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The wide arena of applications opened by nanotechnology is multidimensional. It is already been proven
that its prominence can continuously influence human life. The role of stem cells in curing degenerative
diseases is another major area of research. Cardiovascular diseases are one of the major causes of death
globally. Nanotechnology-assisted stem cell therapy could be used to tackle the challenges faced in the
management of cardiovascular diseases. In spite of the positive indications and proven potential of stem
cells to differentiate into cardiomyocytes for cardiac repair and regeneration during myocardial
infarction, this therapeutic approach still remains in its infancy due to several factors such as non-
specificity of injected cells, insignificant survival rate, and low cell retention. Attempts to improve stem
cell therapy using nanoparticles have shown some interest among researchers. This review focuses on
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1. Introduction

The World Health Organization (WHO) reports that around 17.9
million people lose their lives every year from cardiovascular
diseases (CVDs). This accounts for 31% of all deaths, globally.
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the major challenges in this field, including cell modulation, imaging, tracking and gene delivery.

Cardiovascular diseases are disorders of the heart and the
coronary blood vessels. This comprises coronary heart disease,
cerebrovascular disease, rheumatic heart disease and other
conditions. But myocardial infarct (MI) is the major reason for
life loss. The risk of CVD is generally demonstrated by moni-
toring levels of blood pressure, glucose, lipids along with over-
weight and obesity (WHO). Heart transplants and LVDs (left
ventricle assist devices) contribute to the solutions in some of
the cases. However, regenerative cell therapies could be a better
option for patients who suffer MI, heart failure, or congenital
heart disease. This is because of the limited capability of the
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heart to regenerate endogenously, and the lack of sufficient cells
to repopulate the myocardium, post-injury.*

In the current scenario, an injured myocardium cannot be
reversed, and the few cardiomyocytes left in the injured site
possess insufficient regeneration capacity for repairing the
myocardium. Considering this factor, the focus of research has
moved to the development of an efficient and promising
approach to treat MI, which would address questions such as,
how to prevent the loss of cardiomyocytes, how to improve their
regenerative ability and how to reduce the size of the infarct.?

A schematic representation of various advancements in
translational cardiac regenerative therapies is shown in Fig. 1.
Particularly, stem cell therapy is one such promising approach,
not only for MI, but for a large number of diseases.*® Since the
last decade, lots of researchers have placed their efforts in
overcoming various barriers in stem cells therapy and finding
the solution for these challenges. Both animal studies and
clinical studies have proved the potential of stem cells to
differentiate into cardiomyocytes, indicating the possibility of
cardiac repair and regeneration during MI. More recently,
studies have offered data to show that in vitro manipulation of
MSCs can be considered for therapeutic management for
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cardio-protection. By genetically engineering MSCs before in
vivo transplantation, it is expected that the survival rate and
differentiation potential of the cells could be improved during
ischemic conditions.

In this context, the support of nanotechnology for stem cell
treatment of cardiovascular diseases has a great scope with
many advantages. It is high time to utilize the knowledge and
application of nanoscience in medicine for the improved
treatment of these diseases.® Thus, nanotechnology may
provide a safe and effective platform for controlled drug delivery
for a variety of active ingredients, imaging and tracking of the
transplanted stem cells, a diagnostic tool for cardiovascular
diseases, gene delivery agents, etc.7 The use of iron oxide
nanoparticles for magnetically-controlled drug targeting is one
of the earliest studies for the use of nanoparticles in cardiac
stem cell therapy.® In this study, a bioactive molecule having
magnetic property is tailored into an injectable nanoparticle
complex, which is guided to and retained in a specific target site
(for the scope of this discussion, in the myocardial infarct) with
the aid of applied magnetic fields. The use of nanomaterials in
improving the prognosis of MI is being extensively studied
recently, with much significance falling on gold, silica and
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Fig. 1 Schematic representation of evolution in cardiac regenerative
therapies.®

polymer-based nanoparticles as well as exosomes and hydro-
gels. The following sections discuss these aspects in detail.

2. Pathophysiology of M|

In a pathophysiological expression, MI is a condition in which
there occurs cardiomyocyte cell death as a result of an ischemic
insult. But in terms of a clinical perspective, it is a condition
wherein rupture of a vulnerable plaque causes thrombotic
occlusion of a coronary vessel (Fig. 2).>*°

In the early 1970s, by the definition of WHO, the presence of
any two of the following three characteristics was considered as

Coronary artery - i /' Healthy
(supplies blood ~ A heart
and oxygen to = muscle

heart muscle) Blood clot

blocks
\ arte
Blocked \ =3 %
blood flow
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buildup
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Heart muscle

Dead heart muscle

Fig. 2 Schematic of acute myocardial infarction. (A) Infarcted
myocardium. (B) Blocked artery due to plaque formation (source:
National Heart, Lung, and Blood Institute; National Institutes of Health;
U.S. Department of Health and Human Services).**
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MI.*>** They are (i) symptoms of acute chest pain (ischemia), (ii)
appearance of Q waves in electrocardiogram (ECG) and (iii)
enhancement in the level of enzymes like creatine kinase (CK),
creatine kinase myocardial band (CK-MB), aspartate amino-
transferase (AST) and lactate dehydrogenase (LDH), in the
blood. But by 1999, the European Society of Cardiology and the
American College of Cardiology Committee jointly announced
a new definition for MI, stating the importance of sensitive and
serological biomarkers, and introduced cardiac troponins (cTn)
as the gold standards for the diagnosis of AMI.** However, it is
noted that even if the sudden elevations in circulating troponin
levels are generally correlated with myocardial injury, they are
not always specific markers of ischemic cardiomyocyte death.’
MI is always associated with an imbalance between the demand
and supply of oxygen to the cardiac tissues. At rest, even a major
luminal narrowing of the order of more than 75% does not
cause inadequate oxygenation so as to lead to tissue ischemia.
But when there is an increase in demand, the flow restriction
precludes an increase in oxygen supply, resulting in ischemia
and causing angina pectoris.”® Immediate functional depres-
sion during MI is due to the generation of inorganic phosphates
and the binding of calcium to contractile proteins.'®” Even
though the restoration of blood supply within 4-5 min after
coronary occlusions can reverse functional depression in an
ischemic heart, the generation of reactive oxygen species and
perturbations in calcium homeostasis results in severe
dysfunction. For better prognosis, quick identification of AMI is
mandatory. The recent concept of a diagnosis of AMI focuses on
the 12-lead ECG and the assessment of early cardiac
biomarkers. This is mainly due to the inadequacy of ECG itself
to diagnose AMI. The majorly reported diagnostic cardiac
markers are classified into three types, namely inflammatory
markers, plaque destabilization markers and myocardial
necrosis markers and are listed in Table 1.** Before the scientific
advances, markers such as creatine kinases, aspartate amino
transferases were used as a cardiac biomarkers. However, owing
to their low specificity to cardiac disease, these markers became
outdated. After the revolution in immuno-assays, myocardial
necrosis markers such as cardiac troponins and myoglobin are
extensively used as cardiac disease diagnostic markers.
Whereas, plaque destabilization and inflammatory markers are
emerging as a new era of cardiac markers to identify various
cardiac impairments.*®*®

3. Cardiac regenerative biology

Regenerating damaged hearts in patients with heart diseases is
a major challenge. Recent reports on cell-based therapies
suggest improvement in cardiac function thus mediates cardiac
regeneration.” Three different principles can be considered as
the underlying factors for cardiac regenerative biology.

3.1. The existence of cardiac progenitor cells in the
embryonic heart

The early developmental studies of Moretti et al.** confirmed
the existence of cardiac progenitor cells in the human

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A list of cardiac markers
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Inflammatory markers Plaque destabilization markers

Myocardial necrosis
markers

e C-reactive protein (CRP)
e Pentraxin 3 (PTX3)
e Interleukin (IL)6

e Myeloperoxidase (MPO)

o TNFa

embryonic heart. They have shown the development of primary
and secondary heart fields from a subpopulation of cells that
are of mesodermal origin. Critical evaluation of different steps
in the formation of the heart, especially various initiator and
terminator signals are of vital importance for development of
various cardiac regenerative therapies.

3.2. The renewal of cardiomyocytes in mammals after
childbirth

Earlier it was believed that cardiomyocyte proliferation ceases
immediately after childbirth. But, in 1990s, Kajstura et al.>* and
Quaini et al.*® identified crucial results, which proved that the
cells of the heart could undergo cellular division even after
birth. The C14-based experimental approach of Bergmann
et al*>* showed that approximately 1.5% of new car-
diomyocytes are formed per year untill the age of 25, which
decreases substantially in the latter half of life. Using the same
method, Anversa and colleagues® found a higher turnover of
cardiomyocytes in humans. But later studies showed similar
results to that of Bergmann et al. These results confirm that
there is definitely cardiomyocyte proliferation after childbirth,
but at a very slow rate.

3.3. Myocardial regeneration in certain vertebrates following
injury

The remarkable regenerative potential of cardiac tissues of
newts and zebra fish made researchers look into the regenera-
tive potential of the human heart. Newts and zebra fish survive
by cardiac regeneration even after heart apex amputation. In
similar lines, a mouse model was developed with about 50%
damage to the heart tissue and it was replaced by healthy tissue
during the fetal heart development stage.>**® Furthermore,
Sadek and colleagues showed that one-day-old neonatal mouse
heart regenerates after removal of 15% of its ventricle at the
apex.””?® However, the regeneration capacity of the myocardium
is rapidly lost by 7 days after the birth. Afterwards, the heart
develops fibrotic scars similar to the response observed in adult
mice and humans.

4. Cardiac stem cell therapy

Triggered by the above findings, scientists have offered various
cell-based methods to enhance the regenerative ability of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

e Pregnancy-associated plasma protein A (PAPPA)
e A soluble cluster of differentiation 40 ligands (sCD40L)

e Troponin

e Myoglobin

e CK and CKMB

e Heart fatty acid-binding protein (HFABP)
e B-type natriuretic peptide (BNP)

e Ischemia modified albumin (IMA)

e Growth differentiation factor 15 (GDF15)
e Copeptin

heart. Stem cell-based cardiac therapy was one among the
many. Stem cells are capable of self-renewal, and differentiate
into almost any other cells or tissue present in the body and
have received considerable attention in the area of regenerative
medicine. Due to the limited regenerative ability of car-
diomyocytes, stem cells can directly replace the damaged car-
diomyocytes or induces cardio myogenesis by chemokine
signaling mechanism.? Though different stem cell types, from
various tissue sources, have been identified for cell therapy,
mesenchymal stem cells (MSCs) are found to be better candi-
dates for cardiac regeneration, based on their easiness in
isolation, improved self-renewal capacity, better immuno-
modulatory properties, broad-spectrum release of trophic
factors and their capability to differentiate into mesodermal
and non-mesodermal tissues.** In 2001, Orlic and colleagues
first reported the regenerative potential of intramyocardially
injected bone marrow-derived cells (BMCs) in repairing the
infarcted myocardium.** Since then, various stem cell-based
therapeutic approaches have been proposed for cardio
vascular diseases (CVD) in preclinical and clinical research.
Various challenges faced by the current stem cell therapy along
with their potential milestones achieved so far in CVD treat-
ment are explored in a subsequent section.

5. Challenges in stem cell therapy

Though stem cell therapy is projected as the simple solution for
the treatment of MI, the reality of the situation is more complex
than it seems. The researchers must go through numerous
challenges and hurdles to get the optimum strategy for the
treatment of MI. Because of the same reason, the major
research on stem cell therapy for cardiovascular diseases is to
address these challenges. The major challenges include (1)
identifying the right source of stem cell, (2) increase homing of
stem cells to injured hearts and (3) the survival of homed cells
under hypoxic conditions. These points are discussed in detail
in the following sections.

5.1. Identifying the right source of stem cells

Identification and selection of the best-suited stem cell are one
of the most challenging tasks for regeneration therapy. Gener-
ally used cells include bone marrow mononuclear cells, bone
marrow-derived mesenchymal stem cells (BM-MSCs), resident

RSC Adv, 2021, N1, 34572-34588 | 34575
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or endogenous cardiac stem cells, endothelial progenitor cells
and induced pluripotent stem cells (iPSCs). These cell types
have been extensively studied for their regenerative capacity of
lost myocardium. Various results of clinical trials have shown
heterogeneous behavior in terms of efficacy. The reports of poor
survival, proliferation, engraftment and differentiation of the
transplanted cells have somehow damped the enthusiasm for
cell therapies for MI.>?

Embryonic stem cells being capable of indefinite division are
potentially the best candidate for stem cell therapy. The ability
to electrically integrate with the heart muscle makes the ESC-
derived cardiomyocytes (ESC-CMs) superior to other cell types.
Xue et al. have successfully demonstrated this in a swine model
of an atrioventricular block, the transplanted human ESC-CMs
showed electrical coupling and a reversal of the block.** The
ESC-cardiomyocytes developed by Chong et al were also
successful to engraft and regenerate the injured myocardium in
a large animal model of MIL.** Though these cells have been
proven to possess significant regenerative capacity followed by
MI even in primate models, the use of embryonic stem cells are
limited due to their tumorogenic and immunogenic potential,
genetic instability, ethical concerns, etc.34

The next choice of stem cell therapy for the treatment of MI
is the cells derived from bone marrow. These include the bone
marrow-derived mononuclear cells, hematopoietic stem cells
and the bone marrow-derived mesenchymal stem cells. In 2015,
Dutta et al. showed that MI can trigger the activation of hema-
topoietic stem cells and their progenitor, which in turn facili-
tates the repair of MI. However, the mechanism associated with
this activation is still unclear.®® In a 2009 study, which
compared the effect of various stem cells to escape the first-pass
effect and repopulate in the heart, bone marrow-derived
mononuclear cells showed better results due to their smaller
size and surface markers.** Though numerous research groups
are working on the efficacy of bone marrow-derived stem cells,
many studies failed to show any benefit from BMCs and hence
from the available clinical trial results, it is extremely difficult to
draw conclusions on the efficacy of BMCs.*”

MSCs have the capacity for self-renewal and can differentiate
into the mesenchymal lineages, including skeletal myoblasts,
chondrocytes, and adipose tissue.*® These cells are not
restricted to just bone marrow. They have diverse distribution
and can also be isolated from adipose tissue, cord blood, etc.
MScs are hypoimmunogenic, often lacking major histocom-
patibility complex IIMHC-II and costimulatory molecule
expression. This makes it one of the most used stem cell sources
as it opens the possibility of non-autologous transplantation of
these cells in patients.’*®** Owing to the presence of CD49 on the
surface, the umbilical cord-derived mesenchymal stem cells
have been shown to pass the pulmonary capillaries.*® It is
postulated that MSCs can contribute to neo-vascularization and
cardiomyocyte protection, mainly through the activation of
paracrine factors.*® Hence these cells not only differentiate into
cardiomyocytes but also stimulate the inherent cells to differ-
entiate and take part in cardiac regeneration.

Induced pluripotent cells are the most recent candidates for
stem cell therapy. Introduced by Yamanaka in 2006, these cells

34576 | RSC Adv, 2021, N, 34572-34588
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have the same potential of ESCs to regenerate but with less
ethical concerns.** The iPSCs differentiate into cardiomyocytes,
endothelial cells, and smooth muscle cells in vitro. iPSCs have
been shown to differentiate into the cardiac phenotype when
they were injected into the infarcted heart of mice.**** However,
as they inherit ESC-like properties, they turn out to be tumori-
genic. To overcome the problem of tumorigenesis, Martens and
colleagues differentiated iPSCs into cardiomyocytes in vitro
before the transplantation into the infarcted heart. These cells
successfully improved cardiac functions, due to significant
localization to the host myocardium.** In another study by
Christoforou et al. cardiac cells derived from iPSCs were even
used for the creation of biosynthetic tissues.** The research is
now focused on enhancing the efficacy of iPSC-derived trans-
plants to improve their engraftment, survival, and function-
ality.*® However, before considering the clinical translation, the
in vivo safety as well as the functionality of these cells are
needed to be guaranteed.

Endogenous cardiac stem cells, though seen in very small
numbers, can be potential sources of stem cells for cardiac
regeneration. Until recently, researchers had the impression that
the cardiac tissue is terminally differentiated and hence not
capable of regeneration. Recent research has proven the exis-
tence of resident cardiac progenitor cells as well as cardiac stem
cells (CSCs) in the adult rat (and human) heart.”” But the studies
also add that the turnover of myocytes is very low, which might
not be good enough to repopulate an injured heart.*® But CSCs,
even from a small myocardial biopsy can be expanded to many
folds in vitro. CSC can be good candidates for treating MI because
of its cardiac commitment and ability to undergo cardiomyo-
genic and angiogenic differentiation, uniformly. However, unlike
MSCs, these cells seem to express the overlapping surface marker
expression, which makes their isolation difficult. There are
enormous studies all over the world using these cells, but among
them, Stem Cell Infusion in Patients with Ischemic Cardiomy-
opathy (SCIPIO) and Cardiosphere-derived aUtologous stem
CElls to reverse ventricUlar dySfunction (CADUCEUS) study has
gained a lot of attention. SCIPIO is the first-in-human, random-
ized, open-label trial of autologous c-kit" CSCs in patients with
heart failure due to ischemic heart disease (IHD)undergoing
coronary artery bypass graft (CABG).* On the other hand,
CADUCEUS study utilized cardiosphere-derived cells to deliver
into the randomly selected patients after myocardial infarction
and the result showed great improvement in cardiac tissue
recovery.®® The results of these trials are highly promising and
have proven that CSCs can be clonally-expanded and that these
cells could be successfully administered by intracoronary injec-
tion to patients with prior MI.

The sources of stem cells available for therapy are numerous,
treatment using them became complicated due to the practical
and technical difficulties such as isolation of these cells, pre-
conditioning of stem cells, choosing the appropriate delivery
route, and dosages. Another major challenge in stem cell
therapy for cardiac diseases is controlled differentiation of stem
cells into cardiomyocytes and identification of differentiated
cardiomyocytes. These can be performed by characterizing the
genotypic and phenotypic markers of differentiated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cardiomyocytes. The most commonly utilized cardiomyocyte-
specific markers are troponin T2 (TNNT2), myosin light chain
7 (MYL7) and troponin I3 (TNNI3). The presence of cardiac
progenitor cells in the early stages of cardiac differentiation can
be detected by ISL1 and NKX2-5 markers.** Further, functional
cardiomyocytes can be distinguished by measuring their activity
in electrical conductance, ionic current, cell surface proteins,
cell morphology etc.>* Even if we could overcome the above
difficulties and successfully administer the cells to the patient,
there arises another major issue of proper homing of stem cells
to an injured heart.

5.2. Increase homing of stem cells to the injured heart

The migration of SCs from endogenous and exogenous sources
through the blood or tissue to a destination where they undergo
differentiation, replace or repair injured tissue is generally
termed as homing. An MI is generally associated with the
transient increase in levels of cardiac cytokines such as MCP-3,
GRO-1 and SDF-1. These factors generally act as chemo-
attractants for stem cells for active homing. But unfortunately,
the expression of these factors persists only for a limited period
of time. SDF-1, the most widely studied factor loses its expres-
sion in 1 week, while MCP-3 can be detected for 10 days post-MI.
Granulocyte colony-stimulating factor (G-CSF) is clinically used
for stem cell homing. G-CSF is sometimes used in conjunction
with other factors such as granulocyte-macrophage colony-
stimulating factor, stem cell factor, fms-like tyrosine kinase
(F1t)-3 ligand, and interleukin-1, -3, -6, -7, -8, -11, and -12.%®
Recently, Yamada et al. showed that S1P-S1PR2 axis can
mediate homing of multilineage-differentiating stress enduring
(Muse) cells to a damaged heart.>* In this study, Muse cells
showed preferential homing of the cells to the post-infarct heart
at 3 days and 2 weeks. About 14.5% of GFP (green fluorescent
protein)-Muse cells were estimated to be engrafted into the
heart at 3 days. The pharmacological and genetic evaluation
confirmed the migration and homing of the Muse cells. Mon-
santo et al. successfully developed “Cardio Clusters”, which are
three-dimensional microenvironments with three distinct types
of stem cells isolated from the human heart. These cardio-
clusters are delivered as an intramyocardial injection into the
infarcted myocardium and have been shown to provide better
homing and engraftment to injury sites.>® Gottipati et al
demonstrated that a gelatin polymer coating on stem cells can
increase stem cell retention and homing to myocardial infarct
in comparison to uncoated cells.*® Very recently a group from
Egypt has reported that BMSCs preconditioned with sodium
hydrosulfide (NaHS) in vitro showed enhanced stem cell homing
and improved left ventricular function, proliferation and
differentiation. Higher manifestation of the cardiac expression
of GATA-4 and myocyte enhancer factor 2 confirmed this.*”
Furthermore, many studies have reported the accumulation
of platelets on injured myocardium due to their inflammatory
responses. Platelets are tiny, circular anucleated cells that are
circulating throughout the bloodstream in the body. Apart from
the primary function of these platelets in hemostasis, they also
play a crucial role in immune-modulatory actions that lead to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the wound healing process.® Many groups of researchers have
been extensively studying the role of platelets as a targeting
delivery vehicle for treating several kinds of diseases such as
tumor and bacterial infections. Tang et al. adopted this natural
homing ability of platelets to target the stem cells into an
injured myocardium. They intravenously delivered platelet
nanovesicles fused with CSCs into rats and pigs and observed
a better homing of stem cells in the infarcted myocardium. They
confirmed that the modified stem cell expresses both stem cell
and platelet-specific surface markers, and increases cell
migration and engraftment towards the injured site.** In
another study, the same group reported the antibody-armed
platelets for redirecting the endogenous CD-34-positive stem
cells into the infarcted myocardium. The results indicated that
the accumulation of platelets-CD-34 positive stem cells over the
infarcted myocardium following intravenous injection of CD-34
antibody-linked platelets. The above studies suggested that
platelets might be a promising candidate for homing of stem
cells into an injured myocardium and other tissues as well.*

5.3. The survival of homed cells under hypoxic condition

Once the stem cells are homed and engrafted to the injury site,
the next step is to keep these cells alive and prevent them from
getting washed off. It is observed that a large number of
engrafted cells die off within four days after being grafted into
injured hearts.®*? In addition, the cells are incapable of survival
during repeated bouts of ischemia. Apart from ischemia,
endogenous and environmental factors also contribute to cell
death. Ischemia-reperfusion, inflammatory response, and pro-
apoptotic factors are major ones. Hence, cytoprotection for at
least one-week post-engraftment is critical for efficient stem cell
therapy. In 2006, Tang et al. showed that vector modification of
MSCs with hypoxia-regulated heme oxygenase-1 (HO-1)
enhanced the tolerance level of engrafted MSCs to cardiac
injury in vitro and also improved their viability in ischemic
hearts.” They observed a five-fold increase in the survival of
MSC MSCyo.; after seven days of implantation, compared to the
control group.®* Recently, a group from China reported the
exceptional role of harsh environment-induced exosomes in
mediating communication and cell survival during myocardial
injury. In this study, they use the cardiomyocytes-conditioned
medium and cardiac exosomes obtained from H,O,-treated
cardiomyocyte culture medium under oxidative stress to mimic
the environment that is encountered by the transplanted
MSCs.* Scientists were also successful in the development of an
injectable hydrogel-based system that can release oxygen
continuously to the injury site for about 4 weeks.®® Over-
expression of sirtuin-3, a molecule involved in oxidative stress
and life span, is also shown to improve the survival rate of aged
mesenchymal cells after transplantation to the damaged heart.
The protective effect of sirtuin-3 on aged-hMSCs against
oxidative stress was by the positive regulation of antioxidant
enzymes such as manganese-superoxide dismutase and cata-
lase by inducing the expression of forkhead box O3a in the
nucleus.®” Atorvastatin (ATV) may show a promising role in
supporting the survival of MSC after MI, which leads to adverse
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Table 2 Application of various nanomaterials in cardiac stem cell therapy”

Review

Stem cell

Delivery route

Nanoparticle (NP)

Animal
model

Targeting

Applications Ref.

hiPSC-CMs

ADSCs

ADSCs

BM-MSCs

CDC

BM-MSCs

BADSCs

Cardiomyocytes

BM-MSCs

BM-MSCs

hCDCs

hMSCs

MSCs

BM-MSCs

Intramyocardial

Intramyocardial

Intravenous

Intravenous and

intramyocardial

Intramyocardial

Intramyocardial

Intramyocardial

Intravenous

Intramyocardial

Retrograde coronary

venous infusion

Intracoronary

Intramyocardial

Intracoronary

Intramyocardial

Murine embryonic stem Intramyocardial

cells
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PLGA

PLGA-mPEG

Simvastatin conjugated PLGA

nanoparticles

SPION and 1,1’-dioctadecyl-
3,3,3',3

tetramethylindodicarbocyanine,
4-chlorobenzenesulfonate salt

(DiD)

Nano-structured PEG-scaffolds

Iron oxide

Fullerenol/alginate hydrogel

Chlorin e6, luminol, and PEG

conjugate

Iron oxide

Iron oxide

Ferumoxytol nanoparticles

Silica-iron oxide

SPION

Europium (Eu)

SPION-luciferase

Mice

Rat

Mice

Rat

Rat

Rat

Rat

Mice

Rat

Rat

Rat

Mice

Rat

Rat

Rat

Connexin 43

ROS

Fibrin

Collagen matrix

Encapsulation of hiPSC- 86
CMs in microparticles
increases cell survival

and retention
Melatonin-NP complex 87
increases the survival

rate of transplanted

stem cells

Nanomaterial conjugate 88
utilized to increase

cardiac activity

IM group showed an 89
increase in cardiac
function compared to

the IV group

Nanostructured PEG 90
surface mimics native
myocardial matrix and
supports transplanted

cell activity

Co-culturing of iron 91
oxide NP harboring

H9C2 with MSC showed

an increase in cardiac
function

Hydrogel increases the 92
survival limit of
transplanted cells by
protecting its oxidative
stress damage

ROS specific self 93
-assembly fluorescent
nanomaterials used to
target the infarcted
myocardium

Stem cell retention 94
increases for several
weeks, the process

tracked by iron oxide NP
2.73- to 2.87-fold 95
increase in cell

retention compared to

the control group. NP
facilitated cell tracking
Cell retention achieved 96
by magnetic targeting
Nano system facilitates 97
imaging, drug delivery
and magnetic
manipulation

Cell homing achieved 98
by CREKA-fibrin

directed migration
Implanting of cells in 99
a collagen matrix
increases cell retention.

Eu NP is used for cell
tracking

Dual model 100
bioluminescence and
magnetic resonance

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Stem cell

Delivery route

Nanoparticle (NP)

Animal
model

Targeting

Applications Ref.

MSCs

Murine induced
pluripotent stem cells

Autologous BM-MSCs

BM-MSCs

BM-MSCs

BM-MSCs

hADSCs

Cardiomyocytes

CD34-positive
endogenous stem cells

Cardiosphere-derived
cardiac stem cells (CSCs)

Intravenous

Intramyocardial

Catheter-based delivery
and intracoronary

Intramyocardial

Intramyocardial

Intramyocardial

Intramyocardial

Intramyocardial

Intravenous

Intravenous

SPION-labeled hMSC

SPION

SPION

SPION

Mesoporous organo-silica

nanoparticles

PEI

TAT peptide/DNA

PEI-graphene oxide

Platelets

Platelets vesicles

Mice

Mice

Pig

Sheep

Rat

Rat

Rat

Rat

Mice

HIF1-a.

Hypoxamir-210

Angiopoietin-1 (Ang1)

VEGF

CD-34 positive
endogenous stem
cells

Rat and Platelets

pig

imaging utilized to

better monitoring of

cells

Magnetic particles used 101
to track intravenously
injected MSCs
Bioluminescence and
MRI were used to track
transplanted iPSC

MRI imaging of the
transplanted cells
performed using
SPIONs showed that
catheter-based delivery
of stem cell increases
the myocardial function
HIF1-o overexpression 104
showed increased

cardiac protection,

tracked by SPION

NP enhances HGF gene 105
transfection efficiency

in BM-MSCs

PEI NP is used for gene 106
transfection of MSCs
which significantly
increases the cardio
protective effect
Angiopoietin-1 gene
delivery for acute
infarction

GO nanocomplex
promotes the controlled
release of VEGF DNA
into myocardial tissue
Platelets linked with
CD-34 antibodies used
to redirect circulating
CD-34 positive stem
cells into the infarcted
myocardium

Platelet membrane
fused CSCs used to
target the injured
myocardium

102

103

107

108

60

59

¢ Abbreviations: hMSCs (human mesenchymal stem cells), CREKA (Cys-Arg-Glu-Lys-Ala), ADSCs (adipose-derived stem cells), hiPSC-CMs (human-
induced pluripotent stem cells derived cardiomyocytes), iPSC-CM (induced pluripotent stem cells derived cardiomyocytes), BADSCs (brown adipose
derived stem cells), BM-MSCs (bone marrow derived mesenchymal stem cells), hCDCs (human cardiosphere derived cells), CD-CSCs (cardiosphere
derived cardiac stem cells), CSCs (cardiac stem cells)) PLGA-mPEG (poly (lactide-co-glycolide)}-monomethoxy(polyethylene glycol)), IM
(intramyocardial), IV(intravenous), EC (endocardial), IC (intracoronary), HIF1-o. (hypoxia-inducible factor 1-a), HGF (hepatocyte growth factor),
PEI (polyethyleneimine), MRI (magnetic resonance imaging), CXCR4 (C-X-C chemokine receptor type 4), SDF1 (stromal cell-derived factor 1),
DNA (deoxyribonucleic acid), GO (graphene oxide), ROS (reactive oxygen species).

conditions such as inflammatory reactions, oxidative damage
and hypoxia stress at the site of tissue damage. But the effi-
ciency of the molecule was largely reduced due to its limited
systemic availability caused by its poor insolubility in aqueous
environments. To address this limitation, Yao et al. developed

© 2021 The Author(s). Published by the Royal Society of Chemistry

a nanoparticle-engineered ATV that ensured its maximum
systemic availability, for a prolonged period and to support MSC
survival in the injury site.®® Long back, Pons et al. have reported
the long-term culture of MSCs and showed the expression of
cellular stress markers such as p16™<, p21 and p19***. This can
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reduce the survival of mesenchymal stem cells in an injury site.
In order to overcome this issue, they co-injected MSCs with
VEGF to MI hearts. This increased cell engraftment and cardiac
function than that injected with MSCs or VEGF alone.*” In
addition to VEGF, secreted frizzled-related protein 2 (Sfrp2) also
shown to mediate MSC survival in ML.”° In another approach,
blocking Nox2 enhanced the anti-apoptotic and anti-aging
ability of BMSCs to oxidative stress, and improved therapeutic
efficacy in MIL.”*

6. Nanotechnology in cardiac stem
cell therapy

Nanotechnology has been rapidly advancing during the past
decades in various fields. Due to the unique biological and
physiochemical characteristics of nanomaterials, they have
made tremendous contributions in the field of medical science.
Nanomaterials have been widely used as tools for drug delivery,
therapy, gene delivery, imaging and cell tracking.
Nanotechnology-mediated stem cell therapy for cardiac
diseases got considerable attention from researchers due to its
superior properties at the nanoscale, ease of modification/
functionalization, possibility to tune their properties, etc. The
commonly employed nanomaterials include metallic nano-
particles,”>”® polymeric nanoparticles,”*”® liposomes,”””® gra-
phene and carbon-based nanoparticles.””® In the case of
cardiac stem cell therapy, nanoparticles can even modulate the
microenvironment and thus can control stem cell behaviors
such as self-renewal or differentiation.**** There are various
reports on applications of nanomaterials in cardiac stem cell
therapy along with different stem cells (Table 2). They are also
shown to significantly increase cell retention at the injury site;
and thus enhancing cardiac repair due to the increased number
of available stem cells.®® There are also reports of nanomaterials
that can be beneficial for cardiac tissue engineering as well.
Herein, we will look into the applications of nanomaterials in
various aspects of cardiac stem cell therapy (Fig. 3).

6.1. Nanoparticles for improved cell culture

One of the major difficulties associated with stem cell therapy
for MI is in mimicking the structural, chemical and physical
environments of a damaged heart, in vitro. In the case of cardiac
tissues, factors such as the shape and characteristics of the
extracellular matrix are important for the successful develop-
ment of functional and dynamic cardiomyocytes. The role of
growth hormones and various physical stresses such as cell-cell
tension and electrical stimulation also have to be considered.
The development of 3D structures that can support the growth
of stem cells are possible due to the advancements in nano-
technology. They can even facilitate the differentiation of stem
cells to functional myocardium. Scaffolds made of nanofibers,
which have high tensile strength and surface area facilitates
easy exchange of nutrition and waste with the extracellular
environment.'” 50-500 nm-sized fibers can be developed using
methods such as phase-separation, electrospinning and self-
assembly.”>"* It has also been shown that nanofiber
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For drug
delivery

Fig. 3 Scheme showing various applications of nanoparticles in
cardiac stem cell therapy.

polyglycolic acid and collagen scaffolds can considerably
increase cell adhesion in comparison to microfiber-sized scaf-
folds of the same material. It was also noted that cell attach-
ment and proliferation are much better in a 3D system
incubated in a bioreactor perfusion system compared to 3D
static and 2D systems. Micro and nanocomposites along with
a 3D culture system are promising strategies to promote stem
cell culture.’”> When using a scaffold system, its shape or
pattern can also influence cell maturation. In a study by Kim
et al. the scaffolds made out of polyethylene glycol (PEG) with
patterned ridges exhibited enhanced stem cell retention,
growth, and integration than non-ridged surfaces in an MI
model.”® Similar to this, cardiomyocytes grown on a PEG scaf-
fold with surface pillars developed using UV light had greater
cell adhesion than controls. These scaffolds showed greater 3D
growth with improved signal conduction and contractility, as
observed by the beating cells showing active action potentials.'*

The addition of gold to scaffolds has also been demonstrated
to increase the functionality of the system. Gold nanoparticles,
nanowires etc. have been widely added to scaffolds. These
studies showed that over expression of troponin I, alpha-
sarcomeric actin, and connexin-43, which are crucial in
providing chemical and electrical communication between
cells. The increased expression of these molecules indicates
better and synchronized contraction of myocytes, which is very
important in the success of grafted myocardial tissue.'® Sup-
plementing the scaffolds with growth factors such as IGF-1,
VEGF have also been shown to improve cardiomyocyte growth
and function.***

Still, the major hurdle in clinical stem cell therapy is the
long-term survival of transplanted cells. Poorly engrafted cells at
the targeted site limit their potential application in clinical

© 2021 The Author(s). Published by the Royal Society of Chemistry
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medicine. Recent studies on stem cells indicated that the
encapsulation of cells in microparticles increases their survival
limit and enables long-term retention in the targeted tissues.
The microparticles derived from PLGA and encapsulated with
poly-p-lysine and collagen increased cardiomyocytes retention
in mice up to 2 months. Also, the results proved that the survival
limit of transplanted cells improved by 1.99 folds in 4 days and
significantly enhanced cardiac activity.*® Further conjugation of
specific drug molecules into nanosystems expand the cell
survival limit by protecting them from oxidative stress. Mela-
tonin, act as an endogenous antioxidant and is tested in cell
culture to utilize its protective action on transplanted stem cells
from oxidative injury. Melatonin encapsulated with PLGA-
mPEG nanoparticles significantly protected the stem cells
from oxidative injury, both in vitro and in vivo compared to
melatonin alone and enhanced their survival limit during
myocardial infarction.®”

6.2. Nanoparticles in stem cell imaging and tracking

Labelling stem cells directly or indirectly for in vivo applications
has been a topic of great interest among the scientific
community. The reporter is loaded on the MSCs before
administration in case of direct loading while reporter genes are
genetically introduced into the cell before transplantation. Stem
cell imaging and tracking are crucial as it gives a comprehensive
account on the transplanted stem cell location, survival and
even differentiation status.”® Direct labeling methods stand
superior to indirect methods owing to their biocompatibility,
simplicity, functional modification along with real-time moni-
toring. The most accepted label to do the job is nanoparticles.

Magnetic nanoparticles find great applications as a stem-
cell-labeling agent considering the fact that MRI can be used
to detect the signals and at the same time provide 2D or 3D
imaging of various tissues."'*'” For example, a citrate-coated
iron oxide nanoparticle was developed for MRI imaging of
liver fibrosis with enhanced relaxivity.*® In another study, the
same group reported dextran stabilized super paramagnetic
iron oxide nanoparticles (SPIONs) with high magnetic relaxivity
for the purpose of liver fibrosis imaging.'* SPIONs have been
shown to label stem cells in the myocardium without altering
the major properties such as cell proliferation, differentiation,
migration, and viability."***** However, there are few reports
which show that the survival rate using SPIONs is over esti-
mated due to the presence of macrophages.*”*** In another
study, superparamagnetic microspheres labeled pluripotent
mouse embryonic stem (mES) cells transplanted in a rodent
model of chronic MI showed largely stable locations over
a period of 4 weeks. Here, major cardiac structural and func-
tional characteristics were simultaneously evaluated using MRI
using the contrast from the MNP.** However, most of these
contrast agents possess lower magnetic relaxivity and ultimately
needed a large volume of contrast agents. This problem is
addressed by encapsulating Gd ions in single-walled carbon
nanotubes.”® Gd-liposome complex is shown to facilitate long-
term stem cell tracking in vivo."** Mojdeh et al. very recently

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conducted a study to develop chitosan-alginate nanoparticles
carrying Dotarem for stem cell tracking."”

Optical tracking methods include the conjugation of dyes to
NPs or the nanoparticle itself acting as an imaging probe. Silica
NPs, gold nanorods, carbon nanotubes, carbon dots, quantum
dots, etc. can act as optical probes tagged with or without optical
agents. For example, a novel zerovalent iron nanoparticle was
developed with liver-specific polysaccharide, pullulan. Here, by
complexing the particle with fluorescent carbon dots enables
both magnetic resonance and optical imaging of the liver."*®
These types of nanoparticles can be used for stem cell labeling
and its direct detection and tracking.® Au nanoparticles are
widely used for stem cell tracking and imaging owing to their
stability and minimal cytotoxicity."* Kim et al. in 2017 showed in
vivo detection threshold of =2 x 10* cells using gold-poly-i-
lysine nanocomplexes to label hMSCs using a micro-CT
imager.™ An upconversion nanoparticle made of (o-
NaYbF4:Tm3+)/CaF2 covalently conjugated with PEI was used to
track rat MSCs for biomedical applications.*** Jooken et al. used
quantum dots to functionalize the artificially created extracel-
lular matrix and adopted it for ex vivo monitoring of car-
diomyocytes' activity. This probe allowed high spatial and
temporal resolutions and higher penetration depths, making it
highly promising for biological imaging."*> In another study,
a unique molecular targeting mechanism was developed, where
a ROS-responsive self-assembled fluorescent nanoparticle was
used to target heart tissue undergoing ischemic/reperfusion
injury. Evaluation of this probe (an amphiphilic conjugate of
chlorin e6, luminol, and PEG) showed highly-specific targeting to
the ischemic/reperfused myocardium in a mouse model of MIL.*?

6.3. Nanoparticles in gene delivery

One of the widely accepted methods to overcome the challenges
of reduced homing and increased angiogenesis is to genetically
reprogram MSCs with required characters, prior to injection.
Transfection of MSCs with VEGF cDNA or HGF ¢DNA followed
by a myocardial injection to the border of infarcted car-
diomyocytes already has shown good results."***** Similarly, the
facially amphipathic bile acid-modified PEI (BA-PEI) conjugates
have shown higher transfection efficiency, which subsequently
enhanced VEGF expression and angiogenesis at the injury
site.'??

Although virus-mediated gene transfer has shown encour-
aging results with respect to cardiomyocyte survival, cardiac
function and reduced fibrosis in mice, the associated safety and
ethical issues hinder its translation from animal studies to
clinical practice. The limitations of virus-mediated gene trans-
fer are poor in targeting efficiency, immunogenicity and non-
specificity. Nanoparticles provide an alternative and safer
option for gene delivery and manipulation of MSCs for cardiac
applications. But achieving nanoparticle-assisted gene delivery
is not a very easy task.

The main challenge encountered by nanocarriers for DNA/
siRNA is the intracellular and extracellular barriers to reach
the cell. Within the extracellular milieu, the nanoplex encoun-
ters various challenges that result in quick clearance and/or
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degradation of the nanoplex even before it reaches the targeted
site. The half-life of intravenously delivered naked pDNA within
the serum, ranges from 1.2 to 21 minutes corresponding to the
top form of the DNA.**® This is because of both endonuclease
and exonuclease activity in the plasma. Plasmid DNA delivered
intramuscularly also gives a similar degradation pattern.**” DNA
can be protected from nuclease activity by the use of cationic
lipids, such as DOTAP: DOPE, PEGylated lipids and polymers
that can encapsulate the plasmid and thus protect it from
enzymatic attack outside the cell.”® The major cationic poly-
mers used for gene delivery include poly r-lysine, chitosan,
dendrimers, polyamidoamines, polyethyleneimine, etc.

After the introduction of PEI by Boussif in 1995 for gene
delivery, PEI-based nanoparticles are considered to be the gold
standard of cationic polymeric vectors. PEI shows effective
condensation of plasmids into colloidal particles that results in
efficient transfection in various cell lines, both in vitro and in
vivo."*® However nanoparticles based on PEI are generally
considered to be cytotoxic."® In an advanced study, linking PEI
with succinic acid improved the hydrophilic and hydrophobic
balance of the particle, which subsequently reduced the toxicity
in the as-formed nanoparticles having the size of 130 nm. In
2016, Kai et al. showed that the conjugation of hollow meso-
porous organo-silica nanoparticles with PEI facilitated high
loading capacity of hepatocyte growth factor (HGF) gene and
improved gene protection in bone marrow-derived MSCs. These
cells were then transplanted to a rat MI model to prove the ability
of the developed system in effective cardiac repair.'® Similarly in
another study, PEI-based nanoparticles were used to stimulate
ischemic preconditioning in mesenchymal stem cells to protect
host cardiomyocytes by the delivery of miR-210, which is known
to play a role in rescuing cardiac function after ML.'%

Dendrimers have excellent properties that could facilitate
gene delivery for MI treatment as they show cationic properties,
enhanced cellular uptake and proton-sponge effect that
mediate endosomal escape.'*"**> PAMAM or polyamidoamine is
one of the most widely used dendrimers.'** Functionalization of
dendrimers with cell-penetrating peptides such as oligo-
arginine or TAT can highly improve its cellular internalization
after functionalization with PEG and also can improve its
biocompatibility. Hence a cell-penetrating peptide -PEG-
dendrimer could deliver angiotensin 2 type 1 receptor siRNA
in a rat ischemia-reperfusion model to reduce the effects of
angiotensin 2.'*> Similarly, arginine grafted bio-reducible pol-
y(disulfide amine) dendrimers carrying VEGF plasmid could
enhance VEGF expression and improve blood supply in the
myocardium and help in preserving the left ventricular function
in the rat model.** In another study, Wang et al. used DNA/
dendrimer complexes combined with electroporation to see
enhancement in gene transfection in cardiac grafts."*

Very recently, graphene-based carriers have also emerged as
novel gene delivery systems. Graphene is the single carbon
sheet with sp? bond, which shows unique physical and chem-
ical properties as it has a number of modifiable hydroxyl and
carboxylic acid groups on its surface.'*® Gene delivery using
a combination of graphene oxide (GO) with molecules such as
PEI and hydrogels has been reported. Recently, Zhang et al.
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demonstrated successful delivery of plasmid DNA and siRNA
using PEI-GO/DNA complexes.*”” In another study, a hybrid
system of GO and an injectable hydrogel facilitated controlled
release of PEI-GO/DNA (VEGF) nanocomplexes in myocardial
tissues in a rat MI model with very good biocompatibility.'*®

Chitosan is a polycationic polysaccharide obtained from
partial deacetylation of chitin. It is also considered as an ideal
carrier for DNA and siRNA delivery owing to its good complex-
forming ability, long lasting release capability and less cyto-
toxicity."****° But, the possibility of genetically modified stem
cell using chitosan nanoparticles is yet to be addressed.
Intriguingly, macrophages show a preferential uptake of man-
nosylated chitosan nanoparticles.’” This also opens future
scope to explore the possibility of chitosan nanoparticles for the
suppression of inflammation and attenuation of MI.

Magnetic nanoparticles can also act as agents of gene
delivery as well. However, the coating strategies of these nano-
particles are a great issue. This is successfully achieved for
suicide gene therapy of hepatocellular carcinoma using meso-
porous silica-coated magnetic nanoparticles.’> But considering
the different nature and mechanisms between cancer and
infarcted cardiomyocytes, applications of magnetic nano-
particles for gene therapy are not yet known in MI.

7. Conclusion and future outlook

To summarize, NP-based approaches through non-viral gene
delivery are expected to contribute significantly to the field of
stem cell-based cardiac repair. There is no question on the wide
range of applications available for nanoparticle-mediated
cardiac stem cell therapy. CVD being a major cause for
morbidity, nanoparticle-mediated stem cell therapy is the need
of the hour. Scientists across the world have been attempting to
bring translational potential to nanoparticles available so as to
best utilize them in the clinical setting. Biosafety concerns
prevent their smooth journey to be translated into the clinic. A
comprehensive understanding of the characteristics of NPs and
the material interaction studies with cells can benefit the design
of biocompatible materials following suitable surface modifi-
cation. Integrating multiple dimensions of nanoparticle-
mediated stem cell therapy, early detection, tracking and
treatment can be done simultaneously. Such a holistic treat-
ment modality would surely be of significance regarding
statistically common and fatal cardiac pathology, such as MI.
More efforts are needed to explore the effect of NP-based
modulation on other types of stem cells. In addition, mecha-
nisms of stem cell-based cardiac repair need deep exploration
for further progress in this field. We believe that NP-based stem
cell therapy can benefit MI patients very soon and will also
support biomedical research in this field on a large scale.
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