) accelerates lipid
turnover and increases energy expenditure in brown adipocytes. J. Biol. Chem. 288
(50), 36040–36051. doi:10.1074/jbc.m113.491324

Pinderski Oslund, L. J., Hedrick, C. C., Olvera, T., Hagenbaugh, A., Territo, M., Berliner,
J. A., et al. (1999). Interleukin-10 blocks atherosclerotic events in vitro and in vivo.
Arterioscler. Thromb. Vasc. Biol. 19 (12), 2847–2853. doi:10.1161/01.atv.19.12.2847

Prajnamitra, R. P., Chen, H.-C., Lin, C.-J., Chen, L.-L., and Hsieh, P. C.-H. (2019).
Nanotechnology approaches in tackling cardiovascular diseases. Molecules 24 (10),
2017. doi:10.3390/molecules24102017

Pu, L., Kong, X., Li, H., and He, X. (2021). Exosomes released frommesenchymal stem
cells overexpressing microRNA-30e ameliorate heart failure in rats with myocardial
infarction. Am. J. Transl. Res. 13 (5), 4007–4025.

Qiao, K., Cui, X., Gao, J., Yu, F., Liu, H., Dai, Y., et al. (2023). Roles of extracellular
vesicles derived from immune cells in atherosclerosis. Extracell. Vesicle 2, 100028.
doi:10.1016/j.vesic.2023.100028

Ragni, E., Parolini, O., and Silini, A. R. (2022). Editorial: MSC-derived extracellular
vesicles and secreted factors as “cell-free” therapeutic alternatives in regenerative
medicine. Front. Bioeng. Biotechnol. 10, 842128. doi:10.3389/fbioe.2022.842128

Ranjan, P., Kumari, R., Goswami, S. K., Li, J., Pal, H., Suleiman, Z., et al. (2021).
Myofibroblast-derived exosome induce cardiac endothelial cell dysfunction. Front.
Cardiovasc. Med. 8, 676267. doi:10.3389/fcvm.2021.676267

Ringuette Goulet, C., Bernard, G., Tremblay, S., Chabaud, S., Bolduc, S., and Pouliot,
F. (2018). Exosomes induce fibroblast differentiation into cancer-associated fibroblasts
through TGFβ signaling. Mol. Cancer Res. 16 (7), 1196–1204. doi:10.1158/1541-7786.
mcr-17-0784

Ruan, X.-f., Ju, C.-w., Shen, Y., Liu, Y.-t., Kim, I.-m., Yu, H., et al. (2018b). Suxiao
Jiuxin pill promotes exosome secretion from mouse cardiac mesenchymal stem cells
in vitro. Acta Pharmacol. Sin. 39 (4), 569–578. doi:10.1038/aps.2018.19

Ruan, X.-f., Li, Y.-j., Ju, C.-w., Shen, Y., Lei, W., Chen, C., et al. (2018a). Exosomes
from Suxiao Jiuxin pill-treated cardiac mesenchymal stem cells decrease
H3K27 demethylase UTX expression in mouse cardiomyocytes in vitro. Acta
Pharmacol. Sin. 39 (4), 579–586. doi:10.1038/aps.2018.18

Salunkhe, S., Basak, M., Chitkara, D., and Mittal, A. (2020). Surface functionalization
of exosomes for target-specific delivery and in vivo imaging & tracking: strategies and
significance. J. Control. Release 326, 599–614. doi:10.1016/j.jconrel.2020.07.042

Shirejini, S. Z., and Inci, F. (2022). The Yin and Yang of exosome isolation methods:
conventional practice, microfluidics, and commercial kits. Biotechnol. Adv. 54, 107814.
doi:10.1016/j.biotechadv.2021.107814

Stine, S. J., Popowski, K. D., Su, T., and Cheng, K. (2020). Exosome and biomimetic
nanoparticle therapies for cardiac regenerative medicine. Curr. Stem Cell Res. Ther. 15
(8), 674–684. doi:10.2174/1574888x15666200309143924

Su, X., Jin, Y., Shen, Y., Ju, C., Cai, J., Liu, Y., et al. (2018). Exosome-derived
dystrophin from allograft myogenic progenitors improves cardiac function in duchenne
muscular dystrophic mice. J. Cardiovasc. Transl. Res. 11, 412–419. doi:10.1007/s12265-
018-9826-9

Su, Y., Zhang, T., Huang, T., and Gao, J. (2021). Current advances and challenges of
mesenchymal stem cells-based drug delivery system and their improvements. Int.
J. Pharm. 600, 120477. doi:10.1016/j.ijpharm.2021.120477

Talman, V., and Ruskoaho, H. (2016). Cardiac fibrosis in myocardial
infarction—from repair and remodeling to regeneration. Cell Tissue Res. 365,
563–581. doi:10.1007/s00441-016-2431-9

Tan, F., Li, X., Wang, Z., Li, J., Shahzad, K., Zheng, JJST, et al. (2024). Clinical
applications of stem cell-derived exosomes. Signal Transduct. Target. Ther. 9 (1), 17.
doi:10.1038/s41392-023-01704-0

Tang, Y., Zhou, Y., and Li, H.-J. (2021). Advances in mesenchymal stem cell
exosomes: a review. Stem Cell Res. Ther. 12 (1), 71–12. doi:10.1186/s13287-021-
02138-7

Teng, X., Chen, L., Chen, W., Yang, J., Yang, Z., and Shen, Z. (2015). Mesenchymal
stem cell-derived exosomes improve the microenvironment of infarcted myocardium
contributing to angiogenesis and anti-inflammation. Cell. Physiology Biochem. 37 (6),
2415–2424. doi:10.1159/000438594

Theel, E. K., and Schwaminger, S. P. (2022). Microfluidic approaches for affinity-
based exosome separation. Int. J. Mol. Sci. 23 (16), 9004. doi:10.3390/ijms23169004

Théry, C., Amigorena, S., Raposo, G., and Clayton, A. (2006). Isolation and
characterization of exosomes from cell culture supernatants and biological fluids.
Curr. Protoc. Cell Biol. 30 (1), Unit 3.22. doi:10.1002/0471143030.cb0322s30

Thupakula, S., Nimmala, S. S. R., Ravula, H., Chekuri, S., and Padiya, R. (2022).
Emerging biomarkers for the detection of cardiovascular diseases. Egypt. Heart J. 74 (1),
77. doi:10.1186/s43044-022-00317-2

Tschuschke, M., Kocherova, I., Bryja, A., Mozdziak, P., Angelova Volponi, A.,
Janowicz, K., et al. (2020). Inclusion biogenesis, methods of isolation and clinical
application of human cellular exosomes. J. Clin. Med. 9 (2), 436. doi:10.3390/
jcm9020436

Ullah, M., Kodam, S. P., Mu, Q., and Akbar, A. J. (2021). Microbubbles versus
extracellular vesicles as therapeutic cargo for targeting drug delivery. ACS Nano 15 (3),
3612–3620. doi:10.1021/acsnano.0c10689

Vandergriff, A., Huang, K., Shen, D., Hu, S., Hensley, M. T., Caranasos, T. G., et al.
(2018). Targeting regenerative exosomes to myocardial infarction using cardiac homing
peptide. Theranostics 8 (7), 1869–1878. doi:10.7150/thno.20524

Vergauwen, G., Dhondt, B., Van Deun, J., De Smedt, E., Berx, G., Timmerman, E.,
et al. (2017). Confounding factors of ultrafiltration and protein analysis in extracellular
vesicle research. Sci. Rep. 7 (1), 2704–2712. doi:10.1038/s41598-017-02599-y

Verweij, F. J., Revenu, C., Arras, G., Dingli, F., Loew, D., Pegtel, D. M., et al. (2019).
Live tracking of inter-organ communication by endogenous exosomes in vivo. Dev. Cell
48 (4), 573–589. e4. doi:10.1016/j.devcel.2019.01.004

Villarreal-Leal, R. A., Cooke, J. P., and Corradetti, B. (2021). Biomimetic and
immunomodulatory therapeutics as an alternative to natural exosomes for vascular
and cardiac applications. Nanomedicine Nanotechnol. Biol. Med. 35, 102385. doi:10.
1016/j.nano.2021.102385

Wan, Z., Zhao, L., Lu, F., Gao, X., Dong, Y., Zhao, Y., et al. (2020). Mononuclear
phagocyte system blockade improves therapeutic exosome delivery to the myocardium.
Theranostics 10 (1), 218–230. doi:10.7150/thno.38198

Wang, C.-m., Yang, X.-l., Liu, M.-h., Cheng, B.-h., Chen, J., and Bai, B. (2018). High-
throughput sequencing analysis of differentially expressed miRNAs and target genes in
ischemia/reperfusion injury and apelin-13 neuroprotection. Neural Regen. Res. 13 (2),
265. doi:10.4103/1673-5374.226397

Wang, H., Maimaitiaili, R., Yao, J., Xie, Y., Qiang, S., Hu, F., et al. (2021a).
Percutaneous intracoronary delivery of plasma extracellular vesicles protects the
myocardium against ischemia-reperfusion injury in Canis. Hypertension 78 (5),
1541–1554. doi:10.1161/hypertensionaha.121.17574

Wang, X., Huang, W., Liu, G., Cai, W., Millard, R. W., Wang, Y., et al. (2014).
Cardiomyocytes mediate anti-angiogenesis in type 2 diabetic rats through the exosomal
transfer of miR-320 into endothelial cells. J. Mol. Cell. Cardiol. 74, 139–150. doi:10.1016/
j.yjmcc.2014.05.001

Wang, X., Tang, Y., Liu, Z., Yin, Y., Li, Q., Liu, G., et al. (2021c). The application
potential and advance of mesenchymal stem cell-derived exosomes in myocardial
infarction. Stem Cells Int. 2021, 2021–2115. doi:10.1155/2021/5579904

Wang, X., Zhu, Y., Wu, C., Liu, W., He, Y., and Yang, Q. (2021b). Adipose-derived
mesenchymal stem cells-derived exosomes carry microRNA-671 to alleviate myocardial
infarction through inactivating the TGFBR2/Smad2 axis. Inflammation 44, 1815–1830.
doi:10.1007/s10753-021-01460-9

Wang, Y., Xie, Y., Zhang, A., Wang, M., Fang, Z., Zhang, J. J. B., et al. (2019).
Exosomes: an emerging factor in atherosclerosis. Biomed. Pharmacother. 115, 108951.
doi:10.1016/j.biopha.2019.108951

Weinberger, M., and Riley, P. R. (2023). Animal models to study cardiac regeneration.
Nat. Rev. Cardiol. 21, 89–105. doi:10.1038/s41569-023-00914-x

Whitford, W., and Guterstam, P. (2019). Exosome manufacturing status. Future Med.
Chem. 11 (10), 1225–1236. doi:10.4155/fmc-2018-0417

WHO (2017). Cardiovascular disease. Available at: http://www.who.int/
cardiovascular_diseases/en/.

Frontiers in Bioengineering and Biotechnology frontiersin.org16

Pang et al. 10.3389/fbioe.2024.1363742

https://doi.org/10.1016/j.prp.2022.154280
https://doi.org/10.1016/j.prp.2022.154280
https://doi.org/10.1021/acs.analchem.9b04198
https://doi.org/10.1016/j.omtn.2020.10.014
https://doi.org/10.1016/j.jaci.2018.08.046
https://doi.org/10.1053/j.jvca.2018.09.032
https://doi.org/10.1002/bit.260320421
https://doi.org/10.1161/circulationaha.113.007917
https://doi.org/10.1161/circulationaha.113.007917
https://doi.org/10.1186/s13619-021-00077-5
https://doi.org/10.1074/jbc.m113.491324
https://doi.org/10.1161/01.atv.19.12.2847
https://doi.org/10.3390/molecules24102017
https://doi.org/10.1016/j.vesic.2023.100028
https://doi.org/10.3389/fbioe.2022.842128
https://doi.org/10.3389/fcvm.2021.676267
https://doi.org/10.1158/1541-7786.mcr-17-0784
https://doi.org/10.1158/1541-7786.mcr-17-0784
https://doi.org/10.1038/aps.2018.19
https://doi.org/10.1038/aps.2018.18
https://doi.org/10.1016/j.jconrel.2020.07.042
https://doi.org/10.1016/j.biotechadv.2021.107814
https://doi.org/10.2174/1574888x15666200309143924
https://doi.org/10.1007/s12265-018-9826-9
https://doi.org/10.1007/s12265-018-9826-9
https://doi.org/10.1016/j.ijpharm.2021.120477
https://doi.org/10.1007/s00441-016-2431-9
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.1159/000438594
https://doi.org/10.3390/ijms23169004
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1186/s43044-022-00317-2
https://doi.org/10.3390/jcm9020436
https://doi.org/10.3390/jcm9020436
https://doi.org/10.1021/acsnano.0c10689
https://doi.org/10.7150/thno.20524
https://doi.org/10.1038/s41598-017-02599-y
https://doi.org/10.1016/j.devcel.2019.01.004
https://doi.org/10.1016/j.nano.2021.102385
https://doi.org/10.1016/j.nano.2021.102385
https://doi.org/10.7150/thno.38198
https://doi.org/10.4103/1673-5374.226397
https://doi.org/10.1161/hypertensionaha.121.17574
https://doi.org/10.1016/j.yjmcc.2014.05.001
https://doi.org/10.1016/j.yjmcc.2014.05.001
https://doi.org/10.1155/2021/5579904
https://doi.org/10.1007/s10753-021-01460-9
https://doi.org/10.1016/j.biopha.2019.108951
https://doi.org/10.1038/s41569-023-00914-x
https://doi.org/10.4155/fmc-2018-0417
http://www.who.int/cardiovascular_diseases/en/
http://www.who.int/cardiovascular_diseases/en/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742


Witwer, K. W., and Wolfram, J. (2021). Extracellular vesicles versus synthetic
nanoparticles for drug delivery. Nat. Rev. Mater. 6 (2), 103–106. doi:10.1038/
s41578-020-00277-6

Xi, X.-M., Xia, S.-J., and Lu, R. (2021). Drug loading techniques for exosome-based
drug delivery systems. Die Pharmazie-An Int. J. Pharm. Sci. 76 (2-3), 61–67. doi:10.
1691/ph.2021.0128

Xiao, C., Wang, K., Xu, Y., Hu, H., Zhang, N., Wang, Y., et al. (2018). Transplanted
mesenchymal stem cells reduce autophagic flux in infarcted hearts via the exosomal transfer
of miR-125b. Circulation Res. 123 (5), 564–578. doi:10.1161/circresaha.118.312758

Xing, X., Li, Z., Yang, X., Li, M., Liu, C., Pang, Y., et al. (2020). Adipose-derived
mesenchymal stem cells-derived exosome-mediated microRNA-342-5p protects
endothelial cells against atherosclerosis. Aging (Albany NY) 12(4), 3880, 3898.
doi:10.18632/aging.102857

Xu, W.-M., Li, A., Chen, J.-J., and Sun, E.-J. (2023). Research development on
exosome separation technology. J. Membr. Biol. 256 (1), 25–34. doi:10.1007/s00232-
022-00260-y

Yang,H., Zhang,H., Gu,H.,Wang, J., Zhang, J., Zen, K., et al. (2023). Comparative analyses
of human exosome proteomes. Protein J. 42, 1–9. doi:10.1007/s10930-023-10100-0

Yao, J., Huang, K., Zhu, D., Chen, T., Jiang, Y., Zhang, J., et al. (2021). A minimally
invasive exosome spray repairs heart after myocardial infarction. ACS Nano 15 (7),
11099–11111. doi:10.1021/acsnano.1c00628

Yuan, X., Sun, L., Jeske, R., Nkosi, D., York, S. B., Liu, Y., et al. (2022). Engineering
extracellular vesicles by three-dimensional dynamic culture of human mesenchymal
stem cells. J. Extracell. Vesicles 11 (6), e12235. doi:10.1002/jev2.12235

Zarovni, N., Corrado, A., Guazzi, P., Zocco, D., Lari, E., Radano, G., et al. (2015). Integrated
isolation and quantitative analysis of exosome shuttled proteins and nucleic acids using
immunocapture approaches. Methods 87, 46–58. doi:10.1016/j.ymeth.2015.05.028

Zhang, C., Shao, K., Liu, C., and Yu, B. (2019b). Hypoxic preconditioning BMSCs-
exosomes inhibit cardiomyocyte apoptosis after acute myocardial infarction by
upregulating microRNA-24. Eur. Rev. Med. Pharmacol. Sci. 23 (15), 6691–6699.
doi:10.26355/eurrev_201908_18560

Zhang, N., Song, Y., Huang, Z., Chen, J., Tan, H., Yang, H., et al. (2020). Monocyte
mimics improve mesenchymal stem cell-derived extracellular vesicle homing in a mouse
MI/RI model. Biomaterials 255, 120168. doi:10.1016/j.biomaterials.2020.120168

Zhang, P., He, M., and Zeng, Y. (2016). Ultrasensitive microfluidic analysis of
circulating exosomes using a nanostructured graphene oxide/polydopamine coating.
Lab a Chip 16 (16), 3033–3042. doi:10.1039/c6lc00279j

Zhang, W., Yang, X., Chen, L., Liu, Y.-Y., Venkatarangan, V., Reist, L., et al. (2021). A
conserved ubiquitin-and ESCRT-dependent pathway internalizes human lysosomal
membrane proteins for degradation. PLoS Biol. 19 (7), e3001361. doi:10.1371/journal.
pbio.3001361

Zhang, Y., Liu, Y., Liu, H., and Tang, W. H. J. C. (2019a). Exosomes: biogenesis,
biologic function and clinical potential. Cell Biosci. 9 (1), 19–18. doi:10.1186/s13578-
019-0282-2

Zheng, D., Huo, M., Li, B., Wang, W., Piao, H., Wang, Y., et al. (2021a). The role of
exosomes and exosomal microRNA in cardiovascular disease. Front. Cell Dev. Biol. 8,
616161. doi:10.3389/fcell.2020.616161

Zheng, J., Chen, P., Zhong, J., Cheng, Y., Chen, H., He, Y., et al. (2021b). HIF-1α in
myocardial ischemia-reperfusion injury. Mol. Med. Rep. 23 (5), 1–9. doi:10.3892/mmr.
2021.11991

Zheng, S., Gong, M., and Chen, J. (2021c). Extracellular vesicles enriched with miR-
150 released by macrophages regulates the TP53-IGF-1 axis to alleviate myocardial
infarction. Am. J. Physiology-Heart Circulatory Physiology 320 (3), H969–H979. doi:10.
1152/ajpheart.00304.2020

Zhou, M., Weber, S. R., Zhao, Y., Chen, H., and Sundstrom, J. M. (2020a). Methods
for exosome isolation and characterization. Exosomes, 23–38. doi:10.1016/b978-0-12-
816053-4.00002-x

Zhou, R., Wang, L., Zhao, G., Chen, D., Song, X., Momtazi-Borojeni, A. A., et al.
(2020b). Circulating exosomal microRNAs as emerging non-invasive clinical
biomarkers in heart failure: mega bio-roles of a nano bio-particle. lubmb Life 72
(12), 2546–2562. doi:10.1002/iub.2396

Zhu, D., Li, Z., Huang, K., Caranasos, T. G., Rossi, J. S., and Cheng, K. (2021). Minimally
invasive delivery of therapeutic agents by hydrogel injection into the pericardial cavity for
cardiac repair. Nat. Commun. 12 (1), 1412. doi:10.1038/s41467-021-21682-7

Zhu, D., Liu, S., Huang, K., Wang, Z., Hu, S., Li, J., et al. (2022b). Intrapericardial
exosome therapy dampens cardiac injury via activating Foxo3. Circulation Res. 131 (10),
e135–e150. doi:10.1161/circresaha.122.321384

Zhu, D., Wang, Y., Thomas, M., McLaughlin, K., Oguljahan, B., Henderson, J., et al.
(2022a). Exosomes from adipose-derived stem cells alleviate myocardial infarction via
microRNA-31/FIH1/HIF-1α pathway. J. Mol. Cell. Cardiol. 162, 10–19. doi:10.1016/j.
yjmcc.2021.08.010

Zhu, J., Qiao, Q., Sun, Y., Xu, Y., Shu, H., Zhang, Z., et al. (2023). Divergent sequences
of tetraspanins enable plants to specifically recognize microbe-derived extracellular
vesicles. Nat. Commun. 14 (1), 4877. doi:10.1038/s41467-023-40623-0

Zhu, L.-P., Tian, T., Wang, J.-Y., He, J.-N., Chen, T., Pan, M., et al. (2018). Hypoxia-
elicited mesenchymal stem cell-derived exosomes facilitates cardiac repair through
miR-125b-mediated prevention of cell death in myocardial infarction. Theranostics 8
(22), 6163–6177. doi:10.7150/thno.28021

Zhuang, Z., Zhang, Y., Yang, X., Yu, T., Zhang, Y., Sun, K., et al. (2022). Matrix
stiffness regulates the immunomodulatory effects of mesenchymal stem cells on
macrophages via AP1/TSG-6 signaling pathways. Acta Biomater. 149, 69–81. doi:10.
1016/j.actbio.2022.07.010

Frontiers in Bioengineering and Biotechnology frontiersin.org17

Pang et al. 10.3389/fbioe.2024.1363742

https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.1691/ph.2021.0128
https://doi.org/10.1691/ph.2021.0128
https://doi.org/10.1161/circresaha.118.312758
https://doi.org/10.18632/aging.102857
https://doi.org/10.1007/s00232-022-00260-y
https://doi.org/10.1007/s00232-022-00260-y
https://doi.org/10.1007/s10930-023-10100-0
https://doi.org/10.1021/acsnano.1c00628
https://doi.org/10.1002/jev2.12235
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.26355/eurrev_201908_18560
https://doi.org/10.1016/j.biomaterials.2020.120168
https://doi.org/10.1039/c6lc00279j
https://doi.org/10.1371/journal.pbio.3001361
https://doi.org/10.1371/journal.pbio.3001361
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.3389/fcell.2020.616161
https://doi.org/10.3892/mmr.2021.11991
https://doi.org/10.3892/mmr.2021.11991
https://doi.org/10.1152/ajpheart.00304.2020
https://doi.org/10.1152/ajpheart.00304.2020
https://doi.org/10.1016/b978-0-12-816053-4.00002-x
https://doi.org/10.1016/b978-0-12-816053-4.00002-x
https://doi.org/10.1002/iub.2396
https://doi.org/10.1038/s41467-021-21682-7
https://doi.org/10.1161/circresaha.122.321384
https://doi.org/10.1016/j.yjmcc.2021.08.010
https://doi.org/10.1016/j.yjmcc.2021.08.010
https://doi.org/10.1038/s41467-023-40623-0
https://doi.org/10.7150/thno.28021
https://doi.org/10.1016/j.actbio.2022.07.010
https://doi.org/10.1016/j.actbio.2022.07.010
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1363742

	Targeted drug delivery of engineered mesenchymal stem/stromal-cell-derived exosomes in cardiovascular disease: recent trend ...
	1 Introduction
	2 Biogenesis and functionality of exosome
	3 Isolation of exosomes
	3.1 Ultracentrifugation
	3.2 Ultrafiltration
	3.3 Polymer precipitation
	3.4 Size-based isolation
	3.5 Immunoaffinity chromatography
	3.6 Microfluidics-based isolation

	4 Surface modification of exosomes for cardiovascular targeting
	5 Engineered exosomes as biocarriers
	5.1 Stimulated exosomes
	5.2 Hybrid exosomes
	5.3 Delivery of biologically therapeutic protein

	6 Applications of exosomes in CVD treatment
	6.1 Acute coronary syndrome (ACS)
	6.2 Heart failure
	6.3 Cardiac fibrosis
	6.4 Cardiomyopathy

	7 Conclusion and future prospects
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


