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OZET

ATIK KAGITTAN TURETILMIS KARBON AEROJEL- ELASTOMER
SISTEMININ KARDIYAK DOKU YAMASI OLARAK iNCELENMESI

Abdulraheem Mohammed Naji ATYA

Yuksek Lisans, Biyomuhendislik Bolumu

Tez Danigmani: Prof. Dr. Halil Murat AYDIN

Eylul 2019, 76 sayfa

Kardiyovaskuler hastaliklar, dinya genelinde ciddi sayida olumin sorumlusu
olarak gosterilmektedir. Bu hastaliklar arasinda yer alan miyokard enfarktisda,
koroner arterlerden birinde kan akisi bloke oldugunda meydana gelmekte ve
ttkanmaya maruz kalan miyokard alanindaki kardiyomiyositleri, besin ve
oksijenden mahrum birakmaktadir. Perflizyonun kisa stre iginde onarilmamasi
halinde, kardiyomiyositlerde kronik hasar meydana gelmekte ve bunun
sonucunda, miyokard icerisinde Onemli duzeyde kardiyomiyosit kaybi
yasanmaktadir. Kardiyomiyositlerde herhangi bir kendini kopyalama mekanizmasi
bulunmadigi igin, bu tip bir hasar sonrasinda duzelmeleri mimkin olmamaktadir.
Dolayisiyla, akut miyokard enfarktisinli sagd atlatanlarda, sol ventrikilin
bayudugu ve sol ventrikil duvarinin inceldigi bir kalp yetmezligi durumu bas
gOstermektedir. Nihayetinde, kalp tarafindan vicudun farkli bolumlerine yeterli
miktarda kan pompalanmasi olanaksiz hale gelmekte ve son olarak hasta
kaybedilmektedir.

Akut miyokard sonrasi geligsen kalp yetmezligine donuk mevcut tedavi stratejileri,
s6zUnU ettigimiz son evrenin ortaya c¢ikis surecini yavaslatmakla sinirlidir.



Gunumuzde yeni yeni gelisen Miyokardiyal Doku Mduhendisligi yaklagsiminda,
saglikli kardiyak hucreler ile yapay kardiyak yamanin birlestiriimesi sayesinde,
enfarktlis gecirmis miyokardin kendini yenilemesini saglayacak mukemmel bir
tedavi stratejisinin ortaya c¢ikmasi umulmaktadir. Bununla birlikte, basarili bir
kardiyak yama meydana getirecek en uygun kultir substrati henuz bulunabilmis
degildir. Dolayisiyla, bu calismada, yeni iletken elastomer esasli kompozitin
sentezlenmesi ve miyokardiyal doku muhendisliginde kardiyak yama olarak
kullanimina donuk potansiyelin degerlendiriimesi amacglanmistir.

Ozellikle, Karbon Aerojel-Poli (Gliserol Sebakat) (CA-PGS) sisteminde elektriksel
agidan iletken bir kompozitin sentezlenmesi ilk olarak bu c¢alismada
aciklanmaktadir. Calismada, atik kagittan elde edilen uygun maliyetli bir karbon
kaynagi niteligini tagiyan ve kardiyak doku muhendisligi uygulamalarinda kullanimi
bugune dek incelenmemis olan, elektrik iletkenligine sahip Karbo Aerojel, biyolojik
olarak ayrisabilen PGS matrisi ile birlestirilmis, bu sekilde optimal 6zelliklere sahip
bir kardiyak yapinin elde edilmesi hedeflenmistir. Sonugta ortaya ¢ikan kompozit,
Taramali Elektron Mikroskopu (SEM), Fuorier Donusum Kizilotesi (FTIR)
Spektroskopisi, X-isini Difraksiyonu (XRD) ve Temas Acisi Olgumleri ile
incelenmigtir. Ek olarak, gelistirilen sistemin mekanik ve elektriksel 6zellikleri,
ayrica hucre-materyal etkilesimleri de bu yeni elastomerik kompozitin,
miyokardiyal doku muhendisliginde bir kardiyak yama olarak kullanim potansiyelini
degerlendirmek Uzere masaya yatiriimigtir.

Sonuglar, polimerik matrise Karbon Aerojel Mikrokemerlerin (CAMs) dahil edilmesi
sayesinde, geligtirilen yapilarda elastisite modulu ve sekil degistirme yeteneginin
kayda deger Olglide yukseldigini, boylece ortaya c¢ikan yapinin, asil kardiyak
dokuya mekanik oOzellikler agisindan uyum sagladigini gostermistir.  Bunun
yaninda, Karbon Aerojel Mikrokemerlerin eklenmesi, geligtirilen yapiya elektriksel
iletkenlik kazandirmis ve iletkenlik degeri, insan miyokardi i¢in bildirilen aralik
icinde kalmistir. Hucre-matris etkilesimi agisindan, MTT (3-(4,5-dimetiltiazol-2-il)-
2,5-difeniltetrazolium Bromdur) analizinin ortaya koydugu sonuglar, CA-PGS
kompozitinin, L929 fare fibroblast hicrelerinde herhangi bir in vitro sitotoksik etki
gelistirmedigini gostermistir. Ek olarak, HOC2 sican kardiyak miyoblast hlcrelerinin
kompozite yapistigi ve orada ¢ogaldigi gosterilmis, yine bu da kompozitin biyolojik
uyumluluk sergiledigini ortaya koymustur. Bulgular bir arada degerlendirildiginde,
gelistirilen sistemin, kardiyak onarima yonelik miyokardiyal doku muhendisligi
agisindan umit verici bir aday oldugu sonucuna ulagiimigtir.

Anahtar Kelimeler: Miyokardiyal Doku Mahendisligi, Biyomateryaller, Poli(gliserol
sebakat) (PGS), Atik Kagit, Karbon Katki Maddeleri, Karbon Aerojel, Kardiyak
Yama.
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Supervisor: Prof. Dr. Halil Murat AYDIN

September 2019, 76 pages

Cardiovascular diseases (CVDs) are blamed for the major number of deaths
around the world. Among of these is Myocardial Infarction (MI) which occurs when
the flow of the blood through one of the coronary arteries is blocked, depriving the
cardiomyocytes in the myocardial area under the occlusion from the nutrients and
oxygen. If the perfusion does not be restored rapidly, the cardiomyocytes are
exposed to chronic damages resulting in a significant cardiomyocyte loss within
the myocardium. Since cardiomyocytes lack a self-replication mechanism, they
cannot regenerate after such an injury. Therefore, the survivals from the acute Ml
end up with Heart Failure; where the left ventricle expands and the left ventricle
wall becomes thinner. Ultimately, the heart becomes unable to pump a sufficient
amount of blood to the different parts of the body, leading finally to the death of the
patient.

The current therapeutic strategies of heart failure following MI are confined to
slowing the progression of the end-state condition. Myocardial Tissue Engineering
(MTE) is a newly emerging field in which a combination of healthy cardiac cells



and engineered cardiac patch is expected to be an excellent therapeutic strategy
to regenerate the infarcted myocardium. However, finding the optimal culture
substrate to be a successful cardiac patch is still an open question. Therefore, this
study aimed at synthesizing novel conductive elastomer-based composite and
evaluate its potential as a cardiac patch for myocardial tissue engineering.

In particular, we describe, for the first time, the synthesis of an electrically
conductive composite of Carbon Aerogel-embedded poly (glycerol sebacate) (CA-
PGS) system. In this work, electrically conductive Carbon Aerogel, which is a
waste-derived and cost-effective carbon source that its utilization in cardiac tissue
engineering applications has not been explored to date, was combined to the
biodegradable PGS matrix to obtain a cardiac construct with optimal properties.
The resulting composite was characterized by Scanning Electron Microscopy
(SEM), Fourier Transform Infrared (FTIR) Spectroscopy, X-ray Diffraction (XRD),
and Contact Angle Measurements. Furthermore, the mechanical and electrical
properties of the developed system as well as the cell-material interactions were
also assessed to evaluate the potential of using this novel elastomeric composite
as a cardiac patch for myocardial tissue engineering.

The results showed that incorporating Carbon Aerogel Microbelts (CAMSs) to the
polymeric matrix notably enhanced the elastic modulus and the deformability of
the developed constructs, making the resulting construct matching the native
cardiac tissue in terms of mechanical properties. Moreover, the addition of CAMs
made the developed construct electrically conductive with a conductivity value
falling within the range of that reported for the human myocardium. In the cell-
matrix interaction context, the results of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide) assay demonstrated that CA-PGS composite
showed no cytotoxic effects for the L929 mouse fibroblast cells in vitro. In addition,
it was shown that H9C2 rat cardiac myoblast cells attached and proliferated on the
composite, which gave further confirmation of composite biocompatibility and its
suitability for MTE application. Taking together, it is concluded that our developed
system is a promising candidate for myocardial tissue engineering for cardiac
repair.

Keywords: Myocardial Tissue Engineering, Biomaterials, Poly (glycerol sebacate)
(PGS), Waste Paper, Carbon additives, Carbon Aerogel, Cardiac Patch.
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1. INTRODUCTION

1.1. Objectives of Study

The primary objective of this thesis is to develop a new, simple and inexpensive
composite, and investigate its feasibility to be used as a cardiac muscle repair
material for post-MI heart failure disease. In this work, a novel carbon additive, which
is Carbon Aerogel Microbelts (CAMS), is going to be used as a doping material to
develop a conductive PGS-based composite. This novel system is expected to be
cost-effective, biocompatible, and cell culture supportive, with mechanical and

electrical properties matching those of the native cardiac tissue.

1.2. Significance of Study

To develop material to regenerate the myocardial tissue, a composition of PGS
elastomer with waste paper-derived carbon material will be reported for the first
time. In this thesis, instead of using the already-exist carbon sources which have
several drawbacks including the high cost of some of which and the potential
cytotoxicity of the others, it is planned to use the waste papers as a natural carbon
source which, to the best of our knowledge, is not reported in any cardiac tissue

engineering literature.

1.3. Literature Review

1.3.1. Architecture of Cardiac Muscle
The heart contracts continually pumping the blood which is the reach of oxygen and
nutrients along with other substances through the circulatory system. This vital

contraction mechanism depends entirely on cardiac muscle (myocardium).



Figure 1.1.

The myocardium is the tissue of the heart wall between the pericardium and
endocardium [3] representing the bulk of the heart and is mainly composed of
cardiac muscle [4] (Figurel). The function of cardiac muscle is to push the blood
through the blood vessels to all the body [1]. Cardiac muscle is composed of a
branching chain of cardiac myocytes (or cardiomyocytes) [5] which are able to
contract squeezing the blood through the heart in certain directions [3]. Cardiac
muscle cells arranged in a certain way to form thick bundles within the wall of the

heart [2].
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(A) Walls of the heart [1]. (B) Myocardium within the heart wall [2].
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Figure 1.2. (A) Cardiac cells shapes [5]. (B) Cardiac muscle photomicrograph [1]

Like skeletal muscles, cardiac muscle fibers are striated [2, 4, 5] and contracted by
sliding filament mechanism [4]. However, unlike the skeletal muscle fibers which are
voluntary [5], long (100 um — 30 cm) [2], cylindrical-shaped [4] and multinucleate [4,
5], the cardiac muscle fibers are involuntary[5], short (50 -100 um) [2] , branched,
interconnected [2, 4] and uni- or binucleate [2, 5] (Figure 2). Additionally, cardiac
muscle has myofibrils composed of sarcomeres but the myofibrils have different
thickness [5]. Contrary to skeletal muscle fibers which are separated from each
other structurally and functionally, cardiac muscle cells are interlaced at specialized
junctions termed Intercalated Discs [4]. These discs are composed of desmosomes
and gap junctions [2, 4] (Figure 3). While the desmosomes join the adjacent cells
preventing them from separating during the contraction, the gap junctions permit the
ions to move from cell to cell [4] and hence permit for the communication between
cells [3] and also allow the electrical stimulus to spread through the entire heart [4].
Importantly, cardiac muscle cells have a large number of mitochondria which is
necessary for producing Adenosine Triphosphate (ATP) required for their ceaseless

beating [2] (see Figure 3-A).
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Figure 1.3. (A) Structure of cardiac cells [6]. (B) Microscopic anatomy of cardiac
muscle [4].

The extracellular matrix of the myocardium is a connective tissue matrix called
endomysium which is composed of collagen and elastin fibers [4]. These fibers work
on the myocardium reinforcement and the cardiac muscle fibers anchoring by which
the cardiac muscle cells are tied to each other to form spiral and circular muscle
bundles along the heart. These interwoven bundles efficaciously bind all the heart

parts together [4] (Figure 4).
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Figure 1.4. (A) The connective tissue of the myocardium (endomysium) [2] (B) The
circular and spiral arrangement of cardiac muscle bundles [4].

1.3.2. Heart Failure

Cardiovascular disease (CVD) is the leading cause of total deaths worldwide,
accounting for 31% of total mortality in 2015 with an estimated 17.7 million deaths,
of which 7.4 million people died from coronary heart disease [7]. The global burden
of ischemic heart disease experiences an increasing trend where it is estimated to
increase from 47 million in 1990 to reach 82 million disability-adjusted life years
(DALYSs) in 2020 [8]. Patients with CVDs die mostly because of Myocardial Infarction
(MI) (or so-called heart attack). The survivals of the acute event of MI usually
develop heart failure syndrome due to the loss of cardiomyocytes within the left

ventricle.

In order to function properly, heart relies, among other factors, on sufficient cardiac
cell counts with normal contraction-relaxation mechanism, enough myocardial
perfusion, proper structure and composition of myocardial extra cellular matrix
(ECM) and normal metabolic activity of the ECM and the myocardium. Any disorder,
consequently, in one of the aforementioned factors may lead to heart failure [9].



Heart failure (HF) is a clinical syndrome in which the heart becomes too weak to
pump sufficient blood to meet metabolic body demands. HF constitutes the end

state clinical condition of many forms of heart disease [10].

HF constitutes a huge global burden as it is still the only cardiovascular disease
(CVD) syndrome whose prevalence experiences increasing trends throughout the
world [9]. In USA alone, the HF prevalence among adults is estimated to be 6.5
million with 960,000 new cases every year. This figure is predicted to witness an
increase of 46% between 2012 and 2030 to reach 8 million. The estimated direct
and indirect cost of HF registered about $30.7 billion in 2012. By 2030, it is
anticipated to rise by 127% to $69.7 billion [11]. Despite large advancements that
have been achieved over the past few decades in CVD treatments, HF 5-year
survival rates remain low by 25% for men and 38% for women [10]. Importantly, our
distinct comprehension of the underlying progressive mechanisms of HF is of

paramount importance to come up with new treatment strategies [12].

1.3.3. Pathophysiologic Event Series Leading to HF

In general, HF is the end-state condition for many heart diseases, and its
pathophysiology results from many factors (Figure 5). Such factors include
ischemia, stimulation of neurohormones, alterations in the blood pumping forces,
ventricular remodeling, inflammation, and genetic disorders [13]. Generally, the

clinical course of HF begins with an ischemia or overload.

Heart failure is usually trigged by a myocardial ischemic injury, represented by its
common form; myocardial infarction (MI) [14]. MI results from atherosclerosis in
which an accumulation of fatty acids deposits on an inner wall of one of the coronary
arteries responsible for supplying the heart muscle with blood. Overtime, a thrombus
may form which completely blocks the blood inflow resulting in depriving the cardiac
muscle under that artery of oxygen and nutrients necessary for vital metabolism
activity [15] (Figure 6). If the perfusion does not be restored rapidly, the cardiac
muscle is exposed to chronic damages resulting in cardiac functional impairment

and adverse structural alterations.
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In an effort to compensate for the decreased cardiac output, the injured heart
undergoes series of complex, structural and functional changes that begin with

cardiac hypertrophy and end with heart failure [14].

1.3.3.1. Neurohormonal Activation

In a complex process called neurohormonal activation, the sympathetic nervous
system is activated due to severe pain and reduced output of the heart
accompanying the MI event. In this process, at a molecular level, a set of
vasoconstrictor hormones such as angiotensin I, norepinephrine, epinephrine,
aldosterone, and the endothelin family of peptides are released stimulating
vasoconstrictor -adrenergic and a-adrenergic receptors. This mechanism works on
improving the contractile function of the non-infarcted part of the myocardium and
increasing blood pressure as an attempt to compensate for the reduction in the

cardiac output.

Although this compensatory mechanism seems to be beneficial and effective in
restoring the momentum of pumping in the short term, the activation of
neurohormones takes the primarily responsibility for the subsequent deterioration of
the situation as it derives a series of chronic changes in the structure and function
of the heart leading eventually to progressive adverse effects on survival [14]. In
addition, neurohormonal activation makes the cardiac ischemia even worse through
expanding the infarct area by rising the non-infarcted myocardium’s demand for

oxygen of which the myocardium actually deprived [14].

1.3.3.2. Cardiac Hypertrophy

At the cellular level, the cardiac myocytes experience an enlargement (hypertrophy)
with a view to increasing their function [14]. This cellular response occurs due to the
fact that the released neurohormones are actually growth factors which activate
upregulations of altered proteins that resulted in an enlargement of the healthy

cardiomyocytes [13].

Cardiac hypertrophy, nevertheless, is not a well enough process to compensate for
the function of the lost myocardium neither quantitatively nor qualitatively [14]. Quite
the contrary, this process leads to irreversible functional and structural disintegration

[13] which eventually develops to an HF syndrome [14].



1.3.3.3. Death of Cardiac Myocytes

Death of healthy cardiac myocytes and their replacement by fibrotic tissue is one
mechanistic characteristic of failing heart [14]. Myocyte loss is a crucial factor for the
transition from cardiac hypertrophy to end-stage heart failure. While the mediators
of hypertrophy are considered as growth factors in normal conditions, they become
death factors as they cause cardiac cell death [18]. Necrosis, autophagy, and
apoptosis are the cardiac myocyte loss pathways carried out due to post-infarct

remodeling [14].

Necrosis of myocytes results from the starvation of myocytes when the mitochondria
become ischemic. The increasing of myocytes diameter due to hypertrophy
increases the diffusion barrier making it so hard for the oxygen to diffuse from the
adjacent capillary to the mitochondria which result in the death of cardiomyocytes
[14].

Autophagy, on the other hand, is a myocyte death pathway that is activated and
contributed to the myocyte dropout. The presence of phagosome-like cytoplasmic
inclusions is a common observation within the hypertrophied cardiac muscle. The
proteasome system responsible for the degradation of intracellular proteins
becomes, presumably, overwhelmed and be unable to keep up with the abnormal
activity of hypertrophied myocytes. Consequently, the accumulation of proteins

needed to be eliminated contributes to myocyte death [14].

After the cardiovascular event, cardiac myocytes also undergo incidence of
apoptosis which considered a programmed cell death in which necrosis with
karyorrhexis and cell shrinkage take place in a cell [18]. Apoptotic myocyte death
happens in the myocardium as a response of myocardial infarction [19, 20] and
heart failure [21]. Given the quite limited myocardial regenerative capability,
apoptosis rarely takes place among cardiac cells in the normal conditions, reported
to be about 1/10,000 apoptosis incidence to 100,000 cardiac myocytes. In the
ischemic cardiomyopathies, however, the apoptosis genes expressions are noticed
to be upregulated and the apoptotic bodies count rises by order of magnitude within

the ischemic myocardium [14].



1.3.3.4. Ventricular Remodelling

The left ventricle (LV) responses to the dropout of cardiac myocytes and the
excessive volume and pressure loads by undergoing a remodeling process in its
shape, size, and function. In this process, LV chamber dilates, as a response to the

volume load, and LV wall experiences thinning in response to the pressure load [22].

Left ventricular remodeling symptoms may begin to arise once the ischemic event
takes place. Over the following months and years, the symptoms gradually become
more evident. Such symptoms include increasing in end-diastolic and end-systolic
volumes, ventricular cavity, systolic bulging, as well as a thinning in the ventricular
wall [8].

Among the factors that contribute to the ventricular post-infarct remodeling is the
changes occur to the shape and dimensions of cardiac cells after a cardiovascular
event due to their spatial arrangement within the ventricular wall. Myocyte length
accounts for the ventricular cavity size while its diameter contributes to the wall
thickness. Therefore, any alteration in the myocyte length-to-width ratio, which is
estimated to be 7:1 in healthy cardiac myocytes, contributes to the changes

happens to the ventricle geometry [10].

Eventually, this functional and structural compensatory strategy involves long-term
adverse effects on heart failure survival where, at this point, affliction with HF

becomes more evident [23] (Figure 7).

The remodeling is also observed in the myocardial extracellular matrix (ECM) [9,
22]. After cardiovascular events, collagen is caused to be over-synthesized within
the myocardium. Consequently, the collagen accumulation results in fibrous non-
contractile scar tissue formation [22]. This loss of cardiac myocytes and its

replacement by a fibrotic tissue is a significant indication for HF [14].
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Figure 1.7. LV dilation and wall thinning in post-infarction heart failure [24].

1.3.4. Current HF Management Therapies

Pharmacological, device, and surgical therapies are the current main treatment
paradigms that post-MI patients receive [24] (Figure 8). However, the goal of these
current treatment strategies is merely to relieve HF symptoms and prolong survival
[24]; as a result, they cannot prevent the progression to the terminal state and,
consequently, death. In addition, not all patient subgroups benefit from the current

therapeutic approaches. The following paragraphs will discuss each therapy in brief.
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1.3.4.1. Pharmacological Therapy

The advancements in our understanding of HF progression mechanisms have led
to new therapeutic agents rising which results in a significant reduction in morbidity
and mortality rates. Pharmacotherapy becomes the standard therapy to which HF
patients may be subjected for a long time. Such therapeutic agents include
angiotensin-converting enzyme (ACE) inhibitors, beta-adrenergic blockade (beta-
blockers), and aldosterone antagonists (aldosterone receptor blockers) [13].

ACE inhibitors, like benazepril, zofenopril and captopril, are the standard
medications for those who have chronic HF or systolic myocardial infarction, as they
reduce morbidity and improve survival by reducing the size of the heart and slowing
the progression towards HF [25-27]. ACE inhibitors, nevertheless, are detrimental
to those who have hypotension, renal dysfunction [24], angioedema, or renal or

aortic artery stenosis. These inhibitors should also be avoided in pregnancy [13]. In

12



addition, the outcomes of ACE inhibitors in patients with diastolic cardiac
dysfunction are questionable [24].

Beta-blockers, include bisoprolol, metoprolol succinate, and carvedilol, are indicated
for patients who do not endure ACE inhibitors with mild to severe HF and
symptomatic HF as well as those who have LV dysfunction. Beta-blockers are
showed to enhance the function of the heart, soothe the symptoms of symptomatic
HF as well as improve the outcomes on patients with Ml and LV dysfunction. These
agents work on blocking the sympathetic nervous system activation, improving
ventricular function and mechanics, and lowering the risk of abrupt death [13].
Nonetheless, beta-blockers have adverse effects on a sub-group of patients with
decompensated heart failure and tachycardia. Like ACE inhibitors, Beta-blockers
are also detrimental for patients with hypotension [24]. Besides, beta-blockers result

in symptoms deterioration if the therapy is initiated at high doses [13].

Aldosterones (spironolactone, Eplerenone and Placebo) are usually indicated along
with standard pharmacotherapy for patients who have systolic dysfunction and
severe HF after Ml as they enhance the clinical results [13, 24]. Hyperkalemia is
one drawback of Aldosterones, though [13]. In addition, it has been shown that
Eplerenone and Placebo are lethal to systolic heart failure patients with mild

symptoms [28].

Therefore, it can be obviously noticed that the pharmacological therapy is limited to
addressing the symptoms of HF and it may have negative consequences on survival
[24]. Combining two or more above-mentioned medical agents is also inadvisable

as doing so increases the risk of having hyperkalemia or renal dysfunction [13].

1.3.4.2. Device Therapy

1.3.4.2.1. Implantable Cardioverter Defibrillator (ICD)

ICD is used, alongside medical agents, to lower mortality rate by preventing the
abrupt death of the heart in post-MlI ventricular dysfunction patients as well as those
with mild or moderate HF who are predisposed to heartbeat instability, fibrillation of
the ventricle, or tachycardia in which blood pumping forces are not stable [13]. The
shortcomings of ICD is that it does not have significant positive effects on clinical
outcomes for more than 12 months [29]. Moreover, ICD is not effective for patients

13



with good chances to survive and proper functional performance exceeding 1 year
[13].

1.3.4.2.2. Cardiac Pacing

The main objectives of the cardiac pacing therapy, which also called Cardiac
Resynchronization Therapy (CRT), are to improve symptoms and, in some cases,
survival as well as to enhance living conditions. Cardiac pacing therapy is indicated
for a specific subgroup of patients who suffer from disturbances in the cardiac
electrical conduction system (cardiac dyssynchrony), which is a comparatively
frequent MI complication [30]. In this case, an artificial pacemaker takes place the
abnormal intrinsic heart pacemaker activity in providing the electrical pacing.
Nonetheless, CRT is inadvisable for patients presenting no or mild HF symptom
[31]. If the necrosis occurs on a large scale, furthermore, the cardiac pacing therapy
does not significantly contribute to the prognosis, and in some instances, the pacing
therapy may be harmful [30]. In addition, pacing therapy must not be indicated for
patients with tachycardia in which the QRS complex is shorter than 120ms. The
effectiveness of pacing therapy on mild-to-moderate HF has to be more investigated
too [30].

1.3.4.2.3. Ventricular Assist Devices (VADS)

VADs are mostly used as a bridge to cardiac transplantation. VADs may also be
utilized as durable therapy for refractory cases where symptoms and survival
improvement are not achieved when the pharmacological therapy is administered
[13, 24]. Moreover, FDA approved certain VAD models as an alternative therapy for
selected patients who are ineligible for heart transplantation [13]. The function of the
VAD is to reduce the load on the diseased left ventricle (LV) by pumping the blood
coming to the LV to all over the body [32] (Figure 9). It has been shown that Left
Ventricular Mechanical Assist Devices (LVADs) reduce the risk of death, increase
the rate of survival, and improve the quality of life [32]. Although tremendous efforts
have been exerted to significantly reduce adverse events associated with VADs
such as infection possibility, bleeding, neurologic dysfunction and device failure [13,
33], many central issues remain controversial; that are, the extent of long-term
patient survival achievement, selecting patients based on recovery possibility,

device long-term endurance, and accessibility of the device due to its high-cost [24].
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1.3.4.3. Cardiac Transplantation

To date, the only evidence-based destination therapy for the terminal HF is the
cardiac transplantation [13, 34]. The annual transplantation count experiences a
consistently increasing trend over the last years reaching its peak figure of 5,074
transplants in 2015. However, limited transplant eligibility, shortage of donors, and
post-transplant morbidity are common drawbacks to the cardiac transplantation.

The median long-term post-transplant survival is 10.7 years, and the long-term
survival is limited by Cardiac Allograft Vasculopathy (CAV) which is a common
disease after transplantation. Other common post-transplant diseases include,
among others, renal function, diabetes, and malignancy. Eventually, such

morbidities significantly contribute to the mortality of cardiac transplant patients [35].
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Another major problem associated with cardiac transplantation is the limitation of
optimal donor hearts [13]. The figures for cardiac transplantation surgeries show an
increasing trend, and between 2004 and 2012, the number of transplantation
candidates registered an increase of 25% [36]. For example, based on OPTN data
as of August 26, 2019, there are 3,734 candidates on the US national waiting list
[37]. As aresult, the demand for non-standard hearts marks a steady increase to be

used for patients at high risk and those of severe iliness [13].

Thus, even though many significant HF-related breakthroughs have been achieved
successfully during the last three decades which have an important impact on the
clinical results, the figures for morbidity and mortality among patients with HF are
still high [13]. Therefore, the only way to repair the diseased heart and thus reduce
the global HF burden is to adopt new treatment strategies that involve introducing
new contracting muscle to the injured myocardium which cannot be achieved by the
current treatment paradigms [38].

1.3.5. Currently-Investigated Cardiac Repair Approaches

For just about a century, considerable scientific efforts have been devoted to coming
up with a piece of tissue that mimics the functional properties of the myocardium
[39]. The currently found commercial cardiac patches (ventricular restraints) are not
designed to address the loss of cardiomyocytes. They just act as physical restraints
whose functions are limited to alleviate the symptoms and delay the progression
towards the HF [40]. Developing an artificial elastomeric scaffold or cardiac patch
that can not only serve as a constraint, but also introduce healthy cells in order to
regenerate the injured myocardium has been a dream for the humanity for a long
time [40]. However, renewing one billion cardiomyocytes post Ml appears to be a
real challenge [41]. Consequently, a significant breakthrough has not been achieved

yet despite the huge scientific efforts that have been reported in this context [39].

Providing the contractile mechanism, cardiomyocytes represent the natural key for
the myocardium repopulation [42]. Driven by the shortage of heart donors and the
essential presumption saying that the dysfunction of the ventricular is attributed in
large part to the enormous drop in cardiac cells number, regeneration of the injured
area through delivering new beating cells might be a probable modality to reverse

the dysfunction curing the diseased heart and recovering function [43, 44]. In the
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later years, many techniques to heal or replace the injured myocardium have been
reported with a view to provide a pulsatile cardiac muscle that can couple to the
native myocardium electrically and mechanically and to enforce the affected heart
function [41]. One of these promising approaches is the Myocardial Tissue
Engineering (MTE) approach which should be seen in the foundation of fruitful
endeavors to regenerate the cardiac muscle through direct injection of the cells

intramyocardially [45].

1.3.5.1. Cell Therapy

The easiest method to repair the damaged heart is through the direct
intramyocardial injection of stem cells or cardiomyocytes [41] which could most likely
be accomplished percutaneously [45]. The aim of cell injection is to repair and

replace the infarcted myocardium [40].

The cell therapy based on the regeneration of damaged cardiac muscle is thought
to demand a solid transplantation of nearly one billion myocardial cells [46]. Several
clinical trials have been performed using an injection of different cell types to the
infarcted zone, including bone marrow stem cells, embryonic stem cells, skeletal
myoblasts, peripheral blood-derived cells and cardiac progenitor cells (cardiac stem
cells) [43, 47]. However, although some of which have demonstrated a modest
improvement, at best, in contractile function [47, 48], various issues related to the
poor cell transplantation efficiency have arisen. Cell death and substantial cell
washing out within the next few hours post transplantation is the most severe of
which [48, 49]. In particular, cell death happens during the first days of injection
owing to the harsh conditions within the injured zone. Such conditions include
anoikis (cell death due to the absence of the matrix), hypoxia, ischemia and acute

inflammation and immunology actions [44, 50, 51].

In general, over half of the cells undergo death during the first week after injection
[51], and the seeding efficiency could be reported to be only from 5% to 10% [44].
One of the major cell death pathways is mediated by anoikis which is a programmed
cell death (apoptosis) due to the absence of the extracellular matrix [52]. Basically,
the integrins and other receptors attach the cardiomyocytes to the ECM in which
they are embedded sending survival signals. The disruption of these signal releases

cytochrome c and activates caspases which degrade the proteins in the cytoplasm
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and nucleus resulting in cell death [51, 52]. Besides, the low injection efficiency of
10% requires a transplantation of 10 billion cells which is not practical due to the
high cost [41]. There can be no doubt that the remuscularization of the infarcted
heart needs more than the simple injection of the correct cells in the desired zone
[53]. The shreds of evidence suggest that the first step toward treating the injured

cardiac muscle is to enhance the introduced cell survival and retention [44].

1.3.5.2.

Driven by the cell therapy downside of low cells retention and the fact that not only

Myocardial Tissue Engineering

the cardiomyocytes but also the native ECM undergo damage and modification after
MI [44], a second generation of cell-therapy have emerged, namely, Myocardial
Tissue Engineering (MTE) which is regarded as a promising strategy to overcome
the drawbacks of the direct cell injection and the serious lack of the donor hearts.
This technique involves developing either scaffolds to create an artificial cardiac
tissues in vitro or cardiac patches to engraft healthy cells for repair the injured

myocardium [40] (Figure 10).
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Figure 1.10. The position of the myocardial tissue engineering strategy (red)
compared to the current therapy for chronic heart failure (blue) within
the pathophysiological event chain resulting in HF. Figure adapted
from [16].
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The approach of replacing the infarcted tissue with a cardiac wall substitute (or so-
called cardiac patch) is anticipated to be a promising alternative therapeutic solution
for heart disease [54]. With a view to creating a functional cardiac patch, the MTE
is based on the concept that support and regeneration of the damaged myocardium
demand not just a source of cells but also a biodegradable biomaterial that acts as
a cell scaffolding [55]. Hereby, the biomaterial serves as an alternative ECM in/on
which cardiac cells can be seeded providing the necessary support for the cells to
grow and proliferate until a new ECM is formed by the seeded cells [43, 49]. After a
cell growth in a thin layer on the matrix [56], the cardiac patch is transplanted onto
the scarred cardiac muscle followed by its integration and coupling with the host
tissue electrically and mechanically with a high cell retention rate (Figure 11). As
such, it is anticipated that the affected myocardium will restore its original density,
contraction and cardiac role [43, 49]. Ultimately, the seeded cells would aggregate
to form a structural and functional anisotropic cardiac muscle that is well-integrated
with the host one [42].

Infarct heart muscle

Heart patch

Healthy cardiomyocytes

Figure 1.11. Cardiac patch approach. The cardiac patch is grafted to the infarcted
area to perform two functions; delivering healthy cardiac cells and
serving as a restraint to support the scar [57].
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The two main aims of the cardiac patches are to deliver healthy cardiomyocytes or
stem cells to the damaged area and to serve as a restraint to support the left
ventricle [40]. The advantage of cardiac patches over the direct cell-therapy is that
the biomaterial transplanted with the cells creates a suitable environment for the
seeded cells securing them against hostile conditions that cost them death.
Mechanical support is another advantage of suturing a biomaterial to the damaged
cardiac muscle along with cells. The matrix is expected to act as a physical
constraint reducing the wall stress and preventing the scar tissue from further

extension and the left ventricle from further deterioration and dilation [44, 56].

For the sake of developing a successful cardiac patch whose properties as similar
to those of host tissue as possible, a number of factors have to be taken into
consideration including the biomaterial matrix and the cell source [44, 58]. In this
context, various cell sources and matrices have been studied and evaluated for MTE
in recent years which will be highlighted in the following discussion.

1.3.5.2.1. Cell Sources Utilized in MTE

Cell source is a critical element for the success of the engineered construct. In the
context of MTE, cardiomyocytes were used to be the potential cell source for
myocardium regeneration [44] owing to their intrinsic electrophysiological, pulsatile,
and structural characteristics [58]. However, human cardiomyocytes sources are
unavailable up to date due to their lack of proliferation which imposes limits upon
using them clinically [44, 59]. As a consequence, many researchers turn to
investigate other cell sources. Various cell types have been proposed for myocardial
regeneration within the scope of MTE (Table 1). Fetal and neonatal cardiomyocytes
have been utilized to approve the proof of concept of heart regeneration therapy
based on engineered tissue [50]. Recently, driven by the advancements in stem cell
biology, there have been growing interests in stem cells as promising cell sources
that possess the potential to regenerate the injured cardiac muscle. Stem cells are
defined as cells with intrinsic renewal and plastic capability that show the ability to
differentiate into multiple lineages including functional cardiomyocytes [58, 60].
Stem cells are recognized as a favorable alternative cell source especially for
patients with advanced end-stage heart failure whose autologous cells lack the
ability to replicate [61].
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Table 1.1. Different Potential Cell Sources Utilized

in Myocardial Tissue

Engineering
Cell type Ref.
Non-stem (mature) cells
1. Fetal rat cardiomyocytes [62-65]
2. Skeletal myoblasts [66-72]
3. Smooth muscle Cells [64, 73]
4. Fibroblasts [64, 74-77]
5. Neonatal rat cardiomyocytes [78-85]
Stem Cells
6. Mesenchymal stem cells [86-99]
7. Adipose-derived stem cells [100-108]
8. Endothelial progenitor cells [109]
9. Crude bone marrow (bone marrow stem cells) [110]
10.Umbilical cord cells [111, 112]
11.Embryonic stem cells (ESc) [113-126]
12.Induced pluripotent stem cells (iPSCs) [127-130]
13. Cardiac stem cells [131-133]
14.Cardiac progenitor cells [134]

Each of the cell source candidates that mentioned in the table has its advantages

and disadvantages. Ideally, with a view to obtain a suitable engineered tissue, cell

source must be easy to harvest, do not produce an immunogenic response, and

able to proliferate and differentiate into the desired terminal cells [53, 58, 61]. But

unfortunately, such a cell source does not exist up to now [58]. The issue of lacking

the ideal cell source limits the efforts of creating a successful cardiac patch

significantly. Therefore, MTE approaches have been counted on using cell types

like neonatal rat cardiomyocytes and fetal cardiomyocytes that are potent, yet
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clinically irrelevant [39]. Accordingly, the ideal cell source for myocardial

regeneration is yet to be determined [41].

1.3.5.2.2. Biomaterials Utilized in MTE

MTE ultimately aims at creating myocardium that is biocompatible and non-
immunogenic which has the same properties as of the native cardiac muscle in
terms of function and morphology [135]. In the context of tissue engineering, most
of the utilized cells isolated from any source are anchorage-dependent so that they
count on a matrix to support their growth [61]. To this end, biomaterials play a vital
role in MTE techniques. Biomaterial scaffolds are designed as carriers that match
the structure and function of the native ECM with a view of providing protection, a
physical stability, and a suitable microenvironment to the transplanted cells until they
produce their own ECM [39, 48, 61]. In addition, scaffolding biomaterials guide and
organize the activity and function of the cells as well as provide space of cell
attachment, replication, migration, and differentiation by promoting cell-material
interaction and cell-cell communication [53, 58, 61]. Basically, the biomaterial must
have the capacity of interacting with the cell at the molecular level as well as
integrating to the natural interaction between cells and the host environment in a
proper and controlled way [58]. Furthermore, biomaterials facilitate the remodeling
and the formation of neural tissue and vascularization (neovascularization) while
allow the nutrient and growth factors to be transported and wastes to be removed in

an efficient manner [61].

However, producing an ideal tissue-like biomaterial scaffold with morphology and
properties matching those of the native ECM remains one of the main challenges in
the field of MTE, which yet to be found [38], owing to the different functions,

complicated structure and the dynamic nature of the native ECM [61].
Generally, an ideal biomaterial has to meet several criteria; that are:

e Biodegradability: Biomaterials are biodegradable matrices that are
composed of biocompatible polymers [55]. After transplantation, biomaterials
should gradually decompose in vivo into its products in a relatively short
period but long enough until the cells produce their own ECM. In other words,

the degradation rate of the biomaterial must be consistent with the
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regeneration rate of the recently produced ECM [38, 136]. The degradation
is achieved by intravital enzymatic decomposition, hydrolysis, or dissolution
mechanisms [55, 137]. The degradation property of the matrix is of crucial
importance in MTE as the stress and function must be transferred from the
patch to the newly formed tissue over time [40].

e Biocompatibility: The biomaterial and its degradation products must be
non-toxic so that it promotes the extent of biological interactions, such as cell
adhesion, proliferation, viability, and differentiation, on which the new tissue
formation extremely depends [39].

e Non-immunogenicity: The biomaterial must be not provoking any
immunogenic response by the host [44].

e Possessing desired mechanical properties: Developing a biomaterial
construct with proper mechanical properties is of paramount importance. In
general, the mechanical properties of the biomaterial such as elasticity and
mechanical strength should be practically identical to those of the host tissue
[61]. For MTE application, the cardiac construct should have suitable
mechanical properties to be able not only to withstand the systole/diastole
process of the heart, but also to provide mechanical support for the heart
pumping function post transplantation. The mechanical support provided by
the cardiac patch is also important for the seeded cells to be able to attach
and produce their own ECM [38]. Moreover, there is a close relationship
between mechanical properties of the biomaterial and cell differentiation
[137].

Besides the aforementioned requirements, engineering the heart tissue requires
additional biomaterial criteria, that is, the biomaterial should maintain and contribute
to cardiac electrophysiological function by providing an electrical support to the heart
[44, 137].

Various polymeric materials, natural, synthetic and composites, have been utilized
or under investigation for MTE applications especially as cardiac patches. Table 2

provides an overview of biomaterials utilized in MTE.
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Table 1.2.

An overview of biomaterials used in MTE

Biomaterial Physical Ref.
State
Natural Polymers
e Collagen type | Liquid/Gel [99, 125, 138-143]
Solid [112, 144-146]
e Gelatin Solid [62, 147, 148]
e Alginate Solid [63, 65, 149, 150]
e Hyaluronan Solid [151]
e Collagen-Matrigel (EHT) Liquid/Gel [85, 138, 141, 143,
152]
e Fibrin Gel [110, 126, 138,
153, 154]
e Peptide nanofibers Gel [155, 156]
e Elastin Solid [157]
e Agarose Gel [108]
Synthetic Polymers
e PLLA Solid [158]
e Polylactic acid (PLA) Solid [159]
e Polyglycolic acid (PGA) Solid [77, 160]
e Poly (lactic acid-co-glycolic acid) [PLGA] Solid [74, 147, 159, 161]
e Poly (glycerol sebacate) [PGS] Solid [57,124, 148, 162-
166]
e Poly (e-caprolactone) (PCL) Solid [158, 167, 168]
e Polyurethanes (PU) Solid [68-72, 169, 170]
e Poly (N-isopropylacrylamide) [PIPAAm]  Solid [171]
e Poly-glycolide-co-caprolactone (PGCL)  Solid [172]
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e Poly (lactide-co-¢-caprolactone) (PLCL)  Solid [73, 97]

e Poly (L-lactide-co-trimethylene Solid [173]
carbonate)
e Poly [1,8-octanediol-co-(citric acid)-co- Solid [174]

(sebacic acid)] (POCS)

e Poly (octamethylene maleate Solid [175]
(anhydride) citrate) (POMaC)

e Poly (octamethylene maleate Solid [176]
(anhydride) 1,2,4-butanetricarboxylate)
(124 polymer)

Natural biomaterials, which can be obtained from natural tissues, have been utilized
as implant materials for a long time. The advantages of natural biomaterials over
their synthetic counterparts include biological degradation, favorable biological
characteristics, and cellular responses similar to those noted in natural tissues [137].
Natural biomaterials promote viability, replication and differentiation of the
transplanted cells [44] and have the ability to control different cell behavior thanks
to their binding motifs which provide a suitable cell-material interaction.
Nevertheless, the over interaction of these materials with the cells seems to provoke
an immunogenic response against them which is one of many factors that hinder
their application as promising myocardial patches. The other drawbacks of natural
biomaterials include poor and variable physical properties, mechanical properties
as well as low stability and reproducibility [137].

Unsurprisingly, many investigators have recently turned to synthetic polymers,
elastomers in particular, owing to their repeatable properties [38]. Synthetic
biomaterials are biocompatible, can be synthesized in huge quantities [137], and
their mechanical and chemical properties as well as degradation rates can be tuned
in an easy manner according to the specific tissue engineering application [44].
Synthetic biomaterials are generally non-immunogenic as their unequivocal
chemical composition eliminates the likelihood of contamination with germs like that
expected to be observed in the natural biomaterials obtained from animal tissues

[39]. However, synthetic biomaterials are not free from downsides; that is, they lack
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interaction with cells and may cause inflammatory response following engraftment
[137].

Polyesters, which are of synthetic ones, are polymeric macromolecules whose
monomers are connected by ester bonds. The latter is a covalent bond which is
formed between hydroxyl groups (-OH) and carboxyl groups (-COOH) when an
alcohol reacts with a carboxylic acid. Polyesters are usually hydrophobic materials
with tunable physical and mechanical properties. Many polyesters show good elastic
properties, so they have the ability to recover their original shape after deformation.
These elastomeric materials are viscoelastic with weak intermolecular forces, low
Young’s modulus and high failure strain. Polyester elastomers are intrinsically
biodegradable. In the biological environment, ester bonds decompose by either
hydrolysis or esterase that found naturally in the body. While the conventional
elastomeric polyester such as PLLA, PGA and PCL go through bulk degradation
mechanism during degradation, losing their geometry and integrity disastrously and
changeably, some new ones such as PGS and trimethylene carbonate (TMC)
undergo degradation by surface erosion. This implies that they preserve their
geometry and integrity during decomposition as the degradation procedures happen
just at the surface of the embedded material, and mass loss and dimensional
reduction are corresponding to the water-accessible surface area. Biodegradable
polyester elastomers are strong therapeutic myocardial patch candidates as they
have the ability to endure the periodic mechanical strain of the contractile heart,
provide mechanical constraint to the fibrous non-contractile scar tissue, and deliver

cardiac cells contributing to regenerate the myocardial infarct [40].

One of the major promising elastomeric polyesters is Poly (glycerol sebacate) or
(PGS) which represents the next generation of the biomaterials used as myocardial
patches. PGS is inexpensive, non-toxic and biocompatible. The monomers of PGS
are glycerol, which is a sugar alcohol containing multiple hydroxyl groups, and
sebacic acid, which is a dicarboxylic acid. These monomers bind together by ester
bonds which is hydrolysable (figure 12). This means that PGS is catalyzed in vivo
by the process of hydrolysis in which biological enzymes play the catalysis part [38].
Glycerol and sebacic acid are human endogenous metabolites which can be found

naturally in human metabolism; therefore, the in vivo degradation of PGS bares no
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risks to the human body. What also makes PGS preferable for tissue engineering
applications is that no solvents, catalysts or added substances are required during
its preparation. Moreover, its mechanical properties can be tailored according to the
specific application by tuning the polycondensation of glycerol and sebacic acid
and/or curing parameters. In particular, different curing temperature and time
conditions give different crosslinking density which can be adjusted to give a
Young’s modulus that is compatible with that of soft tissues. In addition to the proper
Young’s modulus, PGS possesses a high tensile strain that makes it withstand the

heart contraction cycles [40].
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Figure 1.12. (A) reaction scheme of PGS condensation. PGS is synthesized
through two steps: 1- Prepolymerization which is a polycondensation
of Glycerol and sebacic acid. 2- Crosslinking reaction. (B) Crosslinking
scheme for two PGS polymer chains [177].

Unlike polyester-based thermosetting polymers which show a plastic deformation
when they undergo a cyclic strain, PGS shows a unique elastic property thanks to
the covalent crosslinking between the polymer network and hydrogen bonds
between its polymer chains. The PGS degradation mechanism is another cause

behind its popularity as a good tissue engineering matrix. As mentioned earlier, PGS
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degrades in vivo through surface erosion which allows the matrix to maintain its
mechanical strength and shape. The process of degradation takes place slowly (can
be months or even years) in which the PGS mechanical strength drops significantly
before the mass loss. This slow degradation is preferable as it matches the recovery

rate of the damaged area [40].

1.3.5.2.2.1. Electroactive Biomaterials

Another major determinant in building a cardiac construct for heart repair is the
electrical conductivity which is an important property of the heart [178]. The cardiac
conduction system is a key factor in allowing a simultaneous contraction of
cardiomyocytes within the myocardium which is vital for the heart to pump the blood
harmoniously from the atria to the ventricles before pumping it to the other organs
of the body [40].

In the context of characteristics biomaterials should have, biomaterials for MTE must
be electroactive, that is, they are able to transmit electrical stimulus throughout their
geometry so as not to contribute to the irregular beating of the cardiac muscle and
hence not to provide space for arrhythmia and other conditions to be developed
[179]. Furthermore, an ideal electroactive matrix should enhance the transplanted
cells attachment and their biological performance (like coordinated beating for
cardiomyocytes or differentiation mechanism for stem cells) in an efficient way.
Additionally, electrically conductive scaffolds not only promote cardiomyocyte-
specific marker expressions, such as cTnT/cTnl and connexin 43, resulting in better
cardiac cell functions, but also stimulate spontaneous simultaneous pulsation of the

engineered tissue [178].

Since conventional polymeric biomaterials like PGS are not electroactive matrices,
conductive stuff or fillers include carbon-based materials like graphene [180] carbon
nanotubes (CNTs) [78-80, 83, 181], carbon nanofibers (CNFs) [81, 182-184], carbon
nanohorns (CNHSs) [84] and gold nanoparticles [185] were incorporated to those
polymeric biomaterials with a view to come up with electrically active matrices that
can beat synchronically with the native myocardium. Nevertheless, there is as yet a
limitation associated with the use of conductive biomaterials in order to appropriately
match the host cardiac tissue. In addition, the potential toxicity effects and high costs

of the above-mentioned fillers remain drawbacks.
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2. MATERIALS AND METHODS

2.1. Preparation of Carbon Aerogel-embedded PGS Cardiac Patch

Figure 13 illustrates the fabrication process of Carbon Aerogel-embedded PGS (CA-
PGS) cardiac patch. Typically, CA-PGS composites were synthesized by a three-
step process, hamely, Carbon Aerogel synthesis, PGS synthesis, and the composite

synthesis.
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- Waste Paper Scraps
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Figure 2.1. Preparation steps of Carbon Aerogel-embedded PGS cardiac patch.

2.1.1. Carbon Aerogel Synthesis

The Carbon Aerogels were obtained as previously described with a slight variation
[186]. Briefly, 240 mg of waste office paper scraps were soaked in distilled water for
24 h. For hydrolysis, 40 ml of HCI (10% v/v) was added to the paper-water mixture
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and kept for 12 h. Afterwards, paper scraps were completely purified from chloride
ions by undergoing centrifugation with distilled water for several times and
subsequently dried in an oven at 60 °C for 24 h. After that, 80 ml of distilled water
was added to the paper scraps and the mixture was subjected to magnetic stirring
followed by vigorous stirring until a paper pulp of cellulose strands was obtained.
Freeze-drying was carried out for the pulp for 2 days at -80 °C under vacuum with
a Labconoco Freezone 6 Plus freeze dryer system (USA) after pre-freezing the
sample at -80 °C for 24 h. The freeze-dried pulp (pulp aerogel) was then carbonized
at 850 °C for 3 h under vacuum and argon atmosphere with a heating rate of 5
°C/min to give the waste paper-derived lightweight Carbon Aerogel.

2.1.2. PGS synthesis

Pure PGS films and PGS pre-polymer solutions were produced based on
microwave-assisted approach [187]. Briefly, PGS synthesis involves a two-step
process: poly-condensation/esterification of monomers and thermal crosslinking
reaction. For the esterification step, equimolar ratios of glycerol and sebacic acid
were prepared and reacted in the microwave at 650 W for 5 min. Every minute of
esterification duration was separated by an interval of 10 seconds in order to allow
the removal of the water vapor. At the end of this step, PGS pre-polymer solution
was attained. To obtain the elastomeric pure PGS films, the pre-polymer solution

was thermally cured under vacuum at 150 °C for 8 h.

2.1.3. CA-PGS Composite Synthesis

In order to obtain the CA-PGS composite, following PGS pre-polymerization step,
the Carbon Aerogel was immersed in the pre-polymer solution and the combination
is put in the vacuum oven to be thermally cured under vacuum at 150 °C for 12 h.

The composites were named as CA-PGS system.

2.2. Characterization of Carbon Aerogel-embedded PGS Cardiac Patch

2.2.1. Scanning Electron Microscopy (SEM) Characterization

The surface morphologies of pure PGS, Carbon Aerogel, and CA-PGS composite
were studied under a scanning electron microscope (QUANTA 400F Field Emission
SEM, Thermo Fisher Scientific, USA). Before the examination, all the samples were
mounted on a metal stubs and sputter-coated with a thin layer of Au-Pd alloy under

vacuum. The samples were then examined at an acceleration voltage of 30 kV to
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acquire high-resolution images for the surface of the specimens at 500x and 1000x
magnification. The fiber and pore diameter were measured by utilizing the image
analysis of the obtained SEM images of CA using ImageJ software (NIH, Bethesda,
MD).

2.2.2. Fourier Transform Infrared (FTIR) Spectroscopy

The chemical and structural investigation of pulp aerogel, pure PGS, Carbon
Aerogel, and CA-PGS composite was carried out using Fourier Transform Infrared
(FTIR) spectroscopic analysis on Nicolet is50 spectrometer (Thermo Fisher,
Germany). FTIR spectral images of pulp aerogel, pure PGS, Carbon Aerogel, and
Carbon Aerogel-PGS composite were recorded and collected in the mid infrared
region (4000-650 cm™ wavenumber range) with a resolution of 0.5 cm™. The
vibrational spectra were gathered by touching the FTIR objective on the samples

and recording the spectra generated from the samples.

2.2.3. X-ray Diffraction (XRD)

The phase formation of Carbon Aerogel, pure PGS and CA-PGS composite were
further studied by X-ray diffraction (XRD) technique. X-ray diffraction patterns for
the samples of interests were collected using an x-ray diffraction instrument (Rigaku
Ultima-1V, Japan) with graphite-monochromated Cu-Ka Radiation (A =1.5406 A) at
40 kV and 30 mA. The scattering ranges were from 5° to 75° in the step of 20 =
0.02°.

2.2.4. Contact Angle Measurements

The surface hydrophobicity of pulp aerogel, pure PGS, Carbon Aerogel, and CA-
PGS composite was determined by evaluating contact angles of water droplets on
the surface of the samples. In particular, using Attension® Theta contact angle
instrument (Biolin Scientific, Sweden), a droplet of sessile water (nearly 3 pL) was
placed onto the surface of each substrate of interests. By collecting optical images,
the water-in-air contact angle between the substrate surface and the droplet was
calculated using the image processing software of the instrument. The test was
repeated for at least three times for each group, and the data was shown as mean
+ standard deviation. Differences between means were assessed by running one-
way ANOVA analysis followed by Turkey’s multiple comparison using GraphPad
Prism software (V 7.00). A P-value of <0.0001 was considered significant.
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2.2.5. Mechanical Properties Characterization

For the analysis of mechanical properties, pure PGS films and CA-PGS composites
were cut into cylindrical pieces with a diameter and a thickness of 10 mm and 4 mm,
respectively. Their mechanical properties were measured using compression test
method on tabletop compression tester (Univert Mechanical Test System, Cell
Scale, Canada) with a load of 50 N. The test was carried out in room temperature
with a strain rate of 5 mm mint. The stress-strain curves were obtained, and from
which Young’s modulus, ultimate compressive strength, and maximum strain were
extracted. The linear section of the initial slope of the stress-strain curve was
deployed to calculate the elastic modulus. The test was conducted four times for
each group, and the results were demonstrated as mean values * standard
deviation (S.D.).

2.2.6. Electrical Conductivity Measurements

In order to evaluate the electrical properties of our CA-PGS system, Four-point
probe technique (Keithley 2450 Sourcemeter, USA) was utilized. In this method, the
electrical conductivity for the samples is measured using four electrodes instead of
two to eliminate the effect of probe resistance which makes the results more
accurate. The outer pair of electrodes are used to conduct the electrical current
across the samples while the other pair of electrodes was used to measure the

voltage drop across the equipment.

Using the values of voltage, current, and thickness of the sample, the electrical

resistivity could be obtained according to the following equation,

b= (?) (g) ... Eq. (2.1)

Where p is the electrical resistivity of the sample, V is the voltage across the inner
pair of probes, I is the current transmitting through the sample, A is the area of the
cross section of the sample, and d is the distance between the inner pair of the

setup.

The electrical conductivity could then be calculated according to the following

formula,
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oc=1/p .... Eq. (2.2)
Where ¢ is the electrical conductivity.

The measurements were carried out in room temperature, and the conductivity
value for each group was averaged over four measurements of electrical

conductivity. The data was shown as mean £+ S.D.

2.3. In Vitro Studies

2.3.1. In Vitro Cytotoxicity Assessment of the Carbon Aerogel Embedded-
PGS Cardiac Patch

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide) assay was

utilized to evaluate the possible cytotoxic effect of the CA-PGS composite on mouse

fibroblast cells.

MTT assay is a colorimetric assay used to assess cell cytotoxicity. The rationale of
this assay is that the cellular tetrazolium reduction is proportional to the cell viability
rate. At cellular level, the water-soluble tetrazolium compound, which is a yellow
dye, is reduced by metabolically active cells to purple formazan precipitates which
are insoluble in water. This process takes place in the mitochondria of viable, but
not dead cells, where dehydrogenase enzymes take over the reduction reaction. If
the formazan crystals are solubilized by a suitable detergent, the optical intensity of
the crystals can be measured by spectrophotometric means allowing the number of

living cells within the culture to be quantified.

In this study, the assay was carried out by performing an indirect cell culture test
using L929 mouse fibroblast cell line (Passage 45) (NCTC clone 929, ATTC, USA)
according to the standard cytotoxicity assessment (ISO 10993-5) set by
International Organization for Standardization. For this purpose, 4 gr of CA-PGS
composite was sterilized by 70% (v/v) ethanol for 3h. After several washing
processes with phosphate-buffered saline (PBS), the composite was soaked in 8
mL Dulbecco’s modified eagle medium-high glucose (DMEM, Sigma-Aldrich, USA)
and incubated at 37 °C and 5% COz2 for 24 h to prepare the extraction medium. The

extract was prepared according to 1ISO10993- 12:2007; i.e. 200 mg of sample per
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1mL of DMEM. Subsequently, the extract was supplemented with 10% (v/v) fetal
bovine serum (FBS, HI-12A, Capricorn, Germany), 1% (v/v) L-glutamin (Lonza,
USA) and 1% (v/v) penicillin and streptomycin (Gibco, Thermo Fisher Scientific,
USA).

In parallel, L929 cells were cultured into a 24-well tissue culture plate at a density of
20-25x102 cells per well. The cells were additionally cultured in complete growth
medium composed of DMEM with high glucose, 10% fetal bovine serum, 1% L-
glutamin and 1% penicillin and streptomycin (v/v) for 24h in an incubator under 5%
CO2 at 37 °C. At the end of the incubation period, the culture medium was removed
from the wells and the cells were exposed to various concentrations of the extraction
medium (100%, 50% and %25 (v/v)) in order to observe a dose-dependent change
for 24 hours. At this point, a complete medium was used as the positive control. At
the end of the incubation period, both culture medium and the extraction medium
was discarded from the wells and 600 pL plain DMEM high glucose containing 60
puL MTT (Sigma Aldrich, USA) solution (5mg/mL in PBS) was added instead. The
culture plate covered with aluminium foil was kept in the incubator set to 37 °C with
5% CO2 for 3 h allowing the tetrazolium to be reduced to Formazan by live cells. For
dissolving the Formazan crystals, the MTT solution was finally replaced by 600 pL
DMSO. In order to measure the optical density of the cultured cells, the contents of
each well were transferred to a new 96-well plate as 3 parallel and were read at 570
nm by using a spectrophotometer (Epoch BioTek, USA). To calculate the
percentage of viable cells in each well, the following equation was used:

Cell viability (%) = (OD sample / OD control) x 100 .... Eq. (23)

For each group, three replicates were tested and the results were expressed in
mean * standard deviation (S.D). Differences between means were assessed by
running a one-way ANOVA analysis followed by Turkey’s multiple comparisons
using GraphPad Prism software (V 7.00). A P-value of <0.05 was considered

significant.

2.3.2. H9C2 Cell Culture and Maintenance
HOC2 rat cardiac myoblast cells were obtained from the European Collection of Cell

Cultures (ECAAC, Germany) and were expanded in Dulbecco’s Modified Eagle’s
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Medium-high glucose (DMEM, Sigma-Aldrich, USA) supplemented with 10% (v/v)
fetal bovine serum (FBS, HI-12A, Capricorn, Germany), 2 mM L-Glutamine (Lonza,
USA) and 1% (v/v) antibiotic-antimycotic (Gibco, Thermo Fisher Scientific, USA).
Cells were cultured till they reach %70-80 confluency in an incubator set to 37 °C,
95% humidity and 5% CO2. Upon reaching the confluency they were split in a 1:4
ratios. The cells already passage 7 were used in this study.

2.3.3. Cell Seeding to Carbon Aerogel Embedded PGS Cardiac Patches

In order to evaluate the in vitro performance of the resulting materials, they were
shaped in a cylindrical form which has 10 mm diameter and 4 mm thickness. The
materials were first sterilized with 70% (v/v) ethanol for 2 hours and then washed 3
times with sterile phosphate-buffered saline (PBS) to remove ethanol completely.
5x10° HI9C2 cells suspended in 25 pL medium were inoculated to each tissue
scaffold and they were incubated for 4 hours to allow the cells to attach the material
surface. Subsequently, 2.5 mL of the culture medium was added to cover the cell
seeded scaffolds and the materials continued to be cultured in a 24-well culture

plate.

2.3.4. Cell Viability on the Material Surface

The cell viability on the materials was tested by AlamarBlue analysis (Thermo Fisher
Scientific, USA) on the 1st, 4th, 7th and 10th day of the culture. Briefly, the culture
medium was changed with the equivalent volume of the test solution consisting of a
combination of culture medium and up to 10% (v/v) AlamarBlue solution on the
analysis day (n=3). Then, the culture plates were covered with aluminum foil and
placed in the incubator used for the cell culture for 3 hours. At the end of the
incubation period, 200 pL of the test solution was exemplified to a 96 well-plate as
5 parallel and was read at 570/600 nm by using a microplate reader (BioTek, UK).
The equal amount of cells was seeded to TCPS (n=3) and was used as a control
group. For each group, three replicates were tested and results were expressed in
mean + standard deviation (S.D). Differences between means were assessed by
running a two-way ANOVA analysis followed by Sidak’s multiple comparisons using
GraphPad Prism software (V 7.00). A P-value of <0.05 was considered significant.
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2.3.5. Cell-Material Interactions Analysis

The cell attachment and cell behavior on the material surface were examined by
using SEM (Supra 50VP, Germany). For these purposes, cell seeded materials
were fixed with 4% (v/v) paraformaldehyde (Sigma Aldrich, Germany) on the 1st,
4th and 7th day of the culture. Following the materials were exposed to increasing
alcohol series. Lastly, Hexamethyldisilazane (Sigma Aldrich, Germany) was used to
dry the samples. The materials were coated with gold-palladium alloy before

imaging and all images were obtained under the same magnifications.
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3. RESULTS AND DISCUSSION

3.1. CA-PGS Cardiac Patch Preparation

The adult left ventricle is evaluated to contain a sum of 5 billion cardiomyocytes.
After the ischemic event, the left ventricle experiences a loss of about one billion
cardiomyocytes [59]. Basically, the heart muscle lacks the regeneration ability [43]
as adult cardiomyocytes are unable to renew themselves [58]; therefore, the injured
muscle cannot be regenerated after an ischemic event. Instead, a formation of a
scar tissue occurs to replace the diseased cardiac muscle. Since the latter lack the
elasticity, it ends up extended over time owing to the pressure of the ventricle [40].
Accordingly, the loss of cardiomyocytes after the heart attack and their replacement
by a fibrous tissue finally results in congestive heart failure [43].

Myocardial Tissue Engineering holds the future of the cardiac repair after Ml event.
One of the MTE strategies is the cardiac patch approach. In this strategy, the cardiac
patch aims at regenerating an infarcted heart by delivering healthy cardiomyocytes
to the affected region while providing a mechanical support to the left ventricle [188].
There are specific properties a biomaterial must possess in order to be a suitable
cardiac patch candidate. Such properties include suitable flexibility; so that it can
withstand the cyclic contraction of the cardiac muscle, and a convenient electrical
conductivity; that would not hinder the propagation of action potentials. However, an
ideal cardiac patch is yet to be developed. To date, various elastomer-filler

composite biomaterials have been developed to this end.

Generally speaking, synthetic elastomeric polymers have attracted a considerable
amount of attention in MTE due to their flexibility, biocompatibility and
biodegradability. Among such elastomers; PGS, which is a commonly used
nonconducting polymer, has become a prime focus of research owing to its
biocompatibility, soft and flexible mechanical properties, low-cost, and superior
physical properties [163]. The potential of using PGS in mechanically dynamic
environments such as the cardiac muscle has already shown [57, 166, 189], thanks
to its natural pliability that makes it withstand deformation and hence enables it to
restore its original shape upon being subjected to the deformation [188]. Importantly,

PGS follows surface erosion degradation mechanism which is a linear mass
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decomposition pattern so that the construct preserves its geometry and mechanical
strength while keeps its surface intact [190]. Such characteristics make PGS a

convenient substrate as a cell carrier and a mechanical support device in MTE.

On the other side, waste paper accounts for the major part of organic wastes and is
recognized as the main municipal waste [191]. Since the demand for finding
applications for the waste paper waste increases, the present work paves the ways
for a novel and an unexpected application for the waste paper as it was used in this
study as the carbon source for the Carbon Aerogel which served as a carbon filler.
Waste paper is mainly composed of organic matter like cellulose, hemicellulose and
lignin making it a perfect carbon source [192]. In the context of tissue engineering,
carbon materials have gained an increasing interest as additives to enhance the
mechanical and/or the electrical properties of the developed biomaterials for various
subareas such as cardiac, nerve, and bone tissue engineering. However, the so far
investigated carbon fillers are restricted to laboratory-scaled production due to their
precursors’ high cost and complex equipment that is involved in their synthesis
process which finally limits their production on a large scale. To the best of our
knowledge, this is the first work on incorporating the Carbon Aerogel into
elastomeric matrices to serve as a reinforcement component which might be
considered as the cheapest alternative among all reported carbon-derived fillers.
Relative to other carbon-based fillers, the fabrication of Carbon Aerogel from waste
biomass, which is a cheap and abundant resource, is the most practical approach
with many advantages like low-cost, high-yield and less pollution to the environment
while the manufacturing of CA neither necessitates complex equipment nor takes

place under radical conditions.

As PGS and CA have complementary properties, combining these two constituents
to form a cardiac construct for cardiac tissue regeneration would be an ideal
framework. In the present study, an elastic and electrically conductive CA-PGS
cardiac patch system was synthesized by curing PGS entrapped within Carbon
Aerogel in which the latter functioned as a filler and a skeleton for the construct.
Following the PGS pre-polymerization step and the Carbon Aerogel immersing to
the pre-polymer solution, it was observed that the former rapidly impregnated into
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the porous network of the aerogel replacing the entrapped air within the aerogel
thanks to the high oil absorption capacity of the aerogel.

It is envisioned that the developed cardiac patch would be the most cost-effective
cardiac patch which makes it a practical biomaterial that can be produced on a
massive scale which would bring the cardiac patch strategy from the laboratory into
the market.

To confirm how well the carbon fibers were distributed within the PGS, a thin slice
of the composite was cut and its cross-section was studied under the light
microscope as shown in Figure 14. The optical image of the cross-section clearly
demonstrates a branched distribution and a random orientation of the carbon
microbelts within the polymeric matrix. It is expected that this branched and random
orientation of the carbon microbelts would result in a unique as well as a uniform

mechanical performance for the construct.

Figure 3.1. An optical image under the light microscope for a thin slice from the
cross-section of CA-PGS composite.

The aggregation and the nonuniform dispersion of carbon fillers within the base
polymers is a common issue that leads to a poor integration of the filler into the

polymeric matrix and consequently impairs their contribution in enhancing the
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mechanical and electrical properties of the construct in an effective manner.
Additionally, the tendency of carbon fillers to aggregation results in heterogeneous
properties [91] and decreased cell viability [181]. Although using harsh organic
solvents and surfactants, such as Tetrahydrofuran (THF), Dimethylformamide
(DMF), and 1,2-Dichlorobenzene (DCB), in synthesis of tissue-engineered
constructs are not preferable for their potential toxicity for the cells, they are
commonly used to prevent the carbon fillers aggregation within the polymeric matrix
[91]. In the case of Carbon Aerogel, however, the aggregation problem was not
evident as the aerogel forms a three-dimensional web-like structure that consists of

uniformly and homogenously distributed microscale fibers.

3.2.  Scanning Electron Microscopy (SEM) Characterization
The morphologies of CA, pure PGS sheet, and CA-PGS composite were visualized

using scanning electron microscopy (SEM) as shown in Figure 15.




Figure 3.2. Scanning Electron Microscopy (SEM) images of (A) Carbon Aerogel,
(B) pure PGS, and (C) CA-embedded PGS system.

Figure 15 (A) shows the structure of CA which is a highly porous, interconnected 3-
D network. CA consists of randomly-oriented pure and solid carbon fibers with a
diameter of 5.79 + 1.86 um which are curled and fused together at multiple junctions.
The low-dense Carbon Aerogel resulted from its unique framework which consists
of up to 99.98% air by volume [193].

Furthermore, SEM images in Figure 15 (B)-(C) revealed the alterations in the
morphology of the pure PGS and the CA-PGS composite due to the CA
incorporation into the PGS phase. While SEM images, Figure 15 (B), revealed that
the pure PGS sheet presented smooth and dense surface, Figure 15 (C) clearly
indicated that the composite has a rough surface with a random network of dots and
interconnected macropores. The presence of macropores on the surface and within
the construct was likely formed by glycerol vapor generated during the crosslinking
step [194]. It is well known that the material biocompatibility and the cell adhesion
and proliferation on a biomaterial are greatly correlated to the material topography
(porosity and roughness) [195, 196]. Consequently, this rough, dotted and
interconnected macropore-containing topography that the composite shows through
the SEM images is anticipated to have a positive effect on the cell-biomaterial

interaction [57].

3.3. Fourier Transform Infrared (FTIR) Spectroscopy
Chemical structure of prior-pyrolysis aerogel (pulp aerogel), Carbon Aerogel, pure
PGS, and CA-PGS system were obtained by Fourier Transform Infrared

Spectroscopy (FTIR) as shown in Figure 16.

FTIR absorbance spectra of the prior pyrolysis aerogel and Carbon Aerogel (i.e:
after pyrolysis) were measured to assess the efficiency of pyrolysis process that has
been carried out according to the aforementioned conditions. FTIR spectrum for the
prior-pyrolysis pulp showed a pattern similar to those reported for cellulose-

composed materials [197]. Unsurprisingly, there is a strong correlation between the
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intensity of different peaks through the pulp spectrum and the presence of a high

amount of oxygen and hydrogen elements intended to be subsequently eliminated

through the pyrolysis process. The spectrum of pyrolyzed Carbon Aerogel, however,

featured no absorption peaks, demonstrating that the pyrolysis conditions were

optimized enough to achieve an efficient carbonization process and confirming the

complete removal of oxygen and hydrogen contents. This result is in accord with the

literature [186]. Therefore, given that the rise in the carbon content leads to a

reduction in the intensity of oxygen and hydrogen-relative absorption peaks [198],

the data shows that the obtained Carbon Aerogel has an increased amount of

carbon content at the expense of oxygen and hydrogen elements. This is also

evident in the CA-PGS composite spectrum where no peaks other than those

denoted to the pure PGS were observed. Furthermore, the absence of any

absorption peaks corresponding to hydrophilic functional groups such as -OH, C=0

and C-O revealed that the obtained Carbon Aerogel is expected to have a super-

hydrophobic property as discussed later on.
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Fourier Transform Infrared (FTIR) spectral images of prior pyrolysis
aerogel, Carbon Aerogel, pure PGS, and Carbon Aerogel-PGS
composite.

The peak groups found in the FTIR spectrum of pure PGS were found to be in a

convincing agreement with those in the well-known PGS pattern reported in the
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literature [163, 187, 189, 199, 200]. In particular, the most intense absorption peak
was observed at 1735 cm® which is attributed to C=0 bond in ester groups [163,
187, 189, 199-201] confirming the efficiency of poly esterification using the quick
microwave-assisted approach. Beside 1735 cm absorption peak, the stretching
mode of the C=0 bond produced an absorption peak at 1705 cm as well [201].
FTIR also exhibited a stretch of C-O found in ester groups as two main absorption
bands at 1162 [199] and 1096 cm* where the former is broader and stronger [189,
200]. On the other hand, the absorption peaks at 2928, 2854, 1456 and 724 cm™!
are assigned to methylene groups (-CH2-) in the backbone of the PGS [189, 199,
202]. Specifically, the peaks at 2928 and 2854 cm! were due to asymmetric and
symmetric C-H bonds stretching modes in methylene groups, respectively [202].
The absorption at 1456 cm is, however, caused by methylene C-H bending while
the characteristic absorption at 724 cm occurs due to the C-H rocking of methylene
groups as there are abundant of which in the backbone of the polymer [202].

Besides, absorption peaks at 935 cm™ can be assigned to O-H stretching mode
which we believe they might be, along with the absorption peak at 1705 cm,
indications of the degree of crosslinking within the construct. In particular, the
reduced intensity of the peak at 1705 cm compared to the intensity of that at 1735
cmt, which is relatively sharp herein, can be indicative of the increased density of
cross-links [187]. Taking this along with the fact that there is a reduction in O-H
bond-induced band at 3461 cm* due to hydroxyl groups (-OH) [189, 203], it might
be argued that the carboxyl groups in sebacic acid further reacted with the hydroxyl
groups in the backbone of the polymer resulting in further ester formation and
significant degree of crosslinks within the pure PGS and the composite [204]. It is
well known that the number of hydroxyl groups within the PGS is the determinant of
the PGS hydrophilicity. Therefore, this result also indicates that the produced pure
PGS and the composite are expected to be relatively hydrophobic as the curing time
of 12 hours just leaves relatively few hydroxyl groups attached to the backbone of

the polymer.

FTIR spectroscopy was also used to confirm the structure of the composite after
Carbon Aerogel impregnating with PGS. As expected, the data revealed that the
FTIR spectrum of CA-PGS composite was identical to that of pure PGS with slight
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shifts in the absorption peaks at 3465, 2853, 1708, 1161, 1095 and 942 cm™
assigned to O-H stretching, symmetric C-H stretching mode, C=0 stretching mode,
C-O stretching mode, and O-H bending mode, respectively. This congruence
between the spectra of pure PGS and the CA-PGS composite signifies that having
incorporated within the polyester structure, Carbon Aerogel added no additional

function groups to the matrix.

3.4. X-ray Diffraction (XRD)

Figure 17 shows the XRD patterns of CA, pure PGS and CA-PGS composite. As it
is clear from the figure, the CA diffraction pattern exhibits two broad diffraction
peaks; the strongest attributes to (002) plane of graphite located at 26 = 22.50°
corresponding to a d-spacing of 3.79 A, and the second is centered at 26 = 43.76°
due to (001) plane of graphene [205]. The broad and right-shifted dooz diffraction
profile, compared with that of graphene (sharp peak at 26 = 25.50°, d-spacing =3.4
A), suggests that along with sp? sites and carbon-to-carbon 1 bonds which are
responsible for the formation of graphitic structure, CA is also composed of many
defects, folding structures, impurities and sp* and sp? hybridization structures [206],
giving the CA an amorphous-like architecture with stacking aromatic layers that form
crystalline units spread along the fibers of the aerogel. These graphitic crystallites
are the components that give the aerogel its electrical conductivity nature. Overall,

the CA’s diffraction pattern is in accordance with the literature [207, 208].
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Figure 3.4  X-ray diffraction patterns for pure PGS, Carbon Aerogel, and CA-PGS
composite.

Pure PGS presented a pattern with broad diffraction halos around 206 = 20°
confirming its amorphous phase in room temperature [57, 209, 210]. The composite
demonstrated a pattern in which the CA’s diffraction peaks were hidden owing to

the presence of the intense Bragg peaks of the PGS.

3.5. Contact Angle Measurement

One of the major surface characterization methods is the contact angle
measurement by which the degree of surface wettability is determined. Generally,
surface wettability is correlated to the chemical and topographical patterning of the
surface [211]. Concerning biomaterials especially cardiac patches, it is of
predominant importance to characterize the surface properties of the cardiac patch
as they dictate its potential success as a cardiac wall substitute. Having been
transplanted in the affected area within the myocardium, a cardiac patch would
interact with the surrounding environment through its surface [212]. In the present
study, surface wettability of pure PGS, Carbon Aerogel, and CA-PGS composite
were determined by utilizing water-in-air contact angle measurement as it is

provided graphically in Figure 18.
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Figure 3.5. Water-in-air contact angles of pure PGS, Carbon Aerogel and CA-PGS
composite. The data represented as mean + standard deviation
(****p< 0.0001, ANOVA with Tukey’s multiple comparison test).

The water contact angle (WCA) of the pure PGS was observed to be 70.88° £ 3.15°
which is similar to those of PGS previously reported in studies directed for soft tissue
engineering; especially those directed for MTE. For example, Alpesh Patel et al.
[213], Qi-Zhi Chen et al. [124], and Akhilesh K. Gaharwar et al. [214] reported pure
PGS contact angles of 77.5°, 75° and 69.78°, respectively. The PGS surface
hydrophilicity is greatly correlated to the number of hydroxyl groups on the backbone
of the polymer. As a result, the relatively high crosslinking density, as it is the case
in this study, leaves a limited number of hydroxyl groups on the backbone of the
polymer which explains this value of WCA. However, even higher WCA values have
already been reported for PGS directed for myocardial tissue applications. For

instance, Taimoor H. Qazi et al. reported a PGS contact angle of 86° [189]. Even
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though this high crosslinking density does not leave abundant hydroxyl groups
attached to the PGS backbone, it turned out that this density is the ideal condition
for synthesizing our CA-PGS system with desired mechanical properties suitable for

myocardial tissue applications.

On the other hand, the water-in-air contact angle of Carbon Aerogel was observed
to be 148.20° + 5.27° which is considered super-hydrophobic. This super-
hydrophobicity of the Carbon Aerogel resulted from the disappearance of any
hydrophilic functional groups such as -OH, C=0 and C-O after pyrolysis, as
previously indicated by the FTIR measurement of Carbon Aerogel, with almost pure
carbon contents that are naturally hydrophobic. The best advantage of this
hydrophobicity was evident during the incorporation of Carbon Aerogel into PGS
prepolymer. Generally speaking, the irregular dispersion of the other carbon fillers
like carbon nanotubes (CNTSs) within the polymeric construct is a common reported
limitation in the literature owing to the strong 11-11 stacking interaction between CNTs
that lowers the effective mechanical, chemical and biological reinforcing potential of
such fillers once they are embedded into the polymeric matrices [214]. In the present
experiments, however, such a problem disappeared and rather the super-
hydrophobicity and lipophilicity of the Carbon Aerogel allow it to be impregnated with
the prepolymer in an instant and effective way achieving a complete integration
between the two components and forming a 3D compact construct with unique

mechanical and electrical characteristics suitable for cardiac patching applications.

It is seen from the figure that the WCA for CA-PGS composite was 103.8° + 1.93°
which is regarded as relatively hydrophobic. This implies that the surface structure
was altered upon the incorporation of CA, which is extremely hydrophobic, into the
PGS matrix. This relative hydrophobicity of the composite might be preferable as
part of the literature suggest that hydrophobic surfaces promote cell attachment and
structural development of cardiomyocytes [159].

Generally speaking, the surface wettability is correlated to the adsorption of the
adhesion proteins which in turn guides the cell adhesion [212]. In particular, as the
first in vivo interaction following a biomaterial transplantation, cell adhesion-
mediating proteins adsorb onto the biomaterial surface [212]. In the myocardium

context, the proteins of interests are those that mediate the adhesion of
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cardiomyocytes like laminin, fibronectin, and vitronectin [215]. Subsequently, cells
bind to the surface-adsorbed adhesion proteins through their attachment receptors
that exist within their membranes, anchoring themselves into the surface of the

biomaterials [216].

Interestingly, hydrophobic surfaces were found to promote cell attachment. For
instance, Silvestri et al. reported an elastomeric porous poly (e-caprolactone) (PCL)-
based polyurethane cardiac patch with a hydrophobic nature (137° contact angle).
This construct was reported to support the viability and proliferation of
cardiomyoblasts [217]. In a different research, Asiri et al. have demonstrated that
the adsorption of laminin, fibronectin and vitronectin was promoted in CNFs-
embedded hydrophobic surfaces which would necessarily lead to enhancing
cardiomyocytes adhesion [215]. In another study, Bagdadi et al. reported fabrication
of poly (3-hydroxyoctanoate) directed for cardiac tissue engineering applications.
The construct was found to be hydrophobic and the cardiomyocyte responses, such
as cell adhesion, viability and proliferation, were shown to be effectively achieved
upon seeding the cells on the surface of the construct [216]. Also, magnetic
nanoparticles-containing PLA films with a contact angle of 100° were found to
promote the attachment and proliferation of cardiac-like rat myoblast (H9C2) cells
[196]. In different work, Adipose-tissue derived stem cells and L929 mouse
fibroblasts showed excellent adhesion and proliferation on poly (ethyl acrylate)-poly
(e-caprolactone) cardiac patches [218]. Taken together, embedding Carbon Aerogel
within the PGS matrix is envisioned to promote cardiomyocyte attachment and

proliferation behavior owing to its relative hydrophobic property.

In contrast to these findings, rat neonatal cardiomyocytes were shown that they do
not attach well on Polyurethane films, which are hydrophobic, while they showed
better attachment upon increasing their wettability by pre-coating the films with
laminin [169]. In another study, Khang et al. have shown that hydrophilic surfaces
promote the adsorption of fibronectin [219]. Some other studies reported that the
maximal cell adhesion and proliferation occurs on moderate wettable surfaces and
the extreme hydrophobic and hydrophilic surfaces do not support cell adhesion

behavior [220]. For example, Arima and Iwata reported that the maximal cell
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adhesion and proliferation occurs on relative hydrophilic surfaces with contact
angles between 40° and 70° [221].

Taken aforementioned findings collectively, the adsorption of cell-adhesion proteins
and consequently cell attachment appear to be too complex processes to only be
guided by surface wettability. Alongside surface wettability, multiple factors are
involved in regulating these processes. Such factors include cell type, surface
topography, surface roughness, and surface energy [222]. Overall, the adsorption
of cell-adhesion proteins and cell attachment on biomaterial surfaces are processes
that are yet to be fully understood [196]. In any cases, CA-PGS surface can become
more wettable, if needed, by exposing the composite to a serum-containing culture
medium [169]. As such, serum proteins would instantly adsorb onto the hydrophobic
surfaces driven by entropic forces [220]. This means that the cells can subsequently

approach and attach to the biomaterial surface [223].

3.6. Mechanical Properties Characterization

The evaluation of mechanical and elastomeric properties is extremely essential for
determining the possibility of deploying a culture substrate as a cardiac patch. The
biomaterial that exhibits mechanical properties compatible with those of the native

myocardium has a great potential to serve as a heart patch.

To identify the elastomeric properties of our CA-PGS system, a compression testing
was conducted for both the pure PGS and CA-PGS system. The obtained stress-
strain curve, compressive Young’s modulus, ultimate compressive strength, and
ultimate compressive strain are illustrated in Figure 19. The CA-PGS system
displayed a compressive Young’'s modulus of 0.366 = 0.080 MPa compared to that
of the pure PGS which was observed to be 0.912 + 0.220 MPa (Figure 19 B). The
ultimate compressive strength and the ultimate compressive strain of CA-PGS
system were measured to be 0.566 + 0.150 MPa and 56.83 + 11.67 % while those
for the pure PGS were 0.792 + 0.142 MPa and 39.38 + 8.61 %, respectively (Figure
19 C and D).
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Figure 3.6. (A) Representative stress-strain curves of pure PGS and CA-PGS
system acquired by compression testing, (B) Compressive Young’s
modulus, (C) Compressive strength, (D) Ultimate compressive strain.
Data are shown as mean + S.D.

The results of the compression testing revealed that the addition of carbon microbelt
networks to the PGS matrix markedly altered its mechanical properties. In particular,
the elasticity and the ultimate strain characteristics were enhanced for our
developed system compared to those of the pure PGS, which make CA-PGS
system super-elastic with improved deformation behavior and thus more suitable for
cardiac patching applications. These enhanced mechanical properties (i.e. the
elasticity and deformability) reflect the strong and unique physical interaction
between the carbon microbelts of CA and PGS polymer. This synergy between CA
and PGS is likely to be the underlying machinery behind the enhanced elasticity and
deformability of the system where the carbon microbelt networks embedded within
the polymer serve as a mechanical reinforcement component. Another probable

cause for the improved mechanical characteristics in our system is the existence of
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random macropores among the substrates that were formed during the synthesis

procedures.

As a bulk, embedding additives (such as CNTs [91, 214], PANI [189], ethyl cellulose
[224], and Graphene [225]) into an elastomer results in a decrease in the
deformability as well as a decrease in the pliability of that elastomer that would shift
the mechanical values away from those reported for the native cardiac tissue. In our
system, however, incorporating carbon microbelts into the polymeric matrix was
shown to reduce the Young’s modulus (the stiffness) and improve the deformation
behavior of the developed substrate giving the composite much more flexibility and
deformability which can be recognized as a super advantage of carbon microbelt

networks over the other traditional additives.

The strain of the human heart was reported to be 15-22% at the diastole [57], and
its compressive modulus was evaluated to be 0.425 MPa at the systole [226]. The
end-diastolic Young’s modulus of the human cardiac tissue was estimated to range
from 0.2 to 0.5 MPa [227]. An ideal cardiac patch must be pliable, possessing as
same mechanical properties as those reported for the native myocardium such that
it would imitate the mechanical behavior of the native one, would not impair the
contractile activity of the heart and new-forming tissue, and would not fail under the
continuous cardiac beating cycles [217, 228, 229]. Equally importantly, the scaffold
pliability provides the cardiomyocytes with a suitable micromilieu for their contraction
activities [79]. Moreover, the elastic scaffold fosters the attachment of the adjacent
cardiac cells facilitating the formation of the new tissue [174]. In the present study,
the mechanical results showed that the developed CA-PGS system better mimics
the mechanical properties of the native myocardium which is consistent with other
developed composites reported in the literature. For example, Kharaziha and co-
workers developed a hybrid scaffold of PGS, gelatin and CNTs which was tough
and elastic at the same time. Specifically, an addition of 1.5 wt.% CNTs was shown
to enhance the toughness and pliability of the developed scaffold with a Young’s

modulus close to that of the human native myocardium [79].

By contrast, rigid culture substrates (their Young’s modulus > 0.8 MPa) not only
would fail during the contraction of the heart but also they would result in diastolic

dysfunction if they were deployed as heart patches [57, 164]. Furthermore, stiff
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materials were shown to impair the contractile and growth activities of the cardiac
cells [230]. Across the literature, the bulk of synthetic cell culture platforms
proposed as cardiac patch candidates exhibit mechanical properties with relatively
high values compared to those of native myocardium which might affect the
maturation and activity of the cardiac cells [164, 217, 224, 228, 231, 232]. As an
example, Stuckey et al. have shown that the stiffness of PED-TiO2, which is a
thermoplastic elastomer composed of poly (ethyleneterephathalate)/dimer fatty acid
reinforced with TiO2 nanoparticles, with a Young’s modulus of 26.7 MPa, caused a
large-scale localized necrosis among the heart tissue around the transplanted graft
by means of surface friction. In addition, it was shown that transplanting PED-TiO2
scaffold resulted in more dilation of the left ventricle, further scar size expanding as

well as a more decrease in the cardiac output [233].

Overall, the present study showed that our developed CA-PGS system has superior
mechanical properties in terms of elasticity, mechanical strength and deformability
that better matched the native myocardium. This is better than the other filler-based
elastomeric constructs that have reported much higher mechanical values than the

required ones.

3.7. Electrical Conductivity Measurements

One of the main aims of embedding Carbon Aerogel microbelt networks into the
pure PGS was to increase the electrical conductivity of the construct. For measuring
the value of electrical conductivity for the samples of interest, 4-point probe method

was used.

The pure PGS showed no sign of conductivity with a value being out of Keithley
2450 device limits. Upon incorporating CA microbelt networks into the polymer
matrix, however, the electrical conductivity increased to 65 + 14 x 102 S - m™ for
the composite. These results clearly show that the conductivity of the CA-PGS
system was due to the uniform distribution of the conductive carbon microbelts
among the electrically insulating elastomer matrix. The integration of carbon
microbelt networks within the elastomer provides the electrons with clear paths to
relatively move freely throughout the substrate. Thus, as expected, the incorporation
of CA microbelt network into the elastomer has a positive effect on improving the

electrical properties of the developed construct.
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The conductivity of the native myocardium was reported to be ranging from 5 x 10°
3 S - m? transversely to 160 x 103 S - m longitudinally [182], and the electrical

conductivity value of our system falls in this range.

The native heart has a sophisticated structure such that any biomaterial intended to
be transplanted as a cardiac patch should possess not only unique mechanical
characteristics but also of electrical conductivity. It is widely recognized that the
cardiac substrates have to be electrically conductive for many reasons. Generally
speaking, the contractile activity of the CMs is largely governed by the transmission
of electrical signals throughout the cardiac muscle [234]. This Electrical signaling
represents the core of cell-cell communication which is essential for the regular and
synchronous contraction-relaxation motion of the cardiac tissue in order to create
enough forces to push the blood to the rest of the body [235]. After MI, the fibrotic
tissue that replaced the CMs in the infarcted area possesses low or even no
conductivity [236]. In this case, a conductive cardiac patch might ease the
propagation of electric pulses over the diseased region, contributing to the
simultaneous contraction of the heart. Moreover, the electrical conductivity of the
transplanted construct may accelerate the tissue regeneration process through
ensuring the smooth transmission of electrical signals and chemicals between the
transplanted CMs which would facilitate their electrical and mechanical coupling to
the host myocardium in an efficient manner [234]. In addition, electrically active
scaffolds were shown to promote the electrical integration of the transplanted CMs
with those of the host tissue. Another advantage of the cardiac patch being
electrically conductive is that it fosters the maturation of stem cells-derived
cardiomyocytes when the electrical field stimulation strategy is adopted for this

purpose [45].

Various types of biomaterials have been suggested for MTE applications, and most
of which are not electrically conductive which might not only compromise the
transmission of the electrical signal across the new-forming tissue and therefore
hinder the effective connection between CMs, but also might contribute to the
arrhythmic beating in HF patients who suffer from arrhythmia [234]. With the aim of
developing electroactive cardiac composites, many additives have been

incorporated into the electrically insulating polymeric matrices. Such additives
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include inherently conductive polymers, carbon-derived fillers, and nano-gold
particles. In most cases, however, the addition of those fillers results in
compromised mechanical properties. Therefore, the imbalance between the desired
electrical properties in one side and mechanical properties on the other side was
usually evident. To name few examples, Qazi and co-workers reported a maximum

electrical conductivity of 1770 x 103 S - m™ upon adding polyaniline (PANI)

conductive polymer to the PGS matrix in a PANI ratio of 30 vol.%. The reported
Young’s modulus for this substrate was about 6 MPa compared to that of
myocardium being 0.2-0.5 MPa [189]. In another work, adding 1 wt.% CNTs to PCL
effectively increased the electrical conductivity of the developed composite to about

400 x 102 S - m, but simultaneously increased the stiffness of the composite to

about 17 MPa [91].

The CA-PGS system’s electrical conductivity result is equivalent to, and in some
cases more effective than those reported for traditional elastomer-carbon nanofiller
based cardiac patches. Stout et al. [182, 237] synthesized PLGA-CNFs composite
for myocardial tissue engineering applications. Despite the excessive weight ratio
of CNFs in the construct (50 wt.%), the electrical conductivity of the patch was
reported to be 0.7 x 10 S - m* which is lower than those of native myocardium.
Later on, Asiri et al. [183] reported an increased value of electrical conductivity (75
x 102 S - m1) for the same composite (PLGA-CNFs), and yet the number of CNFs
within the patch remained at the same high level (50 wt.%) which is still a concern
in the light of the reports suggesting that CNFs are of high toxicity for the cells [238].
In the present work, similar electrical conductivity value was reached by embedding
as low as 1 wt.% of carbon microbelts into the elastomeric matrix which is a great
advantage of our system. Therefore, this study also provided evidence that
incorporating Carbon Aerogel networks with fibers in microscale into elastomers
represents an efficient and cheap alternative to increase the electrical conductivity
of an elastomer, just like or better than carbon nanofillers, while keeping the carbon

contents within the culture substrate at a minimum level.
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3.8. InVitro Cytotoxicity Assessment of the Carbon Aerogel Embedded
PGS Cardiac Patch

In vitro evaluation of cell viability is of paramount importance as an initial

assessment of the developed CA-PGS system’s compatibility with the host tissue.

Generally speaking, it is essential that the potential detrimental effects of by-

products which might be released from the biomaterial during its degradation on the

cells be evaluated [199].

To this end, MTT tetrazolium cytotoxicity assay was carried out as an indirect test
in which the cultured cells were exposed to different concentrations of extract from
CA-PGS system. Subsequently, tetrazolium salts were added which are
transformed by metabolically active cells to formazan crystals. By dissolving the
formazan crystals and read the optical density of which, the cell viability can be
determined. According to the performed dose-dependent cytotoxicity analysis, the

cytotoxic potential of the materials was evaluated and presented in Figure 20.

Cytotoxicity of Carbon Aerogel Embedded PGS Cardiac Partches
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Figure 3.7. Cell viability of L929 cultured in different concentrations of CA-PGS
system extract. The data represented as mean * standard deviation;
n=3 (*p < 0.05, **p < 0.005).
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In comparison with the control group, the viabilities of L929 cultured in 50% (v/v)
and 25% (v/v) extraction medium exhibited no significant differences (p < 0.05).
Importantly, the cells exposed to a 100% extraction medium showed 75.6 £ 5.9%
cell viability when compared with the control (p<0.001). According to ISO 10993-
5:2009, a material is determined to have no cytotoxic potential if the cells cultured
in the extract of the material exhibit cell viability of 2 70% compared to the control
[239]. In this light, it can be concluded that CA-PGS system demonstrated no

cytotoxic potential and showed sufficient cell viability for all extract concentrations.

One of the major concerns related to PGS is the acidic by-products that might be
leached to the surrounding environment after incorporation into the human body.
That being the case, the non-reacted carboxylic acid groups found among the non-
crosslinked PGS monomers, are released to the surroundings decreasing the in
situ pH level and causing the viable cells to die [166, 189]. The impact of PGS
polymer on the cytotoxicity, however, could dramatically be limited by controlling the
crosslinking density of the construct. The higher the crosslinking density, the less
non-reacted carboxylic acid groups exist within the matrix and hence the less the
construct affects the cells [166]. On the other hand, the highly-crosslinked PGS has
a slower degradation kinetics that in turn would reduce the leaching of acidic
products of degradation to the surrounding milieu which ultimately has a positive
effect on the viability and proliferation of the seeded cells [240]. Also, it should be
taken into account that an extreme crosslinking degree decreases the elastic
properties of PGS elastomer. As a consequence, the balance between controlling
the cytotoxicity and maintaining the desired flexibility is crucial at this point. Besides
increasing the degree of crosslinking, some reports revealed that washing PGS with
serial ethanol and water has a significant effect on reducing the remaining carboxyl
groups within the PGS [229, 241]. For this purpose, the materials were initially
washed with serial ethanol concentrations (100%, 70%, 50%, and 25% (v/v) for 1 h,
1 h, 15 min, and 15 min, respectively), followed by washing thrice with deionized
water for 15 min each to get rid of the residual monomers in the materials [229]. In
our study, the presented results confirmed nontoxic properties of the CA-PGS
composite implying that the materials did not leach significant acidic by-products to
the conditioned media thanks to the high degree of crosslinking achieved during

thermally curing step and the washing process with a series of ethanol and water.
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CA-PGS system composite has cytocompatibility performance equivalent to various
elastomeric composites reported in the literature. Chen et al. performed a direct
cytotoxicity experiment for pristine PGS cardiac patch using SNL mouse fibroblasts
after conditioning the patch in a culture medium. The pre-conditioned PGS patch
was found to support the viability of the fibroblast cells [124]. On the other hand, our
cell viability results reveal that CA-PGS system has way better cytocompatibility
results than those reported for several previously investigated cardiac patches
across the literature. For instance, Silvestri et al. developed a porous poly (ester
urethane) cardiac patch (PUR) from Poly (e-caprolactone) (PCL) and Poly (ethylene
glycol) (PEG) with suitable mechanical properties for myocardial repair.
Cardiomyoblasts cultured on the patch, however, significantly exhibited a decreased
viability as low as 60% relative to the control after 24 h of incubation time [217]. In
another work, Tallawi and co-workers obtained PGS-poly (butylene succinate-
butylene dilinoleate) (PBS/-DLA) electrospun fibrous scaffolds for cardiac patch
applications. Despite of neither cell death nor morphological disorder was observed,
myoblast cells cultured on all patches, which synthesized in different blend ratios of
PGS and PBS/DLA, demonstrated cell viability of around 50% after 1 day of cell
culture [231]. Also, Jawad et al. created a cell delivery construct, namely, poly
(ethylene terephthalate)/dilinoleic thermoplastic elastomer (PET/DLA) which
involves TiO2 nanoparticles with a ratio of 0.2 wt.% as a filler in the matrix. The
biocompatibility assessment, nevertheless, revealed that there was an increase in
the cell death among the fibroblastic cells seeded on the developed nanocomposite

compared to those in tissue culture plastic which served as a control [232].

Additionally, toxic chemicals and solvents were massively involved in the synthesis
of the majority of the previously reported biomaterials intended to be candidates for
cardiac patches across literature [79, 158, 164, 189, 217, 224, 231]. In carbon filler-
based biomaterials, using solvents in composite scaffold fabrication provides a
uniform distribution of carbon fillers in the polymeric fibers or matrices [91]. This is
attributed in large part to the hydrophobic nature of carbon fillers which tend to
aggregate upon embedding into the polymer as discussed previously. Such
chemicals and solvents might leave residuals among the matrices which in turn may
significantly have detrimental effects on the viability of the cells [231], hindering their

potential to be suitable candidates for cell delivery applications. In order to obtain a
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homogenous elastomer-carbon filler composite, using chemicals and solvents is
inevitable. A great advantage of the present CA-PGS system, however, is that no
chemical solvents nor toxic catalysts were used during the synthesis or crosslinking

steps which likely has a great contribution to the compatibility of the system.

Overall, this initial cytotoxicity evaluation demonstrated the nontoxicity of CA-PGS
system suggesting the biocompatibility of the system which makes it a convenient

construct as a cell delivery vehicle and mechanical support device.

3.9. H9C2 Cell Proliferation on the Materials

The cell proliferation analysis was performed by using AlamarBlue analysis on the
pre-determined dates of the culture period. To determine the HOC2 cardiac myoblast
cell populations on the material, the increase in optic density of the test solution was
determined as a function of the proliferation and the results were presented in Figure
21.

H9C2 Cell Viability on CA-PGS Surfaces
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Figure 3.8. H9C2 cell proliferation on materials surface.

On the 1st day of the culture period, the cardiac myoblast cells both seeded to CA-
PGS and TCPS were exhibited the same optic density. These results imply that the
equal amount of cell seeding was succeeded to either TCPS or CA-PGS. The optic

density suggesting the viable cell number was also recorded as the same on the 4th
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day of the culture period. The proliferation trend differed from the 4th day of the
culture period for the materials. Although cardiac myoblast cells exhibited a high
survival and proliferation rate in CA-PGS, those in TCPS were recorded statistically
higher than those in CA-PGS (p<0.0001). Similar differences were previously
reported in the literature and it was linked to the differences between the materials
and TCPS such as surface area, long culture period, lack of nutrition and/or space
[224]. In our study, these results were specifically linked to the acidic by products
degrades slowly from the CA-PGS to the culture medium. In any case, CA-PGS
materials are thought to be biocompatible and promote cell adhesion and cell
growth.

3.10. Cell-Material Interaction Analysis

The cell-seeded constructs were examined by Scanning Electron Microscopy to
interpret the cell distribution, cell proliferation and cell-material interactions and the
representative SEM micrographs were presented in Figure 22. In the myocardial
tissue engineering, the cells are expected to adhere and proliferate on the patch
material before it started to degrade [229]. The H9C2 cardiac myoblast cells
normally exhibit different morphology in the culture conditions from spindle shape to
ameboid shape regarding several factors such as passage number, oxidative stress,
etc. [240]. Moreover, they exhibit elongated spindled shape when exposed to
electrical stimulation and they start re-orientation in culture conditions [242]. In our
study, cells were observed in a spherical form on the material’s surface on the first
day of the culture suggesting the cells' recognition of the material and its adaptation

phase.
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Figure 3.9. SEM micrographs of the cell seeded materials.

The SEM micrographs belonging to the 4th and the 7th day of the culture put forth
the increase in the cell number in agreement with the viability assay. These results

indicate that the materials support cell adhesion and proliferation.

Moreover, it was understood that most cells were both in spindle and ameboid
shape when the cell behaviour was examined closely on 10th day of the culture in
higher magnifications (Figure 23). These results showed that the cells remained
their original morphologies after 10 days in culture period. Starting from this point of
view, it was believed that a better cellular organization will be encountered thanks
to the conductive carbon network within the material when electrical stimulation is

applied to the materials.
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4. Conclusion

In summary, the aim of this study was to synthesize and characterize a cardiac
patch with electrical and mechanical properties matching those of the human
myocardium. Another aim of the current study is to investigate, for the first time, the
potential applications of Carbon Aerogel in myocardial tissue engineering as one
area that has not been explored to date to the best of our knowledge. To this end,
a novel, cost-effective and electrically conductive composite of waste paper-derived
Carbon Aerogel and elastomeric poly (glycerol sebacate) (CA-PGS) was
successfully developed, and the potential of this new Carbon Aerogel-reinforced
polymeric composite to be a cardiac patch was explored for the first time. The
resulting composite system features a branched distribution and a random
orientation of the Carbon Aerogel’s microbelts within the polymeric matrix and a
rough surface with a random network of dots and interconnected macropores. In
addition, the incorporation of CA’s microbelts into the elastomer resulted in a
significant enhancement in the electrical conductivity and the elasticity of the
developed composite compared to the pure PGS. In particular, our developed CA-

PGS composite system exhibited an electrical conductivity of 65 + 14x103 S-m

and a Young’s modulus of 0.366 + 0.080 MPa which are well consistent with what
reported for the native myocardium. The L929 mouse fibroblast seeded on CA-PGS
composite samples confirmed the biocompatibility of our developed composite
system. Moreover, cell culture test results showed that CA-PGS composite system
supported cell adhesion and proliferation of the H9C2 cardiac myoblast cells. The
results of this work, therefore, indicate that this novel composite system might be a
promising biomaterial for cardiac repair, and as a proof-of-principle study, the
present work provides the opportunity for further studies in the context of cardiac

patch applications.
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