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ABSTRACT 

PREPARATION and CHARACTERIZATION of A NEW 

GENERATION CARDIAC PATCH 

Adile YÜRÜK 

Ph.D. in Bioengineering 

Advisor: Assoc. Prof. İsmail Alper İŞOĞLU 

December 2024 

 

Cardiovascular diseases (CVDs) are the leading cause of deaths worldwide, CVDs-based 

myocardial defects lead to mechanical, electrical, and structural dysfunctions in the heart. 

Therefore, cardiac patches hold great promise for the treatment of myocardial defects. In 

this thesis, we developed a bilayered cardiac patch comprising a first layer of polyaniline 

(PANI) nanoparticle coated decellularized pericardium and a second layer of a poly 

(lactic-co-glycolic acid (PLGA))/gelatin electrospun membrane containing vascular 

endothelial growth factor (VEGF) and hawthorn extract. For the second layer, membranes 

having the fiber diameters between 850-1200 nm demonstrated the controlled release 

behaviour within 28 days. Following the layers were prepared and characterized 

separately, they were integrated via a biocompatible tissue adhesive. The bilayered 

cardiac patch demonstrated the conductivity of 9.093±8.6x10-4 S/cm, anticoagulant 

ability of 331±65.1 APTT time, tensile strength of 22.70±6.33 MPa, elongation of 

%53.58±10.63, hemolysis ratio of %0.421±0.191, and over 90% cell viability with 

cardiomyocytes. In the final part of thesis, cardiac patch efficiency was investigated in 

rat myocardial infarction (MI) model for 28 days. The patch implanted groups 

demonstrated an improvement in cardiac functions, with fractional shortening increasing 

from 44.35% to 50.46% and ejection fraction rising from 80.73% to 87.99% when 

compared to the MI group. The heart sections were histologically examined by 

Hematoxylin-Eosin (H&E) and Masson’s Trichrome staining, scar sizes and left ventricle 

wall thickness were determined for all groups. The immunofluorescence staining was 

applied to determine the vessel formations, actin filaments of muscle cells, cardiac cells 

and macrophage markers using von Willebrand Factor (vwf), αSMA, CD31, GATA4 

CD34, and CD68 antibodies. The obtained results support the proposed cardiac patch can 

be a promising candidate for the treatment of myocardial defects. 

 

Keywords:cardiac patch, myocardial defect, pericardium, electrospinning, PLGA/gelatin 
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ÖZET 

YENİ NESİL BİR KARDİYAK YAMANIN HAZIRLANMASI 

ve KARAKTERİZASYONU 

 
Adile YÜRÜK 

Biyomühendislik Anabilim Dalı Doktora 

Tez Danışmanı: Doç. Dr. İsmail Alper İŞOĞLU 

Aralık 2024 

Dünya genelinde ölümlerin büyük çoğunluğunu kardiyovasküler hastalıklar (KVH) 

oluşturmaktadır, KVH kaynaklı miyokard hasarları kalpte mekanik, elektriksel ve yapısal 

işlev bozukluklarına sebep olmaktadır. Bu sebepten kardiyak yamalar miyokard 

hasarlarının tedavisinde umut vadetmektedir. Bu tez çalışmasında, ilk katmanı 

hücresizleştirilmiş perikardın poli-anilin (PANI) nanopartikülleri ile kaplanması ile, 

ikinci katman ise büyüme faktörü ve alıç özütü içeren poli (laktik-ko-glikolik asit 

(PLGA))/jelatin elektroeğrilmiş membrandan oluşmaktadır. İkinci katman için 

membranların fiber çapları 850-1200 nm arasında elde edilmiş ve 28 gün boyunca 

kontrollü salınım davranışı sergilemişlerdir. Katmanlar hazırlanıp karakterize edildikten 

sonra biyouyumlu bir doku yapıştırıcısı ile entegre edilmiştir. Çift katmanlı kardiyak 

yama, 9.093±8.6x10⁻⁴ S/cm iletkenlik, 331±65.1 APTT süresi antikoagülan özellik, 

22.70±6.33 MPa çekme dayanımı, %53.58±10.63 uzama oranı, %0.421±0.191 hemoliz 

oranı ve kardiyomiyosit hücreleri ile %90'dan fazla hücre canlılığı göstermiştir. Tezin son 

bölümünde, kardiyak yamanın etkinliği sıçan miyokard enfarktüsü (MI) modelinde 28 

gün için incelenmiştir. Yama uygulanan gruplar MI grubu ile karşılaştırıldığında 

fraksiyonel kısalma oranının %44.35'ten %50.46'ya ve ejeksiyon fraksiyonunun 

%80.73'ten %87.99'a yükseldiğini gösteren kardiyak fonksiyonlarda iyileşme 

sergilemiştir. Kalp kesitleri, Hematoksilen-Eozin (H&E) ve Masson Trikom boyama 

yöntemleriyle histolojik olarak incelenmiş, tüm gruplar için miyokard hasar boyutları ve 

sol ventrikül duvar kalınlıkları belirlenmiştir. Damar oluşumlarını, kas hücrelerinin aktin 

filamentlerini, kardiyak hücreleri ve makrofaj işaretçilerini belirlemek için von 

Willebrand Faktörü (vwf), αSMA, CD31, GATA4, CD34 ve CD68 antikorları 

kullanılarak immünofloresan boyama yapılmıştır. Elde edilen sonuçlar, önerilen kardiyak 

yamanın miyokard hasarlarının tedavisi için umut verici bir aday olabileceğini 

desteklemektedir. 

Anahtar kelimeler: kardiyak yama, miyokard hasarı, perikard, elektroeğirme, 

PLGA/jelatine 
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Chapter 1 

Introduction 

1.1 The Heart 

1.1.1 Heart Anatomy 

The heart is a pinecone-shaped organ located in the thoracic cavity between the 

lungs and separated from other organs by the pericardial sac. The average size of a human 

heart is about the size of a clenched your fist and its weight can vary between 

approximately 250-350 grams depending on age, gender, and physical factors [1]. The 

primary function of the heart is pump blood to whole body, an adult human heart pumps 

approximately 75 times per minute, which totals to around 108,000 times in a day. Each 

of the primary pumping chambers of the heart expels around 70 mL of blood with each 

contraction of the heart [2, 3]. 

1.1.2 Heart Chambers 

The human heart is consisting of left atrium, right atrium, left ventricle and right 

ventricle. The atrium contracts to force blood into the lower chambers where the left and 

right ventricles are located. These ventricles are the heart's primary pumping organs, 

circulating blood throughout the body or to the lungs [4]. 

1.1.3 Circulatory System 

The human circulatory system basically comprises two interconnected circuits: the 

pulmonary circuit, which returns deoxygenated blood to the heart and provides 

oxygenated blood to bodily tissues, and the pulmonary circuit, which moves blood to and 

from the lungs for gas exchange. In the pulmonary circuit, the right ventricle pumps 

deoxygenated blood to the lungs through the pulmonary trunk and arteries, where it taken 

up oxygen and releases carbon dioxide.  
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Figure 1.1 The heart’s structure and chambers [5-7]. 

The pulmonary veins then carry oxygenated blood back to the heart, where it passes 

via the left atrium and ventricle before being pushed into the systemic circuit through the 

aorta. Throughout the systemic circuit, oxygen and nutrients are delivered to tissue and 

the carbon dioxide and waste products is taken away from tissues. Deoxygenated blood 

is eventually returned to the heart via systemic veins, such as the superior and inferior 

vena cava, completing the circulation. This blood circulation process persists for the 

duration of the individual's life [8, 9]. 

1.1.4 The Layers of Heart Wall 

The heart’s wall compromises three layers, namely the epicardium, myocardium, 

and endocardium, each with different thicknesses. The pericardium is the outermost layer 

of heart, separates the heart from other organs. The endocardium is the innermost layer 

of the heart, surrounds the heart valves and lines the chambers where blood flows. 

Endothelin’s secreted from the endocardium create an environment regulating ionic 

concentrations and contraction states in the surrounding tissue fluids [3, 10]. 

1.1.4.1 Myocardium 

The myocardium, predominantly composed of cardiac muscle cells, is the thickest 

and middle layer of the heart. It is situated upon the framework of collagen fibers, blood 

vessels nourishing the heart, and nerve fibers aiding in heart regulation. Through the 

contraction of the myocardium, the function of pumping blood into the heart and main 
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arteries is performed. The heart muscle cells wrap around the chambers and major vessels 

in a figure-eight pattern (Figure 1.2b), allowing the heart to pump blood more effectively 

than a linear arrangement would. The left ventricle has a thicker wall than the right 

ventricle due to generate a significant amount of pressure for pumping blood throughout 

the body [3, 10] . 

 

Figure 1.2 a) The representation of heart layers [11], b) The image of figure-8 patterns 

of heart [12]. 

1.1.4.2 Pericardium 

The pericardium is a sac consisting of visceral and parietal components that 

envelops the outer surface of the heart, separating it from other organs. The visceral 

pericardium is connected to the heart's epicardial layer by a layer of mesothelial cells, and 

within the space it forms between itself, and the heart lies pericardial fluid. Although the 

amount of pericardial fluid can change based on the factors like age and gender, it is 

typically around 50 mL. This fluid is an ultrafiltrate of plasma and may also include 

lymph drainage. The thickness of the pericardial membrane varies by region, typically 

ranging from about 0.8 mm to 2.0 mm. On the other side of the pericardial membrane lies 

the fibrous pericardium, known for its dense collagen fibers. Histologically, the 

pericardial tissue contains dense type 1 and type 3 collagen fibers compressed between 

short elastin fibers. The abundance of collagen matrix provides the pericardial tissue with 

viscoelastic mechanical properties [13]. 
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Figure 1.3 Illustration of the pericardium [14]. 

 

1.1.5 Conduction System 

The heart’ conduction system is a physiological system in which myocardium, 

pacemaker cells and heart muscle cells play an active role. The pacemaker cells in the 

sinoatrial (SA) node initiate the cardiac stimulation, and electrical conduction spreads 

throughout the heart cells in the myocardial layer. The heart cells have the capacity to 

transmit cardiac impulses, this phenomenon is due to the electrical connection points of 

heart cells called gap-junctions. Stimulation of heart cells with cardiac impulse causes the 

atrial and ventricular myocardium to contract. The cardiac impulse begins in the sinoatrial 

(SA) node, and travels through the heart cells in the atria and is transmitted to the 

atrioventricular (AV) node via the intermodal pathway. At this stage, contraction of the 

atria occurs. Electrical conduction in the AV node slows down a little, the reason for this 

is to gain time for the blood in the contracting atria to fill the ventricles. Electrical 

conduction is transmitted from the AV to all ventricular cells through branched Purkinje 

networks, also known as the bundle of His, and the ventricular contraction is achieved 

[15].  
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Figure 1.4 The representation of the heart’ cardiac conduction system [15]. 

1.1.5.1 Cardiomyocytes  

Cardiomyocytes (CMs) are the heart muscle cells characterized by their cylindrical 

rod-shaped and beating ability, which provide myocardium’s contraction-relaxation 

function. CMs consist of myofibrils, which act as contractile apparatus. These myofibrils 

composed of repeated sarcomeres which knows as minimal contractile units including 

thick and thin filaments. The thin filament contains actin and titin, while the thick 

filaments include myosin. The ends of the myosin connect with actin, forming cross 

bridges. The ends of the actin filaments called Z-discs, have high electron density. The I-

band, with low electron density, includes actin and titin filaments, while the A-band, 

which is electron-dense band, consists of the parallel-aligned myosin and actin filaments. 

The relationship between the myosin and actin filaments initiates sarcomere contraction 

[16]. Each CMs connects with each other’s through the intercalated disks, which provide 

the mechanical and electrical linkage between cells via cell-cell adhesion molecules like 

N-cadherin [17, 18].  
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Figure 1.5 Illustration of the structures of myofibril and sarcomere [19]. 

1.1.5.2 Action Potential 

Heart cells transmit electrical impulses by passing electrolytes through the cell 

membrane. Especially, sodium, potassium and calcium are the most important 

electrolytes for the electrical transmission on cardiomyocytes. These electrolytes move in 

and out of the cell membrane through ion channels and ion pumps on the membrane [15]. 

Pacemaker cells are located in AV and SA nodes and have the capability to rhythmically 

depolarize and initiate action potential. Basically, the action potential consists of 

intracellular and extracellular electrolyte movements on the pacemaker cells. While the 

action potential in pacemaker cells occurs in 3 stages, it occurs in 5 stages in the 

cardiomyocytes, which is due to the faster conduction provided by pacemaker cells. At 

resting state, the inside of the cell has a potential of -90 mV, and this phase is called Phase 

4. During phase 0, stimulated Na+ channels open, permitting Na+ ions enter the cell, thus 

the intracellular potential reaches to +20 mV. Thus, the action potential is initiated by the 

depolarization wave, and this depolarization wave spreads from cell to cell throughout 

the heart. After depolarization, phase 1 is initiated by repolarization of cells where Ca+2 

ion channels open. There is a slight decrease in potential in this phase, since the velocity 

of Ca+2 ions is slower than Na+ ions. Phase 2 is known as the stabilization phase, has a 

potential of approximately +10 mV, Na+ channels close here. By the end of phase 2, Ca+2 

concentration inside the cell increases, leading to mechanical contraction. Following to 
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contraction, calcium channels close and potassium channels open in Phase 3, then cells 

re-polarized, returning the potential to -90 mV resting state [15, 20] . 

 

Figure 1.6 The action potential of a) cardiac cells, b) pacemaker cells, and c) action 

potential phases [21]. 

 1.1.5.3 Electrocardiogram 

Electrocardiogram (ECG) is a method of reading the electrical activity of a heart 

through conductive electrodes from the skin surface, generally a 12-lead 

electrocardiography device is used in clinical applications. There are 5 main waves in the 

ECG, labeled as "PQRST", herein P wave indicates the atrial depolarization, which means 

contraction, while P-Q interval gives the period of arterial systole. The QRS waves 

represent the trasmission of the cardiac stimuli and ventricular myocardial depolarization. 

Finally, T wave indicates repolarization in the myocardium and the return of cardiac cells 

to resting potential [15]. Changes in the heart’s electrical conduction system can lead to 

cardiac arrhythmias, which can be detected by abnormalities in ECG signals. For 

example, when myocardial defect occurs, it can cause bradycardia in the heart rhythm or 

irregular heartbeat known as arrhythmia, and these changes can be seen on the ECG graph 

[15, 20] . 
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Figure 1.7 Illustration of ECG waves in normal, arrhythmia and ischemic conditions [22, 

23] . 

1.1.5.4 Echocardiography 

In the ischemic conditions in myocardium, CMs cells die and collagen deposition 

increase, and then the scar formation expanses. This dense scar lead the weakness of 

mechanical and electrophsiological properties of myocardium. The decrease in heart 

functions, left ventricular dilation, arrhytmia and heart failure are main results of this scar. 

The heart’s functions can be determined by echocardiography measurement, the changes 

in heart’s functions is the main  indicators for heart failure. Basically, end-systolic volume 

(ESV) and end-diastolic volume (EDV), venticule diameters, fractional shortening, 

ejection fractions can be measured by echocardiography [24].  

 

1.2 Heart Diseases 

Cardiovascular diseases (CVD) keep going to be leading primary cause of death 

worldwide, imposing a substantial burden on public health systems and economies 

worldwide [25, 26]. Recent statistics underscore the magnitude of this issue, with a 

predicted 18.6 million deaths attributed to CVDs in 2019 alone, representing a significant 

proportion of total global mortality [27]. The World Health Organization further reports 

that CVDs accounted for 27% of all deaths between 2000 and 2019, highlighting the 

enduring impact of these conditions on global health [28]. In 2020, the American Heart 

Association documented 19 million deaths globally attributable to CVDs, further 
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emphasizing the scale of this epidemic. Beyond the human toll, CVDs also exact a 

substantial economic toll, with an estimated annual cost of $378.0 billion in the United 

States alone [26]. According to the data from the Turkish Statistical Institute, it is known 

that 38% of deaths in Turkey were caused by ischemic heart diseases in 2018 [29]. 

 

Figure 1.8 The World Heart Federation report for Cardiovascular Diseases [30]. 

 

 Cardiovascular diseases are the general term for diseases of the heart and blood 

vessels affected by conditions such as coronary artery disease, stroke, peripheral arterial 

disease, aortic disease, abnormal heart rhythms (arrhythmias), congenital heart disease, 

deep vein thrombosis and pulmonary embolism, heart attack, heart failure, heart muscle 

disease (cardiomyopathy), heart valve disease, pericardial disease, peripheral vascular 

disease, rheumatic heart disease and myocardial infarction [31]. These diseases often 

arise from a complex interplay of risk factors, including tobacco use, unhealthy diet, 

obesity, physical inactivity, hypertension, diabetes, and hyperlipidaemia [32].  
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Figure 1.9 The type of heart diseases and risk factors [32]. 

1.2.1 Myocardial Defects 

Cardiomyocytes, the predominant cell type in the heart, are more abundant in the 

ventricles compared to the atria. In the adult human heart, the ventricular region, 

including the apex and interventricular septum, consists of approximately 49.2% 

cardiomyocytes, 21.2% vascular smooth muscle cells, 15.5% fibroblasts, 7.8% 

endocardial cells, and 5.3% immune cells [33]. Like other cells, cardiomyocyte cells also 

require circulation to provide them with nutrients and oxygen and to remove cellular 

waste. This circulation occurs through the coronary arteries in the heart. The coronary 

arteries branch off from the aorta and deliver blood to the myocardium and other 

components of the heart through coronary circulation. The main artery that distributes 

blood to the left atrium, ventricle, and interventricular septum on the left side of the heart 

is the left coronary artery that is the left anterior descending artery (LAD). 
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Figure 1.10 The illustratin of heart coronary arteries [34]. 

 

When the coronary arteries are blocked, blood flow to the tissues is restricted, and 

cells cannot receive nutrients and oxygen. The condition where cells cannot access blood 

flow and oxygen is referred to as ischemia and hypoxia, respectively. If the blockage of 

coronary arteries is left untreated, it can lead to myocardial infarction (MI) [33]. In the 

event of a myocardial infarction, millions of cardiomyocyte cells can be lost and cause 

the formation of myocardial defect, cardiomyocyte cannot repair the defected tissue due 

to the limited regenerative properties [35]. Fibroblasts and endothelial cells create 

granulation tissue and a thick collagenous scar over the course of the next weeks to 

months, which impairs the heart's ability to contract and ultimately results in a 

pathological remodelling and, frequently, heart failure [36]. 

 

Figure 1.11 Representation of myocardial defect [37]. 



12 

 

1.3 Therapeutic Approaches of Myocardial Defects 

1.3.1 Traditional Therapeutic Approaches of Myocardial Defects 

In the early stages of myocardial defects, reperfusion treatment is applied, which 

aim is to regulate blood flow, including the pharmacological treatments and invasive 

surgical techniques Firstly, aspirin can be used to prevent blood clotting in the vein again 

and nitro-glycerine can be used to relieve chest pain. Afterwards, angioplasty can be 

applied to open the blocked vessels, if there is more than one blocked vein, bypass method 

is applied. [38]. In long-term treatment, the aim is to regulate the heartbeat, relieve the 

load on the myocardium and reduce the fat and plaque in the veins by drugs [39]. 

Basically, angiotensin-converting enzyme (ACE) inhibitors, angiotensin receptor-

neprilysin inhibitors, β-blockers, and mineralocorticoid receptor antagonists are used in 

the pharmacological drug approaches used [40, 41]. Anticoagulant and antiplatelet 

effective drugs such as Aspirin, clopidogrel, Heparin and Coumarin based drugs are used 

for most patients to prevent the formation of plaque and clot molecules in the blood [38].  

Beta-blockers reduce the heart rate by affecting the sympathetic nervous system, thus 

reducing blood pressure and reducing the load on the myocardium [15]. ACE inhibitors 

and Ca channel blockers are used to reduce the heart's oxygen need by lowering blood 

pressure. Drugs containing Digitalis glycosides, such as Digocin, are also used to 

strengthen the contractile function of the heart muscle [38]. However, this approach 

cannot provide adequate recovery in myocardial scar because the drug molecules aims to 

regulate heart rate, decreasing workload on myocardium, having short half-lives, and side 

effects such as slowing the heart rate, creating edema, hypotension, and kidney failure 

[40, 42].  
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Figure 1.12 Traditional therapeutic approaches of myocardial defects (Figure was drawn 

in Biorender). 

 

  The ventricular assist devices (VADs) and heart transplantation methods are used 

at the last stage of heart failure.  The many patients die while waiting for the heart 

transplantion due to the inadequate number of donors [43]. Ventricular assist devices are 

generally applied to patients when waiting for a transplantation. The pump of VADs 

placed in the heart pumps blood into the aorta and helps transmit blood to the whole body 

[44]. However, these supporting devices are not permanent solution for repearing of 

myocaridal defects, also they have side effects such as thrombosis, infection, and 

gastrointestinal bleeding. Its disadvantages include permanently encapsulation of the 

heart and cannot be applied to every patient group [45].  

 

Figure 1.13 The representation of ventricular assist devices (VADs)  [46]. 
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1.3.2 Modern Therapeutic Approaches for the Treatment of Myocardial 

Defects 

 The current conventional treatments of myocardial defects do not meet the 

expectations for healing of defected area since the limited regenerative capacity of heart  

[47]. Therefore, the development of the modern therapeutic approaches and smart 

materials has gained considerable attention in order to restore or regenerate damaged 

tissues by applying biomaterials and tissue engineering principles. Tissue engineering 

aims to regenerate or repair to defected tissue by mimicking native tissue’s  extracellular 

matrix (ECM). The tissue engineering princible based on the three main components, the 

cells, a three dimentional scaffold to guide tissue formation, and bioactive molecules. The 

scaffold can be fabricated from biomaterials, and its structure, chemical compositions, 

physical and mechanical properties are the determine factors of cell behaviours [48]. 

Therefore, the desing of scaffolding materials are important step to provide repearing and 

restoring of tissues. The modern therapeutic approaches for the treatment of myocardial 

defects are the cell injections, injectable hydrogels and cardiac patch implantations [49].  

 

Figure 1.14 Modern therapeutic approaches for the treatment of myocardial defects 

(Figure was drawn in Biorender). 
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1.3.2.1 Cell Injections  

Due to the limited regenerative capabilities of cardiomyocyte cells, the cell 

injection technique can be apply to the infarcted area.  The cell-based cardiac treatment 

was initiated by the injection of the autologous skeletal muscle satellite cells, which 

known as myoblasts, due to differentiation to cardiomyocytes. Clinical and animal studies 

demonstrated that the injection of myoblasts improved cardiac function in heart [50]. 

Also, the embryonic, mesenchymal, pluripotent, bone marrow cells are high preferabe 

cell types to injections for cardiac repair [36]. In the literature, the injection of the fetal 

or neonatal cardiomyocyte cells improved the left ventircular thickness and fuction in 

animal model studies [51, 52]. The injected cardiomyocyte cells can interact with host 

cardiomyocyte intercalated disks and gap junctions. However, there are limited clinical 

outcome and ethical concerns about human fetal or neonatal cardiomyocyte  

transplantations. Therefore, scientist focus on to find clinically relevable cell source [36]. 

Afzal et al. injected the adult bone marrow stem cells to ischemic heart of patient, they 

reported the treatment improved the ejection franction and reduced the infarct size [53]. 

The human pluripotent stem cell has the ability to differantiate to CMs, therefore  it can 

be applied clinically without ethical concern [36].  However, cell injections provide less 

improvement than expected due to technical inadequacies in the application.  The main 

reason for the low expected success is that the injected cells cannot adhere to the tissue 

and then cannot achieve the expected compliance, the 90% of injected cells dying or being 

removed from the injected area [36, 54]. Therefore, biomaterials mediated three 

dimentional ECM-like cardiac therepies are needed to accelarate healing of myocardial 

defects. 

1.3.2.2 Injectable Gels 

The hydrogel injections can be promising approaches after MI since easily 

applicability via syringe or cathater [55]. Basically, the hydrogels are polymeric materials 

with a three-dimensional porous structure and high-water holding capacity. Generally, 

monomers or polymers link with each other by crosslinkers to achieve a gel form of a 

hydrogel, the density of monomers, the type and concentration of crosslinker, and 

environmental factors are the essential parameters for hydrogel synthesis [56]. The 

hydrogels can be combined with the cells, bioactive molecules, growth factors, or drugs 

to improve myocardium healing after MI. The natural and synthetic polymer based 
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injectable hydrogels can be obtained from collagen, fibrin, chitosan, alginate, gelatin, 

laminin, Matrigel, hyaluronic acid, polyethylene glycol, poly(N-isopropylacrylamide), 

aniline and methacrylated gelatin. Additionally, the hydrogels can be synthesized from 

decellularized ECM materials such as myocardium or pericardium. [57]. In a study, 

collagen based inectable hydrogel was applied in mice MI model, and it reported its 

postive effects on the cardiac functions [58]. In another study, human induced pluripotent 

stem cell based cardiomyocytes were encapsulated into polyethylene glycol hydrogel and 

applied on the rat MI model to improve cardiac functions and healing of myocardium 

[59]. The natural polymer based injectable hydrogels are preferred since their high 

biocompatibility, while the synthetics are preferred since their adjustable mechanic 

strenght, porosity, and easily availability. However, the natural polymers possess the 

disadvantages such as poor mechanical properties, rapid degradation, late gelation time, 

risk to immune response, lack of electrical conductivity, while the synthetics have low 

biocompatibility. The injectable hydrogels for cardiac applications still have difficulties 

and the expected healing in myocardial defects could not be achieved due to their low 

mechanical strength, fast degradation rate, and limitations such as gelation time and 

fluidity [57]. 

1.3.2.3 Cardiac Patch Applications 

Cardiac patch applications are promising approach for the treatment of myocardial 

defects, act as artificial ECM for cellular attachment and regenerate defected 

myocardium. Basically, the cardiac patches are polymeric or biological materials, can be 

adhered or sutured to the defected zone of the heart, and should be mimic the damaged 

tissue biologically, mechanically, or physiologically and provide tissue healing [60, 61]. 

The cardiac pacth implantation includes surgically suturing which is more invasive 

surgical process than injection techniques, but it enable to more control of patch 

properties such as mechanical, structural, physical and electrophysiology [24]. 

Additionally, cardiac patches have excellent advantages such as providing mechanical 

support, avoiding dilation and decrease in heart’s wall stress  [24]. 

There are important criteria designing a cardiac patch, an ideal cardiac patch should be; 

 Biocompatible,  it does not show toxic or carcinogenic effects and is 

accepted by the immune system [62, 63].  The noncompatible materials can 

initiate the foreign-body response, resulting with rejection and necrosis [64]. 
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 Biodegradable or Bioabsorbable in order to replace with regenerated tissue, 

and the degradation products must be nontoxic, and they can be removed 

safely from the body without inflammation [54].  

 Have suitable morphology to mimics the heart tissue in terms of 

microporosity to allow cells to adhere and proliferate and provide tissue 

healing and new vessel formation [65, 66]. 

 Have appropriate elasticity and mechanical strength to ensure the 

contraction and relaxation dynamics of the heart [24] 

 Electrically conductive [24, 65] 

 prevent inflammation and coagulation with the substances it contains 

 Enhance vascularization [24, 54]  

 Support mechanically during organizing cells into tissue in early stages, 

while it was recommended the degradation in later stages [24, 64].  

 

Figure 1.15 Representation of materials and fabrication techniques for cardiac patches  

[67]. 
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Cardiac patches can be fabricated from synthetic and natural polymers, or obtained 

by native tissues [60, 68]. The complex functional and structural properties of the 

myocardium requires the suitable therapeutic scaffolding patches. Herein, the polymers 

are good candidates for fabricating a patch with the adjustable morhphology, degradation 

rate, mechanical strengh, and surface functionalizations to mimic ECM and restoration of 

myocardium. Therefore, the chosen the right type of polymers and right fabrication 

techniques are vital to achieve threupetic effects of cardiac patch [69]. 

 

1.4 Polymeric Cardiac Patches 

1.4.1 Natural Polymers for Cardiac Patches 

The natural polymers are obtained from mammalian or biological sources, they are 

a type of protein or polysaccaride. The mammalian derived polymers are collagen, 

gelatin, fibrin, matrigel, the other sources derived polymers are alginate, cellulose, 

chitosan, hyaluronic acid, and silk [24]. These polymers are mostly preferred in cardiac 

tissue engineering applications [70, 71]. Chrobak et al. developed a fibrin-based cardiac 

patch, fibronectin is a biocompatible protein, insoluble in water, it was reported that the 

fibrin patch improved the cell oriantation in defected myocardium [72, 73]. Silk fibroin 

can be derived from silk, higly preferable since high biocompatibility and degradablity 

properties. Chitosan is a polysaccharide based poylmers derived from chitin, it has several 

advantages such as biocompatibility, mechanic properties, antibacterial properties and 

hemostatic properties [73]. In a study, chitosan based scaffold improved the 

cardiomyogenic differentiation [74] . Alginate is derived from algae, purificated alginate 

is biocompatible polysaccharide, its structure similar with ECM [73]. In a study, alginate 

based scaffold was applied rat MI model, important development in cardiac function was 

obtained after 28 day implantation [75]. Another polysaccharide is hyaluronic acid, it is 

an acidic polysaccharide, can be obtained from animal sources and microbial production 

[73].  In a study, 3D printed hyaluronic acid and gelatin cardiac patch enriched with 

cardiac-derived progenitor cells and applied to mouse MI model. The presence of vascular 

markers and improvement of cardiac fucntion was reported after implantation patch [76].  

Collagen and gelatin are main proteins in animal body, the hyrolysis of collagen resulted 
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with gelatin, they are higly preferable in cardiac patch applications since familarities high 

cell adhesion [77]. 

1.4.1.1 Gelatin 

Gelatin is a natural protein-based polymer, obtained from hydrolized collagen 

which is the important native ECM component. Gelatin offers excellent biocompatibility 

thanks to the its denaturated structure, because mitigated  aromatic groups of collagen 

regarding immune response, inflammation and rejection. Also, gelatin improve the 

elacticity, viscocity, water solubility and conductivity of polymers. Gelatin includes the 

carboxylic and amino groups, which provide ability to chemically crosslink or conjugate 

with several molecules [78]. However, using gelatin alone is not recommended for 

cardiac applications due to weak mechanical properties and susceptibility to enzymatic 

degradation [79] . 

 

Figure 1.16 The natural and synthetic polymers for cardiac patch applications [80].  

 

 1.4.2 Synthetic Polymers for Cardiac Patches 

Synthetic polymers can be categorized as polyesters, polyacids, polyol, etc. 

depending on the their matrix type, higly preferable in cardiac applications due to low 

cost, easy manufacturing, stable structure and adjustable degradation and mechanical 

properties [73].  The common synthetic polymers are polylactic acid (PLA), poly glycolic 
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acid (PGA), poly (lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), poly 

(glycerol sebacate), polyurethane (PU), polyester urethane urea (PEUU), polyvinyl 

alcohol (PVA), polyacrylamide, poly-tetrafluoroethylene (PTFE), which are most 

prefereble polymers in cardiac patches applications [60]. The PGS is biodegradable 

elastic polyester, including glycerol and sebacic acid, was developed by Robert Langer 

[70]. PCL, PGA, and PLA or their copolymers are a type of polyester polymers, while 

the PU is the elastomeric polymer [81]. PCL is like a cornerstone of tissue engineering 

scaffolds since good biocompatibility, adjustable mechanical properties and degradation 

rate, easily manufacturing in desired morhphologhy. [73].  PCL can be used as blended 

form like  Polypropylene-co-ε-caprolactone (PLCL) [67].  PLCL and PGA were 

combined in cardiac patch scaffold to improve myocardial healing and promote 

cardiomyocyte regeneration [82]. The PLA and PLGA are the main polyacid substrates 

with high biocompatibility, biodegradability, adjustable mechanical properties [73].   

 

 

Figure 1.17 The chemical structures of synthetic polymers used in cardiac patch 

applications [83]. 

1.4.2.1 PLGA 

PLGA is a Food and Drug Association (FDA) approved synthetic polymer used in 

several biomedical applications. PLGA is a water non-soluble polymer, its biodegradation 

process run with hydrolytic degradation since its ester bond in polymer chain. PLGA’s 

properties such as  molecular weight, mechanical property, crystallinity, degradation rate, 

glass transition temperature depends on its glycolide and lactide content on polymer 
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chain. PLGA is high preferable polymers due to its adjustable biodegradation and 

mechanical properties for biomedicine applications [84]. In a study, stem cell loaded 

PLGA scaffold promoted the cell adhesion and proliferation and cardiac proteins 

expression was reported [85]. In another study, electrospun PLGA/gelatin cardiac patch 

demonstrated the integration of cardiomyocyte cells with the functional cardiac protein 

expressions [86].  Wee et al. developed a stem cell loaded PLGA/collagen cardiac patch 

in rabbit MI model, they reported the fabricated cardiac patch improved cardiac function 

and increased stem cell retention capacity [87]. 

1.4.3 Natural and Synthetic Blend Polymers for Cardiac Patches 

The natural polymers higly preferable for cardiac tissue enginnering since their 

have superior biocompatibility, and capability to enhance cell adhesion and proliferation 

since similar nature with ECM [71]. However, natural polymers have drawbacks such as 

fast degradation rate and low mechanical strength. On the other hand, synthetic polymers 

are favorable because of being easily produced in the desired morphology, structurally 

stable, adjustable mechanical properties, and controlled degradation rate [69]. However, 

the rigid synthetic polymers can not integrate to contraction-relaxation function of heart 

since their high stiffness and rigidity, also they have high hydrophobicity, their use alone 

is insufficient for cell adhesion and proliferation, the synthetic patch needs to improve 

their bioactivity [24, 60]. For this reason, synthetic and natural polymers should be used 

as a mixture in cardiac patch applications [73, 88]. In a study, collagen, elastin, and PCL 

blend polymers were used to fabricate cardiac patch, and investigated in vivo mice MI 

model. It was reported that the cardiac-mimicking patch improved the cardiac function 

and reduced ischemic area after 4 weeks of patch implantation [89]. In a study, 

GelMA/PCL/PPY composite conductive cardiac patch was studied in MI model, it was 

reported that the patch improved neovascularization and decreased the scar size [90]. 

1.5 ECM-Based Cardiac Patches 

The challenge of copying the compexity of the heart architecture directed the 

researchers to use native ECM as biologic scaffold [45]. The native ECM includes the 

structural and biochemical supportive macromolecules such as collagen, glycoproteins 
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and glycosaminoglycans [83]. The native ECM could be ideal scaffold for cardiac 

applications due to its vascular architecture and high macromolecular content [45]. 

 

Figure 1.18 Extracellular matrix components [91]. 

 

The most significant advantages of ECM-based patches are that they quickly 

provide tissue-material compatibility, regeneration, repair, and remodeling of defected 

tissues [62]. In the literature, myocardium, pericardium, bladder, and small intestinal 

submucosa tissues were used for cardiac patch applications [83, 92]. The ECM-based 

scaffold can be obtained from allogeneic or xenogeneic tissues [83]. However, the 

allogeneic and xenogeneic tissue’s cellular antigens induced immune-mediated rejection 

due to recognizing as foreign by the host tissue. Therefore, the native ECM is used either 

fixed with crosslinker or decellularized in order to hold down of that antigens [93]. 

 

 

Figure 1.19 Decellularized tissues for cardiac applications [62]. 

 



23 

 

1.5.1 Pericardium for Cardiac Patches 

Tissue selection for decellularized cardiac patches is crucial, the structure and 

properties of the tissue should be considered for the selection of tissue. The cardiac patch 

should support the function and regeneration of myocardium, match the elasticity and 

mechanical strenght of myocardium, provide host cell integration and vascularization, 

and avoid immune reactions [68]. The pericardium is an essential and advantageous tissue 

for cardiac patches thanks to its high collagen content provides high mechanical strength 

and elasticity. The pericardium is a fibrous sac that surrounds the heart, mainly composed 

of compact collagen and elastin fibers [94]. The pericardium consists of three layers: 

serosa, the thin inner layer composed of mesothelial cells; fibrosa, which is the thicker 

layer formed by collagen and elastin bundles; and epi-pericardial connective tissue layer 

[13]. Also, there are commercial available pericardium-based biomeshes for several 

biomedical  applications such as Bioripar® and Tutomesh® [94].  Pericardium-based 

cardiac patches have many advantages over synthetic patches such as lower cost, 

flexibility, functionality, easy integration into the host tissue, biocompatibility, less suture 

bleeding, and reduction in infection rates [95]. However, the mechanical and fiber 

structure of the ECM could be defected during the current decellularization methods, 

that’s why the desing of decellularization protocol is critial [93]. In a study, acellular 

pericardium cardiac patch enriched with mesenchymal stem cell and investigated on rat 

MI model. They reported that the natural acellular scaffold as cell delivery patch 

demosntrated the neo-vessels [96]. 

1.6 Hybrid Materials for Cardiac Patch  

The polymeric cardiac patches are attractive since their easy fabricability, low cost, 

adjustable morphological, physical properties, biodegradable behaviour, however they 

could have low biocompatibility, weak mechanical property, and high hydrophobicity. 

On the other hand, ECM-based cardiac patches can provide excellent biocopatibility, 

tissue-material integrity, mechanical support for injured myocardium, however, the 

obtained ECM-based patch suffer from lack of conductivity. Therefore, the cardiac 

patches should be designed with the capabilities to fulfill the requirements of an ideal 

cardiac patch such as; high biocompatibility, fully integration with body, appropriate 

degradation rate, bioactivity, enhanced vascularization, appropriate mechanical strenght, 
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and conductivity. The combination of hybrid polymeric and biologic scaffolds can be 

versatile for cardiac patch applications. In a study, a cardiac patch was fabricated from 

silk and ECM, the hybrid scaffold was enriched with gold nanoparticles and  

mesenchymal stem cells, then its efficiency was investigated, the improvement of 

cardiomyocyte cell adhesion, proliferation and increase ventricular thickness was 

obtained in mice MI model [97].  In another study, a bilayered PECUU/ECM patch was 

fabricated and investigated in animal MI model. They highlighted that the patch has 

positive effect on angiogenesis, decreasign LV compliance and alleviating scar formation 

[98] . 

1.7 Fabrication Techniques for Cardiac Patches 

Tissue engineered scaffolds play an important role in cardiac patch applications in 

that mimic ECM structure of myocardium, providing mechanical support, enhancing cell 

adhesion, proliferation, differentiation and orientation, contolled degradation rate and 

controlled release of bioactive molecules [73]. Considering these criteria, the fabrication 

techniques play important role to cardiac patch’s morphological and physical properties. 

Cardiac patches with various morphologies can be fabricated by utilizing several methods 

such as electrospinning, 3D printing, molding, freeze-drying, decellularization and 

solvent-film casting [99]. The working principle of freeze-drying depends on the drying 

of frozen materials, applying high vacuum to water molecules transfers from solid to 

gaseous state. In this way, the porosity can be achieved in freeze-dried scaffolds. The 3D 

printing is another technology to produce a cardiac patch, the biomaterials, cells, growth 

factors and bioactive components can be printed layer by layer. The ink solution of 3D 

printing can be prepared from polymeric solutions or native ECM solutions  [73].  



25 

 

 

Figure 1.20 The fabrication techniques for cardiac patches (Figure was drawn in 

Biorender). 

 

1.7.1 Electrospinning  

Electrospinning is one of the versatile methods used to produce ultrafine fibers with 

diameters from nanometer to micrometers [63]. Electrospinning can be classifed into 

solution electrospinning and melt electrospinning, working principles depend on the 

applying high voltage static electricity to polymer solution at the tip [73]. The 

electrospinning components are a syringe pump, a power-voltage supply, a spinneret that 

conductive needle tip, and a grounded conductive collector. The polymer solution can be 

fed with a stable flow rate by syringe pump, the needle is connected with an electrode of 

power supply to charge polymer droplet. The other one is connected to the grounded 

collector [100]. When the polymer droplet is loaded with high voltage, the surface tension 

of polymer droplet becomes electrostatically charged at the tip of spinnered. By this way, 

the droplets unders the two electrostatic forces, one is Coulombic force by applied electric 

field, and second is electrostatic repulsions from surface charces of droplet. The droplet 

elongates into conical shape which known as Taylor cone by these two forces. When the 

electric field exceed the critical value, electrostatic forces bypass the surface tension of 

polymer solution, it push the polymer solution to jump from Taylor cone. The liquid jet 

elongates continuosly in the direction of electric field, and during its spinning movement 

the solvent evaporates and the polymer fibers collected randomly on collector as an 

electrospun mat. The fabricated elelctrospun mats fiber diameters and mat’s pore 
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structure depends on the electrospinning parameters such as solution concentration, 

molecular weight of polymer, polymer solution composition, solution flow rate, applied 

voltage, and the distance between the tip and collector  The formation of beads in 

polymeric fibers is an essential problem of electrospinning, it can be solve by optimizing 

electrospinning parameters. [101]. 

The electrospun membranes can imitate the structure and biological functions of 

ECM thanks to their properties such as adjustable fiber diameters, high surface area and 

porosity, and 3-dimensional network structure. In addition, electrospun nanofibrous 

scaffolds can be used as 3-dimensional structures that create environmental conditions 

which allow cell adhesion, migration, and differentiation, thus providing tissue 

regeneration function of ECM in the body. It has been shown that electrospun cardiac 

patches used with agents such as bioactive molecules, growth factors, drugs, and stem 

cells are more effective in treating myocardial defects [63]. 

 

Figure 1.21 The illustration of electrospinning apparatus and formation of fibers [94, 95]. 

 

1.7.2 Decellularization  

 Decellularization is the important methods of obtaining ECM-based scaffolds from 

organ or tissue parts [104]. The decellularization method aims to remove all cells and 

genetic materials from the ECM and obtain a biological scaffold while preserving its 

structural, biochemical, and biomechanical properties [93]. Generally, decellularization 

techniques are adapted to preserve different physical and biochemical properties of ECM, 

including tissue thickness, the density of ECM molecules, mechanical integrity, and 3-

dimensional configuration [105]. Decellularization procedures often include a 
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combination of physical, chemical, and enzymatic strategies. The physical methods 

contain the mechanically agitation, pressure, or massage, sonication, and frezing-thawing, 

principles depends on the distrupting cell membrane, then releasing of cell content. 

However, the physical treatments have failed to completely decellularization, therefore 

they combined with chemical and enzymatic methods [98, 101]. The enzymatic and 

chemical methods includes the use of ionic solutions or detergents in order to lysis of cell 

membrane. Its principle depends on the distrupting cell membrane, then releasing of cell 

content and removing cell residue from tissue. Basically, tyripsin is the most common 

enzymes that can cleave the carbon bonds of arginine and lysine. Moreover, the alkaline 

or acid solutions can be preferable for chemical methods to solubilize cytoplasmic 

component. Basically, acetic acit, paracetic acit, hydrochloric acid, ammonium hydroxide 

and sulfuric acid are used for decellularization, but they could be damage the ECM 

structural components. The non-ionic detergents such as Triton X-100 can be break lipid-

lipid or lipid-protein interactions, but its higher concentrations can lead to loss of ECM 

protein components. The ionic detergents such as sodium dodecyl sulfate (SDS), sodium 

deoxycholate (SD), are versatile to solubilize cytoplasmic and cellular membranes, but 

they can denaturate the proteins. The zwitterionic detergents demonstrates the both ionic 

and non-ionic detergents properties, 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), sulfobetaine-10 (SB-10), and sulfobetaine-16 (SB-16) are 

the main zwitterionic detergents for decellularization.  The osmotic shock can be used 

with hypertonic(deionize water) and hypotonic (Trizma/EDTA) solutions for 

decellularization [93]. 

The success of the decellularization procedure depends on the completely removal 

of cells and genetic materials and the preservation of tissue integrity, microstructure, and 

mechanical structure [107]. The decellularized tissues also known as acellular scaffolds, 

have advantages than native tissue on behalf of low immune reaction, low cost, long shelf 

life, off-the-shelf availibility for quick implantation [68].  In a study, rat placenta matrix 

was decellularized and implanted on the rat heart after MI, it demonstrated the significant 

improvement in cardiac functions [108]. In another study, the porcine heart tissue was 

decellularized and used as a hydrogel form for cardiaovascular applications [109]. 
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Figure 1.22 Ilustration of physical, chemical and enymatic decellularization methods 

[110]. 

 

1.8 Conductivity Criteria for Cardiac Patch 

Considering the critical component in the heart's structure, a cardiac pacth should 

be  electrically conductive [111]. The contraction-relaxation behavior of the heart results 

from the synchronous propagation of electrical signals through the cardiomyocytes. In 

recent years, electrically conductive polymers have had an important role in tissue 

engineering, especially for cardiac patch applications [112]. Many researchers try to 

imitate and improve the functionality of the heart by  using electrically active particles or 

conductive polymers for cardiac applications. A fully integrated cardiac patch should be 

conductive, non-toxic, biologically active and have the ability to withstand the dynamic 

forces of the heart especially the contraction, torsion, and tension forces. Basically, 

carbon-based nanomaterials such as carbon nanotupes, or carbon nanofibers, graphene 

derivatives, metalic nanoparticles such as gold nanoparticles and silver nanoparticles, and 

electroactive polymers are most preferable for cardiac applications [111]. The electrically 

conductive polymers are a type of synthetic polymers with distinctive electro-active 
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properties. Their polymers have π-conjugated chain that alternate the single and double 

bonds that means delocalized electron can move along the polymer chain. The electro-

optic properties depend on the polarizable and delocalized π-electrons in their chain 

[113]. In the doping process, electrons can be injected or removed that is provides 

movable charge carriers such as electrons or hole in the molecules achieving conductivity 

[114]. Firstly, Alan Heeger, Alan MacDiarmid, and Hideki Shirakawai discovered a 

conductive polyacetylene polymer by doping polyacetylene with iodine in 1977. By the 

way that study has a Nobel Prize in chemistry in 2000 [113]. Mainly, polyaniline (PANI), 

polypyrrole (PPy), and polythiophene (PTh) and their derivatives or composites are 

attractive conductive polymers for cardiac patch applications due to their 

biocompatibility, easy synthesis, low cost and modifiability conductivity, and charming 

electro-optic properties [112, 113]. However, the conductive polymers have a brittle 

structure and are very difficult to use alone in scaffolding production, nondegradable 

properties, and they may cause toxicity in long-term application [112]. Therefore, they 

should be used with blending with other polymers especially in cardiac applications. In a 

study,  PANI blended with PLA in nanofibrous membrane for cardiac patch applications 

[115]. In a study, PCL film was coated with conductive PPy, the fabricated cardiac patch 

demostrated the 1.0 ± 0.4 kΩ cm. resistivity, which is similar to native heart resistivity 

[116].  

  

Figure 1.23 The common conductive polymers and π-conjugated polymer chain  [71, 

117, 118]. 
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1.8.1 PANI  

PANI is one of the charming polymers preferred in various industrial and 

biomedical applications due to its low cost, easy preparation, controllable conductivity, 

and low toxicity [113]. PANI can be synthesized by oxidative polymerization of aniline, 

existing different forms based on the oxidation level. The full-oxidized base form is 

known as pernigraniline, and the half-oxidized form is emeraldine. The emeraldine is 

conductive and stable form of aniline [111]. The dodecyl benzene sulfonic acid (DBSA) 

is a dopant for PANI, the lipophilic group in DBSA provides solubility in many organic 

solvents, that’s why PANI has been preferable in many studies [113]. In a study, PANI 

contained gelatin scaffold was fabricated by electrospinning, it supported the 

cardiomyocyte cell adhesion and prolfieration on scaffold [119]. In another study, 

electrically conductive nanofibers were fabricated from PCL/PANI by electrospinning, 

the PANI integration improved the conductivity of nanofibers up to 63.6 ± 6.6 mS/cm 

[120]. In another study, PANI nanoparticles was coated on the PCL-based scaffold by 

ink-jet printing [121].  

 

 

Figure 1.24 The chemical structure of polyaniline [122]. 
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1.9 Bioactivity of Cardiac Patch 

1.9.1 Vascularization Criteria  

Vascularization is one of the major challenge of cardiac tissue engineering 

applications. The heart contains numerous capillaries, which surround the 

cardiomyocytes to facilitate efficient mass transfer. The blood vessel formation can be 

stimulated by several methods such as gene theraphy, stem cells or delivering growth 

factors on the infarcted myocardium [123]. The vascular enthothelial growth factor 

(VEGF) is a growth factor acting as a signaling molucule to enhance angiogenesis in 

biomaterials. Basically, VEGF binds to VEGF-receptor and activates it, the ligand-

activated VEGFR generates the angiogenic signals, then several pathways can be initiated 

respectivelly. Then, the endothelial cell migration is activated by these pathways to form 

of vessels [124]. Additionally, the scaffold-based approach is critial to provide suitable 

porosity to formation of blood vessels [125]. Miyagi et al. developed a collagen-based 

cardiac patch, they immobilized VEGF covalently to patch to provide fast vascularization 

response in vivo [126]. In a study, VEGF growth factor was encapsulated into PLGA and 

combined into a acelllular myocardium scaffold to increase capillary density on animal 

model [127]. In another study, PCL/PGS electrospun membrane was functionalized with 

VEGF to gain bioactivity for cardiac patch applications [128]. 

 1.9.2 Bioactive Plants  

 Several plants have bioactive and anticoagulant effects, such as cinnamon, parsley, 

liverwort, hawthorn, etc., have been used as alternative medicine in heart disease  [129]. 

Especially hawthorn, also known as deer thistle and crataegus oxyacantha, is a plant 

widely used to treat gastrointestinal disorders and cardiovascular problems such as 

angina, hypertension, hyperlipidemia, arrhythmia, and functional class II congestive heart 

failure [130–132]. Hawthorn contains many pharmacologically active substances such as 

polyphenols (chlorogenic acid, proanthocyanidin B2, epicatechin), flavonoids 

(proanthocyanidins, mucoxanthin, quercetin, rutin), and pentacyclic triterpenoids (ursolic 

acid, hawthornic acid, oleanolic acid) and phenol carboxylic acids [78]. In the literature, 

there are several in vivo and in vitro studies regarding the hawthorn extract’s 

cardioprotective effect and antioxidant properties [133]. It was reported that the 
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hawthorn’s antiplatelet or anti-coagulant properties depeds on its preventive effect on the 

platelets agregation [134]. On the other han, oxidative stress is an undesirable event in 

defected myocardium, hawthorn can provide positive effect on the protection of 

myocardium by reducing oxidative stress [135] . Therefore, hawthorn extract could be 

good bioactive molecules for cardiac patch applications. 
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Chapter 2 

Materials & Methods 

 

Figure 2.1 Graphical representation of the bilayered cardiac patch fabrication and 

methods parts. 

 

2.1 Materials 

The bovine pericardium used in this study was donated from Erciyes University 

Faculty of Veterinary Medicine slaughterhouse. Various reagents and materials were 

acquired from reputable suppliers, with details as follows: phosphate buffered saline 

(PBS), penicillin/ streptomycin, trypsin/ EDTA, pepsin, sodium chloride (NaCl), Aniline 

(ANI), ammonium peroxydisulfate ((NH4)2S2O8), Dodecylbenzene sulfonic acid 

(DBSA), sodium dodecyl sulphate (SDS), Genipin, gelatin (Derived from Bovine Skin, 

CAS No.9000-70-8) $225g Bloom, Type B) were obtained from Sigma. DNase and 

RNase were procured from Thermo Fisher, and diamidino-2-phenylindole (DAPI, 

Thermo Fisher),  Hematoxylin-Eosin (H&E, Roth Fast Staining Kit), Sircol Soluble 

Collagen Assay Kit (Biocolor, S1000), One-4-All Genomic DNA Miniprep 

Kit(BS88503, BioBasic Canada), 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Chem 
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Solute), Poly-L-lactide-co-glycolide (PLGA, 75/25, Mw:120.000, Purasorb), Paraffin 

(TEKKIM), deoxycholic acid (CAYMAN), Tris (BioBasic), VEGF165, (Z02689-50, 

Genscript), VEGF165-Eliza Kit (MyBiosource), (Triton X-100 (AppliChem), rat 

cardiomyocyte cell line (ATCC, H9c2, CRL-1446™),  Dulbecco's Modified Eagle 

Medium-Low Glucose (DMEM, Serox), RPMI (Serox), L-glutamine (Capricorn), Fetal 

Bovine Serum (FBS, Serox), CellTiter 96® AQueous One Solution Cell Proliferation 

Assay ((MTS), Promega), APTT (Atlas Medical), VEGF Bioassay (Promega GA2001), 

tissue adhesive (Glubran®) were sourced from several brands. Additionally, hawthorn 

was purchased from local plant stores. Xylene, Methanol, Ethanol and Formalin were 

purchased from Merck. 

For in vivo studies, the ketamine (Ketasol®), xylazine (Xylazinbio®), and 

disposable sterile materials were purchased from several brands, the sutures (4-0, 3-0, 1-

0, 6-0, 7-0) were purchased from Doğsan™. Hematoxylin & Eosin Fast Staining Kit was 

purchased form Roth™, Masson’s Trichrome Stain Set was purchased from Zag™. The 

antibodies: VWF Polyclonal Antibody (BS-0586R), GATA4 Polyclonal Antibody (BS-

1778R), CD68 Polyclonal Antibody (BS-0649R), CD34 Polyclonal Antibody (BS-

0646R), CD31 Polyclonal Antibody (BS-0468R) were purchased from Bioss™, α-SMA 

Polyclonal Antibody (E-AB-34268), Goat Anti-Rabbit IgG(H+L) (Elab Fluor®488 

conjugated, E-AB-1055), Goat Anti-Rabbit IgG(H+L)(Elab Fluor®647 conjugated, E-

AB-1075) were purchased from Elabscience™. Citrate buffer was obtained from 

Scytek™, anti-fade fluorescence mounting medium was purchased from Abcam. DAPI 

(2-(4-Carbamimidoylphenyl)-1H-indole-6-carboximidamide dihydrochloride, 98%, 

BD123448) was purchased from BLD Pharma™. 

2.2 Preparation and Characterization of First Layer  

2.2.1 Decellularization of Bovine Pericardium 

 Bovine pericardium was taken from Erciyes University Faculty of Veterinary 

Medicine slaughterhouse and processed in accordance with the established  protocol 

[136]. To achieve decellularization, the pericardium underwent treatment with a 10 mM 

Tris buffer (pH 7.4) containing Triton X-100 (1%, v/v), SDS (0.2%, w/v), 150 mM NaCl, 

deoxycholic acid (1%, w/v) for a duration of 72 hours. Subsequently, a hypotonic 10 mM 

Tris buffer, incorporating trypsin/EDTA (0.5%/0.2), RNase (20 µg/ml) and DNase (0.2 
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mg/ml), was applied for an additional 48 hours at 37°C. Following the decellularization 

process, thorough rinsing with distilled water was carried out to eliminate detergent 

residues [137]. The processed pericardium was then subjected to drying using a freeze-

dryer (Labconco, FreeZone) and stored at -20oC for further use. 

2.2.1.1 DNA Analysis of Pericardium 

The commercial DNA Assay kit (BioBasic, BS88503) was employed to quantify 

the DNA content in both decellularized and native pericardium samples. Following the 

kit protocol, 15 mg of dried tissues were extracted using the “BioBasic DNA Kit 

(BS88503)”, and the resultant DNA was dissolved in 50 µl of dilution buffer. 

Subsequently, the DNA concentration was defined by NanoDrop spectrometer 

(NanoDrop2000, Thermo Scientific), yielding a concentration of 1 ng/µl at 260 nm [138]. 

The ng DNA per mg dry tissue weight was calculated using the following equation, and 

the results were presented comparatively [139]. 

DNA amount (ng/mg) = 
Concentration of DNA at 260 nm (

ng

µl
) x Volume of dilution buffer (µl)

Sample weight (mg) 
 (2.1) 

2.2.1.2 Collagen Analysis of Pericardium 

The impact of decellularization on collagen content was assessed using commercial 

Sircol Soluble Collagen Assay Kit (S1000). The pericardium underwent digestion in 0.5 

M acetic acid solution containing 1 mg/ml pepsin, conducted overnight at 4°C. The 

resulting digested solutions were subjected to centrifugation at 3000 rpm, and 100 µl of 

the supernatants were then incubated with 1 mL of Sircol dye reagent for 30 minutes at 

room temperature. Following the precipitation and washing step using kit buffers, the 

final collagen solution’s absorbance was measured at 555 nm using a microplate reader 

[140]. 

2.2.1.3 Histological Staining of Pericardium 

Both decellularized and native pericardium were subjected to histological analysis 

using diamidino-2-phenylindole (DAPI, Thermo Fisher) and Hematoxylin&Eosin (H&E, 

Roth Fast Staining Kit) staining techniques. Formalin-fixed samples were embedded in 

paraffin, and 5 µm tissue sections were prepared. Initially, the tissue sections were stained 

with DAPI (300 nM), followed by a 5-minute incubation period, and subsequently 
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examined under a confocal microscope at 20X magnification [137]. Subsequently, the 

tissue sections were subjected to H&E staining and observed using an optical microscope 

(Olympus, DP72). 

2.2.1.4 Mechanical and Morphological Characterizations of Pericardium 

 The mechanical strength of the pericardium was investigated by uniaxial tensile 

test (Shimadzu, AGS-X 10 kN). Samples, cut to dimensions of 41 mm in length and 4.0 

mm in width with following ISO 37 standards, underwent tensile testing at a strain rate 

of 5 mm/ using a 10 N per load capacity device [141]. Tensile strength, elastic modulus, 

and elongation ratios were calculated from stress-strain curve in accordance with ASTM 

638D standards. To investigate the decellularization effect on the ECM structure, the 

pericardium’s thickness was measured using a micrometer. Additionally, the serous and 

fibrous layers of the pericardium were examined via scanning electron microscopy (SEM, 

Carl Zeiss EVO LS10, Germany). The pericardium, dried by freeze-dryer (Labconco, 

FreeZone), underwent a gold coating process under vacuum with a 5 kV acceleration 

voltage. SEM images were captured to discern the impact of decellularization on the ECM 

fibers [141–143] . 

2.2.2 Synthesis and Characterization of PANI Nanoparticles  

The PANI ink solution was synthesized through oxidative polymerization in water, 

using aniline (ANI) as the monomer, dodecyl benzene sulfonic acid (DBSA) as the 

anionic surfactant, and ammonium peroxide sulphate ((NH4)2S2O8, APS) as the initiator 

agent. Aniline, APS, and DBSA were mixed at a ratio of 1:0.5:1.6 and stirred for 2.5 

hours. Subsequently, the mixture underwent dialysis against water for 48 hours, and the 

PANI ink solution was obtained following centrifugation at 8000 rpm for 30 minutes 

[144]. The chemical structure of the resulting PANI was characterized using Fourier 

Transform Infrared Spectrophotometer (FTIR, Thermo Fisher) utilizing the Attenuated 

Total Reflectance (ATR) technique within the range of 400-4000 cm-1. Furthermore, the 

particle size of PANI nanoparticle was determined using a dynamic light scattering 

spectrometer (Malvern Zetasizer NanoZS DLS). The instrument, equipped with a 4 mV 

He-Ne laser operating at λ = 633 nm, performed measurements at a backscattering angle 

of 173°. 
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2.2.3 Pericardium coating with PANI  

The decellularized bovine pericardium’s surface was coated with PANI 

nanoparticle ink using ink-printing method, applying a pressure of 2.1 psi and a 0,25 mm 

inner diameter needle. The coating process involved applying PANI nanoparticles in 

parallel lines on the pericardium. Subsequent to coating, the pericardium was dried at 

37oC for 30 minutes and crosslinked using %1 genipin solution (w/v in (70:30) ethanol: 

water). Following crosslinking, the pericardium underwent multiple washes with PBS 

and then subjected to freeze-dryer. The crosslinking efficiency was evaluated through 

FTIR analysis. 

Morphological examination of the PANI-coated pericardium was conducted via 

SEM, while its mechanical properties were assessed through a tensile test. The electrical 

conductivity of the PANI-coated pericardium was measured using a 4-point device 

(KEITHLEY 2400 SourceMeter). This technique relies on the principle of determining 

the sheet resistance of the material. The resistivity of the material was derived from the 

measured resistance value, and the conductivity was expressed in Siemens per centimeter 

(S/cm). The calculations followed established equation based on  previous studies in the 

literature [145]. 

Rsheet= 
𝑅

𝑡
      Conductivity (S/cm) = 

1

𝑅
    (2.2) 

(R; resistance (ohm), t; tissue thickness) 

 

2.3 Preparation and Characterization of Second Layer 

of Cardiac Patch 

2.3.1 Obtaining and Characterization of Hawthorn Extract  

 A quantity of 50 g of dried hawthorn was subjected to extraction using 500 ml of 

70% ethanol at 63°C for 4 hours, employing a Soxhlet extraction system [146]. The 

resultant extract-ethanol mixture underwent treatment in a rotary evaporator at 40oC to 

eliminate ethanol and water. The final hawthorn extract was then stored at -18oC for 

further use.  

  The chemical structure of the hawthorn extract was elucidated through FTIR 

utilizing the  ATR technique within the range of 400-4000 cm-1. Gas Chromatography-
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Mass Spectroscopy (GC-MS) analysis was conducted to identify the compounds present 

in the hawthorn. The analysis, performed using a Shimadzu GCMS-QP2010 ULTRA 

instrument with helium gas as a carrier gas, utilized an Rtx®-5MS column (30 m x 250 

µm 0.25 µm) at a flow rate of 3 ml/min. The temperature range for analysis spanned from 

40oC to 280oC, with a rate of temperature increase set at 15oC/min. 

2.3.2 Fabrication of Electrospun Membranes  

The polymer solutions for the electrospinning were prepared from a (15%, w/v) 

PLGA/gelatin mixture (9:1) in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a solvent. 

Subsequently, hawthorn extract at a concentration of 1%, 5%, 10%, and 15% (w/v) were 

individually incorporated into the solutions. Solutions containing VEGF were prepared 

from a (15%, w/v) PLGA/gelatin and 10% (w/v) of hawthorn extracts mixture in HFIP, 

with VEGF concentrations set at 0.1 µg/ml, 0.5 µg/ml, and 1 µg/ml. These well-mixed 

solutions were loaded into a syringe and produced as a nanofiber membrane by 

electrospinning method. The electrospinning parameters included a flow rate of 1.5 ml/h, 

a voltage of 15 kV to be applied, and a distance of 17 cm between the needle tip and the 

collector. These fabricated membranes were labelled as AY1-AY8. 

2.3.3 Characterizations of Electrospun Membranes  

The fiber orientation, fiber diameters and pore sizes of membranes were examined 

using SEM (Carl Zeiss EVO LS10, Germany) at magnifications of 1000X, 2000X, 3000X 

and 5000X. The ImageJ software (National Institutes of Health, Bethesda, MD) was 

utilized to calculate the fiber diameters from SEM images. The chemical structure of the 

membranes was analyzed via FTIR analysis with a wavelength range of 400-4000-1 cm, 

using ATR technique. The hydrophilic properties of membranes were investigated by 

determining contact angle value in Contact Angle-Sessile Drop (Biolin Scientific 

Attention Theta Lite) device. An in vitro weight loss study of PLGA/gelatin membrane 

containing hawthorn extract and VEGF was conducted in PBS at 37oC for 28 days. At 

specific time intervals (days 7, 14, 21 and 28) the membranes were removed from PBS 

and subjected to dry weighing. The in vitro degradation percentages were calculated using 

the initial weights (Mi) and final weights (Mf) of the membranes with the following 

equation; 
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Weight Loss (%) = 100 x 
Mf−Mi

Mi
       (2.3) 

(Mi= dry weight of membranes, Mf= final weight of membranes) 

2.3.4 Controlled Release Profiles of Membranes 

The release profiles of the hawthorn extract from AY2, AY3, AY4 and AY5 were 

investigated for 28-day period. Membranes, cut to a minimum size of  1cm x 1cm, were 

incubated in 15 ml of PBS at 37oC for 28 days. During this interval, 1 ml of liquid was 

withdrawn from the release environment, and 1 ml of PBS was replenished. To generate 

a calibration curve for hawthorn extract, hawthorn was dissolved at concentrations 

ranging from 2,5 to 0,2 mg/ml in water and scanned between 200-700 nm using a 

fluorescence spectrophotometer (Varioskan, Thermo Scientific). A specific excitation 

value of 320 nm and emission value of 420 nm were chosen for hawthorn extract. The 

hawthorn extract release in the collected liquids were quantified by measuring 

fluorescence ( ex: 320 nm em: 420 nm) with the spectrometer. The cumulative release 

graphs were generated using the following equation: 

Cumulative Release (%) = 100 x [ 
Vm x C(n) + 1 ml x  C(n−1) 

Wo
 ]   (2.4) 

In this equation, Vm represents the volume of the release medium, C(n) denotes the 

amount of hawthorn extracted from the single release medium (mg/ml), C(n-1) represents 

the amount of hawthorn previously extracted from the environment, and W0 (mg) is the 

initial amount of hawthorn loaded onto the membrane [147, 148]. The release profiles of 

VEGF from VEGF-containing membranes were investigated for 28 days. The membranes 

were incubated in PBS at 37oC for 28 days, and released samples were collected at the 

specified intervals (1, 2, 3, 4, 5, 6 and 12 hours and 7, 14, 21 and 28 days) and stored at -

20oC. Released VEGF was quantified using an Eliza kit (MyBiosource, MBS2514274) at 

450 nm. To construct a standard curve, 2000 pg/ml VEGF standard was diluted at ½ ratios 

according manufacturer’s protocol. The release behaviour (%) of VEGF was calculated 

from the standard curve using the aforementioned equation. 

2.3.5 In vitro Anticoagulant Efficacy of Membranes 

The in vitro anti-coagulant effect of membranes containing hawthorn extract were 

assessed using the activated partial thromboplastin time (APTT) assay.  Initially, approval 

was obtained from the Ethical Committee (Erciyes University Clinical Ethics Committee 
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Approval Decision no: 2022/267, 23.03.2022), and 20 ml of healthy human blood was 

collected, to which 109 mM sodium citrate (9:1 v/v) was added to prevent coagulation. 

Platelets were then isolated from the blood through centrifugation at 2000xg for 20 

minutes at 4°C, yielding platelet-poor plasma (PPP). Subsequently, 100 µL of PPP and 

APTT were mixed and incubated with the membranes for 5 minutes at 37°C. Following 

this, 50 µL of 25 mM CaCl2 solution was added, and the activated partial thromboplastin 

time (APTT) was measured [149]. 

2.3.6 Investigation of VEGF Bioactivity by Bioassay 

The bioactivity of VEGF was evaluated using VEGF Bioassay (Promega GA2001). 

Following the manufacturer’s protocol, 10% Fetal Bovine Serum (FBS) was incorporated 

into DMEM, and KDR/NFAT-RE HEK293 cells (Promega GA2001) were combined 

with 4 ml of DMEM/FBS. Subsequently, 25 ml of the cell-DMEM mixture was added to 

the white 96-well plate. Positive controls containing VEGF, membranes containing 

VEGF, and reference standards were added to the plate, followed by the addition of  25 

ml DMEM to each well.  The plate was incubated in a 37 °C incubator for 6 hours. 

Following incubation, 75 ml of Bio-Glo reagent (Promega GA2001) was added to each 

well, and luminescence was measured using a luminometer (Varioskan Plate Reader, 

Thermo Scientific) [150]. 

2.4 Preperation and Characterizations of the Final 

Bilayered Cardiac Patch 

The first and second layers of the cardiac patch were integrated using tissue glue. 

Initially, the 25 µl of tissue adhesive was dispensed and uniformly distributed between 

the layers using a sterile syringe needle. To commence, the integration of layers 

underwent scrutiny via SEM, the cross-sectional profile of the bilayered cardiac patch 

was coated with 5 nm gold layer under vacuum conditions, and SEM images were 

acquired at a 5 kV acceleration voltage.  
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2.4.1 Lap-Shear Test 

The adhesive strength of tissue glue was assessed through Lap-Shear Testing. The 

first and second layers, each measuring 40 mm in length and 20 mm in width, were affixed 

to a 20 mm x 20 mm gauge length. The tensile test was conducted  at a rate of 3 mm/min 

using a device with a load capacity of 10 N (Shimadzu, AGS-X 10 kN).  

2.4.2 Tensile Test 

The mechanical characterization of the bilayered cardiac patch, first layer of the 

cardiac patch, the electrospun PLGA/gelatin membrane (AY1), and the second layer of 

the cardiac patch (AY8) were examined through a tensile test, following the parameters 

outlined in 2.1.2.4 as previously mentioned. In a succinct overview, the tensile test was 

conducted at a 5 mm/min strain rate using a device with a load capacity of 10 N 

(Shimadzu, AGS-X 10 kN). Tensile strength, elastic modulus, and elongation ratios were 

computed from the stress-strain curve based on ASTM 638D standard, and the findings 

were graphically presented [141, 143, 151]. 

2.4.3 Blood Compatibility 

The 20 ml of fresh human blood was obtained from Erciyes University Hakan 

Çetinsaya Good Clinical Practices Centre, with the explicit permission of the ethics 

committee obtained within the study’s framework (Erciyes University Clinical Ethics 

Committee Approval Decision no: 2022/267, 23.03.2022). To prevent the blood clotting 

prior to experimentation, 3.8% (v/v) sodium citrate was added, and this blood solution 

was utilized throughout the experimental procedures. A physiological saline solution 

(0.9% (w/v) NaCl) was prepared beforehand. For the cardiac patch-containing and 

negative reference groups, 4.9 ml physiological salt solution was used, and then the 

cardiac patch was introduced into the physiological saline solution. The 4.9 ml distilled 

water was utilized for the positive reference group. Following, the 100 µl of blood was 

added to each tube, resulting in a total volume of 5 ml. Subsequently, the tubes were 

incubated at 37oC for 30 minutes and then centrifuged at 1000xg for 10 minutes. The 

absorbance of the supernatants were measured at 545 nm, and the hemolysis rate of the 

cardiac patch was determined using the following equation, where As represents the 
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absorbance value of the cardiac patch, and Ap and An represent the absorbance values of 

the positive and negative references, respectively. 

Hemolysis Rate % =
(As−An)

(Ap−An) 
 x100 [149]  (2.5) 

2.4.4 Cell Viability  

All cell studies were conducted in a laminar cabin under aseptic sterile conditions. 

The rat cardiomyocyte cell line (H9c2, ATCC® CRL-1446TM) were seeded in a 

75 cm2 tissue culture plate containing low-glucose DMEM, comprising 10% (v/v) FBS 

and 1% (v/v) penicillin/streptomycin. The seeded cells were then incubated at 37 °C with 

5% CO2 and 95% humidity in a standard incubator. DMEM was refreshed in every two 

days, and cells were passaged and propagated when they reached 90% density. The cell 

viability (%) of the cardiac patch with cardiomyocyte cells was determined using the 

commercial MTS kit “CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega)”. Before experiment, the cardiac patch was sterilized using UV exposure for 

30-minutes on each side of membranes and placed in 96-well plates. The 200 µl cell 

suspension containing 104 cells and medium was added to each well. Following the kit 

procedure, empty wells containing 104 cells and medium without a cardiac patch were 

used as the control group. Subsequently, the plates were incubated at 37oC in a humidified 

atmosphere with 5% CO2 for 24, 48 and 72 hours. After the incubation period, the cardiac 

patches were removed from the wells with sterile forceps, and 20 µl of MTS solution was 

added to each well. Then samples were incubated for 2.5 hours in a humidified 

atmosphere with 5% CO2 at 37oC under the dark conditions. The absorbance values of 

the wells were measured at 490 nm using a plate reader (Varioscan, Thermo Fisher). The 

following equation was utilized to calculate the cell viability (%) values of the wells 

containing the cardiac patch. 

Cell Viability (%) = 100 𝑥 
Mean OD (sample)

Mean OD(control) 
  (2.6) 

In this equation, OD(cardiac patch) represents the absorbance value averaged across wells 

containing the cardiac patch, while OD (control) refers to the absorbance value averaged 

across control wells [152]. 
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2.4.5 Cell Adhesion Study 

For the in vitro cell adhesion study on the cardiac patch, the samples were initially 

sterilized by exposure to UV light for 30 minutes on each side. Subsequently, they were 

carefully placed in a 96-well plate using sterile forceps. A 200 µl of cell suspension 

containing 104 cells and medium was added on the cardiac patch. The samples were 

incubated for 24, 48 and 72 hours at 37oC in a humidified atmosphere with 5% CO2. After 

the incubation period, samples were gently removed from the wells with sterile forceps 

and washed with PBS. Next, 200 µl of 2.5% glutaraldehyde was added to the cardiac 

patch to fix the adhering cells, and the samples were kept at 4oC overnight. Afterward, 

the glutaraldehyde was taken from the well, and the cardiac patch samples were dried at 

37oC. To visualize the nuclei of the adhering cells on the cardiac patch under the 

microscope, 20 µl of DAPI (300 nM, Sigma D9542) dye was added, kept in the dark for 

10 minutes, and microscope images were taken under a fluorescent microscope at 20X 

magnification [151]. Additionally, the adherent and spread cells were examined by SEM, 

the cell-seeded cardiac patch was coated with a 5 nm gold layer under vacuum conditions, 

and SEM images were taken under a 5 kV acceleration voltage. 

2.5 In vivo Study of Cardiac Patch 

The whole in vivo studies were carried out under the “Erciyes University Animal 

Experiments Local Ethics Committee (HADYEK)” ethical committee permission with 

the decision number of 23/242, in vivo operations were conducted at Erciyes University 

Experimental Animal Production and Application Laboratory (DEKAM). A power 

analysis was performed (G*Power, version 3.1.9.6) to determine the minimum number 

of animals per group, and according to the entered values (t tests, means: Wilcoxon-

Mann-Whitney test, α err prob= 0.05, power (1-β err prob) = 0.95), 8 rats were determined 

per group to obtain statistically significant results. The study was planned with the 

minimum number of animals that would allow for statistically significant results. 

According to these results Sprague Dawley male rats, aged 8-12 weeks and weighing 300-

350 grams, were used. These groups are as follows: Group 1; the negative control group 

consisting of healthy rats with no surgical procedure performed, Group 2; the positive 

control group with MI, Group 3; the bilayered cardiac patch implanted group after MI, 

and Group 4; the PLGA/gelatin implanted group after MI. 
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Tablo 2.1 Information of the determined in vivo groups. 

Group No Group Name Group Information 

 

Group 1 Negative Control Healthy rats without any surgical procedure 

(n=8). 

Group 2 Positive Control Myocardial infarction (MI) group without 

treatment (n=8). 

Group 3 Bilayered Cardiac 

Patch Group 

Bilayered cardiac patch implanted group after 

MI (n=8). 

Group 4 Polymeric Membrane 

Group 

PLGA/gelatin membrane implanted group after 

MI (n=8). 

2.5.1 Anesthesia and Preparations 

The left anterior descending (LAD) coronary artery ligation model was selected to 

create myocardial defect in the rats’ hearts. All surgical operations were performed under 

anaesthetic and sterile conditions. Ketamine (80 mg/kg) and xylazine (5-10 mg/kg) 

anaesthetic agents were applied by intraperitoneally method. After the applying of 

anaesthesia, the fur on the chest, submandibular, and back regions of the rats were shaved 

and sterilized with Batikon. Under sterile conditions, the rats were placed on the surgery 

table, and their arms were fixed to the table with tape [153]. The paediatric ECG 

electrodes were attached to the shaved back area of the rats and connected to the ECG 

device (Philips, Efficia CM120). 

2.5.2 Tracheostomy 

A tracheostomy was performed of rats to provide oxygen support as seen in Figure 

2.2. The skin of the rats was gently cut with scissors, the muscles were separated. After 

reaching the trachea, a sterile 16G grey branule with a 1.75 mm cannula diameter was 

placed into the trachea. The branule was fixed to the trachea with the 1-0 sized silk suture 

(Doğsan). The grey branule was connected to the ventilator device (Hamilton Medical, 

GALILEO) via a triple stopcock, providing a cycle of 80 breaths per minute and a tidal 

volume of 1.2 mL per 100 g body weight [153]. During the operation, the rats' heart rate, 

temperature, and respiratory rate were controlled. 
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Figure 2.2 Representation of the operation photographs of rat’ preparations and 

tracheostomy steps. 

 

2.5.3 Opening the Chest and Induction of Myocardial Infarction (MI) 

To induce myocardial infarction (MI) in the rat’ hearts, the 3rd and 4th intercostal 

spaces were opened with a left thoracotomy. The skin and muscle tissues were retracted 

to the side with the help of a thoracic retractor to reach the heart (Figure 2.3). The 

pericardium was gently opened to reach the left anterior descending (LAD) coronary 

artery [153]. The LAD coronary artery was permanently ligated using 6-0 polypropylene 

sutures (Doğsan) to induce myocardial infarction (MI). An ECG was taken before and 

after MI, and the results were compared to confirm the induction of MI by observing ECG 

waves. Additionally, the formation of defect in the myocardium of the heart, close to the 

apex, was observed with cyanosis in the tissue within 15-20 minutes after MI. MI 

induction was applied to the three groups, including the positive control MI group (Group 

2), the bilayered cardiac patch group (Group 3), and the PLGA/gelatin membrane group 

(Group 4). 
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Figure 2.3 Representation of the operation photographs of opening chest, LAD ligation 

steps, induction of MI. 

 

2.5.4 Cardiac Patch Implantation  

For the patch implantation groups, cardiac patch samples were cut into a triangular 

shape and implanted (Figure 2.4) from three sides to the myocardium using 7-0 

polypropylene sutures (Doğsan).  

2.5.5 Closing the Chest  

After the MI induction and patch implantation procedures, the muscles and skin 

layers in the chest cavity were closed using 4/0 silk sutures (Doğsan). Air, body fluids, 

and blood remaining in the chest cavity were removed with a 20G-pink branule. 

2.5.6 Extubation 

 For the extubation process, the branule connected to the trachea was carefully 

removed, and the cartilage ring on the trachea where the branule was attached was closed 

with 4-0 silk sutures. Then, the muscle and skin tissues around the trachea were closed 

with sutures. 
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Figure 2.4 Representation of the operation photographs of patch implantation on 

myocardial defect area of rats, closing chest, extubation and post-op care steps. 

2.5.7 Post-op Care  

After the operation, Batikon was applied to the sutured areas to prevent adverse 

infection effect on wound cite. The rats were incubated for 45 minutes in an incubator 

providing oxygen and temperature support, then placed in their cages. All groups were 

implemented postoperative pain relief medication (Butomidor, Richter Pharma) and 

physiological saline (SF) supplementation, and their recovery processes were monitored. 

2.5.8 Assessments of Cardiac Functions 

Cardiac function was assessed using a paediatric transthoracic echocardiography 

(GE Healthcare, Vivid 7 Pro). In the echocardiography imaging system, M-mode images 

were obtained from the parasternal short-axis view at the mid-papillary muscle level 

[153]. The rats were anesthetized (ketamine/xylazine), and their fur was shaved from the 

chest, then gel was used to optimize the visibility of heart structures. The cardiac 

functions of the rats were measured before the operation and after the 4 weeks of 

operation. For cardiac function assessments, the left ventricular end-systolic and end-

diastolic diameters (LVESd, LVEDd), ejection fraction (EF) and fractional shortening 

(FS) were measured from cardiac cycles. 
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Figure 2.5 The timeline of the study from operation to sacrification of the rats. 

 

2.5.9 Sacrification 

After the 28 days of operation, the rats were sacrificed under anesthesia. The chest 

cavity of the rats was opened, and their hearts were carefully cut out with scissors and 

placed in a PBS solution containing 1 molar potassium chloride (KCl) for 1 minute. While 

the heart was still beating, the potassium ions in the KCl solution stopped the heart in 

systole. Then, blood residues were washed with PBS, and the heart was placed in a 

Formol (Formaldehyde: Ethanol, 10:90) fixative solution. 

 

Figure 2.6 The photographs of sacrificed heart from rats. 

 

2.5.10 Paraffine Embedding  

The formol-fixed hearts were immersed in alcohol series as 96% alcohol, 100% 

alcohol I, II, and III for 1 hours, then immersed in methyl benzoate for 24h. Following, 
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the tissues were immersed in benzol series for 30 minutes, then incubated at 58oC for 4h. 

The tissues were cut from the middle to separate the apex and base sections, then 

embedded in molten paraffine and stored at 4oC. The 5 μm heart sections were taken in 

the microtome, then sections were located in water bath to collect with glass slide. The 

tissue adhered glass slides were dried at 37oC for overnight. 

2.5.11 Histological Evaluations 

The dissected hearts were fixed in 10% formalin fixative solution and embedded in 

molten paraffin after dehydration. The embedded samples in paraffin were sectioned with 

a microtome at 5 μm thickness, then used for staining. Hematoxylin & Eosin (H&E) and 

Masson’s trichrome staining procedures were performed by following the steps in Table 

2.2 and 2.3. After the H&E staining procedure, the tissues were observed with a light 

microscope and images were taken. Masson’s trichrome staining was used to observe the 

defected area of the heart. The left ventricular (LV) wall thickness was measured from 

H&E microscope images by ImageJ software program using the obtained microscope 

images [153].  

Tablo 2.2 Hematoxylin-eosin (H&E) staining procedure steps. 

1 Xylene I 5 min 11 Rinsing Tap Water 6 min 

2 Xylene II 5 min 12 Acetic acid 2% (v/v)  1 min 

3 Absolute Alcohol I 3 min 13 Rinsing Tap Water 6 min 

4 Absolute Alcohol II 3 min 14 Eosin 30 sec 

5 Alcohol %96 3 min 15 Rinsing Tap Water 30 sec 

6 Alcohol %80 3 min 16 Alcohol %96 3 min 

7 Alcohol %70 3 min 17 Absolute Alcohol I 3 min 

8 Distilled Water 3 min 18 Absolute Alcohol II 3 min 

9 Rinsing Tap Water 5 min 19 Xylene I 3 min 

10 Hematoxylin 3 min 20 Xylene II 5 min 
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Tablo 2.3 Masson’s Trichrome staining procedure steps.  

1 Xylene I 5 min 16 Distilled Water X 4 

2 Xylene II 5 min 17 Phosphotungstic Acid I 7 min 

3 Absolute Alcohol I 3 min 18 Phosphotungstic Acid II 7 min 

4 Absolute Alcohol II 3 min 19 Distilled Water 7 min 

5 Alcohol %96 3 min 20 Distilled Water 7 min 

6 Alcohol %80 3 min 21 Anillin Blue 30 sec 

7 Alcohol %70 3 min 22 Distilled Water X 2 

8 Distilled Water 3 min 23 Acetic acid 2% (v/v)  1 min 

9 Rinsing Tap Water 5 min 24 Distilled Water 3 min 

10 Weigert Hematoxylin 8 min 25 Alcohol %96 3 min 

11 Rinsing Tap Water 5 min 26 Alcohol %96 3 min 

12 Methyl Carbonate 1 min 27 Absolute Alcohol I 3 min 

13 Rinsing Tap Water 5 min 28 Absolute Alcohol II 3 min 

14 Distilled Water 3 min 29 Xylene I 5 min 

15 Acid Fuchsin-dipping X 20 30 Xylene II 5 min 

2.5.12 Immunofluorescence Analysis 

The immunofluorescence staining was conducted to investigate the formation of 

cardiomyocyte cells and neovascularization on infarcted hearts. GATA4 (Bioss, BS-

1778R) was used to monitor the formation of cardiomyocyte cells, ∝SMA (Elabscience, 

e-ab34268) was used to examine actin of muscle cell, CD68 (Bioss, BS-0649R) was used 

to observe macrophages accumulating in the defected area, von Willebrand Factor (Bioss, 

BS-0586R) and CD31 (Bioss, BS-0468R), CD34 (Bioss, BS-0646R) markers were used 

to monitor neovascularization. Elab Fluor®647 (Elabscience, E-AB-1075) and Elab 

Fluor®488 (Elabscience, E-AB-1055) were used as secondary antibodies. All antibodies 

were diluted with antibody dilution solution (Thermo Fisher Scientific) at a ratio of 1:200 

before use. Paraffin-embedded tissue sections were deparaffinized by passing through 

xylene and alcohol steps. Then, UV block hydrogen peroxide (Thermo Fisher Scientific) 

was applied to the preparations for 10 min and PBS was rinsed 5 minutes 2 times. Antigen 

retrieval was performed using 1X citrate buffer (pH 6.0) for 5 min x 4 times. After the 

blocking solution, primary antibodies were added and incubated at 4 °C for 18−22 hours. 

After the tissue sections were thoroughly washed 4 times with PBS, they were incubated 
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with secondary antibody in the dark for 3 hours at 4 °C. After the washing steps with 

PBS, DAPI stain was added, and the slides were covered with covering solution in the 

dark and left to dry. The dried preparations were examined under a fluorescence 

microscope [153]. 

2.5.13 Immunohistochemistry Analysis 

Antibodies were diluted with antibody dilution solution (Thermo Fisher Scientific) 

at a ratio of 1:200 before use. Paraffin-embedded tissue sections were deparaffinized by 

going through xylene and alcohol steps. Then, UV block hydrogen peroxide (Thermo 

Fisher Scientific) was applied to the preparations for 10 min and PBS was rinsed 5 min x 

2 times. Antigen retrieval was performed using 1X citrate buffer (pH 6.0) for 5 min x 4 

times to reveal antigens. After the blocking solution, primary antibodies were added and 

incubated at 4 °C for 18−22 hours. After the tissue sections were thoroughly washed 4 

times with PBS, they were kept in Biotinylated Goat Anti-Polyvalent (Thermo Fisher 

Scientific) solution for 12 minutes, washed 4 times with PBS and subjected to streptavidin 

peroxidase (Thermo Fisher Scientific) treatments. DAB Substrate kit (Thermo Fisher 

Scientific) was dropped and then stained with hematoxylin dye to perform the exit alcohol 

stages. The slide was covered with Entellam® and examined under a light microscope. 

2.6 Statistical Analysis 

In whole experiments were conducted with a minimum of three repetitions to ensure 

robustness and reliability. For statistical analysis the GraphPad Prism program was 

employed, utilizing both t-test and ANOVA. All data presented in the results include ± 

standard deviation values. Significance was determined with a threshold p-value less than 

0.05, were values meeting this criterion were considered statistically significant. Error 

bars indicate standard deviation and error bars are invisible when they are smaller than 

the line thickness of these graphs. 
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Chapter 3 

Results and Discussions 

In this thesis, we developed a conductive, biocompatible, biodegradable and 

bioactive bilayered scaffold for cardiac patch applications. There is a huge challenge to 

replicate native heart ECM since its complex architecture and function. Because of that 

many researchers prefer to use decellularized tissue as a scaffold for cardiac applications 

[154]. Herein, we choose a bovine pericardium as an ECM scaffold due to its ECM 

structure abundant with collagen and elastin fibers, makes it mechanically strong and 

elastic. However, the native tissues can trigger the host immune responses and resulting 

tissue rejection by body. In order to solve this issue, we preferred the decellularization 

procedure to remove cellular and genetic residue of pericardium. The decellularization 

agents can be damaged to ECM structure, for that we optimized decellularization process 

to achieve high cell removal without damaging ECM structure. Furthermore, the heart 

contraction-relaxation function can be actualized by transmissions of electrical impulses 

through myocardium. To mimic that, we combined with decellularized pericardium with 

PANI nanoparticles, act as a conductive-biologic layer for cardiac patch. On the other 

hand, we designed a polymeric second layer to achieve suitable degradation rate and 

ensuring bioactivity by loaded bioactive molecules. The second layer was designed to 

fabricate from a PLGA/gelatin biocompatible polymer with suitable morphology by 

electrospinning which is mimicking native ECM fibers.  There is a critical limitation in 

cardiac application, which is lack of vascularization [154]. In this study, VEGF and 

Hawthorn extract were selected as bioactive molecules to loaded into PLGA/gelatin. 

VEGF was selected to enhance angiogenesis and subsequently cardiac repair, while the 

hawthorn extract was chosen to prevent blood coagulation in myocardium. Also, PLGA 

or gelatin are highly preferable in the several studies for improve healing of tissues [86, 

154, 155]. Both layers of scaffold were fabricated and characterized separately, then two 

layers were integrated by tissue glue as a bilayered cardiac patch. It was aimed to enhance 

mechanical strength of scaffold by integration two layers to each other. In this study, it 

was aimed to solve the current low biocompatibility, blood non-compatibility, weak 
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mechanical strength, lack of vascularization and tissue healing, conductivity, and 

coagulation problems by this proposed bilayered scaffold. The detailed characterizations 

and examinations for bilayered cardiac patch were represented in below sections. 

Following the in vitro characterizations of bilayered cardiac patch, its efficiency on 

myocardial defect was examined in rat MI model. Firstly, rat MI model was optimized, 

and cardiac patch samples were implanted on rat’s heart. After the 28 days from 

implantation, the hearts were evaluated histologically. Also, cardiac functions of rats were 

determined by Echo measurements. The cardiac patch in vivo efficiency were represented 

in below sections with comparison the control groups. 

 

Figure 3.1 Graphical representation of bilayered cardiac patch fabrication and 

characterization parts. 

 

3.1 First Layer of Cardiac Patch 

3.1.1 Decellularization and Characterization of Pericardium  

3.1.1.1 DNA Quantification  

The decellularization efficiency of bovine pericardium was investigated 

quantitatively through a DNA assay, and the DNA content were graphically represented 

as µl/mg and ng/mg in Figure 3.2. Native pericardium exhibited 294.86±118.62 ng DNA 

in a 1 µl solution, while decellularized pericardium demonstrated 34.77±14.34 ng DNA 

in a 1 µl solution. Furthermore, native bovine pericardium demonstrated 982.88±395.42 
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ng/mg DNA, while decellularized pericardium demonstrated 115.9±47.8 ng/mg DNA. 

Based on these results, the decellularization process removed approximately %88.2 DNA 

from the pericardium. In a study by Heuschkel et al., the DNA amount in native 

pericardium was reduced from 846 ± 181 ng/mg to 198.7 ± 94.33 ng/mg through an SDS 

(0.1%), ethanol (70%), and NaCl (0.9%) decellularization protocol [157]. Another study 

by Wollman et al. found that the DNA amount in native and decellularized pericardium 

was 1591±726 ng/mg and 511.23±120.4 ng/mg, respectively [158]. In a study, 

decellularization utilizing 0.5% deoxycholic acid and DNase, resulted in a reduction of 

DNA content from 86.5 ng/mg to 48.24 ng/mg in porcine pericardium [159]. 

Additionally, a decellularization protocol involving 0.5% sodium deoxycholate/SDS 

demonstrated a decrease in DNA content from 72.14 ± 34.63 ng/mg to 

11.59 ± 4.39 ng/mg [160]. In our study, the utilization of a combination of SDS, SDC, 

and TritonX-100 agents produced a synergistic effect, thereby enhancing the efficiency 

of the decellularization process [160, 161]. Upon comparing these results with data from 

the literature, it was inferred that the DNA content in native and decellularized 

pericardium tissue ranges approximately between 500-1500 ng/mg and 50-300 ng/mg, 

respectively [156, 162]. Our findings suggest that the decellularization process 

significantly eliminated cells and genetic materials, aligning with established literature 

standards. 

 

Figure 3.2 Graphical representations of the DNA amounts in native pericardium (NP) 

and decellularized pericardium (DP), illustrating values in ng/µl and ng/mg (n=27, p 

<0.0001: **** considered sginificant).  

3.1.1.2 Histologic Staining of Pericardium 

Furthermore, the qualitative assessment of decellularization was conducted through 

histological staining of the pericardium using DAPI and H&E. Figure 3.3 displays H&E 
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staining results, clearly demonstrating the presence of cells in the native pericardium, 

while no cell presence was observed in the decellularized pericardium. The DAPI staining 

results are depicted in Figure 3.3, where cell nuclei in native pericardium appear blue, 

contrasting with the lack of visible cell nuclei in the decellularized pericardium. These 

findings affirming the success of the decellularization process. In existing literature, 

analogous DAPI and H&E staining images can be observed, derived from the 

decellularization of pericardium employing Triton X-100, SDS and SDC [161]. Another 

study notes that although cells were entirely removed from the pericardium, the ECM 

components decreased due to decellularization process [158]. Heuschkel et al., achieved 

77% decellularization of the pericardium without compromising ECM components, 

utilizing 0.1% SDS as decellularization agent [157]. According to Crapo et al., tissue can 

be deemed as decellularized when there is no visible nucleus in histological evaluation 

using H&E and DAPI staining methods [106]. In concordance with the histological 

staining data obtained, the pericardium in our study was completely decellularized, and 

the results obtained are consistent with existing literature data.  

 

Figure 3.3 Optical microscope images of H&E stained native and decellularized 

pericardium, Confocal microscope images of DAPI stained native and decellularized 

pericardium at 20X magnification.   
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3.1.1.3 Collagen Analysis of Pericardium 

The impact of decellularization on the collagen content in the pericardium was 

quantitatively investigated and graphically presented in Figure 3.4. One milligram of 

native pericardium contained 132.02±6.91 µg of collagen, while decellularized 

pericardium contained 145.72±15.2 µg of collagen. Similarly, one square centimeter of 

native pericardium contained 332.73±63.6 µg/cm2 of collagen, whereas decellularized 

pericardium exhibited 216.81±34.24 µg/cm2 of collagen. It can be comment that the 

decellularization process did not damaged completely to the collagen content in the 

decellularized pericardium. The observed increase in total collagen amount in 1 mg of 

tissue with decellularization aligns with findings in similar studies in the literature. For 

instance, Wollmann et al., demonstrated that the collagen amount in native pericardium 

increased from 126.9 ± 45.8 µg/mg to 138.3 ± 58.6 µg/mg following decellularization 

[158]. This augmentation can be attributed to the removal of protein and cellular 

structures, resulting in a decrease in the dry weight of the pericardium and subsequently 

reducing the ratio of these structures to the total dry weight. Similarly, in the study by 

Zouhair et al., the rise in collagen amount is elucidated by the dominance of the variation 

in collagen due to the removal of cells [163]. In another study, collagen content elevated 

from 100.5 ± 43.82 to 121.9 ± 50.85 after decellularization, with the loss of cells and 

soluble proteins outweighing the reduction in collagen content in the pericardium [164]. 

Contrary to the observed increase in collagen content, literature studies indicate a 

decrease in collagen amount when the decellularization process damages the collagen. 

For instance, collagen content in native pericardium decreased from 170 µg/mg to 150 

µg /mg due to decellularization [161]. It is concluded that these results obtained in this 

study are consistent with the trends observed in the literature. 
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Figure 3.4 Graphical representation of the collagen content in native and decellularized 

pericardium, depicting values in µg/mg and µg/cm2 (n=9). (p <0.01: **; p <0.001: ***; p 

<0.0001: **** considered significant).  

3.1.1.4 Mechanical Characterizations of Pericardium 

The impact of the decellularization process on the mechanical strength of the 

pericardium was investigated through a universal tensile test. According to the acquired 

data, the ultimate tensile strengths (UTS) of native and decellularized pericardium were 

17.080±2.71 and 13.138±3.42 MPa, respectively. The native pericardium exhibited 

21.46±2.84% elongation and a Young’s Modulus of 3.049±0.87 MPa, whereas 

decellularized pericardium exhibited 20.489±1.65% elongation and a Young’s Modulus 

of 2.84±1.12 MPa. Comparable findings are evident in the literature; for instance, the 

UTS of native pericardium decreased from 31.64 MPa to 26.11 MPa following 

decellularization with Triton X-100 [164]. In another study, pericardium decellularized 

with SDS/deoxycholic acid exhibited a decrease in Young’s Modulus from 27 MPa to 12 

MPa, along with a UTS of 7 MPa [165]. Additionally, both decellularized and native 

pericardium demonstrated very similar values, with a tensile strength of 4 MPa, an elastic 

modulus within the range of 20-30 MPa, and an elongation of 20% [158]. It is concluded 

that the obtained results align with the data reported in the existing literature. 
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Figure 3.5 Mechanic test results of native (NP) and decellularized (DP) pericardium (ns: 

non-significant, p <0.05: *; significant). 

3.1.1.5 Morphological Characterizations of Pericardium 

 The surface morphology of decellularized and native pericardium, as well as the 

impact of decellularization on extracellular matrix fibers, were investigated using SEM. 

Figures 4 depict the serosum and fibrosum layers of native and decellularized pericardium 

at 100X magnification. The acquired data elucidates that both native and decellularized 

pericardium exhibited comparable surface morphologies in both serous and fibrous 

layers. Microscopic analysis reveals the preservation of the smooth surface of the serosum 

layer following decellularization. Furthermore, the fibrous structure of the decellularized 

pericardium exhibited no discernible deformities or damages, and collagen elastin fibers 

of the ECM were distinctly observable in SEM images. Parallel SEM images portraying 

similar ECM fiber characteristics were documented in the study by Shchotkina et al [166]. 

In another study, the decellularization process induced the formation of 50 µm gaps 

between ECM fibers, underscoring its damaging effect [167]. In our study, it was 

concluded that decellularization process did not compromise the structural integrity of 

ECM. 



59 

 

 
Figure 3.6 SEM images of the Serosum and Fibrosum layers of native and decellularized 

pericardium at 100X magnification. 

 

3.1.2 Synthesis and Characterizations of PANI Nanoparticles 

The polyaniline (PANI) nanoparticles were synthesized as ink form through 

oxidative polymerization [168]. This process involves the transformation of the 

emeraldine-base to emeraldine-salt form of aniline, which is conductive and exhibits a 

dark-green colour [169]. The particle-size of the PANI were examined through dynamic 

light scattering spectrometry (DLS), was measured as 104.94 ±13.7 nm (Figure 3.6A). In 

the literature, the particle size of PANI was reported as 82 nm, and it was indicated that 

particle size can vary within a range of 65 nm to 1000 nm with an increase in the amount 

of APS in the reaction medium. Additionally, it was reported that an elevated DBSA ratio 

stabilizes the reaction, preventing excessive growth of polymer chains and consequently 

leading to a reduction in particle size [168]. In another study, the incorporation of SDS as 

a surfactant in the reaction medium during PANI synthesis resulted in a noteworthy 

decrease in particle size from 713 nm to 212 nm [170].  The characteristic FTIR peaks of 

PANI was investigated, and revealed the characteristic peaks at 3344, 2969,2923, 2872, 

1563,1454, 1044, 878 and 600-700 cm-1. The peak at 3344 cm-1 is corresponds to the 

vibration of N-H bonds in the emeraldine, the peaks in the range of 2800-2900 cm-1 are 
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associated with aliphatic -CH2 or -CH3 stretching vibrational bonds. The peaks between 

1563-1462 cm-1 represents the C=C bonds of the quinoid and benzenoid rings of the 

emeraldine. Additionally, the peak at around 800 cm-1 corresponds to C-H 

transplantations of 1,4-disubstituted aromatic rings [171]. A notable peak at 1044 cm-1 

indicates successfully bonding through hydrogen bonding between NH4+1 in the PANI 

structure and the SO-3 functional groups of DBSA. Furthermore, the presence of a peak 

at around 1100 cm-1 indicates the formation of an oxidized PANI block structure [172]. 

It can be concluded that the synthesized PANI nanoparticles size and chemicals structure 

are consistent with data reported in the literature. 

 

Figure 3.7 A) The average particle size of PANI nanoparticles through DLS analysis, B) 

FTIR spectrum of PANI nanoparticles. 

 

3.1.3 PANI Coating of Decellularized Pericardium 

The serosum surface of the decellularized pericardium was coated with PANI 

nanoparticle ink solution through a printing method as parallel lines to impart electrical 

conductivity to the pericardium. These parallel patterns can be change depending on the 

purpose of use and design of scaffolds. The PANI-coated pericardium serves as the first 

layer of final bilayered cardiac patch, and its SEM images were depicted in Figure 3.8. 
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Figure 3.8 SEM microscope image of PANI-coated pericardium surface section and 

cross-sections. 

 

 The PANI-coated decellularized pericardium was subsequently crosslinked with 

genipin to stabilize PANI pattern on pericardium, and crosslinking was confirmed by 

FTIR analysis in Figure 3.9. A reduction in the intensity of the N-H bond vibration peak 

at around the 3300 cm-1 was observed after-crosslinking with genipin. Additionally, a 

decrease was noted in the peaks within the 2800-2900 cm-1 range, attributed to aliphatic 

-CH2 or -CH3 bonds stretching vibrations [172]. This decline in peaks is rationalized by 

the binding mechanism of genipin with amine (N-H) groups in both pericardium and 

PANI [173]. In the literature, genipin is favoured as a crosslinker due to its significantly 

lower toxicity, being at least 100 times less toxic than alternative crosslinkers [173], it 

was used to crosslink several materials such as pericardium, gelatin, collagen, and 

chitosan [168]. Therefore, we preferred to use genipin as a crosslinker agent without 

toxicity. 

 

Figure 3.9 FTIR spectrum of PANI-coated pericardium before and after crosslinking with 

genipin. 
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         The PANI-coated decellularized pericardium conductivity was determined using 

the 4-point probe technique [168], an average conductivity of 9.093±8.6x10-4 S/cm was 

achieved. The native myocardium conductivity is approximately 10-4 S/cm, the first layer 

of cardiac patch conductivity’s matched with it [174].  Comparatively, literature reports 

indicate a range of electrical conductivity for PANI film layers, spanning from 8x10-4 

S/cm to 324x10-4 S/cm [145]. In a study, a PANI film layer, when combined with PGS 

polymer, exhibited a conductivity of 0.018 S/cm. Additionally, another investigation 

reported a conductivity value of 10x10-4 S/cm for a PANI film layer [121]. As a 

conclusion, the obtained conductivity is suitable with native myocardium, therefore this 

PANI-coated decellularized pericardium can be used as a first layer of bilayered cardiac 

patch. 

The preparation and characterization the first layer of the cardiac patch covered the 

first part of the thesis. Firstly, the decellularization process was optimized for completely 

decellularization of pericardium. Then, the success of decellularization was scrutinized 

by quantitative, histologic, morphologic and mechanic techniques. The targeted 

decellularization efficiency has been achieved. The PANI nanoparticles were synthesized 

and characterized chemically by FTIR. The PANI nanoparticle size was determined as 

104.94±13.7 nm by DLS. In the last part, decellularized pericardium surface was coated 

with PANI nanoparticles by ink-printing method in order to complete first layer of cardiac 

patch. The first layer conductivity was measured as 9x10-4 S/cm by four-point probe 

method. The native myocardium has the conductivity level of 10-4 S/cm, therefore the 

first layer’ conductivity ensures the myocardium conductivity. 

 

3.2 Second Layer of Cardiac Patch 

3.2.1 Characterization of the Hawthorn Extract  

Hawthorn extract was obtained through Soxhlet extraction technique and subjected 

to characterization through FTIR and GC-MS. Hawthorn is known to predominantly 

contain phenolic and organic acids, flavonoids, terpenoids and sugar [175]. The 

phytochemicals such as quinic acid, furfural, 5-hydroxymethylfurfural, triethyl boron, 

galactitol and 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4 was identified in GC-MS 

spectra as represented in Figure 3.10. These phytochemicals were confirmed by 
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comparisons with existing literature [175, 176]. Quinic acid, a significant organic acid, 

and galactitol, a component of fruit sugars, were notably present in hawthorn [175]. Pyran 

derivatives, identified as monoterpene components, and  furan compound derivatives, 

known for inhibiting blood platelet aggregation [176, 177]. Moreover, the 

hydroxymethylfurfural was identified in the hawthorn extract, acknowledged for its 

antiplatelet and anticoagulant properties in the literature [177, 178].  

 

 

 

Figure 3.10 GC-MS spectrum of hawthorn extract. 
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The characteristic FTIR peaks of hawthorn were revealed at 3301, 2929, 1716, 

1405, 1344, 1231 and 1027 cm-1 as represented in Figure 3.11. The peak at around 3300 

cm-1 corresponds to the –OH groups of phenolic compounds within the extract, while the 

peak at 2929 cm-1 corresponds to the C–H stretching vibrations. Peaks within the range 

of 1700-1400 cm-1 are associated with aromatic vibrations of C=C. The aimed 

phytochemicals and characteristic FTIR peaks were achieved hawthorn extract, the 

findings are consistent with literature findings [180]. 

 

Figure 3.11 FTIR spectrum of hawthorn extract. 

3.2.2 Fabrication and Characterization of Electrospun Membranes 

Hawthorn and VEGF containing PLGA/gelatin (%15, w/v, with the ratio 9:1 (w/w)) 

membranes were fabricated via electrospinning, and membranes were labelled as outlined 

in Table 3.1. The neat PLGA/gelatin membrane was denoted as AY1, while hawthorn 

extract-containing membranes with the concentration of 1, 5, 10 and 15 wt.% (w/v) were 

labelled as AY2, AY3, AY4 and AY5, respectively. The concentration of 10 wt.% (w/v) 

hawthorn extract was selected as the optimum concentration and incorporated into the 

VEGF-containing membranes. VEGF at concentrations of 0.1 µg/ml, 0.5 µg/ml and 1 

µg/ml was added to15 wt.% (w/v) PLGA/gelatin and 10 wt.% (w/v) hawthorn solution, 

resulting membranes labelled as AY6, AY7 and AY8, respectively. 
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Tablo 3.1 The combination and nomenclature of electrospun membranes 

 

Sample 

 

PLGA/gelatin (9:1) 

(%, w/v) 

 

Hawthorn Extract 

Concentration 

(%, w/v) 

 

VEGF Content (µg/ml) 

AY1 15 - - 

AY2 15 1 - 

AY3 15 5 - 

AY4 15 10 - 

AY5 15 15 - 

AY6 15 10 0.1 

AY7 15 10 0.5 

AY8 15 10 1 

 

3.2.2.1 Morphological Characterization of Membranes 

The fiber morphology and pore structure of the fabricated electrospun membranes 

was examined through by SEM (Figure 3.12). The SEM images revealed that the 

membranes comprised uninterrupted, uniformly dispersed and bead-free fibers. Notably, 

AY3 and AY4 membranes, containing 5% and 10% hawthorn extract, exhibited more 

homogenous fiber structures. This enhanced homogeneity can be attributed to the 

synergistic effect of the hawthorn extract in conjunction with PLGA/gelatin polymers.  

The average fiber diameters and pore sizes of membranes were determined using 

Image J program, the results are presented in Figures 3.12. The fiber diameters were 

measured as 1176.61± 860 nm, 855.11± 645 nm, 685.88± 377 nm, 935.71± 842 nm, 

1197.85± 877 nm, 930.85±550 nm, 902.72±460 nm and 890.91±518 nm for AY1 to AY8, 

respectively. The neat PLGA/gelatin membrane (AY1) exhibited fibers with a diameter 

around 1 micrometer. A decrease in fiber diameters was observed with the addition of 

1%, 5%, and 10% hawthorn extract, attributed to the extract reducing the viscosity of the 

PLGA/gelatin polymer solution. However, the membrane containing 15% extract showed 

an increase in fiber diameter, reaching 1197 nm. The addition of VEGF did not 

significantly alter the mean fiber diameters, which remained approximately 900 nm. 

Comparing with the literature data, the fiber diameters of PLGA/gelatin membranes 

typically fall between 1000-1200 nm [181]. For instance, PLGA/gelatin demonstrated a 
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fiber diameter of approximately 1085 nm [182]. When plant extract like  Hypercium was 

added in PLGA/gelatin, the fiber diameter decreased from 1.83±1.02 µm to 0.49 ± 0.2 

µm due to the decrease in viscosity of solution [183]. In another study, when Aloe vera 

extract was added to PLGA, fiber diameters decreased from 561 nm to 486 nm [184]. In 

conclusion, polymer concentration, conductivity, solution viscosity, polarity, surface 

tension and density of net charges in solution are main parameter that can affect the 

membranes fiber structure in electrospinning technique [185]. The average pore sizes of 

membranes were measured as 14.43±8.5 µm, 16.7±12.5 µm, 16.9±10.1 µm, 19.2±11.4 

µm, 16.5±10.9 µm, 20.86 ±7.4 µm, 19.24±4.3 µm, and 20.002±5.4 µm for AY1 to AY8 

respectively. The neat membrane had smaller pore size, while the addition of hawthorn 

extract and VEGF enlarged the pores up to 20 µm. This consistent with findings in Hu et 

al.’s study, where an average pore size of 17 µm was reported in PLGA membrane [182]. 

The scaffold’s morphology and por structure have important impact on the controlled 

release of bioactive molecules and degradation of polymeric fibers [45]. Therefore, we 

preferred to electrospinning technique to fabricate biodegradable polymeric layer, the 

obtained SEM results suggested that the hawthorn and VEGF containing membranes are 

good candidate for cardiac patch applications. 
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Figure 3.12 SEM images of electrospun membranes with A) 1000X magnification, and 

B) 2000X magnification. C) Graphically representations of the average fiber diameters 

membranes, and D) pore sizes of membranes (n=100, p <0.05: *; p <0.0001: ****). 
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3.2.2.2 Chemical Characterization of Membranes 

 The incorporation of hawthorn extract and VEGF into PLGA/gelatin membranes 

were scrutinized through FTIR analysis, as depicted in Figure 3.13. The FTIR spectrum 

revealed characteristic peaks corresponding to PLGA and gelatin components. 

Specifically, the peaks include C-O, C-O-C and C-H stretching peaks at 1129-1752 cm-

1, 1752 cm-1 and 1182 cm-1, respectively. The presence of gelatin was affirmed by peaks 

at 1646 cm-1 and 1540 cm-1, originating from the amide structure [186]. Upon the addition 

of hawthorn extract to the membranes, a peak density increased at 3301 cm-1 

proportionally with the amount of extract increased due to the intermolecular hydrogen 

bond interactions of the phenolic and flavonoid components present in the hawthorn 

extract [143, 147, 148]. The chemical structure of AY6, AY7, and AY8 membranes 

containing hawthorn extract and VEGF was examined, an increase in peak intensity 

around the 3301 cm⁻¹ wavelength was observed with the increase in the amount of VEGF 

in the membrane. This increase is due to the N-H stretching of the amino groups present 

in the structure of growth factors [187]. This finding indicates that VEGF has successfully 

incorporated into the membrane, and an increase in the amount of VEGF within the 

membrane results in an increase in peak intensity. The FTIR spectrum confirm the 

successful incorporation of hawthorn extract and VEGF into the PLGA/gelatin 

membranes, validating the FTIR analysis.  
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Figure 3.13 FTIR spectrum of membranes. 

 

3.2.2.3 Physical Characterizations of Membranes 

The wettability and hydrophilic properties of the membranes were assessed through 

Sesile Drop-Contact Angle analysis, and results are illustrated in Figure 3.14. The contact 

angle of the PLGA/gelatin membrane was recorded as 109.58o. In contrast, the contact 

angle values of the hawthorn extract-containing membranes decreased significantly with 

the increasing extract concentration, measuring 71.82o, 53.91o, 39.79o and 27.01o, for 

AY2-AY5, respectively. Similarly, VEGF-containing membranes exhibited contact angle 

values of 39.11o, 37.765o, and 34.525o for AY6-AY8, respectively. The reduction in 

contact angle values increasing hawthorn extract content indicates a substantial 
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improvement in the hydrophilic and wettability properties of the PLGA/gelatin 

membrane. This effect can be attributed to the hydrophilic side groups present in the 

phenolic compounds in hawthorn extract, a characteristic supported by the presence of 

N-H and O-H in the FTIR spectrum of membranes containing hawthorn extract. 

Comparing with the literature, similar trends were observed. In studies where Ajwa-Dates 

or Hypercium extracts were added to membranes, a decrease in contact angle was 

reported, indicating enhanced hydrophilicity [182, 187]. Additionally, the addition of 

VEGF was found to further increase the hydrophilicity of the membranes from 39.79o to 

34.525o. In the literature, a study by Kai et al., reported changes in contact angles from 

35.2±2.7° to 21.7±1.3° and 31.4±2.5° values when 10 mg VEGF was loaded in the 

electrospun PCL/gelatin membrane, suggesting that VEGF has the potential to increase 

membrane hydrophilicity [189]. Additionally, it has been reported in the literature that 

the addition of heparin and VEGF to the electrospun PCL membrane increases 

hydrophilicity due to the presence of hydrophilic proteins [190]. Another study reported 

in the literature stated that the addition of growth factors  to the electrospun PVA 

membrane leads to an increase in membrane hydrophilicity [187]. Evaluating these 

finding, it can be concluded that the obtained results in our study are consistent with the 

literature data’s. 

 

 

Figure 3.14 Contact angle values of the membranes. 

 

The in vitro weight loss behavior of the membranes was assessed over a 4-week 

period in PBS, and the results are graphically depicted in Figure 3.15.  The neat 

PLGA/gelatin membrane (AY1) exhibited a weight loss of approximately 14.6±1.41% 

over 28 days. In contrast, the membranes containing hawthorn extract (AY2, AY3, AY4 
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and AY5) displayed increasing weight loss, with values of %26.99±2.8, %38.47 ±1.27, 

%44.38±2.03, and %49.6 ±1.62, respectively, within the same frame. Similarly, VEGF-

containing membranes (AY6, AY7 and AY8) demonstrated weight loss of %39.67±0.17, 

%38.28±0.1, and %40.37±2.7 over 28 days. These results align with observations from 

studies in the literature, where membranes containing extracts or bioactive compounds 

showed greater weight loss compared to neat membranes. For instance, a PLGA 

membrane exhibited a weight loss of 13% in 1 week, while the extract-containing 

membrane showed a higher weight loss of 30% [183]. Additionally, membranes 

containing green tea extract demonstrated greater weight loss than neat membrane [191]. 

Therefore, the weight loss behaviours observed in the electrospun membranes containing 

extract in this study are consistent with the existing literature data. 

 

Figure 3.15 The weight loss (%) studies of membranes. 

 

3.2.2.4 Controlled Release Profiles of Membranes 

 The release profiles of hawthorn extract and VEGF from the membranes were 

examined over a 28-day period, and the results are presented graphically in Figure 3.16. 

For hawthorn extract, membranes AY2, AY3, AY4 and AY5 exhibited initial releases of 

70.8% ± 1.5%, 79.44 ±1.2%, 86.6% ±6.4, and 88.6±4.4%, respectively, in the first week. 

This initial burst release effect is a common phenomenon in the first week [183]. 

Subsequently, the release of hawthorn extract from AY2, AY3, AY4 and AY5 reached 

%92±0.6, 94.4±1.38%, 98.9±0.3%, and 95.6±4.1% within the third week, respectively. 

The data suggest that the entire hawthorn extract was released from membranes within 4 

weeks. In comparison, a membrane containing green tea extract released 60% of the 

extract in the first 10 days [191]. Another study reported the release of approximately 
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89% of a drug in the first 168 hours [192], while another study on curcumin extract 

observed 40% release within the first hours and 85% release by the end of the 10th day 

[193]. For VEGF, membranes AY6, AY7 and AY8 exhibited release of 74%, 76%, and 

68% within the first 6 hours, respectively. By the end of 7 days, VEGF release reached 

up to 85%, continuing to release up to 90% in the second week. Almost all of the VEGF 

was released within 3-4 weeks. In literature studies, VEGF release from electrospun 

membranes was reported to be completed within 28 days [194]. Other studies reported 

55-70% VEGF release on the first day, with 60% and 90% release rates reached within 

28 days [195]. In another study, around 70% of VEGF was released within the first 24 

hours, and 90% was released within 120 hours [196]. PLGA/gelatin membrane containing 

VEGF showed a release behavior of around 90% within 25 days [197], and in another 

study VEGF release reached 72% at 168 hours [198]. It can be concluded that the release 

behavior of VEGF and Hawthorn extract from the membranes are suitable for cardiac 

patch applications since the most of them released between 2 to 4 weeks. In the literature, 

generally release behaviour investigates for 4 weeks period, it may be an optimum time 

for myocardium repair because most in vivo studies focus on 4 weeks implantation of 

cardiac patches [198, 199]. 

 

Figure 3.16 A) Cumulative Release (%) behaviour of hawthorn extract from membranes 

(p <0.05: *). B) Cumulative Release (%) behaviour of VEGF from membranes (p 

<0.0001: ****). 
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3.2.2.5 In vitro Anti-coagulant Efficacy of Membranes 

The in vitro anti-coagulant properties of the membranes were assessed through 

activated partial thromboplastin time (APTT), as illustrated in Figure 3.17. The study 

included the following groups: the blank group, a group containing 0.5 IU/ml Heparin, 

and membrane groups labelled as AY1, AY2, AY3, AY4, and AY5. The coagulation 

times for these groups were recorded as 43.3±2.5 seconds, 114.33±20.2 seconds, 45±4.35 

seconds, 97.33±8.02, 168±29.10, 331±65.1, and 425±9.53 seconds, respectively. In a 

study, the APTT test revealed that the addition of 4 mg/ml of hawthorn extract extended 

the coagulation time to 104.0±5.2. Notably, it was shown that the coagulation time was 

longer than heparin with the purification of the components in the hawthorn extract [200]. 

Literature reports highlighted the efficiency of hawthorn extract in preventing platelets in 

rabbits [177], and inhibiting platelet functions in Wistar albino rats even at low doses 

[134]. The study also suggested that polyphenol-polysaccharide structures within 

hawthorn extract could protract coagulation times, even at minimal concentrations such 

as 31.25 µg/ml [175]. This effect is attributed to the interaction of functional groups in 

hawthorn extract with antithrombin, preventing thrombin accumulation. A study 

supporting this hypothesis revealed that heparin, with functional groups like -SO3, -COO, 

-NHSO3 and -OH, exhibited anti-coagulant effects [201]. In conclusion, membranes 

containing hawthorn extract demonstrated anticoagulant properties as evidenced by 

APTT results, aligning with findings reported in the literature. 

 

Figure 3.17 Graphical representation of APTT times of hawthorn containing membranes 

(p <0.0001: ****). 
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3.2.2.6 VEGF Bioactivity 

The VEGF is already known as a protein having ability to improve the angiogenesis, 

in the literature reports [126, 194, 195, 202, 203]. Therefore, herein we just investigated 

the bioactivity of VEGF in the membranes to avoid just in case the electrospinning 

negative effect to VEGF. The commercial VEGF Bioassay kit’s results were represented 

in Figure 3.18. Luminescent values obtained were 117,063.33 RLU for AY6, 129,942.0 

RLU for AY7, 139,646.0 RLU for AY8, and the 367.86 RLU for blank. VEGF-containing 

membranes significantly increased the luminescence signal, reaching levels at least 300 

times higher than the blank group. This indicates the bioactivity of VEGF within the entire 

membranes. Moreover, an escalation in the amount of VEGF in the membranes correlated 

with an increase in luminescence signals. Comparing these results with literature data, 

where a 10 ng/ml VEGF-containing sample demonstrated approximately 100,000 RLU 

and a 100 ng/ml VEGF-containing sample demonstrated approximately 300,000 RLU 

[204]. In another study, an 18 ng/ml VEGF sample produced a luminescence signal of 

60,000 RLU [205]. Thus, it can be inferred that the bioactivity of VEGF in the membranes 

is compatible with findings reported in the literature. 

 

Figure 3.18 VEGF Bioactivity Assay of VEGF containing membranes (AY6, AY7, and 

AY8) with Luminescence (RLU) values and Fold values. 
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3.3 Preperation and Characterizations of the Final 

Bilayered Cardiac Patch  

The integration of the first layer, derived from decellularized bovine pericardium 

and coated with PANI nanoparticles, with the second layer, a 15% (w/v) PLGA/gelatin 

electrospun membrane containing VEGF (1 µg/ml) and 10% (w/v) hawthorn extract, was 

achieved through a tissue glue. SEM analysis, as depicted in Figure 3.19, revealed the 

successful integration of two layers without morphological damage and discernible gaps 

between them. This conclusive SEM evidence attests to the seamless integration of the 

bilayered cardiac patch. Similar SEM images in the literature showcase the integration of 

bilayered scaffold structures,  such as porous silk fibroin combined with electrospun silk 

fibroin layers [206] and -N-(2-Hydroxypropyl) meth acrylamide cryogel paired with an 

electrospun poly(4-vinylpyridine) membrane [207]. Additionally, comparable SEM 

images highlighted the successful integration of porous chitosan layer containing nano 

hydroxyapatite particles with electrospun POSS layer containing Zein protein [208]. 

Drawing parallels from these established scaffold integrations in the literature, the SEM 

images affirm the successful integration of the two layers in  cardiac patch.  

 
Figure 3.19 Cross-sectional SEM images of integrated final bilayered cardiac patch.  
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The adhesive strength of the bilayered cardiac patch was meticulously assessed 

through Lap-Shear test. The cardiac patch exhibited notable mechanical properties, 

showcasing a maximum tensile strength of 533±70 kPa, an elongation of 16.62±5.07%, 

and a Young's Modulus of 466±210 kPa. Comparative insights from the literature reveal 

Lap-Shear test results ranging between 11.76 kPa and 22.26 kPa [209]. Moreover, another 

study reported adhesion strength values spanning from 21 kPa to 220.20 kPa, attributing 

the increase in adhesion strength to heightened covalent bonding between the polymer 

and the tissue [210]. In another study, adhesion modulus values were examined for heart, 

lung, liver, and intestinal tissues. The intestinal tissue had an adhesion modulus of 

approximately 724 kPa, while heart tissue showed an adhesion modulus of 296 kPa, liver 

tissue 431 kPa and lung tissue 72 kPa. It is explained that the increase in the adhesion 

modulus obtained in different tissues is due to the difference in the amount of aldehyde 

groups in the tissues [211]. In conclusion, the adhesion strength exhibited by the cardiac 

patch align with reported data in the literature. 

 

Figure 3.20 Lap-Shear test’s Stress- Strain Curve of bilayered cardiac patch. 

 

3.3.1 Mechanical Evaluations of Bilayered Cardiac Patch 

The mechanical properties of the final bilayered cardiac patch, native pericardium, 

first layer, second layer and PLGA/gelatin membrane (AY1) were compressively 

assessed through tensile test, the Stress-Strain Curve of samples were represented 

graphically. The electrospun PLGA/gelatin membrane (AY1) exhibited an ultimate 

tensile strength of 2.22±0.42 MPa, an elongation of 80.25±25.22%, and a Young’s 

Modulus of 2.97±0.87 MPa. In comparison, the PLGA/gelatin membrane incorporating 

10% (w/v) hawthorn extract and 1 µg/ml VEGF PLGA/gelatin membrane (AY8, second 
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layer of cardiac patch) demonstrated an ultimate tensile strength of 2.32±2.24 MPa, an 

elongation of 92.19±10.75%, and a Young’s Modulus of 3.36±1.5 MPa. On the other 

hand, the native pericardium exhibited an ultimate tensile strength of 17.08±2.71 MPa, 

an elongation of 21.46±2.84%, and a Young’s Modulus of 3.04±0.87 MPa. Following the 

decellularization process, the ultimate tensile strength slightly decreased to 13.13±3.42 

MPa, accompanied by a 20.48±1.65% elongation and a 2.84±1.35 MPa Young’s 

Modulus. The PANI-coated decellularized pericardium, serving as first layer of cardiac 

patch, displayed an ultimate tensile strength of 10.38±0.28 MPa, an elongation of 

14.93±4.54%, and a Young’s Modulus of 1.71±0.8 MPa. Remarkably, the final bilayered 

cardiac patch demonstrated enhanced mechanical characteristics, with an ultimate tensile 

strength of 22.70±6.33 MPa, an elongation of 53.58±10.63%, and a Young’s Modulus of 

0.67±0.10 MPa. While the polymeric electrospun membranes such as AY1 and AY8 

demonstrated a ductile response in the mechanic test, pericardium-based samples such as 

native pericardium and first layer demonstrated a brittle response. Despite polymeric 

membranes withstanding an ultimate tensile strength of approximately 2 MPa, they 

exhibited an elongation of at least 80%. In contrast, pericardium-based samples 

demonstrated an ultimate tensile strength exceeding 10 MPa with an elongation of 

approximately 20%. The combination of pericardium-based and polymeric-based layers 

in the bilayered cardiac patch created a synergistic effect on mechanical strength, 

increasing not only the ultimate tensile strength but also elongation ratio of the cardiac 

patch. A cardiac patch should mimic the mechanical properties of native myocardium, 

the stiffness of a myocardium ranges from 10-20 kPa in diastole to 200-300 kPa in systole 

[212]. It is suggested that a cardiac patch should possess higher mechanical strength than 

a normal myocardium to withstand the stress during contraction and relaxation [212, 213]. 

The bilayered cardiac patch’s mechanical strength aligns well with these requirements. 

In comparison with the literature, a collagen cardiac patch demonstrated a Young’s 

Modulus of 120 kPa, which increased to 1100 kPa  with the addition of 800 μg/ml 

graphene oxide [214]. Additionally, poly(glycerol-sebacate) cardiac patches mimicked 

the mechanical strength of myocardium, ranging from 0.05 MPa to 1.2 MPa Young’s 

Modulus [212]. In another study, it was emphasized that having a Young's Modulus of 

the cardiac patch between 100 kPa and a few MPa could reduce the stress of the heart 

wall [214]. In the literature, the native pericardium was crosslinked with genipin, genipin 

crosslinked pericardium demonstrated that at around 12 MPa tensile strength and the 

increasing genipin concentration decreased the pericardium elongation from %35 to %28 
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[215]. In another study, decellularization and genipin crosslinking decreased the tensile 

strength of pericardium from 17.53 MPa to 14.51 MPa [216]. In Yao et al.’s study, porous 

polyurethane cardiac patch demonstrated 727 kPa Young's Modulus [217]. The obtained 

bilayered cardiac patch demonstrated compatibility with the literature in terms of 

mechanical strength, providing a promising material for cardiac patch applications. 

 

Figure 3.21 Stress-Strain Curve, UTS, Elongation and Young’s Modulus values of 

PLGA/gelatin membrane (AY1), Native Pericardium, Decellularized Pericardium, First 

Layer, Second Layer, and Bilayered Cardiac Patch (CP: Cardiac Patch). 

 

3.3.2 Blood Compatibility of Bilayered Cardiac Patch 

Blood compatibility stands as a pivotal criterion for materials in direct contact with 

blood, as those lacking compatibility may induce hemolysis through membrane 

disruption, influencing cell and protein binding due to the surface tension of the materials. 
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The hemolysis rate (%) serves as a crucial indicator of blood compatibility. According to 

ISO 10993.4:2002 standards, a material is deemed safe for medical use if its hemolysis 

rate is below 5%. The bilayered cardiac patch exhibited a notably low hemolysis rate of 

0.421±0.191%, well below the acceptable threshold, confirming its blood compatibility. 

In a study conducted in the literature, the hemolysis rate of an electrospun silk scaffold 

was initially 0.850%, but with incorporation of hydroxyapatite, this rate decreased to 

0.765%, showcasing an improvement in blood compatibility [218]. In another study, 

scaffolds composed of polyurethane and fibrin exhibited hemolysis rates below 1.5% 

[219]. In a study involving a scaffold of poly (lactic acid) and poly (glycerol sebacate), 

the hemolysis rates was recorded at 1.67%, falling with the range (0-2%) associated with 

materials considered non-hemolytic [220]. Further advancements in blood compatibility 

were achieved through surface modification with heparin-fibronectin, reducing the 

hemolysis rate from 1.5% to 0.5% in a titanium-containing material [221]. Conversely, 

the hemolysis rate of a double-layer patch consisting of chitosan and poly (vinyl alcohol) 

exhibited a  hemolysis rate of 1.2%, which increased to 3.8% with the addition of 

graphene oxide and copper oxide [221]. In conclusion, the final bilayered cardiac patch, 

aligning with established safety standards. 

3.3.3 Cell Viability  

The heart myocardium includes the cardiomyocyte, vascular smooth muscle, 

fibroblast, endothelial and immune cell types [33]. Therefore, we investigated the cell 

viability of bilayered cardiac patch with cardiomyocyte and fibroblast cell lines by MTS 

assay. The bilayered cardiac patch demonstrated the cell viability over the %90 at 24, 48, 

and 72 hours with cardiomyocytes and fibroblast cell lines. It can be explained by the 

PLGA is biocompatible, FDA approved copolymer for clinical applications, and 

hawthorn species are known with antioxidant effect in the literature reports [134, 222]. 

This synergistic effect provided the high cell viability to the bilayered cardiac patch 

without any toxic effect on these cell lines. Comparatively, in existing literature, a cardiac 

patch compromising silk fibroin and carbon nanotube demonstrated 80% cell viability 

over a 2-day period [223]. In another study, decellularized heart tissue exhibited cell 

viability of 94%, and 92% at the end of 3 and 4 weeks, respectively [224]. A chitosan 

scaffold containing graphene oxide and gold nanosheets exhibited cell viability close to 

that of the control group [225]. Furthermore, a TiONts/PEG scaffold demonstrated over 
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90% cardiomyocyte cell viability, and a concentration of 5μg/mL TiONts/PEG was 

deemed non-cytotoxic for 24h incubation [226]. In another study, a microneedle cardiac 

patch, a live-dead assay revealed almost 100% cell viability after 1, 3 and 7 days [227]. 

In the literature, the 80% cell viability was observed on the 0.08% PANI containing 

cardiac patch while the 1.34% PANI containing cardiac patch showed approximately 60% 

cell viability. The reduction in the cell viability was attributed to potential stress exposure, 

resulting in a corresponding decrease [228]. In conclusion, bilayered cardiac patch is 

biocompatible with these cell lines. 

 

Figure 3.22 Graphical representation of in vitro cell viability (%) of bilayered cardiac 

patch with cardiomyocyte and fibroblast cell lines (p <0.01: **; p <0.001: *** considered 

significant). 

 

3.3.4 Cell Adhesion Study 

Figures 3.23 and 3.24 illustrate the cardiomyocyte cells adhesion on the bilayered 

cardiac patch. DAPI staining in Figure 3.23 reveals cardiomyocyte cell nuclei as blue 

under a fluorescent microscope image for 24, 48 and 72 hours. The images show that 

cardiomyocyte cells adhered to the surface of bilayered cardiac patch within the first 24 

hours. Subsequently, the density of adhered cells increased at the 48th hour, and by the 

end of 72 hours, adhered cells proliferated to reach a certain density.  
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Figure 3.23 DAPI Staining and of the cardiomyocytes cells on bilayered cardiac patch 

for 24h, 48h and 72h by fluorescence microscopy at 20X magnification. 

 

 

SEM images in Figure 3.24, following DAPI staining, further confirm that the cell 

adhered and proliferated on the bilayered cardiac patch within 3 days. Considering both 

DAPI staining and SEM images, it can be concluded that the bilayered cardiac patch is a 

suitable material for adhesion and proliferation of cardiomyocyte cells. In the literature, 

the PANI-containing cardiac patches exhibited similar microscope images with 

cardiomyocyte cells [229]. Cardiomyocyte cells seeded on decellularized heart tissue 

covered the tissue surface within 2 weeks [224]. In the Saravanan et al.’s study, 

cardiomyocyte cells completely covered on the gold nanostructures and graphene oxide 

containing chitosan scaffold [225]. In the literature, it is emphasized that the 

cardiomyocyte cell adhesion on the PLGA scaffold was achieved 60% for 12h and 80% 

for 24h [230]. Another study showcased cardiomyocyte cells adhesion on the 

collagen/chitosan scaffold was showed through fluorescence microscope images [231]. 

In conclusion, the bilayered cardiac patch is suitable material for cardiomyocyte cell 

adhesion and proliferation, hawthorn extract and VEGF containing PLGA/gelatin layer 

of bilayered cardiac patch have positive effect on cell adhesion.  
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Figure 3.24 SEM images of cardiomyocyte cell seeded bilayered cardiac patch after 24h, 

48h and 72h.
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3.4 In vivo Study of Cardiac Patch 

The left coronary artery (LAD) ligation method was used to create a myocardial 

defect model in rats. After the LAD ligation resulting myocardial defect was observed 

with cyanosis in the left ventricle of heart within 15-20 minutes. The heart rhythm was 

monitored via the ECG device throughout the operation. The induction of MI sign was 

confirmed by ECG waves of before and after the MI as seen Figure 3.25 

 

Figure 3.25 ECG waves before and after MI. 

 

3.4.1 Assessments of Cardiac Functions 

The transthoracic echocardiograph was used to assess the improvement of cardiac 

functions, echocardiography results were represented in Figure 3.26. As shown in 

ultrasonic images in Figure 3.26, the left ventricle of control group demonstrated the 

normal contraction amplitude, while a weak contraction amplitude was obtained in the 

MI group. When compared with the MI group, the bilayered cardiac patch implanted 

group demonstrated better contraction amplitude than MI and PLGA/gelatin implanted 

groups. Also, we investigated the quantitative cardiac functions, the healthy rats 

demonstrated the 0.51 cm LVEDd and 0.23 cm LVESd, while the MI group demonstrated 

the 0.62 cm LVEDd and 0.33 cm LVESd. The bilayered cardiac patch and PLGA/gelatin 

implanted groups showed the 0.61 cm and 0.65 cm LVEDd and 0.30 cm and 0.35 cm 
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LVESd, respectively. The increase of left ventricle systole and diastole diameters in MI 

and patch implanted groups can be explained by the ventricular dilatation after MI [232].  

Fractional shortening (FS) is a change in the percentage of ventricular inner 

diameter of the heart between systole and diastole, briefly providing information about 

the contractile function of the heart. According to the obtained data, control group showed 

55.43±7.9 FS (%), while MI group demonstrated the 44.35±3.9 FS (%) after 28 days of 

operation. The FS (%) was improved up to 50.46±4.5 and 47.19±9.7 in the bilayered 

patch and PLGA/gelatin groups after the 28 days of patch implantation, respectively.  

The Ejection Fraction (EF%) is a parameter that shows how much of the blood in 

the heart is pumped to the body. A low EF can be an indication that the heart is not 

functioning properly such as heart failure. The control group showed the 89.11±6.7 EF 

(%), while MI group demonstrated the 80.73±3.68 EF (%). The bilayered patch 

implantation improved the EF (%) up to 87.99±2, but the PLGA/gelatin group showed a 

slight increase in EF (%) as 82.58±9.6. It is expected that being a weakness in heart 

functions after the MI, but there is a significant increase of cardiac functions in bilayered 

cardiac patch implanted group. It can be concluded that the bilayered cardiac patch 

improved the cardiac functions by providing mechanically support and healing to the 

heart. In a study, PTFE-based commercial patch was used in an 8-week study for 

comparison with the polymeric PEUU patch. According to the echocardiography results 

obtained, the fractional change of the heart undergoing MI was 18% at the end of 8 weeks, 

while the value was 19% in the group to which the PTFE patch was applied, with a 1% 

improvement [233]. In another study, a GORE-TEX® brand commercial PTFE-based 

cardiac patch was implanted into the hearts of rats and compared with the synthesized 

P(CL-DLLA) cardiac patch over a long period of 48 weeks. According to the obtained 

data, it was mentioned that the PTFE-based patch was too stiff for the contraction-

relaxation function of the heart [234]. In another study, the Cor-Matrix® commercial 

patch was examined in a 16-week study on myocardial defect in rats in comparison with 

the MI group and Cor-Matrix with growth factor. In cardiac function evaluations, while 

the EF value of the MI group was around 35%, the EF value of the Cor-Matrix® group 

showed similar values to the MI group at the end of 16 weeks, while the EF value 

increased to approximately 50% in the group to which growth factor was added. When 

no growth factor was added to the commercial patch, cardiac function values were 
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obtained at values close to the MI group [235]. When the PCL/gelatin polymeric cardiac 

patch produced by Kai et al. was examined in an in vivo rat model, it was reported that it 

improved the EF value from 16% to 35% and improved the FS value from 8.9% to 

20.06% [236]. When we compare the cardiac function values of the bilayered cardiac 

patch with the polymeric patches and commercial patches reported in the literature, results 

are compatible with the literature data. The targeted improvement in cardiac functions of 

bilayered cardiac patch implanted group was achieved successfully. 

 
Figure 3.26 a) The ultrasonic images of cardiac cycles, b) LVEDd, c) LVESd, d) FS (%), 

and e) EF (%) results of groups. (ANOVA test, p < 0.05: *; p < 0.01: **; p < 0.001: ***; 

p < 0.0001: **** were considered significant, ns: non-significant. Error bars indicate 

standard deviation and error bars are invisible when they are smaller than the line 

thickness of these graphs. 
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4.2.2 Hematoxylin & Eosin staining 

Hematoxylin & Eosin staining was applied to heart sections, the cell nuclei is 

coloured as blue-purple by hematoxylin, while cytoplasm and extracellular structures are 

coloured as pink by eosin. H&E staining images represented in Figure 3.27 for all groups. 

According to these images; the heart’ cells can be seen as homogenously distributed 

through the myocardium in the control group. In the MI group, the clusters of cells can 

be observed in some regions within the myocardium due to the thinning of the ventricular 

wall. In the bilayered patch implanted group, intense cell migration into the patch is 

observed, along with areas dense with round-red erythrocytes. It has been determined that 

the regions with clustered erythrocytes represent the presence of blood vessels. In the 

PLGA/gelatin applied group, the cell nuclei can be seen from figures. 

 
Figure 3.27 Comparative representation of Hematoxylin & Eosin stained microscope 

images of heart tissues at 10X, 20X, and 40X magnifications. (P: applied patch material, 

M: myocardium). 
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Following the Hematoxylin & Eosin staining, left ventricular (LV) wall thicknesses 

were calculated from microscope images using ImageJ program and are presented 

graphically in Figure 3.28. LV wall thickness was obtained as 2981±116 μm for the 

control group, 910±159 μm for the MI group, 3054±257 μm for the bilayered patch 

implanted group and 2271±244 μm for the PLGA/gelatin implanted group. Septum 

thicknesses of the groups were obtained as 2544.69±309 μm, 2118.27±131 μm, 

3461.89±232 μm, 3222.66±52 μm, respectively. The thickness of the scar in the 

myocardium were obtained as 1048.85±348 μm for the MI group, 448.36±147 μm for the 

cardiac patch group and 544.87±301 μm for the PLGA/gelatin group. After the induction 

of MI in the myocardial tissue, due to the decrease or complete cessation of blood flow, 

nutrients and oxygen cannot reach the cells. Accordingly, the cells in the myocardial 

tissue begin to die and then neutrophil and macrophage cells migrate to this region. Then, 

phagocytosis occurs, and the necrotic tissue was replaced with granulation tissue by 

immune cells. Collagen accumulation begins in the defected area, and the thickness of 

the ventricular wall decreases due to the weakening of the heart muscle. Since the self-

renewal feature of the heart cells cannot be provided sufficiently in the defected area of 

the heart, it is devoid of healthy cells, and for this reason, electrical conductivity in the 

tissue is disrupted, mechanical dysfunction and structural integrity are disrupted. This 

condition is also called dilated cardiomyopathy [237]. In this regard, cardiac patch 

applications are of great importance in order to limit the growth of the defec so that the 

heart does not lose its function. As seen in the figures, the application of cardiac patch 

materials 4 weeks after MI prevented the expansion of cardiomyopathy and the decrease 

in ventricular thickness was limited. While it was observed that the LV wall thickness 

was significantly thinned at the end of 4 weeks in the MI group, the decrease in wall 

thickness was limited in the cardiac patch and PLGA/gelatin groups, and the deterioration 

of the tissue structure was prevented. Ventricular dilatation was not observed in these 

groups because the applied bilayered patch and PLGA/gelatin membrane acted as a 

mechanical barrier preventing the expansion of the left ventricular wall [236]. The 

ventricular wall thickness of the bilayered cardiac patch group was significantly greater 

than that of the PLGA/gelatin group, which can be explained by the mechanical strength 

of the bilayered patch is better than the PLGA/gelatin membrane and is close to the 

mechanical properties of the native myocardium. According to the data obtained from in 

vitro mechanical tensile test results within the scope of the project, the bilayered cardiac 

patch has a tensile strength of 22.70±6.33 MPa, an elongation ratio of 53.58±10.63% and 
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an Elastic Modulus of 0.67±0.10 MPa, while the PLGA/gelatin membrane has a tensile 

strength of 2.22±0.42 MPa, an elongation ratio of 80.25±25.22% and an Elastic Modulus 

of 2.97±0.87 MPa. It is known that the elastic modulus of a healthy heart tissue is 10-20 

kPa in diastole, 200-300 kPa in systole and the elongation rates are 10% in diastole and 

15-22% in systole [212]. The applied bilayered cardiac patch was compatible with the 

mechanical properties of the native myocardial tissue, thus acting as a mechanical barrier, 

ventricular contraction was limited, and deterioration of the tissue structure was 

successfully prevented. 

 
Figure 3.28 Graphical representation of the left ventricular wall thickness, septum 

thickness, and scar thickness of heart tissues. (ANOVA p < 0.05: *; p < 0.01: **; p < 

0.001: ***; p < 0.0001: **** were considered significant. Error bars indicate standard 

deviation and error bars are invisible when they are smaller than the line thickness of 

these graphs. 

 

4.2.3 Masson’s Trichrome staining 

Masson’s trichrome staining was applied to investigate fibrous scar and heart 

muscles. Masson’s trichrome staining is based on the principle of staining cells in blue-

black, cytoplasm in red, muscle tissue in purple and collagen in blue. According to result 

in Figure 3.29, the heart muscles of control group can be seen in purple colour and no 
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defect was observed in the myocardium. On the other hand, the scar was highlighted as 

blue in the MI group, and scar covered the large portion of the left ventricular wall within 

28 days. In the bilayered cardiac patch implanted group, the scar was significantly 

reduced compared to the MI group, that is a sign the healing of myocardium within 28 

days. The bilayered cardiac patch can be seen as blue due to it composed of decellularized 

bovine pericardium. Similarly, a reduction in the scar area was observed in the 

PLGA/gelatin implanted group. It was concluded that the groups treated with patches 

showed significant improvement in myocardial scar after MI within four weeks, while in 

the untreated group, the scar expanded within four weeks. Blood vessels and cell 

migration were found in the defected myocardium in all MI induced groups. In the cardiac 

patch and PLGA/gelatin group, images showed that the material fused and integrated with 

the myocardium within four weeks. The integration of the implanted patch was similarly 

observed within 1 to 4 weeks in decellularized myocardium patches in the literature. 

Additionally, similar to our results, intense cell migration and vascular structures in the 

ischemic area were observed [153]. Similar Masson's trichrome staining images were also 

observed in studies in the literature, with a reduction in defect in the groups treated with 

PCL and PCL/gelatin cardiac patches compared to the MI group, and similar cell 

migration and vascular structures were detected [236]. 
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Figure 3.29 Examination of heart tissues with Masson’s trichrome staining. (P: represents 

the applied patch material, M: myocardium of the heart). 

 

In the Figure 3.30, heart muscle cells can be seen embedded within the heart muscle 

in the control group, with red blood cells appearing as red-purple, round nuclei. In the MI 

group, cell migration is observed in the scar area; these cells are thought to include heart 

muscle cells, immune cells, and erythrocytes. Large blood vessels within the scar area 

appear as clusters of blood cells. Additionally, blood vessel density was observed to be 

higher in the bilayered cardiac patch group than in the MI group. Blood vessels are also 

visible in the scar area of the PLGA/gelatin group. This increased blood vessel formation 

may be attributed to the release and effectiveness of the growth factor VEGF in the 

cardiac patch. 
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Figure 3.30 Examination of heart tissues with Masson’s trichrome staining at 40X 

magnification, arrows represent vessels in the scar area. Scale bar represents 20 μm. 

4.2.4 Immunofluorescence staining 

Formation of new vessels is one of the most important criteria and one of the 

difficulties encountered in order to ensure healing in defected heart tissue. New vessel 

formations were examined with immunofluorescence staining methods using anti-von 

Willebrand Factor (vwf), anti-αSMA, anti-CD31 primary antibodies. While cell nuclei in 

heart tissues were stained with DAPI as blue lights, detection of the antibodies used was 

observed with red lights by binding with the “Goat Anti-Rabbit IgG (H+L) Elab 

Fluor®647 conjugated” secondary antibody. Blue and red images were combined in the 

ImageJ-Fiji program and presented comparatively. The immunofluorescence 

examination results of the anti-vwf primary antibody were presented in Figure 3.31. The 

anti-vwf primary antibody binds to a glycoprotein that allows the detection of the blood 

vessel wall and the erythrocytes inside it. According to the data obtained, vwf markers 

appeared with red light throughout the myocardium in the control group, reflecting 

normal blood flow in the heart. In the MI group, vwf markers were absent in the scar area 

due to reduced blood flow in the defected myocardium. They only labelled cells in the 

large vessels within the defected myocardium, which are thought to be the tissue's own 
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vessels. In the bilayered cardiac patch-implanted group, significant vwf markers were 

observed throughout most of the myocardium, including within the patch itself. In the 

PLGA/gelatin group, a similar reduction in vwf markers was seen in the scar area. vwf 

markers were also present in the applied PLGA/gelatin, though with less intensity than in 

the bilayered patch. 

 
Figure 3.31 Examination of heart tissues with immunofluorescence staining techniques 

using anti-vwf. The scale bar represents 200 μm. 

 

Another marker for vascularization is the anti-CD31 primary antibody, which 

indicates cell adhesion molecules expressed in vascular endothelial cells. According to 
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Figure 3.32,  the CD31 antibody yielded similar results to those with the anti-vwf primary 

antibody. This alignment was interpreted as mutual support between the two markers, 

adding significance to the findings. The CD31 markers, present in high amounts in the 

control group, decreased significantly in the MI group. In the bilayered cardiac patch 

group, CD31 marker density closely resembled that of the control group, with 

vascularization markers also observed within the patch itself. In the PLGA/gelatin group, 

CD31 markers were less abundant than vwf markers, appearing at the outermost edge of 

the PLGA/gelatin. Cell nuclei within the PLGA/gelatin membrane were also considerably 

fewer than in the bilayered patch. Overall, the controlled release of the VEGF growth 

factor, which influences vascularization, from the applied bilayered patch to the defected 

area significantly increased vascularization both in the scar region and within the patch. 

This indicates that the cardiac patch developed within the scope of this thesis has 

effectively fulfilled its purpose. 
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Figure 3.32 Examination of heart tissues with immunofluorescence staining techniques 

using anti-CD31. The scale bar represents 200 μm. 

 

Another primary antibody, anti-αSMA, binds to the actin filaments of smooth 

muscle cells, which contribute to the contractile properties of cells, and also marks smooth 

muscle cells around blood vessels. In Figure 3.33, smooth muscle cells in the myocardium 

of control group were densely labelled with αSMA markers. In the MI group, a decrease 

in markers was observed in the scar area due to cell death, while markers were still present 

in the healthy myocardial region. In the myocardium of the bilayered cardiac patch group, 

αSMA markers were observed in high density, similar to the healthy group, and were also 

prominent within the applied patch itself. In the PLGA/gelatin group, markers appear as 



95 

 

thin lines along the outer edge of the membrane, with lower marker density in the 

myocardium compared to the bilayered patch. 

 
Figure 3.33 Examination of heart tissues with immunofluorescence staining techniques 

using anti-αSMA. The scale bar represents 200 μm. 

 

GATA4 is a protein that plays an important role in heart development and heart 

regeneration, therefore cardiac markers were examined with anti-GATA4 primary 

antibody. While cell nuclei in heart tissues were stained with DAPI as blue lights, 

detection of the antibodies used was observed with green lights by binding with the “Goat 

Anti-Rabbit IgG (H+L) Elab Fluor®488 conjugated” secondary antibody. In Figure 3.34, 

while GATA4 markers were seen intensely in the control group, they were seen around 

the vascular structures in the defected area of the MI group. In the bilayered patch 

implanted group, they were seen intensely in the myocardium and the defected area. Some 
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GATA4 markers were also found inside the applied patch. In the PLGA/gelatin group, 

GATA4 markers were seen in the area close to the defected area in the myocardium, and 

the markers were seen sparsely in the form of green glows in the PLGA/gelatin. The 

intensity of cardiac markers in the bilayered patch group indicates that heart regeneration 

has started to occur in the defected area. In a study in the literature, decellularized 

myocardial scaffold was produced as a cardiac patch and examined in a MI rat model. 

According to the reported results, it was stated that GATA4 markers were not found in 

the patch-containing groups [153]. 

 
Figure 3.34 Examination of heart tissues with immunofluorescence staining techniques 

using anti-GATA4. The scale bar represents 200 μm. 
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The anti-CD34 primary antibody is used to mark intercellular adhesion molecules 

and endothelial cells in vascularization. As seen in Figure 3.35, CD34 markers in the MI 

group were significantly reduced compared to the healthy group. In the bilayered patch 

group, markers were detected in the areas where blood vessels are located. In the 

PLGA/gelatin group, it was seen on the outside of the membrane.  

 
Figure 3.35 Examination of heart tissues with immunofluorescence staining techniques 

and anti-CD34. The scale bar represents 200 μm. 

 

The presence of macrophages was examined with the anti-CD68 primary antibody 

and was presented comparatively in Figure 3.36. Macrophages were detected as green 

glows in the defected area of the MI group. In the healthy group, no significant 

macrophage markers were found. In the bilayered patch group, markers were seen in the 

patch, but no markers were found in the myocardium. In the PLGA/gelatin applied group, 

markers were detected both in the membrane and in the myocardium. 
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Figure 3.36 Examination of heart tissues with immunofluorescence staining techniques 

and anti-CD68. The scale bar represents 200 μm. 

 

4.2.5 Immunohistochemistry 

Heart tissues were also examined with immunohistochemistry staining with ABC 

method and data regarding vwf, CD31 and αSMA markers were presented in Figure 3.37. 

In the bilayered patch implanted group, vwf and CD31 markers and vascular structures 

were seen to be more compared to the other groups. αSMA markers were seen densely in 

the bilayered patch, indicating that cardiac cells migrated and integrated into the patch. 

Immunohistochemistry staining results were evaluated to be consistent with the 

Immunofluorescence staining results. 
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Figure 3.37 Immunohistochemical staining methods of heart tissues to show anti-vwf, 

anti-CD31 and anti-αSMA markers. (P: applied patch material, M: myocardium of the 

heart. Scale bar represents 50 μm for vwf and CD31, 100 μm for αSMA). 

 

According to in vivo study results, cell deaths and scar lead to ventricular wall 

thinning and a decline in cardiac functions over a 4-week period in the MI group. 

However, patch or PLGA/gelatin implanted groups demonstrated that the improvement 

in cardiac functions and histological examinations. These applied materials provided 

mechanical support, preventing left ventricular expansion and thinning of the wall. In the 

bilayered cardiac patch group, patch not only offered mechanical support to the defected 

area but also significantly reduced the scar size due to the bioactive components. The 

hawthorn extract and VEGF inside patch created synergistic effect on cell migration, 

formation of vessels, healing of scar, and integration of patch material within 4 weeks. 
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Chapter 4 

Conclusions and Future Prospects  

4.1 Conclusions 

This thesis aimed to develop a next-generation, bilayered cardiac patch, perform its 

in vitro characterizations, and assess its efficacy in an in vivo myocardial defect rat model. 

The resulting cardiac patch is expected to make a significant contribution to the treatment 

of myocardial defects caused by cardiovascular diseases, one of the leading causes of 

death worldwide. Additionally, by developing a domestic and nationally produced cardiac 

patch, this project will reduce foreign dependency and contribute to our country's 

economic growth. This thesis not only introduces a substantial advancement to the 

literature but also pioneers the development of a new-generation cardiac patch in our 

country. The first part of the thesis project involved the separate production of the 

bilayered cardiac patch's first and second layers, followed by detailed characterizations 

of each layer. For the first layer, the decellularization procedure of the pericardium was 

optimized to completely remove from cells. The decellularization of the pericardium was 

examined with histological staining techniques and H&E and DAPI staining, and it was 

shown that the cells were completely removed from the tissue. The amounts of DNA and 

collagen in the tissue were examined via commercial kits. While the pericardium was 

completely freed from cells, the tissue integrity was preserved, and it was proven that the 

structural integrity was preserved with mechanical testing and morphological 

examinations compared to the native pericardium. PANI nanoparticles were synthesized 

with a size of 104 nm to provide conductivity to the pericardium and chemical 

characterization was completed with FTIR, and size measurement was completed with 

DLS. Decellularized pericardium was coated with PANI nanoparticles and a 9x10-4 S/cm 

conductivity of was achieved, thus reaching the targeted 10-4 S/cm conductivity value of 

native myocardium. 

To obtain the second layer of the cardiac patch, hawthorn extract was obtained using 

the refluxed method and chemical characterizations were completed with FTIR and GC-
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MS analyses. For the production of the second layer, PLGA/gelatin polymers were 

produced with hawthorn extract and VEGF by electrospinning technique. At this stage, 

both electrospinning parameters and concentration optimizations of extract and VEGF 

were performed. 15% (w/v) PLGA/gelatin was used to fabricate membranes with 1, 5, 10 

and 15 % (w/v) hawthorn extract. The hawthorn extract containing membranes were 

fabricated and 10 % (w/v) hawthorn was selected to produce 0.1, 5 and 1 µg/ml VEGF 

containing membranes. These fabricated membranes’ morphological structure, fiber 

diameter, homogeneous fiber distributions, pore sizes, release behaviours, hydrophilic 

properties, weight loss behaviours were examined comparatively with each other, and 

then optimum hawthorn extract and VEGF values were determined. The second layer to 

be used in obtaining the cardiac patch was determined as 15% (w/v) PLGA/gelatin 

membrane containing 10% (w/v) hawthorn extract and 1 µg/ml VEGF. It was observed 

that the second layer released almost all of the hawthorn extract and VEGF within 3-4 

weeks with an average fiber diameter of 890.91 nm and an average pore size of 19.2 µm. 

The anticoagulant effect of the hawthorn extract was examined by APTT clotting time 

test, and it was observed that the second layer had an APTT time of 331±65.1 seconds, 

which was much better than our targeted value. The bioactivity of VEGF in the second 

layer was confirmed with an in vitro commercial kit. Thus, when the second layer is 

applied to the defected myocardium as a biodegradable polymeric bioactive layer, it has 

been proven to have cardio-protective properties that can degrade within 3-4 weeks and 

provide controlled release of hawthorn extract and VEGF to the defected area, provide 

vascularization and prevent unwanted coagulation.  

In the third part of the thesis, integration of the two layers of the bilayered cardiac 

patch was successfully achieved using a biocompatible tissue adhesive, confirmed by 

SEM imaging. The adhesive strength of layer integration was assessed through the Lap-

Shear test, yielding results consistent with the literature. The mechanical properties of the 

bilayered cardiac patch were evaluated with a tensile test, demonstrating that the bilayered 

design significantly enhanced mechanical strength compared to native pericardium, 

decellularized pericardium, an electrospun PLGA/gelatin membrane, and each individual 

layers. The Young’s modulus of the bilayered cardiac patch was approximately 675 kPa, 

exceeding the target minimum of 200 kPa, aligning with the modulus of native 

myocardium. Based on literature reports and the characteristics of defected heart tissue, 

the cardiac patch was deemed to possess mechanical properties compatible with native 

cardiac tissue. The cell viability of the bilayered cardiac patch was assessed using 
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cardiomyocyte cells, showing over 90% viability across 24, 48, and 72-hour assessments. 

Blood compatibility was also evaluated, achieving the target criterion of a hemolysis rate 

below 5% with a result of 0.421±0.191%, confirming the patch's blood compatibility and 

biocompatibility. 

In the final and most challenging phase of the project, the efficacy of the cardiac 

patch was tested in an in vivo rat myocardial defect model. The left coronary artery 

ligation model was optimized to induce myocardial defect in rats, requiring intensive 

work and resulting in higher-than-expected mortality due to the method's high risk. After 

myocardial infarction, the bilayered cardiac patch was implanted on the rats' hearts, with 

positive and negative control groups established for comparison. Four weeks post-

operation, the rats were sacrificed, and their heart tissues were subjected to histological 

examination. Echocardiographic evaluations during the 4-week period indicated 

significant improvements in cardiac function within the bilayered cardiac patch group, 

with cardiac function values recorded at 87.99% ejection fraction (EF) and 50.46% 

fractional shortening (FS), exceeding the targeted values. Histological evaluations were 

performed using H&E and Masson’s Trichrome stains to assess heart tissue defect, left 

ventricular wall thickness, and the applied patch. These evaluations revealed a decrease 

in tissue defect, an increase in vessel formation within the defected area, and a higher cell 

count in the bilayered patch applied group compared to other groups. It was also noted 

that the patched groups provided mechanical support, preventing left ventricular 

expansion, stopping ventricular wall thinning, and decreasing tissue death relative to the 

unpatched group. Immunofluorescence examinations on heart tissues were conducted 

using three different antibody markers to assess new vascular structure formation. In the 

bilayered cardiac patch group, a greater presence of vascular structures was observed both 

in the defected area and within the patch itself compared to other groups. The presence 

of more cardiac cells and cardiac muscle proteins in the cardiac patch groups was 

indicated by GATA4 and αSMA markers. The CD68 marker was used to detect immune 

cells, and no significant macrophage presence was observed within any groups during the 

4-week period. Upon completion of heart tissue evaluations in the bilayered cardiac patch 

group, findings indicated greater tissue improvement in the defected area, as well as an 

increase in vascular structures and cells compared to the other groups. 

In line with the results obtained in thesis project, the bilayered patch appears to be 

a promising candidate for the treatment of myocardial defect. The hypothesis stated in the 

project proposal has been successfully realized, with outcomes surpassing initial 
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expectations. It is expected that this will make a significant contribution to the literature 

in the future and be applied to many patients with heart disease, helping to prevent heart 

failure.  

 

4.2 Societal Impact and Contribution to Global 

Sustainability  

The bilayered cardiac patch developed in this thesis project holds significant 

potential for societal impact and contribution to global sustainability by addressing one 

of the most pressing health challenges worldwide—heart disease. Globally, 

cardiovascular diseases (CVDs) continue to be the major cause of death, claiming over 

17 million lives annually. This novel cardiac patch aims to directly impact patient 

outcomes by providing an innovative treatment for myocardial defects, one of the most 

severe consequences of CVDs. Unlike traditional treatment options, which are often 

limited to medications or heart transplantation, our bilayered patch offers an affordable, 

easily accessible, and simple-to-apply solution. This patch promotes natural tissue repair, 

which could substantially improve patients' quality of life, reduce hospital readmissions, 

and decrease overall healthcare costs. 

The integration of sustainable and locally sourced materials in the patch’s design 

also contributes to its environmental and economic sustainability. By incorporating 

natural plants, such as hawthorn, into the patch’s composition, we minimize the need for 

synthetic drugs, which often have a high environmental footprint during their 

manufacturing and disposal stages. Additionally, the use of electrospinning to develop 

the patch allows for efficient material utilization, reducing waste in production and 

ensuring a sustainable manufacturing process. As a locally developed and produced 

solution, this cardiac patch reduces dependency on imported biomedical devices, 

supporting economic self-sufficiency and fostering growth in the domestic medical 

technology sector. 

On a broader scale, this project aligns with several United Nations Sustainable 

Development Goals (SDGs), particularly SDG 3 (Good Health and Well-Being) and SDG 

9 (Industry, Innovation, and Infrastructure). By contributing a pioneering solution for 

CVD treatment, we advance medical innovation and support healthier lives, creating the 
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foundation for a more sustainable healthcare system. In summary, the bilayered cardiac 

patch not only promises to enhance cardiovascular treatment but also embodies principles 

of sustainability, local innovation, and accessibility, making it a valuable advancement 

with far-reaching implications for global health and sustainable development. 

 

4.3 Future Prospects 

The future prospects of the bilayered cardiac patch are highly promising, with the 

potential to significantly transform the treatment of cardiovascular diseases and 

contribute to advancements in regenerative medicine. As heart disease continues to be a 

leading cause of death globally, the demand for effective and sustainable treatments 

remains critical. This innovative cardiac patch has the potential to reduce the need for 

invasive surgeries, minimize complications, and provide long-term healing solutions for 

patients with myocardial defects. 

In the near future, the patch can be optimized for broader clinical applications, 

including treatment for various types of heart defect, such as ischemic heart disease, heart 

failure, and congenital heart defects. With further research and development, the material 

properties of the bilayered patch, such as its mechanical strength, biodegradability, and 

drug delivery capabilities, can be fine-tuned to enhance its effectiveness in different 

patient populations. 

In addition, the widespread use of this technology could lead to a reduction in 

healthcare costs by offering an affordable, easily accessible, and minimally invasive 

alternative to traditional therapies. As more data is collected from clinical trials and long-

term studies, the patch could become an integral part of treatment protocols in hospitals 

worldwide, especially in regions with limited access to advanced cardiac care. 

Moreover, the integration of this patch with emerging technologies, such as tissue 

engineering and stem cell therapy, could pave the way for next-generation treatments that 

promote the regeneration of heart tissue. This would not only benefit patients but also 

reduce the global burden of heart disease, contributing to the achievement of sustainable 

development goals related to health and well-being. 

Ultimately, the success of the bilayered cardiac patch in clinical settings will be a 

key milestone in the advancement of cardiovascular medicine, potentially revolutionizing 

how heart disease is treated and managed in the future. 
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