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Abstract

The adult myocardium has a limited regenerative capacity following heart injury and the lost cells
are primarily replaced by fibrotic scar tissue. Suboptimal efficiency of current clinical therapies to
resurrect the infarcted heart results in injured heart enlargement and remodeling to maintain its
physiological functions. These remodeling processes ultimately leads to ischemic cardiomyopathy
and heart failure (HF). Recent therapeutic approaches (e.g., regenerative and nanomedicine) have
shown promise to prevent HF post-myocardial infarction in animal models. However, these
preclinical, clinical, and technological advancements have yet to yield substantial enhancements in
the survival rate and quality of life of patients with severe ischemic injuries. This could be
attributed largely to the considerable gap in knowledge between clinicians and nano-bioengineers.
Development of highly effective cardiac regenerative therapies requires connecting and
coordinating multiple fields, including cardiology, cellular and molecular biology, biochemistry
and chemistry, and mechanical and materials sciences, among others. This review is particularly
intended to bridge the knowledge gap between cardiologists and regenerative nanomedicine
experts. Establishing this multidisciplinary knowledge base may help pave the way for developing
novel, safer, and more effective approaches that will enable the medical community to reduce
morbidity and mortality in HF patients.
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Figuredescription: Regeneration of human myocardial tissue using regenerative nanomedicine
approaches.

1. INTRODUCTION

1.1. Cardiovascular Diseases

Cardiovascular diseases (CVDs) are by far the leading cause of death in the world,
accounting for 17.7 million deaths annually.! An array of structural and/or functional
disorders that damage ventricular blood filling (diastole) or outflow (systole) can result in
heart failure (HF).2 As a multifactorial clinical syndrome with many etiologies, accurate
assessment of the magnitude of HF has been challenging due to the lack of dependable
population-based estimates of the incidence, pervasiveness, and prognosis.2~ Data from the
National Health and Nutrition Examination Survey (NHANES) between 2011-2014 showed
that approximately 6.5 million Americans from age 20 or older had HF.® This study
estimated that HF prevalence will increase by 46% from 2012 to 2030, by which time more
than 8 million individuals will be suffering from HF in the United States (1 in every 33
adults).

Ischemic cardiomyopathy (ICM) is a condition with high morbidity and mortality, in which
the systolic and diastolic capacities have deteriorated as a result of ischemic heart disease.
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ICM is defined as left ventricular (LV) dysfunction with one or more of the following: i) a
history of prior myocardial infarction (MI) or revascularization; ii) >75% stenosis in the left
main or the left anterior descending coronary artery; and iii) >75% stenosis in at least two
coronary arteries.® The incidence of ICM has been growing mainly due to the overall longer
human lifespan, resulting in increasing numbers of patients with persistent impaired LV
dysfunction.b

ICM encompasses a variety of pathophysiologies and clinical presentations. Patients
surviving an acute MI, even if not complicated by HF at the first stage, later require
hospitalization as a consequence of the ensuing HF. This suggests that the decline in cardiac
function is not only due to acute events but also the progressive nature of the disease.’
Several clinical approaches and pre-clinical studies are used to prevent or delay the process
of myocardial dysfunction. However, the high mortality rates of acute HF clearly indicate an
urgent and continuing need for developing new therapeutic approaches to reduce death rates
and improve patients’ quality of life.

1.2. Clinical Challenges Associated with HF

The mortality rate for HF patients five years after diagnosis is ~50%8. The current clinical
approaches (e.g., pharmaceuticals, cell therapy, surgical reconstruction, and implantable
assist devices) have demonstrated only limited success in preventing the progress of HF. The
main clinical challenges, which nanotechnology may help to overcome in the field of HF are
listed below:

1.2.1. Robust Identification of HF Markers in the Blood.—Our blood plasma
contains over 10,000 proteins but 99% of the protein mass in the plasma proteome is
dominated by only 22 proteins.®10 This means that robust identification of the disease-
specific proteins/biomarkers that have a very low or rare abundance in plasma is challenging
with the current proteomics approaches. Therefore, one of the crucial clinical diagnostic
challenge is to detect HF biomarkers without false-negative and/or false-positive errors.

1.2.2. Predicting Long Term Effects of Cardiac Injuries.—ldentification and
discrimination of the level of cardiac injury and its long-term effects on cardiac function are
of great clinical interest. This is because, in some cases, myocardial infarction only causes
subtle injuries with initially negligible signs of adverse effects on heart function.!! In a
fraction of these patients, in contrast to clinical expectations, substantial reductions in heart
function are observed long term (e.g., as early as a couple of months) after initial treatment.
Although identification of the patients at risk of further cardiac damage in longer time is of
clinical interest, there is currently no effective diagnostic approach for robust identification
of these subpopulations of patients.

1.2.3. Delivering Therapeutic Molecules and/or Cells into the Damaged Part
of Myocardium.—Therapeutic molecules and/or cells must be delivered to the “stunned”
myocardium, or the transient post-ischemic dysfunctional part of the heart tissue. The

damaged cardiac cells in the stunned area have a unique capacity to retrieve their functions
during the course of HF. Therefore, targeted delivery of therapeutic molecules and/or cells
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enables clinicians to minimize the scar tissue and maximize heart functions. However,
current clinical strategies provide only limited success in targeted delivery of the therapeutic
biosystems.

1.2.4. Low Therapeutic Cell Retention and Engraftment in Myocardium.—The
cell therapy approach has demonstrated great potential in retrieving cardiac tissue during HF.
Theoretically, the therapeutic cells can integrate into the damaged cardiac cells and release
their therapeutic paracrine factors to regenerate and heal the stunned part of myocardium.
However, pre-clinical and clinical trials of cell therapy approaches thus far have found low
retention and engraftment to the host cardiac tissue.12-16

1.2.5. Patient-Specific Mature and Functional Cardiomyocytes.—One of the
main reasons for the low retention and engraftment of therapeutic cells is the role of immune
system in cell rejection.1”~20 Development of patient specific cardiac cells is recognized as a
useful strategy to overcome this problem. The patient-specific cardiac cells are mainly
produced by differentiation of human pluripotent stem cells (hiPSCs). However, this process
is plagued by the low maturity of the produced cells, which not only reduces their
therapeutic efficacy and integration into the host tissue but also creates some serious side
effects such as arrythmia.18

1.2.6. Robust Monitoring of Therapeutic Cells In Vivo.—Clinical monitoring of
the therapeutic cells is very important to probe the fate of the cells.?! The sensitivity and
specificity of current clinical strategies are not good enough to monitor therapeutic cells over
the course of treatment.

1.2.7. Reperfusion Injury.—Reperfusion injury is typified by vascular, myocardial, or
electrophysiological dysfunction brought about by the return of bloodstream to ischemic
tissue. When the stream of blood into cardiac myocytes is interrupted through the blocking
of a coronary artery, a sequence of actions results in cellular injury and death. In the context
of severe MI, a report posited that reperfusion injury is responsible for up to 50% of the final
myocardial damage.??

1.3. Nanotechnology

Nanotechnology is an emerging and dynamic multidisciplinary field concerned with atomic
and molecular structures that, at least in one dimension, lie within 0.1-100 nm range.?® At a
nanoscale system, the majority of the atoms are associated with the surface of the material.
Given the dominance of the surface properties at this ultra-small dimension compared to the
bulk characteristics, nanomaterials exhibit distinct mechanical, electrical, catalytic, thermal,
magnetic, and imaging features that invite intriguing commercial, medical, and
environmental applications.24 For example, gold nanoparticles show surface plasmon
resonance at the nanoscale, which is uncharacteristic of gold at the microscale.2> This novel
feature enables gold nanoparticles to be utilized in a wide range of applications such as
chemical and biological sensing.26 As another example, the paramagnetic characteristics of
iron oxide compounds are transformed to superparamagnetic when the size of the iron oxide
nanoparticles dips below 20 nm23. Changes in the shape and size of nanoparticles (i.e.,
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alterations in their surface geometry) cause a shift in the electrical field density on the
surface?’. These alterations lead to a change in the oscillation frequency of the electrons,
which in turn generates variations in cross-sections that affect optical properties including
absorption and scattering. For example, the size-dependent energy difference between the
ground and excited energy levels dictates the color and fluorescence emission of CdSe
quantum dots?8. One reason that such drastic changes in material properties accompany the
transition from the micro to the nanoscale range is the dominance of surface properties over
bulk properties in nanomaterials.

Owing to the distinct material characteristics, nanotechnology has experienced tremendous
growth in research and development over the recent decades, leading to the emergence of
various interdisciplinary branches of science such as nanomedicine, nanobiology, and
nanobiotechnology.2® Nanomedicine is defined by the US National Institutes of Health
(NIH) as the application of nanotechnology in controlling biological systems, treatment,
diagnosis, and monitoring of diseases.3? Nanoparticles have been employed in many novel
medical applications such as effective delivery of toxic biomolecules to targeted sites (e.qg.,
cancerous tissue) without exposing healthy cells, sensitive and precise imaging to detect
disease at very early stages, and crossing difficult barriers (e.g., the blood-brain barrier) to
deliver imaging and therapeutic molecules to specific diseased tissues.31:32

Nanotechnologies also play a major role in the field of regenerative medicine, aiming at
constructing tissues or organs to replace damaged body parts.33 For instance, the simple
introduction of cells into a diseased organ for tissue repair is now being augmented by
seeding the cells onto engineered nanomaterial scaffolds with biological functionalization to
further enhance the efficiency of cell transplants.34 These nanostructured materials can
provide an instructive template for cell growth, alignment, differentiation, and tissue
architecture, and therefore facilitate the formation of functional tissue grafts. Through this
method, a variety of tissues and organs could be formed using a wide range of synthetic or
natural nano-biomaterials, in addition to the choice of the appropriate cell type.3°

Among the various therapeutic advances, regenerative medicine and nanotechnologies have
shown a considerable capacity to salvage or regenerate damaged heart tissue in animal
models.36 The superior characteristics of nano-biomaterials have shown great promise in
developing engineered cardiovascular constructs for a variety of tissue engineering
applications.37:38 To develop efficient nanotech-based regenerative medicine platforms in
humans, clinicians and engineers must achieve a greater common understanding of the
problems, challenges, and opportunities in both fields.

In this review, our goal is to provide a comprehensive overview of the critical features of
ischemic cardiovascular diseases, and emerging trends in the fields of cardiac
nanotechnology, from the perspectives of both clinicians and bioengineers. We also discuss
the potential application of nanotechnologies for addressing the challenges and limitations
associated with the clinical application of current cardiac diagnostic and therapeutic
approaches.
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It is imperative to achieve a mechanistic understanding of the biological fate of
nanotechnologies, their safety, and biological identities prior to their translation into clinical
therapies, a gap that has prevented the successful commercialization of nanotechnologies in
medical fields.3 In addition to the clinical applications, we will discuss opportunities and
challenges for the use of nanotechnologies in /in vitro and ex vivo studies of cardiovascular
disease, as there are also some concerns on the safety and biological fate of those
technologies.

2. NANOTECHNOLOGY APPROACHES TO IDENTIFY HEART FAILURE
BIOMARKERS

Early detection of cardiovascular disease increases the chance for successful treatment and
potential cure, giving the patient a better prognosis, extended survival, and improved quality
of life. As the processes of cardiac disease (e.g., formation of arthrosclerosis plaques) leave
various proteins in blood plasma—even in their very early stages—one promising approach
for early detection is molecular analysis of blood for such biomarkers. Advances in
proteomic analyses offer researchers a new-found ability to detect the changes taking place
in the initial stages of various diseases, including a powerful tool for identifying potential
biomarkers for early detection via mass spectrometry.4041 However, thus far the sensitivity
and specificity of such approaches are limited for early detection purposes due to the low
levels of biomarkers in human plasma,10:40:42

Cardiac biomarkers, such as cardiac troponins (cTns), myoglobin (Myo), and creatinine
kinase MB (CK-MB), are released into the bloodstream when the heart is damaged or
stressed. Table 1 summarizes the important biomarkers and their detection assays/
limitations. In many conditions such as acute MI, the levels of such biomarkers can inform a
physician whether advanced imaging modalities or invasive procedures are warranted. For
example, relaxation and contraction of a striated muscle occur through a set of proteins
called cTn that control and regulate the calcium-mediated interaction of actin and myosin. A
healthy subject is thought to have a plasma level of cTnl in the range of 0.1-0.2 ng/L
because of the continuous myonecrosis during normal life#3. Due to its high sensitivity and
specificity, cTnl is an appropriate biomarker for identification of cardiac injury*4. However,
at least 30% of patients with severe coronary syndrome in the absence of elevated ST
interval on their electrocardiogram also have undetectable troponin levels in clinical assay*®.
The precise detection of these biomarkers that have a low concentration in plasma is a big
challenge in proteomics approaches, as almost 99% of plasma is occupied by highly
abundant proteins; as a result, the precise detection of low abundance and rare proteins/
biomarkers is tricky due to possible false-positive and/or false-negative results that can affect
critical clinical decisions.*6 Thus, new high-sensitive troponin assays utilizing
nanotechnology capable of precise detecting cTnl in the nanogram per liter range are
urgently needed.

One strategy for recognition of low concentrations of cTnl is to use targeted nanoparticles
that can specifically bind to the desired proteins (see Table 2 for details). The targeted
nanoparticles are designed to specifically attach to the desired biomarkers due to their ability
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to concentrate these proteins at their surfaces. For example, peptide- or antibody-conjugated
nanoparticles and nanorods have been developed to robustly detect cTnl, myoglobin, and
CK-MB in human plasma/serum with a much higher detection sensitivity (i.e., in the range
of pg/ml) compared to the conventional detection strategies.87-93

Asides from circulating biomarkers, nanoparticles have been developed to target the sites of
overexpressed biomarkers/receptors such as CD13 and collagen. For example, cyclic NGR
peptides targeting quantum dots®* and liposomes®®, which selectively bind to CD13, have
been successfully developed and used for detection of myocardial angiogenesis.

One of the central obstacles in the applications of targeted nanoparticles is the formation of
the biomolecular/protein corona (i.e., a layer of biomolecules which covers the surface of
nanoparticles upon their interactions with biological fluids%-109) which can substantially
reduce the sensitivity of this target-based strategy (Figure 1). The protein corona can shield
the targeting species at the surface of the nanoparticle, which reduces the sensitivity of the
detection approach and also causes false positive/negative outcomes. We hypothesized this
concept in 2011101 which was validated experimentally in 2013102103 For example, it was
shown that silica nanoparticles functionalized with transferrin, which were developed to
target transferrin receptor, lost their targeting capacity after incubation with plasma.102

There are several proposed strategies to minimize the shielding effect of protein corona and
increase the detection/targeting efficacy of nanoparticles. One strategy is to minimize protein
adsorption using coatings, among which zwitterionic compounds have demonstrated a
strong potential (Figure 2A). For example, corona-free gold nanoparticles can be created
using a series of zwitterionic coatings.1%4 Combining a zwitterionic coating and targeting
ligands may improve detection/targeting efficacy of nanoparticles by reducing the shielding
effects of the protein corona. For example, the development of silica nanoparticles
conjugated with biotincysteine (as a targeting molecule and zwitterionic ligand, respectively)
could minimize corona-induced mistargeting.19

Another strategy to minimize protective shielding by the biomolecular corona is to pre-coat
nanoparticles and directly enroll unique plasma proteins consisting of essential targeting
capabilities through protein-protein interactions (Figure 2B). For example, pre-coating silica
nanoparticles with gamma-globulins was found to enrich the biomolecular corona with
various types of opsonin proteins such as immunoglobulins.196 Opsonin-enriched
nanoparticles should be very effective in targeting macrophages that have Fc receptors.
However, there was no significant enhancement of nanoparticle uptake by macrophages,
although their corona was rich in opsonin proteins, highlighting the importance of attaching
functional binding motifs to their cell receptors.197 This strategy should be further evaluated
by enhancing the exposure of targeted proteins with more readily available functional motifs
for cell receptors or targeted biomarker to achieve the desired targeting/detection efficacy.

A very recent report revealed that the pre-adsorption of antibodies on the surface of
nanoparticles can maintain targeting capacity of nanocarriers in the presence of the protein
corona, whereas the targeting capacity of chemically conjugated antibodies was substantially
reduced by the formation of protein corona (Figure 2C).108
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3. DEVELOPMENT OF NANOTECHNOLOGIES TO PREDICT LONG-TERM
EFFECTS OF HEART FAILURE ON CARDIAC INJURIES

The current clinical setting may benefit from the development of novel nanotechnologies
that can provide more information on the disease/injury progress and therefore predict the
risk of substantial reduction in cardiac functions caused by subtle initial ischemic injuries.
Development of nanotechnologies for identification and discrimination of disease at
different stages is of crucial importance for a wide range of diseases, including cancer,
cardiac, and neurodegenerative diseases. To the best of our knowledge, no nanotechnology-
based approach has been developed to monitor and predict cardiac disease progression.
However, a new technique based on the combination of protein corona and sensor array
technology was recently developed for the identification and discrimination of cancers at
various stages with excellent sensitivity, specificity, and prediction accuracy (Figure 3 A and
B).110 This protein corona sensor array technique uses classification approaches to analyze
the composition of protein corona at the surface of various nanoparticles and find their
association with diseases. The use of cohort sample from healthy people who developed
various types of cancers eight years after plasma collection revealed the efficacy of the
platform even in the very early stages of cancers (Figure 3 C and D).110

The protein corona sensor array has been successfully used to discriminate between healthy
individuals and patients with multiple sclerosis and Alzheimer’s disease.}11 We therefore
suggest that a similar technology may allow the identification, discrimination, and prediction
of the cardiovascular disease and HF progression. If successful, the outcomes of the protein
corona sensor array technology will help facilitate the management of cardiac patient care
and treatment plans.

4. NANOTECHNOLOGIES FOR DELIVERY OF THERAPEUTIC MOLECULES
INTO THE DAMAGED PART OF MYOCARDIUM

The main goal for an efficient and safe pharmacological treatment is the sustained and
targeted delivery of biomolecules/drugs to the site of injury.112113 |n this regard, targeted
nanoparticles (using specific targeting moieties) have shown promise to efficiently deliver
drugs to heart tissue. Well-defined biomarkers of Ml, which can be used as potential
targeting sites for nanoparticles, are presented in Figure 4. Table 3 summarizes
representative examples of nanoplatforms developed to target damaged heart tissue and
deliver biomolecules/drugs.

Angiotensin Il type 1 (AT1) receptor is one of the targeting sites that are being used for HF
treatment.114 Development of nanoliposomes functionalized with ligands targeting the AT1
receptor demonstrated highly efficient attachment to cells expressing the AT1 receptor in the
infarcted area.11° Other biomolecules used for fabrication of targeted nanoparticles included
matrix metalloproteinase (MMP) enzymes (MMP2 and MMP9). For example, MMP-
responsive spherical micellar nanoparticles were able to retain and localize in the infarcted
tissue of a rat model of M1.116

Chem Rev. Author manuscript; available in PMC 2020 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hajipour et al.

Page 10

N-acetylglucosamine (GIcNAc) has a known high affinity for cardiomyocytes and tendency
to be taken up by these cells. Therefore, conjugation of this sugar compound to the surface
of nanoparticles may increase its uptake by cardiomyocytes. In a test of this hypothesis, p38-
inhibiting SB239063-loaded polyketal nanoparticles were functionalized with GIcNAc and
injected into a myocardial-infarction rat model. The outcomes revealed the accumulation of
the nanoparticles in the myocardium resulted in substantially improved cardiac regeneration
and function by salvaging the stunned cardiomyocytes.}1” Unregulated calcium signaling
and abnormal calcium release worsened cardiac contractility disorders and arrhythmias in
failing cardiac myocytes.118.119 S100A1 protein and N-acetylglucosamine bound to and
modulated the proteins involved in calcium regulation (e.g., SERCAZ2a, PLB, RyR2, and
STIM1).120.121 Expression levels of S100A1 in myocardial tissue seemed considerably
down-regulated in end-stage HF. Intracoronary delivery of the human S100A1 gene by a
first-generation adenovirus reduced the level (i.e., SI00AL) in an established chronic HF rat
model rescuing both contractile performance and Ca?* cycling of the failing myocardium22,
Maxwell et al.123 demonstrated that GIcNAc nanoparticles carrying SI00A1 protein
modulate calcium signaling pathways and decrease irregular calcium release in failing
cardiac cells. These bioactive nanoparticles efficiently delivered the therapeutics into the
failing cardiac cells and provided an additional therapeutic impact through modification of
proteins involved in signaling pathways.

Insulin-like growth factor-1 (IGF-1) improves cardiomyocyte survival after MI. Therefore,
its safe delivery at high concentrations to infarcted areas of the heart may improve cardiac
regeneration/function.124-126 Chang et al.12” employed this strategy to show that IGF-1-
loaded PLGA/PEI nanoparticles considerably decreased both the left ventricular diastolic/
systolic dimensions and the infarct size, as well as increased fractional shortening (FS) after
injection into the border district of the infarcted part in a mouse model of MI.

Coenzyme Q10 (CoQ10) is a powerful endogenous antioxidant that has been extensively
investigated for use in treatment of cardiovascular disease, particularly coronary artery
disease and HF128, CoQ10-loaded liposomes administered to rabbits with an experimental
MI were found to extend the intracellular delivery of CoQ10 and consequently reduce the
portion of the permanently damaged myocardium29,

In addition to drugs, nanotechnology can also deliver genes and RNA to improve cardiac
functions by modifying the expression of cardiac genes and their consequent protein
secretion.137-141 Although viral and plasmid vectors are commonly used for gene
transfection purposes, the /n vivo results of these studies have not been replicated in humans.
142 For example, therapeutic genes delivered to heart tissue via intravenous injection of viral
vectors cannot properly localize in the infarcted areas and are distributed to other organs.143
To increase their efficacy, viral vectors encoding genes involved in heart regeneration are
directly delivered to the damaged area through intramyocardial injection.1#4 However, this
administration route is invasive and may cause considerable adverse effects in patients with
acute heart disease. Therefore, the development of alternative carriers for RNA delivery is of
great interest. Nanoparticles are utilized for the safe and efficient delivery of genes and RNA
to treat various diseases, including cardiovascular diseasel38-141 (see examples in Table 4).
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Vascular endothelial growth factor (VEGF) is known as a distinguished proangiogenic
cytokine. VEGF has been found to significantly promote the neovascularization of patients’
hearts. Therapeutic neovascularization was investigated in an ischemic rat model by using
VEGF-dextran-PLGA microsphere-loaded fibrin gel4°.

Magnetic properties of nanoparticles can empower their targeting and therapeutic efficacy
through the use of external magnetic force guidance.112:152 For example, by using an
external magnetic field, magnetic nanobeads containing adenoviral vectors (Ad)-encoded
hVEGF gene (AdhVEGF) were found to better reach the infarcted area in a mouse model of
MI, promoting cardiac regeneration and function specifically through efficient #VEGF gene
delivery.148.153

Combining magnetic and thermal-responsive polymeric nanoparticles creates a smart
nanoplatform with the capacity to deliver drugs to targeted sites (Figure 5).152 In such
nanoplatforms, therapeutic biomolecules are loaded into the thermal-sensitive polymeric
structure. Upon reaching the targeted site, magnetic nanoparticles are heated by an
alternating an external magnetic field, breaking the chemical bonds in the thermo-sensitive
polymeric carriers and therefore releasing the therapeutic biomolecules. It is noteworthy that
the induced local heat by nanoparticles is strongly dependent on the nanoparticles’
physiochemical properties.

The possibility of nanoparticles being targeted by the immune system is a significant barrier
preventing the efficient delivery of therapeutics to the desired sites inside the heart. There
are several approaches to develop nanoparticles with high blood residency times. One
approach to enable nanoparticles to escape from immune system is to coat their surfaces
with platelet membranes.154155 Another approach is to control the protein corona profile on
the surface of nanoparticles in such a way as to minimize their possible interactions with the
immune system (e.g., by minimizing the contribution of opsonin proteins in the corona
composition196),99.157.158 For example, the formed protein corona at the surface of
liposomes was recently found to strongly control their interactions with peripheral blood
mononuclear cells (PBMCs) involved in liposome removal from the bloodstream.159 Pre-
coating of liposomes with human plasma proteins has been shown to be an effective strategy
to minimize liposome capture by circulating leukocytes, which in turn can enhance their
blood residency time (Figure 6).159

5. CELL THERAPY: CHALLENGES AND OPPORTUNITIES

Cell therapy involves the transfer of therapeutic cells, such as bone marrow-derived
mesenchymal stem cells and patient-specific cardiomyocytes obtained mainly through
reprogramming of human cells to induced pluripotent cells (hiPSCs) that are differentiated
to induced cardiomyocytes!60.161 to the myocardium to allow therapeutic myocardial
regeneration and/or improvement in cardiac functions. It is important to note that cell
therapy is still in its infancy and undergoing initial clinical trials, and is not currently widely
available for clinical application. These therapeutic cells can release paracrine factors that
can help stunned or hibernating cardiomyocytes in the peri-infarcted area of the heart
recover and thus bring about cardiac salvage.162-164 More specifically, the transplanted cells
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assist in the generation of growth factors, cytokines, and other signaling molecules. These
activities improve myocardial functionality through particular mechanisms such as
improvement in myocardial perfusion owing to angiogenesis, prolongation of the survival of
myocytes or other cells, and activation of progenitor cells within the myocardium that
function as new cardiomyocytes.165

Apart from cardiac salvage, the therapeutic cells can also aggregate in the damaged tissue to
help regenerate the myocardium.166.167 Besides induced patient-specific cardiac cells,
clinical studies have also investigated other appealing methods such as the utilization of
skeletal myoblasts, bone marrow mononuclear cells, bone marrow progenitor cells,
mesenchymal stem cells, and cardiac stem cells to treat patients with chronic HF. However,
the proposed mechanisms underlying the benefits of cell therapy are still uncertain.16® Some
research suggests that the trans-differentiation of hematopoietic stem cells into cardiac
myocytes is unattainable, despite the observation of a few cell fusion events. In addition,
autologous skeletal myoblasts are capable of contraction but not of transdifferentiation into
cardiomyocytes.169-171

A 2014 meta-analysis using an organized evaluation examined 23 arbitrary controlled trials
of autologous adult bone marrow-derived stem cells in 1,255 participants who had chronic
ischemic heart disease and HF.172 This study found only low-quality evidence supporting
benefit for mortality at a minimum period of 12 months based upon data from 8 trials with
494 participants. The low-quality evidence indicated that 12-month mortality was not
significantly improved based upon data from 21 trials with 1,138 participants. Moderate-
quality evidence for improvement in the LVEF and the NYHA functional class was found at
less than 12 months and at 12 months or longer. Negative results were infrequent, and no
long-term discouraging consequences were reported. An in-depth valuation of potential
hazards associated with cellular cardiomyoplasty as a therapeutic modality was not possible
due to the limitations of available clinical data.

With the research in myocardial reproduction focused mostly on cell-based cardiac repair,
the cell therapy approach still faces several main limitations, including: i) insufficient cell
retention and engraftment along with electromechanical coupling of therapeutic cells in
heart tissuel2-16; i) difficulties in efficient conveyance of therapeutic cells to the injured part
of myocardium and /7 vivo monitoring therapeutic cells using clinical MRI; iii) teratoma
formation due to the existence of undifferentiated stem cells49.173: jv) difficulty in
preparing mature patient-specific cardiomyocytes!’=20; v) significant differences in structure
and functionality between human hiPSC-derived cardiomyocytes and adult mature primary
cardiomyocytes, in addition to the difficulty of aligning cells in culturel?4; and vi) risk of
ventricular arrhythmia occurrencel®. In this section, we provide information on
nanotechnologies’ potential to overcome the predetermined issues of cell therapy.

5.1. Development of Nano-Based Approaches to Enhance Therapeutic Cell Retention and
Engraftment in Myocardial Tissue

Cell replacement in heart is one of the most common therapeutic approaches used to heal
damaged tissue and restore heart function after heart failure. However, low cell engraftment
and retention are the main limitations of cell transplantation because of washout by the
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coronary vein.175.176 The immune system plays an key role in reducing the retention of the
transplanted therapeutic cell. Overall, some 95-99% of cells directly injected in myocardium
are often lost before 80h.

Several types of nano-based approaches have been developed to overcome the
predetermined low cell engraftment and retention issues. The first strategy is to enhance the
effectiveness of therapeutic cell delivery is to safely magnetize therapeutic cells using
magnetic nanoparticles, and deliver them to the distressed myocardium by applying an
external magnetic field.17” As these magnetic nanoparticles are also used as contrast agents
and therefore detectable by magnetic resonance imaging, labeled cells can then be monitored
using clinical MR1.178179 Enhancing the magnetic properties of therapeutic cells can
substantially increase their targeting efficacy and monitoring sensitivity. One strategy to
enhance their magnetization is by encapsulating a large number of magnetic nanoparticles in
polymeric microparticles. For instance, iron oxide nanoparticles can be encapsulated in
biodegradable poly(lactide-co-glycolide) microparticles (PLGA MPs), which are easily
taken up by the therapeutic cells and could be retained for more than 10 days (Figure 7). The
long-time residence of iron oxideloaded PLGA-MPs in the transplanted cells can
substantially enhance signal intensity and other parameters (e.g., Ry signal and 7, relaxivity),
consequently improving their detectability by MR1.180

The second strategy is to develop dual antibody-targeted nanoparticles that can be
conjugated to the markers on the surface of both therapeutic cells and injured cardiac cells.
181 These types of nanoparticles can connect therapeutic cells to injured cells, facilitating
their retention and improving their therapeutic efficacy. As an example, the use of anti-
CD45- and anti-MLC-conjugated iron oxide nanoparticles was found to significantly
improve the integration of therapeutic and damaged cells, which in turn substantially
improved the heart function in a rat model of MI.

The third strategy to enhance therapeutic cells’ engraftment and retention is developing
nanotechnologies to reduce the triggered inflammatory responses after MI. For example, it is
known that the extra infiltration and continuous localization of proinflammatory Ly6Chigh
monocytes exacerbate the inflammatory response and extend the infarcted area.182 The
overexpression of receptor C-C chemokine receptor 2 (CCR2) enhances the Ly6Cnigh
infiltration and as such can be used as a suitable therapeutic target to suppress the
inflammation response.183 To this end, photoluminescent mesoporous silicon nanoparticles
were developed as a nanocarrier for delivery of siCCR2 into Ly6C"19" monocytes. The
siCCR2-loaded nanoparticles distribute siCCR2 into monocytes and therefore suppress the
CCR2 gene, improving the life time/survival level and therapeutic efficacy of transplanted
therapeutic cells.184

The fourth strategy is to create a microenvironment using nanofibrous materials to improve
therapeutic cell retention. Self-assembling peptide nanofibers are a good example as they are
liquid in acidic pH and can form a three-dimensional scaffold at physiological pH. By
combining the therapeutic cells with these fibers, the fibers form a jelly microenvironment
after injection to the myocardium that can preserve the therapeutic cells.185 For example, it
was demonstrated that myocardial injection of the combination of nanofibers and bone
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marrow mononuclear cells led to longer retention time and survival for the therapeutic cells,
which in turn improved both systolic and diastolic functions in a mature minipig model of
M|.186

The fifth strategy is to entrap the therapeutic cells in nanostructured hydrogels and engraft
the hydrogels to the surface of damaged heart tissue.187:188 Compared to the direct cell
injection strategies, the use of cellular patches protects the therapeutic cells against immune
rejection. The attachment of these patches to the heart tissue can be performed using a
variety of approaches, including conventional stitching!®® and advanced thermal integration
with plasmonic nanoparticles®0. For example, UV-vis thermal activation of the embedded
gold nanoparticles in cellular patch demonstrated a promising capacity in patch integration
to the myocardium tissue of rat hearts after infarction (Figure 8).190

The sixth strategy is to fabricate three-dimensional cardiac porous patches containing
therapeutic cells.187:188,.191,192 Thjs strategy enables therapeutic cells to release their
paracrine factors to the damaged area of the heart while being protected from fast immune
system removal (as the immune system has no access to the patches). As these patches are
mainly made out of biopolymers193-195 they have limited synchronized capacity with the
embedded cells mainly due to their poor conductivity. The conductivity of the patches can be
substantially enhanced by incorporation of conductive materials/polymers in the patch
structure.198 In one example, gold nanowires were incorporated in alginate patches to
improve their conductivity. Studies revealed that the conductive patches could create thicker,
better aligned tissues, and higher levels muscle contraction and electrical coupling proteins
compared to the patches without nanowires.

5.2. Improving In Vivo Monitoring of Therapeutic Cells

Due to their unique capacity to serve as contrast agents, magnetic nanoparticles have been
widely used to track the therapeutic cells /n vivo. Among a wide range of magnetic
nanoparticles, superparamagnetic iron oxide nanoparticles are the most commonly used
nanoparticles for biomedical applications mainly due to their biocompatibility properties.
Although the cell tracking using these nanoparticles demonstrated promising outcomes,
recent findings also revealed that this cell labeling strategy may have a risk of producing
false-positive signals through i) a newly discovered phenomenon known as
“remagnetization”197 and ii) NP excretion from the cells after cell death or exocytosis!98199,

Remagnetization happens after labeling of stem cells with magnetic nanoparticles. The stem
cells first degrade nanoparticles and then synthesize new magnetic nanoparticles using the
released iron by degradation of the nanoparticles.197 The magnetic nanoparticles can also be
released through exocytosis process of the cells or cell death?90, These processes may cause
false-positive MRI signals that do not accurately indicate the viability and/or location of the
stem cells. For example, through combinatory approaches (e.g., using both MRI and
luminescence imaging) scientists revealed that MRI signals persisted in the heart muscle of
animal models for weeks after disappearance of the stem cells.199.201

Two strategies were proposed to minimize the risk of the predetermined false-positive
outcomes. The first strategy is to genetically modify the therapeutic cells to overexpress iron
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compounds like ferritin. For example, mouse skeletal myoblasts were genetically
manipulated to overexpress ferritin, and the engineered cells were then tracked with MRI up
to three weeks after transplantation.292 The second strategy is the label therapeutic cells with
live contrast agents (i.e., magnetotactic bacteria). Recent findings revealed that the signal
from the therapeutic cells labeled with a live contrast agent was cleared within one week of
cell death, whereas the labeled cells with the iron oxide nanoparticles persisted over two
weeks after cell death (Figure 9).203

5. 3. Nanotechnology-Based Approaches for Minimizing Teratoma Formation

One major problem with using therapeutic cells in cardiac regeneration is the risk of
teratoma formation.204205 The risk of teratoma formation usually comes from the existence
of undifferentiated stem cells (e.g., iPSCs) in the therapeutic cells. Therefore, to ensure the
clinical safety of transplanted cells, it is essential to develop new generation of sensors that
can detect undifferentiated cells with high specificity and sensitivity. To that end, targeted
nanoparticles were developed to identify specific cell types in cell mixtures.206.:207 For
example, targeted Raman-tagged gold nanoparticles were developed to be attached to the
specific receptors on the surface of iPSCs, including antigen-5 (SSEA-5) and TRA-1-60.208
The NP could specifically identify undifferentiated iPSCs through their specific receptors
with high sensitivity (~0.0001%).

The same strategy can be used to remove traces of undifferentiated stem cells in the
therapeutic cells using magnetic nanoparticles. The cells labelled with magnetic
nanoparticles can be fully removed from the therapeutic cell mixture using well-defined
magnetic separation approaches such as the magnetic-activated cell sorting (MACS)209
system.

5.4. Development of Nano-Based Approaches to Improve Maturity and Alignment of
hiPSC-Derived Cardiac Cells

Growing evidence points to substrates mechanical and morphological characteristics having
a unique capacity to direct stem cell differentiation and maturation.210-214 Sybstrates that
mimic the shape and/or tissue stiffness of adult mature cardiomyocytes are shown to have a
profound effect on inducing maturation into hiPSC-derived cardiomyocytes.215:216 For
example, polyacrylamide substrates can be made with physiological stiffness and two-
dimensional shape of adult cardiomyocytes (created through Matrigel micropatterns) to
improve the maturation of immature hiPSC-derived cardiomyocytes (see Figure 10 for
details).21°

Building nanopatterned substrates that mimic the 3D shape of mature cardiomyocytes may
provide additional opportunities not only for improving reproducibility of the differentiated
cardiomyocytes through the chemically defined approach, but also enhancing the maturation
and alignment of immature differentiated cardiomyocytes.?16 The bioinspired substrates
may also have the capacity to induce physical differentiation of hiPSCs toward mature
cardiomyocytes without chemical growth factors. This work builds on the recently presented
proof-of-concept data supporting the capacity of cell-imprinted substrates to direct
differentiation of stem cells toward mature cells?14217-220 and early versions of the
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substrates with cardiomyocyte shapes. Abadi et al.216 developed bioengineered substrates to
generate mature cardiomyocytes from hiPSCs, using a combination of photolithography and
the reflow process (Figure 11A) to create cylindrical micropatterns and cell-imprinted
primary human mature cardiomyocytes for formation of submicron-level cell-surface
asperities on substrates made of polydimethylsiloxane (PDMS). They found that
micropatterned substrates could effectively produce aligned, mature, and functional
cardiomyocytes (Figure 11B).

These strategies of maturation, along with others?21-223 (e.g., long-term culturing), may
reduce the risk of cardiac arrhythmia (i.e., abnormal rate and rhythm of heartbeat), by
improving the low maturity and efficacy of therapeutic cells by aligning, integrating, and
synchronizing them with the host cardiac cells.?24225

6. NANOTECHNOLOGY-BASED APPROACHES TO REDUCE OXIDATIVE
STRESS AND MITOCHONDRIAL DYSFUNCTION

The production of reactive oxygen species (ROS) is a significant side effect in reperfusion
injury. The ROS including superoxide anion, hydrogen peroxide (H205), and hydroxyl
radical are highly reactive compounds, and therefore capable of oxidizing the proteins,
nucleic acids, and lipids. The ROS, formed as a natural by-product compounds in the
process of the aerobic metabolism, are primarily derived from oxygen molecules. In
association with multiple cellular signaling, ROS perform an important role as secondary
messengers in ordinary conditions. Consequently, appropriate antioxidants are adapted in the
process to control and restrain the ROS levels in the range of picomolar. However, ROS are
also produced by several processes/pathways involving the myocardium and/or infiltrating
inflammatory cells?26-228 The pathological mechanisms in cardiac I/R injury are
responsible for overproduction of such compounds.228-230 Oxidative stress is induced in
tissues/cells after myocardial reperfusion injury. Myoglobin and hemoglobin, which are
known as non-enzymatic source of ROS, increase after myocardial reperfusion injury.231
The enzymatic ROS, produced after myocardial reperfusion injury, are produced by the
enzymatic reduction of molecular oxygen to form H,0, and/or superoxide. Xanthine
oxidase, NADPH oxidase (Nox), mitochondria, cytochrome p450 and uncoupled nitric oxide
synthase are the main sources of enzymatic ROS/RNS generated after myocardial
reperfusion injury.232-234 Myocardial reperfusion injury induces the overexpression of
inducible NO synthases that triggers nitrosative stress and consequent heart damage.23°
After myocardial reperfusion injury, the metabolism of copper and iron is impaired and the
excess copper/iron induce ROS formation.236

ROS can affect vital functions of cardiac cells, including their growth, metabolism, and
proliferation through several pathways (e.g., damage to cell membranes and activation of
apoptotic pathways).237:238 Therefore, strategies that minimize ROS after reperfusion injury
are clinically important and can diminish the deteriorative effects of reperfusion injury on
the myocardium. Among various antioxidants, superoxide dismutase (SOD), glutathione
(GSH), and glutathione peroxidase (GPx) can attenuate the damaging effects of ROS23°, For
instance, in transgenic mice whose SOD is overexpressed, the dimension of the infarct is
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noticeably reduced. However, there are reports of antioxidants failing to prevent an injury or
demonstrating an early protective effect in some studies, though this outcome decreased as
the duration of reperfusion increased?4%, A promising approach to prevent, or at least
minimize, the adverse effects of oxidative stress, calcium influx, cell membrane disruption,
and mitochondrial dysfunction (see examples in Table 5) is utilization of nanoparticles for
antioxidant delivery.

The generation of excess ROS exacerbates the pathogenesis of ischemic reperfusion injury.
For instance, hydrogen peroxide (H,0,) triggers ischemic reperfusion through the induction
of inflammation, cell apoptosis, and tissue damage.241242 H,0,-responsive nanoparticles/
nanocarriers may be used as a new approach to diagnose and treat H,O,-induced ischemic
reperfusion injury. It is noteworthy that a variety of stimuli-responsive nanoparticles have
been used to deliver suitable drugs against reperfusion injury. For example, Lee et al.243
developed (VVA)-loaded copolyoxalate polymeric nanoparticles that responded only to high
concentrations of H,O,. When exposed to high levels of HyO, the polymeric nanoparticles
released the vanillyl alcohol and reduced tissue impairment by preventing ROS
overproduction, inflammation, and apoptosis. Various types of stimuli-responsive (e.g., pH
and thermal) nanoparticles have the ability of transporting therapeutic agents to the site of
ischemic reperfusion injury (Figure 12).244-247

ROS is known as the main cause of arterial stenosis. During inflammation, NOX enzyme
family (component of NADPH oxidase enzyme) produces ROS (H,0, and 057).2°0 Lysine-
based nanoparticles can be used for delivery of siRNA specifically targeting NOX2 into
damaged artery. For example, the delivery of effective concentration of NOX2-specific
SiRNA was found to suppress the expression of NOX2 and prevented neo-intimal
hyperplasia after angioplasty.2>!

Some food-derived isolates have therapeutic advantages beside their natural usage in
nutrition.252 The application of nanotechnology in formulation of NP-food complex with
nutritive and therapeutic benefits is an attractive strategy to prevent/treat the cardiovascular
diseases. Curcumin is a typical type of nutraceuticals (food compounds with therapeutic
properties) with cardioprotective effects.2%3 It prevents the cardiac inflammation or oxidative
stress which triggers I/R injury.252:254.255 Nijsin, a peptide used for treatment of cancer and
bacterial infection, is another nutraceutical existing in some diets.2%6 These nutritive
compounds have demonstrated natural therapeutic benefits when they are encapsulated in
PLGA nanoparticles. For instance, the formulated curcumin-Nisin Based Poly Lactic Acid
nanoparticles showed cardioprotective effects by triggering the cascades involved in the
antioxidant defense system or inhibition of inflammation.257

Oxidative stress has the capacity to alter the mitochondrial metabolism pathway toward
glucose consumption and reduction of ATP generation,2%8 mainly by interfering with ROS
during the transportation of p53 to the mitochondria.259-261 The development of
nanocurcumin was shown to solve this effect?49 by impeding p53 transportation into
mitochondria, which is accomplished through strengthening the mitochondrial membrane.
The nanoparticles restored mitochondrial function/homeostasis and protected
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cardiomyocytes from mitochondrial metabolic shift to glucose as a favorite substrate for
creating energy.249

Mitochondrial dysfunction triggers cardiomyocyte apoptosis/necrosis and enhances HF.262
Therefore, restoring mitochondrial function using therapeutic drugs can be an effective
approach to minimize cardiomyopathy and HF. One of the main challenges of this approach
is the delivery of therapeutics to cardiomyocytes’ mitochondria.262-265

The mitochondrial permeability transition pore (mPTP) is opened in the in initiation of
reperfusion injury to neutralize the mitochondrial oxidative stress.2%6 It is well-recognized
that the opened mPTP induces cardiomyocyte apoptosis/necrosis. Therefore, mPTP-opening
inhibitors such as cyclosporine A (CsA) used as an immunosuppressive drug can be effective
for reducing the HF progression.267 Experiments revealed that the intravenous injection of
CsA could not prevent HF in human patients.263 This was because the therapeutic effects of
CsA is only exerted when it reaches inner mitochondrial membrane of ischemic
cardiomyocytes and binds to cyclophilin D.2%8 To tackle this issue, nanoparticles have been
recently developed for targeted delivery of mitoprotective agents to cardiac mitochondria,
and the outcomes revealed their preferential penetration into the damaged myocardium. For
example, PLGA nanoparticles loaded with CsA could accumulate in myocardium
mitochondria and prevent mPTP-opening and, in turn, limit HF progression.269

7. DEVICE-BASED TREATMENT OF HEART FAILURE

There are several implant-based approaches, such as implantable cardioverter-defibrillator
(ICD) therapy279:271 and cardiac resynchronization therapy (CRT),27%271 in clinical use to
prevent death in patients with HF. Although nanotechnologies may have a promising role in
enhancing the efficacy of these approaches while minimizing their side effects, their current
use in the field is rather limited. CRT, for example, is an effective treatment for symptomatic
HF patients with LV dyssynchrony. This therapy is currently recommended for advanced HF
patients with NYHA class 111 or IV, severe systolic dysfunction (LV ejection fraction <35
percent), and intraventricular conduction delay (QRS >150 milliseconds).279-271 A major
problem of CRT-based approaches is the risk of thrombosis, specifically due to the
implantation of internal foreign materials in in the coronary sinus that is next to the LV.
Nanotechnology may greatly help miniaturize the implantable CRTSs to reduce the risk of
thrombosis as well as enhance their therapeutic efficacy.2”2 In addition, new nanotechnology
approaches may be able to enhance the sound receptors of the CRT to optimize the
resynchronization process. Such miniaturized nano/micro sensors can be built into the tip of
the leads?73 in direct contact with the wall of heart to enhance the sensitivity and therapeutic
efficacy of the CRT approach.

Another significant challenge with the use of implantable devices that may be resolved by
nanotechnology is the risk of corrosion and immune reactions to the foreign material.
Miniaturization of the implant size can substantially reduce the interaction of the implant
device with biological fluids, diminishing the risk of corrosion and unwanted immune
reactions. Another potential role of nanotechnology in cardiac implants is the possibility of
controlling the implant function with a wireless and long-lasting power system. A main
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obstacle in making efficient wireless cardiac implants is the limitation of battery size.2’* The
use of nanotechnology has already enhanced the effectiveness of a wide range of batteries by
reducing their size.2”5-278 Modification of these technologies to make highly biocompatible
cardiac implantable materials will enable clinicians to use the wireless miniaturized
implantable technology to delay or prevent HF.

8. POTENTIAL OF NANOTECHNOLOGY IN CARDIAC IMMUNO THERAPY

Nanomaterials possess immunomodulatory effects that may be used to promote and shape
the humoral immune response in cardiovascular diseases?’9. This is relevant as both the
innate and acquired immune systems may have an effect on cardiovascular illnesses like
hypertension and HF. Reduced macrophage infiltration in the arterial wall has been
correlated with an improvement of hypertensive disease in experimental models.
Inflammation is known to be a significant contributor to the development of HF, especially
in heart failure with preserved ejection fraction (HFpEF)280. The inflammatory response
stimulates regenerative processes that then leads to a severe myocardial injury. Our
knowledge about the fundamental mechanisms behind such adaptations is improving after
recent investigations on humans and animals?8L. Furthermore, inflammation, depending on
its amount, localization, and duration, may have both advantageous and disadvantageous
effects. While excessive expression of tumor necrosis factor alpha (TNFa), a cytokine
involved in the pathogenesis and progression of myocardial ischemia/reperfusion injury and
HF282 induces contractile dysfunction, hypertrophy, fibrosis and cell death, a lower TNFa
concentration is protective. In chronic HF, activation of the immune system promotes the
production and release of proinflammatory cytokines that constitute a key factor in the
propagation and magnification of the immune response. Stimulation of cell division,
proliferation, and differentiation can be induced using cytokines that engage cells to the area
of inflammation. Hence, neutralization of improper inflammatory cytokines is emerging as
an effective therapeutic approach under a variety of chronic inflammatory circumstances.

Immunomodulation therapy (IMT) is a type of immunotherapy that involves the removal of
the patient’s blood to be treated and re-administered via intramuscular injections.283 The
treatment is thought to boost immune cells’ ability to activate immune modulators.284 IMT
is thought to involve the downregulation of proinflammatory cytokine levels along with
upregulation of anti-inflammatory cytokines. Optimizing changes in the balance between
proinflammatory and anti-inflammatory cytokines may prove more beneficial than the
neutralization of single cytokine activities in treating conditions such as CHF283, Non-
specific immunomodulation may also have a potential role for treating a large segment of the
heart failure population by including patients with no history of MI. Although there is
evidence on the benefits of IMT, its precise mechanisms remain to be established.

Nano-immunotherapy is a new and increasingly popular approach in nanomedicine with
great potential for cancer treatments.285:288 For instance, superparamagnetic iron oxide
nanoparticles were found to change the functionality of tissue associated macrophages from
M2 to M1 and therefore could be used to reduce cancer growth.28% In the last few years,
nanotherapeutics have been increasingly used to modulate immune responses in
cardiovascular disease (Table 6). nanoparticles are a promising candidate to drive
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macrophage polarization from M1 to M2 to repair infarcted area and survive injured
cardiomyocytes. Polyurethane (PU) nanoparticles specifically were found to suppress the
polarization toward M1 macrophage, reduce the production of inflammatory cytokines
(TNF-a and IL-1), and inhibit the activation of NF-xB and inflammasome signals.28” They
also induced the polarization of macrophage from M1 to M2 after subcutaneous
implantation in rats. The PU nanoparticles functionalized with carboxyl group showed
stronger inhibitory effects than those conjugated to the amine group. Therefore, PU NP is a
potential candidate for modulation of immune response and nano-immunotherapy of heart-
related diseases.

In contrast, polystyrene nanoparticles conjugated to carboxyl or amine functional group
were found to specifically suppress M2 polarization and considerably reduce the expression
of 1L10, scavenger receptor CD163, and immune-inhibitory CD200R.288 They did not affect
the expression/release of proinflammatory cytokines produced by M1. The modified
polystyrene nanoparticles can be used to impede cancer progression. Therefore, depending
on their physicochemical properties (e. g., composition, charge, and functional groups),
nanoparticles show different effects on macrophage polarization.

Despite considerable research efforts to advance stem cell therapy for heart disease and
impressive progress in anti-inflammatory process, stem cell-based therapeutic approaches
have several limitations in terms of cost and time of cell isolation and implantation adverse
effects,13:289.290 For example, the dendritic cells used for tuning the polarization of M1 to
M2 macrophage affect whole systemic immune system.21 M1 macrophages induce the
proinflammatory pathway, while M2 macrophages trigger anti-inflammatory pathways and
activate signaling cascades involved in cardiac repair.2%2 The microenvironmental stimuli/
conditions govern the polarization of macrophages into M1 and/or M2. Multiple biological
factors/events must be coordinated to regulate the macrophage M1-M2 polarization balance.
In some cases, M2 macrophage were found to accelerate the cardiac fibrosis and tumor
growth, and therefore caution should be taken in driving macrophage polarization.293-295
Nevertheless, the timely regulation of macrophage polarization has potential to be used as an
effective strategy to develop cardiac regeneration and prevent cardiac fibrosis.

ROS is known as the main cause of M1 activation and subsequent inflammatory responses.
240,296 Therefore, antioxidants may be some of the best candidates to inhibit ROS-induced
M1 activation. Nano-objects such as graphene oxides, which naturally act as an antioxidant
and scavenge ROS, are promising choices to prevent M1 activation.297 Graphene oxides
functionalized with polyethylenimine (PEI) and folic acid-PEG were found to specifically
target immune-stimulated macrophages, diminish ROS, and suppress the ROS-mediated
inflammation.2% In the next step, this modified graphene oxide was used for delivery of
interleukin 4, which facilitates the macrophage polarization from M1 to M2. The loaded
IL-4 plasmid DNA showed synergistic effect with this nanocarrier (GO-PEI/PEG) and
improved macrophage polarization. The IL-4 plasmid DNA-loaded GO-PEI/PEG enhanced
the macrophage polarization toward M2 and consequently restored the heart function in a
mouse model of MI. Therefore, this complex has simultaneous cardiac-protective and
cardiac-regenerative effects.
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9. NANOTECHNOLOGY-BASED APPROACHES FOR ORGAN
TRANSPLANATION

Patients who undergo organ transplantation must take medications that suppress innate
immune cells such as myeloid cells for a long time (possibly the rest of their lives) to
prevent organ rejection.311 Unfortunately, immunosuppressive drugs also put patients at a
higher risk of infection, cancer, and other diseases caused by T-cells inactivation.312 To deal
with these intractable issues with immune suppression, it is therefore imperative to develop
smart therapeutics that specifically suppress myeloid cells without interfering with T-cell
activation. The epigenetic modification of myeloid cells may be an effective approach to
regulate the immune response. The mammalian target of rapamycin (nTOR) is a key
signaling direction that can prevent trained immunity by affecting the epigenetic
reprogramming in myeloid cells.313 It is well-recognized that high-density lipoprotein
(HDL) nanobiologics specifically direct the myeloid cells in hematopoietic organs.314
Baraza et al.315 used theses nanobiologics to deliver the mTORi inhibitor rapamycin and
TRAF6i to myeloid cells. They showed that the combination of mMTORi-HDL/TRAF6i-HDL
simultaneously prevents trained immunity and CD40 costimulation, allowing safe organ
transplantation without immunosuppression. They used this nano-immunotherapy approach
for heart transplantation in mice and showed that 75% of mice that were given 3 injections
of nano-immunotherapy, during a week after transplantation, accepted the transplantation
and showed no rejection symptoms even after 100 days. By comparison, untreated animals
that were used as controls rejected the transplanted heart in fewer than 10 days.

The recruitment of monocytes on grafts, in which they differentiated to macrophage, triggers
the cascade of allograft rejection. Therefore, capturing the circulating monocytes and
targeting macrophages localized on the grafts may reduce the transplantation-induced
immune response that results in allograft rejection. Liposome-encapsulated clodronate
specifically targeted circulating monocyte/macrophages was found to reduce macrophage
localization on the graft and prevent allograft rejection.316

Ischemia reperfusion injury (IRI) is an unavoidable disorder occurring after organ
transplantation that triggers inflammation responses mediating graft rejection. The IRI-
induced immune response and autophagy activation in dendritic cells increase the expression
of IL-6, an inflammatory cytokine. IL-6 in turn triggers the signaling cascades mediating the
allograft rejection. Therefore, suppressing IL-6 may be an effective strategy to prevent
allograft rejection. The anti-IL-6 antibody-loaded PLGA nanoparticles may allow the
efficient local delivery and sustained release of anti-IL-6 antibody for blocking IL-6
produced by dendritic cells. Anti-IL-6 nanoparticles have been shown to suppress
alloreactive T cells involved in rejection and consequently prevent organ rejection.317

Detection of parenchymal rejection in cardiac allografts is known a major clinical challenge.
Currently, serial heart biopsy after transplantation, which is performed through invasive
transvenous access, is used to detect immunomodulation or rejection in cardiac allograft.318
This technique has profound adverse effects, and in some cases can induce arrhythmia,
bleeding, or infections.31° In addition, this technique is error-prone because the limitations
in its sample size and place of sampling may lead to false-negative/positive results.

Chem Rev. Author manuscript; available in PMC 2020 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hajipour et al.

Page 22

The majority of innate immune cells activated through inflammation and concentrated in
myocardium are macrophages; as such, they can be targeted as an attractive biomarker to
monitor the rejection of cardiac allograft.320 nanoparticles have been successfully used to
detect macrophages in the infarcted area. This strategy was also used to specifically sense
the macrophages localized on the graft. It is well recognized that dextran-based
nanoparticles are mainly taken up by immune cells and undergo insignificant uptake by
other heart cells. In one study, dextran nanoparticles, which have a long circulation time,
were tagged with the PET isotope copper-64 and used for monitoring transplant rejection via
PET-CT imaging. PET imaging showed that nanoparticles specifically targeted the
macrophages and accurately monitored the cardiac allograft rejection or survival.321

10. SAFETY OF NANOMEDICINE

Over the past decade, considerable research has focused on assessing the safety of
nanomaterials and improving their physicochemical properties to minimize their possible
side effects in various biomedical applications.322:323 These efforts have already resulted in
substantial progress in development of safe cancer41324 and cardiac36-192 nanotechnologies.
Examples of the successful and safe use of nanotechnologies in cardiac salvage and
regeneration have been provided in this review; more comprehensive details on the potential
applications of nanotechnology in imaging and treatment of atherosclerosis plaques are
found in the Supporting Information (SI). In addition, well-developed nanotechnologies are
now being tested in large animals to improve cardiac functions and demonstrate their
potential clinical translation (Table 7).

Although the field of cardiac nanotechnology is developing exponentially, and intriguing
reports of both /n vitroand in vivo studies (using a wide range of small and large animals)
are being communicated to the public and scientific communities, their successful clinical
translation remains elusive.3° The new field of nanomedicine has largely overlooked factors
that are present in both the /n vitro and in vivo microenvironment without fully
understanding the nanobio interface, resulting in reduced precision of estimation of the
nanoparticles’ fate and safety in human subjects.334 We and others have made extensive
efforts to correct well-intentioned misinterpretations in the current literature, mainly through
identifying and characterizing previously overlooked or unknown factors at the nanobio
interface, including: (i) modifying existing assays to make them more suitable/legitimate for
accurate evaluation of NP toxicity; (ii) optimizing /n vitro protocols to better mimic actual /n
vivo conditions; and (iii) developing computational approaches to more accurately identify
the underlying mechanisms of action.100:334.335 \We have recently reviewed the details of
extensive efforts made by various scientists to address these issues to diminish the bench-to-
clinic gap in numerous biomedical applications.36:336 More specifically, we39 and others337
identified several important factors that need to be carefully considered and reported in
nanomedicine studies to enable the medical community to create a robust nanomedicine
library (Figure 13).

As cardiac nanotechnology is still in its infancy, resolving these missing factors in reports
(which is one of the main lessons learned from cancer nanotechnology) can accelerate their
clinical translation. In addition, we have reviewed322:338-340 the current literature on the
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toxicity of different types of nanoparticles in both /n vitro and in vivo settings. Here, we
provide additional information regarding the remaining potential adverse effects and safety
warnings for the use of nanotechnology in cardiac diseases that should be carefully
considered and resolved by both nanotechnology experts and clinicians.

Although nanotechnology has shown promise in reducing the side effects of ischemia and
reperfusion, clinical translational experts should be aware of the crucial importance of the
choice of nanoparticle composition and their specific physicochemical characteristics for
this particular application (see Table 8 for more details). More specifically, the use of iron-
based therapeutic nanoparticles for cardiac repair requires more consideration. This is
because of recent findings that iron compounds, in the presence of ROS, can induce
ferroptosis, a recently discovered form of programmed cell death associated with ischemic
reperfusion injury.341-344 The iron metabolism and/or Fenton reaction (i.e., a process that
converts hydrogen peroxide into a hydroxyl free radical) results in an overproduction of
ROS that induces regulated cell death.34%:346 |n addition, the excessive iron is toxic to
cardiac cells and in some cases can lead to cardiac dysfunction.346 The overload of iron-
based nanoparticles around the reperfused area is also shown to induce adverse LV
remodeling.346

The capacity of nanoparticles to induce inflammation and oxidative stress is another
important factor that should be carefully considered before using nanoparticles for
cardiovascular disease. One reason is that the damaged cardiac tissue faces complex
inflammatory processes, and the induction of additional oxidative stress or inflammation
may impede the healing process. A few types of nanoparticles (e.g., single- and multi-walled
carbon nanotubes, TiO5, ZnO, and CeO5) are shown to dysregulate autonomic reflexes via
the induction of pulmonary inflammation.4:347 Therefore, the potential cardiac side effects
of these specific nanoparticles that induce oxidative stress and activate macrophages should
be precisely monitored in cardiovascular systems, or a substitute nanoparticle with different
physicochemical properties should be used instead for this application.94:348-353 For
instance, it was shown that TiO, nanoparticles could induce myocarditis by exacerbating
pulmonary and cardiac inflammation and aberrant expression of Th1/Th2-related cytokines
after long exposure in mice.3%* The TiO, nanoparticles also demonstrated disrupted
endothelium-dependent reactivity through the induction of ROS.355

Many of the organic nanoparticles (e.g., polymeric nanoparticles) fully degrade in the human
body with no sign of long-term toxicities; however, for some inorganic nanoparticles, the
evaluation of the potential long-term toxicity and their biological fates is essential for safety
purposes. This important issue is not well understood and must be carefully studied in future
research. Recent findings revealed that polymeric coating of gold nanoparticles could be
degraded due to the proteolytic enzymes in the liver.356 This shows that the physicochemical
properties of such nanoparticles may change in the /n7 vivo setting and therefore cause
unwanted or unpredicted toxicity, immune activation, or aggregation. Such changes in
physicochemical characteristics of nanoparticles add more complexity to the inflammatory
responses of the host immune system, which may bring more adverse effects than expected
for the HF process. For example, it is known that gold nanoparticles with specific
physicochemical properties may change the conformation of fibrinogen proteins in their
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corona layer, and therefore interact with integrin receptors and activate proinflammatory
cytokine release pathways.3%7 In addition, studies combining molecular dynamics and
experimental approaches indicated that the bare gold metal surface, if made accessible to
fibrinogen, can induce unfolding of this protein as well as inflammatory response.38

Another important factor that requires further investigation of long-term toxicity of some
types of nanoparticles is the biological fate of degraded nanoparticles and their byproducts.
For example, it was demonstrated that the release of the reactive metals that are used for
synthesis of some types of nanoparticles has the capacity to reach cardiomyocytes and affect
cardiac function by inducing oxidative stress and inflammation.347:35% They can also
dysregulate an autonomic CV reflex by inducing pulmonary inflammation.347:359 For
instance, the release of zinc ions from ZnO nanoparticles was shown to damage the coronary
artery endothelial cells by triggering inflammation and oxidative stress.360 Another example
was found by the exposure of silica nanoparticles to lung tissue of male Wistar rats, which
promoted vascular and cardiac inflammation.361 In addition, intratracheal installation of
silver nanoparticles was found to increase the circulating cytokine production and worsen
the inflammation and cardiac I/R injury in rat models.362

Apart from the potential inflammatory effects of some nanoparticles, there is evidence that
some types of nanoparticles affect thrombosis-induction. The physicochemical properties of
these nanoparticles affect their contribution to thrombosis induction. For example, although
polystyrene nanoparticles are recognized as safe nanomedicine products, their carboxyl-
functionalized coating may increase the thrombosis risk.362 Other examples are anatase-
TiO, nanoparticles, carbon nanotubes, and silver nanoparticles. One of the central
mechanisms behind the risk increase of thrombosis by nanoparticles is their capacity to
activate platelets and enhance thrombus formation via induction of several thrombosis-
associated genes and pathways such as thromboxane, MMP, and GPI1b/111a.364-367

11. SEXUAL INEQUALITY IN NANOTECHNOLOGY

Important sex differences exist in the epidemiology, symptomatology, pharmacology, and
treatment of HF, which affect disease progression and outcomes after its onset.379-383 These
differences between men and women are related but not limited to variations in structure,
function, and physiology of heart tissue even at the cellular level.384-3%94 Sex-specific
transcriptomic changes can be observed in patients with new-onset HF and during disease
progression.39% Understanding these changes could present an opportunity to advance the
understanding of sex-specific cardiovascular disease pathophysiology.396

The observed sex-specific variations may result from sex steroid hormones, variations in
gene dosing on sex chromosomes, gene regulatory networks, or genomic alterations in male
and female genomes.397490 |n cancer, such sex-specific variations in gene regulatory
networks and genomic alterations have been demonstrated to cause substantial differences in
occurrence, development, molecular phenotypes, and response to treatment.397:401.402 Qur
team has been actively working on identifying physical and sex-dependent factors that occur
at the interface between biology and nanoparticles to improve new strategies for
personalized interventional, diagnostic, and therapeutic strategies that promote the
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successful clinical adaptation of nanomedicine and cell therapy.106:157,203,334,403-421 \\j
have recently discovered the crucial role of cell-sex on the cellular capacity of nanoparticles
(Figure 14 A).403 To robustly compare the role of cell sex (i.e., using early stage male and
female cells without the interference of sex-specific hormones), we chose human amniotic
mesenchymal stem cells (HAMSCs) from the placenta’s amniotic layer for both male and
female fetuses. We noticed substantial differences in cytoskeleton structure, function, and
paracrine factor release of hAMSCs for both sexes (Figure 14 B). These sex-specific
variations may alter both the protein corona composition at the surface of nanoparticles and
also their cellular uptakes and intracellular pathways. We also found that the cell sex
markedly affects their reprograming capacity toward hiPSCs (Figure 14 C).

The role of cell sex on nanotechnology is scarcely investigated, with very few papers in the
field.43 The National Institutes of Health (NIH) is developing rigorous policies that require
scientists to consider the effect of sex as a biological factor in the study design, analysis, and
reporting of all basic and preclinical studies. As cardiac nanotechnology is still in its infancy,
achieving mechanistic understanding of biochemical, structural, and functional cell sex
differences and their effects on identifying the role of these sex-dependent differences on the
protein corona composition and the corresponding cellular uptake and intracellular
trafficking of nanoparticles can help facilitate the safe and efficient translation of cardiac
nanotechnologies. In other words, obtaining deep information on the effects of cardiac cell
sex on interactions between cells and therapeutic agents (e.g., drugs and nanoparticles) can
markedly improve the safety and therapeutic efficacy of drugs/nanoparticles for HF, and
provide important insights into sex-related individualized therapy.

12. CONCLUSIONS AND FUTURE PERSPECTIVES

Building strong bridges between clinicians and bioengineers/nanotechnology experts is
essential for the field to direct the research strategies with careful plans, rather than through
scattered reports, that can address the main unmet clinical needs. As described in this review,
many of the potential applications of nanotechnologies in HF capable of saving many lives
remain poorly understood. This is caused by the absence of efficient communications among
experts in different fields. Effective communications and collaborations by scientists
working in cardiac nanotechnology are imperative for achieving more accurate and precise
prediction of the biological fate of nanomaterials, their safety, and therapeutic efficacy, all of
which are instrumental in the ultimate goal of achieving successful clinical translation of
nanotechnologies. At stake is the opportunity to use nanotechnology to improve the survival
and quality of life of millions of people suffering from heart diseases, and in particular,
ischemic cardiomyopathy.

New advances in simulation and data analysis can vastly improve both diagnostic and
therapeutic cardiac nanotechnology approaches.216:335 For example, the newly developed
“virtual cell” simulation approach can greatly assist in virtual designing of substrates and
probing cell-substrate interactions (at both cellular and molecular levels) to optimize
physical, chemical, and mechanical properties of substrates that can induce desired cellular
response.33% These simulation approaches can substantially reduce the experimental costs
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and consumed time by defining optimized conditions/characteristics for cardiology
applications (e.g., substrates for cardiac cell maturation?17).

The prevention and management of cardiovascular diseases increasingly depend on effective
diagnostic testing. By enabling fast genotyping and biomarker measurement, point-of-care
(POC) devices will provide individual patients with personalized treatments. Development
of POC devices will involve multidisciplinary teams of technologists, biomarker scientists,
health care providers, and clinical trialists to formulate needs assessments, design device and
component technologies, conduct pilot testing, and perform rigorous prospective clinical
trials. In the coming years, many efforts will be devoted at developing nanotechnologies for
diagnostic imaging (e.g., using iron oxide nanoparticles). In this regard, nanoparticle-based
molecular imaging agents will incorporate targeted agents to provide physicians with
accurate structural and functional information and shed light into disease pathways.

Nanotechnology will have a deep impact on cardiovascular therapeutics by advancing the
pharmacological treatments with respect to therapies currently on the market. Targeted drug
delivery by nanoparticle-encapsulated drugs will circumvent many limitations of
conventional therapies by increasing the effective drug concentration at the desired action
site, and reducing systemic dosage and unwanted side effects. Safe and effective platforms
for controlled and tailored drug delivery will significantly improve control of
pharmacokinetics and bioavailability.

Another active field of research will be the development of nanoengineered materials for
cardiac tissue regeneration. Nanomaterials will be consolidated as indispensable materials to
tissue engineering applications for reproduction and healing of cardiac tissue.
Nanomaterials, especially noble metal nanoparticles, will progressively contribute to
maintain innovative opportunities to boost the conductivity of biomaterial scaffolds, whereas
nanofiber scaffolds as biodegradable vascular grafts will decrease restenosis and make tissue
or organ regeneration a reality.

The improved biomaterials compatible for injection are made of either synthetic or hydrated
natural polymers. This composition reduces the wall stress and consequently leads to
pathological dilative remodeling of the ventricle. Another advantage is a shielding
atmosphere that helps promote retention and functionality of transplanted cells. Continuing
advances in biomaterials will play a big role in many forms of cardiovascular therapeutics.

Lastly, a significant challenge for the future progress in cardiac nanotechnologies is the
limited funding relative to other fields. For example, tremendous efforts and huge amounts
of funding were dedicated to the successful development of cancer nanotechnology. Unlike
cancer nanotechnology, cardiac nanotechnology has lagged in attaining traction over the last
decade, with slower progress partly reflecting the far smaller investment committed to
cardiac nanotechnology versus cancer nanotechnology. In the last few years, however, an
expanding number of funding opportunities have led to more important innovations and
high-quality publications in this area. However, progress in cardiovascular nanotechnology
still faces several central issues (e.g., low /n vivo therapeutic efficacy 422) that can cause
substantial misinterpretation of nanoparticles’ biological readouts.336:403 These issues
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contributed to the failure of several clinical trials of potential nanotechnology products by
leading companies; therefore fewer than expected nanotherapeutics are now on the market.
As cardiac nanotechnology is still in its infancy, scientists should carefully consider lessons
from the field of cancer nanotechnology, such as by applying optimal protocols to
experimental setups and reporting the required essential information (e.g., nanoparticles’
physicochemical properties, detailed information on the nano-bio interfaces and biological
identity of nanoparticles, and full information on biological systems including cell passage
numbers, cell sex, and cell types/origin)3403 in both reports and the nanoparticles’ datasets.
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Well-Decorated Surface Corona-Shielded Surface

A Targeting Ligand

Figure 1.
Scheme showing the shielding effect of protein corona on targeted nanoparticles according

to their characteristics. Figures are reproduced from the referencel®l; copyright [2011] e-
Century Publishing Corporation.
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Figure 2.

Schematic showing the proposed strategies to minimize the shielding effects of the
biomolecular/protein corona through (A) use of specific coatings to diminish biomolecular
attachment to the surface of nanoparticles, (B) pre-coating, and (C) pre-adsorption of
targeting species, rather than chemical conjugation, to the surface of nanoparticles. Figures
are reproduced from the referencel09; copyright [2018] Nature Publishing Group.
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Using protein corona sensor array for identification and discrimination of cancers at various
stages. (A) Outcomes of the supervised classifier projecting cancers into the subspace
created by the 1st, 2nd, and 3rd latent variables of the classifier. (B) Two types of brain
cancers were discriminated in 4th and 5th latent variables of the model. (C), (D) Successful
classification of cancers in plasma samples from healthy individuals who developed lung,
brain, and pancreatic cancers eight years after plasma collections in the 1st and 2nd latent
variables of the two developed models. Figures are reproduced from the referencel10;
copyright [2019] The Royal Society of Chemistry.
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Figure 4.
Schematic representation of myocardial infarction—specific biomarkers
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Figure5.
Development of thermo-responsive polymeric nanoplatforms with embedded

superparamagnetic iron oxide nanoparticles. The superparamagnetic iron oxide
nanoparticles can be heated using an external magnetic field, which activates the thermo-
responsive polymeric carrier to release the payload. Figure is reproduced from referencel®2;
copyright [2011] Elsevier.
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Figure®6.
Flow cytometry results demonstrating the uptake of protein corona coated liposomes [with

positive (red), neutral (green) and negative (blue) surface charges], after incubation with
various concentrations of human plasma (HP), by human monocyte THP-1 cells. (B) Uptake
of various corona coated liposomes by distinct leukocyte subpopulations. Figures are
reproduced from the referencel®?; copyright [2019] Nature Publishing Group.
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Figure7.

(A) Schematic showing high-density and safe loading of iron oxide nanoparticles in
therapeutic cells using biodegradable poly(lactide-co-glycolide) microparticles.
Transmission electron microscopy images of the labeled cells with (B) magnetic
nanoparticles embedded in microcapsules (PLGA-MPs) and (C) magnetic nanoparticles
alone (I0-NPs) are shown. White, blue, and red arrows show the locations of 10-NPs,
PLGA-MPs, and membrane of intracellular compartment, respectively. The results
demonstrate the superior role of microparticles in (D) labeling the cells at various times
(according to the cellular iron content) and (E) maintenance of the loaded iron ions in the
cells. (F) R2-weighted MR images of equivalent numbers of labeled and unlabeled cells
show the higher magnetization of microparticle-labeled cells over nanoparticles alone. (G)
Fluorescent confocal image of the labeled cells with microparticles (18 days after labeling)
(Green: cell membrane; Blue: nucleus Red: microparticles); scale bar is 10 um. Figures B
and G were reproduced from ref189; copyright [2012] American Chemical Society.
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Figure8.
(A) Gold nanorods adsorption to albumin electrospun fiber scaffolds. (B) Cardiac cells are

seeded within the nanocomposite scaffolds to form the (C) cardiac patch. (D) Mechanism of
cardiac patch integration. (E) The cardiac patch after integration with the rat heart. Figures
are reproduced from the referencel9; copyright [2018] American Chemical Society.
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Bioluminescence and magnetic resonance images of the mice injected with therapeutic cells,
labelled with a live contrast agent (ME) or synthetic iron oxide nanoparticles (Molday).
Arrows show the signal from the injected cells; two weeks after therapeutic cell injection,
the arrows show the persisted signal in Molday-labeled cells, whereas the absence of
bioluminescence signal confirmed the absence of live therapeutic cells in the area. Figures
are reproduced from the reference203; copyright [2016] Nature Publishing Group.

Figure9:
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Figure 10.

Substrates with the physiological stiffness and two-dimensional shape of cardiomyocytes
show a unique capacity in inducing maturation in hiPSC-derived cardiomyocytes. The
cultured hiPSC-derived cardiomyocytes on the patterned substrates demonstrated isotropic
(A) calcium flow (green) and (B) mitochondria distribution (green) compared to unpatterned
substrates. (C) Variation of patch-clamp recordings (left) and action potential amplitude
(right) of the cells cultured on patterned and unpatterned substrates. (D) Single-cell gene
expression outcomes show an excellent ability of patterned substrates to induce gene
maturation. (E) Directed distribution of t-tubule—like structures along the cell membrane of
the cultured immature cells on patterned and unpatterned substrates. Figures are reproduced
from the reference?1®; copyright [2015] National Academy of Sciences.
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Figure11.
(A) Scheme showing the preparation of patterned substrates based on the 3D-

cardiomyocytes’ shapes (cylindrical), and the scanning electron microscopy images showing
the formation of patterned substrates. (B) Confocal images of the culture (at day 14) of the
immature hiPSC-derived cardiomyocytes on the aligned patterned substrates with the shape
of mature cardiomyocytes at different magnifications. As can be clearly seen in these images
and the analyzed cell- and nucleus-alignment pies, the cultured cells on the patterned
substrate induced the shape of cardiomyocytes and their nuclei (ellipsoidal shape) to the
cultured cells in an aligned format; the cultured cells on the smooth substrate at the same age
are presented for comparison (lower left panel). Figures are reproduced from reference?16;
copyright [2018] Wiley-VCH.
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Figure 12.
Schematic showing examples of stimuli-responsive nanoparticles: the capacity of HyOo-

responsive copolyoxalate polymeric nanoparticles to release their loaded drug (vanillyl
alcohol; green dots) upon exposure to HyO5.
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Figure 13:
The minimum set of required information and experimental setups that should be mentioned

in nanomedicine related reports to achieve robust and reliable nanomedicine readouts. The
figure was reproduced from the reference3?; copyright [2018] Cell Press.
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(A) Variation of model nanoparticle (i.e., QDs) uptake in female and male human amniotic
mesenchymal stem cells. (B) Differences in organization, distribution, and morphology of
actin filaments/bundles in the cytoplasm of the male and female cells using super-resolution
microscopy (scale bar: 1 pm). (C) Flow cytometry analysis demonstrating differences of
reprogramming efficiency of male and female human amniotic mesenchymal stem cells (top
panels) toward human pluripotent stem cells and the humber of the reprogrammed colonies
in culture (bottom panels). Figures are reproduced from the reference93; copyright [2018]

American Chemical Society.
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Table 1:

Summary of the detection limitations of the cardiac biomarkers.

Page 69
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Biomarker | Clinical limitsfor detection Advanced technology that may Time of Normal range | Ref

address current limitations detection value

Cardiac - cTn assay is more expensive than Colorimetric sensors-poly- 10-40 min Normal: 47-66

Troponin other assays used to measure cardiac (dimethylsiloxane) (PDMS)-gold (Depending < 0.04 ng/mL
enzymes. composite film-based biosensor on analytical | Elevated above
-Both cTnT and cTnl are elevated in -ELISA-on-a-chip (EOC) biosensor approach) the 99th
renal failure. Optical sensors Paramagnetic-based percentile of a
- Increasing cTn assay sensitivity can Sensors healthy
help detect minimal concentrations of | -A fluorescence resonance energy population:
troponin in healthy cases and hence transfer (FRET) based biosensor 0.04-0.39
reduce the specificity. -Aptasensor platform (Aptamer Au NP- ng/mL
-Mild hs-cTn elevation can result based assay) Probable
from the following disorders: renal Surface plasmon resonance (SPR)-based myocardial
failure, pulmonary embolism, stroke, sensor infarction:
arrythmias, heart failure, takotsubo -Gold films modified by monoclonal > 0.40 ng/mL
cardiomyopathy, sepsis, hypertensive anti-cTnl antibody
crisis, hyper/hypotension, drug -fiber optic based SPR sensor
toxicity, hypothyroidism, myo/ Electrochemical-based sensor
pericarditis, Rhabdomyolysis, -Au nanoparticles poly
traumatic injury, and stress-induced (dimethylsiloxane) (PDMS) composite
cardiomyopathy. microfluidic
-The challenges associated with hs- -nanoelectrode arrays composed of
cTn include: heterogeneity and post- vertically aligned carbon nanofiber
translational modification of cTn, Paramagnetic immune assay
sample/preparation/stability Microfluid immunosensor chip
nonspecific to etiology of myocyte
death, varying analytical sensitivity,
nonreproducible false elevations,
equipment calibration, and lack of
reportable range and consensus
standardization for performing and
interpretation.

-At least two measurements of cTn at
three time points (0, 3 and 6h) are
required to confirm MI.

Myoglobin - As myoglobin is the earliest Aptasensor platform 10-40 min The normal 67-76
sensitive biomarker that exists in - (Aptamer-Functionalized Black Depending range is 30 to
skeletal and cardiac muscle, Phosphorus Sensing Platform) on analytical | 90 ng/mL
myoglobin elevation in blood is not - Gold nanoparticles decorated on boron approach
specific to cardiac damage. nitride
- Serum myoglobin elevation may nanosheets (Au nanoparticles/BNNSs)
result from AMI, renal failure, - Meso-tetra (4-carboxyphenyl)
intramuscular injection, strenuous porphyrin-functionalized graphene-
exercise, skeletal muscle, and conjugated gold nanoparticles (TCPP-
neuromuscular disorders, and after Gr/Au nanoparticles)
numerous intakes of toxins or drugs Microfluidic immunosensor chip
intake. -Immobilization of anti-myoglobin
- Measurement of myoglobin and antibody on a polystyrene substrate
cardiac-specific marker (troponin 1), Electrochemical immunosensor on metal
or skeletal-specific marker (carbonic nanoparticles-3-Mercaptopropionic acid
anhydrase II) on serial samples is (MPA) capped ZnS nanocrystals
required to differentiate between functionalized with anti-myoglobin (Ab-
myocardial and skeletal muscle Mb)
damage. Electrochemical Impedance

Immunosensor

- Graphene quantum dots modified
electrode was functionalized with anti-
myoglobin antibodies

Fluorescence immunoassay

- Magnetic and fluorescence
nanoparticles
(MNP@SiO2@BSA@AU)

Surface plasmon resonance biosensor

Creatinine CK-MB is not specific to cardiac Surface-enhanced Raman scattering 15-30 min Normal 71-86

kinase MB disorders and its elevation may be (SERS)-based immunoassay depending reference
related to skeletal muscle lesion. Surface plasmon resonance-based on analytical | values for
Due to its early pattern (3 to 5 h after Sensors approach serum CK-MB
infarction), CK-MB is only used to Chemiluminescence range from 3 to
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Biomarker

Clinical limitsfor detection

Advanced technology that may
address current limitations

Time of
detection

Normal range
value

Ref

detect early MI. It is not suitable to
detect late MI (decrease after 48—72
h

It must be used as supplement to
clinical decision-making.

Electro Chemiluminescence
Fluorescence-based sensors
Microfluid immunosensor chip

5% (percentage
of total CK) or
5t0 25 IU/L.
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Nanotechnology-based strategies for diagnosis of MI.

Table 2.

Page 71

Nanoparticle

Sensing/imaging target

Ligand

Ref

Gold nanorod

Concentration of troponin | in
blood

The human troponin | binding peptide (-
FYSHSFHENWPS-) and anti-cTnl antibody

89

Antibodies specific to cTnl and myoglobin

90

single site-specific polyalanine
(PANTI) nanowire

Troponin I, myoglobin and
creatinine kinase-MB

Antibodies specific to cTnl, myoglobin, and creatinine
kinase-MB

91

Quantum dots CD13 Cyclic NGR peptides 94

Liposome Collagen CNA35 9%
Collagen-specific binding protein

18F_Macroflor Macrophage Macroflor particle concentrated in cardiac plaque 9%

macrophage

Mesoporous silicon vectors

Failing myocardium

MSYV preferentially accumulated in failing myocardium

97

porphyrin-functionalized
graphene-conjugated gold

nanoparticles

Myoglobin

Myoglobin binding aptamer

7?2
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Table 3.

Nanotechnology-based strategies for treatment of MI.

Page 72

Nanoparticle M echanism of action Loaded drug/surface | Model of use/Animal Administration Ref
modification route
mesoporous silicon Accumulation in infarcted area - In vivo; male Intravenous 97
vector through EPR effect C57BL/6 mice injection
PEGylated liposome Modified liposome attached to Surface modification: In vivo; C57/BL6 Intravenous 115
cells expressing AT1 Peptide specific to female mice injection
AT1
Micelle Nanoparticles were responsive - In vivo, Rat MI Intravenous 116
to matrix metalloproteinase model injection
enzymes
N-acetyl glucosamine Regulation of calcium Loaded drug: S100A1 | /nvitro - 123
(GIcNAC) signaling pathway protein
Polyketal Induction of cardiomyocytes Loaded drug: In vivo, adult male Intramyocardial 17
growth and survival p38 inhibitor Sprague-Dawley rats injection
SB239063
Surface modification:
N-acetyl-glucosamine
(GIcNAC)
PLGA/PEI Activation of Akt Loaded drug: In vivo; Mice Intramyocardial 127
phosphorylation Insulin-like growth injection
factor (IGF)-1
Liposome - Reduction of oxidative stress Loaded drug: In vivo, Rat Intracoronary 129
and cell death. Coenzyme Q10 injection
- Induction of ischemic cell
growth and survival
PEGylated liposomal Reduction of infarct size Loaded drug: In vivo, Rat Intravenous 130
adenosine Adenosine injection
triphosphate (ATP)
Liposome Improvement of fractional Loaded drug: In vivo, Rat 131
shortening and systolic VEGF Surface
function modification: Anti-
selectin ligand
Polystyrene, Reduction of inflammatory - C57BL/6 mice with Intravenous 132
Microdiamond and monocyte myocardial infarction injection
PLGA
phosphatidylserine (PS)- | Suppression of inflammation Phosphatidyl serine Rat model of acute Intravenous 133
presenting liposomes Ml injection
PLGA NP incorporating | Activation of PI3K/Akt Pitavastatin Rat IR model Intravenous 134
FITC Pathway. Suppression of injection
inflammation.
Reverse thermal gel Promotion of survival, Reverse thermal gel In vitro - 135
(RTG) functionalized proliferation and function of (RTG)
with CNTs (RTG-CNT) cardiomyocytes
Thiazole orange Suppression of inflammation - In vivo, Mice model Intravenous 136
conjugated dextran of myocardial I/R injection
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Table 4.

Nanotechnologies for delivery of genes and RNASs.

Page 73

Nanoparticle L oaded gene/ Application M echanism of Model of use/ Administration | Remarks Ref
RNAs action Animal route
Lipid Green mRNA Transient In vivo; Adult Myocardial - 146
fluorescent delivery to overexpression male Sprague- injection
protein infarcted of modified Dawley rats and
modified myocardium mRNA in the female
mRNA for repair and infarcted area Yorkshire pigs
treatment of
myocardial
infarction
Small siRNA delivery | - Suppression of | /n vivo; Ald Intravenous - 147
interfering for myocarditis | CCR2 mice with injection
RNA for CCR2 | therapy expression myocarditis
(siCCR2) - Prevention of
leucocyte
production in
spleen and bone
marrow
- Promotion of
left ventricular
function
- Prevention of
CD11b+
production
Magnetic Adenoviral Adhvecr The MNBs In vivo, Lewis Intravenous The MNBs 148
nanobeads vectors (Ad)- delivery to loaded with rats with acute injection loaded with
(MNBs) encoded ischemic area Adpecr myocardial Adnvecr
hVEGF gene for treatment of | promoted heart infarction were guided
acute regeneration, left to ischemic
myocardial ventricular area via
infarction function and external
arterial density magnetic
field
Cationic Anti-miR-721 Anti-miR-721 - Silencing In vivo; Intravenous Anti-miR-721 149
lipoparticles delivery for miR-721 and Atherosclerotic injection loaded
treatment of MMP mice (ApoE~~ cationic
atherosclerosis - Overexpression | mice) lipoparticles
of TIMP3 and showed no
RECK genes suppressive
effect in other
organs
Polyethyleneimine | DNAygrg DNAvEerG Improving In vivo, Lewis Intramyocardial | This platform 150
graphene delivery for cardiac function rats with injection prolonged
oxide/DNAyErg treatment of via enhancing myocardial gene
encapsulated in myocardial cell growth, infarction retention time
low-modulus infarction survival, in lesion site
methacrylated contractility and with no sign
gelatin (GelMA) angiogenesis of toxicity
hydrogel and
inflammation
Tat peptide/DNA Angiopoietin-1 | Delivery of - Promoting In vivo, acute Intramyocardial 151
nanoparticle and (Ang-1) angiopoietin-1 cardiac function MI rat model injection
recombinant transgene (Ang-1) and regeneration
Baculovirus (Bac) transgene for - Enhancing
treatment of ejection fraction
myocardial - Increasing left
infarction ventricular
thickness
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Table 5.

Example of nanoparticles with anti-oxidation activity.

Page 74

Nanoparticle

Application

M echanism of action

I n-vitro/I n-vivo

Remarks

Ref

Copolyoxalate polymeric

loaded with vanillyl
alcohol (VA)

Targeted delivery of
vanillyl alcohol to
ischemic reperfusion
injury site

Prevention of H,O,-induced
immune response and
apoptosis; prevention of ROS
overproduction

In vivo, hind-limb
ischemic reperfusion
and liver ischemic
reperfusion models of
mice

The nanoparticles
release vanillyl
alcohol upon
exposure to H,0,

243

2, 3-dimercaptosuccinic

acid modified iron oxide

Heart protection from
ischemic damage

- Prevention of calcium
influx, oxidative stress and
membrane disruption.

- Heart regeneration and
cardiac cell survival

In vivo, rat coronary
artery ligature (CAL)
model

248

Nano-sized curcumin

Prevention of hypoxia-
induced
cardiomyocyte
damage

Prevention of mitochondrial
dysfunction and oxidative
stress

In vitro

The nanoparticles
prevented
mitochondrial
metabolism changes

249
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Table 6:

Summary of nano-immunotherapy systems in cardiovascular disease.

Page 75

Nanoparticle Application Major Effector Cells References
Liposome nanoparticles Atherosclerotic disease Macrophages 300
7C1-C14PEG2000 nanoparticles Reduce monocyte transendothelial migration through Monocytes 301
SiRNA delivery
Amphiphilic macromolecules-based PP 302
nanoparticles Arrest atherosclerosis /n vivo Macrophages
Hyaluronan nanoparticles Probe atherosclerosis-associated inflammation Macrophages 303

PLGA nanoparticle system

Prevent plaque destabilization and rupture

Monocytes/Macrophages

304

mice

Lipidoid nanoparticles Suppression of IRF5 level Macrophages 305
HDL nanoparticles . . . 306
Delivery of simvastatin to plaque Macrophages 307
- - - — - 08

PLGA nanoparticles Inhibits atherosclerotic plaque destabilization/rupture in Monocytes

Exosomes nanoparticles

Polarizing cardiac macrophages toward a distinctive
cardioprotective phenotype

Monocytes/Macrophages

309

Albumin-based nanoparticle

Prevention of vascular inflammation

Neutrophils

310
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Table 7:

Examples of the use of cardiac nanotechnologies in large animals

Page 76

Nanoparticle/Material Physicochemical Animal model Remark Ref
properties
Peptide (HA, Size: < 50 nm surface landrace pig CaP inhalation is an effective strategy for intramyocardial 325
YPYDVPDYA) loaded charge: (=32 £ 3 mV) delivery of peptides/therapeutics for treatment of heart
calcium phosphate diseases.
nanoparticles (CaP-HA) After inhalation, CaP-HA was specifically localized in
myocardium, where the loaded peptides (HA) were
rapidly released. CaP-HA showed no adverse effect on
blood pressure and functions of cardiac, LV, and
respiratory system.
Curcumin-nisin based Size: 284.0 £ 17.9 nm. Guinea Pig CurNis nanoparticles showed cardioprotective effects in a 257
poly lactic acid surface charge: (-12 £ 3 pig model of MI. They improved antioxidant defense and
nanoparticle (CurNisNp) mV) decreased the ROS level.
Lipidoid Nanoparticle Size: ~155 nm Female Direct myocardial injection and percutaneous 146
Yorkshire pig intracoronary delivery of lipidoid nanoparticles was found
to be an effective approach for overexpression of MRNA
in heart and gene therapy.
Pitavastatin-loaded Size: 159nm surface Bama mini- PLGA delivered pitavastatin into IR-injured myocardium 326
poly(lactic acid/glycolic charge: 4.1 mV pigs domestic and showed protective effects. Pitavastatin-loaded PLGA
acid) (PLGA) pig had no adverse effects on cardiac function.
SPION-labeled Size: <20 nm mature Chinese | SPION-labeled EPCs reduced acute MI size and restored 327
endothelial progenitor pig heart function.
cells (EPCs) SPIONSs were used to monitor the therapeutic efficacy of
EPCs via MRI.
Exosomes (Nanovesicles Size: 192+17 nm female adult The intracoronary (IC) or open-chest intramyocardial 328
produced by Yucatan mini- (IM) delivery of exosomes prevented adverse remodeling
cardiosphere-derived pig and improved LVEF in acute and chronic MI pig models
cells) of.
Liposomal nanoparticles 143 nm domestic male Liposomal nanoparticles did not induce the 329
108 nm Yorkshire pig hypersensitivity reaction in pigs and showed no
immunogenic effect. Therefore, these nanoparticles can
be used for therapeutic or drug delivery approaches.
Basic fibroblast growth ND healthy adult Intramyocardial injection of bFGF microsphere enhanced | 330
factor (bFGF) mongrel dog angiogenesis and improved LV, myocardial function, and
incorporating gelatine ejection fraction.
microsphere
Hydrogel microspheres ND Pig Biodegradable hydrogel microspheres loaded with bFGF 331
with bFGF increased angiogenesis and vascular density, improved LV
function, and prevented LV remodeling.
Gelatine hydrogel 50-100 um Human patients | Sustained release of bFGF improved angiogenesis and 332
containing bFGF had critical distance walked in 6 minutes.
limb ischemia
Liposomal PGE1 150-200 um Dog Liposomal PGEL1 limited reperfusion injury, reduced 333
infarct size, and restored myocardium
Collagen patch 2cm Swine Collagen patch containing epicardial fstl1 protein induced | 189
containing epicardial proliferation of cardiomyocytes and improved cardiac
fstll protein function and survival in a MI model of swine
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Table 8.

Potential adverse effects of nanoparticles used for CVDs diagnosis and treatment

Page 77

NP Adver se effects NP size Model of use/ Administration Remark Ref
Animal route
Citrate-covered Induction of 21.3+3.2nm In vivo Sprague Intratracheal 362
silver NP inflammation and I/R Dawley rats instillation
injury
Zinc oxide Toxic effects against 20 and 90 nm In vitro - Zn ions, released from 360
nanoparticles coronary artery ZnO nanoparticles,
endothelial cells. enhanced the toxic
Induction of impacts of ZnO
inflammation and nanoparticles.
oxidative stress.
Cerium Oxide Enhancement of I/R 70 nm In vivo C57BL/6 Pulmonary Cerium oxide 368
nanoparticles injury. Induction of and B6.Cg-KitW- instillation nanoparticles can
pulmonary and sh disturb the vascular
cardiac inflammation. relaxation
Multi-walled Pulmonary acute 2-10 ym In vivo Female Pulmonary There is a direct 369
carbon nanotubes phase response C57BL/6J mic exposure relationship among
Single-walled acute phase response,
carbon nanotubes neutrophil influx, and
Carbon black CVD risk
Titanium Dioxide
nanoparticles
Single-walled Induction of In vivo C57BL/6 Pharyngeal SWCNTSs induced 370
carbon nanotubes inflammation and mice aspiration oxidative stress
acute phase responses
Single-walled Atherosclerosis In vivo ApoE(=/-) | Pulmonary SWCNTSs induced 371
carbon nanotubes development transgenic mice exposure mitochondrial damage
Titanium Dioxide Atherosclerosis 21.6 nm In vivo (ApoE-/-) | Pulmonary TiO, nanoparticles did 372
nanoparticles development transgenic mice exposure not induce vasodilatory
malfunction and
inflammation
Titanium Dioxide Induction of 5nm Invivo (ICR) male | Nasal instillation TiO, nanoparticles 354
nanoparticles myocarditis mice induced cardiac and
pulmonary
inflammation
Titanium Dioxide Nitrosative and 21 nm In vivo Sprague- Aerosol inhalation 373
nanoparticles oxidative stress Dawley rats
induction
Titanium Dioxide Disruption of 21 nm In vivomale Inhalation Impairment of 355
nanoparticles microvascular Sprague-Dawley exposure microvascular reactivity
reactivity rats affects cardiac function
Multi-walled Exacerbation of In vivo Sprague- Intratracheal MW(CNTSs enhanced 374
carbon nanotubes myocardium I/R Dawley rats instillation coronary
injury vasoconstriction
Multi-walled Exacerbation of Diameter: 29— | /n vivomale Oropharyngeal MWCNTSs did not 375
carbon nanotubes myocardium I/R 23 nm C57BL/6J mice aspiration induce pulmonary
injury Length: from inflammation
10-100 pm
Multi-walled coronary In vivomale Inhalation 376
carbon nanotubes microvascular Sprague Dawley exposure
dysfunction
Polystyrene NP Dysregulation of PS-COOH: In vitro - PS-NH2 Captured FVII | 363
blood coagulation 24 and 220 and FIX and enhanced
nm bleeding. PS-COOH
PS-NH,: triggered intrinsic
57 and 330 coagulation pathway.
nm
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NP Adver se effects NP size Model of use/ Administration Remark Ref
Animal route
Silica Dysregulation of 4,7,12,22, In vitro - Large nanoparticles 377
nanoparticles blood coagulation 50 and 85 nm strongly denatured the
FXI1 and activated
intrinsic coagulation
NH, modified Enhancement of 3-7nm In vitro - NH, modified 378
dendrimer thrombus formation dendrimer-activated
platelets by destroying
their membranes
Titanium Dioxide TiO, anatse triggered 38 nm In vivo C57BL/6 Systemic injection 364
anatase Titanium platelet aggregation 67 nm
Dioxide rutile Zinc 150 nm
Oxide Silica 47 nm
nanoparticles 15 nm
Silver
Single-walled Enhancement of In vivo Wistar- Intravenous 365
carbon nanotubes vascular thrombosis Kyoto rats injection
Multi-walled subjected to
carbon nanotubes thrombosis
Silver NP Enhancement of 10-100 nm In vivo Sprague- Intravenous 366
thrombosis Dawley rat injection
thrombosis model
Ultrasmall Enhancement of 5nm In vivo BALB/C Intravenous - 367
SPIONs thrombosis mice injection
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