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SYNOPSIS

Coronary heart disease is referred to as a condition that includes constricted or blocked
blood vessels leading to ischemia/hypoxia resulting in infarction or heart attack. About
50% of the deaths due to cardiovascular diseases were contributed by coronary heart
disease. All the treatment strategies for heart diseases have been focused on guarding
the diseased heart from progression to heart failure. Revascularization by
thrombolysis, cardiac intervention, and bypass surgery help to improve blood supply
and can rescue the injured myocardium. In contrast to these cardioprotective therapies
that target ischemia in the failing heart, only limited therapies are available for
preventing end-stage heart failure. Thus, biomaterials have gained attention in cardiac
repair, for their ability to serve as a matrix to improve cell survival and behaviour, as
well as to act as a reservoir for sustained local delivery of therapeutic factors. The use
of animal-derived biological tissues as scaffolds for cardiac tissue engineering has
been sought by several research groups. Indeed, CorMatrix® made of porcine small
intestinal submucosa has gained popularity in the cardiovascular field, but the limited

market availability and high cost diminished its usage in India.

Porcine cholecystic extracellular matrix (C-ECM) is a relatively new collagen-
rich biomaterial with a mesh-like architecture. It was originally intended as a buttress
material for staple line reinforcement. Later, the research works conducted using C-
ECM proved that the material has excellent skin wound healing property in rabbits,
rats and dogs. Extensive refinement in the method of preparation of C-ECM from
porcine cholecyst without the use of any harsh chemicals or enzymes commonly used
for decellularisation resulted in an extracellular matrix scaffold suitable for various
tissue engineering applications. In this background, this study hypothesized that C-
ECM prepared by a non-enzymatic/detergent method is a suitable scaffold for
fabricating cardiac-patch. The study also deals with the modification of C-ECM with
gold nanoparticles to enhance the conductive property of the material. To test the
hypothesis, the pristine scaffold and a modified form of the scaffold fabricated from
C-ECM incorporated with gold nanoparticles (C-ECM AuNP) were used as potential

cardiac-patches. Both in vitro and in vivo effects of the scaffolds were evaluated. The
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data collected will be presented in the proposed thesis with six chapters.

The first chapter will be the introduction which includes the background and

the objectives of the study. The main objectives are the following:

I.  Evaluation of the properties of porcine cholecystic extracellular matrix scaffold
and its suitable modifications for cardiac tissue engineering
II.  Differentiation of rat cardiomyoblast cell line H9¢2 and rat bone marrow
mesenchymal stem cells to cardiomyocyte-like cells
III.  Functional evaluation of the cardiac patches in a rat model of non-fatal

myocardial infarction

The second chapter will be a review of literature that elaborates relevant and
related research outcomes in the area of cardiac tissue engineering with brief
information about the heart, embryology, anatomy and physiology.

The third chapter will be the materials and methods section which describes the
methodologies adopted for acquiring the results. The first part of the section includes
preliminary tests for evaluating the cytocompatibility of C-ECM, such as direct contact
test, live dead staining and (3-(4,5-dimethylthiazol-2-yl)-2,5)-diphenyltetrazolium
(MTT) assay. The in vivo effect of the C-ECM was evaluated in a suitable animal
model for myocardial infarction. The animal model was established by surgical
ligation of the left anterior descending coronary artery and the C-ECM was implanted
as an epicardial graft. The following section deals with the method for the modification
of C-ECM to enhance conductivity. For that gold nanoparticles were synthesised and
characterised by the following methods such as UV-Vis spectrophotometry,
transmission electron microscopy, and dynamic light scattering. After incorporation of
gold nanoparticles to the C-ECM, it was characterised by surface profilometry,
scanning electron microscopy, energy-dispersive x-ray spectroscopy, 4-point probe
method for conductivity, 2,4,6-trinitrobenzene sulfonic acid assay for estimation of
free amino groups, Fourier-transform infrared spectroscopy for determination of
functional groups, thermogravimetric analysis for thermal stability and degradation
assay. Biological characterisation of the C-ECM AuNP was achieved by direct contact

test, live dead staining and MTT assay.
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The next section deals with the differentiation of cardiomyoblast cells H9c2
and rat bone marrow-derived mesenchymal stem cells (rBMSCs) to cardiomyocyte-
like cells. The differentiation of H9¢2 cells to cardiomyocyte-like cells in the presence
of retinoic acid was studied using phase contrast microscopy, cytoskeleton staining
and western blot for cardiac proteins such as troponin T, myo D and connexin 43. Rat
bone marrow-derived mesenchymal stem cells were isolated and characterised using
phase contrast microscopy, immunostaining for positive marker, flow cytometry and
multilineage differentiation. Similarly, the differentiation of rBMSCs was studied by
phase contrast microscopy and western blot for cardiac proteins.

For the functional evaluation of the cardiac patches, the C-ECM and C-ECM
AuNP scaffolds were implanted in a rat model of myocardial infarction as epicardial
grafts and evaluated by serum biochemistry, electrocardiography, echocardiography,
and histology. Histological evaluation was carried out by haematoxylin and eosin
staining, Masson’s trichrome staining, picro sirius red staining, Herovici’s staining and
immunohistochemistry for CD4 (helper T lymphocytes), CD8 (cytotoxic T
lymphocytes), CD68 (macrophages), a-smooth muscle actin (smooth muscle cells and
myofibroblasts), CD31 (endothelial cells), proliferating cell nuclear antigen
(proliferating cells) and connexin 43 (cardiomyocytes). Morphometry was used for
the quantification of various parameters like right ventricular area, left ventricular area,
interventricular septal area, infarct area, diameter of cardiomyocytes, number of
cardiomyocytes and the number of positively stained cells from
immunohistochemistry.

The fourth chapter will elaborate on the results of the study. From the
preliminary studies conducted on the pristine C-ECM, it was observed that C-ECM
provided a suitable substrate for the growth of H9c2 cells. Further, an animal model
for MI was established and the C-ECM was implanted as an epicardial graft.
Moreover, the conjugation of functionalised gold nanoparticles to porcine C-ECM was
possible and the modified C-ECM AuNP was a potential conductive biomaterial for
cardiac tissue engineering. H9c2 cells and rBMSCs were cultured and differentiated to
cardiomyocyte-like cells, established with the expression of cardiac proteins like trop
T, myo D, connexin 43. The results of the in vivo evaluation of C-ECM and C-ECM
AuNP in MI model indicated reduction in the deposition of total collagen in the grafted
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animals. Also, there was relative abundance of degradable reticular type III over type
I collagen as quantified from Herovici’s stained sections. Immunohistochemistry for
proliferating cell nuclear antigen indicated increased cell proliferation in the presence
of both the grafts. Enhanced angiogenesis was observed in the grafted animals by
immunohistochemistry for a- smooth muscle actin and CD31. A favourable graft
acceptance reaction was observed after immunohistochemistry for CD4 and CDS.

The fifth chapter will be a discussion of the results that explains the
implications of the study. The study indicated that the porcine C-ECM and the C-ECM
AuNP are suitable scaffolds for cardiac tissue engineering application as evidenced by
the in vitro and in vivo experiments.

The sixth chapter will be the summary and conclusion. In short, with the
incorporation of gold nanoparticles to C-ECM, conductivity was improved making it
suitable for cardiac tissue engineering. Both these scaffolds were found to be
compatible with H9¢2 cells and rBMSCs. When porcine C-ECM and C-ECM AuNP
were used as an epicardial graft in a rat model of MI, there was reduction in cardiac
fibrosis by the delayed deposition of type I collagen, increased angiogenesis and
enhanced cell proliferation were observed. It was revealed that C-ECM and C-ECM
AuNP scaffolds can mitigate cardiac remodelling process. As an epicardial graft, C-
ECM and C-ECM AuNP can be used as an adjunct to any current treatment strategies.
Thus, the porcine cholecystic extracellular matrix prepared by the non-

enzymatic/detergent method is a potential biomaterial for fabricating cardiac patches.
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1. INTRODUCTION

The heart is the first organ to start functioning in humans at about three weeks of
gestation and it is also the last organ remaining functional, until death (Radisic, 2015).
It is a continuously working muscular pump, contracting on average 80 times per

minute to push 6000-7500 liters of blood through body tissues daily (Tzahor & Poss,
2017). The heart functions by pumping blood out from the left chambers to all the

tissues through arteries and blood containing waste products are taken back to the right
chambers through veins. This strenuous activity is controlled by specialized cells in
the heart muscle named cardiomyocytes having the ability to contract in response to
electrical stimulation. Mammalian cardiomyocytes exit the cell-cycle to make the heart
the most stable organ, with a rare chance of cardiac tumor, but relentlessly disturbs the
repair process after muscle injury (Mohamed et al, 2018; Sadek & Olson, 2020). Due
to the limited regenerative capacity of mammalian cardiomyocytes, the repair process

leads to scar formation and the irreversible events finally result in cardiac failure.

Cardiovascular diseases (CVDs) are the leading cause of deaths occurring
globally. About 17.9 million people died from CVDs in 2019, which contributed to
31% of all global deaths. CVDs include coronary heart disease, stroke, hypertensive
heart disease, inflammatory heart disease and rheumatic heart disease. Among these
deaths, nearly 7.4 million were due to coronary heart disease (Cardiovascular diseases
(CVDs, WHO 2017). 1t is generally referred to as conditions that include constriction
or blockage of blood vessels leading to myocardial infarction or heart attack, angina
or stroke (Heart disease - Symptoms and causes - Mayo Clinic). The blockage of the
artery is mainly due to atherosclerosis, accumulation of cholesterol or any fatty

deposits.

All the current treatment strategies focus on protecting the heart from
progression to heart failure. Revascularization by thrombolysis, cardiac intervention,
and bypass surgery help to improve blood supply and can rescue the injured
myocardium. Pharmacological approaches that slow or reverse cardiac remodelling,

such as angiotensin-converting enzyme inhibitors, angiotensin receptor—neprilysin



inhibitors, B- blockers, and mineralocorticoid- receptor antagonists, have decreased
heart failure mortality. In contrast to these cardioprotective therapies that target the
remodelling process in the failing heart, limited therapies are available for the
advanced remodelled heart at end-stage heart failure. Mechanical support therapies,
such as left ventricular assist devices (LVADs) and cardiac resynchronization therapy,
show beneficial outcomes in patients with end-stage heart failure, but for them, cardiac
function can be re-established by heart transplantation which is the gold standard in
cardiac treatment (Wilhelm 2015). But then, there are many limitations including the
lack of donors, the problem of rejection, cardiac allograft vasculopathy, chronic kidney
disease, graft dysfunction, infection and malignancies (Alba et al, 2016). So there is a
huge demand for other strategies to reduce the risk of ischemic heart diseases by
promising technologies. With the evidence of the transient regenerative capacity of the
neonatal mouse heart, studies have been focused on the reactivation of pre-existing
cardiomyocytes for proliferation after cardiac injury or activation of resident stem cell
population which can give rise to new cardiomyocytes (He & Zhou, 2017). First-
generation cell-based therapies involved the use of non-cardiac cells such as skeletal
myoblasts, bone marrow-derived cells and mesenchymal stem cells. But the long-term
follow-up studies did not show beneficial and consistent clinical results. Thus, other
therapies were explored including the use of cardiac stem cells, pluripotent stem cells,
secretory factors, growth factors, microRNAs, exosomes, direct reprogramming of
various cells into cardiomyocytes, targeting fibrotic response or stimulating

endogenous cardiac repair process (Hashimoto et al, 2018).

Biomaterials have been used in cardiac repair for their ability to serve as a
matrix to improve cell survival and behaviour, as well as to protect the therapeutic
factors from degradation and to act as a reservoir for its sustained local delivery.
Biomaterial based delivery systems thus provide a scaffold to improve the therapeutic
effects of both cellular and non-cellular approaches. With the principles of tissue
engineering, myocardial patches, sheets and 3D heart tissues mimicking the native
heart structure has been designed. Engineered heart tissues can be directly transplanted
to the damaged heart and have been shown to improve therapeutic outcomes

(Hashimoto et al, 2018). Natural and synthetic scaffolds are used for cardiac tissue



engineering, including their hydrogel forms with cells for easy delivery to the damaged
site (Reis et al, 2016). Indeed, hydrogels prepared from collagen, gelatin, Matrigel,
alginate, fibrin, poly(2-hydroxyethyl methacrylate), poly(N-isopropylacrylamide) and
poly(ethylene glycol) have a lot of contemporary medical use (Camci-Unal et al,
2014).

In addition, conductive biomaterials are emerging as a promising strategy to
repair infarcted myocardium and to improve cardiac function. Electrical conduction is
important for the heart muscles to contract. Therefore, engineered cardiac tissues with
conductive materials are gaining more attention in the field of cardiac tissue
engineering. Scaffolds developed using conductive biomaterials may restore the
electrophysiological function of a damaged heart. Some of the conductive materials
used are carbon-based nanomaterials (graphene) (Saravanan et al, 2018) and carbon
nanotubes (CNTs) (Kitsara et al, 2017), metal derived materials (gold nanoparticle)
(Nair et al, 2017) and conductive polymers (polyaniline, polythiophene and
polypyrrole) (Ye & Qiu, 2017).

Porcine cholecystic extracellular matrix (C-ECM) is a relatively new
biomaterial with a mesh-like architecture prepared from gall bladder (Burugapalli et
al, 2007) intended as a buttress material for staple line reinforcement (Burugapalli et
al, 2008) abounding in collagen and growth factors such as VEGF and bFGF
(Anilkumar et al, 2014). A refined method for the preparation of C-ECM by a non-
detergent/ non-enzymatic method with controlled crosslinking ( Mony & Anilkumar,
2019) was proposed. This xenogeneic biomaterial has excellent wound healing
property in rabbits (Revi et al, 2013) and dogs (Karthika et al, 2018). Recent studies
on the subcutaneous implantation of C-ECM have shown lesser immunogenicity and
higher graft acceptance reaction compared to other grafts from xenogeneic origin
(Muhamed et al., 2015 a, Muhamed et al., 2015 b & Muhamed et al., 2017). It has
been used as a urinary bladder repair graft (Kajbafzadeh et al, 2014), corneal graft
(Anoop et al., 2017) and hernia repair graft (Balakrishnan-nair et al, 2018). Recently,
the sheet form of C-ECM was comminuted to powder forms to increase the flexibility

in terms of delivery (Raj et al, 2018).



With this background, this thesis hypothesises that the porcine cholecyst
derived extracellular matrix is a suitable scaffold for fabricating cardiac-patch. To test
the hypothesis, a modified form of the scaffold fabricated from C-ECM incorporated
with gold nanoparticles was used as cardiac-patches and compared its biomaterial
properties with the pristine scaffold. Both in vitro and in vivo properties were

evaluated.
The specific objectives of the study were the following:

1. Evaluation of the properties of porcine cholecystic extracellular matrix scaffold
and its suitable modifications for cardiac tissue engineering

2. Differentiation of rat cardiomyoblast cell line H9¢c2 and rat bone marrow
mesenchymal stem cells to cardiomyocyte-like cells

3. Functional evaluation of the cardiac patches in a rat model of non-fatal

myocardial infarction



2. REVIEW OF LITERATURE

2.1 Cardiac embryology

The cardiovascular system is the first system to develop due to the increased metabolic
demands by the growing embryo. The heart starts its function around day 21 or 22,
just three weeks after fertilization. During the initial period of development, simple
diffusion of necessary nutrients through the placenta was sufficient but later on
becomes scarce to supply oxygen and nutrients. The formation of structures and
changes in spatial configuration in proper timing determines the complex interplay of
molecular signalling during cardiac development. Congenital heart diseases develop
when there is any genetic or environmental intervention with this process (Mathew &
Bordoni, 2019).

Around 18 days after fertilization, the heart forms from an embryonic tissue
called mesoderm. The development starts near the head of the embryo in a region
known as the cardiogenic area. The cardiogenic area commences to form two strands
called the cardiogenic cords in response to the chemical signals from the underlying
endoderm. A lumen rapidly develops within them and are referred to as endocardial
tubes. They migrate together and fuse to form a single primitive heart tube. The
primitive heart tube forms five different regions such as truncus arteriosus, bulbus
cordis, primitive ventricle, primitive atrium and the sinus venosus. The above
mentioned five regions develop into recognizable structures in a fully developed heart.
The truncus arteriosus will divide and forms the ascending aorta and pulmonary trunk.
The bulbus cordis matures into the right ventricle. From the primitive ventricle, the
left ventricle is formed, the anterior portions of the right and left atria are formed from
the primitive atrium. Subsequently, the sinus venosus develops into the posterior part

of the right atrium, the sinoatrial node and the coronary sinus.



Figure 1: Human heart development. This diagram shows the schematic
representation of the development of the human heart and the partitioning to
form heart chambers (Adapted from Development of the Heart — Anatomy and

Physiology by Rice University)

As soon as the primitive heart tube elongates, it starts to fold within the
pericardium, resembling an ‘S’ shape, which positions the chambers and major vessels
in place. Further, the development of septa, valves, and remodelling of the actual
chambers takes place. Finally, the partitioning of the atria and ventricles by the

interatrial septum, interventricular septum and atrioventricular septum takes place by

the end of the fifth week.



2.2 Anatomy and physiology of heart

The human heart is situated within the thoracic cavity, between the lungs behind the
sternum and above the diaphragm. The heart is separated from the other mediastinal
structures by a tough membrane known as the pericardium and sits in the space called
the pericardial cavity. The shape of the heart is similar to a pinecone, slightly broad at
the base and tapering to the apex. The size of the heart is approximately the size of our
fist and the weight ranges from 250 to 300 grams in females and about 300 to 350
grams in males. There are four chambers in the human heart, the upper chambers, the
right atrium and the left atrium acts as receiving chambers and contracts to push blood
into the lower chambers, the right ventricle and the left ventricle. The primary pumping
chambers are the ventricles that pump blood to the lungs or to the rest of the body. The
pulmonary circuits and systemic circuits are the two interlinked routes in human
circulation. The pulmonary circuit transports deoxygenated blood away from the right
ventricle to the lungs and return oxygenated blood to the left atrium and ventricle while
the systemic circuit transports oxygenated blood to almost all the tissues of the body

and returns deoxygenated blood and carbon dioxide to the heart. (Betts et al, 2017)

2.3 Regenerative capacity of the heart

The mammalian heart has limited regenerative capacity due to the presence of
terminally differentiated cardiomyocytes (Sadek & Olson, 2020). These
cardiomyocytes are quiescent while those from axolotls, newts, frogs and zebrafish,
retain lifelong ability to proliferate (Hashimoto et al, 2018). It has been found that
cardiomyocytes renew around 1% of the cells per year at the age 20 which reduces to
0.3% at 75 years of age (Arnal-Pastor et al, 2013). Therefore, the key limitation to
cardiac regeneration is likely the poor ability of adult mammalian cardiomyocytes to
enter the cell cycle and divide. On the other hand, cardiomyocytes in the fetal heart are
mononucleated and can proliferate but after shortly birth, DNA replication occurs
without cytokinesis or karyokinesis and they become mono-nucleated cells with
polyploidy nucleus. It is rare for a cardiomyocyte to enter the cell cycle after this post-

natal switch (Kikuchi & Poss, 2012).



The heart has two unique features: first, it functions as a syncytium and the
second, it has the exceptional ability to generate and sense electrical impulses. These
two are the major challenges faced by investigators working on the regeneration of the
heart. In short, the laboratory-generated cardiac cells must be programmed to
orchestrate with resident cardiac cells so that they function synchronously making use
of the electrical conduction system. Thus, the regenerated heart must possess its own
electrical conduction system, which is required to the heartbeat (Forough et al, 2011).

Two main concepts have been practiced to generate cardiomyocytes for cardiac
regeneration either through activation of resident cardiac stem cells or the revival of
pre-existing cardiomyocytes after cardiac injury (He & Zhou, 2017). The belief that
the adult heart is a post-mitotic organ and cannot renew by itself has been challenged
by some recent studies. The reports that human cardiac stem cells/ progenitor cells can
renew despite with gradual decrease in number with age. These cells include resident
side population cells, c-kit-positive cells, Sc-1-positive cells, cardiosphere cells, Is1-
positive cells but their numbers are too minimal to replace an injury and difficult to
expand in the lab (Wen et al, 2012). The proliferative capacity of adult cardiomyocytes
has been modulated with molecular tools. Cell cycle activity of cardiomyocytes have
been shown to increase with forced expression of cyclin B1-CDC2, and knockdown
of p21/p27 (Senyo et al, 2014). In another approach, miRNAs were used to
downregulate the insulin-like growth factor-1 pathway which contributes to cardiac
hypertrophy. Some of the examples includes miR-199a and miR-590 which have the
ability to induce cardiomyocyte proliferation in animal models (Chaudhuri et al,

2017).

2.4 Pathophysiology of myocardial infarction

The presence of acute myocardial injury evidenced by elevated cardiac biomarkers in
the setting of evidence of acute myocardial ischemia is the clinical definition of
myocardial infarction (Thygesen et al, 2018). Myocardial infarction is also defined as
the necrosis of the cardiomyocyte with an increase and/or a decrease in plasma cardiac
troponin (cTn). This is in accordance with the “Third Universal Definition of

myocardial infarction (MI)” published in October 2012 by the global Myocardial



Infarction Task Force recommended by the European Society of Cardiology, the
American College of Cardiology Foundation, the American Heart Association, and the
World Heart Federation. Cardiac troponin measurement should be higher than the 99
percentile normal reference limit during any signs of MI, significant ECG ST-
segment/T-wave changes/block in left bundle branch, the development of Q waves in
ECG, loss of viable myocardium or abnormality in regional wall motion detected by
any imaging method, detection of an intracoronary thrombus by angiography or

autopsy (Reddy et al, 2015).

2.4.1 Clinical classification

MI can be classified into various types depending on pathological, clinical and
prognostic differences, along with different treatment strategies: (1) Spontaneous
myocardial infarction, MI type 1 (2) Myocardial infarction secondary to an ischemic
imbalance, MI type 2 (3) Myocardial infarction resulting in death when biomarker
values are unavailable, MI type 3 (4) and (5) Myocardial infarction associated with

revascularization procedures, MI types 4 and 5 (Thygesen et al, 2012).

2.4.2 Biomarker detection

Elevation in the blood levels of sensitive and specific cardiac biomarkers such as cTn,
high-sensitivity (hs)—cTn assays are recommended for routine clinical use or the MB
fraction of creatine kinase (CKMB) determines myocardial injury (Thygesen et al,
2012). Troponin isoforms such as cardiac Troponin-I (¢cTnl) and cardiac Troponin-T
(cTnT) are regulatory myofibrillar proteins, which are the preferred biomarkers for
cardiac damage from myocardial infarction. Besides this clinical application, some
researchers have also used the presence of troponins, to indicate the differentiation of
cardiomyocytes (Forough et al, 2011). Troponin values may remain elevated for 14
days or more subsequent to the onset of cardiomyocyte necrosis. The best substitute to
cTn assay is CKMB which is measured by mass assay. For both troponins and CKMB,
increased values are determined as a value exceeding the 99" percentile of a normal
reference population (upper reference limit) which is designated as the decision level
for the diagnosis of MI (Thygesen et al, 2012). An increase in ¢Tn values reveals injury
to myocardial cells but does not specify the underlying pathophysiological
mechanisms (Thygesen et al, 2018).



2.4.3 Other methods for the detection of MI

Electrocardiogram (ECG) is an important part of the diagnosis of patients with
suspected MI and should be acquired and interpreted within 10 min after the patient
presentation. The presence of severe or evolving changes in the ST-T waveforms and
Q waves possibly allow the clinician, to assess the amount of myocardium at risk, to
time the MI, to find the infarct-related artery as well as prognosis and to establish a
therapeutic strategy. A greater degree of myocardial ischemia is associated with more
intense ST-segment shift or T wave inversion. Cardiac arrhythmias, intraventricular
and atrioventricular conduction delays and loss of precordial R wave amplitude are
some of the signs associated with MI. In short, changes in the PR segment, the QRS
complex, the ST segment or the T wave determines the ECG abnormalities associated
with myocardial infarction (Reddy et al, 2015; Thygesen et al, 2012).

Echocardiography is also used for the assessment of cardiac structure and
function, specifically myocardial thickness, thickening and wall motion.
Echocardiographic contrast agents can improve visualization of the endocardial border
and can be used to assess myocardial perfusion and microvascular obstruction
(Thygesen et al, 2012).

Radionuclide imaging is another technique which allows the imaging of viable
myocytes with the use of SPECT tracers thallium 201, technetium-99m MIBI and
tetrofosmin, and the PET tracers F-2 fluorodeoxyglucose (FDG) and rubidium 82. This
is the only commonly available method for measuring cardiomyocyte viability directly
but the relatively low resolution of the images confines them for detecting the smallest
areas of MI (Thygesen et al, 2012, 2018).

Magnetic resonance imaging provides an accurate assessment of myocardial
function and is almost similar to echocardiography. With the use of paramagnetic
contrast agents, assessment of myocardial perfusion and the increase in extracellular
space associated with the fibrosis of prior MI can be detected (Thygesen et al, 2012).

Computed tomography (CT) is used in conditions where the necrotic
myocardium is detected as a focal area of reduced LV myocardial enhancement, but
further imaging demonstrated increased enhancement, as with late gadolinium

imaging by MRI. Contrast-enhanced CT is not used routinely used but performed in
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suspected pulmonary embolism and aortic dissection conditions with clinical features

that overlap with those of acute MI (Thygesen et al, 2018).

2.4.4 Pathological characteristics

In pathology, M1 is defined as myocardial cell damage as a result of continued lack of
blood supply. Depending on the existence of collateral circulation or discontinuous
coronary arterial occlusion, the sensitivity of the cardiomyocytes to ischemia,
preconditioning, and demand for oxygen and nutrients differ. Histological cell death
is not immediate after the ischemia, it takes about 20 min, or even less in some animal
models. For the complete necrosis of cardiomyocytes at the infarct site, it requires at
least 2—4 h, or longer, depending on the availability of oxygen or the extent of the
damage. The whole process resulting in a healed infarction typically takes about 5—6

weeks (Thygesen et al, 2012).

2.4.5 Left ventricular remodelling

Myocardial infarction is the injury and is escorted by a wound healing process of the
damaged area. It involves a series of events resulting in the substitution of damaged
cardiac muscle by a scar and a makeover in the functional ventricle (Stefanon et al,
2013). The process by which the size, shape, and function of the ventricle are
controlled by mechanical, neuro-hormonal and genetic factors is defined as left
ventricular remodelling (St. John Sutton & Sharpe, 2000).

The loss of functional muscle leads to a rapid increase in loading conditions
that induce the remodelling process involving the infarcted border zone and remote
non-infarcted myocardium. A cascade of intracellular signalling processes is triggered
that initiates and modulates the reparative process leading to dilatation, hypertrophy,
and scar formation. This remodelling may remain for weeks or months until the
expanding forces are compensated by the tensile strength of the collagen scar formed.
Myocytes, extracellular matrix and the capillary microcirculation are the three integral
components of the myocardium that maintains the contractile unit assembly. These
three components provide important insights into the remodelling process and are the
basis for future therapeutic strategies. Myocytes are terminally differentiated and
develop tension by shortening. The extracellular matrix consisting of type I and type

IIT collagen acts as a stress-tolerant, viscoelastic scaffold that couple myocytes and
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retains the spatial relations between the myofilaments and their capillary
microcirculation. During MI, macrophages, monocytes, and neutrophils migrates to
the infarct zone and activates neuro-hormonal and intracellular signalling, which
localizes the inflammatory response to the infarct zone. Left ventricular remodelling
has been divided into an early stage that starts within 72 hours after infarct and a late-
stage that starts beyond 72 hours after an infarct. The early-stage involves infarct zone
expansion leading to ventricular rupture or aneurysm. Late remodelling involves the
left ventricle and is associated with dilatation, ventricular shape distortion, and
hypertrophy of the ventricular wall (St. John Sutton & Sharpe, 2000).

Myofibroblasts are the cells responsible for collagen synthesis, which starts in
response to different stimuli such as the mechanical stress, vasoactive factors
(angiotensin II) and growth factors (transforming growth factorf,). They act directly
or through the activation of connective tissue growth factor (CTGF). The degradation
of collagen is mediated by a family of zinc-containing endoproteinases known as
matrix metalloproteinases (MMPs). The level of these enzymes increases after MI in
response to inflammatory cytokines and TGF-f but generally found in low levels in
the heart. Endogenous inhibitors of MMP (TIMPs) also modulate the MMP activity.
Crosslinking of fibrillar collagen by the action of lysyl oxidase (LOX) is another
important step in collagen synthesis. LOX is an extracellular enzyme that provides the
tensile strength and mechanical properties to the collagen fibres. Remarkably,
increased ventricular stiffness and reduced compliance are contributed by collagen
crosslinks. TGF-B, CTGF and pro-inflammatory cytokines control LOX production in
the heart and play a role in ventricular stiffness (Stefanon et al, 2013).

Type III and type I collagen deposition occurs predominantly in the infarct
zone. By day 2, type III collagen mRNA rises and remains elevated for 3 weeks. On
the other hand, type I collagen mRNA increases by day 4 and may remain prominent
for up to 3 months. By day 7, collagen is detectable microscopically and then increases
gradually. By 28 days, the necrotic myocytes will be replaced completely by fibrous
tissue. As the scar tissue balances the distending and restraining forces, collagen
formation is down-regulated and the myofibroblasts undergo apoptosis (St. John

Sutton & Sharpe, 2000).
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An adaptive response during post-infarction remodelling is myocyte
hypertrophy that balances the increased load, attenuates progressive dilatation, and
stabilizes contractile function. It is initiated by neuro-hormonal mechanism of
activation leading to myocardial stretch, the activation of the local tissue renin-
angiotensin system (RAS), and paracrine/autocrine factors (St. John Sutton & Sharpe,
2000). The increased workload executed by MI can elicit a hypertrophic response in
the remote region of MI depending on the infarct size, type (subendocardial or
transmural), location (septal vs. anterior, lateral or posterior walls), reperfusion type
(full reperfusion, no reperfusion or reperfused with areas of no-reflow), degree of non-
ischemic infarct extension, preload and afterload, health status (obesity, diabetes,
hypertension), and other factors (such as state of inflammatory activation) (French &

Kramer, 2007).

2.5 Cardiac tissue engineering

Langer and Vacanti in the early 90s proposed tissue engineering (TE) as “an
interdisciplinary field which applies the principles of engineering and life sciences
toward the development of biological substitutes that reinstate, preserve, or increase
tissue function” (Langer & Vacanti, 1993). TE was officially founded at a National
Science Foundation meeting in 1987 by Y. C. Fung, tailed by the first tissue
engineering workshop at Lake Tahoe in 1988 (Ma & Vunjak-Novakovic, 2016). The
concept of cardiac tissue engineering is to develop highly reliable mimics of human
tissue for demonstrating physiology and pathology or to repair the damaged cardiac
muscle. For this, careful selection of the source of cardiomyocytes, development of
biomaterials that support the growth, proliferation and differentiation of these cells
with an appropriate feature of electromechanical stimulation is recommended
(Radisic, 2015).

2.5.1 Scaffolds

A wide range of biomaterials have been used for tissue engineering of different tissues
including bone, tendon, cartilage, skin, etc., but the ability to exploit natural or

synthetic scaffolds for cardiac tissue engineering has proven to be more challenging

than any of the above-mentioned tissues (Schwach & Passier, 2019). A biomaterial as
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unique as the heart will be the most appropriate biomaterial for cardiac tissue
engineering, having highly flexible, elastic and capable of withstanding millions of
contraction cycles, while supporting the cells in vitro and in vivo (Radisic, 2015). An
ideal scaffold should provide a 3-dimensional environment for cells to attach, interact,
transmit load and conduct signals. It should also induce alignment, provide appropriate
stiffness to generate the physiological force and enzymatically degrade over time to be
replaced by extracellular matrix proteins secreted by the cells (Vunjak Novakovic et
al, 2014). It should match the mechanical properties of the myocardium. Young’s
modulus of adult human myocardium ranges from 10-20 kPa at the start of the diastole
to 200- 500 kPa at the end of the diastole (Huyer et al, 2015).

In cardiac tissue engineering, two types of materials: cardiac-patches and
hydrogels are being used. Collagen, gelatin, laminin, Matrigel, hyaluronic acid,
alginate, and chitosan are typical natural hydrogels and the synthetic counterpart
includes poly (2-hydroxyethyl methacrylate) (PHEMA), poly (N isopropylacrylamide)
(PNIPAAM) and poly (ethylene glycol) (PEG) (Camci-Unal et al, 2014). Compared
to the synthetic ones, natural biomaterials are widely preferred due to the similarity in
their structure with the native molecules which minimizes the chance of immune
rejection (L1 & Guan, 2011).

An important characteristic of the heart muscle is electrical conductivity which
has emerged as a key factor in designing biomaterials for cardiac application.
Engineered heart tissues developed using electrically conductive biomaterials with
biomimetic topographical signals have received wide attention. Electrically
conductive biomaterials are known to restore the electrophysiological function of the
heart (Ye & Qiu, 2017). Some examples of conductive biomaterials include carbon-
based nanomaterials such as graphene (Saravanan et al, 2018) and carbon nanotubes
(Ren et al, 2017), metal derived materials such as gold nanoparticle (Nair et al, 2017)
and conductive polymers such as polyaniline (Kapnisi et al, 2018), polythiophene
(Chan et al, 2018) and polypyrrole (Kai et al, 2011).
2.5.1.1 Natural scaffolds

Most of the natural scaffolds mimic endogenous tissues and organs which facilitate

better tissue integration compared to other scaffolds. Even then, there are considerable
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number of limitations in using these scaffolds for various tissue engineering
applications. The limited availability, batch to batch variation, low shelf life, and high
costs are important drawbacks. Also, there is difficulty in designing scaffolds from
natural biomaterials (Schwach & Passier, 2019). Some of the natural biomaterials
used for cardiac tissue repair are gelatin (Echave et al, 2017), collagen (Wu et al,
2019), Matrigel (Hirt et al, 2014), fibrin (Barsotti et al, 2011), hyaluronic acid (Bonafé
et al, 2014), alginate (Liberski et al, 2016), decellularised matrices (Kc et al, 2019 ;
Moroni & Mirabella, 2014), etc.

2.5.1.2 Synthetic scaffolds

Synthetic scaffolds are made from a monomer, therefore their properties can be
tailored to match desired characteristics. In addition to that, they are free from risks
associated with animal origin scaffolds (Arnal-Pastor et al, 2013). Some of the
synthetic scaffolds used for cardiac application are poly-esters (Dhingra et al, 2014),
poly-lactones (Santoro et al, 2016), elastomers (Bat et al, 2014), polyethylene glycol
(Grover et al, 2014)

2.5.2 Cells

Cell therapy has been extensively studied for long as an effective treatment for
ischemic heart disease (Chen et al, 2015). Cells recovered using easy isolation
procedure, having the ability to proliferate, non-immunogenic nature and capability to
differentiate into functional cardiomyocytes are chosen as an ideal sources for
engineering myocardial patch (Leor et al, 2005). Unfortunately, none of the cells
currently satisfies all these. Autologous cells are difficult to obtain and expand but free
of immune reaction. On the other hand, allogenic cells are easily available and
preferred even with associated immune reactions (Leor et al, 2005). The preferred cells
for myocardial repair include non-cardiomyocytes, cardiac-derived cells and
pluripotent stem cells (Hashimoto et al, 2018).

2.5.2.1 Non-cardiac cells

The first generation cell-based therapies involved transplantation of non-cardiac cells
as researchers could not obtain a sufficient number of functional cardiomyocytes to

replace the cells lost during myocardial infarction (Hashimoto et al, 2018). Skeletal
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myoblasts, bone marrow-derived cells and mesenchymal stem cells have been the
initial source for cell-based therapies in treating myocardial infarction.

First studies using a cell-based strategy for ischemic heart disease doubted on
skeletal myoblasts, depending on its ability to regenerate skeletal muscle through the
proliferation of quiescent satellite cells located under the basal lamina (Chen et al,
2015). The advantages include ease of expansion ex vivo and the availability of
autologous source. Preclinical studies demonstrated its potential for intra-myocardial
injection for improving LV function. Numerous clinical trials including MAGIC
(Behfar et al, 2014) and MARVEL (Hastings et al, 2015) have revealed a lack of
efficacy. Moreover, studies also showed that the injected cells do not integrate
electromechanically with the surrounding myocardium due to the lack of connexin 43
expression by these cells. Considering the lack of significant clinical improvement and
their potential arrhythmogenic hazards, skeletal myoblasts have fallen out of favour as
a therapeutic candidate (Chen et al, 2015).

The next set of cells used for cardiac therapy were unselected bone-marrow
derived mononuclear cells which have been used as a therapeutic option for heart
diseases (Chen et al, 2015). Clinical trials, such as the BOOST trial and the REPAIR-
AMI trial revealed some beneficial effects in acute MI patients with improved ejection
fraction but further larger clinical trials did not reproduce the same results. Thus, no
definite conclusion was obtained (Hashimoto et al, 2018).

Further, trials were focused on the use of mesenchymal stem cells (MSC)
which are non-immunogenic, isolated from bone marrow or adipose tissue. It has been
observed that under specific culture conditions (presence of the DNA
methyltransferase inhibitor 5-azacytidine) and after injection into healthy or infarcted
myocardium in animals, MSCs differentiate to cardiomyocyte-like cells. It may also
improve regional wall motion and prevent the remodelling process of the myocardium.
It is observed that MSCs have the ability to secrete cytokines which promote
angiogenesis and improve the blood flow (Wollert & Drexler, 2005).
2.5.2.2 Cardiac-derived cells

Cardiac stem cells are resident heart cells that are clonogenic, multipotent and have

the ability to self-renew. They can differentiate into three major cardiac cell types such
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as cardiomyocytes, smooth muscle cells, and endothelial cells (Hastings et al, 2015).
Interestingly, these cells can be clonally expanded from human myocardial biopsies.
Studies reported that intra-myocardial injection of these cells stimulates
cardiomyocyte and vascular cell growth (Wollert & Drexler, 2005). Three cell-surface
markers have been expressed by these cells: MDR-1 (multi-drug resistant protein), C-
kit (the receptor for stem cell factor), and Sca-1 (Stem cell antigen 1). Only one cardiac
stem cell per every 1000 myocytes was found residing in the atrium and the ventricular
apex. Studies in animal models revealed that these cells restored, initiated myocardial
repair and regeneration in response to injury (Leong et al, 2017).

Cardiospheres are 20-150 um cellular spheres with a mixed population of
cardiac stem cells, isolated from explants of heart biopsies. These consist of cardiac
stem cells residing in the core and cardiac lineage committed cells and differentiated
cells (vascular smooth muscle cells, endothelial cells) (Leong et al, 2017). With
cardiosphere therapy after M1, the scar size and left ventricular volumes benefitted but
left ventricular ejection fraction was not significantly increased (Hastings et al, 2015).
In that context, another clinical trial RECONSTRUCT was planned to address the
efficacy of autologous cardiospheres and the ALLSTAR study to examine the efficacy
of allogenic CSC cardiospheres in acute MI (Behfar et al, 2014).
2.5.2.3 Pluripotent stem cells

A major drawback of the early clinical trials was the limited ability of the transplanted
stem cells to differentiate into cardiomyocytes. Therefore, scientists were forced to
generate functional cardiomyocytes in vitro and to transplant these cardiomyocytes to
the injured heart.

The first cell source studied was embryonic stem cells (ESCs) derived from the
inner cell mass at the blastocyst of early embryos. They are clonogenic, self- renewing,
and pluripotent, can differentiate into all cell types of the three germ layers: endoderm,
ectoderm, and mesoderm (Hashimoto et al, 2018). Human ESC derived
cardiomyocytes show structural and functional properties of early-stage
cardiomyocytes which can electrically couple with host cardiomyocytes. These cells
can be expanded into infinite numbers but due to ethical, immunological and legal

concerns, it is not in use currently (Wollert & Drexler, 2005).
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Yamanaka and colleagues cleared the ethical issues of using ESCs when they
stated that mouse and human fibroblasts could be reprogrammed to an ESC- like
pluripotent state defined as induced pluripotent stem cells (iPSCs). These cells are
forced to express four genes encoding transcription factors for OCT3/OCT4
(POUSF1), SOX2, KLF4 and MYC (OSKM factors). Yamanaka won the 2012 Nobel
Prize in Physiology or Medicine for this discovery and offered iPSCs as a new cell-
based approach for heart repair, enabling autologous or allogeneic transplantation and
circumventing the ethical concerns associated with ESCs (Hashimoto et al, 2018).

Moreover, the addition of Flkl1, Isll or Nkx2.5 to iPSCs has led to the
formation of cardiac progenitor cells used in cardiac tissue engineering. Extensive
studies have been performed in infarcted hearts of rats and pigs to understand the
functionality of these cells (Chaudhuri et al, 2017).

Parthenogenetic stem cells are pluripotent stem cells that may avoid the
disadvantages of human ESCs due to reduced immune rejection. Studies indicated
integrated electrical coupling with host myocardium and improved cardiac function in
a mouse model of myocardial infarction with the transplantation of mouse

parthenogenetic stem cell-derived cardiomyocytes (Sun et al, 2014).

2.5.3 Growth factors

The development of effective therapy for increasing angiogenesis is one of the main
goals of the therapies for myocardial infarction. In the early 1990s itself, intra-coronary
administration of basic fibroblast growth factor protein improved heart function and
increased the number of collateral blood vessels in dogs. Thus, current therapies have
been focused on the direct delivery of growth factors or genes that encode for the
synthesis of growth factors to the target tissues (Maulik & Thirunavukkarasu, 2008).
The growth factors have a direct action on several cell functions such as adhesion,
proliferation, migration, and others. When the coronary artery blood flow obstruction
occurs, delivered growth factors induce angiogenesis and thereby improves the
myocardial hypoxic condition, with the formation of new sprouts of blood vessels.
This can further lead to improved cardiac function. They have the potential to induce
positive remodelling of the extracellular matrix, the proliferation of adult
cardiomyocytes, homing of cardiac stem cells, anti-apoptotic and/or angiogenic effect
(Rebougas et al, 2016). Some examples of such growth factors used are vascular

18



endothelial growth factor, stromal cell-derived factor-I, recombinant human
neuregulin-I (NRG-I), hepatocyte growth factor, insulin-like growth factor-I, and
fibroblast growth factor-1/2/4 (Hastings et al, 2015).

Several growth factors have shown great therapeutic potential in clinical trials,
and some have been approved for cardiac applications. Still, these factors are not
widely used for cardiac repair. The reasons for the less acceptability are high cost, short
half-life, low stability, fast destruction of the specific properties by the enzymes present in

the body (Wang et al, 2017).

2.6 Strategies in cardiac tissue engineering

Cardiovascular tissue engineering is the most proliferative discipline in the field of
tissue engineering with more than 9200 PubMed entries. The first report on tissue-
engineered vasculature was published in 1986 followed by the engineered heart tissue
(EHT) in 1994 from chicken embryonic heart cells in collagen 1. Today almost 20
years later, this field is progressing towards first-in-man applications (Weinberger et
al, 2017). This section presents some of the strategies in cardiac tissue engineering that

have shown promising results in vivo.

2.6.1 Classical tissue engineering approach

In this approach, a tissue construct is developed by culturing desired cells into a
scaffold in vitro with or without specialized culture conditions and implantation in an
organism. It started with the use of isolated rat fetal cardiomyocytes for repairing
injured myocardium. It was observed that the tissue construct facilitated
neovascularization and survival of the fetal cardiomyocytes with improved heart
function lacking contractility. Further studies were focused on the role of tensile
strength provided by the scaffold or paracrine effects of the surviving cells in
contributing to the improvement. To provide cell survival, several scaffold materials
have been investigated with the incorporation of angiogenic and survival factors to
scaffolds, co-culturing of cardiomyocytes with smooth muscle cells and endothelial
cells (Tee et al, 2010). Scaffolds have been developed with physiocochemical
properties similar to the native extracellular matrix, based on natural materials, such

as collagen, chitosan or synthetic materials, such as poly-lactic acid or poly-glycolic
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acid. The main advantage is the flexibility of these materials to be changed to any form

or size as desired for the recipient (Galvez-Monton et al, 2013).

2.6.2 Engineered heart tissue

Engineered heart tissues vary from classical scaffold-based tissue-engineered cardiac
constructs since they are originally made from heart cells, liquid collagen I and
Matrigel as well as growth supplements, reorganized in circular moulds and subjected
to mechanical strain. This will lead to the development of cardiac organoids which
shows contractile property and electrophysiological activity similar to the
myocardium. Initial implantation experiments of the engineered heart tissue was
performed in healthy rats which revealed survival, excellent vascularization and
indications of terminal differentiation of the tissue grafts (Zimmermann et al, 2004,

2000).
2.6.3 Cell sheet/cell patch technology

A novel technology was developed by Shimizu et al, 2002 where contractile cardiac
grafts were engineered without the use of scaffold materials by stacking mono-layered
cell sheets. Neonatal cardiomyocytes were cultured on the surfaces coated with a
temperature-responsive polymer (Poly-N- isopropylacrylamide), which is non-
adhesive below 32°C. When the temperature was lowered, pulsatile cell sheets were
detached with preserved cell junctions and adhesive proteins. These cell sheets were
overlaid to form grafts where the extracellular matrix produced by cells enabled the
cell sheets to stick together (Dengler & Radisic, 2007). The outcome of this approach
is a scaffold-free, cell dense tissue comparable to compact myocardium. It was noticed
that the limited diffusion of nutrients causes difficulty in sustaining the viability of the
patch and for thick myocardial tissue constructs, vascularization strategies need to be

employed for the success of the graft (Tee et al, 2010).
2.6.4 Biological cell assembly

In this approach, cells were suspended in hydrogel-based scaffolds instead of seeding
cells into a three-dimensional porous scaffold. The hydrogel act as an environment for
cells to migrate and assemble into contractile tissues either in vitro using gravity

enforced techniques to form spheroid-like microtissues or in Vvivo using an
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arteriovenous loop embedded chamber to vascularize the assembled CMs (Tee et al,
2010).

The hydrogel method is currently the most popular technology in cardiac tissue
engineering due to its simple method, flexibility and viability of cardiac tissue
developed. The basic requirements are cells, a hydrogel, a casting mould, and
mechanic support. Initially, the liquid hydrogel is mixed with cells, it forms a gel. This
gel traps the cells in a three-dimensional form that is provided by a casting mould. To
provide mechanic support, casting mould is inserted to provide the mechanical load
which is considered as one of the essential factors driving cardiac tissue development
and maturation (Weinberger et al, 2017).

The main drawback of porous and fibrous scaffolds includes limited contractile
force because of the inherent stiffness of the scaffold, partial biodegradation, and poor
cell alignment. On the other hand, these hydrogels exhibit no mechanical or spatial

restrictions (Dengler & Radisic, 2007).

2.6.5 Decellularised matrix

The use of biological tissues as scaffolds for cardiac tissue engineering has been sought
by several research groups utilizing myocardium as well as from other organs.
Xenogeneic and allogeneic cellular antigens induce an inflammatory response or an
immune-mediated rejection of the tissue as they are recognized as foreign by the host
upon implantation. Conversely, most of the ECM components are generally conserved
among species and are abided well even by xenogeneic recipients (Gilbert et al, 2006).
In 2008, decellularised rat hearts were seeded with cardiomyocytes and endothelial
cells which retained contractile activity after four days in culture. Earlier in 2005, a
decellularisation technique pioneered by the Badylak laboratory, removed all cellular
components from a tissue, resulting in an intact, functional extracellular matrix (ECM)
(Vunjak Novakovic et al, 2014).

Decellularisation is the process of removal of all cells and genetic material
from tissue, without altering the structural, biochemical and mechanical properties.
The selection of appropriate decellularisation methods is dependent on the ability to
preserve the physical and biochemical properties of a specific tissue which includes

the thickness, density and three-dimensional architecture. Various decellularisation
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protocols have been described which involves a combination of physical, chemical and
enzymatic methods.

Freeze—thaw processing, hydrostatic pressure and mechanical delamination of
specific tissue layers are physical strategies for achieving decellularisation while the
chemical methods include the use of weak acids such as peracetic acid, use of alkalies
such as sodium hydroxide, hypotonic and hypertonic solutions, chelating agents
(EDTA) and detergents such as sodium deoxycholate and sodium dodecyl sulphate.
They mainly disrupt the cell membrane and removes cytosolic/genomic material.
Alcohols like methanol and acetone are used for de-lipidisation. Proteases such as
trypsin, dispase and thermolysin and nucleases such as RNase and DNase are also used
to remove cell debris and nucleic acids from tissues (Hussey et al, 2018).

Generally, the mildest protocol that yields an acellular material with minimal
loss of the structural and functional component of ECM is widely preferred. It is
incongruous that any combination of the above-mentioned methods will eliminate
100% of all cell components from a tissue or organ. It relies on the method which
removes visible cellular material resulting in an ECM scaffold that is nontoxic for
implantation without any adverse inflammatory effects (Gilbert et al, 2006). For
assessing the efficacy of removal of cellular components from tissues and organs,
some benchmarks have been devised: after the decellularisation process the ECM must
have only less than 50 ng of double-stranded DNA per mg dry weight of ECM, the
DNA fragment length should be less than 200 bp DNA and there should not be visible
nuclear material after staining with 4',6-diamidino-2-phenylindole (DAPI). Moreover,
the protein content remaining in the ECM should be assessed, mostly the structural
proteins like collagen, fibronectin, laminin glycosaminoglycans (GAGs) and growth
factors. Also, the mechanical properties: elastic modulus and tensile strength, should
match the original tissue based on the end application of the biomaterial (Gilpin &

Yang, 2017).
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Figure 2: ECM organisation

ECM is composed of functional and structural proteins such as collagen,
elastin, laminin, fibronectin, proteoglycans and many other glycoproteins (Fig. 2). It
is known to play important role in many processes and cellular responses including
proliferation, differentiation and migration. All these peculiar properties make it
attractive as a suitable scaffold in cardiac tissue engineering techniques to recruit cells
that replace the damaged myocardium. Extracellular matrix has been successfully
isolated from a variety of tissues including cardiac valves, blood vessels, skin, nerves,
skeletal muscle, tendons, ligaments, small intestinal submucosa, urinary bladder, liver
and gall bladder (Galvez-Monton et al, 2013; Anilkumar et al, 2014). ECM
biomaterials modulate the tissue reaction by a process called constructive remodelling
through which the host responds to the implanted ECM by angiogenesis, stem cell
recruitment, innervation, antimicrobial activity and modulation of the innate immune
response. The functional remodelling takes place through activation of anti-
inflammatory M2 macrophage and T helper 2cell response associated with reduced
local inflammation and crosstalk with stem and progenitor cells (Hussey et al, 2018).

Decellularised ECM scaffolds in the form of surgical mesh materials have been
approved by the Food and Drug Administration for various clinical applications such

as ventral hernia repair, musculoskeletal reconstruction, breast reconstruction,
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oesophageal reconstruction, dura mater replacement, and cardiac repair (Hussey et al,
2018).

Mewhort et al, (2016) proposed an epicardial infarct repair method using a bio-
inductive ECM biomaterial (CorMatrix™ ECM) to promote endogenous myocardial
repair and functional recovery after myocardial infarction. A pre-clinical porcine
model of coronary ischemia-reperfusion was used to assess the effects on regional
functional recovery, safety, and the mechanism of action. In another proof-of-concept
study, CorMatrix™ ECM biomaterial patch incorporated with basic growth factor—
enhanced attenuated myocardial remodelling and improved cardiac performance after
sub-acute myocardial infarction in a rat coronary ligation model (Mewhort et al, 2014).

In cardiac regeneration, ECM scaffolds have shown necessary signals to reduce
cardiac fibroblast activation, thus preventing excessive scar expansion and thickening.
Moreover, they may also stimulate endogenous mechanisms of repair and regeneration
including angiogenesis, with the help of the inherent bio-inductive properties (Pattar
et al, 2019). ECM from myocardium has been widely used in tissue engineering due
to the combination of biochemical and mechanical cues retained from native
myocardium that promotes cell attachment, proliferation and differentiation during
recellularization (Kc et al, 2019). Acellular porcine cardiac ECM patches improved
contractility, ventricular dimensions and cardiac remodelling in rat MI model by
driving cardiac-progenitor dependent restoration (Sarig et al, 2016). Further,
decellularised sheets of the human heart were used as a scaffold for in vitro culturing
and in vivo delivery of cells for cardiac repair. These scaffolds have preserved protein
content, similar mechanical strength compared to the heart muscle as well as conserved
anisotropy and topography (Vunjak Novakovic et al, 2014). Due to the increasing list
of biologic scaffolds used for tissue engineering or regenerative medicine applications
with minimal adverse reactions compared to synthetic counterparts, there is an
immense need for the development of better decellularisation protocols (Gilbert et al,

2006).

2.6.6 Vascularisation

The establishment of vasularisation is one of the key objectives of cardiac tissue

engineering. Vasularisation within the scaffold allows continuous diffusion of
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nutrients and oxygen towards the interior of the matrix which facilitates the migration
and incorporation of cells into the damaged myocardium. Both in vitro and in vivo
vascularization strategies have been employed. Researchers have incorporated growth
factors such as vascular endothelial growth factor or basic fibroblast growth factor into
the tissue construct to enhance vascular structure formation from the mesenchymal
stem cells and/or endothelial progenitor cells or addition of cytokines to activate the
recipient’s endothelial progenitor cells following implantation. In a nutshell, the
vasularisation approach promotes cellular infiltration and the formation of blood
vessels (Galvez-Monton et al, 2013).

Mammalian heart development is a complex and highly organized process.
Therefore, to repair the human heart, a combination of multiple therapeutic approaches
have to be adopted. Novel research discoveries and promising preclinical outcomes in
the field of cardiac tissue engineering provides confidence in the development of
effective regenerative therapies for the dying human heart. Yet, there are many
disappointing results of previous clinical trials of cardiac regenerative therapies. So,
we need to acknowledge and address the limitations of preclinical studies and the
difficulties faced during clinical translation (Hashimoto et al, 2018). This field is still
in its infancy, more intensive research has to be done to fill the gaps. Identification of
an optimal cell source, the engineering of a scaffold that is compatible with the seeded
cells and implantation site and an efficient vascularization strategy has to be carried

out (Tee et al, 2010).
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3. MATERIALS AND METHODS

3.1 Evaluation of the properties of C-ECM and its suitable modifications
for cardiac tissue engineering

3.1.1 Materials

Tetrachloroauric acid (Sigma Aldrich), Tri-Sodium Citrate (Merck), L-cysteine
hydrochloride = monohydrate  (Molychem), Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) (Sigma Aldrich) and N-hydroxysuccinimide (NHS) (Molychem),
Formalin (Molychem), Disodium hydrogen phosphate (Merck), Sodium dihydrogen
phosphate (Merck) Ketamine Hydrochloride, Xylazine Hydrochloride, Isoflurane,
Betadine, 7-0 Prolene suture (Centenial®), 3-0 Mersilk suture (Ethicon®), 3-0
Truglyde™ (Sutures India), Ceftriaxone, Meloxicam, Tetracycline, Centrifuge tubes,
surgical scissors, forceps, curved forceps, cautery forceps, scalpel holder, needle
holder, chest retractor, Paraffin wax with ceresin (Merck), Harris’s haematoxylin
(Sigma Aldrich, India), Eosin (Merck), Glacial acetic acid (Merck), 2-propanol
(Merck), Xylene (Merck), Ammonia (Merck), Hydrochloric acid (Merck), Mounting
medium (Leica).

HO9c2 is subclone of the original clonal cell line obtained from embryonic BD1X heart
tissue or myocardium of Rattus norvegicus purchased from National Centre for Cell

Science, Maharashtra.

3.1.2 Preparation of C-ECM scaffold
Cholecyst/gall bladder was purchased from Meat Products of India Ltd, Edayar,
Ernakulam, Kerala, India. The slaughtering of pigs (Large White Yorkshire) was
carried out under strict veterinary supervision from selected animals free from
zoonotic disease. The specimens without any gross lesions were transferred to a bottle
containing 10% NBF and brought to the laboratory.

The isolation of the extracellular matrix from the cholecyst was initiated within
24 to 48 hours after collection. First, the cholecyst was washed with tap water for 1
hour to remove the excess NBF. The top and bottom portion of the gall bladder was
removed and cut open to form a sheet. The thin layer of the extracellular matrix (ECM)

was mechanically delaminated. The mucosa and muscle remnants were scraped off
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from the isolated sheet to prepare the ECM sheet. All these procedures were carried
out inside a fume hood (ESCO Ductless fume cabinet). The wet sheet was pre-freezed
at -80°C (SANYO) and lyophilized (CHRIST-ALPHA 2-4LD plus™, Germany) for
16 hours to remove the water content. The dried sheets were sterilised by ethylene

oxide and stored in desiccator for further use.

3.1.3 Evaluation of the biocompatibility of the scaffold
3.1.3.1 Culture and maintenance of H9¢c2 cells

Cells received from NCCS, Pune in T25 flasks were trypsinised and split into T75
flasks containing DMEM high glucose media with 10 % FBS. On the fourth day, cells

were trypsinised and used for the following experiments.
3.1.3.2 Direct contact test

A direct contact test was performed to evaluate the cytotoxic effect of the scaffolds by
assessing the morphology, detachment and lysis of cells when observed using an
inverted phase contrast microscope (Olympus, Japan). 2.5% 10* H9¢2 cells/cm? were
cultured in a 24 well plate and incubated for 3 days to become confluent while
maintaining the culture conditions. The culture medium was then removed and
scaffolds of size 4 mm were placed carefully on the cell monolayer. Sufficient culture
medium was then added and cells together with scaffolds were incubated for further
24 hours. Cell viability after the direct contact test was also assessed by treating with
aneutral red dye (1 mg/ml). The working solution was prepared in 1.8% NaCl solution
in equal dilution. 500ul of the dye was added to each well and the cells were incubated
for 10 min at 37°C, after which cells were washed two times with PBS solution. Images
were taken under an inverted phase contrast microscope, Olympus, Japan.
Experiments were conducted in triplicate.

3.1.3.3 Live-dead staining

The viability of the H9¢2 cells seeded on the C-ECM scaffold was determined by FDA
and PI staining. All the reagents were prepared freshly before use. The FDA stock
solution was prepared in acetone (10 mg/ml) and10 pl of this stock solution was made
up to 1 ml using serum-free media. 5 x 10* H9c2 cells were cultured on the scaffolds

placed in a 24 well plate and incubated for 24 hours. Further, the cell-seeded scaffold
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was treated with 500 pul FDA for 10 min, then 100 ul of PI was added and incubated
for 30 seconds. The cells were examined under a fluorescence microscope Leica DMI
6000 B equipped with I3 (green) and N21 (red) filters. Triplicates were used for the
analysis.

3.1.3.4 MTT assay

Cell viability on the scaffold was confirmed by performing the MTT (3-(4,5-
Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide) assay. 5 x 10* H9¢c2 cells
were cultured on C-ECM scaffold placed in a 24 well plate and incubated in a CO>
incubator for 3 days. Cells cultured on 24 well plates were taken as the control. After
incubation, the medium was removed and 50 pl MTT reagent (0.5 mg/ml) was added
and cells incubated for 3 h in a CO> incubator with 99% relative humidity, 5% CO- at
a temperature of 37°C. After incubation, the MTT reagent was removed and 500 pl
dimethyl sulphoxide was added. This was kept at room temperature for 2 h protected
from light. The absorbance was measured at 570 nm using a multi-well plate reader
(Biotech Synergy 4, USA). The cell viability was calculated as the ratio of the
absorbance value of cell-seeded scaffolds to the absorbance value of control used,
multiplied by 100.

3.1.4 Establishment of myocardial infarction model and implantation of C-ECM

as an epicardial graft

3.1.4.1 Animal ethics

All animals were handled humanely, without making pain or distress and with due
care for their welfare according to the regulations of the Committee for the Purpose of
Control and Supervision of Experimental Animals (CPCSEA), Govt. of India. All the
animal experiments were carried out after getting prior approval from the Institutional
Animal Ethics Committee (IAEC) and performed under the approved institutional
protocol. The B form number for this study is SCT/IAEC-198/NOVEMBER/2016/90.
3.1.4.2 Myocardial infarct model

To induce MI, rats underwent coronary artery ligation after tracheostomy under aseptic
conditions. For the procedure, rats were anaesthetized by intramuscular injection of

80mg/kg of Ketamine Hydrochloride and 10mg/kg of Xylazine Hydrochloride. The
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tracheostomy tube was placed by making a mid-ventral neck incision and retracting
the muscle tissue to expose the trachea. It was then connected to a ventilator (Small
animal ventilator R407) at 40 breaths per minute and 1.2 ml tidal volume per 100 g
body weight under 1.5% Isoflurane anaesthesia. The sternum and the left
costochondral junctions of 2™ to 5 ribs were exposed. A left parasternal thoracotomy
was performed by dissecting the pectoralis muscle, the ribs at the costochondral
junction and the pleura. Excess bleeding was prevented by cauterization. The retractor
was placed among the sternal border and the rib cage between the 1% to 6™ intercostal
space. The pericardium was picked gently with an atraumatic forceps and incised to
expose the heart. The left anterior descending artery was identified using a loupe
amplification system and passed the needle of 7-0 Prolene suture underneath and

ligated the artery (Fig. 3). Three knots were tied carefully and bleeding was controlled.
3.1.4.2 Treatment of MI with scaffolds

The infarct region was identified by visible blanching and cyanosis rapidly after
ligation of the artery. A lyophilised sheet of the C-ECM scaffold was cut into the
desired shape and placed over the blanched area, secured by suturing using 7-0 Prolene
(n=3 per group). Another group with artery ligation without any graft placement served
as the control. The chest retractor was removed and the rib cage was apposed with the
sternum after keeping a chest tube (lumen diameter 2 mm). The muscle layer was also
sutured to place with a 3-0 Truglyde™ (Absorbable surgical suture U.S.P, Sutures
India) suture. Then, using a 3-0 Mersilk* (Non-absorbable surgical suture U.S.P,
Ethicon®), the skin was closed and the chest tube was removed after suction of air
from the thoracic cavity. Later, the tracheostomy tube was removed as the rats regained
spontaneous breathing and the skin was closed using 3-0 Mersilk*. The rats were
observed till a steady heart rate was attained and administered with Ceftriaxone
(antibiotic, 20mg/kg) and Meloxicam (analgesic, 0.5mg/kg) for three days. After 2
weeks all the animals were euthanized and tissues were collected for histological

evaluation.
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Figure 3: Establishment of myocardial infarction model and implantation of C-

ECM as an epicardial graft
3.1.4.3 Clinical monitoring by estimation of cardiac biomarkers

Blood samples were collected from retro-orbital plexus of rats for serum analysis of
cardiac biomarkers like CK, CK-MB and trop T at three time points: two days prior
surgery (pre-surgery), 24 hours after surgery (post-surgery) and two weeks after

surgery (terminal).
3.1.4.4 Histological evaluation

H&E staining is the most prominent stain used by pathologists to study the distribution
of cells and tissue structure. For performing H&E staining, the sections were de-
paraffinised in xylene and hydrated to water through descending grades of alcohol.
Sections were treated in Harris’s haematoxylin for 30 minutes, washed gently in water,
differentiated in acid alcohol and blued in ammonia water. It was then treated in eosin
stain for 2 min, washed gently in water, dehydrated through ascending grades of
alcohol, cleared in xylene and mounted for microscopic evaluation (Drury, 1983).

Images were captured using a BX51 microscope (Olympus Corporation, Japan).
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3.1.5 Modification of C-ECM to enhance conductivity
3.1.5.1 Synthesis of gold nanoparticles (AuNPs)

AuNPs of 20 nm diameter were synthesized according to Turkevich’s method
(Turkevich et al, 1951). Tetrachloroauric acid solution (0.5mM) was boiled at 100°C
for 5 min with vigorous stirring. Trisodium Citrate (1%) was added, stirred for 5
minutes and cooled to room temperature. The synthesized AuNP was purified by
centrifugation (Eppendorf centrifuge 5430R, Germany) at 7000 rpm for 20 minutes
(Fig. 4). The pellet was suspended in Milli-Q water and filtered before storage in the
dark at 4°C. Amine functionalisation of the gold nanoparticles was performed by
adding a thiol compound, L-cysteine hydrochloride monohydrate. In this method, 1
mM solution (100ul) of L-cysteine hydrochloride monohydrate was added to 1 ml of
the gold nanoparticle solution. After adding the thiol compound, the reaction mixture

was incubated overnight at 4°C.

Figure 4: Schematic diagram for the preparation of gold nanoparticles

3.1.5.2 Characterisation of AuNPs

3.1.5.2.1 UV-Vis spectroscopy
The peak absorption wavelengths of the prepared gold nanoparticles were measured
using a Varian Caryl100.9.0 Spectrophotometer with the recommended 1 cm path

length quartz cuvettes in the 400-800 nm wavelengths range. Absorbance
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measurements in the visible range were used for evaluating the extent of

functionalisation of the gold nanoparticles.

3.1.5.2.2 Transmission electron microscopy

The gold nanoparticle solutions with and without cysteine were adsorbed on the
specimen grids after sonication and air-dried for 48 h. The samples were observed with
a transmission electron microscope (Hitachi H-7650) at an accelerating voltage of 80

kV and the size measurements were performed using Image J software.

3.1.5.2.3 Dynamic light scattering

The stability of the gold nanoparticles after amine functionalisation was ascertained
using a Malvern Zetasizer NanoZSVer.2.3 instrument. The measurements were made
by diluting the samples with Milli-Q water in the ratio of 1:10 followed by sonication
for 30 min at 25°C. The zeta potentials were measured in triplicate using quartz
cuvettes with a scattering angle of 173-at a temperature of 25°C and expressed as an
average of 30 runs.

3.1.5.2 Preparation and characterisation of the gold nanoparticle modified scaffold

The scaffolds prepared by the method referred to in section 3.1.2 were used for the
modification. The sheets were cut into discs of 15 mm diameter, packed, sterilized by
ethylene oxide treatment and stored at room temperature until use. The binding of
amine functionalised gold nanoparticles to the C-ECM scaffold was accomplished by
using 1-Ethyl-3-(3-dimethyl aminopropyl)-carbodiimide (EDC) (Sigma Aldrich) and
N-hydroxysuccinimide (NHS) (Molychem) chemistry. The reaction was characterised
by the formation of covalent bonds between primary amines of gold nanoparticles and
activated carboxylic groups of collagen in the C-ECM. Briefly, the scaffolds were
immersed in a filtered solution of EDC (2 mM) and Sulfo-NHS (5 mM) in phosphate-
buffered saline (PBS) for 15 min for the activation of carboxylic groups. Amine
functionalised gold nanoparticles were then added in varying volumes (100, 500 and
1000 pl) to the reaction mixture and incubated with shaking for 24 hours. After the
incubation, the crosslinking solution was removed and the scaffolds were washed with
PBS for the next 48 hours. The scaffolds were air-dried and used for further
characterisation. The resulting nanocomposite scaffold was designated as C-ECM

AuNP.
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3.1.5.2.1 Conductivity measurement

The conductivity of the scaffolds having a thickness in the range 0.1 to 0.2 mm and a
diameter of 15mm were measured at 25 °C using a four-point probe system, Keithley
in which two pairs of contacts are used to measure the conductivity. Voltage was kept

constant throughout the experiment. Resistivity was calculated using the equation:

__ mxthickness of sample
In2+xconductance

The inverse of the obtained resistivity value is taken as the conductivity of the sample.

3.1.5.2.2 Estimation of free amino groups

TNBS assay is a sensitive method used to quantitate free amino groups in a sample.
For that, 10 mg of the scaffolds (C-ECM and C-ECM AuNP) were weighed out and
incubated in 125 pl 0.1M NaHCOs; buffer (pH 8-8.5) for 1 hour at room temperature
followed by the addition of freshly prepared 0.05% TNBS solution at 40°C for 2 hours.
Then, 375 pl 6 M HCI solution was added and incubated at 60°C for 90 min. The
reaction mixture was diluted with distilled water and absorbance was measured at 340
nm (Biochrome, ASYS UVM 340, UK). The absorbance was correlated with free
amino groups of 0.1 mg/mL glycine solution which was used to plot the standard

curve.

3.1.5.2.3 FTIR spectroscopy

FTIR spectra of C-ECM and C-ECM AuNP were recorded in the range of 400-2000
cm! using a Nicolet 5700 FTIR Spectrophotometer (Nicolet Inc, Madison, USA) with
a Diamond Attenuated Total Reflectance (ATR) accessory.

3.1.5.2.4 ESEM

The surface morphology of the pristine scaffold and the gold nanoparticle conjugated
porcine C-ECM were investigated using an environmental scanning electron
microscope (ESEM FEI, Quanta 200, USA) with an accelerating voltage of 15 kV.
Samples were sputter-coated with gold before observation. The elemental
identification of the scaffolds was studied using energy-dispersive X-ray spectroscopy

(EDS) for the analysis of the characteristic X-rays emitted from the samples.

3.1.5.2.5 Surface profile measurement
Line profile measurement of the scaffolds was carried out using Talysurf CLI 1000,

Taylor Hobson, UK for estimating the surface parameters Ra, Rq and Rp based on
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measurement of 1mm scan length at 0.5um spacing. Six line scans were averaged to
get the mean roughness parameters.

3.1.5.2.6 Thermogravimetric analysis (TGA)

TGA was performed using the SDTQ600, simultaneous DTA-TGA system (TA
Instruments Inc. Japan) according to the test method derived from ASTM E-1131-08.
5 mg of the sample was taken in a platinum cup and heated under an atmosphere of
nitrogen at a heating rate of 10°C per minute from room temperature to 600°C with
Calcined alumina used as reference material.

3.1.5.2.7 Enzymatic degradation assay

Enzymatic degradation of the scaffold was performed by the collagenase assay. Here,
Img of the scaffold was weighed out and added 200ul of 0.1 M Tris
(hydroxyethyl)aminomethane buffer with 0.25MCaCl,, pH 7.4 for 1h at 37°C.
Collagenase (600 units/ml) prepared in Tris-CaCl, buffer was added and incubated for
various time points: 24h, 48h and 72h with constant shaking at 160 rpm at 37°C. After
the predetermined incubation period, 100 pl supernatant was taken and added 2%
Ninhydrin solution, boiled (Julabo TW 20, Germany) for 10 minutes. Twenty
microliters of the final solution were diluted with distilled water and made up to 400

ul and read the optical density at 570nm.

3.1.6 Evaluation of the biocompatibility of the scaffold
3.1.6.1 Direct contact test

The cytocompatibility of H9c2 cells on the gold nanoparticle modified C-ECM AuNP
scaffold was carried out as in section 3.1.3.2.

3.1.6.2 Live-dead staining

H9c2 cells were seeded on C-ECM AuNP scaffolds and the live-dead staining was
performed as in section 3.1.3.3.

3.1.6.3 Cell viability

Cell viability of the scaffolds was confirmed by performing the MTT assay using the
HO9c2 cells seeded on scaffold for 3 days as in section 3.1.3.4.
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3.2 Differentiation of rat cardiomyoblast cell line H9c2 and rat bone
marrow mesenchymal stem cells to cardiomyocyte-like cells

3.2.1 Differentiation of rat cardiomyoblast cell line H9c2 to cardiomyocyte-like
cells

3.2.1.1 Materials

DMEM High glucose (Sigma Aldrich), Bovine Serum Albumin (Himedia), Triton X
100, FBS (Gibco). Penicillin/Streptomycin 100 X (Himedia), TrypLE Express
(Gibco), Paraformaldehyde (Merck), Retinoic acid (Sigma Aldrich), FITC conjugated
phalloidin (P5282, Sigma), Hoechst (Invitrogen), Acrylamide (GE Healthcare,
Sweden), Bis-acrylamide (GE Healthcare, Sweden), Trizma base (GE Healthcare,
Sweden), Sodium dodecyl sulphate (GE Healthcare, Sweden), Ammonium
persulphate (GE Healthcare, Sweden), TEMED (GE Healthcare, Sweden), -
mercaptoethanol (GE Healthcare, Sweden), Glycerol (Merck), Bromophenol blue (GE
Healthcare, Sweden), Tris (GE Healthcare, Sweden), Glycine (GE Healthcare,
Sweden), PVDF membrane (Bio Rad USA), Ponceau S solution (Sigma Aldrich), non—
fat milk, Bovine serum albumin (Merck), Troponin T antibody (Developmental
Studies Hybridoma Bank), Myo D (Abcam), Connexin 43 (Abcam), B-actin (Abcam),
culture flasks (Himedia), 24 well plate, 6 well plate (Nunclon), Cell strainer 100um
(Himedia), MTT (Invitrogen).

HO9c¢2 is a subclone of the original clonal cell line obtained from embryonic
BD1X heart tissue or myocardium of Rattus norvegicus purchased from the National

Centre for Cell Science, Maharashtra.
3.2.1.2 Differentiation of H9c2 to cardiomyocyte-like cells

Differentiation of H9¢2 to cardiomyocyte-like cells was initiated by reducing the
percentage of serum in the media followed by retinoic acid supplementation. H9¢c2
cells were plated at a density of 1*10"5 with normal serum (10%) conditions for one
day to attain 80 % confluency. The addition of retinoic acid (1puM) to media containing
1% serum was performed daily for 5 days. All-trans-retinoic acid was prepared in

DMSO and stored at -20°C protected from light to avoid degradation. The
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differentiated cells were observed under a Phase contrast microscope (Olympus,

Japan) for the change in morphology.
3.2.1.3 Phalloidin staining

HO9c2 cells were seeded in chambered cover glass (Thermo Scientific™ Nunc™ Lab-
Tek™) at a density of 5x10* cells per well and differentiated using retinoic acid for 5
days. For staining, the medium was removed and washed with PBS (1X) for 3 times.
The cells were fixed with 3.7% paraformaldehyde for 30 minutes. Again washed with
PBS thrice. Cells were permeabilised with 0.1%Triton X-100 for 5 minutes and
washed with PBS. Cells were stained with Spug/ml (1:100 dilution) phalloidin-FITC
for 40 minutes at room temperature in dark. Washed with PBS thrice and Hoechst
(Stock: 10mg/ml, working solution 1:2000) was added and incubated for 5 minutes at
room temperature in dark. Images were captured using a fluorescence microscope

(Leica, Germany).
3.2.1.5 Western blotting

HOc¢2 cells were seeded in T 25 flasks containing DMEM media with 10% serum till
attaining confluency. Other than the control flask, the media was changed to
differentiation media and replaced every day for 5 days. Then, the media was
removed, washed with PBS and trypsinised. The contents were centrifuged at 5000
rpm for 20 minutes at 4°C. The pellet was resuspended in 1 ml PBS and again
centrifuged at 5000 rpm for 20 minutes at 4°C. PBS was removed and added
phospholysis buffer (1% NP40, 10% glycerol, 137mM sodium chloride, 20mM Tris
HCI-pH 7.4, 1pg/ml aprotinin, 11pg/ml leupeptin, 20mM sodium fluoride, 1mM
sodium pyrophosphate, 1mM sodium orthovanadate, 1% Triton X-100 and 5SmM
phenylmethylsulfonyl fluoride based on the pellet size. This was incubated in ice for
45 minutes with intermittent shaking. Following that, the contents were centrifuged at
10000 rpm for 20 minutes at 4°C. The supernatant was carefully taken and stored at -
80°C until used. Bradford method was used to determine the protein concentration and
bovine serum albumin was taken as the standard. After denaturation for 5 min at 95°C
in protein sample buffer supplemented with B-mercaptoethanol, equivalent amounts of

total protein (50 pg) were separated by electrophoresis in 12% SDS-PAGE at 70 V
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and electrophoretically transferred to a PVDF membrane at 100 V. Ponceau S stain
was used for the detection of bands and then Ponceau stain was removed by washing
with Tris Buffer Saline -Tween (TBST). After blocking with 5% milk in TBST (20
mM Tris-HCI, pH 8; 150 mM NaCl and 0.1% Tween 20) for 20 minutes at room
temperature. The membranes were incubated overnight at 4°C with the specific
antibodies: mouse anti-rabbit troponin T2, cardiac type [RV-C2] (DSHB), anti-myoD1
antibody (Abcam), anti-connexin 43/ GJA1 antibody [CXN-6] (Abcam). Then the
membranes were washed with TBST thrice. The blots were treated with HRP-
conjugated anti-mouse secondary 1:1000 prepared in 0.5g BSA in TBST for 1 hour.
The unbound secondary antibody was removed by washing with TBST thrice.
Enhanced Chemiluminescence (ECL), a luminol based substrate was used to detect the
antigen-antibody complex and imaged by a luminescent image analyser (LAS 4000
FUJI). The membrane was washed with TBST and re-probed with an anti-f actin
antibody (Abcam) (1:1000) and was developed by the ECL method and imaged.

3.2.2 Differentiation of rat bone marrow-derived mesenchymal stem cells to
cardiomyocyte-like cells
3.2.2.1 Isolation, culture and characterisation of rat bone marrow-derived

mesenchymal stem cells (BMSCs)

3.2.2.1.1 Materials

DMEM high glucose (Sigma Aldrich), Bovine Serum Albumin (Himedia), Triton X
100, FBS (Gibco). Penicillin/Streptomycin 100 X (Himedia), TrypLE Express
(Gibco), anti-CD90/Thy 1 antibody (FITC.MRC OX-7) FITC ab226, anti-CD 34
antibody [ICO-115] (Phycoerythrin) ab 187284, anti-CD45 antibody [MRC OX-1]
(FITC) ab 33916, Endoglin/CD 105 MEM-226 FITC (NB 500-453), 5’
Nucleotidase/CD 73 (45M3B4) PE (NBP2-25235PE), paraformaldehyde,
dexamethasone (Sigma Aldrich), B-glycerophosphate disodium salt hydrate (Sigma
Aldrich), L-ascorbate-2-phosphate sesquimagnesium salt hydrate (Sigma Aldrich),
Alizarin red S (Sigma Aldrich), Insulin (Gibco, USA), Isobutyl methyl xanthine, Oil
Red O (Sigma Aldrich), Isopropanol (Merck), Pyruvic acid sodium salt (Himedia),
TGF-B3 (Gibco), Alcian blue 8GX for microscopy (Molychem), Glacial acetic acid
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(Merck), Indomethacin (Sigma Aldrich), culture flasks (Himedia), 24 well plate, 6 well
plate (Nunclon), Cell strainer 100pm (Himedia), MTT (Invitrogen)

3.2.2.1.2 Animal ethics

All animals were handled humanely with due care for their welfare. The care and
management of the animals will comply with the regulations of the Committee for the
Purpose of Control and Supervision of Experimental Animals (CPCSEA), Govt. of
India. All the animal experiments were carried out after getting prior approval from
the Institutional Animal Ethics Committee (IAEC) and performed under the approved
institutional protocol. The IAEC number for this study is SCT/IAEC-
196/November/2016/90.

3.2.2.1.3 Institutional Committee for Stem Cell Research

Bone marrow mesenchymal stem cells (MSCs) were isolated from Sprague Dawley
rats. All the experiments with MSCs were carried out after getting the approval from
the Institutional Committee for Stem Cell Research (IC-SCR). The approval number
is SCT/IC-SCR/38/Mar/ 2017.

3.2.2.1.4 Isolation of rat bone marrow-derived mesenchymal stem cells

Mesenchymal stem cell isolation was carried out from femurs of young Sprague
Dawley rats. Animals were killed by COz inhalation and the hair was shaved from both
the legs. After disinfecting with spirit, femurs were collected in PBS containing 1X
antibiotic. In laminar flow, muscle tissues were removed and the femur was cleaned.
The femur was then cut at an epiphysis level using a sterile bone cutter and bone
marrow was flushed out with DMEM serum-free medium using a 1ml syringe. Then,
it was mixed well by pipetting several times and strained using a 100mm cell strainer
to remove any muscle debris. The cell suspension was centrifuged at 600 rcf for 10
min (Eppendorf centrifuge 5430R). The cell pellet was resuspended in 2 mL of DMEM
containing 20% FBS. This cell suspension was seeded in a 75 cm? cell culture flask
and incubated at 37 °C in a carbon dioxide incubator (Thermo Electron Corporation
Forma Series II Water Jacketed CO> Incubator). The next day, the medium was

changed to remove unattached cells and replenished with fresh DMEM containing
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20% serum. Thereafter medium change was performed every 2" day. Upon

confluence, cells were trypsinised and seeded at a split ratio of 1:3.

Doubling time was calculated by seeding 1*10"4 cells in a 12 well plate containing
DMEM medium with 20% serum. The total number of cells in the wells at the third,
fifth and seventh days of incubation were counted using a haemocytometer after
trypsinisation followed by centrifugation (Eppendorf centrifuge 5430R) at 600 rcf for

10 minutes. The equation used for the calculation is as follows:
Doubling time =t X log 2/log(Nt — No),

where t is the time in hours, Nt is the cell count at the time ‘t’ and No is the initial

cell count.

3.2.2.1.5 Characterisation of rat bone marrow-derived mesenchymal stem cells

Mesenchymal stem cells isolated were characterized for the presence of stem cell
markers by flow cytometry and immunostaining. The differentiation potential of the
mesenchymal stem cells was evaluated by multilineage differentiation to adipocytes,
osteocytes and chondrocytes. According to the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy, the minimal criteria to
define MSC are the following. MSC must be plastic-adherent, must express positive
markers, lack expression of negative markers and must differentiate to osteoblasts,

adipocytes and chondroblasts in vitro.

3.2.2.1.5.1 Expression of markers by flow cytometry

Bone marrow mesenchymal stem cells were cultured on 75cm? culture flasks and
harvested by adding TrypLE Express. The cells were gently detached from the dish
and passed through a cell strainer of pore size 100um to get a single cell suspension.
Then centrifuged at 400g for Smin to get the cell pellet. The pellet was resuspended in
Iml 1X PBS and counted. After counting, the cells were fixed in 3.7%
paraformaldehyde in 1X PBS for 30 minutes and pelleted by centrifugation at 400g for
10 minutes. Cells were washed with 1X PBS for 5 minutes. The non-specific binding
of antibodies was blocked by incubating cells in 1% Bovine serum albumin in 1X PBS
for 10 minutes. Then cells were incubated with conjugated primary antibodies for 45

minutes in dark followed by centrifugation at 400g for 10 minutes. The pellet was

39



resuspended in 300ul of 1X PBS and centrifuged at 400g for 5 minutes. Flow
cytometry analysis (BD FACSAria II) was carried out after resuspending the pellet in
1X PBS.

3.2.2.1.5.2 Expression of markers by immunostaining

This technique is used to detect the distribution and localization of proteins within
individual cells by using specific antibodies to identify the target protein. BMSCs were
cultured in a chambered cover glass system with a density of 1x10* cells per well for
two days. On the third day, cells were fixed with 3.7% Paraformaldehyde for 30
minutes and washed thrice with 1X PBS. The non-specific binding of antibodies was
prevented by the addition of 1% BSA in PBS for 10 minutes. Then primary antibodies
were added and incubated at 4°C in a humidified chamber overnight. On the next day,
PBS wash was given thrice and added Hoechst (1:2000) and incubated for 10 minutes
at room temperature in dark. It was again washed with PBS three times and fixed with

a coverslip. Imaging was done using a confocal microscope (Olympus).

3.2.2.1.5.3 Multilineage differentiation of rBMSCs

Mesenchymal stem cells are multipotent having the ability to differentiate into cells of
bone, cartilage and fat cells. To study the multilineage differentiation potential, 3 x 10°
cells at passage 3 were seeded on to 6 well plates with DMEM and 20% FBS. After
attaining confluence, the medium was changed to adipogenic, chondrogenic and

osteogenic media after every two days and cultured for 21 days.

For adipogenic differentiation, the cells were cultured in DMEM containing 20% FBS,
10 pg/ml Insulin, 500 uM Isobutyl methylxanthine, 00 uM Indomethacin and 1 uM
Dexamethasone (prepared in absolute ethanol). For osteogenic differentiation, the cells
were cultured in DMEM with 20% FBS, 100 nM Dexamethasone, 10 mM f-
glycerophosphate and 0.05mM L-Ascorbate-2-phosphate. For chondrogenic
differentiation, the cells were cultured in DMEM with 20% FBS, 1mM Sodium
pyruvate, 100nM Dexamethasone, 37.5 pg/ml L-Ascorbate-2-phosphate and 10ng/ml
Tissue growth factor-beta 3. After 21 days of culture, the media was removed and the
differentiated cells were fixed with 3.7% paraformaldehyde. The differentiated
adipocytes were stained with Oil Red O, osteoblasts with Alizarin Red and
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chondrocytes with Alcian blue and imaged using phase contrast microscope (Olympus,

Japan).

3.2.2.1.5.3.1 Staining for adipocytes

The stock solution (0.5%) of Oil Red O was prepared in Isopropanol by gentle mixing.
Then the working solution was prepared by mixing 3 parts of the stock solution with
2 parts of distilled water, kept for 10 minutes and filtered. This was prepared 15
minutes before use. For staining the cultured cells, the media was removed and washed
the cells gently with PBS twice. The cells were fixed with 3.7% paraformaldehyde for
30 minutes and washed with PBS twice. Added 60% Isopropanol to the cells and kept
for 5 minutes. Further, the cells were incubated in the Oil Red O working solution for
20 minutes. After that, cells were washed with distilled water about 2-3 times, then

observed under phase contrast microscope (Olympus, Japan).

3.2.2.1.5.3.2 Staining for osteoblasts

Alizarin red staining solution (2%) was prepared in distilled water and the pH was
adjusted to 4.1- 4.3 with 10% Ammonium hydroxide. Initially, the cell culture media
was removed, washed with PBS and fixed with 3.7% paraformaldehyde for 30
minutes. After incubation, the cells were washed with PBS and stained with Alizarin
red solution for 45 minutes in dark. The staining solution was removed, rinsed with

distilled water and imaged under phase contrast microscope (Olympus, Japan).

3.2.2.1.5.3.3 Staining for chondrocytes

Alcian blue (1%) solution was prepared in 0.1N HCI. The media was removed from
cells, washed with PBS and fixed with 3.7% paraformaldehyde for 30 minutes. It was
removed and washed thrice with PBS. Alcian blue stain was added and incubated for
1 hour. It was then rinsed with 0.1 N HCI and again with PBS, images were captured

using phase contrast microscope (Olympus, Japan).
3.2.2.2 Cytocompatibility evaluation

Direct contact test was conducted to evaluate the compatibility of the scaffolds and
isolated mesenchymal stem cells. The experiment was carried out as described in

section 3.1.3.2.
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3.2.2.3 Differentiation of rBMSC to cardiomyocyte-like cells

3.2.2.3.1 Culture conditions
BMSCs were cultured with 20% serum-supplemented DMEM with high glucose and

0.1 % anti-microbial and anti-mycotic solution.

3.2.2.3.2 Morphological evaluation

BMSC:s at passage 3 were used for the differentiation experiment. Cells at a density of
5x10* were seeded in a 24 well plate and allowed to become 80 % confluency under
20% serum and DMEM media conditions. Then, 10uM Azacytidine was prepared,
added to cells and incubated for 24 hours. The differentiation media was changed to
DMEM media and cultured for 7 days with media change on every second day. The
change in morphology was assessed using phase contrast microscope (Olympus,

Japan).

3.2.2.3.3 Western blotting

Whole protein was extracted from control and 7 day differentiated cells using
phospholysis buffer. Similar to the procedure in section 3.2.1.6, 50pg of protein
sample was separated by electrophoresis in 12% SDS-polyacrylamide gels at 70 V and
electrophoretically transferred to a polyvinylidene difluoride membrane at 100 V. The
was blocked in 5% non-fat milk in TBST incubated with primary antibodies: Mouse
anti-Rabbit Troponin T2 cardiac type [RV-C2] (DSHB), Anti-MyoD1 antibody
(Abcam), Anti-Connexin 43/ GJA1 antibody [CXN-6] (Abcam) (1:1000) at 4°C
overnight. After incubation, the membrane was washed 3 times with TBST and
incubated with appropriate secondary antibody. The presence of protein bands of
expression of Cardiac troponin T, Myo D, Connexin-43 and p-actin were imaged using

a luminescent image analyser (LAS 4000 FUJI).
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3.3 Functional evaluation of cardiac-patches in a rat model of non-fatal
myocardial infarction

3.3.1 Materials

Ketamine Hydrochloride, Xylazine Hydrochloride, Isoflurane, Betadine, 7-0 Prolene
suture, 3-0 Mersilk suture, 3-0 Vicryl suture, Ceftriaxone, Meloxicam, Tetracycline,
Centrifuge tubes, surgical scissors, forceps, curved forceps, cautery forceps, scalpel
holder, needle holder, chest retractor, Formalin (Molychem), Disodium hydrogen
phosphate (Merck), Sodium dihydrogen phosphate (Merck), Paraffin wax with ceresin
(Merck), Harris’s haematoxylin (Sigma Aldrich, India), Eosin (Merck), Direct red 80
(Sigma Aldrich), Acid fuchsin (Sigma Aldrich), Phosphomolybdic acid (Merck),
Aniline blue (Sigma Aldrich), Picric acid (Merck), Glacial acetic acid (Merck), Ethyl
alcohol, (Himedia), Ferric chloride (Molychem), 2-propanol (Merck), Xylene
(Merck), Ammonia (Merck), Hydrochloric acid (Merck), Mounting medium (Leica),

3.3.2 Animal ethics

All animals were handled humanely, without making pain or distress and with due
care for their welfare. The care and management of the animals will comply with the
regulations of the Committee for the Purpose of Control and Supervision of
Experimental Animals (CPCSEA), Govt. of India. All the animal experiments were
carried out after getting prior approval from Institutional Animal Ethics Committee
(IAEC) and performed under the approved institutional protocol. The B form number

for this study is SCT/TAEC-291/JANUARY/2019/99.

3.3.3 Myocardial infarct model
Same as in section 3.1.4.2. There were three groups for the study: Control, C-ECM
and C-ECM AuNP.

3.3.4 Treatment of MI with scaffolds

Same as in section 3.1.4.3.

3.3.5 Clinical monitoring

3.3.5.1 Estimation of cardiac biomarkers

Blood samples were collected from the retro-orbital plexus of rats for serum analysis

of cardiac biomarkers like creatinine phosphokinase (CK), creatinine kinase
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muscle/brain (CKMB) and cardiac troponin T (Trop T) at three time points: two days
prior surgery (pre-surgery), 24 hours after surgery (post-surgery) and 4 weeks after

surgery (terminal).
3.3.5.2 Electrocardiogram (ECG)

One week and 4 weeks after surgery, animals were anaesthetized with 1.5% Isoflurane
at 100% Oz. Three electrodes were placed on each limb and about three recordings
were taken using the BIOPAC Student Lab system once the peaks stabilise. Baseline
values were obtained for all the animals before surgery. Elevation or depression in the
ST segment indicated successful MI. Quantification of various parameters from the
ECG waveforms such as heart rate, RR Amplitude, ST elevation, QT interval, QRS
duration, QRS amplitude using the BSL Analysis 4.1 software.

Figure: 5 BIOPAC MP45 machine for ECG recording (Adapted from
http://www.oamk.fi/~jjauhiai/opetus/fsk/biopac-ECG%?201.pdf accessed on
10/6/2020)
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Figure: 6 Positioning of electrodes for ECG recording

3.3.5.3 Echocardiography (ECHO)

To study the structural changes associated with MI induction and subsequent graft
placement, M-mode para-sternal short-axis view images were taken using Philips
HD11 XE Ultrasound system before surgery, one and four weeks post-surgery.
Animals were anaesthetized with an IP injection of Ketamine Hydrochloride (15-
25mg/kg). The following measurements were recorded: end-diastolic septum
thickness, left ventricular end-diastolic internal diameter (LVIDd), left ventricular
end-diastolic posterior wall thickness, end-systolic septum thickness, left ventricular
internal dimension at end-systole (LVIDs) and left ventricular posterior wall thickness
at end-systole. Changes in left ventricular dimensions were obtained from which
gjection fraction (EF) and fractional shortening (FS) were calculated using the

following equations:

_ ((LvIDd)? - (LVIDs)?)

EF (LVIDd)3

x 100

__ (LVIDd) - (LVIDs)

FS = VD) x 100
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Figure: 7 Positioning of the probe for ECHO measurement
Data analysis was carried out by Two-way ANOVA followed by Sidak’s multiple

comparisons test (p-value <0.05).

3.3.6 Necropsy and gross pathology

All animals were euthanized after four weeks of the induction of M1, the gross lesions
were evaluated and fixed in 10% neutral buffered formalin for histomorphological
evaluation. Three transverse sections from the lower side of the formalin-fixed hearts
were used for histological evaluation (Fig. 8). Gross images were taken and traced the

sketch of the sections using Adobe Photoshop software for representation.
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Figure: 8 Sampling plan adopted for histology
3.3.7 Heart weight to body weight ratio
Cardiac hypertrophy can be expressed as the increase in the ratio of heart weight to
body weight. So, at the time of necropsy, the body weight and heart weight of all the
experimental animals were noted, calculated the ratio of heart weight to body weight

(HW/BW).

3.3.8 OES-ICP

C-ECM AuNP contains gold nanoparticles incorporated with ECM. For the detection
of gold released in vivo from the scaffold to other organs, Optical Emission
Spectroscopy with Inductively Coupled Plasma (Perkin Elmer OES-ICP, Model:
5300DV) was performed. Fresh tissue samples (brain, lungs, liver and kidney)
weighing 500 mg were digested in an acid mixture and diluted to known volume using
de-ionised water and analysed. The concentration of gold in the solution was

determined from the calibration plot obtained by analysing the standard solution.

3.3.9 Histology

Three transverse sections from each of the formalin-fixed hearts were used for
histological evaluation. Tissue bits were processed using an automated tissue
processor Leica TP1020 (Leica Biosystems, Germany) and embedded in paraffin wax.

Four micrometer thick tissue sections were prepared using Leica RM2255 microtome
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(Leica Biosystems, Germany). These sections were used for various staining

procedures for further evaluation.
3.3.8.1 H & E Staining

Same as in section 3.1.4.4. Morphometric analysis of all the images captured using a
BX51 microscope (Olympus Corporation, Japan) was done using Image-Pro version

3DS6.1 software (Media Cybernetics, Silver Spring, MD).

3.3.8.2 Cardiomyocyte diameter and number

An increase in cardiomyocyte diameter and number were also used to define
hypertrophy. The diameter of the longitudinally cut cardiomyocytes is the major cell
diameter (Dmaj, pm) and the diameter of those cut at cross-sectional planes is defined
as the minor cell diameter (Dmin, um). The diameter of cells in the right ventricle
(RV), left ventricular free wall (LVFW) and interventricular septum (IVS) was
calculated from the H&E images (30 images from each sample). The number of

cardiomyocytes in the interventricular septum was also counted (6 images from each

group).

Figure: 9 Diameter of cardiomyocytes, Adapted from (Coelho-Filho ez al, 2013)
3.3.8.3 Immunohistochemistry

The lymphocytic cells present in the infarct zone were detected using CD4 and CD8
antibodies. Macrophages in the infarct region were detected by immunohistochemistry
using CD68 antibody. Neovascularisation at the infarct site was studied using
immunostaining with antibodies against CD31 and alpha smooth muscle cell actin.
The presence of proliferating cells in the vicinity of the graft was detected by

performing immunohistochemistry with an antibody against proliferating cell nuclear
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antigen. Cell to cell connections was studied and quantified using Connexin 43
antibody stained tissues. Myofibroblasts in the infarct region were detected by
immunohistochemistry using a-smooth muscle cell actin antibody. All these reactions
were detected using a Supersensitive polymeric-HRP detection system (BioGenex
Laboratories, USA) and counterstained using Haematoxylin. The images were
captured by DP71 camera loaded on to a BX51 microscope (Olympus Corporation,
Japan) and quantified using Image Pro version 3DS6.1 software (Media Cybernetics,
Silver Spring, MD).

Table 1: List of antibodies used for immunohistochemistry

Sl. | Target |Host |Dilution | Company Cat. No: Retrieval buffer
No:
1. |CD4 Mouse | 1:100 Santa Cruz (MT310):sc | Citrate buffer, pH 6.8
Biotechnology | 19641
2. | CDS8 Mouse | 1:400 Abcam [OX-8] Citrate buffer, pH 6.8
(ab33786)
3. CD68 Mouse | 1:100 Abcam ab201340 Citrate buffer, pH 6.8
4. |oa- Mouse | 1:300 Santa Cruz (B4):sc Citrate buffer, pH 6.8
Smooth Biotechnology | 53142
muscle
actin
5. |CD31 Rabbit | 1:400 Novus NB100-2284 | Citrate buffer, pH 6.8
Biologicals
6. | Connexin | Mouse | 1:200 Abcam ab11369 Citrate buffer, pH 6.8
43
7. PCNA Mouse | 1:400 Santa Cruz (PC10):  sc- | Citrate buffer, pH 6.8
Biotechnology | 56
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3.3.8.4 Picro sirius red staining

Picro sirius red is used to stain collagen present in the tissue samples. Sections were
deparaffinised to water and incubated in Weigert’s haematoxylin solution for 15
minutes. It was washed in tap water for 10 minutes and stained with picro sirius red
solution for 90 minutes. After the incubation, the sections were washed with acidified
water twice to prevent the loss of stain. The sections were then dehydrated, cleared in
xylene and mounted in Leica mounting medium. Using the image analysis software,
the infarct area and total area of the heart were measured.

3.3.8.5 Masson’s trichrome staining

Sections were also stained for collagen using Masson’s trichrome stain to measure the
area of tissue damage due to MI. Briefly, the tissue sections were dewaxed in three
changes of xylene, dehydrated using serial grades of isopropyl alcohol (70%, 80%,
90% and 100%) and fixed in Bouin’s solution for lhour at 60°C. It was washed in
running tap water till the yellow colour was removed. The sections were treated with
Weigert's iron haematoxylin solution for 10 minutes and washed with running tap
water for 5 minutes followed by treatment with 1% acid alcohol for 1 minute. Bluing
was done using ammonia water for 2 minutes and rinsed with distilled water. The
sections were stained using acid fuchsin for 5 minutes and rinsed with water. Next, the
sections were treated with a 5% phosphomolybdic acid solution for 5 minutes. Then
the sections were transferred to an aniline blue solution and incubated for 20 seconds,
then rinsed with 1% acetic acid solution for 2 minutes. Finally, the sections were
dehydrated, cleared using xylene and mounted.

Further using the trichrome stained sections, area measurement of RV, LVFW,
infarct and IVS from each of the three transverse sections were done using the same
software tool to predict the extent of hypertrophy with and without the assistance of
the graft. Fibrotic areas were also quantified using the image analysis software (30
images per sample) and calculated as percentage fibrosis with the total area of the

image.
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3.3.8.6 Herovici’s staining

To differentiate between young and mature collagen, Herovici’s staining was
performed. The sections were dewaxed with three changes of xylene and dehydrated
using ascending grades of isopropyl alcohol (70%, 80%, 90% and 100%) followed by
washing in running tap water for 5 minutes. Then the slides were treated with Weigert's
iron Haematoxylin staining solution for 20 minutes, washed in running water for 5
minutes. In the next step, sections were treated with Herovici staining solution for 2
minutes followed by treatment with 1% Acetic acid. Further, the sections were
dehydrated, cleared and mounted.

Images were captured using a BX51 microscope (Olympus Corporation, Japan) using
Image-Pro version 3DS6.1 software (Media Cybernetics, Silver Spring, MD). Young
and mature collagen in the infarct region was differentiated and quantified using the
image analysis software. The area occupied by collagen type I and III were calculated

as well (30 images per sample).

3.3.10 Statistical analysis

Results were analysed using GraphPad PRISM 6.01 software. One—way ANOVA or
two-way ANOVA followed by multiple comparisons with Tukey’s test was performed
to compare between groups. An a level of p<0.05 was considered to indicate a

significant difference between the groups.
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4. RESULTS

4.1 Evaluation of the properties of C-ECM and its suitable modifications
for cardiac tissue engineering

4.1.1 Preparation of C-ECM scaffold

The parent scaffold used for the study was prepared by manually delaminating various
tissue layers of porcine gall bladder and recovering the extracellular matrix, as reported
earlier from the host laboratory, after controlled crosslinking of biomolecules by ex-
situ incubation in 10% NBF for 30-36 hours. Pre-freezed hydrated sheets were
lyophilised for about 16 hours to form dry sheets (Fig. 10). Discs of 15 mm diameter

were cut using a mould for further experiments.

Figure 10: Schematic diagram showing the steps in the preparation of scaffold

from porcine cholecyst
4.1.2 Evaluation of the cytocompatibility of the C-ECM scaffold

4.1.2.1 Direct contact test

There was no sign of cell detachment, lysis or vacuolization when the scaffold was in
contact with the H9¢2 monolayer for 24 hours (Fig. 11). Cellular lysosomes were

stained in red colour as only viable cells uptake neutral red dye (Fig. 11 B and C).
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Figure 11: Direct contact test of C-ECM (A) Phase contrast image of C-ECM on
H9c¢2 monolayer, (B & C) viable cells stained with neutral red dye (n=3)
4.1.2.2 Live-dead staining

The viability of H9¢2 cells cultured on C-ECM was visualised by staining with FDA
and PI. The results indicated that the majority of the cells were viable up to 24 hours
(Fig. 12).

Figure 12: Live-dead staining of C-ECM. Fluorescent microscopic images of
HO9c2 cells seeded on C-ECM stained with FDA (green) and PI (red) for live and
dead cells respectively (n=3). Scale bar indicates 100 pm.

4.1.2.3 MTT assay

The H9c2 cells cultured on C-ECM for 3 days showed a cell viability of 81.2 +£2.76%
(Fig. 13). From the statistical analysis, it was clear that no significant difference was
observed between the C-ECM scaffold and the control indicating cytocompatibility of
C-ECM.
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Figure 13: Cell viability of C-ECM. Bar graph representing the percentage
viability of cells seeded on C-ECM and tissue culture plastic (control), n=3.

4.1.3 Establishment of myocardial infarction model and implantation of C-ECM
as an epicardial graft

4.1.3.1 Clinical monitoring by estimation of cardiac biomarkers

There was an elevation in the level of trop T, CK and CK-MB at 24 hours after ligation
of the coronary artery, indicating the induction of myocardial infarction in all the

experimental rats (Fig. 14).

Figure 14: Serum biochemistry (A) Bar graph showing the elevation of trop T (B)
CK and (C) CK-MB at 24h after MI induction surgery n=3.
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4.1.3.2 Gross and histological evaluation

Gross morphology of the hearts explanted after 2 weeks, showed visible tissue necrosis
which indicated successful MI induction in all animals. In addition, there was
integration of the C-ECM with the host tissue in the test group suggesting its

appropriateness as a cardiac-patch (Fig. 15).

Figure 15: Gross photographs of control and test (C-ECM grafted) hearts after
fixation in 10% NBF for 2 days

The healing response in rats, two weeks after MI induction without graft and
with C-ECM indicated signs of myocardial necrosis (Fig. 16). Thus, the animal model
for MI induction was established and the grafting of C-ECM on to the heart was

achieved.

Figure 16: Light micrographs of (A, B) control and (C, D) C-ECM grafted rats
depicting tissue necrosis (black dotted arrow) due to surgically induced MI and
the integration of graft (black arrow) in the C-ECM group. M denotes muscle

tissue. Scale bar indicates 500 and 50 pm.
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4.1.4 Modification of C-ECM to enhance conductivity
4.1.4.1 Synthesis of gold nanoparticles (AuNPs)

Gold nanoparticles were synthesized by a conventional citrate reduction method
followed by amine functionalisation with cysteine which was visually recognised by a
colour change from a cherry red to blue indicating the functionalisation of the bare

gold nanoparticles (Fig. 17).

Figure 17: Photographs of gold nanoparticles. (A) Red coloured bare gold

nanoparticles and (B) blue coloured amine functionalised gold nanoparticles

4.1.4.2 Characterisation of AuNPs

4.1.4.2.1 UV-Vis spectroscopy

In the UV-Vis spectra, the peak at 523 nm indicated the absorption maxima of bare
citrate capped gold nanoparticles (Fig.18). After the amine functionalisation of the
bare gold nanoparticles, the functionalised nanoparticles showed a shift in the peak at

686 nm indicating the Au-S bond formation.

Figure 18: Absorbance spectra of uncapped gold nanoparticle (AuNP) and amine

functionalised gold nanoparticle (AuNP-Cysteine) in the visible region
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4.1.4.2.2 Transmission electron microscopy

Most of the gold nanoparticles were spherical in shape as observed by TEM, indicating
that the gold colloid solution was monodispersed (Fig. 19 A). The size of the gold
nanoparticle was measured and it was found to be 20 nm. The electron micrographs of

amine functionalised nanoparticles were also spherical in shape with size about 20nm
(Fig. 19 B).

Figure 19: Transmission electron micrographs of gold nanoparticles (A) bare
gold nanoparticles (B) and amine functionalised gold nanoparticles. Scale bar

indicates 100 nm

4.1.4.2.3 Dynamic light scattering
The average values of zeta potential for bare and amine functionalised AuNPs were -
44.7 and -22.1mV respectively indicating optimum stability of the gold nanoparticles

before and after amine functionalisation (Fig. 20).

Figure 20: Zeta potential of (A) bare and (B) amine functionalised gold

nanoparticles
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4.1.4.3 Characterisation of the C-ECM AuNP scaffold

4.1.4.3.1 Conductivity measurement
It was observed that there was a significant increase in the conductivity of the C-ECM

AuNP scaffold (0.74+0.03 S/m) compared to C-ECM scaffold (0.53+0.003 S/m) (Fig.
21).
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Figure 21: Bar diagram showing the results of conductivity studies conducted
on the scaffolds (n=4) p-value <0.05

4.1.4.3.2 Estimation of free amino groups present in the scaffolds
After incorporation of amine functionalised gold nanoparticles to the C-ECM, there
was significant increase (1.75 fold) in the number of free amino groups in the modified

scaffold (Fig. 22).

Figure 22: Results of the TNBS assay showing the quantity of primary amines
(moles) in the scaffolds before and after the incorporation of gold nanoparticles

(n=3) p-value <0.05
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4.1.4.3.3 FTIR spectroscopy

In the FTIR spectra of C-ECM and C-ECM AuNP, there was presence of characteristic
collagen peaks at 1631 (amide I), 1533 (amide II) and 1236 (amide III) (Fig. 23). There
was no difference in the spectra consequent to the conjugation of amine functionalised

AuNPs onto C-ECM.

Figure 23: Fourier transform infrared spectra of C-ECM and C-ECM AuNP

4.1.4.3.4 Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy
(SEM-EDS)

Compared to the native C-ECM, the micrographs of C-ECM AuNP displayed compact
and uniform fibres (Fig. 24).

Figure 24: Environmental scanning electron micrographs of (A) C-ECM and (B)
C-ECM AuNP
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The EDS analysis of the C-ECM AuNP revealed (Fig. 25) peaks of gold along with

the peaks of sodium and chlorine.

Figure 25: Results of energy dispersive X-ray spectroscopy for elemental analysis
of (A) C-ECM and (B) C-ECM AuNP

4.1.4.3.5 Surface profile measurement

The surface profile of the scaffolds before and after incorporation of gold nanoparticles
indicated difference in the topography. Surface uniformity was improved in the C-
ECM AuNP scaffold compared to the C-ECM (Fig. 26). The quantitative data also
showed significant decrease in the surface roughness value of gold nanoparticle

incorporated scaffold (Fig. 27).

Figure 26: Line profile of (A) C-ECM and (B) C-ECM AuNP C-ECM
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Figure 27: Bar graph indicating the surface roughness of the two scaffolds, p-
value <0.05, n=3 (Ra-roughness average, Rq-root mean square roughness, Rp-
maximum profile peak height).

4.1.4.3.6 Thermogravimetric analysis (TGA)

The thermograms of C-ECM and C-ECM AuNP revealed considerable weight loss at
all temperature-ranges studied. The residual weight recorded for C-ECM AuNP was
25.14% and that of native C-ECM was 24.14% (Fig. 28)

Figure 28: Thermograms of (A) C-ECM and (B) C-ECM AuNP

4.1.4.3.7 Enzymatic degradation assay
The C-ECM and C-ECM AuNP scaffolds showed similar degradation patterns when
degraded by collagenase enzyme. There was progressive rate of degradation in both

the scaffolds from 24 to 72 hours at 37°C (Fig. 29).
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Figure 29: Bar diagram showing the degradation rate of the scaffolds, n=3

4.1.4.4 Evaluation of the cytocompatibility of the C-ECM AuNP scaffold

4.1.4.4.1 Direct contact test

After 24 h of incubation of cells in contact with the C-ECM AuNP, the cells were
healthy (Fig. 30) without any signs of cytotoxicity. Neutral red uptake by the cells
indicated the viability of the cells in the presence of the scaffold.

Figure 30: Direct contact test of C-ECM AuNP (A) Phase contrast image of C-
ECM AuNP on H9¢c2 monolayer (B & C) viable cells stained with neutral red dye
(n=3).

4.1.4.4.2 Live-dead staining

The viability of H9¢2 cells cultured on the scaffold was visualised by staining with
FDA and PI. The results indicated that the majority of the cells were viable up to 24
hours (Fig. 31).
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Figure 31: Photomicrographs of the Live-dead test of C-ECM AuNP. Fluorescent
microscopic images of H9¢2 cells seeded on C-ECM AuNP stained with FDA
(green) and PI (red) for live and dead cells respectively (n=3). Scale bar indicates
100 pm.

4.1.4.4.3 MTT assay

The cells cultured on the C-ECM AuNP showed a cell viability of 87.09 = 1.09 % (Fig.
32). From the statistical analysis, it was clear that no significant difference was

observed between C-ECM AuNP and the control indicating cytocompatibility.

Figure 32: Cell viability of C-ECM AuNP. Bar graph representing the percentage
viability of cells seeded on C-ECM AuNP and control (tissue culture plastic) n=3.
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4.2 Differentiation of rat cardiomyoblast cell line H9c2 and rat bone
marrow mesenchymal stem cells to cardiomyocyte-like cells

4.2.1 Differentiation of rat cardiomyoblast cell line H9c2 to cardiomyocyte-like
cells

4.2.1.1 Morphological evaluation/observations

The H9c2 cells cultured in 10% serum condition had the expected spindle to stellate
shape but differentiation with retinoic acid in low serum condition caused cell fusion
and formed multinucleated cells. which indicated differentiation of cardiomyoblast to

cardiomyocyte-like cells (Fig. 33).

Figure 33: Morphology of H9¢2 cells. Phase contrast images of (A) control cells
cultured in normal serum condition and (B, C) differentiated cells with

multinucleated appearance denoted by white arrows

64



4.2.1.2 Phalloidin staining

The cytoskeletal structures were observed as green in colour. The nuclei appeared blue
in colour due to the binding of Hoechst and demonstrated the presence of multiple

nuclei in the differentiated cells (Fig. 34).

Figure 34: Phalloidin staining of differentiated H9c2 cells. Fluorescent
microscopic images of differentiated cells with multinucleated appearance. Scale

bar indicates 100 pm

4.2.1.3 Western blotting

After the differentiation of H9c2 cells for 5 days, there was an increase in expression
of cardiac proteins such as troponin T, myo D and connexin 43 indicating the
differentiation to cardiomyocyte lineage (Fig. 35). B-actin, a housekeeping protein was

used as the loading control for normalising the level of protein in the blot.
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Figure 35: Western blot of differentiated and undifferentiated H9¢c2 cells
(control)
4.2.2 Differentiation of rat bone-marrow mesenchymal stem cells to
cardiomyocyte-like cells

4.2.2.1 Isolation of rat bone-marrow derived mesenchymal stem cells

For initial days of seeding, the growth rate of rat bone-marrow derived MSC was
considerably slow while rapid multiplication was observed after 7 days. The cells
became confluent on day 14™ and trypsinised for further experiments (Fig. 36). The
calculated doubling time of the isolated cells was 21£5h (Fig. 37).

Figure 36: Phase contrast microscopic images showing the growth of the isolated

cells at day 3, day 7 and day 14
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Figure 37: Graph representing the doubling time of isolated rBMSCs

4.2.2.2 Characterisation of rat bone marrow derived mesenchymal stem cells

4.2.2.2.1 Analysis of the expression of cell specific markers by flow cytometry
Flow cytometry results showed that the majority of cells express positive markers such
as CD90, CD73 and very few cells expressed CD45, the negative marker (Fig. 38).
99.8% of the isolated mesenchymal stem cells were positive for CD90, and 99.9%
positivity for CD73. Only 1.1% cells expressed CD45 positivity.

Figure 38: Flow cytometry histograms representing (lane 1) the unstained cells,
(lane 2) the positive marker expression for CD90, CD73 and the negative marker

expression for CD45.

67



4.2.2.2.2 Expression of markers by immunostaining
Immunostaining showed the expression of CD90 by rBMSCs isolated and cultured
confirming their mesenchymal stem cells characteristics (Fig. 39). There was absence

of CD34 expression by the same cells, which is a marker of haematopoietic stem cells.

Figure 39: Confocal microscopic images showing the expression of CD90 marker
and absence of CD43 marker by the isolated mesenchymal stem cells. Scale bar

indicates 100 pum

4.2.2.2.3 Multilineage differentiation of rBMSCs

Lipid droplets secreted by adipocytes were stained with Oil red O stain,
glycosaminoglycans produced by chondrocytes were stained by Alcian blue stain and
calcium deposits released by osteocytes were stained by Alizarin red dye (Fig. 40).

Undifterentiated cells remained unstained after the staining procedure.
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Figure 40: Phase contrast microscopic images of multilineage differentiation
showing red coloured lipid droplets stained by Oil red O, blue stained
glyocaminoglycans by Alcian blue and red coloured calcium deposits by Alizarin

red dye
4.2.2.3 Cytocompatibility evaluation

There were no signs of cell detachment, lysis or vacuolization, when the scaffolds C-
ECM and C-ECM AuNP was in contact with the -BMSC monolayer for 24 hours (Fig.
41). The morphology of these cells was similar to the cells in contact with the negative

control. Cells in contact with the positive control underwent lysis and death.
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Figure 41: Direct contact test of C-ECM and C-ECM AuNP. Phase contrast
image of (A) C-ECM on MSC monolayer, (B) C-ECM AuNP on MSC monolayer

and (C, D) positive and negative controls respectively (n=3)

4.2.2.4 Differentiation of rBMSCs to cardiomyocyte-like cells

4.2.2.4.1 Morphological evaluation

Rat bone marrow-derived mesenchymal stem cells cultured in DMEM with 20%
serum condition showed spindle morphology but after differentiation with 5-
azacytidine, the cellular morphology changed to slender stick-like appearance which
indicated differentiation of mesenchymal stem cells to cardiomyocyte-like cells (Fig.

42).
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Figure 42: Differentiation of rBMSC using S-azacytidine. Phase contrast
microscopic images showing (A) control rBMSCs and (B) differentiated rBMSCs

4.2.2.4.2 Western blotting

After differentiation of -BMSCs for 7 days, there was an increase in the expression of
cardiac proteins such as troponin T, myo D and connexin 43 indicating the
differentiation to cardiomyocyte lineage (Fig. 43). B-actin, a housekeeping protein was

used as the loading control for normalising the level of protein in the blot.

Figure 43: Western blot of differentiated and undifferentiated rBMSCs

(control)
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4.3 Functional evaluation of cardiac-patches in a rat model of non-fatal

MI

In this experiment, the ligation resulted in non-fatal MI of variable degree in all the
rats and confirmed by serum biochemistry, electrocardiography and
echocardiography.

4.3.1 Clinical monitoring

4.3.1.1 Estimation of cardiac biomarkers

There was elevation in the level of trop T, CK and CK-MB (Fig. 44) at 24 hours after
the surgical ligation of the coronary artery in all the experimental rats indicating

successful induction of myocardial infarction.

Figure 44: Serum biochemistry (A) Bar graph showing the elevation of troponin
T (B) creatine kinase and (C) creatine kinase-MB at 24h after MI induction

surgery, n=3
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4.3.1.2 Electrocardiogram

In this study, compared to the baseline data, the recorded ECG of all the experimental
animals at 1 week and 4 weeks after the surgery had deviations. The depression in ST-
segment of the electrocardiograph (Fig. 45) indicated the persistence of MI in all the
experimental rats, even a week after the surgery. Widening of the QRS peak was
observed in the control group which also indicated the effect of MI. At 4 weeks,
recovery was prominent in the C-ECM/C-ECM AuNP grafted animals compared to

the control.

Figure 45: ECG of rat hearts. Functional damage in the heart was evident in
representative electrocardiograms recorded from control group and the C-
ECM/C-ECM AuNP groups at 1 week and 4 weeks compared to the baseline data,
n=3

Quantitative data collected from the ECG recordings clearly indicated the
changes in the electrical activity of the heart specifically the left ventricular
contractility. Heart rate did not fluctuate much after the MI induction while there were
distinct variations in the RR amplitude, ST elevation, QT interval, QRS amplitude and
QRS duration at 1 week strongly indicating MI. At 4 weeks, both C-ECM and C-ECM
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AuNP showed signs of recovery which was evident from the QRS amplitude, as the

values shifted towards the baseline (Fig. 46).

Figure 46: Quantitative data form the ECG recordings (A) heart rate, (B) RR
amplitude, (C) ST elevation, (D) QT interval, (E) QRS amplitude and (F) QRS

duration, n=3
4.3.1.3 Echocardiography

Similar to the ECG, echocardiograms were recorded from each of the animals at three
time points (Fig. 47) and evaluated the structural and functional changes associated

with MI induction and graft implantation.
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Figure 47: Echocardiogram of rats. The extent of the functional damage

demonstrated by deviation in echocardiography, n=3

The end-systolic septum thickness (IVSs), end-diastolic septum thickness
(IVSd), fractional shortening and ejection fraction at 1 week and 4 weeks were
compared between the groups. There was a significant difference in the IVSs and IVSd
between C-ECM and control groups at 4 weeks indicating recovery in the C-ECM
group (Fig. 48 A, B). At 4 weeks, the fractional shortening and ejection fraction of the

experimental animals were near to the baseline values (Fig. 48 C, D).
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Figure 48: Parameters derived from rat ECHO, p-value < 0.05
4.3.2 Necropsy and gross pathology
The grafts appeared to have integrated with the heart (Fig. 49). However, gross signs
of necrosis, mural thinning and the interventricular septal hypertrophy were present in

both the groups, as expected for a post-MI healing reaction.

Figure 49: Gross photographs of the hearts explanted from the experimental

animals
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4.3.3 Heart weight to body weight ratio

All the animals recovered the surgery and their body weight reached the initial value
within one to two weeks. C-ECM grafted animals were severely affected due to MI
induction surgery and their body weight increased slowly compared to C-ECM AuNP
and the control group (Fig. 50).

Figure 50: Body weight percentage of animals after surgery till euthanasia, p-

value < 0.05

Heart weight to body weight ratio of all the animals were calculated to know
the hypertrophic response due to the induced MI. Surprisingly, none of the three
groups showed cardiac hypertrophy (Fig. 51). The heart sections showed gross lesions
of infarction indicated by the pale necrotic MI region as well as the integration of the

scaffold in the grafted animals (Fig. 52).

Figure 51: Heart weight to body weight ratio of experimental animals
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Figure 52: Gross photographs of cross-sections of hearts and their sketches made
from the three experimental groups at three planes posterior to the ligature in

Sprague Dawley rats. Scale bar indicates 1 cm.

4.3.4 OES-ICP
OES-ICP analysis did not find any detectable amount of gold in the brain, lungs, liver

and kidney inferring the elimination of gold from these organs through excretion.

4.3.5 Histology
4.3.5.1 H & E Staining

The haematoxylin and eosin stained sections showed the extent of left ventricular
myocardial degeneration/necrosis and replacement fibrosis after MI (Fig. 53). The left
ventricular wall thinning due to MI was prevalent in all the three groups. The

biomaterials, C-ECM and C-ECM AuNP were found to be partially integrated to the
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myocardium. Further, the histomorphological observations provided insights into the
extent of MI and the nature of the post-MI healing reaction in all the animals. The
organs such as brain, lung, liver, kidney and spleen were sectioned and stained with
H&E. There were no obvious signs of necrosis, inflammatory reactions, or loss of cell

integrity in the organs between the control and the grafted animals (Fig. 54).

Figure 53: H&E images showing the LV wall thinning due to MI in all the three
groups and the integration of graft in C-ECM/C-ECM AuNP groups. Scale bar
indicates 1000 pm.

Figure 54 (1 of 5): H&E staining of brain at lower magnification and higher

magnifications explanted from experimental animals. Scale bar indicates 100 pm.
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Figure 54 (2 of 5): H&E staining of lung at lower magnification and higher
magnifications explanted from experimental animals. Scale bar indicates 100 pm.

Figure 54 (3 of 5): H&E staining of liver at lower magnification and higher
magnifications explanted from experimental animals. Scale bar indicates 100 pm.
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Figure 54 (4 of 5): H&E staining of kidney at lower magnification and higher
magnifications explanted from experimental animals. Scale bar indicates 100 pm.

Figure 54 (5 of 5): H&E staining of spleen at lower magnification and higher
magnifications explanted from experimental animals. Scale bar indicates 100 pm.
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4.3.5.2 Cardiomyocyte diameter and number

Major cell diameter (Dmaj) is the longitudinal diameter and minor cell
diameter (Dmin) is the cross sectional diameter (Fig. 55) of cardiomyocytes. The right
ventricular cardiomyocyte diameter was measured (Fig. 56) and the values were
plotted in bar graphs (Fig. 57). There was no difference in the major cell diameter of
the right ventricular cardiomyocytes while significant difference was observed in the
minor cell diameter between the biomaterial grafted groups and the control group

indicating right ventricular hypertrophy in the control animals.

Figure 55: Major and minor cell diameter measurement using image analysis
software

Figure 56: Cardiomyocytes in the right ventricle showing the major and minor
cell diameter
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Figure 57: Bar graphs showing (A) the major and (B) the minor cell diameter of
cardiomyocytes in the right ventricle, p-value < 0.05

Similarly, the Dmaj and Dmin of the cardiomyocytes in the left ventricular free
wall (Fig. 58, 59) and the interventricular septum (Fig. 60) were measured. In the left
ventricular free wall, there was a significant difference in the major cell diameter
between the grafted animals and the control animals (Fig. 59 A). On the other hand,
there was a significant difference in the major and minor cell diameter of
cardiomyocytes in the interventricular septum between the grafted animals and the
control animals (Fig. 61). Thus, it was observed that in the grafted animals

cardiomyocyte hypertrophy was minimal compared to the control.

Figure 58: Cardiomyocytes in the left ventricular free wall showing the major

and minor cell diameter
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Figure 59: Bar graphs showing (A) the major and (B) the minor cell diameter of
cardiomyocytes in the left ventricular free wall, p-value < 0.05

Figure 60: Cardiomyocytes in the interventricular septum showing the major and

minor cell diameter

Figure 61: Bar graphs showing (A) the major and (B) the minor cell diameter of

cardiomyocytes in the interventricular septum, p-value < 0.05
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Furthermore, the observation that the interventricular septal cell number did
not reduce in the C-ECM and C-ECM AuNP grafted animals (Fig. 62) confirmed the
negligible hypertrophic response in both the grafted animals.

Figure 62: Number of cardiomyocytes in the interventricular septum,
p-value < 0.05

4.3.5.3 Immunohistochemistry

Immunohistochemistry for CD4-positive T helper cells, CD8-positive cytotoxic T
cells, CD68-positive macrophages, a-smooth muscle actin-positive smooth muscle
cells, CD31-positive endothelial cells, proliferating cell nuclear antigen-positive
proliferating cells, CN43-positive cells expressing connexin 43 and a-smooth muscle
actin-positive myofibroblasts indicated significant infiltration of these cell types into
the MI reaction zone. The positive cells stained brown in colour. The quantitative data
acquired by performing image analysis are also presented.

At four weeks post-MI, significant chronic inflammation predominated by
mononuclear cell infiltration was observed in all tissue sections. These cells had the
morphology of lymphocytes and an analysis of CD4 (T helper cells) and CDS8
(cytotoxic T cells) lineage of cells was carried out (Fig. 63 and Fig. 64). The number
of lymphocytes were higher around the grafted biomaterials. In particular, a higher
CD4 to CD8 ratio was also observed in the C-ECM (1.3+£0.2) and C-ECM AuNP

(1.26+0.5) grafted animals (Fig. 65) indicating a favourable graft acceptance reaction.
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Figure 63: Immunohistochemical demonstration of CD4 and CDS8 positive
mononuclear cells in the tissue reaction at 4 weeks following MI and implantation

of the grafts. Scale bar indicates 100 pm

Figure 64: Bar graphs representing the quantitative data collected from CD4 and

CDS8 immuno-stained sections, p-value <0.05
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Figure 65: CD4 to CDS8 ratio obtained by histomorphometric analysis

The distribution of macrophages was similar in the necrotic tissue of all the
three groups of animals. But the biomaterial appeared to have induced a differential

inflammatory reaction with additional moderate infiltration of mononuclear cells (Fig.

66).

Figure 66: Immunohistochemical demonstration of CD68 positive macrophages
in the tissue reaction at 4 weeks following MI and implantation of the grafts. Scale

bar indicates 100 pm. The quantitative data collected is represented in the form

of bar graph.
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Immunohistochemistry for CD31 (a vascular endothelial cell marker) and
alpha-smooth muscle actin (smooth muscle cell marker) revealed the presence of
budding capillaries and several medium sized blood vessels (Fig. 67 and Fig. 68). In
comparison to the control group, significant increase in the number of CD31 and
ASMA positive blood vessels in the C-ECM and C-ECM AuNP biomaterial grafted

groups were observed.

Figure 67: Immunohistochemical demonstration of CD31 positive endothelial
cells for capillaries and alpha-smooth muscle actin positive smooth muscle cells
of mature blood vessels in the tissue reaction at 4 weeks following MI and

implantation of the grafts. Scale bar indicates 100 pm
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Figure 68: Bar diagram representing the quantitative data collected from CD31

and ASMA immuno-stained sections, p-value <0.05
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Interestingly in both the biomaterial grafted animals, there was excessive
infiltration of proliferating cells around the graft material as evidenced by the
immunohistochemistry using PCNA antibody (Fig. 69). The abundance of PCNA
positive cells were more proximal to the graft and less distal to the graft (Fig. 70). On
the contrary, there were only a few proliferating cells in the myocardium of control

animals.

Figure 69: Immunohistochemical demonstration of proliferating cell nuclear
antigen positive cells in the tissue reaction at 4 weeks following MI and
implantation of the grafts. Scale bar indicates 100 pm. The quantitative data

collected is represented in the form of bar graph, p-value <0.05

Figure 70: Light micrograph demonstrating the abundance of PCNA positive
cells having brown nuclei proximal (black asterisk) and scarce positive cells distal
(white asterisk) to the Dbiomaterial (dotted line) detected by
immunohistochemistry (8 images have been stitched to elucidate the distribution

of proliferating cells). Scale bar indicates 100pm.
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Cardiomyocyte function in the nearby infarct area was assessed by
immunohistochemistry for connexin 43, a gap junction protein located predominantly
in the intercalated disk region between cells. Increased number of positive cells were
observed in the grafted groups compared to the control indicating the retention of cell

to cell connection in the myocardium (Fig. 71).

Figure 71: Immunohistochemical demonstration of connexin 43 positive cells in
the tissue reaction at 4 weeks following MI and implantation of the grafts. Scale
bar indicates 100 pm. The quantitative data collected is represented in the form
of bar graph, p-value <0.05

The nature of post-MI replacement fibrosis was investigated by studying the
distribution of myofibroblasts, a cell type known to orchestrate fibrosis in most tissues
including the heart (Fig. 72). Remarkably, there was no difference in the number of

myofibroblasts in the experimental groups despite the presence of grafts.
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Figure 72: Immunohistochemical demonstration of alpha-smooth muscle actin
positive myofibroblasts in the tissue reaction at 4 weeks following MI and
implantation of the grafts. Scale bar indicates 100 pm. The quantitative data

collected is represented in the bar graph.

4.3.5.4 Picro sirius red staining

The presence of collagen in the necrotic tissue was determined using picro sirius red
staining which gives red colour to collagen and yellow colour to muscle tissue. The
grafts viz. C-ECM and C-ECM AuNP being rich in collagen, stained red in colour.
The necrotic region in the left ventricular region was well distinguished by this staining

as evident from the compact collagen fibres (Fig. 73).
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Figure 73: Light micrographs of picro sirius red stained tissue sections showing
the collagenous necrotic myocardium due to induced MI at 4 weeks in all the three

groups. Scale bar indicates 1000, 500 and 100 pm.

4.3.5.5 Masson’s trichrome staining

The lower magnification of the Masson’s trichrome stained section was used for area
morphometry (Fig. 74). Using the image analysis software, the area of right ventricle,
left ventricular free wall, infarct and interventricular septum were measured (Fig. 75).
Right ventricular hypertrophy was minimal in the grafted animals compared to the

control.
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Figure 74: Light micrographs of Masson’s trichrome stained sections used for

area measurement
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Figure 75: Histomorphometric data showing the area, p-value <0.05

In addition, the left ventricular thinning due to MI was appreciated in all the
three groups (Fig. 76). The collagen rich necrotic tissue was stained blue in colour.
Both the grafts C-ECM and C-ECM AuNP stained blue in colour and found integrated
to the infarct region (Fig. 77).
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Figure 76: Light micrographs of the Masson’s trichrome stained hearts at lower

magnification x1.25. Scale bar indicates 1000 pm.

Figure 77: Light micrographs of the Masson’s trichrome stained hearts at lower
magnification x4 indicating collagen in scar tissue and the grafts (denoted by

arrow). Scale bar indicates 500 pm.

In the higher magnification images of the Masson’s trichrome stained sections,
it was appreciated that the nature of collagen deposition (Fig. 78) was different in the
presence of grafts in comparison to the control group. Using histomorphometry, the
area occupied by total collagen was quantified and was found to be significantly
reduced in the C-ECM and C-ECM AuNP grafted groups compared to the control
group (Fig. 79).
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Figure 78: Light micrographs of the Masson’s trichrome stained hearts at higher
magnification x40 indicating the difference in the type of cardiac fibrosis between

grafted groups and the control group. Scale bar indicates 100 pm.
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Figure 79: Bar graph representing the percentage of fibrosis obtained by

histomorphometry, p-value <0.05

4.3.5.6 Herovici’s staining

In this study, Herovici’s polychromatic staining reaction was used to elucidate the
differential nature of the fibrotic tissue reaction in the affected myocardium (Fig. 80).
Through this staining technique, type 1 and type III collagen can be distinguished as
pink and blue colour respectively (Fig. 81).
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Figure 80: Light micrographs of the Herovici’s stained hearts at lower

magnification x1.25. Scale bar indicates 1000 pm.

Figure 81: Light micrographs of the Herovici’s stained hearts at higher
magnification x40 indicating the differential deposition of collagen between

grafted groups and the control group. Scale bar indicates 100 pm.

The post-MI remodelling reaction in the C-ECM and C-ECM AuNP groups
was largely contributed by type III collagen rather than type I collagen (Fig.82 A and
B). In the present instance, type I/type III collagen ratio in the control group was
2.4+0.5. Following the C-ECM-graft assisted healing, the ratio was 1.8+0.4 and that
of C-ECM AuNP was 1.2+0.2. The ratio of type I to type III collagen was lowered in
the grafted animals due to the decreased deposition of type I collagen (Fig. 82 C). It
is certain that the presence of the biomaterial had prevented or delayed the formation

of type I collagen.
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Figure 82: Bar graphs representing the histomorphometric data obtained from
Herovici’s stained sections (A) percentage of type I collagen, (B) percentage of

type III collagen and (C) type I collagen to type III collagen ratio, p-value <0.05
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S. DISCUSSION

Originally described as a xenogeneic scaffold with mesh-like architecture, C-ECM has
been used as a biomaterial for graft assisted healing of wound in many tissues: small
intestine (Burugapalli et al, 2008), skin (Revi et al, 2013; Karthika et al, 2018),
subcutaneous tissue (Muhamed et al, 2015b), cornea (Anoop et al, 2017) and skeletal
muscle (Balakrishnan-nair et al, 2018). However, the potential use of C-ECM for
cardiac tissue engineering applications has not been explored. This study examined if
C-ECM is suitable for cardiac application as a cardiac-patch. Specifically, a gold
nanoparticle conjugation was proposed for modifying the electrical conductivity of the
scaffold, a prerequisite for maintaining electrical conduction between the patch and

the host myocardium.

5.1 Preliminary studies

Initial studies on porcine C-ECM prepared by a non-detergent/non-enzymatic method
(Anilkumar et al, 2014; Mony & Anilkumar, 2020) were carried out to evaluate its
suitability in cardiac tissue engineering. Biocompatibility is a key concept in
biomaterial science that defines the ability of a material to perform its desired function
(Ghasemi-Mobarakeh et al, 2019). Cytocompatibility evaluation is a major
biocompatibility test (Keong & Halim, 2009). Earlier, cytocompatibility of C-ECM
with other cell types like 1.929, mouse fibroblasts (Anilkumar et al, 2014; Raj et al,
2018) and C2C12, mouse skeletal myoblasts (Raj et al, 2020) was evaluated for tissue
engineering. Generally, primary cardiomyocytes are the cells of choice for studying
compatibility with any scaffold intended for cardiac application. Due to the difficulty
in acquisition and maintenance in culture for a long time prevented researchers from
using them because of the well-differentiated status and inability to return to S phase
of the cell cycle. Therefore, traditionally immortalised cardiomyoblast cell lines like
H9c¢2 derived from rat ventricular tissue are used for such studies (Garbern et al, 2013).
Here, in this study the cytocompatibility of the C-ECM with H9¢2 cells was evaluated
by three tests namely direct contact test, live dead assay and MTT assay (Prasad et al,
2015). The direct contact test was performed to determine the cytotoxicity of C-ECM
to H9¢2. The result of the direct contact test (Fig. 11) showed that the material is non-
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cytotoxic, the cells were viable and remained healthy in the vicinity of the scaffold.
Further, the suitability of the C-ECM for cardiac tissue engineering was demonstrated
by live-dead staining. In the live dead assay (Fig. 12), consistently there were higher
numbers of live cells than dead cells when the cells were cultured on the C-ECM for
24 hours. Additionally, in order to demonstrate the ability of C-ECM to provide a
suitable microenvironment for the survival of H9¢2 cells, MTT assay was performed.
More than 80% of H9c2 cells cultured on the C-ECM scaffold were viable (Fig. 13).
Thus, the scaffold was found to provide a non-cytotoxic microenvironment suitable
for the viability of cardiomyoblast cell line H9¢2.

Since the in vitro evaluations confirmed the non-cytotoxic behaviour of C-
ECM, in vivo response of the material was evaluated in a rat model of myocardial
infarction. Even though various animal models have been used for the induction of MI,
the rat model of MI is preferred because of the convenience in handling, housing and
maintenance (Venkata et al, 2009). Here, MI was induced in Sprague Dawley rats by
surgical ligation method (Kainuma et al, 2017) and C-ECM was implanted as an
epicardial graft (n=3). The surgical ligation method is one of the most commonly used
methods for MI induction but the mortality rate is very high (De Andrade et al, 2015).
So in this study, the surgical procedure needed standardisation to minimise the
mortality rate during the surgery. MI in these animals was confirmed by the estimation
of serum biomarkers (Thygesen et al, 2018). There was an elevation in serum cardiac
biomarkers such as troponin T, creatine kinase and creatine kinase-MB (Fig. 14) at 24
hours after the surgical ligation of the coronary artery indicating that the animals
suffered from MI. After 2 weeks of surgery, the animals were euthanized and the hearts
were explanted. The necrosis due to MI (Fig. 15) was appreciated macroscopically and
microscopically. The effect of MI at the tissue level was studied by histology (Michaud
et al, 2020). Histomorphologically, the healing response in rats implanted with or
without C-ECM indicated signs of myocardial necrosis (Fig. 16). Thus, the animal
model for MI induction and the procedure of grafting C-ECM on to the MI region was
established.
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5.2 Evaluation of the properties of C-ECM and its suitable modifications

for cardiac tissue engineering

There are several approaches for achieving optimum electrical conductivity
(Ye & Qiu, 2017; Solazzo et al, 2019; Saberi et al) of scaffolds intended for cardiac
tissue engineering. Here, the C-ECM was conjugated with gold nanoparticles
considering that gold nanoparticles can improve matrix conductivity and helps to
establish electrical connectivity (Hasan et al, 2018). Besides, gold nanoparticle
incorporated scaffolds were known to promote electrical signal conduction in
cardiomyocytes (Shevach et al, 2014; Saravanan et al, 2018).

In the present instance, gold nanoparticles of about 20 nm size were
synthesised by a citrate reduction method in which trisodium citrate was used as the
stabilising and capping agent (Dobrowolska et al, 2015). The method was chosen
because of its known simplicity and reliability for yielding nanoparticles of the desired
size. The resulting citrate-capped gold nanoparticles were examined visually by the
instantaneous colour change of the solution from pale yellow to cherry red colour,
indicating the reduction of gold ions (Au*" to gold atoms (Au"). Various combinations
of tetrachloroauric acid and trisodium citrate yielded gold nanoparticles of different
size ranges. Thus, a combination of 0.5 mM tetrachloroauric acid and 1% trisodium
citrate was selected to synthesise gold nanoparticles of 20 nm size. Gold nanoparticles
prepared by this method had a negative surface charge capable of binding to functional
molecules such as thiol, amine, cyanide and diphenyl phosphine (Majzik et al, 2010).
In this study, cysteine was used for amine functionalisation as they have a relatively
high affinity for gold nanoparticles through the formation of Au-S bonds. Here,
functionalisation is expected to take place by the displacement of citrate anions and
aggregation of particles through hydrogen bonding and electrostatic interactions
(Acres et al, 2014). Amine functionalisation with cysteine was then visually
recognised (Fig. 17) by a colour change from red to blue. The bare and amine
functionalised gold nanoparticles were further characterised by UV-Vis spectroscopy,
transmission electron microscopy and dynamic light scattering. In the UV-Vis spectra,
the peak at 523 nm (Fig.18) indicated the absorption maxima of bare citrate-capped

gold nanoparticles. The peak shift at 686 nm represented the amine functionalised
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nanoparticles. The broad peak at the longer wavelength in the visible region was due
to the coupling of surface plasmon resonance of two adjacent nanoparticles indicating
the anisotropic optical properties of the aggregated gold nanoparticles (Hormozi-
Nezhad et al, 2012). Transmission electron microscopic observations (Fig. 19)
facilitated the determination of the size, shape and morphology of the gold
nanoparticles before and after amine functionalisation (Rice et al, 2013). The results
indicated that spherical gold nanoparticles (20 nm size) were maintained even after the
amine functionalisation without any change in size. Later, the stability of the prepared
gold nanoparticles was analysed by dynamic light scattering (Fig. 20). Negative zeta
potential was obtained for both bare and amine functionalised nanoparticles, indicating
optimum stability of the synthesised nanoparticles.

The synthesised gold nanoparticles were incorporated in the C-ECM by EDC-
NHS chemistry (Mondalek et al, 2008; Miyagi et al, 2011). The most important
biomaterial property expected to be introduced in C-ECM by the gold nanoparticle
conjugation was electrical conductivity. The conductivity (Fig. 21) of the C-ECM
AuNP scaffold improved significantly compared to the C-ECM scaffold. The obtained
values were within the range of the electrical conductivity of the native myocardium,
normally between 1.6 x 107! S/m (longitudinally) and 0.05 x 10~! S/m (transversally)
(Walker et al, 2019). Conductive scaffolds such as chitosan/carbon scaffolds (Martins
et al, 2014) and gold nanoparticle-chitosan thermo-responsive hydrogels (Baei et al,
2016) have also been used for cardiac tissue engineering which facilitated the
enhanced transmission of electrical signals between cardiac cells. Here, a conductive
scaffold was fabricated from C-ECM by incorporating gold nanoparticles which was

used for further studies.

The C-ECM AuNP was then characterised for the biomaterial properties like
the presence of free amino groups, presence of functional groups by Fourier transform
infrared spectroscopy, surface morphology by scanning electron microscopy, presence
of elemental gold by energy-dispersive X-ray spectroscopy, surface topography by
profilometry, thermal stability by thermogravimetric analysis and degradation
property by enzymatic degradation assay. The important biomaterial properties of the

C-ECM AuNP are discussed below.
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The number of free amino groups in the scaffold before and after the
incorporation of amine functionalised gold nanoparticles was estimated by TNBS
assay (Davidenko et al, 2015). It was observed that the number of free amines
significantly increased (Fig. 22) in the C-ECM AuNP indicating the binding of gold
nanoparticles to C-ECM.

The detection of the functional groups present in C-ECM AuNP was performed
by FTIR spectroscopy (Fig. 23). Extracellular matrices from mammalian
organs/tissues are rich in collagen, therefore characteristic collagen peaks were
expected (Movasaghi et al, 2008). In the C-ECM AuNP, the characteristic collagen
peaks for amide I, amide II and amide III were observed suggesting that the modified

scaffold had no change in the basic composition of C-ECM.

Scanning electron microscopy (Fig. 24) revealed the compact mesh-like
architecture of the C-ECM AuNP which is more or less similar to that of C-ECM
(Burugapalli et al, 2007). The increase in the compactness was probably due to the
chemical cross-linking of the gold nanoparticles to the C-ECM scaffold. Moreover,
the original architecture of collagen fibres was retained even after the incorporation of
the gold nanoparticles to the C-ECM.

The energy-dispersive X-ray spectroscopy is associated with a scanning
electron microscope which can detect the presence of elements in a specimen (Scimeca
et al, 2018). The presence of elemental gold (Fig. 25) in the C-ECM AuNP scaffold

indicated successful conjugation of gold nanoparticles onto the C-ECM.

Extracellular matrix-based scaffolds suffer from the lack of uniformity in
surface topography resulting in poor integration to the host tissue (Mondalek et al,
2008). Here, the incorporation of gold nanoparticles onto the surface of C-ECM
resulted in a smooth surface profile (Fig. 26) compared to the bare scaffold. This
observation further supported the notion that C-ECM AuNP is a better scaffold than

bare C-ECM for cardiac tissue engineering.

Thermal stability is an inherent property of any material intended for cardiac
tissue engineering (Prasath Mani et al, 2019). It is known that while crosslinking

increases the thermal stability of materials (Meyer, 2019). Here, the thermal stability
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of the scaffolds was assessed using thermogravimetric analysis. The increase in the
residual weight (Fig. 28) recorded for C-ECM AuNP compared to pristine C-ECM

was due to the additional crosslinking with gold nanoparticles.

Enzymatic degradation of the scaffold was estimated by Ninhydrin assay. The
presence of soluble amines in the solution indicated a higher absorbance value, which
indicated faster degradation in the presence of collagenase enzyme (Grover et al,
2014). Here, both the C-ECM and C-ECM AuNP scaffolds showed a similar
degradation rate (Fig. 29) from 24 to 72 hours.

After the physicochemical characterisation of the modified scaffold, the
potential cytotoxic effect of C-ECM AuNP to cardiomyocyte cell line H9¢2 was
determined by direct contact test (Fig. 30), live dead staining (Fig. 31) and MTT assay
(Fig. 32). From the results obtained, it was inferred that the C-ECM AuNP scaffold
was non-cytotoxic and the scaffold was deemed to be a suitable niche H9¢2 cells.

Thus, the overall results of the physico-chemical and biological evaluations
conducted on the biomaterial properties of C-ECM AuNP largely indicated that it is

indeed a candidate material for cardiac tissue engineering applications.

5.3 Differentiation of rat cardiomyoblast cell line H9c2 and rat bone
marrow mesenchymal stem cells to cardiomyocyte-like cells

5.3.1 Differentiation of rat cardiomyoblast cell line H9c2 to cardiomyocyte-like
cells

This part of the study was conducted to explore the in vitro differentiation efficiency
of rat cardiomyoblast cell line H9¢2 to cardiomyocyte-like cells. Generally, H9c2
cells are widely used for the differentiation to skeletal and cardiac muscle cells (Branco
et al, 2015). Recently, a combination of H9¢2 co-cultured with fibroblasts in
appropriate substrates was used for cardiogenic differentiation (Navaee et al, 2020).
Traditionally H9¢2 cells differentiated with retinoic acid exhibited partially poly
nucleated and elongated appearance (Kankeu et al, 2018). In this study, all-trans
retinoic acid was used for the differentiation of H9c2 cells to cardiomyocyte-like cells

under low serum conditions. It was observed that the morphology of the cells (Fig. 33)
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altered from spindle to stellate structure with multiple nuclei. The multinucleated
appearance (Fig. 34) of the differentiated cells was demonstrated by phalloidin
staining. The FITC conjugated phalloidin binds to the F-actin, which is a cytoskeletal
protein and was observed as green in colour. Multinucleation of H9c2 cells is
considered as a morphological indication of its differentiation to cardiac lineage rather
than to a rhabdomyocyte lineage (Branco et al, 2015). Previous reports have shown
that H9c2 cells differentiated in the presence of low serum concentration and daily
supplementation with retinoic acid exhibited features specific for cardiac
differentiation. These included the increased expression of cardiac-specific proteins
such as myosin light chain-2v and cardiac troponin-T together with a shift in metabolic
preference from glycolytic to oxidative metabolism (Patten et al, 2017). Here, the
differentiated cells showed (Fig. 35) increased expression of troponin-T, myo-D and

connexin 43 indicative of cardiomyocyte-lineage specific proteins.

5.3.2 Differentiation of rat bone marrow mesenchymal stem cells to
cardiomyocyte-like cells

The classical tissue engineering approach uses a combination of scaffolds, cells and
growth factors (Caddeo et al, 2017). For cardiac tissue engineering, many cell types
have been used as candidates such as bone marrow derived stem cells, embryonic stem
cells, smooth muscle cells, adipose tissue derived stem cells, cardiac stem cells and
induced pluripotent stem cells (Rodrigues et al, 2018). Bone marrow-derived
mesenchymal stem cell transplantation is a promising clinical strategy for
cardiovascular therapy (Bagno et al, 2018). In this study, rat bone marrow
mesenchymal stem cells were selected for the differentiation to cardiomyocyte-like
cells due to ease of availability, proliferative capacity and immune-modulatory
properties (Guo et al, 2018). This section focus on the isolation, characterisation and
differentiation of rat bone marrow-derived mesenchymal stem cells to cardiomyocyte-
like cells. Mesenchymal stem cells (MSCs) are isolated from adult tissues and are
multipotent (Ullah et al, 2015). They can differentiate to chondrocytes, adipocytes and
osteocytes when a specific differentiation medium is supplied. Earlier evidence
suggests that MSCs can express phenotypes of endothelial, neural, smooth muscle,

skeletal myoblasts, and cardiomyocyte cells (Pittenger & Martin, 2004). In cell
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therapy, MSCs prevent ventricular remodelling and improved recovery when
delivered to the injured heart (Thakker & Yang, 2014).

For these experiments, MSCs were isolated from the femur of young Sprague
Dawley rats ( Huang et al, 2015). Once the cells reached the stage of confluency, they
were trypsinised and used for the characterisation studies (Fig. 36). The doubling time
of the isolated mesenchymal stem cells was 21+5h, indicated a good proliferation
capacity. It is known that highly proliferating cells have shorter doubling time (Zhan
etal, 2019).

The essential criteria for defining MSCs according to the International Society
for Cellular Therapy (Dominici et al, 2006) was followed to characterise the
differentiation potential of the isolated cells. More than 90% of cells expressed the
positive markers such as CD90, CD73 and only less than 2% expressed the negative
marker CD34 on flow cytometry analysis (Fig. 38). Immunostaining with CD90-FITC
conjugated antibody revealed the surface expression (Fig. 39) of the marker by the
isolated MSCs. Multilineage differentiation is considered as a convincing property of
mesenchymal stem cells (Han et al, 2017). Therefore, differentiation of the isolated
MSC:s to other lineages is often studied by adding specific differentiation factors to the
medium to direct their differentiation to adipocytes, chondrocytes and osteocytes. In
this study, the isolated MSCs differentiated to adipocytes, chondrocytes and osteocytes
indicating the multilineage differentiation potential (Fig. 40).

After the characterisation of the rat bone marrow-derived mesenchymal stem
cells, the cytotoxic effect of the scaffolds C-ECM and C-ECM AuNP with the isolated
rat bone marrow mesenchymal stem cells was determined by direct contact test (Fig.

41) confirming the scaffolds as non-cytotoxic to the stem cell.

Differentiation of MSCs to cardiomyocyte-like cells has been reported by
many research groups (Pittenger & Martin, 2004; Guo et al, 2018). In this study, 5-
azacytidine was used for the differentiation of mesenchymal stem cells to
cardiomyocyte-like cells. 5-Azacytidine is a hypomethylating agent commonly used
for the treatment of the myelodysplastic syndrome, which functions as a DNA

methyltransferase inhibitor causing hypomethylation of DNA. Low doses of 5-
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azacytidine have been used for inducing differentiation of stem cells while higher
doses are cytotoxic (Supokawej et al, 2013). With the influence of 5-azacytidine, the
spindle morphology of the MSCs changed to a slender stick-like morphology
indicating differentiation towards a cardiac lineage (Fig. 42). In addition to this, the
differentiated cells showed (Fig. 43) increased expression of cardiac proteins such as
troponin-T, myo-D and connexin-43. These are further supported by the fact that
MSCs derived from human bone marrow as well as human umbilical cord
differentiated into cardiomyocytes with the expression of desmin, B-myosin heavy
chain, cardiac troponin T, A-type natriuretic peptide, and Nkx2.5 (Xu et al, 2004; Qian
etal, 2012).

5.4 Functional evaluation of the C-ECM and CECM AuNP as cardiac-

patches in a rat model of non-fatal myocardial infarction

An appropriate animal model was established and the method of grafting the scaffold
was standardised as described in section 5.1. The surgical induction of MI in the
experimental animals was demonstrated by serum biochemistry, electrocardiography,
echocardiography and histopathology. The serum biochemical estimation of cardiac
biomarkers (Fig. 44) such as troponin T, creatine kinase and creatine kinase-MB at 24
hours confirmed that the experimental animals suffered from MI. Troponins, creatine
kinases, lactate dehydrogenase increases in blood during myocardial infarction and
detection of cardiac troponins is the gold standard for the early diagnosis (Mythili &
Malathi, 2015). After MI induction and the epicardial patch grafting, the animals were

observed for 4 weeks.

One of the most widely used techniques in cardiovascular research is ECG,
which reflects the electrical activity of the heart and provide information about the
functional and structural characteristics of the myocardium (Konopelski & Ufnal,
2016). During pathological conditions, variations in the ECG helps in diagnosing and
monitoring the progression of the disease. Now, ECG is also used as a research tool
for studying the effect of drugs or other cardiac interventions (Sattar & Chhabra,

2020). Evaluation of the elevation or depression of ST-segment is an essential
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parameter considered for the diagnosis of myocardial infarction. Also, the QRS
complexes reflect ventricular rhythms as well as disturbances of intraventricular
conduction resulting from heart failure and myocardial ischemia (Konopelski & Ufnal,
2016). In this study, ECG was used to monitor the changes in the electrical activity of
the heart after MI induction as well as the recovery after scaffold grafting. A baseline
recording was taken from all the animals to compare it with the subsequent ECG
recording after the surgical procedure. One week post-MI, the effect of MI was evident
in all the three groups. The depression in ST-segment in the grafted groups and the
widening of the QRS peak in the control group (Fig. 45) indicated that the animals
suffered from non-fatal M1. But at 4 weeks, recovery was prominent in the C-ECM/C-
ECM AuNP grafted animals and the ECG peaks appeared similar to the baseline data.
The C-ECM AuNP being a conductive scaffold, animals grafted with them had near-
normal ECG pattern at 4 weeks compared to the bare C-ECM grafted animals. This
observation indicated that the probable effect of a conductive biomaterial in
modulating the left ventricular contractility. Quantification of the various ECG
parameters (Fig. 46) indicated the persistence of MI in all the animals at one week

while the recovery was prominent in the grafted animals at 4 weeks.

Echocardiography is another non-invasive technique (Sadeghizadeh et al,
2017) used for monitoring cardiac anatomy and function. On evaluating various
parameters derived from the echocardiogram, it was concluded that there was no
significant difference in any of the parameters between the three groups at one week
indicating the uniformity in MI induction. On the 4" week post-MI, there was a
significant change in the IVSs and IVSd (Fig. 48 A, B) between C-ECM and control
group indicating recovery in the C-ECM group. The interventricular septal dimensions
of the C-ECM grafted animals were near to the baseline but it was higher for the
control group indicating septal hypertrophy in control animals. During M1, it has been
observed that the regions adjacent to the non-infarcted region undergo hypertrophy at
the later phase to compensate for the damage (French & Kramer, 2007). In this study,
such a response was not observed in the grafted animals but was prominent in the
control animals indicating minimal hypertrophy and decompensation in the grafted

animals.
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Four weeks post-MI all the animals were euthanized and the tissues were
collected for gross and histopathological evaluations. Gross necropsy examination of
the hearts (Fig. 49) indicated the integration and in vivo compatibility of the C-ECM
and C-ECM AuNP. It was noted that the bodyweight of all the animals (Fig. 50)
decreased after the surgery and increased gradually to attain the initial body weight.
The reduction in body weight soon after the procedure may be due to the general effect
of the surgery but the animals survived the MI induction procedure demonstrated by
the steady increase in body weight. However, the C-ECM grafted animals were more
severely affected and attained the initial body much later than the other groups. Earlier
similar studies have also used the heart weight to body weight ratio of animals as an
index of myocardial hypertrophy (Voucharas et al, 2011). Here, the ratio was within
the normal range indicative of minimal hypertrophic response (Fig. 51) inconsistence

with the previous findings.

Tri-phenyl tetrazolium chloride staining is a commonly used method to
differentiate the infarct area from the normal area and also for the assessment of the
extent of the infarct (Redfors et al, 2012). Here in this study, at necropsy, the MI was
appreciated grossly as a pale non-vascular area and the result was confirmed by a
veterinary pathologist. Significant myocardial necrosis (Fig. 52) was observed in all

the animals confirming the uniformity of MI induction.

The OES-ICP is an emerging powerful technique for the detection of elements
and isotopes distributed in a material (Reddy et al, 2018). The C-ECM AuNP
incorporated with gold nanoparticles was grafted in animals, therefore the
biodistribution of gold to other organs was studied by OES-ICP analysis. The tissue
samples such as the brain, lungs, liver and kidney were collected from the animal
during the necropsy procedure and were analysed for the presence of gold using this
method. It was observed that there was no detectable amount in gold suggesting the

clearing of gold from the animals at 4 weeks.

The host biomaterial interaction and the effect of MI at the tissue level was
investigated by histological methods. According to Pasotti et al, 2006, MI can be

diagnosed histomorphologically by the presence of coagulative necrosis of the
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myocardium. Haematoxylin and eosin stained heart sections (Fig. 53) revealed the left
ventricular myocardial degeneration/necrosis in all the animals. However, there were
no evident signs of necrosis (Fig. 54), inflammatory reactions, or loss of cell integrity
in other organs such as the brain, lung, liver, kidney and spleen between the control
and the grafted animals indicating the safety of the biomaterial.

Cardiomyocyte hypertrophy is an early stress response happening in the heart
leading to the expansion of the cardiac extracellular matrix, deposition of connective
tissue and finally resulting in heart failure (Coelho-Filho et al, 2013). In this study, the
cardiomyocyte hypertrophy at the cellular level was quantified with the help of an
image analysis software. It was observed that in the presence of C-ECM/C-ECM
AuNP, the cardiomyocyte hypertrophic response (Fig. 55-61) was minimal in the
animals compared to the control animals.

Cell death is a characteristic feature of various cardiac diseases leading to
hypertrophy of the surviving cells (Chiong et al, 2011). This is associated with
increased cell volume, enhanced protein synthesis, and heightened organization of the
sarcomere of surviving cells (Frey et al, 2004). In the present study, it was observed
that in the grafted animals the number of interventricular septal cells (Fig. 62) was
preserved while there was a reduction in the control animals. The observation indicated
the continued progression of compensatory hypertrophic response in the non-grafted
controls. It is known that post-MI hypertrophy may lead to decompensation (Toepfer
et al, 2016). The minimal hypertrophic response in the biomaterial grafted animals
possibly indicated the protective effect of the grafts.

To study the cellular response associated with MI and the cellular and
molecular changes associated with the graft implantation, immunohistochemistry for
various cellular proteins was carried out. Initially, the distribution of lymphocytes in
the infarct zone was investigated. Lymphocytes, especially T cells are the key players
in the tissue repair process, including that following myocardial infarction (Rieckmann
et al, 2019). Several studies have shown that T lymphocytes are involved in cardiac
remodelling after MI (Laroumanie et al, 2014). T cells promote early cardiac healing
by regulating macrophage polarisation, fibroblast activity and extracellular purinergic
signalling but chronic T cell activation in the myocardium leads to the development of

adverse remodelling reactions resulting in heart failure (Rieckmann et al, 2019).
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Having a role in adaptive immunity, CD4 positive T cells are limited to major
histocompatibility complex class (MHC) II and act as helper cells for various immune
responses, while CD8 positive T cells recognize antigens using MHC class I and
perform cytotoxic function (Bueno & Pestana, 2002). During C-ECM-assisted healing
in the heart, both the CD4 and the CDS cell numbers increased indicating the influence
of the graft in modulating the immune cells. However, out of these cells, the CD4
positive cells (Fig. 63) predominated indicating pro-graft acceptance reaction. The
number of CD4 and CD8 positive cells was almost equal in the C-ECM AuNP group
which also indicated a beneficial reaction. However, the number of pro-inflammatory
CDS8 positive cells predominated in the control group, definitely, an indication of
progression to heart failure.

The proportion of CD4 to CD8 indicates the health of the immune system. A
ratio between 1.5 to 2.5 is considered normal (McBride & Striker, 2017). After the MI
induction, a lower number of CD4 cells and an inversion of the ratio were observed in
acute myocardial infarction (Fig 65) suggesting a continued pro-inflammatory
reaction. On the other hand, the grafts appeared to have induced a pro-regenerative
reaction with a dominant proportion of CD4 positive T cells.

Another cell type investigated was macrophages which are key mediators of
innate immune response participating in the recognition and elimination of pathogens
by phagocytosis (O’Rourke et al, 2019). One to three days after MI, macrophages
show a pro-inflammatory M1 phenotype and later at about 4 weeks, an anti-
inflammatory M2 phenotype is expressed with distinct and opposite functions (Ma et
al, 2018). In this study, the macrophages were demonstrated by immunohistochemistry
and observed no significant difference between the three groups (Fig. 66) suggesting
a similarity in the extent of inflammatory reaction between the groups. A detailed study
on the distribution of M1 and M2 macrophage might have elucidated the extent of pro-
inflammatory and pro-regenerative responses in different experimental groups as
observed with the distribution of CD4 and CD8 lymphocytes.

Angiogenesis post-MI can reduce cell damage by stimulating blood supply
(Kobayashi et al, 2017). The increase in the number (Fig. 67 and 68) of CD31 positive
endothelial cells and alpha smooth muscle actin positive smooth muscle cells in the

tissue reaction at 4 weeks indicated enhanced angiogenesis in the grafted animals. The
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C-ECM/C-ECM AuNP displayed a pro-angiogenic effect through which the ischemic
myocardium was salvaged with the formation of new blood vessels. Even though an
assessment of oxygenation and blood supply was not possible in these tissue sections
by these techniques, the morphometric data suggested differential reperfusion between
the three groups. The grafts promoted the recruitment of cells that participated in
angiogenesis at the MI site. CD31 positive capillaries is a definite indication of
sprouting blood vessels which may mature into functional blood vessels in later phase
of healing reaction. This is an indication that both the ECM scaffolds promote
reperfusion in the myocardium which can restore blood flow and limit the infarct size
(Mongiat et al, 2016).

Generally, following an injury tissue remodelling is essentially contributed by
the regenerative response of the parenchyma and the reparative process by connective
tissue (lismaa et al, 2018). Myocardial parenchyma may not mount a significant
regenerative response because of its terminally differentiated Go status (Siddiqi &
Sussman, 2014). In consistence with these knowledge, cell proliferation was absent in
the infarcted myocardium in all the groups. Contrastingly, many cells (Fig. 69 and Fig
70) infiltrating around the C-ECM/C-ECM AuNP had proliferative potential. These
were definitely non-native cells and may include progenitor cells participating in the
tissue remodelling of the necrotic tissue. Recruitment of non-native endogenous cells,
triggered by biological cues hidden in the extracellular matrix, to the defect site is
considered as one of the major mechanisms by which ECM-based biomaterials induce
healing in the infarct site (Mewhort et al, 2016; Frangogiannis, 2017). However, here,
it remains unclear from the investigations performed so far concerning the identity of
cells infiltrating the infarcted myocardium and the molecular signals elaborated by
these cells.

Cardiomyocyte function in the nearby infarct area was assessed by
immunohistochemistry for connexin 43, a gap junction protein located predominantly
in the intercalated disk region between cells (Schulz et al, 2015) revealed higher
number of positive cells (Fig. 71) indicating the retention of the cell to cell connection
in the myocardium in the grafted groups compared to the control group.

Cardiac injury of any type results in fibrotic scarring because of the limited

regenerative potential of the surviving cardiomyocytes, for repopulating the lost
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myocardial parenchyma (Prabhu & Frangogiannis, 2016). Taking this into
consideration, the nature of post-MI replacement fibrosis was investigated by studying
the distribution of myofibroblasts, a cell type known to orchestrate fibrosis in most
tissues including the heart (van Putten et al, 2016). There was no difference in the
distribution of myofibroblast (Fig. 72), implying the similarity in the potential for post-
MI-fibrogenesis in all the three groups.

However, the nature of the collagen deposition was significantly different in
the treated groups compared to the control animals. Specially, the assessment of
collagen deposition in the tissue sections was evaluated by three types of
histochemistry reactions Viz. picro sirius red (Vogel et al, 2015), Masson’s trichrome
(Schipke et al, 2017) and Herovici’s (Turner et al, 2013) stains. In the sections stained
with picro sirius red (Fig. 73), the infarct area was differentiated as red coloured
collagenous region in all the experimental animals.

Histomorphometric analysis of the low magnification Masson’s trichrome
stained sections (Fig. 75) showed preservation of the area of the right ventricle, left
ventricular free wall, infarct and interventricular septum in the grafted animals
whereas, the right ventricular area increased in the control. This data had a correlation
with the cardiomyocyte diameter measurement to confirm the minimal hypertrophic
response in the C-ECM/C-ECM AuNP grafted animals. Similar to picro sirius red
staining, the area occupied by collagen (Fig.76) in the infarcted myocardium was
elucidated by Masson’s trichrome stained section as blue in colour. The grafts also
stained blue in colour as the porcine cholecystic extracellular matrix is rich in collagen
(Burugapalli et al, 2007). Surprisingly, the nature of the perceived fibrotic reaction in
the C-ECM/C-ECM AuNP grafted animals was remarkably different from the non-
grafted animals which were established from the high magnification trichrome images.
The fibrosis in the grafted animals was more of an interstitial type while in the control
group, it was a replacement type of fibrosis. Interstitial fibrosis is characterised by
increased ECM deposition without any significant loss of cardiomyocytes whereas in
replacement fibrosis excess collagen deposition together with the damage of cardiac
cells occurs. Here, dead cells are replaced and a predominantly collagen type I-

containing scar is formed (Hinderer & Schenke-Layland, 2019).
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The extent of collagen deposition (Fig. 77-79) was significantly low in the
grafted animals irrespective of the presence of gold nanoparticles. The main cells
which participate in the synthesis of collagen are myofibroblasts and they can secrete
at least two subtypes of collagen, type I and type III (van Putten et al, 2016). The type
I collagen is essentially composed of highly cross-linked fibrillar collagen relatively
insensitive for enzymatic degradation compared to reticular type III collagen amenable
for degradation as in tissues with considerable elasticity (Rusu et al, 2019). Both these
collagen types will be present in any tissue but the relative proportion defines
elasticity. Terminally matured inelastic scar has an abundance of type I collagen in

proportion to type III collagen.

In the present study, the results of the Herovici’s staining reaction (Fig. 80-82)
further elucidated the differential nature of the fibrotic tissue reaction in the affected
myocardium. The post-MI-remodelling reaction in the C-ECM/C-ECM AuNP groups
was largely contributed by type III collagen rather than type I mature collagen
responsible for fibrotic scarring. Given the fact that no known synthetic or natural
biomaterial is known to reverse cardiac fibrosis, the observation that the C-ECM/C-
ECM AuNP mitigated deposition of type I collagen is significant. In cardiac tissue, the
ratio of type I to type III collagen is 8:1 which gets altered with progressive fibrotic
reaction either due to tissue injury or old age (Horn & Trafford, 2016). In the graft-
assisted groups, the decreased type I/I11 collagen ratio was contributed by the reduction
in type I collagen content. This cannot be considered as clear evidence of fibrosis
reversal, but certainly an indication of reduced or delayed deposition of type I collagen.
Previously, it was reported that increased expression of type III collagen improved
heart function by altering the balance of collagen distribution and ratio in LV
remodelling (Uchinaka et al, 2018). Certainly, the presence of porcine cholecystic
extracellular matrix with or without gold nanoparticles had prevented or delayed the
formation of type I collagen. The use of a larger number of animals and euthanizing
them at more frequent intervals would have clarified these deductions, especially the

dynamics in the extend of collagen deposition.

Graft assisted healing of injured myocardium in regenerative medicine is not

novel (Venugopal et al, 2012), and both synthetic as well as non-synthetic grafts are
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available for this purpose (Cui et al, 2016). Acellular xenogeneic extracellular matrix
biomaterials have been used as constructive scaffolds for tissue regeneration including
porcine small intestinal submucosa and urinary bladder derived ECM (Mewhort et al,
2014; Robinson et al, 2005). Such natural scaffolds are apparently superior to synthetic
scaffolds which elicits unfavourable tissue reaction with foreign-body giant cells,
necrosis, and calcification. Bovine pericardium based ECM scaffolds such as Peri-
Guard®, PhotoFix™ and CardioCel® have been used in cardiac repair but all of them
displayed poor integration to the native tissue often complicated with calcification
(Pattar et al, 2019). Cormatrix® ECM,™ a porcine small intestinal ECM has recently
gained popularity in the cardiovascular field due to its unique surface architecture and
ability to initiate, control cell proliferation and differentiation (Mosala Nezhad et al,
2016). In addition, basic fibroblast growth factor enhanced Cormatrix improved
cardiac performance after sub-acute myocardial infarction (Mewhort et al, 2014).
Epicardial infarct repair with Cormatrix boosted the myocardial repair process and

vasculogenesis in an ischemia-reperfusion pig model (Mewhort et al, 2016).

In short, in the present study a relative abundance of degradable reticular type
IIT over type I collagen, a congenial environment for cell proliferation, enhanced
angiogenesis and favourable graft acceptance reaction was observed, when the C-
ECM/C-ECM AuNP was used for graft-assisted healing, despite uniformity in the
extent of MI between the groups. The data largely points to the modulatory effect of
the biomaterial on the pathogenesis of post-MI fibrotic reaction. Further investigations
are certainly essential for unravelling the cellular/molecular mechanisms responsible
for the delayed scarring and the pathobiology of the cardiac remodelling process. As
clinicians strive for strategies to mitigate cardiac fibrosis, the C-ECM/C-ECM AuNP
as an epicardial graft offers a credible option. If not a reversal, the induction of delayed
fibrosis offers a wider window period to clinicians for identifying and deploying

different therapeutic strategies for managing post-MI scarring.
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6. SUMMARY & CONCLUSION

6.1 Summary

Porcine cholecystic extracellular matrix scaffold prepared by a non-
detergent/non-enzymatic process was proved as an excellent scaffold for the
growth of H9¢2 cardiomyoblast cells.

An animal model for myocardial infarction was established for inducing non-
fatal myocardial infarction by surgical ligation of the left anterior descending
coronary artery in Sprague Dawley strain of rats.

The induction of myocardial infarction in experimental rats was confirmed
through the estimation of serum cardiac biomarkers such as troponin T,
creatine kinase and creatine kinase-MB and clinically monitoring with
electrocardiography and echocardiography.

The nature of in vivo healing response induced by the porcine cholecystic
extracellular matrix scaffold was evaluated by histomorphology.

Conjugation of functionalised gold nanoparticles to porcine cholecystic
extracellular matrix scaffold was possible and the modified scaffold was a
potential conductive biomaterial for cardiac tissue engineering.

Biological properties of the gold nanoparticle incorporated porcine cholecystic
extracellular matrix scaffold was also evaluated by growing H9c2 cells and
found to be a suitable substrate for their growth.

HOc2 cells were cultured and differentiated to cardiomyocyte-like cells using
all-trans retinoic acid in serum reduced condition and evaluating the expression
of cardiac proteins like troponin T, myo D and connexin 43 by the
differentiated cells.

Rat bone marrow-derived mesenchymal stem cells were isolated from Sprague
Dawley rats and characterised.

Cytocompatibility of rat bone marrow-derived mesenchymal stem cells on
porcine cholecystic extracellular matrix scaffold as well as on the nanoparticle

incorporated porcine cholecystic extracellular matrix scaffold was evaluated.
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The rat bone marrow-derived mesenchymal stem cells were made to
differentiate in to cardiomyocyte-like cells using 5-Azacytidine.

Myocardial infarction was induced in Sprague Dawley rats and serum
biochemistry showed an elevation in cardiac biomarkers. Two epicardial
grafts: C-ECM and C-ECM AuNP were used for the in vivo study.
Electrocardiogram and echocardiogram data suggested the preservation of
cardiac function in the grafted rats at 4 weeks.

Both the grafts partially integrated to the host tissue as evident in gross and
histology images. Myocardial necrosis due to the induced infarction was
evaluated by histomorphology and histomorphometry.

Biodistribution of gold nanoparticles was studied using optical emission
spectroscopy- inductively coupled plasma and it was observed to be below the
detectable limit in the brain, lungs, kidney and liver indicated clearance from
the system.

Cardiac hypertrophy was minimal in both the porcine cholecystic extracellular
matrix scaffold group as well as in the nanoparticle incorporated porcine
cholecystic extracellular matrix scaffold group.

A favourable graft acceptance reaction was observed as evidenced by increased
CD4 (helper T lymphocytes) to CDS8 (cytotoxic T lymphocytes) ratio in the
grafted groups. There was no significant difference in the number of
macrophages and myofibroblasts between the grafted and control animals.
Angiogenesis was enhanced in the presence of grafts as demonstrated by CD31
positive (sprouting) and alpha smooth muscle actin (functional) blood vessels
in the infarcted myocardium.

Cell proliferation was observed in abundance near the vicinity of the grafts
indicating the recruitment for extra-myocardial cells for the graft-assisted
healing. Thus, the porcine cholecystic extracellular matrix scaffold can act as
a niche for proliferating cells.

Higher number of connexin 43 cells was observed in the presence of both the

grafts which demonstrated functional cardiomyocytes in the myocardium.
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A significant reduction in collagen deposition was observed in the presence of
the grafts indicated delayed remodelling reaction.

The post-infarction-remodelling reaction in the grafted animals was largely
contributed by type III reticular collagen instead of type I mature collagen.
Thus, porcine cholecystic extracellular matrix delayed the myocardial scarring
process by mitigating collagen deposition specifically type I collagen.
Although, the gold nanoparticle incorporated porcine cholecystic extracellular
matrix scaffold had higher conductivity compared to the bare scaffold, there
was no significant difference between the two groups in the various evaluations
carried out in the study. Both the scaffolds, C-ECM and C-ECM AuNP can be

used as candidate epicardial-patches for further investigations.

6.2 Clinical significance

Porcine cholecystic extracellular matrix scaffold delays fibrotic scarring during
healing of non-fatal myocardial infarction.

Porcine cholecystic extracellular matrix scaffold increases cardiomyocyte
survival

The graft-assisted healing with porcine cholecystic extracellular matrix

scaffold widens the window period between infarction and scarring.

6.3 Conclusion

Porcine cholecystic extracellular matrix scaffold prepared by a non-
enzymatic/detergent method is a suitable biomaterial for cardiac tissue
engineering.

Incorporation of gold nanoparticle enhances electrical conductivity of
cholecystic extracellular matrix, as required for cardiac tissue engineering
applications.

Porcine cholecystic extracellular matrix, as a tissue graft for repairing
myocardial infarction, significantly alters the nature of endogenous repair by
modulating reduction in fibrotic scarring.

As an epicardial graft, porcine cholecystic extracellular matrix scaffold

probably can be used as an adjunct to any current treatment strategies.
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The porcine cholecystic extracellular matrix is a potential biomaterial for

fabricating cardiac patches.

6.4 Limitations and future perspectives

The present study involved only a short duration animal study of 4 weeks
(equivalent to 2 years in human) and histological evaluation of the epicardial
graft-assisted healing was performed at only one-time point. Although the
current results are encouraging, long term studies and histological evaluation
at various time points are warranted to delineate the mechanism of the healing
reaction.

The same study has to be conducted in large animals for validation of the
results.

The comparison of C-ECM and C-ECM AuNP scaffold grafted animals shall
be performed to study the electrical potential between patch and the
myocardium using patch clamp technique.

The study compared only the grafted animals and non-grafted animals.
Comparison studies of grafted animals with the clinically used cardiac-patch
such as Cormatrix® ECM™ need to be carried out.

More investigations are to be performed for fabricating a cardiac-patch product
prototype acceptable for clinical trials.

This study does not involve any in vivo implantation of cell loaded scaffolds
which may form a tissue construct for cardiac repair.

Here, in this study sheet form of porcine cholecystic extracellular matrix
scaffold was used for the in vivo application. Efforts need to be carried out to
prepare injectable hydrogel from the native scaffold which can be easily

delivered to the damaged site.
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