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Abstract

Cardiovascular diseases (CVD) remain one of the leading causes of mortality worldwide. Despite
recent advances in diagnosis and interventions, there is still a crucial need for new multifaceted
therapeutics that can address the complicated pathophysiological mechanisms driving CVD.
Extracellular vesicles (EVs) are nanovesicles that are secreted by all types of cells to transport
molecular cargo and regulate intracellular communication. EVs represent a growing field of
nanotheranostics that can be leveraged as diagnostic biomarkers for the early detection of CVD
and as targeted drug delivery vesicles to promote cardiovascular repair and recovery. Though a
promising tool for CVD therapy, clinical application of EVs is limited by the inherent challenges
in EV isolation, standardization, and delivery. Hence, this review will present the therapeutic
potential of EVs and introduce bioengineering strategies that augment their natural functions in
CVD.

Graphical Abstract

Extracellular vesicles are membrane-bound nanovesicles secreted by cells to mediate biological
functions. In the cardiovascular system, EVs maintain homeostasis and promote repair
mechanisms following CVD onset. However, poor standardization and targeting specificity
challenges the clinical potential of EV therapy. New bioengineering strategies have been
developed to augment the natural bioactive properties of EVs and enhance therapeutic efficacy.

"Correspondence author Aijun Wang, PhD, Center for Surgical Bioengineering, Department of Surgery, School of Medicine,
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1. Introduction

To date, cardiovascular disease (CVVD) remains the leading cause of mortality worldwide
and contributes to significant socioeconomic burden due to its prolonged and debilitating
nature. [1.21 CVD comprises a spectrum of conditions and disorders that affect the heart

and blood vessels. Majority of CVD is caused by the development of atherosclerosis, which
is a progressive disease of the arteries notable by deposition of fatty plaques within the
vessel wall. This atherosclerosis can then lead to the development of coronary artery disease
(CAD) and peripheral arterial disease (PAD), which can further progress to heart failure,
myocardial infarction, limb ischemia, and stroke.[X] Underlying contributing factors of these
diseases are numerous, including genetics, diet, smoking, and lack of exercise.[1-3] With
development of angiography, drug-eluting stents, balloon catheters, bypass surgery, and new
disease-modifying drug therapies, there has been significant improvement in the care and
treatment of patients with C\VD.[4] Despite these innovations and progress, CVD is still the
leading cause of death in the United States and worldwide. Furthermore, these treatment
options bring their own set of complications, including intimal hyperplasia and thrombosis,
as well as drug therapy side effects. Therefore, broader therapeutic interventions are still
needed in order to ameliorate the devastating impacts of CVD.

Recently, a new class of therapeutics have emerged that are known as extracellular vesicles
(EVs). EVs are membrane-bound vesicles released by different types of prokaryotic and
eukaryotic cells, and are ubiquitously found in most body fluids such as blood, urine,
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breast milk, saliva and cerebrospinal fluid (CSF).[%] In general, EVs can be classified

into three subclasses which are differentiated by their biogenesis mechanisms.[56] The
first class of EVs are microvesicles, also known as ectosomes or microparticles. They

are produced by the outward budding and fission of the plasma membrane and range

from 50 nm to 1 micron in size.[”:8] The second EV subset are termed apoptotic bodies
(50 nm to 5 microns) and are released when plasma membrane blebbing occurs during
late apoptosis. The final EV subset is known as exosomes. Exosomes are the smallest

type of EV (also often referred to as SEV), ranging between 50-150 nm, and originate
from the inward budding of multivesicular bodies (MVB). Exosomes are released into the
extracellular space upon fusion of MVBs with the plasma membrane, specifically at the lipid
raft subdomains.[910] All subsets of vesicles contain bioactive cargo, including proteins,
mRNAs, microRNAs (miRNAs, miRs), and lipids, that are efficiently delivered to recipient
cells to regulate different biological processes. [6:8:11-13] within the cardiovascular system,
EVs play important roles in maintaining normal physiological function by facilitating
cellular crosstalk.[8:11.24] Under disease or injury conditions, EV phenotypes are seen to
shift in order to indicate cardiovascular dysfunction and to restore physiological balance.
However, administration of EVs as therapeutics has been limited due to difficulties in
isolation and standardization, ineffective targeting, and poor retention. (15161 Advances in
research and technology have addressed these challenges by engineering EVs to augment
their therapeutic efficacy and developing new delivery mechanisms to improve retention
(Figure 1). Several recent reviews have thoroughly detailed the therapeutic potential of
EVs, espeically in the context of myocardial repair. [17-19 This review will continue the
discussion by summarizing the role of native EVs as mediators of normal cardiovascular
health and as diagnostic biomarkers and regenerative therapeutics across different CVD
pathologies. This review will additionally delve into recently emerging bioengineering
strategies that have been applied to improve the clinical potential of EVs.

Role of EVs in the Cardiovascular System

2.1 EVsin Cardiovascular System Homeostasis

Within the cardiovascular system, EVs are secreted by different cell types such as
fibroblasts, smooth muscle cells (SMCs), endothelial cells (ECs), cardiomyocytes (CM),
and inflammatory cells (e.g. leukocytes, platelets).[11:14.20] As primary messengers of
intracellular communication, EVs play a critical role in maintaining homeostasis within
the cardiovascular system. For example, EC-derived EVs function to regulate angiogenesis
and maintain normal vascular physiology. In one study, Hergenreider et al. described

the atheroprotective communication between ECs and vascular SMCs in a miR-143/145-
dependent manner.[21] In this mechanism, EC-derived EVs transport miR-143/145

clusters to control SMC phenotype and prevent the formation of atherosclerotic lesions.
Moreover, EC-derived EVs also transfer of miR-214 to adjacent ECs to stimulate
migration and proliferation by suppressing cell-cycle arrest genes.[221 EC EVs also exhibit
immunomodulatory properties, such as with the delivery of miR-10a and miR-222 to inhibit
leukocyte recruitment and activation.[23:24] Cardiac cells secrete EVs to regulate heart
function, especially in response to stress or injury.[25] CM EVs are known to contain an
abundance of heat shock proteins (HSP20, HSP60, HSP70) which mediate CM growth
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and survival by directing CMs towards a pro-survival phenotype and by upregulating
proliferative signaling pathways.[26-28] CMs are also seen to reduce cardiac fibrosis through
EV-mediated delivery of HSP20 and miR-133a to cardiac fibroblasts (CF).[29:30] Other
vascular cells, such as CFs and SMCs, also contribute significantly to maintaining normal
vascular homeostasis via delivery of miRNAs and proteins to recipient cells.[31]

2.2. EVsin CVD Development and Application as Diagnostic and Prognostic Biomarkers

Cardiovascular dysfunction can be marked by EV phenotypic shifts. In fact, identification of
abnormal EV cargo has been significantly correlated to the onset and development of several
CVDs (Table 1). One study quantified 10 miRNAs in exosomes isolated from patients

with stable CAD, and found that miR-126 and miR-199a were overexpressed in circulating
EV subsets, thus demonstatining prognostic value in predicting cardiovascular events in
patients.[32] In another study, upregulation of circulating miR-1, miR-133a, miR-133b,

and miR-499-5p was seen in plasma EVs of patients with acute myocardial infarction
(AMI), indicating cardiac damage.[33] Other molecules carried abundantly by EVs, such

as NcRNAs and circRNAs, were also proposed as potential biomarkers.[34] It was reported
that circRNA, specifically mitochondrial fission and apoptosis-related circRNA (MFACR),
could represent a useful biomarker to predict cardiac cell death.[35] Abnormal EV cargo can
also drive the progression of CVD. For example, EVs secreted from atherosclerotic plaques
transport tumor necrosis factor (TNF)-a—converting enzyme (TACE/ADAM17) to promote
inflammatory responses and drive atherogenesis. [3¢]

In addition to cargo, changes in EV membrane compositions can further signal the
development of CVD. Endothelial injury is one of the initial hallmarks of CVD and
phenotypes of different EV subtypes reflect the early pathological conditions. In one

study, endothelial cells were found to secrete greater amounts of CD62e* and CD144*
microparticles following arterial hypertension and endothelial injury.[371 EVs derived from
activated ECs and monocytes express higher levels of cell adhesion markers (VCAM-1,
ICAM-1) and procoagulants (tissue factors) that are positively correlated with early vascular
dysfunction in low-risk menopausal women.[38] The lipidomic profile of EVs secreted
from apoptotic ECs showed an enrichment of proinflammatory oxidized phospholipids,
leading to monocyte adhesion to EC and initiating artherogenesis. [3%1 As CVD progresses,
injured cells continue to secrete EVs that reflect cardiac damage. For example, comparative
proteomic analysis of plasma-derived EVs from patients with AMI and healthy controls
revealed a total of 11 dysregulated proteins in EVs from MI patients, including placental
growth factor (PGF), platelet-derived growth factor (PDGF) and glycoproteins such as
angiopoietin-1.[40]

The cargo and membrane compositional changes in EVs in response to pathological disease
environments can not only be leveraged as diagnostic biomatrkers for early CVD detection

but also inform and aid the development of disease-specific therapeutics. Abnormal EVs can
be targeted with new drug agents to inhibit or reverse their ability to drive CVVD progression.

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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2.3 EVs as Therapeutics for CVD

EVs have promising biological functions that allow them to be effective therapeutic agents
for CVD. Their native biological properties allow EVs to bypass biological barriers and
deliver biologically active molecular cargo to recipient cells to stimulate repair and recovery.
[11,50] A plentitude of EV-shuttled cargo and associated targets have been identified in the
context of CVD (Table 2). Furthermore, EVs are not limited by poor engraftment and

do not display any known tumorigenicity, two concerns that currently hinder the clinical
success of traditional cell-based therapies.[20] Unlike synthetic drug carriers, EVs are also
able to evade immune system cells, allowing for greater bioavailability and reduced adverse
immune system responses.[51]

Multiple types of EVs have shown pro-regenerative capabilities in CVD. In CVD
pathologies where there is significant hypoxic damage, cardiovascular cells are stimulated
to secrete EVs to promote tissue repair.[34] For instance, in cases of AMI, MSCs secrete
EVs enriched in miR-210 to repair ischemic damage while CD34* hematopoietic stem
cell-derived EVs facilitate recovery by delivering pro-angiogenic factors such as miR-126
to mediate EC proliferation and survival.[52-54] Cells of the cardiac lineage have also been
found to contribute to repair mechanisms in CVD. Human cardiac progenitor cells (CPCs),
which consist of generally quiescent cells that only differentiate into myocytes and vascular
cells under stress conditions, secrete EVs to limit cardiomyocyte apoptosis and promote
recovery of left ventricle ejection fraction after AMI.[5] CPC-derived exosomes also protect
the myocardium and exert cardioprotective effects in acute ischemia/reperfusion (MI/R)
injury by again inhibiting cardiomyocyte apoptosis.[56] The cardioprotective properties of
CPC-derived EVs are thought to be mediated by miRNA-dependent mechanisms, such

as miR-21, miR-210, miR-132, miR-146a-3p, and miR-451, all of which are enriched to
protect ischemic cardiomyocytes from apoptosis, limit the degree of damage, and improve
EC proliferation.[5-57] Cardiosphere-derived cells (CDCs) also secrete EVs to promote
recovery of cardiac function.[®8] In rat and pig models of coronary artery reperfusion

injury, intramyocardial administration of CDC-derived exosomes can reduce infarct size
and promote recovery of left ventricular ejection fraction.[>]

2.4 Current Challenges in EV Therapy

Though EVs present a promising approach for the treatment of CVD, EV heterogeneity
and poor delivery methods prevent successful clinical translation. EV heterogeneity results
from isolation procedures that are difficult to standardize and scale-up for mass production.
Several excellent reviews have detailed the multiple methods that have been established for
EV isolation, including differential ultracentrifugation, density gradient ultracentrifugation,
size-exclusion chromatography, microfluidics, and precipitation with polyethylene glycol
(PEG), organic solvents, or other chemicals.[16:74-76] However, due to overlapping size and
density ranges, it is often a major challenge to obtain high yields of pure EV subsets that
are free from other vesicles or non-vesicular components.®! In an effort to standardize EV
research and understand the heterogeneity of isolated samples, the International Society
for Extracellular Vesicles (ISEV) has set forth criteria for minimum information required
for EV characterization. Briefly, all EVs must be assessed for specific transmembrane and
cytosolic protein markers, characterized for morphology, and quantified for amount isolated.

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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[77] Any disparities in source parent cells and impurities in EV isolation will be reflected in
EV membrane and cargo composition which consequently affects downstream therapeutic
functionalities. EV therapeutics often face the challenge of nonspecific delivery, which
results in reduced therapeutic efficacy.[*] When administered systemically, EVs lack homing
mechanisms to target injured cardiovascular cells and are cleared from circulation quickly or
face off-target accumulation 15781, Emergence of new engineering approaches can be used
to improve EV bioactivity, targeting, and pharmacokinetics to augment and maximize the
therapeutic efficacy of EVs for CVD.

3. Engineering EV Cargo

EVs are efficient drug carriers given their unique and intrinsic advantages. For example,

the membrane structure of EVs can protect their bioactive contents from degradation in

the extracellular environment.[1.791 The membrane surface is also decorated with specific
lipids and proteins that allow the EV to target and fuse with specific recipient cells in order
to release cargo.[80-82] Nevertheless, though EVs carry bioactive content, the abundance of
actual therapeutic factors may be in low amounts per individual EV particle and necessitates
the need for high EV doses. However, this limitation may be bypassed by engineering parent
cells to overexpress endogenous cargo of interest in EVs or by exogenously loading cargo in
EVs using different loading approaches. A complete summary of cargo loading techniques
can be found in Table 3.

3.1 Genetic Engineering of Parent Cells

EVs can be bioengineered to preferentially express specific cargo by genetically modifying
parent cells. In this methodology, cells are conditioned, either through environmental or
chemical stimulus, to secrete EVs that are enriched or depleted of naturally occurring cargo
using native biological machinery.

3.1.1 Cell Preconditioning—To date, hypoxia preconditioning is one of the most
popular methods of cell conditioning for CVD therapies, possibly due to the major

role that ischemia plays in CVD pathologies. With this technique, cells are grown in
hypoxic (i.e. low oxygen concentration) conditions to induce secretion of EVs that contain
higher amounts of regenerative cargo. Bone marrow MSCs, for example, release a large
number of pro-angiogenic EVs following hypoxic stimulation. [82:83] Improved angiogenesis
and cardioprotection was attributed to the hypoxia-induced enrichment of miR-210 and
miR98-5p, which improved cell survival and reduced fibrosis via P13K/AKT and p53
signaling pathways.[83:841 CPCs have also been the subject of many hypoxic preconditioning
studies to produce selectively therapeutic EVs. Hypoxic CPCs secrete IncRNA MALAT1-
enriched EVs that improved vascularization by enhancing endothelial cell viability and
reduced cardiomyocyte apoptosis compared to normoxic CPC-derived EVs.[85] Hypoxic
preconditioning of CPCs also results in EVs that are enriched in pro-angiogenic and anti-
fibrotic mMiRNAs (miR-15b, miR-17, miR-210, miR-103, miR-199a, miR-20a) and depleted
in pro-apoptotic and pro-fibrotic miRNAs (miR-320, miR-222).[86]

Cells can also be preconditioned with proinflammatory mitogens to generate EVs with more
immunomodulatory properties. Traditionally, inflammatory priming has been commonly

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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used to increase the immunomodulatory properties of cells, especially MSCs, and current
research has focused on the effect of such priming on the paracrine secretions of cells, such
as their EVs.[87-89] |n one study, bone marrow MSCs were treated with lipopolysaccharides
to generate EVs that had greater efficacy in attenuating inflammation and driving
macrophage polarization to a more anti-inflammatory M2 phenotype. When translated

in a murine AMI model, EVs derived from LPS-conditioned MSCs greatly reduced post-
infarction inflammation and promoted cardiomyocyte survival and recovery.[%9] While the
specific cargo enrichment was not investigated in this particular study, others have shown
that LPS conditioning may lead to the preferential sorting and enrichment of let-7b, an
miRNA that regulates multiple signaling pathways associated with macrophage plasticity
and inflammatory responses.[®1] Cytokines have also been used to induce cells to secrete
EVs with more immunomodulatory cargo. IFN-y -primed MSCs secreted exosomes that
carried greater levels of miR-12a and miR-125b, which repressed Th17 cell differentiation
to decrease inflammatory responses.[%2] When applied to a cardiac model, human cardiac-
derived adherent proliferating (CardAP) cells were stimulated with IFNy, TNFa, or IL-1p
and secreted EVs with reduced B1 expression that decreased T cell proliferation and pro-
inflammatory cytokine levels.[93]

Cells can also be pretreated with small molecules that can influence the biological
components packaged into EVs. For instance, MSCs treated with atorvastatin were found
to secrete EVs that contained significantly higher levels of cardioprotective and angiogenic
IncRNASs compared to EVs secreted from untreated MSCs.[%4] In another study, MSCs
preconditioned with thrombin produced EVs enriched in angiogenic protein content which
demonstrated enhanced wound healing functions in /7 vivo studies.[9]

Cellular preconditioning allows for the synthesis of cargo-modified EVs using natural
mechanisms of EV biogenesis without compromising EV stability or other biophysical
parameters. However, environmental preconditioning is an imprecise method of cargo
loading. Multiple biological components can be affected by preconditioning and there is
little exogenous control over any preferential sequestration of cargo within EVs.

3.1.2 Cell Transduction/Transfection—Transfection and transduction methods have
also been used to direct cells to produce EVs with specific cargo. In one model, myocardial
and endothelial cells were transfected with SDF1 plasmids to generate EVs with high levels
of SDF1, a chemokine that has been associated with myocardial repair and ventricular
remodeling.[9:97] The SDF1-enriched exosomes successfully promoted myocardial cell
survival and increased endothelial cell tube formation. Cell transduction has also been used
to increase specific protein levels in secreted EVs. MSCs were transduced with lentiviral-
TIMP2 to obtain exosomes with significant enrichment of TIMP2 cargo, which remained
functionally active as shown by its ability to inhibit oxidative stress-induced myocardial
apoptosis and hypertrophy following Ml injury.[%8] Lentivirus-mediated transduction can
additionally be used to preferentially overexpress miRNAs in EVs. Wei et al. used lentivirus
vectors to transduce MSCs to secrete exosomes with high levels of miRNA-181a cargo.

[99] The engineered exosomes successfully delivered the miR-181a to injured cardiac sites
in a murine I/R injury model to mediate Treg polarization and modulate expression of
inflammatory cytokines to facilitate cardiac recovery. However, one challenge of this method

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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is that not all cells can be efficiently modified with plasmids or lentiviruses. As such,
particle standardization and homogeneity become a concern as secreted EVs may carry
different levels of therapeutic cargo.

3.2 Exogenous Cargo Loading in EVs

3.2.1 Passive Loading—Exogenous cargo loading allows for flexibility in the type

of bioactive molecules that may be loaded into EVs. Passive cargo loading relies on the
natural diffusion of exogenous cargo into EV. One of the most popular methods of passive
loading includes incubation, where the cargo of interest is simply mixed with EVs without
the addition of any other active reagents. Here, the loading efficiency is dependent on the
hydrophobicity of the drug molecules and its interaction with the lipid layers of vesicle
membrane.[79:100] Though not yet used specifically for cardiovascular applications, Sun et
al. demonstrated the feasibility of such technique by loading curcumin, an anti-inflammatory
small molecule, into EL4 lymphoma tumor-derived EVs by coincubation at 22 °C for 5
minutes.[290] Curcumin-loaded EVs were able to successfully improve the bioavailability of
curcumin and facilitate anti-inflammatory activity in a septic shock murine model. Although
incubation is a relatively simple process, it can only be used effectively if a concentration
gradient is established appropriately to allow for diffusion and if the cargo of interest has the
optimal biophysical profile to interact with the lipid bilayers.

The freeze and thaw method also involves incubation of cargo with EVs at room temperature
for a predetermined amount of time. The mixture is then rapidly frozen at —80°C or in

liquid nitrogen before being thawed at room temperature. To ensure drug encapsulation,
multiple cycles of freezing and thawing are required.l191] As a relatively uncommon method
of cargo loading, this technique has thus far been mainly used for the loading of proteins

for Parkinson’s treatment with some success. Despite a moderate drug loading efficiency,
the potential aggregation of exosomes and degradation of membrane and cargo components
tempers the potential advantages of this method.[101.102]

3.2.2 Active Loading—Many of the current approaches for active cargo loading rely on
the transient permeabilization of EV membranes that allows for diffusion of compounds into
the vesicle.l51 Both chemical and mechanical techniques are often used, the most common
of which include saponin treatment, sonication, and electroporation.[79]

Incubation with membrane permeabilizers is an example of chemical-based active cargo
loading methods. One such chemical treatment is saponin, which is a surfactant that forms
complexes with cholesterol within the cell membrane to generate pores in the membrane.
[203] This allows the cargo to travel through the pores and into the interior of the EV before
the membrane reseals. Similar to the passive incubation method, saponin assists in loading
hydrophilic molecules into exosomes but much more efficiently. One study comparing
both methods found that saponin can increase hydrophilic drug loading into exosomes by
11-fold compared to passive incubation.[104] Nevertheless, one concern in this method is
the concentration of saponin and its ability to permeabilize the cell membrane. Therefore,
insufficient removal of saponin from the EV sample before administration can lead to
hemolysis and cytotoxicity.[103.105]

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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With the sonication technique, EVs are mixed with the cargo molecules and a high
frequency wave is applied to the mixture. The ultrasonic frequencies create micropores
within the EV membranes that increase cargo permeability into the vesicle.[106] In one

study using EVs derived from IC21 macrophages, sonication was found to improve loading
efficiency by about 30% compared to saponin permeabilization.[197] The advantage of this
method is that, though the membrane microviscosity decreases after sonication, EV protein
and lipid structures are not significantly affected.[”] Nevertheless, one potential drawback of
the method is that EV deformation can occur, thus affecting the drug release kinetics and EV
membrane protein functions.[102.108]

Electroporation is another major active cargo loading technique and is widely used to load
nucleic acids such as siRNA or miRNA.[7%] This method utilizes electrical currents to create
small, temporary pores on the EV membrane. Unlike small hydrophobic molecules which
can spontaneously diffuse into EVs, nucleic acids are relatively large in size and hydrophilic,
and thus requires active cargo loading.[79192] Nucleic acids, such as DNA, siRNA, and
miRNA, have been efficiently electroporated into EVs and successfully delivered into cells
to exert therapeutic functions.[109-1111 While electroporation is more effective in loading
nucleic acids compared to other methods, loading efficiency is still low. As a result, new
electroporation-based procedures, such as cell nanoporation, are under development to load
EVs with higher amounts of nucleic acid cargo.[112]

A common concern for all exogenous cargo loading processes is preserving the functionality
of the biomacromolecules and the overall stability of the EVs as exogenous compounds

are introduced into the vesicle.[31] There is potential that these permeabilizing techniques
may destabilize EVs and induce aggregation, and as such, appropriate stability tests must be
conducted following cargo loading.[113]

4. Engineering EV Targeting and Delivery

Though EVs are natural drug delivery vehicles, the half-life of EVs is generally shorter
compared to their synthetic liposome counterparts, with a difference of 60 minutes and
several hours.[124.125] Aside from their short half-life, it is also particularly difficult to
deliver EV therapeutics to the heart with high efficiency and specificity.[126.127] Evs lack
specific targeting properties that could home in on the injured myocardium or other diseased
sites. As a result, EVs are often quickly cleared from blood circulation and accumulate

in the lungs, Gl tract, and spleen.[15.78] Therefore, a regimen of multiple high doses of
EVs is often necessary to compensate for the rapid clearance.l128] Engineering strategies
have been developed to overcome these challenges with the exploration of targeted EV
delivery. Targeting specificity and cellular uptake can be facilitated by introducing homing
molecules to the surface of the EV membrane while EV retention can be improved through
the controlled release of EVs through biomaterial-mediated delivery (Figure 2).

4.1 Surface Modification of EVs for Improved Targeting

4.1.1 Peptide Conjugation—To improve targeting, EV surfaces can be modified
with targeting peptides with specific homing to therapeutic sites. This modification can

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.
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be engineered to occur endogenously within the cell or exogenously using biochemical
conjugation methods.

Endogenous methods involve modifying the parent cells from which the EV is secreted.
This technique fuses peptide ligands to transmembrane proteins present on EVs. Lysosomal
associated membrane protein 2b (Lamp2b) has been commonly used due to its ubiquitous
and abundant presence on most EV membranes. Here, peptides of interest are fused to

the N-terminus of Lamp2b to be presented on the surface of EVs. For cardiovascular
applications, EVs are typically modified with peptides with specific targeting ability to the
heart, ischemic sites, or endothelial injury. Kim et a/. fused cardiac-targeting peptide (CTP,
APWHLSSQYSRT) to Lamp2b-encoding vectors and transfected HEK293 cells to generate
targeted exosomes.[12%] CTP-modified exosomes showed enhanced targeting to the heart,
though off-target accumulation in the liver and spleen was still observed. CDCs underwent
similar Lamp2 fusion to generate exosomes with cardiomyocyte-specific binding peptide
(CMP, WLSEAGPVVTVRALRGTGSW) on the surface.[!30] CMP-exosomes had enhanced
and preferential uptake into cardiomyocytes /17 vitro and demonstrated cardiac tropism
following intramyocardial injections in a murine model. Though both CTP and CMP
peptides improved targeting to the heart, neither facilitated targeting to specifically injured
cardiac sites. Thus, an ischemic myocardium-targeting peptide (IMTP, CSTSMLKAC)

was fused with Lamp2b to modify bone marrow MSC-derived exosomes.[131 IMTP
preferentially targets ischemic regions of the heart, thus focusing the EV therapeutic effects
to injury sites.l32] In a murine AMI model, IMTP-exosomes showed greater accumulation
in the myocardial infarction region compared to unmodified exosomes following tail vein
injections. Improved targeting resulted in greater therapeutic efficacy as IMTP-exosomes
significantly reduced proinflammatory cytokine levels and reduced macrophage polarization
to an inflammatory phenotype. IMTP-exosomes also significantly improved cardiac
recovery and function by promoting vascularization and reducing cardiomyocyte apoptosis.
Other membrane proteins, such as platelet-derived growth factor receptor and lactadherin,
have also shown promise for the coupling of targeting peptides, though they have yet to

be used for cardiovascular applications.[133:134] While this endogenous method of peptide
expression does not disrupt EV membrane stability as exogenous methods can, there is

a possibility that some peptides that are fused to the membrane proteins may be cleaved
during exosome biogenesis. Therefore, current approaches have evolved to incorporate a
glycosylation motif to protect fused proteins from degradation before the exosomes are
secreted.[129.135]

Alternatively, EVs can be modified with peptides post-isolation using biochemical
conjugation methods. Bio-orthogonal click chemistry is used to exogenously conjugate
peptides to EV surfaces through an alkyne-azide cycloaddition reaction. An alkyne linker,
such as dibenzobicyclooctyne (DBCO), is initially added to modify the EV surface, and a
peptide with an azide group is reacted with the DBCO to complete the conjugation. Click
chemistry was used to conjugate cyclo Arg-Gly-Asp-D-Tyr-Lys ([c(RGDyK)]), a peptide
with high affinity to integrin a3 to the surface of bone marrow MSC-derived exosomes
to improve targeting to cerebral vascular endothelial cells in ischemic conditions.[13¢] In a
murine stroke model, c(RGDyK)-exosomes were intravenously injected and preferentially
targeted the ischemic regions of the brain. Further histological analysis revealed that
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c(RGDyK)-exosomes were preferentially uptaken by cerebral endothelial cells, indicating
strong targeting specificity. In another approach, peptides can first be synthesized with
linkers and then covalently conjugated to EV surfaces. This method was validated in a study
by Nakase et al. where arginine-rich cell-penetrating peptide (CPP) was first modified with
Rn-EMCS (N-e-malemidocaproyl-oxysuccinimide ester).[137] The resulting CPP-EMCS
peptides were conjugated to EV through the covalent interaction of ECMS to amino groups
of EV membrane proteins. Successfully modified CPP-exosomes showed improved cellular
uptake via a micropinocytosis-mechanism.

The phospholipid composition of the EV membrane allows for the opportunity to directly
modify the surface using lipid-based approaches. Initial approaches have involved the use
of lipid-anchors that act as linkers between the EV and the exogenous targeting molecule.
These lipid-anchors usually consist of phospholipid tails that self-insert into the lipid bilayer
of the EV membrane while the head displays binding sites to which targeting molecules

can subsequently be attached. Antes et al. reported that DMPE-PEG-streptavidin could

be used to successfully modify CDC-derived EVs by using the DMPE as a phospholipid
anchor and the PEG-streptavidin to couple biotinylated ischemia-targeting peptides.[138]
Intravenous injections in a rat ischemia/reperfusion model showed that engineered CDC
EVs had enhanced targeting to the heart compared to the unmodified EVs, suggesting that
the peptide conjugation was successful in directing CDC EVs to infarcted heart tissue. A
similar study was conducted to modify cardiac stem-cell derived exosomes with cardiac
homing peptide to improve targeting to the infarcted heart. In this study, DOPE-NHS was
used, where DOPE constituted the phospholipid anchor that was coupled with the cardiac
homing peptide.[*39 Intravenous administration in a rat ischemia/reperfusion model showed
improved targeting to the infarcted heart compared to unmodified exosomes, and a greater
recovery in cardiac repair and function.

4.1.2 Membrane Fusion—Targeting efficacy of EVs can also be improved via the
fusion of EVs with lipid-based micelles or liposomes. With this methodology, the synthetic
lipid vesicles fuse seamlessly with the lipid components of the EV membrane to insert
exogenous functional lipids or peptides. The fusion can be facilitated by several different
methodologies. One of the more commonly used techniques involves freeze-thaw method
where EVs and liposomes are co-incubated and cyclically snap-frozen and thawed. This
was first validated with EVs isolated from Raw264.7 and CMS7 cancer cells and fused
with liposomes composed of functional lipids.[101] Fused EVs were found to have improved
cellular uptake and presented as efficient transporter of exogenous hydrophobic lipids.
Membrane-fused EVs were applied to a cardiac model when CPC EVs were fused with
liposomes to improve uptake efficiency and delivery, especially at a higher ratio of EV
components to liposomes.[240] The CPC EV-liposome hybrid particles improved wound
healing and promoted Akt phosphorylation in a dose-dependent manner compared to
liposomes alone, suggesting that the fusion process did not impact EV functional properties.
In another model, liposomes were first modified with PEG to mediate lipid mixing and
improve fusion efficiency as well as to introduce PEG molecules onto the EV surface in
order to improve their circulation time.[241] Here, PEGylated liposomes were fused with
EVs derived from MSCs or HUVECs using simple co-incubation methods. Maximum
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fusion efficiency was seen at higher EV to liposome ratios and with greater PEG8000
concentrations. Unlike in the previous studies, hybrid EVs were found to have reduced
cellular uptake into macrophages. However, this is likely due to their PEGylated surface
as PEG is known to assist in evading immune clearance by reducing opsonization and
phagocytic internalization.[242] Liposome fusion with EVs can also introduce hydrophilic
or lipophilic molecules to the interior of the EV to act as a method of cargo loading.
Piffoux et al. found that mTHPC, a small antitumor photosensitizer loaded into liposomes,
could be successfully transferred to the interior of EVs following membrane fusion while
Evers et al. demonstrated the loading of siRNAs into CPC-EV hybrids. [140.141] Though
liposome-mediated EV modification has shown some promise, standardization remains a
challenge as fusion efficiency was found to be dependent on EV origin and liposome
composition.[102.141] This can potentially be attributed to the interactions of different EV
membrane proteins with the lipids in the synthetic liposomes that may mediate the degree
of fusion and can be difficult to control. Furthermore, cellular uptake is also seen to be
dependent on the target cell and the EV-liposome ratio, which can make this system of
engineering somewhat unreliable and requires stringent characterization for every unique
application.[140]

A relatively new membrane fusion technique involves the use of cell plasma membranes

as a natural biomaterial alternative to synthetic liposomes. Cell membranes contain many
native proteins that have innate targeting properties. The functional properties of cell
membranes were realized with the modification of cardiac stem cells with platelet membrane
nanovesicles which have natural targeting affinity to infarcted cardiac sites.[143] The CSCs,
which have limited innate homing to injury sites, showed significantly improved targeting
and retention in the infarcted heart after decoration with platelet nanovesicles using PEG-
mediated fusion. Cell membrane fusion was applied to EVs in a separate study to improve
MSC EV targeting to the injured myocardium in a murine myocardial ischemia-reperfusion
injury model.[244] Bone-marrow MSC EVs were fused with monocyte membranes using
serial co-extrusion. MSCs, though functionally angiogenic, had insufficient opportunities to
exert their therapeutic effects due to their poor targeting properties. Monocytes, on the other
hand, possess an abundance of adhesion proteins (e.g. asp1, ALB2, P-selectin glycoprotein
ligand 1) that drive homing and retention to injured cardiac sites. The fusion of the MSC
EVs and monocyte membranes resulted in a hybrid particle that demonstrated both improved
targeting to injured myocardium and greater cardiac recovery by promoting endothelial
maturation and modulating inflammatory responses.

4.2 Biomaterial-aided EV delivery

Biomaterial-aided approaches have emerged to allow for the local and sustained delivery

of EVs for CVD treatment. Delivery and retention have been major challenges facing

EV therapy as rapid systemic clearance reduces the ability of EVs to reach injury sites

and exert their full therapeutic potential. For cardiovascular diseases in particular, local
intramyocardial or intracoronary delivery can improve therapeutic effects but require
invasive procedures and are limited to the area of injection.[14%] Local and controlled release
of EVs over a long duration is a more practical approach to maintain a clinically relevant
dosage level in the body.
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4.2.1 Hydrogel Patches—Hydrogels are crosslinked polymer networks with high water
content and have been popularly used as controlled release systems for drug delivery due

to their biocompatibility and tunable spatiotemporal properties.[146.147] Hydrogels have been
successfully used for the encapsulation of EVs for CVD therapy. Importantly, EV delivery
via hydrogels greatly improves the EV retention at cardiac injury and remodeling sites, and
facilitates greater recovery compared to non-specific intravenous injections.[246] Hydrogel
patches or meshes are one mechanism of delivery. In one study, a collagen gel-foam

mesh was used to encapsulate EVs derived from induced pluripotent stem cell-derived
cardiomyocytes (iCMs). Implantation of the mesh on the myocardium led to the controlled
release of miRNA cargo from the EVs and stimulated cardioprotective processes including
rhythm recovery, reduced cardiac dilation, and higher ejection fraction.[148] Encapsulation of
MSC-derived EVs by a similar collagen matrix hydrogel demonstrated prolonged retention
of EVs and further improved angiogenesis while also decreasing fibrosis and apoptosis.[14°]
However, these types of structures have larger pore size, which can result in a burst release
of EVs rather than a sustained delivery.

4.2.2 Injectable Hydrogels—Implantation of hydrogel patches often requires an
invasive surgical procedure in order to place the hydrogel directly onto the site of interest.
Therefore, injectable hydrogels have been developed to allow for minimally invasive EV
delivery.

Natural biomaterials have been popular choices for injectable hydrogel delivery of EVs. In
one study, thermosensitive decellularized extracellular matrix hydrogel or a pre-crosslinked
hyaluronic acid (HA) hydrogel was loaded with exosomes derived from MSCs or CPCs

and delivered via an intrapericardial injection.[126] There, the hydrogels formed a cardiac
patch-like structure in the cavity, and slowly released encapsulated EVs to promote cardiac
recovery following AMI. In another study, shear thinning injectable hydrogels made of
adamantane-modified HA (Ad-HA) and B-cyclodextrin-modified HA (CD-HA) remained in
a liquid state in response to the shear stress when injected from the syringe but gelled at the
target site.[150] Using this strategy, EPC EVs were delivered via intramyocardial injections
to infarcted heart in rat models of AMI. Shear-thinning hydrogels regulated the steady,
controlled release of EVs, thus allowing for greater retention and improved hemodynamics,
angiogenesis, and cardiac function. Other natural hydrogel materials include chitosan and
alginate. MSC-derived exosomes were mixed with chitosan hydrogel and intramuscularly
injected into the ischemic hindlimb to enhance neovascularization and microvascular density
while bone marrow MSC-EV-loaded alginate hydrogels were delivered via intramyocardial
injection to prolong retention, promote angiogenesis, and reduce inflammation.[151.152]
MSC-derived exosomes were also shown to be effectively loaded into silk fibroin hydrogel
to improve retention and enhance blood perfusion in ischemic hindlimbs.[153]

More unique forms of injectable hydrogels include peptide-based self-assembly hydrogels.
These types of hydrogels are advantageous in that they can be readily designed with

smaller pore sizes. They are formed from amphiphilic peptides that couple to create porous
structures of antiparallel B-sheet bilayers. [154] Han er a/. used cardioprotective peptides

to assemble hydrogels (termed PGN hydrogels) and loaded human umbilical cord MSC-
derived exosomes.[15%] Encapsulated exosomes were released steadily over time /n vitro and
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demonstrated superior retention in the ischemic myocardium compared to intramyocardial
injected exosomes. As a result, exosome loaded-PGN hydrogels promoted greatest cardiac
function and endothelial recovery while reducing fibrosis and inflammation. Though PGN
hydrogels were found to improve EV retention in comparison to intramyocardial injection
alone, it is difficult to control degradation rate and regulate EV release kinetics from the
PGN hydrogel.

While injectable hydrogels have been mainly delivered via intramyocardial injections,
another method of delivery is the spraying technique. For example, in one study, gelatin
methacryloyl (GelMA) precursors, EVs, and photoinitiators were sprayed onto infarcted
heart tissue and crosslinked /n situto create a cardiac hydrogel patch that slowly released
encapsulated EVs over timel%6] Sprayed EV-loaded GelMA facilitated uptake and improved
EV retention at the injury to promote significant recovery in ventricular function and fibrosis
in a murine model of MI. However, this technology is very much nascent and more work
remains to be done in order to improve /n vivo degradation profiles and increase the
specificity of the sprayed area with precision instruments.

4.2.3 Polymeric Materials for 3D Printing and Additive Manufacturing—Advent
of three-dimensional (3D) printing technologies have further inspired the use of polymeric
biomaterials to facilitate improved delivery of EVs. Different materials, including polylactic
acid (PLA) and polycaprolactone (PCL), were used to incorporate MSC EVs onto 3D
printed scaffolds in order to promote local bone tissue repair.[157:158] For instance, a

3D printed exosome scaffold was able to polarize synovial macrophage response to

an M2 phenotype, enhance chondrocyte migration, and consequently facilitate cartilage
regeneration.[15%] To date, these have had limited applications for treatment of CVD,
potentially because most 3D printed structures require surgical implantation and are not
injectable, which has been the main focus for delivery methods for cardiac repair. However,
3D printing for CVD has potential as a future area of innovation, where patient-specific
patches, stents, or vascular grafts can be designed and modified with EVs for improved
biological efficacy.

5. EV-modified Vascular Devices for Potential Clinical Application

Due to the multiple factors (e.g. culture conditions, cell passage, cell density, and
frequency of harvesting) that influence the production of EVs, especially in a large-scale
manufacturing process, it is difficult to produce a clinically relevant dose of EVs that have
guaranteed regenerative bioactivity.[?1] Therefore, to date, there are still no clinical trials
involving EV administration for CVD treatment, though there are some EV therapies for
cancer and wound healing that are currently in Phase I-111 trials.[16%] One potential path

to clinical translation involves modification of pre-existing clinical devices with EVs to
augment their biological properties.

Synthetic vascular grafts are biomaterial conduits, usually made of polytetrafluoroethylene
(PTFE), that are used to replace or bypass an injured or occluded vessel. Due to their
foreign polymer source, many vascular grafts are limited by low patency rate as a result

of the thrombosis and neointimal hyperplasia that often occurs after implantation.[161]
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EV-modified grafts are hypothesized to improve patency by regulating immune responses
and facilitating reendothelialization. In one study that loaded human placenta MSC derived
SEVs onto an electrospun poly (e-caprolactone) (PCL) vascular graft in a rat model of
hyperlipidemia, the EV-modified graft significantly improved patency rate up to 3 months
post-grafting, increasing from 40% to 69%.[162] Importantly, the incorporation of SEVs
also promoted vascular regeneration, as the pro-angiogenic contents of the EV, such as
vascular endothelial growth factors (VEGF), miR-126, —145, stimulated higher capillary
density on the graft. Furthermore, the EVs on the modified graft were also seen to
demonstrate immunomodulatory properties by inducing macrophage polarization to an
anti-inflammatory M2 phenotype. This resulted in decreased calcification and thrombosis
of the modified vascular grafts, therefore addressing a major dysregulation concern in
atherosclerosis.[162.163] |n another study, human adipose-derived mesenchymal stem cell
(hADMSC) EVs were vacuum seeded onto porous silk conduits and grafted in a rat aortic
interposition model. Grafts modified with EVs demonstrated significantly higher patency
rates (100% EVs vs 56% hADMSC cells vs 82% unmodified controls) with improved
endothelium regrowth and SMC infiltration, and reduced macrophage adhesion.[164] Despite
the biological advantages of EV modification onto vascular grafts, little research has been
conducted to study the long-term impacts of EV modification on the overall biomechanical
properties of the graft, such as tensile strength, following implantation. Furthermore, EV
modification of autologous or cryopreserved cadaveric grafts to improve patency rates and
clinical outcomes is yet to be investigated.

Stent placement is a widespread intervention that restores blood flow in occluded vessels.
However, the metal composition of stents damages the endothelium, leading to neointimal
hyperplasia, thrombosis, and eventually restenosis. While drug-eluting stents aid in reducing
smooth muscle cell proliferation to prevent neointimal hyperplasia, they also inhibit
re-endothelialization.[16%] Modification of stents with EV's presents an opportunity to
prevent neointimal hyperplasia while also accelerating re-endothelialization. In a proof-of-
concept study, Hou et a/. modified poly-dopamine coated stainless steel, a clinical stent
material, with plasma exosomes via electrostatic interactions.[166] The modified surface
improved endothelial cell adhesion and function while inhibiting macrophage adhesion

and smooth muscle proliferation. Rather than simply remaining bound on the surface,
exosomes can also be eluted from stents. MSC-derived exosomes were coated onto
1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-modified stents using a reactive
oxidative species (ROS) linker and released upon ROS stimulation.[167] Modified stents
promoted re-endothelialization and reduced platelet and monocyte adhesion. In rat models of
renal or hindlimb ischemia, increased vascular regeneration was seen with modified stents
along with reduced inflammation but did not prevent neointimal hyperplasia. Future stent
modifications could also incorporate surface-specific coating, where the luminal surface

can be coated with one type of EVs that can promote endothelial regeneration while the
abluminal surface can be coated with a different type of EVs to prevent smooth muscle cell
proliferation.

For all EV-modified surgical devices, rigorous testing in large animal models is necessary to
confirm the long-term patency before translation into human clinical trials. Further testing of

Aav Biol (Weinh). Author manuscript; available in PMC 2023 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ramasubramanian et al. Page 16

stability and mechanical properties are also required to assess the off-the-shelf, commercial
prospects.

6. Conclusion

EVs have gained immense popularity over the last decade and emerged as promising agents
for pathophysiological biomarkers and as regenerative therapeutics in the cardiovascular
space. Recent scientific progress has shed significant light on the biological composition

of EVs and their complex roles in facilitating critical intercellular communication.

Clinical application, however, has not been straightforward and has been impeded by the
multiple limitations brought forth by the innate EV heterogeneity, targeting, and retention.
Bioengineering approaches offer a versatile solution to shaping EVs as more homogenous,
standardized, and personalized therapeutics that can be readily applied for CVD. Shifts

in EV phenotypes during CVD development can aid in designing disease-specific EV
therapeutics using different engineering strategies. For example, advances in cargo loading
technologies present an opportunity to load EVs with specific bioactive molecules to allow
for more efficacious therapy while the advent of new delivery approaches ensures the
sustained and targeted delivery of EVs to cardiac or endothelial injury sites. Though the
field is quickly growing, current engineering approaches still result in poorly reproducible
and heterogenous population of engineered EVs which often fall short of their expected
therapeutic potential. More stringent standardization, validation, and safety assessments are
still required before bioengineered EVs can reach the clinical translation stage. Nevertheless,
the promise of personalized EV therapeutics holds strong and rapidly advancing research
and technologies could allow for the development of breakthrough CVD treatments.
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EVs can be engineered to 1) carry bioactive cargo, and 2) express targeting proteins on the
membrane surface to improve homing and cellular uptake. Engineered EVs can be delivered
using multimodal biomaterial-based, clinically relevant approaches.
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Abnormal cargo expressed in EVs that serve as biomarkers to signal the onset and progression of different

CVD pathologies.

Cargo Disease Biomarker Ref
Angiopoietin 1 Acue Myocardial Infarction [40]
Cba Atherosclerosis, Acute Coronary Syndrome [41]
CD14 Ischemic Heart Disease, Heart Failure, Myocardial Ischemia [42-44]
circRNA Myocardial damage [45]
Cystatin C Systemic Hypertension, Heart Failure, Coronary Artery Disease, Myocardial [42-44,46,47]
Ischemia, Unstable Angina

miR-1 Acute Myocardial Infarction [33]
miR-133a Acute Myocardial Infarction [33]
miR-133b Acute Myocardial Infarction [33]
miR-199a Coronary Artery Disease, Atherosclerosis [48]
miR-499-5p Acute Myocardial Infarction [33]
Placental growth factor Acute Myocardial Infarction [40]
Plasminogen Atherosclerosis, Myocardial Ischemia [47,49]
Platelet-derived growth factor Acute Myocardial Infarction [40]
Polygenic immunoglobulin receptor (pIgR) | Acute Coronary Syndrome [41]
Serpin F2 Heart Failure, Myocardial Ischemia [43,44]
Serpin G1 Heart Failure, Myocardial Ischemia [44]
SRC Coronary Artery Disease [40]
TACE/ADAM17 Atherosclerosis [36]
von Willebrand factor (VWF) Atherosclerosis [49]
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Table 2.
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Different types of EVs and their associated cargo that have been found to mediate biological functions and
disease pathologies in CVD.

neovascularization

EV Source Cargo Biological Functions Disease target Ref
Endothelial cell miR-143/miR-145 Mediate SMC phenotype Atherosclerosis [21]
miR-214 Stimulates angiogenesis, suppress Ischemic cardiac diseases [22]
senescence
miR-10a Inhibit leukocyte activation Vascular inflammation, [23]
Thrombosis, Atherosclerosis
miR-222 Inhibit leukocyte recruitment Atherosclerosis [32]
miR-199a Regulate cell growth Coronary Artery Disease, [48]
Atherosclerosis
miR-126 Promotes reendothelialization and Endothelium damage, [60,61]
CXCI12-mediated vascular repair atherosclerosis
Kruppel-like factor 2 Immunomodulation Atherosclerosis [62]
(KLF2)
Angiopoietin-2 Regulates vascular quiescence and Vessel dysfunction and [63]
inflammation inflammation
Mesenchymal stem/stromal | miR-182 Regulates macrophage polarization and Ischemia reperfusion injury [64]
cell leukocyte infiltration
miR-125b-5p Decrease cardiomyocyte apoptosis Acute Myocardial Infarction [65]
miR-210 Increases vascular density, decrease Acute Myocardial Infarction [52]
cardiomyocyte apoptosis, reduce
fibrosis
Cardiac progenitor cell miR-21 Decrease cardiomyocyte apoptosis Ischemic Heart Disease [55]
miR-210 Decrease cardiomyocyte apoptosis Ischemic Heart Disease [55]
miR-132 Decrease cardiomyocyte apoptosis Ischemic Heart Disease [55]
miR-146a-3p Decrease cardiomyocyte apoptosis Ischemic Heart Disease [55]
miR-451 Decrease cardiomyocyte apoptosis Ischemic Heart Disease [56]
Cardiomyocyte miR-30a Regulate autophagy responses Ischemic Heart Disease [66]
circHIPK3 Regulates oxidative damage Ischemia reperfusion injury [67]
miR-93-5p Reduces proinflammatory cytokine Acute Myocardial Infarction [68]
levels and suppresses autophagy
miR-222 Promotes angiogenesis and Acute Myocardial Infarction [69]
neovascularization
miR-143 Promotes angiogenesis and Acute Myocardial Infarction [69]
neovascularization
MMP-2 Extracellular matrix remodelling Cardiac damage [70]
HSP60 Regulates cardiomyocyte apoptosis Ischemia reperfusion injury [71]
Smooth muscle cell Tissue nonspecific Regulates vascular calcification Coronary Artery Disease [72]
alkaline phosphatase
(TNAP)
miR-150 Promotes angiogenesis and Ischemic diseases [73]
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Table 3.

A summary of engineering strategies used to load EVs with bioactive cargo.

Page 31

temporary pores through which cargo can diffuse into the EV.

Method Description Cargo L oaded Ref
Endogenous L oading M ethods
Hypoxic Cells are grown in hypoxic conditions to enrich or deplete naturally-occurring Nucleic acids [83-86]
preconditioning cargo in secreted EVs.
Cytokine Cells are incubated with signaling molecules to regulate cargo sorting into EVs. Nucleic acids [89,91,92]
preconditioning
Transfection/ Plasmids or lentiviral vectors are used to genetically modify cells to express cargo- Proteins [96,98]
transduction specific EVs.
Nucleic acids [99]
Coincubation Parent cells are incubated with cargo that are then sequestered into secreted EVs. Small molecules | [114]
Exogenous L oading M ethods
Coincubation Cargo is coincubated with EVs. Loading efficiency depends on cargo Small molecules | [100,115]
hydrophobicity and interaction with EV lipid membrane layer.
Proteins [115,116]
Membrane Chemical membrane permeabilizers (e.g. saponin) create pores in the EV Proteins [116-118]
Permeabilizers membrane that allow cargo to diffuse into the EV.
Small molecule [104]
Sonication Ultrasonic frequencies create pores in the EV membrane to allow for cargo Nucleic acids [106]
diffusion.
Small molecule [108]
Proteins [107,116]
Extrusion A mixture of EVs and cargo is extruded through porous membranes to Small molecule [104]
mechanically disrupt the EV membrane and allow cargo internalization.
Lipids [119]
Electroporation An electric field is applied to disturb the phospholipid membrane and create Small molecules | [104.120]

Nucleic acids [109-111,121]
Protein [118]
pH gradient EVs are protonated to render the EV interior acidic and positively charged. Basic or | Nucleic acids [122]
negatively charged cargo travel across the transmembrane pH gradient and into the
EV.
Freeze/Thaw Cargo is incubated with EVs and snap-frozen and thawed for multiple cycles. Small molecules | [123]
During the freeze/thaw process, the membrane of EVs is disrupted, allowing cargo
to diffuse into the EVs. Protein [116]
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