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Abstract

Exosomes and biomimetic nanoparticles have great potential to develop into a wide-scale
therapeutic platform within the regenerative medicine industry. Exosomes, a subgroup of EVs with
diameter ranging from 30-100 nm, have recently gained attention as an innovative approach for
the treatment of various diseases, including heart disease. Their beneficial factors and regenerative
properties can be contrasted with various cell types. Various biomimetic nanoparticles have also
emerged as a unique platform in regenerative medicine. Biomimetic nanoparticles are a drug
delivery platform, which have the ability to contain both biological and fabricated components to
improve therapeutic efficiency and targeting. The novelty of these platforms holds promise for
future clinical translation upon further investigation. In order for both exosome therapeutics and
biomimetic nanoparticles to translate into large-scale clinical treatment, numerous factors must
first be considered and improved. Standardization of different protocols, from exosome isolation to
storage conditions, must be optimized to ensure batches are pure. Standardization is also important
to ensure no variability in this process across studies, thus making it easier to interpret data across
different disease models and treatments. Expansion of clinical trials incorporating both biomimetic
nanoparticles and exosomes will require a standardization of fabrication and isolation techniques,
as well as stricter regulations to ensure reproducibility across various studies and disease models.
This review will summarize current research on exosome therapeutics and the application of
biomimetic nanoparticles in cardiac regenerative medicine, as well as applications for exosome
expansion and delivery on a large clinical scale.
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1. INTRODUCTION

With heart diseases being a leading cause of death in the United States, advancements in
cardiac regenerative medicine have accelerated in the past few years [1, 2]. A large issue in
recovering from myocardial infarction (MI) is the restoration and proliferation of
cardiomyocytes to the damaged heart tissue [3]. Non-cellular options to treat heart disease
are becoming increasingly favorable, as drawbacks such as tumorigenicity and
immunogenicity are prevalent in cell-based therapies. There have been multiple reports of
tumor formation at the site of transplantation of stem cells [4, 5]. Additionally, immune
rejection of stem cells is a factor that remains somewhat unpredictable when stem cell
therapies are administered [6, 7]. Both of these risks also contribute to the overall variability
that comes with cellular therapies, making it more difficult to translate these therapies
clinically [8].

Extracellular vesicles (EVs) have become a promising topic for cardiac regenerative
medicine because of their ability to serve as a protective transportation system between cells
[9]. EVs are membrane-bound structures released from cells and contain various types of
cargo, depending on the individual cell origin and its surrounding environment [9]. EVs are
released from most cell types and can be isolated from almost all biological fluids and media
they are cultured in ex vivo [10]. They are known to carry proteins, lipids, DNA, mMRNAs,
and non-coding RNAs [9]. EVs can be further subdivided based on their size and biogenesis
methods [9]. Although EVs have become an attractive option for researchers, much is still
unknown and unclear about their specific characteristics and how they might fit in the topic
of regenerative medicine. There have been reassessments of the past work by Orekhov et al.
on extracellular vesicles as well as new studies on the /n vitro effects of certain drugs on
cells from atherosclerosis patients’ lipid uptake [11]. One specific subpopulation of EVs,
exosomes, has become a novel concept in cardiac regenerative medicine.

Another concept that has proven therapeutic efficiency is biomimetic nanoparticles. These
synthetic nanoparticles recreate naturally occurring interactions between cells in the body
and use cell imitation to effectively deliver a therapeutic agent [12]. Biomimetic nanoparticle
platforms are advantageous in the sense that they are able to combine both synthetic and
natural materials to create a more targeted drug delivery method [13]. They also offer a more
prolonged release of therapeutic factors in comparison to other platforms and are
biodegradable in the body [14]. Application of nanoparticles in drug delivery towards cancer
treatment, as well as cardiovascular disease treatment have been explored [15, 16]. For
example, gold nanoparticles have recently begun studies in early clinical trial phases [17].
These nanoparticles are able to localize tumors, making it easier to then expose the tumor to
an excitation source for treatment [17]. Application of nanoparticles in cardiac regenerative
medicine has also emerged, as these particles are able to effectively delivery therapeutic
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components to treat various heart diseases. In numerous studies, unique platforms revolving
biomimetic nanoparticles as a method for drug delivery yielded favorable results in the
treatment of cardiac injuries, such as ischemia/reperfusion (I/R) injuries and MI [18, 19].
Both biomimetic nanoparticles and exosomes offer novel platforms for the treatment of
cardiac diseases, thus, it is important to continue expanding our knowledge of these topics.

Exosomes for Drug Delivery Purposes

Exosomes are a subgroup of EVs with their sizes typically ranging from 30-100nm [20].
Exosomes are released into the extracellular space from multivesicular bodies (MVBs) [21].
They undergo invagination during formation, giving them the same membrane complex as
the plasma membrane, allowing for an effective transfer of information between cells [21].
Exosomes, therefore, have intrinsic characteristics, making them less likely to have immune
rejection responses when used clinically [22]. When MVBs fuse with the plasma membrane,
exosomes are either released from the cells or are fused with lysosomes. When fused with
lysosomes, exosomal content is degraded instead of secreted [21]. Numerous factors are
considered before the intercellular decision to fuse with the plasma membrane or the
lysosomes. MVBs’ interactions with actin, as well as the microtubule cytoskeleton, have
been shown to affect their fusion with the plasma membrane [23]. Cortactin (an actin
binding protein) levels have also been shown to affect whether exosomes are secreted or
degraded [24]. Studies have been carried out to explore ways to control and manipulate the
cellular decision to either secrete or degrade the exosomes [25]. Exosome secretion has been
reported to increase under hypoxic conditions, as well as under cellular stress [26, 27].
Knowing these factors that increase exosome secretion can open future pathways for
exosome therapeutics.

Many of exosomes’ characteristics make them an ideal drug delivery vehicle. The fact that
exosomes are found in all biological fluids shows their tolerance in the body, which
increases the likelihood that exosome drug delivery vehicles will also be tolerated [22].
Another beneficial characteristic is their ability to be loaded with various cargos for
therapeutic effects. Exosomes can be loaded with therapeutic agents before or after they are
isolated from biological fluids [28]. Pasucci et al., loaded Paclitaxel (PTX) into
mesenchymal stem cell (MSC)-derived exosomes by incorporating PTX into the incubation
of the MSC cells. After isolating the PTX loaded MSC-derived exosomes, they were shown
to exhibit anti-tumor activity [29]. In another study, Haney et a/,, evaluated four different
methods of loading exosomes after they were isolated. Haney incorporated catalase into
exosomes through an incubation process with and without a saponin treatment, freeze-thaw
cycles, sonication, and extrusion. The results from Haney’s study showed that the most
effective catalase loaded exosomes for drug delivery were those obtained from sonication,
extrusion, and incubation with saponin [30]. Another characteristic which makes exosomes
great drug delivery vehicles is their ability to non-invasively cross the blood brain barrier
(BBB) [20]. The BBB restricts large molecule drug delivery, as well as 98% of small
molecule drug delivery, which poses an issue for many therapeutic platforms [31]. However,
exosomes have been shown in multiple studies to cross the BBB and deliver a therapeutic
payload, making them an advantageous platform in regenerative medicine as well as
treatment of neurological disorders [32, 33]. All of these factors make exosomes an ideal
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vehicle for drug delivery for many applications, including drug delivery in the treatment of
various diseases including heart disease.

In order for exosomes to remain an ideal candidate for drug delivery, it is essential they are
efficiently isolated from different complexes in the body and purified. Over the past few
years, these isolation techniques have been explored and refined for different purposes of
exosome isolation [34]. Size based exosome isolation techniques, such as ultrafiltration and
size exclusion chromatography (SEC), offer a quick method of isolating the exosomes [34].
In these techniques, little pressure or force is applied to separate the exosomes as is with
other methods, instead a membrane is used for the separation process [35]. This option
usually yields larger amounts of exosomes; however, it can be difficult to purify the end
products [35]. An alternative method of isolation, such as immunoaffinity capture, isolates
high purity exosomes from cell-free samples. However, this technique produces relatively
low yields and is only applicable for cell-free samples [34]. Exosome precipitation alters the
exosomal sample by adding a precipitation reagent to capture and isolate exosomes within a
certain size range [35]. This technique offers promising future integration for clinical usage
because of its straightforward protocol and its ability to collect uniform exosome yields.
However, in this technique, the exosome isolation yield is often contaminated with other
isolated materials and most precipitation reagents are not cost effective [35].
Ultracentrifugation is another exosomal isolation technique which separates the particles in a
sample containing exosomes by density [34]. One survey cites this technique to be the most
widely used primary isolation technique across researchers in thirty countries [36]. Although
this technique is cost effective and reliable, exosomes are often lost or damaged in this
process, due to the intensity of high-speed centrifugation [34]. Lastly, microfluidics-based
exosome isolation techniques are a newer approach that traps exosomes through a
microfluidic device, while simultaneously filtering out non-exosomal debris [34]. The
setbacks of this technique include a low sample capacity and lack of indepth exploration on
the protocol [34].

In summary, there are various modes of exosome isolation, all with unique advantages and
disadvantages. Since there is no uniform protocol for exosome isolation, the chosen
procedure usually varies among studies. This can make comparing exosome data difficult, as
using different isolation techniques may lead to a variation in exosome yields and quality
between studies.

1.2. Microvesicles for Drug Delivery Purposes

Microvesicles have also emerged as an innovative approach to disease treatment in
regenerative medicine. Microvesicles (MVs) are another subgroup of EVs, with their sizes
typically ranging from 100-1000nm [37]. MVs are released from the direct budding of
membrane vesicles to the plasma membrane [38]. Unlike the secretion of exosomes, the
release of MVs is in response to stimuli [9]. Stimuli that have an effect on the releasing of
MVs include but are not limited to cytokines, hypoxia, and thrombin [39]. Physical
conditions such as Ml, obesity, and diabetes can also trigger the release of MVs [39]. As
with exosomes, scientists have been able to somewhat manipulate the secretion rates and
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times for MVs [40]. In one study, the deregulation of membrane-associated enzymes, called
neutral sphingomyelinase (SMPD2/3), showed an increase in MV secretion [40].

Because of microvesicles’ inducible traits, their cargo can also vary depending on the stimuli
initiating their secretion [9]. MVs cargo can differ even when they are released from the
same stimuli, due to intrinsic dissimilarity of different cell types [39]. Various biomarkers
for cardiometabolic diseases are also thought to be carried by MVs. Although there are still
several limitations of MVs as biomarkers, including the standardization of protocols and the
exploration of MVs carried by various other molecules, time and efforts should be put forth
into exploring them as this could lead to new insights in the treatment of cardiometabolic
disease [39]. These characteristics make MVs a novel platform for regenerative medicine
and drug delivery.

Additionally, MVs open pathways for therapeutic platforms, as they have shown to be
involved in angiogenesis [41]. Incubating human umbilical vein endothelial cells (HUVECS)
with MVs has been shown to indicate the role of angiogenesis through the formation of
stable, branched networks [42]. Increased circulation of MVs with various diseases,
including cardiovascular diseases, along with their angiogenic effects make them a great
candidate for future regenerative medicine therapies.

2. CARDIAC REGENERATIVE MEDICINE

Cardiac progenitor cells (CPCs) have been a popular cell type for the treatment of
cardiovascular disease [43, 44]. CPCs are found in different areas of cardiac tissue and have
the ability to differentiate into various cardiac cell types, such as myocytes or endothelial
cells [45]. CPCs also have the ability to be cultured and expanded from various myocardial
tissues, such as human, pig, mouse, and rat [46]. Their therapeutic effects on the treatment of
acute MI have also been studied by Assmus et al. CPCs have been shown to enhance
neovascularization as well as ventricular function, both important aspects of healing from

MI [47].

Pluripotent stem cells also offer promising aspects to tissue engineering because of their
abilities shown in murine hearts to migrate, differentiate and help rehabilitate heart cells post
trauma [48]. One study from Lu et a/., showed how induced pluripotent stem cells (iPSCs)
derived from multipotential progenitor cells (MPCs) were used to repopulate a
decellularized mouse heart. These MPCs were able to differentiate into various cell types, to
fulfill the unique role each cell plays in the heart [48]. By using different growth factors, the
rate of the new cardiac muscle formation was also able to be controlled throughout the
rehabilitation process [48]. Although these benefits of iPSCs have been studied only in
murine hearts, this platform gives ways to future possibilities in tissue engineering, as well
as a way to better understand the developmental stages of the different layers of the heart
[48]. As more studies are carried out, hopefully similar beneficial outcomes with iPSCs can
be seen in human hearts as have been seen in murine hearts.

Mesenchymal stem cells (MSCs) have gained popularity and ethical credibility in cardiac
regenerative research. Their immunosuppressive and anti-inflammatory capabilities have
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made them possible candidates as therapeutic agents in treating a variety of diseases,
including myocardial infarction (M) [49, 50]. Another important aspect of MSCs includes
their paracrine effect [51, 52]. This effect has been shown to protect cardiomyocytes /n vitro
[51]. These characteristics, along with many others still being explored, make MSCs
interesting for tissue regeneration and repair. They can be obtained from various different
sources, including bone marrow, placental or adipose tissues, and umbilical cord [50]. MSCs
have also been shown to release large amounts of EVs, which have been shown to induce
anti-inflammatory cytokines [50].

Although the cardiac benefits of these cell types have been studied time to time, patient
rejection and tumorigenic effects are still setbacks with these treatments [45]. However,
many of these cell types have not been deemed “useless” for the treatment of heart disease.
Other ways to incorporate these cells in the treatment of cardiovascular disease have
emerged, such as patches and hydrogels. Several studies have incorporated cardiac stem/
stromal cells (CSCs) into various patch designs to treat Ml in a rat model [53, 54]. One
study explored encapsulating human CSCs in a thermosensitive nanogel for the treatment of
MI in mouse and pig models [55]. Another study reported a synthetic thermosensitive
injectable micro- gel platform for tissue regeneration in a mouse model post Ml [56].
Magnetic stem cell targeting has also emerged to help combat low cell retention rates as well
as other issues commonly found with stem cell therapies [57]. While these platforms have
proven beneficial, scientists have also started exploring the unique benefits of exosomal
secretions from these cell types and how their exosomes may play a role in future
regenerative medicine.

Mesenchymal Stem Cell-Derived Exosomes

Because of their cell-free aspect, as well as other therapeutic benefits, mesenchymal stem
cell-derived exosomes have gained great popularity to with researchers over the past few
years. /n vitro studies on rodents have shown the benefits of MSC-derived exosomes on
recovery from M. In a study by Wang et a/., adult MSC-derived exosomes were shown to
improve angiogenesis and cardiac function after being injected into mice post-MI [41].
These exosomes have also been shown to stimulate neovascularization and anti-
inflammation in rats after ischemic injury [58]. Huang et a/., also performed a study where
MSC-derived exosomes were shown to have pro-cardioprotective effects in a rat model [59].
All of these factors are crucial in repairing the microenvironment from ischemia,
highlighting the potential of MSC-derived exosomes in cardiac regenerative medicine.

In another study by Ju et al., cardiac mesenchymal stem cells (C-MSCs) were isolated from
adult mice and exosomes derived from these C-MSCs were obtained through the culture
medium. The C-MSC-derived exosomes were purified and injected into mice that were
previously subjected to myocardial infarction, to assess the long-term effects of the
exosomes on cardiac repair after ischemia [60]. The results of this study concluded that the
C-MSC-derived exosomes slowed the deterioration of left ventricular function one month
after myocardial infarction [60]. Additionally, Ju observed that the hearts treated with the C-
MSC-derived exosomes contained a higher density of capillaries and proliferative cells post

Curr Stem Cell Res Ther. Author manuscript; available in PMC 2021 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 7

MI [60]. This is just one of many studies to show the angiogenesis promoting characteristics
of exosomes derived from MSCs and their potential clinical uses to treat heart disease.

Exosomes from the Blood

In the past, stem cells derived from human umbilical cord blood (UCB) have been widely
explored because of their low risks to donors for disease, as well as their ease in accessibility
[61]. However, using UCB-derived stem cells entails the same tumorigenic risk factors as
other cell-based therapies, making their applicability constrained [62]. Exploration of
exosomes derived from UCB has increased in popularity over the past few years. Because of
the wide variety of benefits UCB already provides, these exosomes provide great alternatives
to cell-based therapies for future cardiac regenerative medicine applications [62, 63].

One study by Luo et al,, compared angiogenesis factors in pigs with intrauterine growth
restriction (IUGR) and normal pigs by examining UCB exosomes from both types of pigs.
UCB exosomes from IUGR pigs were hypothesized to contribute to abnormal vascular
development [63]. Luo et af., found that UCB exosomes from normal pigs enhanced cell
growth and promoted HUVEC migration /n vitro, suggesting that these exosomes have pro-
angiogenesis effects. Mean-while, UCB exosomes from pigs with IUGR were shown to have
anti-angiogenesis effects [63]. It was also found that miR-150 in UCB exosomes may be a
key regulator for angiogenesis in utero as shown through enhanced proliferation and
migration of HUVECs when miR-150s were introduced [63]. The angiogenic characteristics
of UCB-derived exosomes as well as their miRNA levels within may provide novel
approaches for cardiac therapeutic methods.

In another study by Hu ef al., mice with cutaneous wounds were injected with UCB
exosomes to determine their healing benefits and to further explore their angiogenic
properties. Mice injected with UCB exosomes experienced an accelerated healing process,
versus mice with the controlled (PBS) injection [62] Additionally, the experimental mice
group showed a larger number of newly formed blood vessels at the site of the wound,
suggesting that UCB exosomes have angiogenesis enhancing qualities [62]. This study also
focused on the reasoning for UCB exosomes’ pro-angiogenic effects by focusing on
miRNAs [62]. Hu et al., found that miR-21-3p (previously known to enhance endothelial
cell angiogenesis) was the most highly expressed in the exosomes. UCB exosomes were
observed to have the ability to transfer miR-21-3p to neighboring fibroblast and endothelial
cells to promote angiogenesis and thus accelerate the wound healing and regeneration
process [62]. As you can see from the following examples, exosomes’ ability to travel
through the blood allows for drug delivery to occur any-where in the body, giving great
potential for treatment and tissue regeneration.

Exosomes’ ability to travel through the blood can be beneficial in many ways. In one way
how blood-derived exosomes have been advantageous is in tracking treatment efficacy in
neurodegenerative diseases [64]. In early stages of neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease, it is often hard to point out symptoms, and up to a
certain point with the disease, the individual may still appear cognitively normal [65].
Biomarkers enriched exosomes have been used in multiple studies for early detection and to
follow the progression of these diseases because they are key indicators of specific changes
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[66, 67, 68]. Exosomes derived from the blood allow a minimally invasive way of tracking
therapeutic effects on disease progression [64]. Tracking exosomes in the blood has also
been useful in tumor development and progression [69]. Exosomes identified in the blood
can be collected and analyzed via liquid biopsy for tumor formation. This process is also
much more feasible for large-scale implementation in comparison physical biopsies [70].
Exosomes carry biomarkers for tumors even in their early stages, allowing for earlier
detection and treatment of cancer [71]. However, isolation and purification of exosomes
from the blood sample remain challenging and are an obstacle that must be resolved for
wide-scale clinical usage of this technique [71]. One study obtained results suggesting that
purification was not needed to monitor cancer-derived EVs in circulation, providing a
promising platform for monitoring cancer progression [72]. Blood derived exosomes open a
variety of pathways in regenerative medicine and have been found to be beneficial in
tracking disease progression. Future studies on blood-derived exosomes are required in
relation to the detection and tracking of heart disease to advance this field further.

2.3. Embryonic Stem Cell Derived Exosomes

Embryonic stem cells (ESCs) have also shown great potential for cardiac tissue regeneration
uses in the past. Their ability to differentiate to cardiomyocytes /n vitro in high yields makes
them advantageous over other stem cell therapies for the treatment of heart disease [73, 74].
Although ESCs are considered a more suitable donor cell source, making them more
clinically translatable, tumor formation continues to be observed [75]. Additionally, ESCs
suffer poor cell survival and functionality rates after transplantation [76]. Despite these
setbacks revolving ESC therapies, in consolidation with new cell-free components, ESCs
may still provide an important role in cardiac regenerative medicine.

ESC-derived exosomes offer similar benefits that regular ESCs provide, without some of the
consequences of using cellular therapeutics. Both mouse ESCs and embryonic fibroblasts
(EFs) exosomes have been shown to decrease infarct size when transplanted in mice post-Ml
[75]. Additionally, the ESC exosomes have been shown to increase capillary density and the
number of cardiomyocytes found in the heart while it is recovering from ischemia [75].
ESCs are also thought to be largely responsible for increased CPC survival and proliferation
both /n vitroand in vivo [75]. ESCs provide an attractive cell-free alternative to treating
myocardial injury and promoting tissue regeneration.

2.4. Biomimetic Nanoparticles

Aside from EVs, nanotechnology has gained interest in the past few years for treating heart
disease. The development and functionalization of nanoparticles offer a promising platform
for cardiac drug delivery. In recent studies, Su et al., designed platelet inspired nanocells
(PINCs), which showed the ability to continuously release pro-myogenic and pro-angiogenic
paracrine factors. These PINCs were also found to promote the growth and proliferation of
H9c2 cardiomyoblasts /in7 vitro [19]. /n vivo, mice with previous (I/R) injuries intravenously
received PINCs [19]. After assessing the long-term effect of the nanocells on the recovery of
the injured area, it was determined that various PINC treatments preserved and improved
cardiac functions [19].
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In a similar study to the design and development of PINCs, Liang et a/., used a unique
nanoparticle platform for drug delivery purposes. In their study, they created an MSC and
red blood cell (RBC) inspired nanoparticle, or MRIN [77]. This nanoparticle contains MSC
secretomes in its core for the therapeutic aspect, and RBC membranes on the outer shell for
further stabilization [77]. Although this study used their designed MRINS to target acute
liver failure, this method could be used for the treatment of heart disease in the future. Liang
et al., created an advantageous drug delivery platform that passed common setbacks, such as
hemocompatibility and future clinical translatability. The RBC component aids in
hemocompatibility and gives MRIN a longer blood half-life [77]. Additionally, the usage of
MSC secretomes versus regular MSCs allows easier shipping and long-term storage, making
MRINs more readily available for clinical use [77].

Within nanomedicine, the targeted release and long-term retention of the therapeutic agent
have been continuous issues with designed nanoparticles [18]. Enzyme-responsive
nanoparticles have become a popular design within the field for targeted drug delivery post-
MI to combat these problems. These nanoparticles incorporate nanomaterials with
enzymatic responses to allow site-specific delivery of drugs [13]. The particles are designed
to respond to an enzymatic trigger which then uniquely alters the physiochemical properties
of the particle to release a drug [13]. One study by Nguyen et al., used enzymatic stimuli
responses, such as from matrix metalloproteinases (MMPSs) to improve the specific targeting
and delivery of the therapeutic release [18]. Using this strategy, nanoparticles are
intravenously (1V) injected into the body and are able to target and treat the infarcted area
based on the environmental levels of MMPs [18]. This method was shown to increase
retention times of the responsive nanoparticles in the tissue and provided a minimally
invasive strategy for delivering nanoparticles to the infarct area in an effort to treat Ml in a
rat model [18].

Another promising platform within nanomedicine is the ability to coat nanoparticles to
combine the advantages of using natural and synthetic properties from nanomaterials.
Researchers have utilized cellular membrane material to coat nanoparticles, allowing them
to deliver tumor associated antigens for the treatment of cancer. The cellular membrane shell
allows a more targeted drug delivery to the cancer and the synthesized nanoparticle core
creates a more stabilized platform [78]. This nanoparticle coating approach provides a more
natural solution towards the treatment of many diseases [78]. Although many studies
revolving around these coated nanoparticles focus on the delivery of anticancer drugs, the
platform provides a novel method for drug delivery to treat heart failure and promote cardiac
tissue regeneration.

All of these unique biomimetic nanoparticle platforms provide an innovative pathway for
cardiac regenerative medicine. Some of the approaches, such as PINCs, offer a platform that
is continuously able to release treatment post-MI [19]. Other studies have worked on using
different materials, such as cellular membrane, to use in various components of the
nanoparticle such as the shell or the core [77, 78]. Coating the particle in various organic
materials has aided in creating a more stabilized platform of drug delivery [78]. Enzyme-
responsive nanoparticles have also become a novel approach to using natural stimuli found
in the body to aid in drug delivery [18]. Although research within nanomedicine has
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continued to grow, areas within the field such as pharmacokinetics, pharmacodynamics, and
the safety of nanomaterials as a whole still challenge researchers [79]. Many studies have
even emerged in looking towards platelet-based systems for drug delivery [79, 80, 81, 82].
These systems offer various advantages such as their long circulation lifespan and higher
biocompatibility in comparison to nanoparticles [79]. In one study a system was even
designed to pre-target platelets to engage with endogenous stem cells and then move to the
infarcted area for cardiac repair [81]. In another study, platelet nanovesicles were fused to
CSCs and were shown to have therapeutic benefits against ischemia in a rat model [82].
Nonetheless, there is still hope for biomimetic nanoparticles. As shown, they offer many
advantageous benefits in cardiac regenerative medicine, and as future research continues,
there is a possibility for their platform to grow and strengthen.

3. THE FUTURE FOR EVs IN REGENERATIVE MEDICINE

3.1.

Clinical trials involving stem cell research have been around for decades, yet few research
studies involving exosomes have moved towards clinical trials phases [83]. Many regulations
and restrictions have been applied on how stem cell therapies can be used clinically. For
example, homologous cell-based therapeutics do not require FDA approval, whereas
manipulated autologous cell therapies require investigation and approval from the FDA
before they can be used clinically [84].

While there are over 7,000 clinical trials registered related to stem cells, there are less than
200 registered trials on EVs and exosomes (www.clinicaltrials.gov). Since EVs are a more
novel concept, the FDA guidelines on how to regulate clinical usage of them are still widely
unclear [85]. As of now, the FDA considers EVs a biological medicine, thus EV therapeutics
must follow FDA regulations under that category [85]. However, it is uncertain whether or
not new rules specifically regulating the clinical usage of EVs will arise in the future to
further standardize these procedures [85]. Although there are limitations for EVs currently,
there is still a promising future for them in regenerative medicine.

Manufacturing and Commercialization Hurdles

In order to successfully complete the translation process of EVs into clinics, several issues
regarding manufacturing and delivery methods must first be addressed.

Although EVs themselves offer a cell-free therapeutic platform, in order to obtain them, the
culturing of cell systems is still required, which poses potential issues for clinical
translatability. Minor changes in the culturing stages can render EVs’ physical and chemical
properties [85]. For example, the decision to use culture medium with or without fetal
bovine serum (FBS) can lead to altered EV secretion [86]. Thus, a controlled procedure to
manufacture EVs is needed for reproducibility. As mentioned earlier, there are currently
several different methods for isolating and purifying exosomes. With non-uniform isolation
methods comes the risk of contamination and differences in exosome properties and
therapeutic abilities. Without a standardized isolation method, variability between exosome
batches will remain an issue, one that must be overcome before thorough clinical integration
of exosomal therapies [87].
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In order for EVs to transition towards large-scale clinical applications, transportation and
storage of EVs must also be considered. It has been found that —80°C is an optimal storage
temperature for exosomes [87]. However, this can be somewhat complex when it comes to
transportation of exosomes for clinical usage. Storing exosomes at higher temperatures has
been tested, and it has been found that lyophilization may increase their stability when they
are being stored or transported at temperatures above —80°C [87]. However, minimal testing
has been done on this theory and the full effects of lyophilization and storing exosomes at an
increased temperature are still unclear [87]. Additionally, other factors such as thawing
procedures, pH shifts, and the container for transportation may affect the overall sample
quality and thus their therapeutic efficacy [88]. All of these storage factors must be
considered and standardized before EVs will be ready for large-scale clinical applications.

The ability to create an optimized and uniform protocol for isolating, purifying, storing, and
transporting EVs is the key to commercialization. With that being said, creating those
protocols that pass safety regulations and yield quality controlled EVs is quite tricky [88].
Another major obstacle in the way of being able to produce exosomes on a large-scale basis
is their relatively low productivity. A useful dosage of exosomes is normally 10-100pg
exosomal protein/mouse [89, 90]. Keeping in mind 1mL of culture medium typically
produces not even 1ug of exosomes, it is easy to see how mass-producing exosomes for
commercial uses can become complex and labor-intensive and expensive [87]. Although
some studies have observed an increased yield of exosomes while culturing cells under
conditions such as hypoxia or low pH, the extent to which these environments have an
impact on the composition of exosomal components is unclear [87]. Once standardization of
protocols occurs, it is likely that clinical trials for EV's will be able to progress.

Delivery and Dosage

Optimizing delivery and dosage methods of EV therapeutics is another aspect that must be
considered before their advancement into the clinical world. Different delivery methods,
such as injections via various routes, have been explored [91]. One study used cardiac
homing peptides (CHPs) for a more targeted approach of delivering exosomes intravenously
[92]. 1t was found that exosomes labelled with CHPs decreased infarcted tissue in a rat
model [92]. Another study demonstrated the effectiveness of intravenously delivered
CSCderived exosomes for the treatment of dilated cardiomyopathy [93]. How- ever,
researchers are still in the process of identifying which method works best for corresponding
procedures. Since exosomes are taken up by macrophages, it can be tricky to control their
biodistribution and determine where majority of them will accumulate [87]. Currently, an
assortment of methods for determining exosome dosage exists. Techniques such as flow
cytometry, nanoparticle tracking analysis (NTA), and tunable resistive pulse sensing (TRPS)
to name a few, allow verification of particle size and the concentration of a sample [90].
However, without standardized procedures for the preparation of exosomes, quantifying
dosages be- come complex and may vary from case to case. Even for cell-based therapies,
there are still struggles with determining the best dosing amounts. One study demonstrated
the dose-dependent benefits of intramyocardial injection of human cardiospheres for the
treatment of acute MI in a mouse model [94]. However, there are still more studies to be
done before a definite dosing range can be confirmed for these types of therapies. Potency
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assays are rising as great tools for dosing exosomes by quantifying each exosome batch’s
bioactive load. They have the potential to decrease dosing inconsistencies between batches
and overall help exosome therapies to proceed toward clinical uses [90]. Determining the
best cell source for exosomal therapies is another variable researchers must continue to
study. As shown, there have been numerous studies involving exosomes derived from
different stem cell types, as well as exosomes derived from blood. One study even narrowed
down their exosome source between cardiac stromal cells from patients with heart failure
and healthy patients [95]. In this study it was shown that the exosomes derived from patients
with heart failure impaired therapeutic potency post Ml in a mouse model [95]. This shows
the many factors to consider when choosing an exosome source and how various details,
such as the health condition of the exosome source, can alter the overall efficiency of the
treatment. Optimization of delivery and dosage of EVs in the future can help progress more
clinical trials and accelerate translation for clinical usage.

Moving Forward

In addition to standardization of protocols, more large animal studies involving EV therapies
are needed before clinical translation and commercialization. Currently, human EV models
present low species specificities, meaning these therapies should translate fairly well from
animal studies towards humans [85]. However, additional animal models of EV therapeutics
help researchers better understand possible toxicities and specific effects of certain platforms
[85]. Thus, increased animal studies can aid in preclinical research that may help speed up
the process of translating EVs to clinics for humans [85]. Current results of Phase I clinical
studies have proven EV therapeutics to be a feasible and safe option for treating various
diseases [85]. However, assessing long term effects of these therapies will be crucial in
helping other EV trials get approved [85].

CONCLUSION

Exosome therapeutics and biomimetic nanoparticle platforms have the potential to provide
unique approaches for treating various diseases, including heart disease. Their cell-free
aspect sets encouraging expectations to bypass common issues with other cellular based
therapies. Increasing research on various types of exosomes and their benefits aids in
providing a better understanding of their novel concept and their many different
applications. Additionally, biomimetic nanoparticles to treat various diseases have gained
therapeutic potential within nanomedicine. These nanoparticles offer a great way to integrate
biological and synthetic components to create advantageous platforms for regenerative
medicine. The increasing amount of research being done on both EVs and biomimetic
nanoparticles is promising for their translation towards clinical usage. However,
standardized protocols for many aspects of exosome therapeutics are needed before they will
be able to scale-up and become widely commercialized. More consistent results across
different animal studies for various diseases are also needed to move forward clinically.
Many studies mentioned throughout this review are still in early stages of research, and the
topic of EVs and nanomedicine as a whole is still a fairly modern concept to the world of
regenerative medicine. Nonetheless, the results gained from these studies play a crucial
factor in the research process and provide valuable knowledge for future researchers to
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expand upon. However, the reliability of the studies mentioned may not always hold true as
new research and findings in this topic come forward in the future. Additionally, none of the
studies discussed were on human models, therefore translating them over to human models
may be more complex than anticipated. Exosomes, and nanomedicine as a whole are
growing topics in cardiac regenerative medicine, they have the capability to greatly advance
regenerative medicine as research on these topics continues and current challenges are being
overcome.

This study was supported by the U.S. National Institute of Health (HL123920, HL137093, HL144002, HL146153,
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LIST OF ABBREVIATIONS

EVs Extracellular vesicles

I/R Ischemia/reperfusion

MI Myocardial infarction

MVBs Multivesicular bodies

PTX Paclitaxel

BBB Blood brain barrier

SEC Size exclusion chromatography
MVs Microvesicles

HUVEC Human umbilical vein endothelial cell
CPC Cardiac progenitor cell

iPSC Induced pluripotent stem cell
MPC Multipotential progenitor cell
MSC Mesenchymal stem cell

CSsC Cardiac stem cell

C-MSC Cardiac mesenchymal stem cell
ucB Umbilical cord blood

IUGR Intrauterine growth restriction
ESC Embryonic stem cell

RBC Red blood cell

EF Embryonic fibroblast
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MMP Matrix metalloproteinase
v Intravenous
FBS Fetal bovine serum
CHP Cardiac homing peptide
NTA Nanoparticle tracking analysis
TRPS Tunable resistive pulse sensing
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Fig. (1).
Intravenous injection of platelet inspired nanoparticles improves cardiac functions.
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