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ABSTRACT 

 

Cardiovascular disease is the leading cause of mortality in the world and stem cell therapy has 

shown promise for its treatment. Focusing on adipose-derived stem cells (ASCs), numerous aspects 

still need to be investigated, including depot- and donor- dependent differences in ASC characteristics 

and the cardiomyogenic potential of these cells within the complex microenvironment of the cardiac 

extracellular matrix (ECM). 

In the first part of my thesis, a standardized comparative study was conducted between donor-

matched subcutaneous and omentum fat ASCs, as well as donor-matched pericardial fat and thymic 

remnant ASCs. This study highlighted variability in the yield, viability, immunophenotype, clonogenic 

potential, doubling time, and adipogenic and osteogenic potential of the ASC populations. More 

specifically, ASCs isolated from both intrathoracic depots had a significantly higher proportion of 

CD34+ cells at passage 2. Furthermore, ASCs from subcutaneous and pericardial adipose tissue 

demonstrated enhanced adipogenic capacity, whereas ASCs isolated from the omentum displayed the 

highest levels of osteogenic markers in culture. Through cell culture analysis under hypoxic conditions 

(5% O2), oxygen tension was shown to be a key mediator of colony forming efficiency and 

osteogenesis for all depots. 

In the second stage, non-crosslinked 3-D porous foams derived from decellularized porcine 

cardiac ECM were developed. Mincing and milling processing methods were explored during scaffold 

fabrication and the architecture, ECM composition and physical properties of the foams were 

characterized. The minced foams demonstrated enhanced mechanical properties, improved long-term 

stability under simulated culturing conditions and better conservation of ECM constituents.  

The final stage of experimental work focused on investigating the cardiomyogenic 

differentiation of pericardial fat ASCs on minced cardiac foams, collagen I gels and tissue culture 
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polystyrene using modified cardiomyogenic medium (MCM) or 5-azacytidine stimulation. Results 

showed that MCM was more effective than 5-azacytidine in stimulating cardiac gene and protein 

expression. Furthermore, enhanced differentiation was observed with both treatments on the cardiac 

foams, suggesting a synergistic effect of the cardiac ECM. Further, the cardiac foams were observed to 

provide an inductive microenvironment for the ASCs under control medium culture conditions, 

inducing cardiomyogenic gene and protein expression in the absence of external differentiation factors. 
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CHAPTER 1 

Introduction 

 

1.1 Clinical Significance 

Cardiovascular disease (CVD) represent the most lethal human medical condition and is 

responsible for the loss of more human lives than all types of cancers combined. In 2012, an estimated 

17.5 million people died from CVD, representing 31% of all global deaths. [1] Moreover, coronary 

heart diseases (CHD) including myocardial infarction (MI) accounted for 7.4 million of these deaths. 

[2] Although from 2000 to 2010 death rates attributable to CVD in the USA declined by 31%, CVD is 

still responsible for 1 of every 3 deaths. [1] In addition to these dramatic mortality rates, the treatment 

of CVD places a significant economic burden on the healthcare system. In the USA alone, the direct 

and indirect costs of treating CVD were estimated to be more than $315.5 billion in 2010. [1] 

Focusing on CHD, one of the most common causes of MI is the formation of a blood clot 

following the rupture of an atherosclerotic plaque, which is a deposit of lipids underneath the arterial 

wall. [3] This clot narrows the lumen of the artery and can cause extensive damage by drastically 

reducing the blood flow to the tissues downstream of the occlusion. As a consequence of an ischemic 

episode, a core area of the affected tissue undergoes irreversible necrosis, in part due to a lack of 

oxygen. [4] Subjects who survive an acute MI have a 15 times higher mortality rate than the rest of the 

population and within 5 years from the first MI episode, at  ≥ 45 years of age, 36% of men and 47% of 

women will die. [1] These high mortality rates are the consequence of the physiological remodelling 

process post-MI, termed left ventricular remodelling, which results in hypertrophy and scar tissue 

formation. Although this process is an attempt at adaptive repair, it ultimately leads to the life-

threatening chronic phase of heart failure. [4] 
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The aim of current therapies for the treatment of MI is to quickly restore the blood flow to the 

damaged tissues through the use of anti-coagulants, anti-platelet aggregation drugs or surgical 

interventions. Nevertheless, all of these therapies only target the symptoms of MI and are unable to 

restore functional cardiac tissue following ischemic necrosis, due to an irreversible loss of 

cardiomyocytes. Whole heart transplant is the final option, but the complexity of the procedure and the 

length of the waiting lists dramatically limit its application.  

Building from positive results in pre-clinical studies obtained over the past 20 years, stem cell 

therapy has arisen as a promising approach for the repair of damaged cardiac tissue. Recent clinical 

trials have demonstrated safety of administration and a beneficial effect following the injection of 

either bone marrow-derived mesenchymal stem cells (bMSCs) [5-8] or adipose-derived stem cells 

(ASCs) [9,10], primarily in terms of increased vascularization and modest improvements in cardiac 

function. However, in the clinical context, adipose tissue presents several advantages over other cell 

sources, such as abundance, ease of harvest, and high regenerative cell yield. [11] 

The work presented in this thesis focused on gaining a better understanding of ASCs in the 

context of cardiac regeneration. In particular, while it is agreed upon that ASCs extracted from 

different fat depots possess different characteristics [12-15], there is a lack of standardization in 

methods, which complicates the interpretation of these differences. There is therefore a need to analyze 

ASC populations from different depots in a consistent manner in order to identify unique characteristics 

that could potentially make one source more suitable than another for a specific cell based therapy.  

Moreover, the precise mechanisms of action of ASC-based cardiac regeneration remain to be 

fully elucidated, particularly in terms of their cardiomyogenic potential and interaction with native 

cardiac extracellular matrix (ECM). In fact, the results of recent studies hint to a pivotal role of tissue-

specific ECM in determining stem cell fate. [16-20] In this context, an in vitro 3-D scaffold derived 
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from native cardiac ECM would be very useful for investigating the interactions between ASCs and the 

cardiac microenvironment.  

The initial experimental work of my thesis focused on a standardized comparison between 

ASCs extracted from subcutaneous, omentum and intrathoracic fat depots to assess their differentiation 

potential, proliferation and sensitivity to oxygen tension. The subsequent studies involved the 

development and characterization of a cardiac ECM-derived porous scaffold and its use for in vitro 

studies on ASC cardiomyogenic potential. 

 

1.2 Hypothesis 

Pericardial fat ASCs represent a promising cell candidate for cardiovascular regeneration due to 

the ease of access and expendability of the tissue source during cardiac surgeries, as well as a reported 

enhanced anti-inflammatory phenotype. [21] The use of a cardiac-ECM derived scaffold will provide a 

conducive microenvironment for investigating the cardiomyogenic potential of the pericardial fat-

derived ASC population. 

 

1.3 Research objectives 

1.3.1 Characterize donor- and depot- dependent differences in ASC populations.  

− Isolate donor-matched subcutaneous and omentum ASCs, as well as pericardial fat and 

thymic remnant ASCs 

− Characterize ASC yield, viability, immunophenotype, proliferation, adipogenesis and 

osteogenesis for each of the analyzed depots 

− Evaluate the effect of normoxic (95% air/5% CO2) and hypoxic (5% O2/90% N2/5% CO2) 

culturing environments on ASC proliferation, adipogenesis and osteogenesis 
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1.3.2 Develop a cardiac ECM-derived scaffold for in vitro studies of ASC cardiomyogenesis 

− Decellularize porcine left ventricle with methods adapted from an existing protocol 

− Refine porous scaffold fabrication methods in order to improve their compositional integrity 

and mechanical stability: a) α-amylase used instead of pepsin, b) both minced ECM foams 

and ground ECM foams investigated and c) varying concentrations of ECM used for foam 

fabrication 

− Perform physical and compositional analyses of these scaffolds in order to characterize 

them and identify a candidate foam with advantageous properties for subsequent in vitro 

studies 

 

1.3.3 Evaluate pericardial fat ASC cardiomyogenesis on cardiac foams as compared to collagen I 

hydrogels and tissue culture polystyrene (TCPS) 

− Confirm pericardial fat ASC maintenance of stem cell markers at passage 4 though flow 

cytometry  

− Assess cardiac foam suitability for cell culture through viability and metabolic assays at 7, 

14 and 21 days  	  

− Explore cardiomyogenic differentiation of ASCs seeded on cardiac foams, collagen I gels 

and TCPS using two different types of inductive mediums: a) modified cardiomyogenic 

medium, comprised of a cocktail of soluble factors including ascorbate, dexamethasone and 

insulin, b) medium supplemented with the epigenetic modifier 5-azacytidine	  

− Investigate a potential inductive effect of the cardiac ECM by culturing pericardial fat 

ASCs on cardiac foams, collagen I gels and TCPS in the absence of external inductive 

factors	  

 



	   5	  

CHAPTER 2 

Literature Review 

 

2.1 Healthy and pathological myocardium 

2.1.1 Components of the myocardium	  

The main function of the heart is to pump blood through the circulatory system. In healthy 

adults, the heart rate ranges from 60 to 100 beats per minute with a stroke volume of approximately 70 

mL/beat. This mechanical pumping force is achieved through synchronous contraction of 

cardiomyocytes, in combination with the precise geometrical orientation of extracellular matrix (ECM) 

components and a tight biomolecular interaction between these 2 elements.  

In the human heart, cardiomyocytes occupy 75% of the cardiac space. [22] Energy production 

in these cells relies almost exclusively on aerobic metabolism, which makes them particularly sensitive 

to oxygen level. Cardiac myocytes are defined by five key components: a) a cell membrane with 

impulse-conducting T-tubules, b) contractile elements, c) mitochondria, d) sarcoplasmic reticulum 

involved in calcium storage, and e) a nucleus. The contractile unit in cardiac muscle, called the 

sarcomere, is composed of an arrangement of thin filaments of actin, thick filaments of myosin and the 

regulatory proteins troponin and tropomyosin (Figure 2.1).  
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Figure 2.1: Diagram of the sarcomere and its components. Reproduced with permission from Spirito et al [23], Copyright 

Massachusetts Medical Society. 
 

During contraction, an electrical action potential is generated by the heart pacemaker (the 

sinoatrial node), opening voltage-dependent L-type calcium channels on the T-tubules and releasing 

calcium ions into the cytoplasm. As a consequence, Ca2+-dependent channels on the sarcoplasmic 

reticulum open and more calcium is released, through a process known as calcium-induced calcium 

release. The calcium released from the sarcoplasmic reticulum binds to the troponin in the troponin-

tropomyosin complex, releasing it from the actin filaments and allowing interaction with myosin heads. 

Cycles of myosin-actin attachment and release allow the sliding of the filaments, generating 

contraction. [24] The synchrony of contraction requires a tight connection and chemical 

communication between adjacent cardiomyocytes, mediated by cardiac-specific elements termed 

intercalated disks. These structures are composed of gap junctions that facilitate the mechanical and 
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ionic coupling of individual cells. Altered distribution and composition of gap junctions are involved in 

fatal arrhythmia that can follow myocardial infarction (MI). [25]  

Cardiomyocytes are supported and oriented by the cardiac extracellular matrix (ECM), of which 

major components are collagen and fibronectin. In particular, collagen I and III are trimeric proteins 

that interact to form aggregates of varying thickness and are widely distributed between the 

cardiomyocytes, accounting for 80% and 12% of the total collagen in the heart respectively. [26,27] 

Another abundant collagen subtype is collagen IV, which represents the main component of the 

myocardial basement membrane that forms a thin network across the myocardium and contributes to 

mechanical stability. [28,29]  

The interaction between cells and ECM in vivo is mediated by integrins, which are trans-

membrane proteins that act as cellular receptors that recognize and bind to motifs on ECM proteins. 

[30] Fibronectin and laminin are two of the most abundant proteins in the myocardium and through 

their motifs they act as bridges between the cellular components of the heart and the surrounding ECM 

network. [30] Fibronectin is a glycoprotein homogenously distributed throughout the interstitial space, 

which binds to the majority of ECM elements including collagen, heparin, proteoglycans and fibrin, 

whereas laminin is mainly found in the basement membrane. [30] Integrins are associated with the 

cytoskeleton in large structures called focal adhesions and their interaction with fibronectin and laminin 

is able to activate numerous signaling pathways. Therefore, integrins not only behave as pure 

mechanotransducers [31] but also as molecular effectors upstream of several signalling pathways 

including ionic channels, kinases, phosphatases and guanosine triphosphate (GTP) binding proteins. 

[32] 

 Dynamic changes in the composition and localization of ECM components during embryonic 

development also direct cell differentiation and organization. [33] Cell-ECM interactions under 

physiological conditions are therefore of paramount importance for both pre-natal cardiac development 
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and proper post-natal cardiac function. In addition to acting as a supporting scaffold for 

cardiomyocytes and contributing to proper embryonic development, the precise geometrical orientation 

of the ECM fibers is responsible for the left ventricular ejection fraction (LVEF) observed in healthy 

individuals. In fact, cardiac ECM fibers run parallel to each other and at each heartbeat, their different 

orientation in the 3 layers of the cardiac muscle allows the left ventricle to undergo a twisting motion. 

[34] This torque is responsible for the observed values of LVEF of 55 - 70%, which represent an 

increase of 35 - 50% as compared to what would be achieved by cardiomyocyte contraction alone. [35] 

 

2.1.2 Pathophysiology of myocardial infarction	  

Cardiovascular disease (CVD) encompasses a broad range of medical conditions that affect the 

heart and vasculature. Focusing on coronary heart disease (CHD), the most common adverse event is 

MI, which is caused by the occlusion of a coronary artery resulting in the interruption of the blood 

supply to the region of the heart downstream of the blockage. [4] This occlusion can result from a 

pathological condition known as “atherosclerosis” in which the arteries are narrowed by an 

accumulation of lipids, macrophages and calcified material underneath the innermost layer of the 

arterial lining (tunica intima), eventually also affecting the middle layer (tunica media). The rupture of 

an atherosclerotic plaque initiates a coagulation cascade that leads to the formation of a blood clot and 

the occlusion of the artery. The atherosclerotic plaque is composed mainly of 3 elements: a) cells: 

mostly smooth muscle cells and foam cells, which are macrophages that through scavenger receptors 

incorporate oxidized low density lipoproteins; b) cholesterol: particularly in the form of esters, and 

finally, c) connective tissue: including collagen, elastin and glycosaminoglycans. [36] 

The etiology of atherosclerosis still has numerous obscure aspects and over the last 60 years 

different theories have arisen which include the lipid theory focuses on the cellular events that lead to 

the accumulation of cholesterol underneath the intima. This abnormal storing of low density lipoprotein 



	   9	  

(LDL)-cholesterol in the intima might result from increased permeability or retention of LDL and/or 

increased plasma concentrations. [37-39] The hemodynamic theory seeks to explain the cause of the 

damage to the endothelium of the intima, which is the first step in the atherogenic process. According 

to this theory, the shear stresses in hypertensive patients are the main cause of this lesion. In fact, 

hypertension is one of the main risk factors for atherosclerosis and its management lowers the risk of 

cardiovascular events. [40] Other theories include the fibrin incrustation theory and the non-specific 

mesenchymal hypothesis, the latter of which takes into account the migration of smooth muscle cells 

(mesenchymal cells) to the plaque, explaining the origin of one of its cellular components. [41] 

Combining this information, a clearer picture of the initiation of the atherosclerotic process 

starts to appear: an initial insult to the endothelium in the intima leads to the activation of platelet 

aggregation. These aggregates then release platelet factors that promote the migration and proliferation 

of smooth muscle cells in the arterial intima. These cells then secrete ECM that “entraps” lipoproteins, 

forming the core of the atherosclerotic plaque. Recent investigation has further expanded the list of 

cellular “protagonists” in the plaque, discovering that numerous immune cells and mediators are 

present, pointing to an interesting additional theory of atherosclerosis as an inflammatory response. 

[42]  

When the left coronary artery is affected by the occlusion, damage to the left ventricular 

structures impairs its function with devastating effects. In fact, upon interruption of the vascular flow, a 

portion of the tissue experiences ischemic necrosis and is surrounded by a “marginal zone”, which can 

recover function, but is susceptible to irreversible damage. [4] As a result of subsequent inflammation 

during the early phase of post-infarction remodelling, the marginal zone is expanded into the 

surrounding tissue. In the late remodelling stage, collagen scar maturation causes tissue fibrosis, as well 

as ventricular dilation and wall-thinning. The process continues until the tensile strength of the scar 

balances the distending forces of the heart. [4] The infarcted tissue does not contribute to pressure 
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generation during systole, leading to impaired cardiac function and increasing the work and energy 

consumption of the remaining viable segments of the ventricular myocardium. The rate of electrical 

signal propagation in the marginal zone may be heterogeneous and may lead to the development of 

arrhythmias, such as ventricular tachycardia, with resultant inefficient cardiac contraction. In more 

serious cases, multiple chaotic electrical wavefronts can cause ventricular fibrillation where effective 

cardiac output is impossible. [43] 

 As a result of the dramatic changes in the affected region of the myocardium following an 

ischemic episode, subjects who survive an acute MI have a 15 times higher mortality rate than the rest 

of the population. [44] These changes include but are not limited to a) necrosis [45] and apoptosis [46] 

of cardiomyocytes in the infarcted area, b) hypertrophy of cardiomyocytes in the non infarcted area 

[47], c) disruption of the ECM architecture and orientation [48], d) ventricular dilation and wall 

thinning [4], and e) abnormal deposition of collagen and consequent tissue fibrosis [49,50]. 

 

2.1.3 Current therapies 	  

Although current therapies have decreased mortality rates from acute MI, many survivors are 

left with chronic ischemia or complications related to myocardial necrosis such as congestive heart 

failure. Current therapies employed in the treatment of MI aim to promptly re-establish and maintain 

the blood flow to the damaged tissues but they fail to address the underlying weakness of the 

ventricular muscle.  

Pharmacological therapy includes anti-platelet aggregation drugs such as streptokinase, 

Clopidogrel (Plavix®) and aspirin, as well as anti-coagulants such as heparin, which interfere with the 

formation of the thrombus. However, this approach relies on an immediacy of intervention that is not 

always possible. In fact, clinical trials with thrombolytic and primary coronary angioplasty have 

emphasized that timing is crucial in terms of myocardial salvage [51-54] and prompt restoration of 
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coronary blood flow decreases the infarct size, improves left ventricular function and reduces risk of 

death. Experimental data has also shown that cardiomyocyte injury can be reversible if the ischemia 

doesn’t last longer than 40 min, facilitating functional recovery. [55] Nevertheless, one of the 

downfalls of pharmacologic therapy is the increased risk of major haemorrhagic complications in 

patients treated with more than one drug, as is the case for most cardiac patients. [56]  

In severe MI, surgical interventions including coronary artery bypass grafting (CABG) and 

percutaneous coronary angioplasty (PCA) are necessitated to restore blood flow to the infarcted 

regions. These surgical options are highly invasive and increase patient risk, particularly in those 

individuals who are taking anti-coagulant and anti-platelet aggregation drugs. When these approaches 

become inadequate, ventricular assist devices and cardiac transplantation are considered, although 

potential demand for these expensive and resource-intensive therapies far exceeds availability. [57] 

Unfortunately, all current therapies are unable to restore functional myocardium following 

ischemic necrosis due to an irreversible loss of cardiomyocytes. Therefore, there is an evolving need 

for new strategies to promote non-traditional coronary revascularization and regenerate damaged 

cardiac tissue. Cell-based strategies involving the delivery of cells with reparative or regenerative 

potential into the afflicted regions of the heart have shown promise for the treatment of cardiac 

ischemia. Primarily, these approaches seek to replace damaged cardiomyocytes, promote 

revascularization, reduce fibrosis and improve ventricular compliance, pressure, and hemodynamics. 

	  

2.2 Cell-based cardiac regeneration	  

2.2.1 Ideal characteristics of the regenerative cell population	  

An optimal regenerative stem cell population must not only be able to differentiate along 

multiple lineages but should also establish a regenerative environment within the host through the 

secretion of different factors and stimulate regeneration in a predictable manner with a well-
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characterized dose response. However, despite their differentiation potential, the cells must not increase 

the risk of tumour formation. Ideally, the cell population would trigger minimal or no immune response 

in allogeneic applications. With this view, autologous cell therapies have advantages particularly if the 

cells can be isolated and available for immediate use in the procedure suite during the time frame of a 

planned cardiac intervention.  

Moreover, the cells should be readily isolated from an ideal tissue source, which would be 

abundant and expendable with low donor site morbidity. More specifically, since the number of cells 

required for cell therapy is high (estimated ~108 – 109 required per application [58,59]), an ideal source 

would yield a high number of cells and the harvesting process would be neither complex nor painful. 

Finally, it would be advantageous to have few ethical problems and limitations associated with the 

harvesting, handling and disposal of the tissue source.  

To date, many different cell types have been investigated both in vitro and in vivo for cardiac 

regeneration, including skeletal myoblasts, embryonic stem cells (ESCs), cardiac progenitor cells 

(CPCs), and mesenchymal stem/stromal cells (MSCs) [60], with each showing strengths but also 

limitations. The first cell population that was investigated for cardiac regeneration was skeletal 

myoblasts isolated from muscle biopsies. These cells can be autologously sourced and also have a high 

natural resistance to ischemic environments, making them a potential candidate for cell therapy in 

poorly vascularized tissues. The initial optimism for the use of these cells in the treatment of ischemic 

cardiomyopathy was tempered by the outcome of two clinical trials, MAGIC and SEISMIC, which 

showed a lack of beneficial effects after 6 months and 4 years respectively. [61,62]  

Embryonic stem cells (ESCs) are pluripotent cells that are derived from the inner mass of the 

blastocyst. In rat models, transplanted ESCs have improved myocardial function, but the effects were 

temporary. Further, ESCs demonstrate immunological incompatibility, may form teratomas, and are 

associated with ethical issues that have limited their broad-scale application. [63] 
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An interesting alternative to ESCs are induced pluripotent stem cells (iPSCs) that are derived 

from a patient’s own somatic cells, such as fibroblasts, through genetic reprogramming procedures. 

Murine and human iPSCs can be stimulated to differentiate under specific culturing conditions into 

different cell types including beating cardiomyocytes. [64,65] However, the reprogramming procedure 

requires viral transfection and presents the risk of insertional mutagenesis. In recent years, new 

techniques have been developed that reduce this risk [66], but even so, the artificial induction of 

stemness increases the potential for developing teratomas. 

Endogenous CPCs can be isolated from an autologous cardiac biopsy, ensuring minimal risk of 

immune response activation. However, the clinical use of CPCs is hindered by the limited availability 

and accessibility of cardiac tissue, which contains only a small population of regenerative cells, 

necessitating large-scale cell expansion. [67] Only the SCIPIO Phase I clinical trial has investigated 

autologous CPCs extracted from a portion of the atrial appendage resected during cardiac surgery. [68] 

Although the results of this study were promising in terms of reduction of infarct size and increase in 

LVEF, this procedure can be risky in the elderly or in patients who have fragile atria or high right-side 

venous pressure. [68-70]  

 

2.2.2 MSCs 

MSCs are multipotent adult stem cell populations that have differentiation potential typically 

associated with their mesodermal lineage (adipogenic, chondrogenic, osteogenic, myogenic). MSCs 

have been successfully harvested from a variety of adult tissues including bone marrow [71], adipose 

tissue [72], periostium [73], synovium [74], skeletal muscle [75], and deciduous teeth [76]. While 

studies to date with MSCs have not convincingly demonstrated extensive differentiation into functional 

cardiomyocytes in vivo, their injection into the damaged myocardium can yield improved functional 

outcomes in the treatment of cardiac ischemia. [6-8] 
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Importantly, in the context of cardiac regeneration, injected MSCs migrate to sites of injury or 

ischemic tissues and contribute to regeneration. [77,78] While the mechanisms involved are not yet 

fully resolved, gradients of chemotactic factors that are up-regulated in the ischemic myocardium can 

promote the homing of exogenous MSCs in cell-based therapies and stimulate the migration of 

endogenous stem cells. [79] MSCs express a variety of membrane receptors involved in the recognition 

of chemoattractant cytokines, including stromal derived factor-1 (SDF-1), transforming growth factor-

β1 (TGF-β1) and tumor necrosis factor-α (TNF-α), which are expressed in inflamed and injured tissues. 

[80,81] In particular, signalling through SDF-1/CXCR4 and HGF/c-MET have been identified as being 

of importance in stimulating the migration of reparative cells to the ischemic heart. [81-85] MSCs also 

secrete a range of growth factors and cytokines that play pivotal roles in mediating inflammation, 

immune responses, cell migration and importantly in the context of cardiovascular regeneration, 

angiogenic and vasculogenic factors. This natural secretome has been exploited by many groups 

assessing cell-based therapies for the treatment of ischemia using induced MI and ischemic hind limb 

animal models. [86-89] 

Another important feature of MSCs in the context of cell-based therapies is their immuno-

privileged status, which may enable the application of allogeneic cells with fewer concerns about the 

initiation of undesired immune responses. This characteristic, which is believed to be associated with 

very low expression of the major histocompatibility complex II (MHC II) antigen, has been examined 

both in vitro and in vivo.  

Bone marrow mesenchymal stem cells (bMSCs) have been one of the most extensively studied 

stem cell populations for regenerative approaches since they were first described by Friedenstein et al. 

in 1976. [90] The development of protocols for bMSC isolation, purification and culturing have been 

described in detail in numerous publications. [71,91,92] Typically, bMSCs are extracted from the bone 

marrow of the iliac crest. This procedure can be challenging for patients with end-stage ischemic heart 
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disease. However, the promise of regeneration with bMSCs shown in animal models of MI has 

motivated further research and several clinical trials. 

Adipose-derived stem cells (ASCs) represent an attractive alternative as a regenerative cell 

population due to their relative abundance, accessibility, multipotent differentiation capacity and 

demonstrated lack of immunogenicity. [93] Most patients would be able to donate a sample of fat for 

stem cell isolation with minimal adverse effects. In adult bone marrow, the fraction of MSCs to total 

nucleated cells is estimated to range between 1:50,000 and 1:1 million, and the limited volume of bone 

marrow that can be safely harvested per donor may necessitate significant in vitro expansion. [94-98] 

In contrast, ASC frequency in adult human adipose tissue is estimated to range between 1:30 – 1:100 

per total nucleated cells. [99,100] As a potential allogeneic cell source, large volumes of adipose tissue 

are routinely discarded during lipo-reduction surgeries.  

When directly comparing bMSCs and ASCs, the abundance, ease of harvest, and high 

regenerative cell yield of adipose tissue are advantageous. In the context of cardiac regeneration, the 

presence of fat depots in the intra-thoracic cavity could potentially allow for intraoperative isolation 

without requiring a secondary harvest site. [101,102] If ex vivo cell expansion is necessary, the higher 

proliferation rate of ASCs would minimize the culture times required as compared to bMSCs to obtain 

a clinically-relevant cell population. [11] Finally, recent studies indicate that ASCs modulate T-cell 

activation, proliferation, migration and inflammatory cytokine secretion. [103,104] In this context, 

Melief et al. showed that ASCs elicit a more potent suppression of peripheral blood mononuclear cell 

(PBMC) proliferation and a more effective induction of a shift from a Th1 response to a Th2 response 

in vitro when compared to bMSCs. [104]  
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2.2.3 ASC Immunophenotype 

The stromal vascular fraction (SVF) obtained upon digestion of adipose tissue is comprised of a 

heterogeneous mixture of the cell populations present in mature fat, except for adipocytes, which are 

removed by gravity separation during the isolation procedure. The primary isolated SVF includes 

pericytes, vascular endothelial cells (VECs), vascular smooth muscle cells (VSMCs), erythroblasts, 

preadipocytes, hematopoietic progenitor cells and ASCs. [105] This heterogeneity is lost with 

expansion on tissue culture polystyrene, which selects for a relatively homogeneous population of 

ASCs. Even so, with the increasing interest of the scientific community in ASCs and the need to 

unequivocally identify distinct regenerative cell populations within the SVF, several groups have 

worked on the characterization of the ASC immunophenotype. For some surface markers, experimental 

variability has affected the results reported by different groups, which may be attributed to variations in 

the culture protocols, antibody sources, donor variability, proliferative stage of the cells, and the 

specificity of the detection methods used. However, this research is gradually working towards a 

definitive consensus about a panel of specific positive and negative markers for human ASCs.  

ASCs express: [99,103,106-114]  

•  Adhesion molecules: intercellular adhesion molecule 1 and 3 (ICAM-1, -3 CD50, CD54), 

vascular cell adhesion molecule (VCAM CD106), integrin β1 (CD29), endoglin (CD105), 

and activated lymphocyte cell adhesion molecule (CD166) 

•  The receptor molecules for hyaluronate (CD44) and transferrin (CD71),  

•  Extracellular matrix proteins and glycoproteins such as Thy-1 (CD90) and neurothelin 

(CD147)  

•  Surface enzymes: ecto 5’ nucleotidase (CD73) and aminopeptidase (CD13).  

Similar to other MSC populations, ASCs do not express the:  

•  monocyte/macrophage lineage marker CD14. 
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•  hematopoietic tyrosine kinase CD45. 

•  cell surface glycoprotein MUC18 (CD146) 

•  platelet endothelial cell adhesion molecule (PECAM) CD31. 

•  glycoprotein CD4 that acts as co-receptor for activated T-cells. 

•  c-kit (CD117) a receptor tyrosine kinase expressed on hematopoietic stem cells. 

•  endothelial and hematopoietic progenitor cell glycoprotein CD133. 

•  HLA class I and II, which are MHC cell surface receptors. 

Many of these negative markers, such as CD45, CD14 and HLA-DR, were detected by 

McIntosh et al. in the SVF and are believed to cause the elevated immunogenicity of the primary 

isolates as compared to the passaged ASCs. [103] Markers with expression patterns on ASCs that 

remain controversial include the stromal cell marker Stro-1 and the glycoprotein CD34 that functions in 

cell adhesion, both of which were detected by Zuk et al. [115] but not by Gronthos et al. [106]. The 

inconsistency in the detection of CD34 in particular is likely a consequence of the tendency for the 

expression of this marker to decrease upon passaging. It has been demonstrated that freshly isolated 

ASCs express this marker whereas it is lost at passage 4. [116,117] 

 

2.2.4 ASC in vitro differentiation potential  

In 2001, Zuk et al. first demonstrated the adipogenic, osteogenic and chondrogenic 

differentiation capacity of ASCs using a combination of immunofluorescence, reverse transcription 

polymerase chain reaction (RT-PCR) analysis and functional assays for fat, bone and cartilage 

formation. [72] The mesodermal potential of human ASCs has since been confirmed in a series of in 

vitro studies using a variety of induction conditions and expanded to other lineages including 

cardiomyogenic marker expression. 
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Adipogenic lineage 

Adipogenic differentiation of human ASCs has been achieved by adding combinations of 

supplements to the culture medium including dexamethasone, insulin, 3-isobutyl-1-methylxanthine 

(IBMX), indomethacin, ascorbic acid, sodium selenite, transferrin, biotin, triiodothyronine (T3), 

rosiglitazone and troglitazone. [115,118-120] Investigations into the biomolecular mechanisms of 

adipogenesis have shown that activation of the AKT and peroxisome proliferator-activated receptor-γ 

(PPAR-γ) signalling pathways are pivotal for the initiation of differentiation. [121-124] Insulin and 

thiazolidinediones such as troglitazone and rosiglitazone are therefore crucial supplements, as insulin 

indirectly activates AKT through the insulin receptors and thiazolidinedione are a class of PPAR-γ 

agonists. [125,126]  

When characterizing ASC differentiation, it is always important to investigate multiple markers 

to obtain a more complete understanding of the cellular response, including gene and protein 

expression profiles, as well as qualitative changes in cellular phenotype. For adipogenesis, visualization 

of intracellular lipid accumulation can be aided through oil red O or Nile red staining. [127] In terms of 

protein expression, analysis of glycerol-3-phosphate dehydrogenase (GPDH) activity, an enzyme 

involved in triglyceride synthesis that is up-regulated during differentiation, provides a useful method 

for quantifying the adipogenic response. At the gene expression level, the master regulator PPAR-γ, as 

well as other important adipogenic gene markers such as those regulating the production of the fatty 

acid binding protein aP2, the hormone leptin, the transcription factor C/EBPα and the enzyme 

lipoprotein lipase (LPL), can be detected though RT-PCR analysis. [118,128,129] In addition to 

displaying these adipocyte phenotypical characteristics, ASC-derived adipocytes have been shown to 

be a functional cell population through a variety of experiments. Lipolytic activity assessment of de 

novo adipocytes is often performed by measuring the amount of glycerol released by the cells 

following incubation with β-adrenergic receptor agonists such as isoproterenol. [130] ELISA 
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quantification of secreted adipokines such as leptin and adiponectin is employed for further 

confirmation of a functional phenotype. [131] Finally, electrophysiological changes during adipogenic 

differentiation can be monitored through whole patch clamp techniques. In this context, Baglioni et al. 

demonstrated that due to changes in the expression of K+ channels on the cell membrane, the resting 

membrane potential of mature adipocytes is more hyperpolarized as compared to undifferentiated 

ASCs. [132]  

 

Osteogenic lineage 

Several groups have induced osteogenesis of ASCs with supplements such as 17β-estradiol 

[133], prostaglandin 2α [134], bone morphogenetic protein 2 (BMP2) [135,136], vitamin D3 [137], 

ascorbate 2-phosphate and dexamethasone [138]. In addition, physical stimuli, such as vibrations [139] 

and electromagnetic fields [140] have been successfully employed for this purpose. For example, Prè et 

al. subjected human ASCs to 30 Hz vibrations every day for 45 min and at 21 days post induction, the 

cells exhibited an increase in the expression of osteogenic markers such as osteopontin and alkaline 

phosphatase (ALP), as well as positive staining with Alizarin red. [139]   

In terms of the biomolecular mechanisms of osteogenesis, runt-related transcription factor 2 

(RUNX2) is considered to be a master regulator of osteogenic differentiation and is expressed at many 

stages of bone development and maturation. [141] Vitamin D and BMP2 are potent osteogenic 

inductors, as the first activates [142,143] and the second can stabilize [144], this pivotal transcription 

factor. Qualitative confirmation of ASC osteogenic differentiation is usually achieved through staining 

for extracellular mineral deposits with von Kossa [72] or Alizarin red [137], or by the direct 

visualization of the enzyme ALP, which is highly expressed in osteoblasts [135]. Importantly, the 

activity of this enzyme is also often measured spectrophotometrically to obtain a quantifiable measure 

of osteogenic differentiation. [145] In addition to RUNX2, other common osteogenic gene markers 
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used to confirm successful osteogenic differentiation through RT-PCR include bone ECM proteins 

such as osteopontin, osteocalcin, osteonectin, bone sialoprotein and collagen I. [136] Some of these 

proteins have also been stained immunohistochemically for direct visualization.  [146] 

 

Chondrogenic lineage 

Chondrogenic differentiation of ASCs requires high cell density micromass culture, as this 

system maintains the cells in a rounded shape, which is critical for chondrogenic induction and 

prevention of a fibroblastic phenotype. [147] The pellet is cultured in differentiation medium 

containing supplements shared with the osteogenic media, such as ascorbate 2-phosphate and 

dexamethasone, but also in the vast majority of studies, the key additive TGF-β1. [72,147-150] In two 

recent studies, viral transfection was used to induce chondrogenesis in human [151] and rabbit [152] 

ASCs through constitutive expression of TGF-β2 and TGF-β3 respectively. 

The importance of the TGF-β family in chondrogenic induction is likely related to its ability to 

activate the SMAD 3 signalling pathway, which results in the direct activation of the SRY (sex 

determining region Y)-box 9 transcription factor (SOX9). [153,154] The Sox family of transcription 

factors has various roles during chondrogenesis and chondrocyte differentiation, although SOX9 is the 

primary determinant during the early stages of chondrogenesis. [155,156]  

In order to visualize cartilage formation, the pellet is often fixed, sectioned and stained for 

proteoglycans with Alcian blue, safranin-O or toluidine blue staining. [72,153] Alternatively, 

immunohistochemical detection of collagen II, which is the main collagenous component of cartilage, 

can also be used for visual confirmation of differentiation, along with staining for other markers such 

as aggrecan, a cartilage specific proteoglycan. [115,147] Unlike adipogenesis and osteogenesis, 

quantitative analysis of chondrogenesis does not routinely rely on enzymatic assays but is achieved by 

indirectly assessing the deposition of important components of cartilage ECM. In particular, the 
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dimethylene blue (DMMB) assay is often used to provide a measurement of sulphated 

glycosaminoglycans (GAG) content, while the hydroxyproline content assay can provide an indirect 

measure of total collagen. In addition, the quantification of the incorporation of [35S]-sulfate can be 

used to estimate proteoglycan biosynthesis. [149,157] Given its pivotal role in the regulation of 

chondrogenesis, SOX9 is one of the most commonly used gene markers for this lineage, together with 

aggrecan, collagen II, I and X. [148,149,158] 

 

Cardiomyogenic lineage  

In vitro studies have also demonstrated the potential for ASCs to differentiate into the major 

cellular components of cardiac tissue when the culture medium is supplemented with specific factors 

such as vascular endothelial growth factor (VEGF) for endothelial differentiation [159] and heparin for 

smooth muscle formation [160]. Focusing on cardiomyogenesis, differentiation has been achieved with 

5-azacytidine (5-aza) [161], phorbol myristate acetate (PMA) [162], and TGF-β1 [163]. Although 5-aza 

has been reported to induce cardiomyogenesis in rabbit [164] and mouse [165] ASCs, its efficacy in 

driving differentiation in human ASCs is controversial. While Dijk et al. successfully induced 

cardiomyogenic differentiation using 5-aza on ASCs seeded on laminin coated tissue culture 

polystyrene (TCPS) [161], other groups have observed no expression of cardiac markers and no 

spontaneous beating of this population upon exposure to this agent alone [166-168].  

Although clinical translation would carry risks associated with its xenogeneic nature, co-culture 

with neonatal rat cardiomyocytes is another method that has been used to induce cardiomyogenic 

differentiation. Despite this limitation, co-culture systems have allowed scientists to develop models to 

better understand the cell-cell interactions that can occur at the site of transplantation and obtain 

insights into host cell-induced cardiomyogenesis. [169] This microenvironment-induced differentiation 

has been hypothesized to be mediated by cell-cell contact [170], although similar results have been 
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obtained through indirect co-culturing [169], as well as exposure to cardiomyocyte lysates [171]. These 

results suggest that in vivo, where a broad array of microenvironmental cues are present, ASC 

cardiomyogenic differentiation could result from multiple pathways. 

Regardless of the method used to induce differentiation, confirmation of successful 

cardiomyogenesis in in vitro studies, relies on the presence of cardiac-specific structural and functional 

proteins that can be analyzed at the protein or gene expression level as well as through 

electrophysiological studies. At the protein level, sarcomere elements are among the most common 

markers for qualitative assessment of differentiation, considering their critical role in cardiomyocyte 

function. In fact, combinations of staining for isoforms of myosin heavy chain (Mhc), myosin light 

chains (Mlc), troponin and sarcomeric α-actin, as well as the gap junction connexin-43 (Cx43), have 

been used in the vast majority of studies. [161,164,169,172-175] Most of these structural components 

are also analyzed at the gene expression level with the addition of proteins secreted by cardiomyocytes 

and cardiac specific transcription factors that regulate the synthesis of all of these elements. An 

overview of these gene markers is provided in Table 2.1.  

 

Table 2.1. Markers of cardiomyogenesis.  

Class	   Early	  markers	  
(0-‐10	  days)	  

Late	  markers	  
(>10	  days)	  

	  
Transcription	  

factors	  

Tbx5	  
HAND1	  
Nkx2.5	  
Gata4	  
MEF2C	  

[176-‐180]	   	  

	  
	  

Functional	  
proteins	  

Myosin	  light	  chain	  2	  (Mlc2)	  [181-‐183]	  
α-‐Myosin	  heavy	  chain	  (Mhc6)	  [182-‐184]	  

Cardiac	  Troponin	  I	  (cTnI)	  [163]	  
Cardiac	  Troponin	  T	  (cTnT)	  [168,181]	  
Sarcomeric	  α-‐actinin	  [168]	  
Serca2α	  [161]	  

Secretory	  products	   	   Atrial	  natriuretic	  peptide	  (Anp)	  [185]	  
Brain	  natriuretic	  peptide	  (Bnp)	  [186]	  
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Since key functions of healthy cardiomyocytes include the generation of an action potential and 

the ability to interact with each other through gap junctions forming a beating integrated 

electromechanical network, assessment of functionality of de novo cardiomyocytes relies on the 

identification of these elements.  Action potential generation is often measured through a whole-cell 

patch clamping technique, which allows the analysis of multiple ion channels on the membrane of the 

cells. [187,188] Considering the pivotal role of calcium in the generation of contraction, calcium 

transients are also often measured through Fura-2 staining, a ratiometric fluorescent dye that binds to 

free intracellular calcium. [189] Calcium transients and action potentials result in beating, which has 

been confirmed visually following administration of β-adrenergic agonists such as [172,186] or without 

chemical stimulation, indicating innate pace-making activity [172,174]. Finally, since intercellular 

communication is crucial for synchronous beating, gap junction formation between adjacent 

cardiomyocytes is often indirectly measured through dye transfer experiments with calcein. [190] 

 

2.2.5 Depot-dependent ASCs characteristics 

In humans, fat is localized throughout the body in specific depots, which can be divided into 2 

main categories: subcutaneous (SC) and visceral adipose tissue. Subcutaneous fat is found below the 

dermal layer of the skin and visceral fat is primarily situated within the peritoneal cavity. Once thought 

merely to be involved in lipid storage, adipose tissue is now recognized to be a highly metabolically 

active endocrine organ that secretes numerous cytokines (termed adipokines) such as leptin, 

adiponectin and interleukin 6 (IL-6). [191] Differences in the localization of each depot influence the 

characteristics of the associated ASC populations. Several studies have shown that ASCs extracted 

from SC fat are more adipogenic than those extracted from the omentum. [12,13] Further, the patterns 

of expression of secreted factors [192], genes [193-195] and even the lipidome [196] can vary from 

depot to depot. For instance, adipocytes derived from the SC layer secrete more leptin compared to 
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adipocytes isolated from the omentum. [14] Furthermore subcutaneous fat adipocytes typically contain 

more glycerolipids than omentum adipocytes, with a different pattern of unsaturation of acyl chains, 

which suggests that selective synthetic mechanisms may operate uniquely in each tissue depot.  

Schipper et al. isolated ASCs from SC fat at different sites, including the upper arm, superficial 

and deep abdominal layers, the medial thigh and the hip, and observed differences in proliferation and 

susceptibility to apoptosis between the various sources. [15] This data indicates that the differences in 

the characteristics of ASCs occur not only “inter-depot” but also “intra-depot”. The differences in the 

ASC behaviour may be related in part to the separate embryonic origin of each depot, as suggested by a 

previous gene analysis experiment. [197] Further, Tckonia et al. analysed gene expression profiles of 

primary ASCs isolated from omental, mesenteric and SC fat, and identified differences in 

approximately 500 transcripts of development-associated genes, suggesting that these depots arose 

from different developmental pathways. [198] Similarly, Gesta et al. observed that the distinct gene 

expression profiles were conserved upon in vitro culturing, reinforcing the theory of the different 

embryonic origin of the progenitor cells from the various depots. [199]  

 

2.2.6 Influence of oxygen tension on ASCs 

Ischemic heart tissue is by definition a hypoxic environment. Stem cells can respond to 

variations in oxygen tension through hypoxia-inducible factors (HIFs). At oxygen levels of 20%, the 

subunit HIF-α is targeted for degradation through the hydroxylation of proline residues by a proline 

hydroxylase (PHD). [200] Since this enzyme uses oxygen as a co-factor, its activity is decreased under 

hypoxic (5%) and anoxic (1%) conditions and the subunit HIF-α is stabilized, allowing it to bind to a β-

subunit. Together, the HIF subunits translocate to the nucleus and up-regulate several genes that 

promote survival under low oxygen conditions. [201] More precisely, HIF α/β binds to hypoxia 

responsive elements (HRE) in the regulatory region of genes influencing proliferation [202], apoptosis 
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[203,204], survival [203]  differentiation [129,137] and angiogenic potential [205] of ASCs. The last 

category has been investigated in numerous studies trying to further improve the regenerative potential 

of stem cells for cardiovascular applications.  

Rehman et al. observed that culturing ASCs under hypoxic conditions resulted in a 5-fold 

increase in the secretion of VEGF and that hypoxic ASC-conditioned medium improved endothelial 

cell survival and growth. [206] Attempting to shed light on the influence of age on the angiogenic 

potential of ASCs, Efimenko et al. extracted ASCs from young (1-3 months), adult (12 months) and 

elderly (18-24 months) rats, and showed that hypoxic conditioning increased the secretion of 

angiogenic factors in all groups and also decreased the production of anti-angiogenic factors. [207] 

Finally, Amos et al. showed that hypoxic pre-conditioning increases the ability of ASCs to bind to 

adhesion molecules under static and laminar flow conditions, suggesting that not only the angiogenic 

potential would benefit from pre-conditioning, but also cellular attachment to the vessel walls, which 

would be important for intra-vascular delivery strategies. [208]  

In terms of ASC differentiation potential, both osteogenesis [137,150,209] and adipogenesis 

[129,210] have been reported to be lower under hypoxic conditions. Interestingly, Volkmer et al. 

demonstrated that hypoxic preconditioning of ASCs prior to the induction of differentiation can 

overcome the hypoxic inhibition of osteogenesis. [211] Consistent with the observation that cartilage is 

not vascularized and therefore physiologically exposed to low oxygen levels, Portron et al. reported 

enhanced chondrogenic differentiation of ASCs in hypoxic conditions. [212] 

 

2.2.7 ASC mechanisms of cardiac regeneration 

Due to the promising availability of adipose tissue as a regenerative cell source, numerous 

groups have been investigating the therapeutic potential of ASCs for the treatment of MI with 

encouraging results. The proposed mechanisms by which exogenous ASCs can enhance cardiac 



	   26	  

regeneration are:  a) the mobilization of endogenous stem cells capable of cardiomyogenesis to the site 

of injury through chemotactic signalling, b) the reduction of fibrosis and improvement in 

cardiomyocyte survival mediated in part through neo-angiogenesis and vasculogenesis, c) the 

mechanical reinforcement of the infarct scar, allowing endogenous repair mechanisms to improve left 

ventricular function, and d) the reduction in the initial tissue damage through the modulation of the 

inflammatory response.  

 

In vivo regeneration through MSC engraftment and differentiation  

Among the first groups to explore the effects of ASC injection in animal models, Valina et al. 

compared the effect of intracoronary injection of ASCs and bMSCs in a porcine model. Although 

cardiac differentiation was not detected, some exogenous cells expressed endothelial lineage markers. 

Furthermore, both cell types induced comparable improvements in cardiac function and increased 

capillary density within the infarct zone. [77] Zhang et al. observed similar outcomes in a rat model of 

MI, comparing ASCs induced towards a cardiomyocyte phenotype using 5-aza to untreated ASCs. In 

their model, LVEF and capillary density were dramatically increased in both treatment groups as 

compared to the controls. Additionally, cardiomyogenic differentiation of the ASCs was observed, 

along with a reduction in the infarct size, with indications that ASC pre-commitment toward the 

cardiomyogenic lineage was beneficial in reducing the infarcted region. [213] A similar beneficial 

effect on infarct size and functionality of infarcted myocardium was recently reported by Chang et al. 

by employing PMA for cardiac pre-commitment of ASCs. [162] 

The results of these in vivo studies support the possibility that transplanted ASCs could 

contribute to regeneration through direct engraftment and differentiation. However, in strategies to 

date, cardiomyogenic differentiation is often not observed [77,78,214] or at best occurs at extremely 

low levels. Even when there is evidence of differentiation, most studies include only limited qualitative 
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assessments. In seeking to quantify the findings, based on two studies, only 0.5 - 5% of the engrafted 

cells have been reported to differentiate. [215,216]  

Neovascularization must proceed in parallel with cardiomyogenesis to compensate for the 

ischemic conditions. Although at low levels, integration of transplanted ASCs into vascular structures 

has been reported in many animal models of MI. [213,216,217] The critical importance of vasculogenic 

differentiation in improving cardiac function has been recently demonstrated by Yoon et al. Through 

an elegant suicide gene-based system, it was shown that depletion of bMSCs differentiating toward the 

vascular lineages drastically reduced functional benefits, whereas elimination of cardiomyogenic cells 

had no significant effect. [218] In a few studies that have compared ASCs and bMSCs, capillarization 

and ventricular remodelling have been reported to be more prominent following ASC injection. [77,78] 

 

Regeneration through Paracrine-Mediated Effects 

Despite the modest levels of engraftment and differentiation, the injection of ASCs increases 

capillarization and neo-angiogenesis, in some cases almost doubling vascular density as compared to 

controls. [77,78,215] Similarly, echocardiographic analysis has shown that ASC-based therapies can 

significantly improve left ventricular diastolic and systolic pressure, LVEF, end-systolic dimension 

(ESD) and end-diastolic dimension (EDD), as well as vascular perfusion in the scar. These functional 

improvements are likely associated with a reduction in infarct size, preservation of wall thickness, and 

reduction in tissue fibrosis, which all contribute to enhanced ventricular compliance. The positive 

effects observed in the absence of long-term engraftment and differentiation suggest that ASCs 

primarily function through paracrine-mediated effects to establish a more regenerative milieu within 

the host tissues.  
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2.2.8 Clinical trials with ASCs for angiogenic applications 

Based on the natural angiogenic secretome observed in vitro and the positive in vivo results in 

animal models, several clinical trials investigating ASCs in the treatment of cardiovascular diseases 

have recently been initiated. The applications range from the injection of autologous ASCs into the 

carotid artery for the treatment of stroke (NCT01453829), to the arterial infusion of this cell population 

into the kidney for the treatment of ischemic nephropathy (NCT01840540). Additionally, Table 2.2 

summarizes several clinical trials that are investigating the administration of ASCs to help restore 

bloodflow to the lower limbs in patients with peripheral artery disease. Although only a few of these 

studies have been published, the results to date are encouraging. For instance, in the ACELLDREAM 

trial (NCT01211028), intramuscular injection of autologous ASCs improved ulcer healing rate, 

painless walking time, ankle-brachial index (ABI) and transcutaneous oxygen pressure (TcPO2) after 6 

months. [219]  

 

Table 2.2: Phase I/II clinical trials investigating the use of ASCs for the treatment of peripheral ischemia.  

Trial	  #	   Status	   Condition	   Outcome	  measures	  

NCT01302015	   Completed	  
(not	  published)	  

Buerger's	  
Disease	  

Safety,	  Transcutaneous	  oxygen	  pressure	  (TcPO2),	  
Arterial	  Brachial	  Pressure	  Index	  (ABPI),	  pain	  free	  
walking	  distance,	  angiography	  and	  laser	  doppler.	  

NCT01663376	   Completed	  
(not	  published)	  

Critical	  Limb	  
Ischemia	  

Safety,	  Ankle	  Brachial	  Index	  (ABI),	  Digital	  Subtraction	  
Angiography	  (DSA),	  thermography,	  Wong-‐Baker	  FACES	  
Pain	  rating	  score	  and	  treadmill	  test.	  

ACellDREAM	   Completed	  
(published)	  

Critical	  Limb	  
Ischemia	  

Safety,	  change	  in	  pain	  VAS	  (Visual	  Analog	  Scale),	  ulcer	  
healing,	  ABI	  and	  TcPO2.	  [219]	  

NCT01745744	   Ongoing	   Critical	  Limb	  
Ischemia	  

Safety,	  assessment	  of	  vasculogenesis	  and	  
arteriogenesis,	  ABI,	  TcPO2	  and	  treadmill	  test	  

NCT02099500	   Ongoing	   Critical	  Limb	  
Ischemia	  

Safety,	  laser	  doppler	  and	  angiography,	  ulcer	  healing.	  

 

In terms of ASC-therapy for MI, the APOLLO [9] and the PRECISE [220] trials have 

investigated the transplantation of freshly-isolated ASCs in 14 patients with MI that have demonstrated 
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acute ST-elevation by electrocardiography, as well as 27 patients with non-revascularizable cardiac 

ischemia. Although statistically limited by the low number of subjects, these two trials have 

demonstrated the feasibility, safety and efficacy of autologous ASC administration and motivated the 

initiation of ATHENA (NCT01556022), a PHASE II clinical trial enrolling 45 patients, in June 2012. 

Additionally, MyStromalCell is a PHASE II clinical trial initiated in April 2010 that was designed to 

assess the efficacy of expanded autologous ASCs stimulated with VEGF-A prior to injection. [221] 

	  
2.3 3-D scaffolds in cardiovascular research 

2.3.1 The ECM and stem cell niche 

What makes every tissue biologically unique is not only the specific cellular constituents, but 

also the ECM composition and its 3-D architecture. This observation implies that a comprehensive and 

accurate understanding of cell biology cannot be obtained using simplified 2-D culture models on 

TCPS and depends on our ability to recreate the complex 3-D environment found in vivo. [222] 

Regardless of the organ, the ECM is composed of proteins, glycoproteins, proteoglycans (PGs) 

and GAGs. [223] The most abundant fibrillar protein in tissues is collagen, which is composed of three 

α-chains arranged in a triple helix. Each chain contains repeating glycine-X-Y motifs, where X and Y 

can be any amino acid, but are often proline and hydroxyproline, respectively. The different 

combinations of a variety of α-chains yield unique subtypes of collagen, with 28 different types having 

been identified to date. [224] As described in section 2.1 for the heart, every tissue has its own 

“signature” blend and distribution of collagen subtypes. The ECM of the adult heart also includes 

fibronectin, laminin, vitronectin, and elastin, all of which contribute to cell adhesion and the load-

bearing capacity of the heart. 

While collagen imparts structural integrity and elasticity, GAGs are responsible for the gel-like 

characteristics of the ECM due to their ability to retain water and swell. [225,226] GAGs are composed 
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of long carbohydrate polymer chains with repeating disaccharide units and the most common are 

chondroitin sulphate, heparin, heparan sulphate and hyaluronic acid. Furthermore, GAGs can 

covalently attach to core proteins to form proteoglycans, of which several types have been described 

with a number of different core proteins. [227] The functions of proteoglycans (PGs) in the ECM are 

numerous, including: a) retaining water and forming hydrated matrices (interstitial PGs), b) 

participating in the organization of the basement membrane in the skin, c) binding cytokines, 

chemokines and growth factors, preventing their degradation and releasing them during selective 

degradation of the ECM by metalloproteinases, and d) acting as co-receptors and endocytic receptors in 

the membrane and interacting with integrins and other cell adhesion molecules. [227] 

In the context of stem cell biology, the ECM assumes a role of paramount importance in the 

composition of stem cell niches. The concept of the stem cell niche was introduced by Schofield in 

1978 in an attempt to explain the long life retention of pluripotency by hematopoietic stem cells. [228] 

Stem cells have, by definition, the ability to undergo symmetric or asymmetric division, where the first 

type gives rise to two daughter cells with unchanged differentiation potential (self-renewal), while the 

second type results in two different daughter cells: one identical to the mother, and the second 

committed to a specific differentiation pathway. The stem cell niche is defined as the local tissue 

microenvironment that houses and maintains the stem cells, including a combination of different cell 

and matrix components that regulate stem cell self-renewal or differentiation in vivo.  

Niches can be divided into two main categories, stromal and epidermal. [229] In stromal niches, 

the stem cells are anchored to stromal cells through cadherin-mediated adherens junctions. The 

supporting stromal cells maintain the stem cells in an undifferentiated state through the secretion of 

factors and the expression of particular adhesion molecules. Moreover, they also dictate the spatial 

orientation of the stem cells in such a way that during asymmetric division one daughter cell stays 

anchored, while the other is free to leave the niche and undergo differentiation. In an epidermal niche, 
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stem cells are anchored directly to components of the ECM, primarily through integrin-mediated 

binding. The lack of direct contact with supporting cells makes the signaling network in this niche 

more complex, as the stem cells likely integrate cues from both the ECM and nearby non-stem cells for 

their regulation. [229]  

Furthermore, homeostasis in every tissue is mediated by a unique pool of resident stem cells, 

and it is therefore not surprising that bone, vasculature, skin, intestine, brain, muscle and heart are all 

believed to have different stem cell niches. (reviewed in [230] and [231]) However, despite the 

individual characteristics of every niche, there are common components that can be identified: a) ECM, 

b) secreted factors that prevent or regulate the differentiation program, and c) cell adhesion molecules 

that anchor the stem cells to their surroundings.   

 

2.3.2 Natural materials in cardiovascular research 

Having recognized the pivotal role that cell-ECM interactions play in vivo, there is increasing 

focus in the scientific community on the application of naturally-derived biomaterials to develop 

engineered 3-D microenvironments for both in vitro and in vivo cardiovascular research. Frequently 

used natural materials include components that can be found in the human ECM including collagen, 

fibrin and hyaluronic acid (HA), as well as cardiac ECM analogues such as cardiogel and 

decellularized cardiac tissue.  

 

Collagen  

Due to its abundance in the native myocardium, collagen constructs have been one of the most 

investigated bioscaffolds in cardiovascular research and they have been employed alone [232,233] or in 

combination with other natural materials such as fibrin [234], chitosan [235-237] and Matrigel® 

[238,239].  



	   32	  

Pioneers in this area, Eschenagen et al. conducted a study in 1997 on embryonic chick 

cardiomyocytes seeded on a collagen I scaffold to test viability and response to both electrical and 

chemical stimulation. Synchronous beating was observed as early as 2 days post seeding and the cells 

responded positively to the β-adrenergic agonist isoprenaline by increasing beating frequency. [233] 

Interestingly, when seeded with a more mature cell population, such as neonatal rat cardiomyocytes, 

this scaffold failed to support cell attachment and spreading. [240] Zimmerman et al. hypothesized that 

this limitation was attributed to the lack of other important cardiac ECM components such as collagen 

IV and laminin. To test this hypothesis, they conducted a series of studies seeding neonatal rat 

cardiomyocytes on a gel mixture of liquid collagen I and varying concentrations of Matrigel®, which is 

the decellularized basement membrane of a form of mouse sarcoma rich in collagen IV, laminin and 

proteoglycans. [241] The results showed that cell attachment and spreading were directly correlated to 

the quantity of Matrigel® in the scaffold, suggesting that more than one element of the ECM is 

necessary to support cell function. [240] In another study, the cell-hydrogel solution was reconstituted 

in circular molds to form ring-shaped constructs 15 mm in diameter and 1-4 mm thick, and subjected to 

mechanical loading (10% stretch, 2 Hz). After a short culture period, these constructs developed 

contractile and electrophysiological properties similar to the working myocardium. [242] 

The suitability of collagen scaffolds to support not only cardiac cell survival but also cell 

function was further demonstrated by inducing cellular tension via excitation-contraction coupling 

upon application of a pace-maker-like electrical stimulation to neonatal rat cardiomyocytes. The 

electrically stimulated cells conducted electrical pacing signals, and contracted synchronously at the 

frequency of stimulation. [243] Both contractile performance and viability were enhanced when the 

collagen scaffold was functionalized with the tripeptide arginine-glycine-aspartic acid (RGD). RGDX, 

where X is an amino acid that varies for different proteins, is a peptide sequence found on fibronectin  

(RGDS), collagen (RGDT) and other “bridge” proteins that are recognized by integrins on 
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cardiomyocytes. [244]  

Furthermore, Van Spreeuwel et al. have recently demonstrated that a collagen-Matrigel® 

scaffold supported the proliferation of cardiac fibroblasts and the maturation of neonatal 

cardiomyocytes. To do so, these cells were seeded on a gel composed of collagen I (50%) and 

Matrigel® (8%). After 7 days, the percentage of cardiofibroblasts in the gel doubled and the 

cardiomyocytes survived and matured as shown by staining for α-actinin, which is a protein that 

organizes into a striated pattern when the sarcomeric proteins develop into a mature structure. [238]  

Collagen scaffolds have also been used to study the pathological maladaptive mechanisms of 

cardiac hypertrophy, providing proof-of-concept that this type of scaffold can be employed not only to 

study physiological conditions but also the diseased state at the cellular level. For example, through a 

chronic stretch model realized by subjecting the cell/collagen construct to unidirectional and phasic 

stretch, Fink et al. have obtained insight into the mechanisms of stretch-induced cardiac hypertrophy in 

embryonic chick cardiomyocytes. Qualitative and quantitative phenotype changes included an increase 

in length and density of myofilaments and mitochondria, as well as gene expression levels of Anp and 

sarcomeric α-actinin. [245]  

In order to obtain insights into the interplay between the niche-like matrix composition and cell 

differentiation, 3-D collagen scaffolds have also been employed to culture stem cells. In this context, in 

an interesting study by Battista et al., mouse ESCs were encapsulated in collagen gels with varying 

concentrations of either fibronectin or laminin. The ESC differentiation program depended on the 

protein incorporated in the gel, with fibronectin inducing endothelial-like differentiation and vessel 

formation and laminin inducing cardiomyogenic differentiation. [246] Providing even stronger 

evidence that elements of the cardiac ECM can drive cardiomyogenic stem cell differentiation, Duan et 

al. used a hybrid cardiac ECM/collagen I gel to show that the presence of native cardiac ECM in the 

gel committed ESCs to cardiomyogenic differentiation even in the absence of inducing growth factors 
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through analysis of gene expression and contractile function. [20]  

In addition to chemical composition, the activation of a determined differentiation pathway in 

vivo is multifactorial and likely results from the integration of multiple cues, including physical ones. 

[247,248] The ability of stem cells to detect stiffness and respond to it was demonstrated through the 

use of collagen-conjugated polyacrylamide hydrogels exhibiting different degrees of stiffness. When 

seeded on scaffolds with a Young’s modulus of 6 kPa, ECSs underwent cardiomyogenic differentiation 

and exhibited a contractile phenotype. This result was not observed on softer gels with a Young’s 

modulus of 0.2 kPa. [249,250] 

Overall, collagen scaffolds can support cardiomyocyte viability and function. By tuning the 

specific ECM composition and physical properties, these types of bioscaffolds can be used to help 

direct cardiomyogenic stem cell differentiation. However, one drawback is the lack of the complex 

array of cues present in the native tissue that are likely necessary to obtain cell responses recapitulating 

more closely in vivo physiology.  

 

Fibrin 

Fibrin is a fibrous protein that plays an essential role in blood clotting. A fibrin matrix can be 

formed by mixing fibrinogen with thrombin, a method on which commercially available fibrin glue is 

based. [251] The advantages of this material over collagen are mainly related to its in vivo applications, 

where its natural adhesiveness has been exploited to help retain injected cells at the site of 

implantation, although rapid scaffold degradation is a limitation of this approach. [252,253] 

In a study by Thompson et al., neonatal rat cardiofibroblasts and cardiomyocytes, as well as 

endothelial cells, were seeded together on a fibrin scaffold in order to form a complex cardiac 

construct. All populations survived and conserved their function, as demonstrated by deposition of 

collagen by the fibroblasts, organization of the endothelial cells into lumen structures and synchronous 
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beating of the cardiomyocytes. [254] By modifying their stiffness [255] and micro-architecture [256], 

other groups have employed fibrin scaffolds to investigate how cardiomyocytes sense and respond to 

their surrounding environment. In particular, by changing the fibrinogen concentration, Shapira-

Schweitzer et al. prepared scaffolds with different shear moduli and reported an inverse relation 

between the stiffness of the material and the amplitude of cardiomyocyte contraction. [255] 

Fibrin gels of varying stiffness were also used by Ghajar et al. to explore the effect of bMSCs 

on angiogenesis. In their model system, they observed that the stiffer gels with the highest 

concentration of fibrin (10 mg/mL) reduced human umbilical vein endothelial cell (HUVEC) 

angiogenic potential due to a reduction in matrix metalloproteinase (MMP) activity. The addition of 

bMSCs resulted in an increase in capillary sprouting mediated by the up-regulation of MMP-1, 2 and 9. 

[257] Later studies have shown that fibrin based scaffolds are also able to support viability and 

expansion of ESCs [258] and cord blood-hematopoietic stem cells, as well as the cardiomyogenic 

differentiation of human placental-derived stem cells induced through nitric oxide [259].     

 

Hyaluronic acid 

HA, a high molecular weight linear polysaccharide, is another natural component of the ECM. 

As unmodified HA-based scaffolds do not support cardiomyocyte attachment [260], cell-free 

formulations of this material have been injected to provide mechanical reinforcement to the ischemic 

myocardium. [261,262] However, during the course of in vitro studies where integrin ligands such as 

fibronectin were incorporated in HA gels, cardiomyocyte attachment and survival were dramatically 

enhanced. [260] Fibronectin coating of glass and microfluidic patterning of HA were used by 

Khademhosseini to direct cardiomyocyte elongation and the spontaneous formation of contractile 

cardiac organoids. [263]  

Few studies have investigated the potential of hyaluronan scaffolds as cardiac regeneration-
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oriented stem cell culture supports. In a series of studies, Ventura et al. employed a mixed ester of HA 

with butyric and retinoic acids and reported enhanced cardiomyogenic differentiation of murine ESCs, 

human bMSCs, dental pulp stem cells and fetal membrane stem cells. [264,265] Furthermore, a 

secretome analysis of the latter three populations revealed a high secretion of VEGF and HGF, 

providing evidence of their conservation of paracrine functionality. [265] 

 

Cardiogel 

The findings of the studies using individual cardiac ECM components as culturing scaffolds 

highlight the strengths but also the limitations of their application. One of the main drawbacks is the 

lack of the full range of molecular cues that are found in vivo that can mediate normal cell function. In 

1996, VanWinkle et al. sought to reproduce the complexity of the ECM in vitro by utilizing its natural 

source. More specifically, the group synthesized cardiogel, a biosynthetic matrix produced by cardiac 

fibroblasts and composed of collagen I and III, as well as fibronectin, laminin and proteoglycans, which 

has been successfully employed to culture murine [266] and human [267] cardiomyocytes. [268] In a 

study by Bick et al., cover slips coated with this matrix supported more rapid neonatal cardiomyocyte 

spreading and maturation as compared to laminin and fibronectin coated glass. Furthermore, 

cardiomyocytes also exhibited spontaneous contractility and earlier cytoskeletal and myofibrillar 

differentiation on cardiogel, supporting the synergistic effect of multiple ECM components. [266] 

Studies with bMSCs have shown that proliferation and adhesion on cardiogel increased together 

with their ability to resist oxidative damage. [269-271] Finally, cardiogel has been shown to induce 

earlier maturation of ESC-derived cardiomyocytes [272] and enhanced the cardiomyogenic 

differentiation of bMSCs [273] when compared to gelatin or 2-D controls. In particular, bMSCs grown 

on cardiogel showed a gene expression pattern similar to cells induced with 5-aza even in absence of 

this potential cardiomyogenic-stimulating factor. [273]  
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Although this approach yields one of most comprehensive in vitro analogues of the in vivo 

cardiac ECM, the enhanced cell adhesion on cardiogel-coated supports prevents subsequent viable cell 

dissociation, impeding analysis methods such as flow cytometry and also interfering with the collection 

of the differentiated cells for transplantation. 

 

2.3.3 Decellularized cardiac matrix 	  

The results obtained with cardiogel suggest that a more faithful reproduction of the natural 

cardiac ECM in vitro induces more potent cell responses such as proliferation, maturation and 

cardiomyogenesis. This concept served as a rationale for the use of decellularized cardiac matrix as a 3-

D scaffold for cardiovascular applications.   

 

Decellularization technologies 	  

To date, there are numerous methods of decellularization, and the choice depends on the 

specific tissue of origin and the ultimate application for the isolated ECM. Regardless of the method, 

the general aim is to remove cells and genetic material from the tissue while preserving the ECM 

composition and ideally its architecture. For this purpose, physical, enzymatic and chemical methods 

have been employed, with the best results typically involving a combination of these three approaches.  

Physical methods result in an initial disruption of cellular integrity in order to facilitate the 

subsequent “washing” steps. These methods include sonication, agitation, massage and freeze thawing, 

which all act by damaging cellular membranes and/or lysing the cells, and in the case of agitation, by 

also washing the debris away. Nevertheless, physical methods are not efficient enough to completely 

remove all cells and debris and therefore chemical and enzymatic methods are usually employed 

following physical disruption. [274]  
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Chemical methods make use of non-ionic, ionic and zwitterionic detergents, as well as organic 

solvents, chelating agents and alkaline or acid treatments. The most commonly used non-ionic 

detergent is Triton X-100, which has the ability to break protein-lipid and lipid-lipid interactions while 

preserving protein-protein interactions, leaving the ECM relatively intact. In contrast, ionic detergents 

such as sodium dodecyl sulphate (SDS) and sodium deoxycholate (SDC) successfully disrupt cellular 

and nuclear membranes, but also affect protein-protein interactions, yielding more effective 

decellularization, but increasing the risk of compromising the ECM components. Zwitterionic 

detergents have characteristics that overlap with both ionic and non-ionic detergents. In particular, 3-

[(3-cholamidopropyl)dimethylammonio]-1-pro-panesulfonate (CHAPS) and sulfobetamine -10 and 16 

(SB-10, -16) have been successfully employed in the decellularization of blood vessel and nerves 

respectively. [275,276] Peracetic acid (PAA) is the most common acid treatment, which in addition to 

removing cellular material, also acts as a disinfectant and anti-viral agent.  

Furthermore, the observation that divalent cations such as Ca2+ and Mg2+ mediate cell 

attachment to collagen and fibronectin, as well as cell-cell interactions, has added chelating agents to 

the list of chemicals used in decellularization approaches. The sequestering action of agents such as 

ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA) facilitates the 

removal of cells from the ECM.  

Finally, enzymatic treatment with proteases further improves decellularization by directly 

cleaving peptide bonds. In the case of trypsin, the most widely used enzyme, the target bond is between 

an arginine and a lysine, if the third residue is not a proline. Other enzymes, such as endonucleases 

(DNAse and RNAse), can be employed to completely eliminate remaining nucleic acids. 

A combination of different agents, under different mechanical stimuli and for varying durations 

has allowed the decellularization of almost every human and animal tissue including: blood vessels 

[277,278] , skin [279], nerves [276,280], skeletal muscle [281,282], bone [283], tendons [284], 
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ligaments [285], small intestine sub-mucosa [286], urinary bladder [287], liver [288], lungs [289,290], 

trachea [291], cornea [292], esophagus [293], kidney [294], cartilage [295], adipose tissue [296], heart 

and heart valves [297-299].  

 

Decellularized cardiac matrix  

Initial decellularization experiments in cardiovascular research focused on the pericardium. In 

2005, Chang et al. successfully engineered a patch from decellularized bovine pericardium and 

implanted it into a rat model of myocardial infarction. No immune response was activated and the 

patch efficiently integrated into the adjacent host tissues, supporting extensive cell infiltration. [300]  

The following year, Wei et al. further expanded the application of the decellularized pericardial 

patch by seeding it with bMSCs and implanting it in a syngeneic rat. At 12-weeks post-operatively, 

neo-capillaries, neo-muscle fibers and neo-cardiomyocytes were observed in the decellularized patch. 

[301] The beneficial effects observed in this experiment served as a rationale for a later study from the 

same group in 2008 using the same animal model in which they cultivated bMSCs in multilayers and 

integrated them into the decellularized graft. Four weeks after coronary artery ligation, the patch was 

inserted into a pouch created in the infarcted region. Using this approach, the beneficial effects were 

even more marked than in the first study and the analysis of the expression of angiogenic (bFGF, vWF, 

PDGF-B) and cardioprotective (IGF-1 and HGF) factors revealed an increase at 12 weeks post-

operation, suggesting a paracrine mechanism for this observed result. [302]  

Later that year, Ott et al. achieved a milestone in cardiac tissue regeneration, when they 

successfully decellularized a whole rat heart, and ultimately porcine hearts, through perfusion with 

SDS. Even more importantly, when the scaffold was seeded with neonatal cardiomyocytes, smooth 

muscle cells and endothelial cells from a donor rat, they were able to restore pumping function in vitro. 
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[303] Following this study, other groups have investigated decellularized cardiac tissue as a scaffold 

for cardiac tissue engineering with encouraging results. [304-306] 

 Oberwallner et al. seeded decellularized cardiac tissue with human umbilical cord blood-

derived mesenchymal stem cells (CB-MSC) and murine induced pluripotent stem cell-derived 

cardiomyocytes (iPS-CM) and observed increased metabolic activity and viability on the scaffold 

compared to 2-D culture controls. [304]  Seeking to investigate the compatibility of decellularized 

cardiac tissue with other types of cells employed in cardiac tissue engineering, Eitan et al. seeded rat 

cardiomyocytes and bMSCs, as well as sheep cardiofibroblasts on this scaffold. All cells attached and 

survived up to 4 weeks after seeding and conserved their phenotype, resuming their biological 

functions such as collagen deposition in the case of cardiofibroblasts and synchronous beating in the 

case of cardiomyocytes. [305] 

Differentiation studies were conducted by Serina et al. who tested whether the decellularized 

heart could not only support viability and function of somatic cells but also induce the differentiation of 

stem cells into cardiovascular cell populations. In this experiment, they employed both a cell line of 

human ESCs (HUES-7) and human mesodermal progenitor cells (MECs) derived from these ESCs. At 

14 days post-seeding onto the decellularized heart, both cell populations expressed similar levels of 

cardiomyogenic differentiation markers, with minor differences in the expression of myosin heavy and 

light chain. In particular, HUES-7 cells gave rise to a population that stained positive for myosin heavy 

chain 6 but negative for myosin light chain 2 and 7, whereas MEC differentiation resulted in cells that 

stained positive for the two light chains and negative for the myosin heavy chain 6. [307] As previously 

mentioned, differentiation of human ESCs was also observed by Duan et al. in a hybrid gel composed 

of decellularized heart matrix and collagen type I, suggesting that the cardiac matrix might represent an 

inductive microenvironment capable of driving the differentiation of stem cells along the 

cardiomyogenic lineage. [20] 
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This matrix-induced stimulation of differentiation is ECM specific as demonstrated by a study 

by Higuchi et al., where ESCs were seeded on both decellularized cardiac tissue and decellularized 

liver tissue and tested for the expression of cardiomyogenic gene markers. Interestingly, only the cells 

seeded on the cardiac matrix expressed cardiac myosin heavy chain and cardiac troponin I at 1 week. 

[308] 

 

2.4 Summary 

CVD is the leading cause of mortality in the world and although its treatment represents a 

significant economic burden on the healthcare system, therapies available to date only target its 

symptoms and are not able to regenerate the damaged or lost cardiac tissue. Adipose-derived stem cells 

have been investigated as a cardio-regenerative cell population as they possess several favorable 

characteristics, such as availability, immuno-modulatory capacity and multipotency. Nevertheless, 

different fat depots in the body yield subpopulations with different characteristics and thus a systemic 

and standardized comparative study is necessary to assess these differences and gain a better 

understanding of adipose tissue as a promising regenerative cell source. Furthermore, the efficiency of 

cardiomyogenesis of ASCs, as well as the mechanisms involved, are not yet fully elucidated. In this 

context, the native ECM has emerged as a critical element for stem cell function. Components and 

analogues of the cardiac ECM, including its decellularized form, have been hypothesized to play an 

active role in cardiomyogenesis. Taken together, the results of several studies provide evidence for a 

direct relationship between the complexity of the cardiac ECM and the efficacy of the stem cell 

differentiation responses. This observation points to the decellularized cardiac ECM as a promising 

scaffold for cardiac cell culture. However, the structural heterogeneity and limited tuneability of this 

material are limitations that could be addressed in developing improved culture platforms for 

investigating the effects of the tissue-specific ECM on stem cell differentiation. 
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CHAPTER 3 

Comparison of human adipose-derived stem cells isolated from subcutaneous, omental, and 

intrathoracic adipose tissue depots for regenerative applications	  

 

3.1 Introduction 

Moving towards the goal of optimizing adipose-derived stem cell (ASC)-based therapies for the 

treatment of myocardial infarction (MI), a critical step is to identify the most promising cell source for 

this particular type of application. Given its accessibility, abundance and ease of harvest, subcutaneous 

fat has been the canonical ASC source for the majority of in vitro studies to date. Further, clinical trials 

with ASCs have employed the subcutaneous source for cardiovascular [9] and bone [309] repair, as 

well as wound healing [310] and for the treatment of pathologies such as digestive tract disease [311] 

and urologic disorders [312]. Nevertheless, fat is present in a number of subcutaneous and visceral 

depots in the body and differences in the localization can influence the characteristics of the associated 

ASC populations. [12-15]  

In developing fat as a cell source for clinical applications, it is important to consider the effects 

of both depot and donor variability. Previous comparative studies have begun to explore the differences 

in ASC populations isolated from subcutaneous adipose tissue at varying anatomical locations, as well 

as from the omentum. [12,13,15,313] In particular, Schipper et al. isolated ASCs from subcutaneous 

adipose tissue at different sites and observed variations in proliferation that were dependent on donor 

age, as well as depot-dependent differences in apoptotic susceptibility and lipolytic function. [15] 

Immunophenotype analysis by flow cytometry has also indicated that ASCs from different sites can 

have varying surface marker expression profiles. [313] Moreover, several studies have found that the 

adipogenic and osteogenic differentiation potential in culture varies for ASCs derived from 

subcutaneous fat versus the omentum. [132,313]  
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Recent studies have identified the presence of progenitor populations in intrathoracic adipose 

tissue depots such as epicardial fat and pericardial fat, which would advantageously be accessible 

during cardiac surgery without the need for further incisions. While epicardial fat was hypothesized to 

be an ideal source of cardio-regenerative cells due to its proximity to the heart and the presence of 

cardiac and endothelial progenitors in the depot [314], conflicting results have been reported regarding 

the in vivo effects of epicardial ASCs. In particular, Bayes-Genis et al. found that epicardial ASCs 

improved cardiac function in a murine model of MI and reduced scar size, whereas Naftali-Shani et al. 

reported no effect of epicardial ASCs on ventricular remodeling and cardiac function despite 

significant angiogenic and trophic factor secretion by this cell population in vitro. [21,101] Moreover, 

the Naftali-Shani et al. study compared the in vivo effects of epicardial and subcutaneous fat ASCs, as 

well as bone marrow-derived mesenchymal stem cells (bMSCs) in a rat model of MI and concluded 

that the subcutaneous ASCs were the most beneficial mainly due to their anti-inflammatory phenotype. 

Although pericardial fat ASCs were not included in the in vivo portion of the study, gene array and 

secretome analyses highlighted strong similarities between the subcutaneous and pericardial fat ASCs, 

with the latter having the most immunomodulatory and anti-inflammatory profile. [21] In addition to 

these advantageous biological characteristics, pericardial fat is also an abundant tissue source, 

particularly in many patients with coronary disease [315], and its harvest presents fewer risks as 

compared to the excision of epicardial fat, which is in direct contact with delicate cardiac structures. 

 In this Chapter of my doctoral thesis, my objective was to obtain a broader understanding of 

pericardial fat-derived ASC characteristics by performing a standardized comparative study with 

donor-matched subcutaneous/omentum ASCs and donor-matched pericardial/thymic remnant ASCs, 

another abundant yet unexplored intrathoracic depot. A secondary goal was to investigate the effects of 

oxygen tension during culture on ASC clonogenic potential, proliferation, and adipogenic/osteogenic 

differentiation by comparing the responses under normoxic (95% air/5% CO2) and hypoxic (5% 
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O2/90% N2/5% CO2) conditions. Oxygen tension has emerged as a key mediator of MSC proliferation 

and differentiation [137,316,317], and a better understanding of its effects on cell behaviour could help 

optimize their use in hypoxic environments such as the ischemic myocardium.  

 

3.2 Materials and Methods 

3.2.1 Materials 

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Canada Ltd. 

(Oakville, Canada) and used as received. All human adipose tissue samples were collected en bloc at 

the Kingston General Hospital and Hotel Dieu Hospital in Kingston, Canada. Research ethics board 

approval was obtained from Queen’s University (REB# CHEM-002-07). Matched abdominal 

subcutaneous and omentum adipose tissue samples were collected from single sites with informed 

consent from patients undergoing bowel surgery (N=14 donors), and matched pericardial and thymic 

remnant adipose tissue samples were obtained during open-heart surgery in a second group of patients 

(N=24 donors). The samples were transported to the lab on ice in sterile phosphate buffered saline 

(PBS) supplemented with 2% bovine serum albumin (BSA) and processed within 2 h. The patient 

gender, age and body mass index (BMI) were recorded (Table 3.1). For all assays, the number of 

replicate samples for each donor (n) and the number of repeat trials with cells from different donors (N) 

are reported. 
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Table 3.1: Summary of cell donor information for the studies. Abbreviations: SC-OM, Subcutaneous/Omentum; PF-TH, Pericardial 
Fat/Thymic Remnant; BMI, body mass index. 
 

Donor	  #	   SC-‐OM	   PF-‐TH	   Donor	  #	   SC-‐OM	   PF-‐TH	  

Cell	  yield	   Adipogenic	  differentiation	  

1	   F	  33;	  BMI	  26.6	   M	  53;	  BMI	  33.6	   1	   M	  51;	  BMI	  28.5	   M	  72;	  BMI	  27.7	  
2	   M	  85;	  BMI	  30	   M	  60;	  BMI	  28.7	   2	   F	  49;	  BMI	  30.9	   M	  78;	  BMI	  26.2	  
3	   M	  30;	  BMI	  27.9	   M	  74;	  BMI	  39.5	   3	   F	  63;	  BMI	  41.8	   M	  64;	  BMI	  24	  
4	   F	  85;	  BMI	  26.8	   M	  89;	  BMI	  28.1	   4	   M	  85;	  BMI	  30	   M	  68;	  BMI	  28.7	  
5	   M	  60;	  BMI	  27.5	   M	  60;	  BMI	  31.4	   5	   M	  30;	  BMI	  27.9	   M	  68;	  BMI	  23.8	  
6	   M	  55;	  BMI	  25.6	   M	  68;	  BMI	  34	   6	   M	  60;	  BMI	  27.5	   F	  81;	  BMI	  29	  
7	   M	  37;	  BMI	  21.5	   M	  69;	  BMI	  24.4	   	   	   	  

Flow	  cytometry	   Osteogenic	  differentiation	  

1	   M	  85;	  BMI	  30	   M	  34;	  BMI	  26.6	   1	   F	  49;	  BMI	  30.9	   M	  72;	  BMI	  27.7	  
2	   F	  76;	  BMI	  41.4	   M	  53;	  BMI	  33.6	   2	   F	  63;	  BMI	  41.8	   M	  81;	  BMI	  34.6	  
3	   F	  33;	  BMI	  26.6	   M	  60;	  BMI	  31.2	   3	   M	  51;	  BMI	  28.5	   M	  79;	  BMI	  24.1	  
4	   M	  55;	  BMI	  25.6	   M	  69;	  BMI	  24.4	   4	   F	  55;	  BMI	  26.3	   M	  68;	  BMI	  23.8	  
5	   M	  30;	  BMI	  27.9	   M	  89;	  BMI	  28.1	   5	   M	  85;	  BMI	  30	   M	  67;	  BMI	  32.8	  
6	   F	  60;	  BMI	  27.5	   M	  74;	  BMI	  39.5	   6	   M	  60;	  BMI	  27.5	   M	  56;	  BMI	  31.3	  

CFE	   Adipogenic	  RT-‐PCR	  

1	   M	  78;	  BMI	  26.2	   F	  55;	  BMI	  26.3	   1	   M	  60;	  BMI	  27.5	   M	  78;	  BMI	  26.2	  
2	   M	  67;	  BMI	  30.2	   F	  63;	  BMI	  41.8	   2	   M	  55;	  BMI	  25.6	   M	  74;	  BMI	  39.5	  
3	   M	  56;	  BMI	  31.3	   M	  51;	  BMI	  28.5	   	   	   	  

Proliferation	   Osteogenic	  RT-‐PCR	  

1	   M	  60;	  BMI	  31.6	   F	  33;	  BMI	  26.6	   1	   M	  85;	  BMI	  30	   M	  60;	  BMI	  31.4	  
2	   M	  53;	  BMI	  33.6	   M	  85;	  BMI	  30	   2	   F	  49;	  BMI	  30.9	   M	  68;	  BMI	  23.8	  
3	   M	  74;	  BMI	  39.5	   M	  30;	  BMI	  27.9	   	   	   	  
4	   F	  77;	  BMI	  32.3	   M	  37;	  BMI	  21.5	   	   	   	  
5	   M	  69;	  BMI	  24.4	   M	  55;	  BMI	  25.6	   	   	   	  
6	   M	  34;	  BMI	  26.6	   F	  76;	  BMI	  41.4	   	   	   	  

 
 
3.2.2 Histological analysis  

Tissue samples were fixed in 10% neutral buffered formalin, paraffin-embedded and sectioned for 

Masson’s trichrome staining.  

 

3.2.3 Stromal vascular fraction (SVF) isolation and yield 

The adipose stromal vascular fraction (SVF) was isolated using published protocols, with all 

tissue sources processed using identical methods. [119] Briefly, 9-10 g of adipose tissue were finely 
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minced with scissors under sterile conditions and placed in a 50 mL falcon tube containing 25 mL of 

digest solution comprised of 2 mg/mL collagenase type I (Worthington Biochemicals, NJ, USA) in 

Kreb’s Ringer bicarbonate buffer (pH 7.4), 3 mM glucose, 25 mM HEPES, and 20 mg/mL BSA. This 

tissue digest was incubated under continuous agitation at 37 °C for 45 min. In order to remove large 

undigested fragments, the suspension was then filtered through a 250 µm stainless steel filter and an 

equal volume of complete medium comprised of DMEM:Ham’s F12 supplemented with 10% fetal 

bovine serum (FBS) (HyClone, Fisher Scientific) and 100 U/mL penicillin and 0.1 mg/mL 

streptomycin (1% pen-strep, Life Technologies, Burlington, Canada) was added to deactivate the 

collagenase. Following 5 min incubation at room temperature, the upper layer composed of buoyant 

mature adipocytes was removed by aspiration and the remaining fraction was centrifuged for 5 min at 

1200 xg. The pellet was subjected to a 10 min erythrocyte lysing step under gentle agitation in sterile 

erythrocyte lysing buffer containing 0.154 M NH4Cl, 10 mM KHCO3, and 0.1 mM 

ethylenediaminetetraacetic acid (EDTA). Following this step, the solution was centrifuged and the 

pellet was resuspended in complete medium prior to filtration though a 100 µm nylon mesh. This cell 

suspension was then re-centrifuged, washed twice in medium, and resuspended in complete medium to 

obtain the SVF. 

The viable cell yield in the SVF was estimated for all depots (n=3, N=7) with a Guava easyCyte 

8HT Flow Cytometer (Millipore, Billerica, USA) using the Guava ViaCount assay (Millipore, 

Billerica, USA) following the manufacturer’s instructions. The yield for each sample was normalized 

to the digested tissue mass.  

 

3.2.4 ASC culture 

To obtain cultures of primary human ASCs, the SVF was plated on tissue culture flasks 

(Corning® 75 cm2, Fisher Scientific, Oakville, Canada) at 30,000 cells/cm2 in growth medium 
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comprised of DMEM:Ham’s F12 supplemented with 10% FBS and 1% pen-strep. The cells were 

cultured in a standard CO2 incubator (37 °C, 5% CO2). After 24 h, non-adherent cells were removed 

through PBS rinsing. The growth medium was changed every 2-3 days, and the cells were passaged at 

80% confluence. Never frozen passage 2 (P2) cells were used for all culture analyses.  

 

3.2.5 Immunophenotype characterization 

Flow cytometry analysis was performed on P2 ASCs (n=3, N=6) using a Guava easyCyte 8HT 

Flow Cytometer (Millipore, Etobicoke, Canada) with GuavaSoft v2.2.2 software for data analysis. 

Single marker staining was performed with monoclonal, fluorochrome-conjugated antibodies from 

eBioscience (San Diego, USA) as follows: CD34-allophycocyanin (APC, Cat. # 17-0349-41), CD31-

phycoerythrin (PE, Cat. # 12-0319-41), CD44-PE-Cy7 (Cat. # 25-0441-81), CD90-fluorescein 

isothiocyanate (FITC, Cat. # 11-0909-41), CD29-PE (Cat. # 12-0299-71), CD73-FITC (Cat. # 11-

0739-41), CD4-PE (Cat. # 12-0049-41), and CD166-PE-Cy7 (Cat. # 46-1668-41).  

Briefly, P2 ASCs were collected through incubation at 37 °C for 5 min with 0.25% 

Trypsin/EDTA (Life Science, Burlington, Canada) and subsequent centrifugation at 1200 xg for 5 min. 

The total viable cell count was obtained through the Guava ViaCount Assay and the cells were 

resuspended in PBS supplemented with 10% FBS to a density of 2.5 x 105 cell/mL in a total volume of 

9 mL. A total of 9 eppendorf tubes, 8 for the single antibody stains and 1 for the no antibody control, 

were labeled and 1 mL of cell suspension was dispensed into each prior to centrifugation at 1200 xg for 

5 min at 4 °C in a refrigerated microcentrifuge. The supernatant was then aspirated and the pellet was 

resuspended in 600 µL of ice cold PBS supplemented with 3% BSA (PBS/BSA), vortexed for 1 second 

and centrifuged at 4 °C for 5 min at 400 xg. At the end of the centrifugation, the supernatant was 

removed and the pellet was resuspended in 600 µL of ice cold PBS/BSA. The tubes were then wrapped 

in foil and all steps were subsequently performed under minimal lighting conditions. 5 µL of each 
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antibody solution was added to the corresponding eppendorf and 5 µL of PBS/BSA was added to the 

control and all samples were vortexed briefly prior to incubation at 4 °C for 30 min. The samples were 

then washed by centrifuging at 4 °C for 5 min at 400 xg and resuspending the pellet in 600 µL of ice 

cold PBS/BSA. This washing step was repeated three times and the stained cells were then fixed 

through incubation in 500 µL of 0.5% paraformaldehyde for 15 min at 4 °C. Following fixation, the 

cells were washed three times in ice cold PBS/BSA and stored at 4 °C until analysis on the following 

day.  

 

3.2.6 In vitro clonogenic potential 

Colony forming unit-fibroblast (CFU-F) assays were performed on P2 ASCs (n=3, N=3) using 

established protocols. [318] Briefly, ASCs were plated at 100 cells per 100 mm diameter tissue culture 

dish in growth medium and cultured under normoxic (95% air/5% CO2) and hypoxic (5% O2/90% 

N2/5% CO2) conditions, using a ProOx 110 oxygen controller and sub-chamber system (Biospherix, 

Lacona, NY), with medium changes every 3 days. At 14 days, the cells were stained with 0.5% crystal 

violet in methanol. Stained colonies having a diameter ≥ 5 mm were counted, and the colony forming 

efficiency (CFE) was calculated as the total number of colonies per 100 seeded cells. 

 

3.2.7 ASC proliferation  

The proliferative capacity of P2 ASCs was assessed under normoxic (95% air/5% CO2) and 

hypoxic (5% O2/90% N2/5% CO2) culture conditions (n=3, N=6). The ASCs were plated at 2,600 

cells/cm2 in 6-well plates in growth medium. Every 48 h for 8 days, triplicate wells were trypsinized 

and counted using the ViaCount assay with the Guava easyCyte 8HT Flow Cytometer, and used to 

calculate the doubling time for each population. 
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3.2.8 Adipogenic differentiation  

P2 ASCs were plated at 50,000 cells/cm2 in 6-well plates and cultured in growth medium under 

normoxic (95% air/5% CO2) or hypoxic (5% O2/90% N2/5% CO2) conditions until confluent. The 

medium was changed to serum-free adipogenic differentiation medium (DMEM:Ham’s F12 

supplemented with 33 µM biotin, 17 µM pantothenate, 66 nM human insulin, 1 nM triiodothyronine, 

10 µg/mL transferrin, 100 nM hydrocortisone, and 1% pen-strep). For the first 72 h, 1 µg/mL of 

troglitazone and 0.25 mM isobutylmethylxanthine (IBMX) was added. [319] Adipogenesis was 

assayed at 7 days post-induction through glycerol-3-phosphate dehydrogenase (GPDH) enzyme activity 

(n=3, N=6), as well as oil red O staining of intracellular lipid (n=3, N=6), using published methods. 

[18,119,320] Negative controls maintained in growth medium were included in all assays. 

 

3.2.9 Osteogenic differentiation  

P2 ASCs were plated at 20,000 cells/cm2 on laminin-coated 6-well plates (2 µg/cm2, Cat. # 

L2020, Sigma) and cultured in growth medium under normoxic (95% air/5% CO2) or hypoxic (5% 

O2/90% N2/5% CO2) conditions until 70% confluence. The medium was replaced with osteogenic 

differentiation medium comprised of growth medium supplemented with 50 µM ascorbate-2-

phosphate, 10 mM β-glycerophosphate, 100 nM dexamethasone, and 0.01 µM 1,25-dihydroxyvitamin 

D3 (Vit.D), with medium changes every 2-3 days. [72] Initial experiments without Vit.D showed very 

low alkaline phosphatase (ALP) activity, therefore a pilot study was conducted to test the effect of this 

supplement on enzyme activity. The result showed a statistically lower ALP activity in both pericardial 

and thymic remnant ASCs cultured in osteogenic medium without Vit.D when compared to medium 

supplemented with this factor and therefore it was included in the osteogenic formulation for all 

studies. (Fig. A1)  

Osteogenic differentiation was assessed 28 days after induction in terms of ALP enzyme 
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activity (n=3, N=6) and von Kossa staining of matrix mineralization (n=3, N=6), using published 

methods. [157,321] Negative control cultures maintained in growth medium were included in all 

assays. 

 

3.2.10 End-point RT-PCR analysis  

End-point RT-PCR analysis of lineage-specific gene expression was conducted for the induced 

adipogenic and osteogenic cultures under normoxic (95% air/5% CO2) and hypoxic (5% O2/90% 

N2/5% CO2) conditions (n=3, N=2) using published protocols. [320] Gene-specific primers (Life 

Technologies) were designed with Primer3 software and had a melting temperature of 60 °C. 

Adipogenesis was assayed at 7 and 14 days post-induction in terms of:  

• PPARγ (F: TTCAGAAATGCCTTGCAGTG, R: CCAACAGCTTCTCCTTCTCG) 

• C/EBPα (F: CAGAGGGACCGGAGTTATGA, R: TTCACATTGCACAAGGCACT)  

• Lipoprotein lipase (LPL) (F: GTCCGTGGCTACCTGTCATT, R: TGGCACCCAACTCTCATACA) 

Osteogenesis was analyzed at 21 and 28 days post-induction in terms of: 

• RUNX2 (F: CGGAATGCCTCTGCTGTTAT, R: TGGGGAGGATTTGTGAAGAC) 

• Osteonectin (ON) (F: GTGCAGAGGAAACCGAAGAG, R: AAGTGGCAGGAAGAGTCGAA) 

• Bone sialoprotein (BSP) (F: AGAACCACTTCCCCACCTTT, R: AGGTTCCCCGTTCTCACTTT)   

GAPDH (F: ACAGTCAGCCGCATCTTCTT, R: ACGACCAAATCCGTTGACTC) was included 

as the housekeeping gene. Each PCR reaction was carried out for 40 cycles (95 °C for 30 s, 58 °C for 

30 s, and 72 °C for 30 s) using a Bio-Rad C1000™ thermal cycler. Expression was analyzed following 

agarose gel electrophoresis and ethidium bromide staining using a Syngene G:Box Chemi HR16 

system.  
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3.2.11 Statistical analysis 

Statistical analyses were carried out using GraphPad Prism® version 6 (San Diego, CA). 

Differences were considered significant at p < 0.05. To compare depot differences in the donor-

matched sets, Wilcoxon matched-pairs signed rank t-tests were used. Unpaired parametric two-tailed t-

tests with Welch’s correction were used to analyze the effect of oxygen tension or depot for individual 

donors. Friedman one-way analysis of variance (ANOVA) with a Dunn’s post-hoc test was used for 

multiple comparisons in the matched donor sets. Kruskal-Wallis one-way ANOVA with a Dunn’s post-

hoc test was used for multiple comparisons between depots. 

 

3.3 Results	  
3.3.1 Tissue ultrastructure  

There were differences in the tissue ultrastructure of each depot (Fig. 3.1). In the matched donor 

sets, the omentum was macroscopically less stiff and more vascularized than abdominal subcutaneous 

adipose tissue. Masson’s trichrome staining confirmed that subcutaneous fat contained more fibrous 

connective tissue, with fewer blood vessels distributed through the collagen (Fig. 3.1C). The pericardial 

and thymic remnant samples were macroscopically similar, although the thymic remnant appeared 

more fibrous in younger patients (< 60 years). However, Masson’s trichrome staining revealed that the 

thymic remnant had much higher complexity, generally containing more fibrous collagen, large blood 

vessels and regions enriched in immune cells (Fig. 3.1C). 
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Figure 3.1: Anatomic location of the intrathoracic adipose tissue depots and histological overview of the tissue ultrastructure. 
(A): Schematic showing the anatomical position of the pericardial and thymic remnant adipose tissue depots. 

(B): Intraoperative image of the intrathoracic depots exposed through median sternotomy. 
(C): Representative Masson’s trichrome staining of subcutaneous, omentum, pericardial, and thymic remnant adipose tissue. Scale bars 

represent 100 µm. Abbreviations: OM, omentum; PF, pericardial fat; SC, subcutaneous; TH, thymic remnant. 
 

 

3.3.2 Viable SVF yield  

The average viable cell yield in the SVF was calculated per gram of digested tissue for all 

depots (Fig. 3.2A). The numerical values for all graphical data shown in Figure 3.2 are summarized in 

Table 3.2.  
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Table 3.2: Numerical data summary table showing mean ±  SD for all donors studied. 

	   SC	   OM	   PF	   TH	  

Avg.	  cell	  yield	  
(#	  cells/g	  of	  digested	  
tissue)	  	  

(4.20	  ±	  1.59)	  x	  10
5

	   (11.6	  ±	  4.18)	  x	  10
5

	   (3.75	  ±	  1.29)	  x	  10
5

	   (8.34	  ±	  6.44)	  x	  10
5

	  

	   	  	  21%	  O
2
	   5%	  O

2
	   	  	  	  21%	  O

2
	   5%	  O

2
	   	  21%	  O

2
	   5%	  O

2
	   21%	  O

2
	   5%	  O

2
	  

Avg.	  CFU	  efficiency	  (CFE)	  
(#	  colonies/100	  seeded	  
cells)	  

43	  ±	  4	   67	  ±	  7	  	   	  	  	  	  	  	  	  	  22	  ±	  3	   45	  ±	  4	   22	  ±	  3	   45	  ±	  4	   37	  ±	  3	   55	  ±	  6	  

Avg.	  doubling	  time	  (h)	  	   	  	  44.9	  ±	  15.6	   39.2	  ±	  11.7	  	   	  61.0	  ±	  10.1	  	   57.8	  ±	  18.4	  	   	  61.0	  ±	  10.1	  	   57.8	  ±	  18.4	  	   	  	  43.1	  ±	  9.1	  	   43.0	  ±	  8.8	  	  

Avg.	  GPDH	  activity	  
(mU/mg	  intracell	  prot.)	  

	  	  	  	  36.5	  ±	  29.6	  	   30.7	  ±	  23.6	  	   	  34.0	  ±	  18.1	  	   27.9	  ±	  16.2	  	   	  	  	  	  34.0	  ±	  18.1	  	   27.9	  ±	  16.2	  	   	  	  5.7	  ±	  4.2	  	   4.9	  ±	  5.2	  	  

Avg.	  ALP	  activity	  
(mU/mg	  intracell	  prot.)	  

	  	  11.5	  ±	  7.3	  	   	  6.9	  ±	  5.4	  	   	  	  	  	  	  	  6.6	  ±	  2.8	  	   2.1	  ±	  0.9	   	  6.6	  ±	  2.8	  	   2.1	  ±	  0.9	   	  	  15.8	  ±	  9.8	  	   9.5	  ±	  8.0	  	  

 
 
 

A significantly higher yield was obtained from the omentum as compared to subcutaneous fat 

for all of the donors. Similarly, the thymic remnant had a higher average yield than pericardial adipose 

tissue, but the values were more variable and not statistically different (Fig. 3.2A). Pericardial adipose 

tissue had a lower average percentage viability in the SVF than the thymic remnant (72.8 ± 4.2% 

versus 82.5 ± 5.4%) (Fig. 3.2B). In comparing the matched donor samples, this difference was 

statistically significant for all patients with the exception of donor 4. No trends were noted in terms of 

the effect of donor age or BMI on the SVF yield or percent viability.  
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Figure 3.2: Data summary for average values for all donors for each of the depots. 
All data are expressed as mean ± SD. *, Significantly different at (p < .05). 

(A): Viable cell yield per gram of digested tissue (n=3, N=7). 
(B): Percent viability in stromal vascular fraction (n=3, N=7). 

(C): In vitro clonogenic potential measured through the colony-forming unit-fibroblast assay at 14 days (n=3, N=3). 
(D): Doubling time of P2 ASCs (n=3, N=6). 

(E): GPDH enzyme activity at 7 days post-induction of adipogenic differentiation (n=3, N=6). 
(F): ALP enzyme activity at 28 days post-induction of osteogenic differentiation (n=3, N=6). Abbreviations: ALP, alkaline phosphatase; 
CFE, colony-forming efficiency; GPDH, glycerol- 3-phosphate dehydrogenase; H, hypoxic (5% O2/90% N2/5% CO2); N, normoxic (95% 

air/5% CO2); OM, omentum; PF, pericardial fat; SC, subcutaneous; TH, thymic remnant. 
 

3.3.3 ASC Immunophenotype 

Representative surface marker expression profiles for P2 ASCs from each depot are shown in 

Fig. 3.3. Subcutaneous and omentum samples were collected from 4 male and 2 female donors with an 
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average age of 56 ± 22 years and the pericardial adipose and thymic remnant samples were collected 

from 5 male and 1 female donors with an average age of 70 ± 12 years. All populations were strongly 

positive for CD44, CD73, CD90, and CD29, with very low expression of CD31 and CD4. Analysis of 

CD4 was included to confirm absence of expression in the populations from the thymic remnant.  

While cultured ASCs from subcutaneous fat or the omentum did not express CD34, 81 ± 21% 

and 47 ± 25% of P2 ASCs from pericardial adipose tissue and thymic remnant respectively were 

CD34+ (Fig. 3.3), with the pericardial depot having significantly higher expression than all other 

depots. A significantly higher percentage of P2 ASCs isolated from subcutaneous adipose tissue were 

CD166+, with an overall average of 82 ± 18%, as compared to 37 ± 17% for the omentum. CD166 

expression was typically lower in the ASCs derived from pericardial adipose tissue (average 60 ± 25%) 

than from the thymic remnant (average 72 ± 20%), but the difference was not statistically significant.  

 

 

Figure 3.3: Immunophenotype of P2 ASCs isolated from each of the depots. 
Percentage of positive cells for each of the markers analyzed. Data are presented as the mean ± SD (n=3, N=6). Interdepot differences in 
the expression were observed for CD34 and CD166. *, Statistically significant (p < .05). Abbreviations: OM, omentum; PF, pericardial 

fat; SC, subcutaneous; TH, thymic remnant. 
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3.3.4 Colony forming efficiency 

In the matched donor sets, there was a trend for higher CFE in ASCs from subcutaneous fat 

versus the omentum, and also for ASCs from pericardial adipose tissue versus the thymic remnant (Fig. 

3.2C). In comparing all depots, there was a significant difference in CFE between the subcutaneous and 

thymic remnant samples under both normoxic and hypoxic conditions.  Further, colony formation was 

enhanced for all depots under hypoxic culture conditions (Fig. 3.2C). Although the average CFE was 

lower for the ASCs from the intrathoracic depots, the pericardial and thymic remnant ASCs were more 

susceptible to the inductive effects of hypoxia, showing a higher percentage increase in colony 

formation under hypoxic conditions (Fig. 3.4A). 

 

 

Figure 3.4: Analysis of the influence of oxygen tension on colony formation and osteogenic differentiation of ASCs derived from 
each of the depots. 

(A) Average % increase in colony formation under hypoxic conditions (5% O2/90% N2/5% CO2) as compared to normoxic conditions 
(95% air/5% CO2). (n=3, N=3) 

(B) Average % decrease in ALP enzyme activity under hypoxic conditions relative to normoxic conditions. (n=3, N=6) All data is 
expressed as mean ± SD. * statistically significant (p < 0.05). 

 

3.3.5 ASC doubling time 

ASCs from the intrathoracic depots had a longer average doubling time than ASCs from the 

subcutaneous/omentum donors, although the difference was only statistically significant relative to the 

omentum (Fig. 3.2D). For the donors in our study, we did not observe any specific trends between 
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donor age and proliferative capacity. Under the current study conditions, the proliferation rate was not 

affected by the oxygen tension in the culture environment.  

 

3.3.6 Adipogenic potential of subcutaneous and omentum ASCs  

The P2 ASCs isolated from the subcutaneous depot had a significantly higher GPDH activity 

level than the ASCs isolated from the omentum for 4 of the 6 donors (Fig. 3.5A). Moreover, except for 

donor 5, the GPDH activity levels for the induced omental ASCs were the same as the non-induced 

controls, indicating that the cells were not undergoing adipogenesis. In the subcutaneous samples, 

lower GPDH levels were observed for more severely obese donors (BMI > 30) (Fig. 3.5C), while low 

levels were observed for all omentum samples regardless of BMI (Fig. 3.5D). Average GPDH activity 

levels for all depots are highlighted in Fig. 3.2E. The GPDH results were confirmed with oil red O 

staining, which showed extensive intracellular lipid in the subcutaneous ASCs, which qualitatively 

correlated with the GPDH activity level (Fig. 3.5B). In contrast, no positive staining was observed in 

the omental ASCs at 7 days with the exception of the donor 5 sample, which showed a small fraction of 

differentiating cells.  
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Figure 3.5: Adipogenic differentiation of ASCs isolated from subcutaneous fat and the omentum. 
(A): GPDH enzyme activity of induced donor-matched P2 ASCs at 7 days. Data are expressed as mean ± SD (n=3, N=6). *, Statistically 

significant (p < .05). 
(B): Representative oil red O staining at 7 days post-induction. Intracellular lipid accumulation was observed under both oxygen 

conditions for subcutaneous ASCs, but not ASCs derived from the omentum or the negative controls. Scale bars represent 100 µm. 
Relationship between GPDH activity and donor BMI for ASCs derived from subcutaneous adipose tissue (C) and omentum (D). Crossed 

values (x) indicate non-matched donor samples not included in the comparative assessments. 
(E): Representative end-point RT-PCR analysis of adipogenic gene expression at 7 and 14 days (n=3, N=2) with GAPDH as the 

housekeeping gene. Abbreviations: BMI, body mass index; GPDH, glycerol-3-phosphate dehydrogenase; H, hypoxic (5% O2/90% 
N2/5% CO2); N, normoxic (95% air/5% CO2); OM, omentum; SC, subcutaneous. 

 
 

Based on the GPDH and oil red O data, oxygen tension did not have a major impact on 

adipogenic differentiation in the subcutaneous and omentum samples at 7 days, although GPDH 

activity was reduced in the subcutaneous ASCs from donors 1 and 4 under hypoxic conditions 

(statistically significant for donor 4) (Fig. 3.5A). In terms of gene expression (Fig. 3.5E), the master 

adipogenic regulator PPARγ and the late marker LPL were expressed at 7 and 14 days in all induced 

subcutaneous ASC samples. C/EBPα expression was lower at 7 days under hypoxic conditions in this 
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group. In contrast, for the omentum, while PPARγ was expressed at both time points with qualitatively 

higher expression under normoxic conditions, C/EBPα was only detected under normoxic conditions 

and was expressed at very low levels at 7 days. Similarly, LPL was expressed strictly in the normoxic 

samples at 14 days. These patterns suggest a lower level of adipogenic differentiation in the hypoxic 

cultures.  

 

3.3.7 Adipogenic potential of pericardial fat and thymic remnant ASCs 

For the pericardial and thymic remnant samples, GPDH activity was observed in the pericardial 

ASCs but not in the donor-matched thymic remnant ASCs from donors 3 and 4 (Fig. 3.6A). Further, for 

the ASCs derived from the thymic remnant from donors 1, 3, and 4, the GPDH activity was the same as 

the non-induced controls, indicating that the cells were not undergoing adipogenesis. For donor 1, no 

significant differentiation was also observed for the pericardial ASCs. The GPDH activity was not 

clearly correlated with the BMI for the intrathoracic depots, although all of the donors had a BMI < 30 

(Fig. 3.6C and D). Intracellular lipid was observed for ASCs from both intrathoracic depots under 

normoxic and hypoxic conditions for all samples with a GPDH activity > 5 mU/mg intracellular protein 

(Fig. 3.6B). 

In terms of oxygen tension, GPDH activity was reduced in the pericardial ASCs under hypoxic 

conditions for 3 out of 6 of the donors (statistically significant for donors 3 and 6) (Fig. 3.6A). 

Similarly, the GPDH activity for the thymic remnant ASCs from the 3 donors that responded was 

negatively affected by hypoxic culturing, but this difference was only statistically significant in donor 

6. In terms of adipogenic gene expression, all markers were detected under normoxic and hypoxic 

culture conditions for both intrathoracic depots (Fig. 3.6E).  
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Figure 3.6: Adipogenic differentiation of ASCs isolated from pericardial and thymic remnant adipose tissue. 
(A): GPDH enzyme activity of induced donor-matched P2 ASCs at 7 days. Data are expressed as mean ± SD (n=3, N=6). *, Statistically 

significant (p < .05). 
(B): Representative oil red O staining at 7 days post-induction (Donor 5: M 68, BMI: 23.8). Scale bars represent 100 µm. 

Relationship between GPDH activity and donor BMI for ASCs derived from pericardial adipose tissue (C) and thymic remnant (D). 
(E): Representative end-point RT-PCR analysis of adipogenic gene expression at 7 and 14 days (n=3, N=2) with GAPDH as the 

housekeeping gene. Abbreviations: BMI, body mass index; GPDH, glycerol-3-phosphate dehydrogenase; H, hypoxic (5% O2/90% 
N2/5% CO2); N, normoxic (95% air/5% CO2); PF, pericardial fat; TH, thymic remnant. 

 

3.3.8 Osteogenic potential of subcutaneous, omentum and intrathoracic ASCs  

For the subcutaneous and omentum ASCs, ALP enzyme activity (Fig. 3.7A) was significantly 

enhanced in all donor sets as compared to the non-induced controls. Under normoxic conditions, there 

was a trend towards higher average ALP enzyme activity in the omental ASCs (Fig. 3.2F). In the 

donor-matched analysis, the normoxic ALP activity was consistently higher for the omentum samples, 

and this difference was statistically significant for donors 2 – 5 (Fig. 3.7A). For both depots, the ALP 
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enzyme activity was significantly lower in the cells cultured under hypoxic culture conditions (Fig. 

3.2F and Fig. 3.7A). The von Kossa staining results were more variable. In donors 2 and 5, matrix 

mineralization was only observed in the omental ASCs (Fig. 3.7C). For the other donors, the effects of 

oxygen tension on matrix mineralization were consistent with the trends in ALP activity, with larger 

deposits observed under normoxic conditions for both depots (Fig. 3.7B). In terms of osteogenic gene 

expression (Fig. 3.7E), RUNX2 and ON were expressed at similar levels in the ASCs from both depots 

at 21 and 28 days, with slightly enhanced RUNX2 expression under normoxic conditions for the 

subcutaneous samples at 28 days. BSP expression was only detected at low levels under normoxic 

conditions in the subcutaneous ASCs at 28 days, as well as at qualitatively higher levels in the 

omentum samples at 21 days. 
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Figure 3.7: Osteogenic differentiation of ASCs isolated from subcutaneous fat and the omentum. 
(A): ALP enzyme activity of induced donor- matched P2 ASCs at 28 days. Data are expressed as mean ± SD (n=3, N=6). With the 

exception of donor 1 (SC), donor 5 (OM), and donor 6 (SC + OM), a significant difference was observed in ALP activity in both depots 
under normoxic versus hypoxic conditions. *, Significant difference between donor-matched subcutaneous and omentum ASCs (p < .05). 

(B): Representative von Kossa staining at 28 days post-induction. Matrix mineralization was observed in all induced samples, but was 
dramatically reduced under hypoxic conditions for both depots. Scale bars represent 100 µm. 

(C): In donors 2 and 5, matrix mineralization was observed in ASCs isolated from the omentum but not subcutaneous fat. Scale bars 
represent 100 µm. 

(D): Representative end-point RT-PCR analysis of osteogenic gene expression at 21 and 28 days (n=3, N=2) with GAPDH as the 
housekeeping gene. Abbreviations: ALP, alkaline phosphatase; H, hypoxic (5% O2/90% N2/5% CO2); N, normoxic (95% air/5% CO2); 

OM, omentum; SC, subcutaneous. 
 

For the intrathoracic samples, the average ALP enzyme activity levels were similar for both 

depots (Fig. 3.2F). However, in the donor-matched analysis, significantly higher ALP activity was 

noted under normoxic conditions in the pericardial ASCs from donors 2, 4 and 6 (Fig. 3.8A). All 

induced cultures stained positively for matrix mineralization (Fig. 3.8B), with the exception of the 

donor 6 samples. Similar to the subcutaneous and omental ASCs, osteogenic differentiation was 

reduced under hypoxic conditions (Fig. 3.8A and B). In the gene expression studies (Fig. 3.8C), 
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RUNX2 and ON were expressed in both sample groups, at qualitatively higher levels at 28 days. BSP 

was expressed under normoxic conditions for both depots at 21 and 28 days, as well as in the 

pericardial ASCs cultured under hypoxic conditions at 28 days.  

 

 

Figure 3.8: Osteogenic differentiation of ASCs isolated from pericardial adipose tissue and the thymic remnant. 
(A): ALP enzyme activity of induced donor-matched P2 ASCs at 28 days. Data are expressed as mean ± SD (n=3, N=6). For all donors, a 
significant difference was observed for both depots under normoxic versus hypoxic conditions. *, Significant difference between donor-

matched pericardial and thymic remnant ASCs (p < .05). 
(B): Representative von Kossa staining at 28 days post-induction. Matrix mineralization was observed in all induced samples, but was 

reduced under hypoxic conditions for both depots. Scale bars represent 100 µm. 
(C): Representative end-point RT-PCR analysis of osteogenic gene expression at 21 and 28 days (n=3, N=2) with GAPDH as the 

housekeeping gene. Abbreviations: ALP, alkaline phosphatase; H, hypoxic (5% O2/90% N2/5% CO2); N, normoxic (95% air/5% CO2); 
PF, pericardial fat; TH, thymic remnant. 

 

In comparing all four depots, the omentum had the highest average ALP activity levels of all 

four depots, although the differences were not statistically significant (Fig. 3.2F). Further, it was noted 

that there were differences in the sensitivity of the cell populations to the hypoxic culture conditions 

between depots (Fig. 3.4B). More specifically, the percentage decrease in average ALP activity under 

hypoxic conditions versus normoxic conditions was more pronounced for the ASCs from the 

intrathoracic depots.  
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3.3.9 Adipogenic differentiation of intrathoracic ASCs under osteogenic culture conditions 

Interestingly, extensive intracellular lipid accumulation was observed in the osteogenic studies 

with the pericardial and thymic remnant ASCs from donors 2, 4 and 5 under normoxic conditions, 

suggesting that these cells were pre-disposed towards the adipogenic lineage (Fig. 3.9). No evidence of 

adipogenesis was observed in any of the osteogenic cultures for the ASCs from subcutaneous adipose 

tissue or the omentum.   

 

 

Figure 3.9: Adipogenic differentiation of intrathoracic ASCs under osteogenic culture conditions. Representative images of 
intracellular lipid accumulation observed in ASCs derived from pericardial adipose tissue and thymic remnant at 14 days post-induction 

of osteogenic differentiation, with enhanced differentiation under normoxic conditions. No differentiation was observed in the non-
induced control samples cultured in proliferation medium or in any of the osteogenic subcutaneous or omentum samples. Abbreviations: 
H, hypoxic (5% O2/90% N2/5% CO2); N, normoxic (95% air/5% CO2); PF, pericardial fat; TH, thymic remnant. Scale bars represent 100 

µm. 
 

3.4 Discussion  

In obesity and metabolism research, depot- and donor-dependent differences in adipose tissue 

structure and function, along with variations in the mature adipocyte and adipose progenitor 

populations, have long been recognized. [132,322-324] In terms of the clinical translation of cellular 

therapies involving ASCs, these studies highlight that “all fat is not equal” and emphasize the 

importance of consideration of adipose depot selection. A better understanding of the characteristics of 
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ASCs from different depots and donors will help to identify if a specific fat source is more promising 

for certain regenerative applications. If an autologous approach is to be applied, there are many other 

influencing factors including donor health status, tissue availability and accessibility, and timing, as 

well as cost of treatment. 

The majority of comparative studies to date have focused on assessing differences in 

proliferation and adipogenic differentiation in cells isolated from subcutaneous adipose tissue and the 

omentum. [12,132,322-324] A smaller number of studies have looked at the effects of adipose source 

on osteogenic potential. [313,325,326] Interestingly, there is no clear consensus in terms of the specific 

trends for proliferation or differentiation, and the results from different groups can appear 

contradictory. However, there is a lack of standardization in methods, including cell extraction 

protocols, culture conditions and passage number, as well as inherent variability in the donor 

populations, which can make it difficult to compare the data. Further, in reviewing past work it 

becomes clear that it is advantageous to use a range of characterization assays to more fully understand 

the observed cellular responses.   

With this guiding principle, I applied consistent methods to more deeply probe the influence of 

adipose tissue depot source on the human ASC populations. Subcutaneous fat is the most widely 

investigated ASC source, due to its abundance and ease in acquisition. However, the omentum has long 

been recognized for its unique angiogenic properties, and omental flaps have been employed in many 

clinical applications to stimulate blood vessel formation and healing, which may suggest the presence 

of distinct regenerative cell populations. [327-330] In the context of heart surgery through a 

sternotomy, pericardial adipose tissue and the thymic remnant become accessible, expendable and often 

abundant adipose sources that could be used in cell therapies for cardiovascular regeneration. As 

highlighted in the introduction, previous studies have identified multipotent cell populations in 

epicardial fat, which is closely interconnected with the myocardium [101], and other studies have 
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investigated the thymus of pediatric [331] and adult [332] donors. However pericardial adipose tissue, 

as well as the thymic remnant from elderly donors, have not been fully characterized as ASC sources. 

In fact, only one other study to date has investigated pericardial ASCs. [21] Further, to the best of my 

knowledge, this was the first published comparative adipose depot study to assess the effects of oxygen 

tension by comparing the ASCs responses under normoxic and hypoxic culture conditions.  

In terms of yield, the number of viable cells in the SVF from the omentum was significantly 

higher than from abdominal subcutaneous adipose tissue, which is consistent with the findings of van 

Harmelen et al. and may be attributable to the presence of more endothelial cells in the richly-

vascularized omentum. [324] For the intrathoracic depots, there was substantial donor variability in the 

thymic remnant samples. Combined with the histological results, it is likely that this difference in the 

SVF yield is at least partly associated with the presence of other cell types, such as lymphocytes, that 

were not eliminated during the extraction process.  

Flow cytometric analysis of P2 ASCs showed that consistent with the literature, all cultured 

ASCs were positive for CD44, CD73, CD90 and CD29, with very low expression of CD31 and CD4. 

[99,106,111] CD166 expression was more variable, but the patterns are in line with previous reports of 

low expression of this adhesion molecule in the SVF of subcutaneous ASCs, with enhanced expression 

through successive passaging. [99,116] Similarly, several studies have demonstrated that SVF from 

subcutaneous adipose tissue and the omentum contains CD34+ populations, but expression decreases 

substantially during culturing. [13,99,333] However, we found that a high percentage of P2 ASCs from 

the intrathoracic depots were CD34+ after expansion. This enhanced CD34 expression may be 

favorable for cardiovascular cell therapy. More specifically, testing in animal models of chronically 

ischemic myocardium has provided evidence of the safety and efficacy of intra-myocardial 

transplantation of CD34+-enriched cell suspensions for promoting neovascularization. [334-336] Based 

on these findings, recent clinical trials have focused on strategies with autologous CD34+ bMSCs in 
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patients with refractory angina [337] and myocardial infarction [338], with significant improvements 

noted in angina frequency and exercise tolerance in the first study and a dose–response observed in 

terms of the number of injected CD34+ cells and increased left ventricular ejection fraction (LVEF) in 

the second.  

In terms of in vitro clonogenic potential, it was interesting that the P2 ASCs derived from 

subcutaneous adipose tissue and the omentum formed more colonies on average in the CFU-F assay, 

despite having lower levels of CD34 expression than the ASCs derived from pericardial adipose tissue 

and thymic remnant. Previous work with subcutaneous ASCs and bone marrow-derived MSCs has 

indicated that there is a positive correlation between CD34 expression and colony formation. [339-341] 

However our results are consistent with our proliferation data, which showed that the intrathoracic 

ASCs had longer average doubling times. Although the proliferation rates were not altered under the 

level of hypoxia used in our study, there was enhanced colony formation observed for all depots when 

the cells were cultured at 5% O2.  These results are similar to past studies demonstrating the positive 

effects of hypoxia on colony formation for bone marrow-derived MSCs. [342,343]  

In terms of adipogenesis, our donor-matched subcutaneous and omentum results were 

consistent with published studies indicating that subcutaneous ASCs are more adipogenic than those 

derived from the omentum. [13,132,313,324] Interestingly, unlike ASCs from epicardial adipose tissue 

that reportedly do not differentiate into adipocytes [101], the cells derived from both pericardial 

adipose tissue and thymic remnant could be stimulated to undergo adipogenic differentiation, although 

the thymic remnant results were more inconsistent. In general, there was donor variability in the GPDH 

activity levels observed for all depots, which may be attributable to a multitude of factors including 

gender, age, and BMI, as well as insulin sensitivity. [344] In terms of the effect of oxygen tension on 

adipogenic differentiation, GPDH activity and intracellular lipid accumulation were not majorly 

influenced by culturing at 5% O2 for most of the donors. However, there was a trend towards reduced 
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enzyme activity under hypoxic conditions, as well as some differences in the gene expression patterns 

for the subcutaneous and omentum ASCs, which may suggest that hypoxia had a slight negative impact 

on adipogenesis. Based on the results of Lin et al. and Lee et al., it is possible that further reductions in 

the oxygen levels to 1 or 2% could more profoundly influence the adipogenic response. [129,210]  

In this study, which was the first to compare ASCs extracted from matched 

subcutaneous/omentum fat and matched intrathoracic adipose tissue under varying oxygen levels, 

osteogenic differentiation was enhanced in the omental ASCs relative to all other depots. The lack of 

mineralization observed in some subcutaneous samples, despite elevated ALP activity, emphasizes the 

importance of analyzing multiple differentiation markers. The enhanced osteogenic activity combined 

with the reduced adipogenic capacity of the omental ASCs may be indicative that the heterogeneous 

population includes progenitors that have more restricted potential in culture and are predisposed 

towards the osteogenic lineage, as has been observed with MSCs derived from human bone marrow. 

[71,345-347] Consistent with the results of He et al. and Merceron et al., ALP activity and mineral 

deposition were inhibited when the cells were cultured at 5% O2 for all depots. [137,209] These results 

are concordant with the fact that under physiological conditions bone is highly vascularized and that 

vascularization is key for normal bone development. [348]  

For three donors under normoxic conditions, the intrathoracic ASCs accumulated substantial 

intracellular lipid under osteogenic differentiation conditions, which may be related to the 

dexamethasone in the osteogenic formulation, as this potent corticosteroid can have inductive effects 

on both osteogenic and adipogenic pathways. [115,349] Further, while vitamin D3 has been used to 

stimulate osteogenic differentiation of ASCs [146], it can have diverse effects on different cell 

populations and has been shown in previous studies with fetal rat calvaria cells to promote 

adipogenesis synergistically with dexamethasone, and inhibit osteogenesis. [350,351] This 
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phenomenon was only observed in the intrathoracic ASCs, and the differential response may indicate 

that these populations are more committed towards the adipogenic lineage.  

In summary, the results of this study emphasize the relevance of depot selection in the 

development of autologous or allogenic cell-based regenerative strategies with ASCs and contribute to 

a broader understanding of the potential of these cells for a range of applications. While there was 

donor variability, particularly in the adipogenic and osteogenic differentiation levels, notable 

differences were observed between the populations isolated from the subcutaneous, omentum and 

intrathoracic depots. Moreover, it was shown for the first time that ASCs extracted from pericardial 

adipose tissue and the thymic remnant have unique characteristics including enhanced CD34 

expression at P2 and increased sensitivity to hypoxic culture conditions compared to subcutaneous and 

omentum ASCs. Of the intrathoracic depots studied, the pericardial ASC population was more 

homogenous and may have potential clinical utility in cardiovascular applications. The enhanced 

osteogenic capacity of the omentum, combined with its reduced adipogenic differentiation potential, 

suggests that omental ASCs may hold particular promise for bone regeneration strategies. 
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CHAPTER 4 

Development of a porous bioscaffold derived from decellularized porcine myocardium for in vitro 

studies of cardiac tissue. 

 

4.1 Introduction 

Mammalian cell cultures have been traditionally performed on 2-D supports such as tissue 

culture polystyrene (TCPS) and glass. [116,352] Through these systems, a great amount of information 

has been obtained on cellular physiology and pathophysiology, including insights into proliferation 

[353], electrophysiology [354], morphogenesis [355], apoptosis [356] and stem cell differentiation 

mechanisms [357]. However, since cells are able to sense and respond to the spatial arrangement of 

microenvironmental cues, their functionality can be dramatically altered once they are removed from 

their native tridimensional environment and confined to a monolayer. [358-361] Such alterations can be 

as dramatic as oncogenic transformation [362] or loss of typical phenotype and electrophysiological 

characteristics [363]. The drawbacks of 2-D cell culture have prompted the scientific community to 

explore tridimensional culture systems in order to more closely recapitulate the spatial characteristics 

of the native cellular microenvironment.  

In this context, once thought to be merely an inactive physical support, the extracellular matrix 

(ECM) is now recognized to be part of a bidirectional biochemical and biomechanical communication 

system that functions dynamically with the cellular components of the tissue. [33,364,365] In support 

of this observation, cells have been shown to be able to respond to ECM composition and mechanical 

properties, as well as the spatial distribution of biochemical cues. [229,250,308,366] Building on these 

concepts, natural ECM-derived porous foams [17,128,367] and hydrogels [368-370] are two emerging 

culture platforms that are being developed to study the effects of in vivo-like tridimensionality and 

biochemical composition on cell behavior. Focusing on foams, in addition to the conservation of 
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natural ECM components, their enhanced porosity and relatively straightforward fabrication methods 

support that they could function as a valuable alternative to conventional 2-D cell culturing. [371,372]  

Interestingly, foams fabricated using decellularized tissue matrices have been reported to 

enhance the differentiation of adipose-derived stem cells (ASCs) along the adipogenic lineage when the 

matrix is derived from adipose tissue [128], and along the chondrogenic lineage when native cartilage 

is used as the ECM source [17,373]. In the context of cardiac tissue engineering, preliminary data with 

cardiac progenitor cells (CPCs) has shown that cardiomyogenesis can also be enhanced when these 

cells are seeded on pericardium foams. [367] However, to the best of my knowledge, foams derived 

from the ventricular myocardium have not yet been explored. In light of the variations in the ECM 

composition in the different regions of the heart [374], cell responses to bioscaffolds fabricated using 

ECM sourced from the pericardium versus the myocardium may be different. Therefore, in order to 

further elucidate cardiac ECM-driven cardiomyogenesis, the investigation of ventricular myocardium 

foams would be of great interest.   

While ECM-derived foams have shown promise as bioactive 3-D cell culture platforms, one of 

the main drawbacks of these supports is their relatively low mechanical stability and the fact that 

without further modifications, their properties can only be controlled within a narrow range. These 

limitations can somewhat restrict their applicability in tissue engineering model systems, as the 

physical properties of a scaffold, including the degradation rate, porosity and stiffness, can profoundly 

influence cell behavior. [234,375,376] In order to overcome this limitation, a number of groups have 

explored the fabrication of hybrid foams by mixing the initial ECM or pure collagen suspension with 

natural or synthetic components. [377-379] Moreover, in a number of studies, the scaffold was treated 

with a chemical crosslinking agent to further strengthen the end product. [380,381] Both of these 

approaches, however, have the potential to cause alterations in the properties of the native ECM, which 

may consequently impact the cellular response.  
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With this in mind, the goal of this Chapter of my doctoral thesis was to fabricate and 

characterize novel porous foams derived entirely from ECM sourced from decellularized porcine left 

ventricular myocardium. In order to increase scaffold stability and compliance without resorting to 

hybrid foams or chemical crosslinking, I hypothesized that stable foams could be generated by 

applying fabrication methods that would better conserve the collagen fibers in the ECM. In order to 

investigate this theory, I introduced 3 modifications to the protocols that have been applied to fabricate 

cardiac ECM-derived scaffolds in previous studies: a) decellularization was achieved using a 

combination of Trypsin/EDTA, Triton X-100 and sodium deoxycholate (SDC) in place of the strong 

anionic detergent sodium dodecyl sulphate (SDS), b) processing the decellularized ECM via mincing 

versus standard milling techniques were compared, and c) the enzyme α-amylase, which cleaves 

collagen in the telopeptide regions, was used in place of the more conventional and non-specific 

digestive enzyme pepsin during the ECM solubilization step. For both the minced and milled foams, 

the scaffold architecture, ECM composition and physical properties were assessed. 

 

4.2 Materials and methods 

4.2.1 Ventricular myocardium decellularization 

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Canada (Oakville, 

Canada) and used as received. Whole porcine hearts were obtained from a local slaughterhouse (Brian 

Quinn’s meats, Kingston, Canada) and transported to the lab on the same day that the animal was 

sacrificed. Myocardial decellularization was carried out using methods adapted from Wainwright et al.. 

[306] The specific processing methods that I investigated in developing the refined protocol are shown 

in Table 4.1.  
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Table 4.1: Myocardial decellularization processes investigated during decellularization protocol refinement.  

Size	  and	  shape	  of	  tissue	  pieces	  
at	  the	  beginning	  of	  
decellularization	  

	  	  	  	  	  
	  	  	  	  	  Processing	  sequence	  

1)	  Cuboidal,	  ≈3.5	  cm3	   -‐	  3	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  6	  h	  3%	  Triton	  X-‐100	  
-‐	  6	  h	  4%	  SDC	  

2)	  Sheets,	  ≈3-‐5	  mm	  thick	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
lllllllllllllll≈6	  cm2	  surface	  area	  

-‐	  3	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  
-‐	  20	  h	  4%	  SDC	  

3)	  Sheets,	  ≈3	  mm	  thick	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
lllllllllllllll≈6	  cm2	  surface	  area	  
	  	  	  	  Removal	  of	  epicardial	  layer	  

-‐	  4	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

4)	  Sheets,	  ≈3	  mm	  thick	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
lllllllllllllll≈6	  cm2	  surface	  area	  
	  	  	  	  Removal	  of	  epicardial	  layer	  

-‐	  4	  cycles	  freeze-‐thaw	  
Two	  cycles	  of:	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

5)	  Thin	  pieces	  ≈5-‐10	  mm3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
nnRemoval	  of	  epicardial	  layer	  

-‐	  4	  cycles	  freeze-‐thaw	  
(before	  mincing)	  
Two	  cycles	  of:	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

 

 

In the finalized protocol used in the present study, the left ventricle was excised and the fibrous 

outermost layers of epicardium and endocardium were carefully removed to maximize tissue exposure 

to the decellularization reagents. The tissue was then subjected to 4 cycles of freeze-thaw in hypotonic 

freezing buffer solution (pH 8.0) containing 10 mM Tris base and 5 mM ethylenediaminetetraacetic 

acid (EDTA).  Next, the sample was cut into small pieces of roughly 5 mm3 and exposed to 2 cycles of 

chemical decellularization, each consisting of 6 h in 0.25% Trypsin-EDTA (Life Technologies 

Burlington, Canada), 20 h in 4% SDC and 20 h in 3% Triton X-100 under orbital shaking at 37 °C with 
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15 min phosphate buffered saline (PBS) washes between the solution changes. The decellularized left 

ventricle (DLV) was then washed 3 times with PBS prior to being stored in 70% ethanol at 4 °C until 

use.  

 

4.2.2 DLV suspension preparation and foam fabrication 

ECM foams were prepared using methods adapted from Yu et al. for the fabrication of 

decellularized adipose tissue foams. [128] Briefly, DLV was first washed three times for 15 min with 

distilled water, frozen at -20 °C and lyophilized. To prepare a homogeneous and reproducible DLV 

suspension (DLVsus) for foam fabrication, two processing methods were explored. In the first 

approach, the lyophilized DLV was minced with scissors to obtain minced DLV, comprised of 

fragments approximately 2 mm3 in size. In the second method, the minced DLV was further processed 

through cryo-milling for 3 min at 2550 rpm with a Mikro-Dismembrator S ball mill (Sartorius, Taiwan) 

to yield ground DLV. To create a 50 mg/mL stock DLVsus of minced and ground DLV, this quantity 

was digested with 1% (w/w) α-amylase in 0.22 M NaH2PO4 buffer under continuous agitation for 3 

days at room temperature. The enzymatically-treated DLV was then centrifuged for 10 min at 1500 xg. 

The supernatant was removed and the solid phase was rinsed twice with 5% (w/v) NaCl solution and 

once with distilled water under orbital shaking for 10 min. Following centrifugation, the solid phase 

was suspended in an appropriate volume of 0.2 M acetic acid, vortexed and then agitated continuously 

at 37 °C for 24 h. The samples were then cooled for 5 min at -20 °C and homogenized with a 

PowerGen Model 125 homogenizer (Fisher Scientific, Ottawa, Canada) for no longer than 30 s to avoid 

overheating. The cooling/homogenization procedure was repeated 5 times for the suspensions prepared 

with both minced and ground DLV. 

Concentrations of 10, 20, 30 and 40 mg/mL of DLVsus were prepared by diluting the 50 

mg/mL stock with sterile 0.2 M acetic acid. An 18 gauge needle was then used to dispense 500 µL of 
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suspension into 48-well plates or 1.2 mL into 24-well plates (for testing of mechanical properties) and 

the foams were fabricated by freezing the suspension at -20 °C overnight, followed by overnight 

lyophilization. 

 

4.2.3 Characterization of microscopic structure and ECM composition  

The effect of mincing and milling, as well as DLVsus concentration, on the microscopic 

structure of the foams were investigated through scanning electron microscopy (SEM). In order to 

image the internal surface and compare the different samples in a consistent manner, all foams were 

freeze-fractured by snap freezing in liquid nitrogen and cutting them perpendicular to the base with a 

sharp blade.  The samples were allowed to dry and were then placed on aluminum studs with the cut 

surface facing upwards, pulse-coated with gold for 20 min and imaged on the same day using a JEOL 

JSM-840 microscope (JEOL Inc., Peabody, USA) at an accelerating voltage of 10 kV and a working 

distance of 15 mm. 

For histological and immunohistochemical analyses, samples of native porcine myocardium and 

DLV, as well as freeze-fractured foams were fixed in 4% paraformaldehyde overnight and then 

paraffin embedded in a ATP1TM Tissue Processor (Triangle Biomedical Science Inc, Durham, USA) 

and sectioned (5 µm thick) using a Shandon™ Finesse™ ME+ microtome (Thermo Scientific, 

Waltham, USA). Masson’s trichrome staining was performed to evaluate the presence of intact nuclei 

in the DLV following decellularization and to observe the general structure of the ECM. The 

conservation of fibrillar collagen in the DLV and foams was further assessed through polarized light 

microscopy of Picrosirius stained sections using established methods. [382] In order to image the 

stained sections, a Nikon OPTIPHOT-POL microscope (Nikon, Tokio, Japan) with an Infinity 2-3 

CCD camera (Lumenera, Ottawa, Canada) was used at 10x magnification. Movat’s pentachrome 
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staining was used to detect the presence of elastic fibers, collagen, glycosaminoglycans (GAGs) and 

fibrin/fibrous structures in the DLV and foams in comparison to the native myocardium. [383] 

To obtain a more comprehensive view of the ECM composition in the scaffolds, DLV and foam 

samples were immunostained with monoclonal mouse anti-fibronectin (Cat. # ab6328, ABCAM, 

Toronto, Canada), monoclonal mouse anti-collagen I (Coll I, Cat. # ab90395, ABCAM), polyclonal 

rabbit anti-laminin (Cat. # ab11575, ABCAM, Toronto, Canada) and polyclonal rabbit anti-collagen IV 

(Coll IV, Cat. # ab6586, ABCAM, Toronto, Canada), using native porcine myocardium and porcine 

skin (data not shown) as a positive control. Two pilot studies were performed to optimize the dilutions 

of primary and secondary antibodies and the finalized experimental design for the immunostaining is 

illustrated in Table 4.2. 

 

Table 4.2: Experimental design for scaffold immunostaining. 

              
 

For deparaffinization, the slides were rinsed twice for 10 min in 100% xylene and then placed 

for 5 min in decreasing concentrations of ethanol for serial re-hydration as follows: 100% ethanol, 95% 

ethanol, 80% ethanol, 70% ethanol and finally, distilled water. Enzymatic antigen retrieval was 

performed by immersing the re-hydrated slides in an enzymatic solution consisting of 0.05% Trypsin 

and 0.1% CaCl2 in distilled water. Before immersion, the solution was warmed in a water bath at 37 °C 
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and the slides were incubated at this temperature for 20 min. For heat mediated antigen retrieval, 1x 

DAKO Target Retrieval solution (Cat. # S1699, DAKO Canada Inc. Burlington, Canada) was poured 

into a slide rack and heated at 90 °C on a hot plate prior to immersing the slides. The temperature was 

kept at 90 °C for 20 min and then the slides were allowed to cool for 5 min at room temperature. 

Regardless of the antigen retrieval method, all slides were washed 3 times for 5 min with PBS prior to 

blocking in a blocking solution composed of PBS supplemented with 10% goat serum (Cat. # G9023, 

Sigma, Oakville, Canada) for 1 h at room temperature. Blocked slides were then incubated with the 

primary antibody in a solution of 0.02% Tween-20 (Cat. # P9416, Sigma, Oakville, Canada) in PBS 

(PBST) overnight at 4 °C in a humidity chamber. The primary solution was aspirated and the slides 

were washed 3 times for 5 min with PBS before adding secondary antibody in PBST solution. Two 

types of secondary antibodies were used: Alexa Fluor® 555 Goat Anti-Mouse  (Cat. # A-21422, Life 

Technologies, Burlington, Canada) for staining of Coll I and fibronectin and Alexa Fluor® 488 Goat 

Anti-Rabbit (Cat. # A-11008, Life Technologies, Burlington, Canada) for staining of Coll IV and 

laminin. Co-stainings were performed by incubating the slides with a mixture of appropriate secondary 

antibodies for 1 h at room temperature in the dark. For all samples, no primary antibody controls were 

included to confirm specificity of the staining. Upon aspiration of the secondary antibody solution, the 

slides were washed 3 times for 5 min in PBS and mounted on the microscope slides in fluoroshield 

mounting medium with DAPI (Cat. # ab104139, ABCAM, Toronto, Canada) for imaging. The slides 

were kept in the dark and pictures were acquired through a Zeiss Imager M1 microscope with an 

AxioCam MRm (Carl Zeiss Microscopy, Jena, Germany) no later than 1 day post staining. 
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4.2.4 Assessment of physical properties  

Equilibrium Water Content and Swelling 

To calculate the equilibrium water content (EWC) and swelling ratio (SR), the lyophilized 

foams were first weighed and then imaged with a Zeiss Discovery V12 stereomicroscope equipped 

with an AxioCam ICc1 camera and CL1500 co-axial light source (Carl Zeiss Microscopy, Jena, 

Germany) in order to measure their weight and dimensions in the dry state prior to re-hydration. The 

foams were removed from 48-well plates, submerged in an excess volume of 100% ethanol in 24-well 

plates (4 mL) and placed in a vacuum chamber overnight. Upon complete removal of air bubbles, as 

ascertained by visual confirmation of the sinking of the foams to the bottom of the well, the ethanol 

soaked scaffolds were placed overnight under vacuum in a 50% ethanol solution in PBS as a first step 

in the controlled rehydration process. The following day, 3 washes in PBS with a duration of 1 h were 

performed to ensure complete removal of ethanol. Following re-hydration, the foams were equilibrated 

in distilled water for 4 days at room temperature and then they were re-imaged while immersed in 

water. The stereomicroscope pictures were analyzed with ImageJ to obtain dry and wet dimensions. 

The excess liquid was then carefully removed by gentle blotting of excess surface water with a 

Kimwipe (Kimberly-Clark Professionals, Roswell, USA) before measuring the wet weight.  

The weight (W) and dimensions in the dry (D) and hydrated (H) states were used to calculate 

the EWC and SR using the following formulas:  

𝐸𝑊𝐶 =
𝑊𝐻 −𝑊𝐷

𝑊𝐻
×  100% 

𝑆𝑅 =   
𝑉𝐻

𝑉𝐷
×  100% 

Where VH represents the volume of the hydrated foams and VD indicates their volume in the 

lyophilized form. 
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Porosity 

Porosity was measured using a modified Archimedes method. [384] Briefly, the dry mass of the 

foams was recorded and the foams were then immersed in 100% isopropanol, selected as the solvent as 

it would not induce significant shrinking or swelling of the collagen in the foams. [385]  In order to 

ensure the solvent completely infiltrated into the pores of the foams, the scaffolds were sonicated for 15 

s in a water bath sonicator to eliminate bubbles and then placed under light vacuum for 1 h. The weight 

of the foams was then recorded after carefully blotting excess isopropanol and the porosity was 

calculated using the formula: 

Porosity  = 𝑉𝑝𝑜𝑟𝑒𝑠
𝑉𝑝𝑜𝑟𝑒𝑠  !  𝑉𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

  ×  100% 

where Vpores =   !"#  !"##  –  !"#  !"##
𝜌!𝑖𝑠𝑜𝑝𝑟𝑜𝑝𝑎𝑛𝑜𝑙

 

           Vscaffold =    𝑑𝑟𝑦  𝑚𝑎𝑠𝑠
𝜌!𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

    

The scaffold was assumed to be primarily composed of collagen and therefore a density (ρ) of 1.343 

g/mL was used in the calculations. [386]  

 

Mechanical testing 

Triplicate samples of cylindrical minced (from 10 to 50 mg/mL) and ground (from 20 to 50 

mg/mL) foams were fabricated with a diameter of 15 mm and a height of 10 mm by using the 24-well 

plates as moulds. The samples were re-hydrated and shipped in PBS for mechanical testing to the 

collaborating lab group of Dr. Abbas Samani at Western University, where an unconstrained 

indentation method with a plane-ended indenter was used to assess the Young’s modulus on hydrated 

samples, as previously described. [387] Briefly, each sample was placed in a sample holder with a 

diameter that was larger than the cylindrical foams, thus leaving their walls unconfined. In order to 

keep the samples hydrated during testing, a thin layer of PBS was added prior to analysis. The indenter 
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was connected to a linear LAL-30 servo motor (SMAC, Carlsbad, USA) driven by a 6K2 motor 

controller device (Parker Hannifin Corporation, Rohnert Park, USA), with a motion range of 25 mm 

and a resolution of 0.5 µm. The forces resulting from sample indentation were measured with a high-

precision LCL-113 model load cell (Omega, Quebec, Canada) with a capacity of 113 g. The Young’s 

modulus was calculated by only taking into account the initial linear portion of the force-displacement 

curve using the following formula: 

 𝐸 = 𝜅𝑆  

Where κ is a conversion factor calculated using an inverse finite element (FE) modeling algorithm and 

S is the measured force-displacement slope. [388] The FE mesh was created using the actual 

dimensions of the foams. 

  

Foam Stability 

As a measure of foam stability, protein release in Ringer’s simulated physiological fluid (8.6 

mg/mL NaCl, 0.3 mg/mL KCl, and 0.33 mg/mL CaCl2 in deionized water) was quantified using a 

Lowry’s Protein Assay Kit (Cat. # 23240, Thermo Scientific). [389] Also, in order to measure the total 

mass loss over the 28-day incubation period, the dry weight of the foams was recorded before re-

hydration. Once re-hydrated, the foams were placed in 3 mL of Ringer’s solution at 37 °C. At 72 h, 7, 

14, 21 and 28 days, 200 µL samples of the buffer were collected in triplicate, prior to complete 

replacement with fresh buffer at each time point. For protein quantification, following the 

manufacturer’s instructions, the samples were incubated for 10 min at room temperature with the 

phenol reagent and 30 min at room temperature with the copper-based reagent, both provided in the 

Lowry’s Assay Kit and the absorbance was measured at 750 nm with an EnSpire Multimode Plate 

Reader (Perkin-Elmer, Massachusetts, USA). On day 28, all foams were lyophilized and their dry 
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weight was recorded for comparison with the initial weight to calculate the percentage mass loss over 

time.  

 

4.2.5 Statistical analysis 

All data are expressed as the mean ± standard deviation (SD) and statistical analyses were 

performed by one-way ANOVA with a Tukey’s post-hoc test for multiple comparisons of the means 

using GraphPad Prism version 6 (San Diego, CA). Differences were considered statistically significant 

at p <  .05. In the reported results, “n” refers to the number of replicate samples in an individual 

experimental trial, while “N” refers to the number of times each experiment was repeated. 

 

4.3 Results 

4.3.1 Refinement of the decellularization protocol and characteristics of DLVsus 

Based on visual observation, the initial myocardial decellularization protocols resulted in a 

partially decellularized tissue with a yellow/pink coloration. (Fig. 4.1) When excising samples from the 

thicker regions of these processed tissues, a dense core with a dark red color was observed, consistent 

with incomplete decellularization.  
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Figure 4.1: Schematic of second myocardial decellularization protocol performed during protocol refinement experiments. 

 

The modifications introduced in the protocol were mostly aimed at reducing the thickness of the 

tissue pieces and maximizing the surface area exposed to the reagents, as well as increasing the 

treatment time to enhance cellular extraction. The outcomes of the different decellularization 

refinements steps are summarized in Table 4.3. 
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Table 4.3: Outcomes of decellularization refinement steps. 

	  
Method	  #	  

	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Processing	  sequence	  

	  
Outcome	  

1	  
	  

-‐	  3	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  6	  h	  3%	  Triton	  X-‐100	  
-‐	  6	  h	  4%	  SDC	  

Low	  decellularization	  on	  visual	  observation	  
of	  tissue	  coloration,	  apparent	  cellular	  
extraction	  only	  from	  the	  surface	  up	  to	  a	  
maximum	  thickness	  of	  ≈3	  mm.	  

2	  (Fig.	  4.1)	   -‐	  3	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  
-‐	  20	  h	  4%	  SDC	  

More	  effective	  decellularization,	  although	  
visually	  not	  complete.	  Regions	  underneath	  
the	  epicardium	  with	  a	  thickness	  of	  ≈3	  mm	  
were	  not	  decellularized.	  	  

3	   -‐	  4	  cycles	  freeze-‐thaw	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

Based	  on	  visual	  inspection,	  similar	  degree	  of	  
decellularization	  in	  all	  regions	  although	  not	  
complete.	  

4	   -‐	  4	  cycles	  freeze-‐thaw	  
Two	  cycles	  of:	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

Based	  on	  white	  coloration,	  visual	  inspection	  
suggested	  decellularization	  of	  the	  majority	  
of	  the	  tissue.	  Thicker	  regions	  still	  presented	  
yellow	  coloration.	  

5	   -‐	  4	  cycles	  freeze-‐thaw	  (before	  mincing)	  
Two	  cycles	  of:	  
-‐	  6	  h	  0.25%	  Trypsin/EDTA	  
-‐	  20	  h	  4%	  SDC	  
-‐	  20	  h	  3%	  Triton	  X-‐100	  

Macroscopically,	  uniform	  white	  coloration	  of	  
the	  tissue	  was	  observed,	  indicative	  of	  
effective	  decellularization.	  

 

              

At the end of the finalized decellularization process, the fragments of the left ventricle appeared 

white and soft. Masson’s trichrome staining confirmed the absence of cellular material in the 

decellularized tissue, which was mainly composed of collagen. (Fig. 4.2)   
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Figure 4.2: Overview of the processing methods to obtain cardiac foams from porcine myocardium. 

Masson’s trichrome staining was used to qualitatively assess the degree of decellularization. 
 

At the same stock concentration, minced and ground DLV yielded suspensions with different 

rheological properties. In particular, minced DLVsus was thick and viscous, whereas ground DLVsus 

was more fluid (Fig. 4.2). Furthermore, the maximum concentration achievable with minced DLV was 
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approximately 50 mg/mL. Beyond that threshold, the suspension presented un-homogenizable solid 

clusters of DLV fragments. In contrast, the smaller particle size of ground DLV allowed for the 

preparation of a homogeneous DLV suspension with a concentration as high as 75 mg/mL. However, 

to keep consistency in the comparative studies, both minced and ground foams were prepared with 

DLV suspensions with a maximum concentration of 50 mg/mL and a minimum concentration of 10 

mg/mL. Nevertheless, upon re-hydration, the 10 mg/mL ground foams lost their mechanical integrity 

undergoing severe disruption and were therefore excluded from the study. 

 

4.3.2 Foam structure and composition  

Once lyophilized, the frozen DLVsus formed a porous sponge-like structure with a well-defined 

shape determined by the geometry of the freezing mould. (Fig. A2) Although minced and ground 

foams appeared macroscopically similar, SEM analysis revealed that the two processing methods 

yielded foams with different microscopic architecture. Both types of foams presented a more 

homogeneous architecture when compared to native lyophilized DLV. However, the ground foams 

were characterized by a more disrupted structure, mainly composed of small particles randomly 

arranged, whereas the minced foams presented a qualitatively more intact network. When observed 

under higher magnification, the minced foams were revealed to include large sheet-like formations 

(Fig. 4.3 and Fig. A3). This difference was particularly evident at the lower concentrations.   
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Figure 4.3: Macro- and microscopic structures of the foams observed through SEM. 

The mincing fabrication method yielded a more intact network compared to the protocol that also included cryo-milling (n=2, N=2). 

 

The observation through linear polarized light of Picrosirius stained sections enabled the 

visualization of the range of collagen fibers present in the DLV, with thin (yellow/green) and thick 

(red) fibers distributed throughout the matrices. In terms of the foams, the minced foams retained both 

thin and thick fibers, whereas the ground foams only showed the red coloration characteristic of the 

larger fibers. (Fig. 4.4) Further histological analysis by Movat’s staining revealed that the mincing 

method yielded scaffolds with a heterogeneous distribution of residual fibrinoid material (red), possibly 

derived from the formation of blood clots. In contrast, the ground foams appeared to have a more 

homogeneous staining pattern throughout the entire section. (Fig. 4.4) However, it is important to note 

that as no red staining was observed in the DLV prior to foam fabrication, the coloration observed in 

the foams could potentially represent unspecific staining of the more highly processed collagen fibers 

in the foams. Movat’s staining also highlighted disruption of the elastic fibers in the native tissues as a 

potential drawback of the decellularization process. Black staining associated with this type of ECM 
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component was observed in the native myocardium, but was lost upon decellularization, as shown by 

its absence in the DLV. (Fig 4.4) 

 

 
Figure 4.4: Histological staining of DLV, minced and ground foams. 

Native myocardium was used as a positive control for the Movat’s pentachrome staining: elastic fibers (black), muscle (red), collagen 
(yellow).  Observation of Picrosirius red staining using a polarized light microscope showed that the minced foams contained thin 

collagen fibers (green/yellow), which were absent in the ground foams (n=2, N=2). 
 

Consistent with the observation that collagen I represents 85% of myocardial collagen [26,27], 

this protein was found to be the predominant component of the DLV (Fig. 4.5). Collagen IV, laminin 

and fibronectin were also conserved following decellularization. Upon processing, both foams stained 

strongly positive for collagen I and fibronectin, whereas collagen IV, a major element of the cardiac 

basal membrane, was no longer detectable following foam fabrication. The different processing 

methods influenced the presence of detectable laminin, as this protein was found in the minced foams, 

but not in the ground foams. (Fig. 4.5) 
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Figure 4.5: Immunofluorescent staining for collagen IV, fibronectin, laminin and collagen I with native myocardium as a positive 

control. 
Collagen IV and fibronectin were conserved after decellularization but collagen IV was no longer detected following foam fabrication. In 

contrast, fibronectin was abundantly present in both minced and milled foams. Collagen I was detected in DLV and foams, consistent 
with the literature reports that it accounts for 85% of the cardiac ECM. [26,27] Interestingly laminin was observed in the DLV and 

minced foams, but not in the ground foams (n=2, N=2). Scale bars represent 100 µm. 
 

4.3.3 Physical characteristics of the foams 

When analyzing the physical characteristics, the two types of foams presented several 

differences. In particular, the minced foams tended to have a slightly higher EWC when compared to 

the ground foams, although this difference was only statistically significant for the 30 and 40 mg/mL 

concentrations. Nevertheless, regardless of the processing method, the EWC of the foams was 

generally high, ranging around 95%. The DLV concentration in both the minced and ground foams did 
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not appear to have a major effect on the EWC, and the only statistically significant difference was 

between the 10 and 40 mg/mL minced foams. (Fig. 4.6A)  
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Figure 4.6: Data summary for average values for all concentrations of minced and ground foams. 

All data are expressed as mean  ± SD. *, Significantly different at (p < .05). 
(A): Equilibrium water content after 4 days in distilled water under vacuum (n=4, N=5). There were no statistically significant differences 

as a result of DLV concentration, with the exception of between the 10 and 40 mg/mL minced foams. 
(B): Swelling ratio after 4 days in distilled water under vacuum (n=4, N=2). All differences as a result of DLV concentration were 

statistically significant for both types of foams except between 40 and 50 mg/mL in the minced foams. 
(C): Porosity (n=3, N=2). All differences as a result of DLV concentration were statistically significant for both types of foams. 

(D): Young’s modulus of hydrated foams (n=3, N=1). All differences as a result of DLV concentration were statistically significant for 
the minced foams except between 40 and 50 mg/mL. There were no statistically significant differences as a result of DLV concentration 

in the ground foams. 
(E): Trend of protein loss over 28 days in Ringer’s buffer solution as measured through Lowry’s protein assay  (n=4, N=2). 

(F): Total mass loss at day 28 (n=4, N=2). There were no statistically significant differences as a result of DLV concentration for both 
types of foams. 
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In terms of swelling, both types of foams fabricated at concentrations of 40 and 50 mg/mL 

swelled when soaked in distilled water. However, the minced foams displayed a higher resistance to 

water-induced shrinkage as compared to the ground foams at concentrations of 20 and 30 mg/mL, 

although this difference was only statistically significant for the 20 mg/mL foams. (Fig. 4.6B) In 

assessing the impact of concentration on swelling, for both types of foams, the differences in the 

swelling ratio between the different DLV concentrations were statistically significant, with the 

exception of the 50 and 40 mg/mL minced foams and the 40 and 30 mg/mL minced foams.  

The degree of porosity was not significantly affected by the processing method and the minced 

and ground foams fabricated with the same concentration of DLV had similar values with the exception 

of the 20 mg/mL minced foams, which displayed statistically higher porosity than their ground 

equivalents. Although the percentage porosity was generally high, with a lowest registered value of 

95.4 ± 0.1%, an inverse relationship was observed between foam porosity and DLV concentration. 

More specifically, the 50 mg/mL ground foams displayed the lowest porosity (95.6 ± 0.1%) and the 10 

mg/mL minced foams were the most porous (99.0 ± 0.1%). Moreover, within the same type of scaffold, 

the differences in porosity as a consequence of DLV concentration were statistically significant. (Fig. 

4.6C) 

In terms of the mechanical properties, the Young’s modulus of the minced foams was 

statistically higher than that of the ground foams for all concentrations except 20 mg/mL. Moreover, 

the elastic modulus of the minced foams increased with the DLV concentration and ranged from 1.53 ± 

0.29 kPa to 5.57 ± 0.06 kPa, whereas that of ground foams did not exceed 1.5 kPa, even at high DLV 

concentrations. (Fig. 4.6D)  For the minced foams, the differences in modulus between scaffolds with 

different DLV concentrations were all statistically significant except between 40 and 50 mg/mL.  

Mechanical testing of the 10 mg/mL minced foams yielded unreliable results with the testing system 
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employed in the current study, likely due to its very soft nature and scaffold inhomogeneities associated 

with the low protein content.  

Protein loss over 28 days in physiological buffer followed a similar trend for both types of 

foams, with protein loss from the 40 and 50 mg/mL foams slowly decreasing over time. For the foams 

fabricated at concentrations of 10, 20 and 30 mg/mL there was relatively consistent protein loss from 

72 h to 14 days, which decreased after 14 days. (Fig. A4) However, the total mass loss at day 28 was 

lower in the minced foams as compared to the ground foams of the same concentration and this 

difference was statistically significant at 40 and 50 mg/mL. (Fig. 4.6E and F) 

 

4.4 Discussion 

In recent years, efforts have been made in the development of natural ECM-derived 3-D 

bioscaffolds as platforms for studying the effects of ECM on cellular behavior. In the present study, I 

fabricated and characterized a porous foam composed entirely of decellularized porcine left ventricular 

myocardium. Moreover, by comparing the mincing and milling methods of ECM processing, I obtained 

insights into the effects of these two processing techniques on the properties of the resultant foams. 

In an attempt to effectively decellularize the thick myocardial tissue while still conserving, as 

much as possible, the ECM structure and composition, the porcine left ventricular tissue was finely 

minced and exposed to a combination of 0.25% Trypsin/EDTA, 3% Triton X-100 and 4% SDC in 

place of the SDS treatment that has been used in the majority of myocardial decellularization protocols. 

[299,303,304] While SDC and SDS are both anionic detergents that have shown to have very strong 

cell lysing capacity, Faulk et al. and Fitzpatrick et al. showed a better conservation of ECM post-

treatment in porcine urinary bladder and descending aorta decellularized with SDC as compared to 

SDS. [390,391] Further, while the specific sequence of my protocol is a new approach, this 

combination of reagents has also been successfully employed to decellularize whole porcine hearts. 
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[306] In addition, in previous studies comparing the cellular response to decellularized ECM obtained 

with protocols involving SDC versus SDS, decellularized rabbit vena cava was shown to support 

higher viability of rabbit adipose-derived stem cells (ASCs) [392] and decellularized porcine urinary 

bladder was shown to support enhanced cell-ECM interactions with human microvascular endothelial 

cells (HMECs) in terms of higher β1 integrin expression [390] in the SDC-processed matrices. 

Consistent with the work of Faulk et al., the end product of our decellularization protocol stained 

positive for collagen I and negative for collagen IV. One notable difference was that laminin was also 

detected in the DLV processed with the refined methods that I developed in my thesis. [390] 

As mentioned in the introduction, in order to increase the mechanical stability of collagen or 

ECM-derived porous foams, in previous studies the solubilized decellularized ECM or pure collagen 

suspensions have been mixed with other components such as chitosan [377], hyaluronic acid [378] or 

GAGs [379]. For the same purpose, cross-linking with natural [380,381], physical [393] or chemical 

methods [378,381] have also been explored. Both approaches have allowed tuning of the mechanical 

properties, degree of porosity and degradation rates by varying parameters such as the amount of 

secondary components in the hybrids or the conditions of the crosslinking reaction, as well as the type 

and concentration of crosslinking agent. [20,377,381,394]  

However, these strategies also have associated limitations. For example, the addition of 

secondary elements to the ECM may alter the cell behaviour. [395] Chemical crosslinking can impact 

the scaffold degradation properties by masking enzyme cleavage sites in the collagen [396], thus 

making the recovery of seeded cells difficult. [378,380,381] This could be problematic for approaches 

using the scaffolds as a culture platform, for example to drive stem cell differentiation towards the 

cardiomyogenic lineage in an attempt to enhance in vivo efficacy prior to cell delivery using another 

vehicle. [162,213,397] Chemical crosslinking also carries cytotoxicity risks depending on the agent 

employed. In particular, glutaraldehyde is cytotoxic even at low concentrations [381,398], whereas 
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natural crosslinking agents such as proanthocyanidine, transglutaminase and genipin have shown lower 

levels of cytotoxicity but are not completely devoid of this effect. [377,380,381,394] Additionally, 

crosslinking of decellularized cartilage foams has been reported to lower cell attachment and 

chondrogenic differentiation of human bone marrow derived mesenchymal stem cells (bMSCs), 

suggesting that this modification affects not only the mechanical properties, but can also modify the 

bioactivity of the natural ECM. [393] 

In an attempt to avoid these strategies, I sought to explore the effects of α-amylase digestion as 

an alternative to standard pepsin treatment, as well as comparing the impact of ECM processing 

through mincing versus milling on the properties of the fabricated foams. As the mechanical strength of 

a collagen scaffold is influenced by the integrity of its fibers [399], α-amylase was introduced in place 

of pepsin. In contrast to pepsin, which cleaves peptide bonds throughout the collagen to yield small 

collagen fragments [400,401], α-amylase activity more specifically severs links in the telopeptide 

regions and between collagen and the glycoproteins that reduce its solubility, while leaving the 

structure of the long collagen fibers relatively intact [402,403].  

The comparative studies of the mincing and milling methods revealed compositional, physical 

and mechanical differences between the two types of foams, as well as different degradation properties.  

In fact, when analyzing the samples through immunohistochemistry (IHC), laminin was not detected in 

the ground foams. In the context of cardiomyogenesis, the presence of laminin has been reported to 

exert an enhancing effect on the commitment of human ASCs along this lineage in both 2-D [161] and 

3-D [404] systems. As such, the conservation of this factor in the minced foams could potentially be of 

benefit for the use of the porous scaffolds as a platform for studying the effects of cardiac ECM effect 

on stem cell cardiomyogenesis. 

The analyses of the equilibrium water content, swelling ratio and porosity provides information 

on the structure and mechanical stability of the foams. In this context, the high water absorbing 
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properties of some sponge-like materials can depend on the porous structure of the network. [405] 

However, while the porosity was observed to be inversely proportional to the concentration of DLV 

used for the fabrication in both types of foams (statistically significant), the EWC values were 

relatively consistent for all of the conditions in the current study. This observation suggests that highly 

hydrophilic nature of the ECM, rather than the porosity, is the key factor influencing water absorption 

in the cardiac foams. Related to the EWC, the swelling ratio gives insights into the intermolecular 

forces holding together the collagen bulk at equilibrium. For example, in studies with collagen 

scaffolds, crosslinking has been shown to enhance scaffold resistance to swelling. [377,394] In the 

current study with our non-crosslinked foams, it was observed that at concentrations of 40 and 50 

mg/mL, the processing method had no effect on the swelling ratio, as both the minced and ground 

foams increased in size due to water intake. However, when the ECM concentration was decreased to 

30 mg/mL, the minced foams were able to hold their shape more effectively than their ground 

counterparts, which displayed water-induced shrinkage. At concentrations below 30 mg/mL, both types 

of foams contracted significantly following rehydration. As further evidence of the lower integrity of 

the ground foams, in initial trials with ground foams fabricated at the lowest DLV concentration of 10 

mg/mL, the scaffolds completely disintegrated shortly after re-hydration, whereas the 10 mg/mL 

minced foams remained intact despite shrinkage.  

While the porosity was inversely related to the DLV concentration, the processing method did 

not have an observable effect on foam porosity over the concentration range studied. Interestingly, the 

porosity of the cardiac foams (ranging from 95.6 ± 0.1% to 99.0 ± 0.1%) was much higher than the 

porosity reported for hybrid collagen/chitosan foams (66.5 ± 2.6%) and collagen/hyaluronic acid (HA) 

foams (reported value ≈ 35%), but was consistent with levels reported for ECM foams fabricated using 

decellularized pericardium (98.2%) [367] and cartilage (94.04 ± 1.54%) [17]. Porosity plays a crucial 

role in tissue engineering as this characteristic can affect nutrient distribution, cell adhesion and 
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proliferation, deposition of de novo ECM and cellular infiltration. [406-409] In this context, the high 

porosity of the cardiac foams could be advantageous in using the scaffolds as a cell culture platform. 

[367]  

In terms of mechanical properties, the present approach yielded cardiac foams with a maximum 

Young’s modulus of 5.57 ± 0.06 kPa (40 mg/mL minced foam), which is 10-fold lower than what was 

reported by Rajabi-Zeleti et al. for pericardium foams (≈ 50 kPa), but higher than what was observed in 

previous studies in the Flynn lab with adipose ECM-derived foams fabricated at 2.5x the protein 

concentration (4.00 ± 0.38 kPa for 100 mg/mL foams). [128,367] The higher stiffness displayed by the 

pericardium foams could be a consequence of the different composition of the starting material or 

potentially due to variations in the processing methods. In fact, collagen constitutes a larger fraction of 

the pericardial mass as compared to the myocardium, and the collagen in the pericardium has a much 

stronger fibrous nature. [374,410,411] Similarly, it is interesting to notice how, despite being less 

concentrated, the minced cardiac foams had stiffness values higher than those observed for the adipose-

derived foams fabricated using similar methods. In this context, the mechanical responses of freeze-

dried scaffolds have been previously reported to depend on their density, with a direct relationship 

between the concentration of solid in the materials and its Young’s modulus. [412,413] However, my 

data supports that the effect of processing on the ECM structure is another important consideration 

since, in the ground foams, the Young’s modulus remained consistently low and was independent of 

the DLV concentration and scaffold porosity.  

The mechanical behaviour of a porous scaffold can be influenced by the overall porosity, size 

and connectivity of the pores, as well as by the properties of the material forming the walls between the 

pores. [413-416] While most studies report a Young’s modulus obtained by measuring the bulk porous 

scaffold, once seeded, cells will likely respond to the stiffness of the material constituting the walls of 

the pores, which may be far greater than that of the bulk. [412] Moreover, seeded foams will contract 
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as a consequence of the traction force exerted by the infiltrating cells [17,380,417], and both the 

porosity and Young’s modulus will be affected by this change in scaffold structure. [413-416] 

In the context of cardiomyogenesis, the stiffness values reported for the 40 and 50 mg/mL 

minced foams could potentially be favorable for induction along this lineage, as previous studies have 

reported that embryonic stem cell (ESC) cardiac differentiation is enhanced by culturing on materials 

with a Young’s modulus between 5-10 kPa [249,376], which corresponds to the value reported for fetal 

rat heart [418]. One postulated explanation for this observation is that the biomechanical properties of 

the substrate that more closely recapitulate the environment of the developing heart [33,419] could be 

more conductive of regenerative and proliferative cell behaviors. Supporting evidence for this theory is 

provided by the enhanced neonatal cardiomyocyte proliferation that has been observed on fetal cardiac 

ECM as compared to adult cardiac ECM. [420] 

Finally, envisioning the use of the scaffold for cell culturing, this is also the first study 

investigating foam degradation in Ringer’s simulated physiological buffer. In fact, while enzymatic 

degradation has been investigated, foam stability in culture is also an important consideration. The two 

different processing methods affected protein release, with the minced foams retaining more of their 

initial mass when compared to the ground foams at 28 days. A suitable scaffold for cardiomyogenic 

differentiation should be able to remain intact for at least 21 days, since the majority of studies have 

shown that some cardiomyogenic markers appear as late as 3 weeks post-induction. [163,181]  

Overall, my data suggests that the porous foams fabricated from the decellularized left 

ventricular tissue could represent a valuable alternative to other cardiac ECM-derived 3-D systems as a 

platform for cell culture for cardiovascular applications. In fact, cardiac ECM hydrogels and 

unprocessed decellularized cardiac matrix both have a number of limitations, which could potentially 

be overcome by these cardiac foams. Intact decellularized cardiac matrix is naturally heterogeneous in 

terms of both structure and composition, which may impact regional cell distribution and behavior. 
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Further, the native matrix is comprised of a dense network of collagen fibers that can limit cellular 

infiltration into the decellularized bioscaffolds. Cardiac matrix-derived gels have recently been 

developed and present the advantage of ease of cell encapsulation by mixing the cell suspension with 

the ECM suspension prior to gelation. [20] However, while they have been shown to support the 

cardiomyogenic differentiation of ESCs, as well as the viability and function of cardiovascular cell 

populations [20,370], these scaffolds possess low mechanical stability and their formation is highly 

influenced by factors including pH, osmolarity and temperature, which can reduce their reproducibility, 

as these parameters can be challenging to closely control during gelation. [421,422]  

As an example, Singelyn et al. recently developed a cardiac ECM hydrogel through pepsin 

digestion of lyophilized decellularized cardiac matrix, which gelled at 37 °C following pH 

neutralization. [299,370] Although these hydrogels supported the viability of 3T3 fibroblasts, rat aortic 

smooth muscle cells, and human coronary artery endothelial cells, they were reported to have a storage 

modulus of 5.3 ± 0.4 Pa at 1 Hz, which is orders of magnitude lower than the Young’s modulus 

registered for adult human myocardium (0.02-0.5 MPa [423]) or even fetal rat heart (5-10 kPa [418]). 

This property did not allow effective in vitro 3-D culture since the cells rapidly migrated through the 

soft hydrogel. [370] Increasing the ECM concentration from 6 mg/mL to 8 mg/mL resulted in an 

increased storage modulus (5.2 ± 0.4 Pa to 9.5 ± 3.7 Pa). [424] However, the majority of cardiac ECM 

hydrogels have been fabricated with collagen concentrations ranging from 0.2 to 0.8% of total volume 

and these hyper-hydrated gels are therefore characterized by stiffness values much lower than those of 

the native tissues mentioned above.  

Cardiac ECM hydrogels were also investigated by Williams et al., who reported a Young’s 

modulus of ≈ 2 kPa for a hybrid cardiac ECM/fibrin scaffold. Although the value for a pure cardiac 

ECM hydrogel was not reported, it would be expected to be lower than the hybrid as the addition of the 

fibrin increased the mechanical strength. [394] The lowest Young’s modulus value in the current study 
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(1.53 ± 0.21 kPa, 20 mg/mL minced foams) was close to that reported for the hybrid cardiac 

ECM/fibrin gels. However, it is important to note that the cardiac hydrogels in the mentioned studies 

were fabricated with an ECM concentration of 6 mg/mL, which is much lower than the 20 mg/mL used 

to fabricate our minced foams. In this context, a standardized comparison between the cardiac 

hydrogels and cardiac foams fabricated from the same decellularized matrix and, perhaps even more 

importantly, using the same concentration could help to shed light on the mechanical differences 

between these two supports and their potential effects on cell behavior.  

In summary, in this portion of my doctoral project, I synthesized novel porous, non-crosslinked 

foams synthesized entirely from decellularized porcine left ventricle and explored the effects of 

processing methods and protein concentration on the scaffold properties. Favorably, both types of 

foams were highly hydrophilic and porous. The minced foams appeared to have more intact ECM 

based on SEM, histology, and IHC. In terms of physical properties, the minced foams were generally 

more stable, and the porosity and mechanical properties in this group could be tuned to some extent by 

controlling the DLV concentration. Overall, the cardiac foams developed in the current study represent 

a promising new platform for future investigation in cardiac cell culture. 
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CHAPTER 5 

Investigation of the cardiomyogenic differentiation of pericardial fat-derived ASCs on cardiac foams 

and collagen I gels  

 

5.1 Introduction 

Reportedly, up to 1 x 109 ventricular cardiomyocytes can be affected by ischemic damage 

following a major myocardial infarction (MI). [425] Since the left ventricle is composed of roughly 4 x 

109 cardiomyocytes [426], the loss of 25% of the total cell population can fatally jeopardize cardiac 

function. [4] Although numerous clinical trials have provided evidence of the beneficial effects of stem 

cell therapy on ventricular functionality [9,10,68], no strategy to date has resulted in the regeneration of 

fully-functional cardiac tissue. A growing body of evidence suggests that the production of beneficial 

paracrine factors by injected stem cell populations is the main mechanism of action involved in their 

beneficial effects. In fact, in animal models very few of the delivered therapeutic cells have been 

reported to engraft and perhaps even more importantly, differentiate into cardiovascular components to 

help repopulate the damaged tissues. [78,214] 

In this context, the majority of pre-clinical animal studies and human clinical trials have 

employed undifferentiated stem cells for the treatment of MI. [7,8,214,215,427] However, since 

mesenchymal stem cells (MSCs) are a multipotent population, it is possible that only a small fraction of 

engrafted cells would differentiate along the cardiomyogenic lineage and contribute directly to cardiac 

tissue regeneration. Moreover, several studies have shown that stem cell differentiation is 

microenvironment-driven [296,307,428] and therefore there is a risk that implanted cells may assume 

for instance, a fibroblastic-like phenotype in the myocardial scar rather than contributing directly to 

cardiomyocyte repopulation [429]. These observations have motivated the scientific community to 

explore in depth the effects of the extracellular matrix (ECM) on stem cell differentiation. Tissue-
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specific ECM is emerging as a key factor in determining stem cell fate. For example, the ECM of bone 

[16,430], cartilage [17,377], fat [18,431], liver [19] and myocardium [20,305,394,432] have been 

shown to induce lineage-specific stem cell differentiation through a complex biochemical and 

biomechanical system.  

 Focusing on cardiovascular applications of adipose-derived stem cells (ASCs), the in vitro 

cardiomyogenic potential of this population has been the focus of several recent studies. In particular, 

the differentiation of human ASCs along the cardiomyogenic lineage in vitro has been achieved 

primarily by three approaches: a) epigenetic modification using de-methylation with 5-azacytidine (5-

aza) [161,168] or phorbol myristate acetate (PMA) [162], as well as through the inhibition of histone 

de-acetylation using Trichostatin A (TSA) [168], b) induction with differentiation medium 

supplemented with bioactive factors such as interleukins-3 and -6 [173], angiotensin II [433] and a 

mixture of ascorbate, insulin and dexamethasone [168], and c) co-culture systems with neonatal rat 

cardiomyocytes [168,169].  

In terms of the influence of cardiac ECM on stem cell cardiomyogenesis, studies to date have 

focused on human cardiac progenitor cells (CPCs) [367,394] or human embryonic stem cells (ESCs) 

[20]. However, studies involving human ASCs have not yet been reported. In fact, to the best of my 

knowledge, this is the first study exploring the cardiomyogenic differentiation of human ASCs on 

cardiac ECM-derived scaffolds. Moreover, since both composition of the scaffolds [20,367,432] and 

presence of soluble factors in the differentiation medium [161,433] have been shown to orchestrate 

myocardial differentiation, I sought to explore the interplay between these two elements on the 

cardiomyogenic differentiation of pericardial fat ASCs (pfASCs) by comparing the response of cells 

stimulated with medium containing 5-aza or a differentiation medium containing a cocktail of bioactive 

factors during culture on the cardiac ECM-derived foams or type I collagen gel controls. 
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5.2 Materials and Methods 

5.2.1 Cell isolation and culture 

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Canada (Oakville, 

Canada) and used as received. Human pfASCs were isolated and cultured using the methods described 

in Chapter 3.2.3. All experiments were carried out using never frozen passage 4 (P4) cells. For all 

studies, “n” represents the number of sample replicates, and “N” represents the number of times each 

experiment was repeated with cells from a different donor. 

 

5.2.2 Flow cytometry 

The immunophenotype of P4 pfASCs cultured in DMEM:Ham’s F12 medium supplemented 

with 10% fetal bovine serum (FBS, HyClone, Logan, USA), and 100 U/mL penicillin and 0.1 mg/mL 

streptomycin (1% pen-strep, Life Technologies, Burlington, Canada) was characterized by single 

marker staining using a Guava easyCyte 8HT flow cytometer (Millipore, Etobicoke, Ontario). 

Identification of positive and negative stem cell markers was performed following the protocols 

described in Chapter 3.2.5 (n=3, N=3). As discussed in Chapter 2.2.3, positive markers included CD44, 

CD90, CD105 and CD73 whereas negative markers included CD31, CD45 and CD146. Fluorochrome-

conjugated antibodies were purchased from eBioscience (San Diego, USA): CD34-allophycocyanin 

(APC, Cat. # 17-0349-41), CD31-phycoerythrin (PE, Cat. # 12-0319-41), CD44-PE-Cy7 (Cat. # 25-

0441-81), CD90-fluorescein isothiocyanate (FITC, Cat. # 11-0909-41), CD73-FITC (Cat. # 11-0739-

41), CD105-PE (Cat. # 12-1057-41), CD146-FITC (Cat. # 11-1469-41) and CD45-FITC (Cat. # 11-

0459-41). 
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5.2.3 Cell culture supports 

Cardiac foams  

Minced foams were chosen for the cell culture studies based on their conservation of laminin 

and their improved mechanical stability in comparison to the ground foams. More specifically, 30 

mg/mL foams were selected to provide a balance in terms of a high degree of porosity while ensuring 

mechanical stability. The scaffolds were formed following the methods described in Chapter 4.2.2 

directly in 48-well plates by transferring 300 µL of minced decellularized left ventricle suspension 

(DLVsus) into the wells and freezing it overnight at -20 °C before lyophilization. The day before 

seeding, the cardiac foams were re-hydrated following the methods described in Chapter 4.2.4 and 

allowed to equilibrate overnight in complete low glucose DMEM (DMEM-lg, 1 g/L glucose) 

supplemented with 10% FBS and 1% pen-strep. 

 

Collagen I gels 

Purified bovine collagen I was purchased from Advanced BioMatrix (PureCol® Cat. # 5005B, 

San Diego, USA) and 3-D collagen type I gels (gels) were formed using ice-cold reagents under sterile 

conditions following the manufacturer’s instructions. Briefly, the 3 mg/mL stock collagen solution was 

mixed with 10x phosphate buffered saline (PBS) and sterile distilled water in an 8:1:1 ratio and brought 

to a pH of 7.2-7.6 through the addition of sterile 0.1 M NaOH. 300 µL of this suspension were 

dispensed into the wells of a 48-well plate and allowed to gel at 37 °C for 90 min. Following gelation, 

300 µL of complete DMEM-lg was added to the upper surface of the gels and they were allowed to 

equilibrate overnight prior to seeding.  
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2-D culture controls 

For immunocytochemical analysis of the pfASCs, the day before seeding 18x18 mm (Cat. # 

48366-205, VWR, Radnor, USA) glass coverslips were placed in 6-well plates, coated with 10 µL/cm2 

of type B gelatin derived from bovine skin (Cat. # G1393) to facilitate cell attachment and allowed to 

dry overnight.   

 

5.2.4 Assessment of metabolic activity and cell number  

To confirm that the cardiac foams would support pfASC attachment and viability, the P4 cells 

were seeded on the surface of the foams and gels at a density of 5 x 105 cells/support and cultured in 

proliferation medium comprised of DMEM:Ham’s F12 supplemented with 10% FBS and 1% pen-strep 

at 37 °C, 5% CO2 (n=3, N=2). At time points of 7, 14 and 21 days, the total double stranded DNA 

(dsDNA) content was measured in triplicate samples through the Quant-iT™ PicoGreen® dsDNA 

Assay Kit (Invitrogen, Cat. # P11496, Carlsbad, USA), as an estimate of the total cell density on each 

scaffold. Additionally, metabolic activity was also measured using the CellTiter-Glo® Luminescent 

Cell Viability Assay (Promega, Cat. # G7570, Madison, USA) to detect intracellular adenosine 

triphosphate (ATP). The protocols were adapted to perform both assays on the same samples and 

unseeded cardiac foams and gels were included to adjust for any background signal.  

Briefly, at each time point, the 3-D supports were transferred into 1.5 mL eppendorf tubes, 

minced and incubated for 20 min under agitation at 37 °C in a digest solution of Kreb’s Ringer 

bicarbonate buffer (Cat. # K4002) (pH 7.4) containing 2 mg/mL collagenase type II (Worthington, Cat. 

# LS004174, Lakewood, USA), 3 mM glucose, 25 mM HEPES, and 20 mg/mL bovine serum albumin 

(BSA). Following complete digestion of the scaffolds, the solution was centrifuged for 5 min at 1200 

xg and the supernatant was aspirated. The pellet was then resuspended in 200 µL of complete 

DMEM:Ham’s F12 medium.  



	   105	  

For the determination of dsDNA content, 100 µL of this digest solution was centrifuged at 4 °C 

for 5 min at 1200 xg and the surnatant was aspirated. The pellet was then resuspended in 2 mL of ice-

cold TE buffer, sonicated for 15 seconds, allowed to cool for 1 min in ice and sonicated again for 

additional 10 seconds to release nuclear content. PicoGreen® assay was performed in triplicate for 

each sample by adding 100 µL of this cell lysate to 100 µL of Quant-iT™ PicoGreen® reagent and 

incubating at room temperature for 2 min protected from light. Following incubation, emitted 

fluorescence at 520 nm was detected with an EnSpire Multimode Plate Reader (Perkin-Elmer, 

Massachusetts, USA). A standard dsDNA curve was generated using Lambda DNA standard provided 

with the assay kit with a highest concentration of 1 µg/mL and a lowest concentration of 10 ng/mL. 

Additionally, in order to estimate the number of cells through the quantification of DNA content, a 

standard curve was prepared using a known number of pfASCs (0, 5 x 103, 1 x 104, 5 x 104, and 1 x 105 

cells).  

The remaining 100 µL of digest solution was used for the ATP assay by mixing it with an equal 

volume of CellTiter-Glo® Luminescent Cell Viability Assay reagent and incubating the samples at 

room temperature for 10 min. Detection of emitted luminescence was conducted using an EnSpire 

Multimode Plate Reader (Perkin-Elmer, Massachusetts, USA). In order to minimize luminescence 

cross contamination between adjacent samples, white walled 96-well plates were used for this 

experiment. (Fisher Scientific, Cat. # 07-200-566, Ottawa, Canada) 

 

5.2.5 Induction of cardiomyogenic differentiation 

In order to induce the differentiation of the pfASCs and explore the effects of the 3-D scaffold 

microenvironment on pfASC cardiomyogenesis, the cells were seeded on the surface of the cardiac 

foams and gels at a density of 5 x 105 cells/scaffold. For the 2-D controls included in the 

immunostaining studies, the pfASCs were seeded at a density of 4 x 105 cells/well on 6-well plates 
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containing the gelatin-coated glass cover slips. The supports were then cultured for 3 days in complete 

DMEM-lg at 37 °C, 5% CO2. After 3 days, the supports were separated into three groups 

corresponding to three different medium conditions:  

a) Modified cardiomyogenic medium (MCM) group: Cells in this group were cultured in MCM 

developed by Choi et al. [168], as a modification from Shim et al. [434] and Planat-Bénard et al. [435]. 

This medium was composed of DMEM-lg supplemented with 10% FBS, 1% pen-strep, 1.0 mg/mL 

insulin (Life Technologies, Cat. # A11382II, Burlington, Canada), 0.55 mg/mL transferrin, 0.5 µg/mL 

sodium selenite, 50 mg/mL bovine serum albumin, 0.47 µg/mL linoleic acid, 10-4 M ascorbate and 10-9 

M dexamethasone, 

b) 5-azacytidine (5-aza) group: Cells in this group were subjected to a 24 h pulse of 10 µM 5-

aza (Cat. # A2385) and then cultured in complete DMEM-lg for the duration of the study, and  

c) Non induced control (CTL) group: Cells in this group were cultured in complete DMEM-lg 

for the duration of the study. 

For all treatment groups, the pfASCs were cultured at 37 °C, 5% CO2 for the duration of the 

study and the medium was changed every 2 days. 

 

5.2.6 Immunohistochemistry 

At 7, 14 and 21 days post-induction, the cardiac foams and gels were fixed in 4% 

paraformaldehyde overnight, paraffin embedded in a ATP1TM Tissue Processor (Triangle Biomedical 

Science Inc, Durham, USA) and sectioned (5 µm thick) using a Shandon™ Finesse™ ME+ microtome 

(Thermo Scientific, Waltham, USA) (n=2, N=2). Before immunostaining, the sections were 

deparaffinized and re-hydrated following the same methods described in Chapter 4.2.3. Glass cover 

slips were fixed in 4% paraformaldehyde for 1 h and then kept refrigerated at 4 °C in PBS until use.  
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The samples were stained with monoclonal mouse anti-ventricular myosin light chain 2 (Mlc2v, 

ABCAM Cat. # ab89594), polyclonal rabbit anti-Nkx2.5 (ABCAM Cat. # ab35842), monoclonal 

mouse anti-α-actinin (α-act, ABCAM Cat. # ab9465) and polyclonal rabbit anti-connexin 43 (Cx43, 

ABCAM Cat. # ab11370), using human atrial appendage as a positive control. The experimental design 

for the immunostaining of the cardiac foams and gels is illustrated in Table 5.1.  

 

Table 5.1: Experimental design for scaffold immunostaining.  

                
 

For heat mediated antigen retrieval, TE buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween-20, 

pH 9) was heated to 90 °C on a hot plate and the slides were incubated in the heated buffer for 20 min, 

followed by 5 min of cooling at room temperature. For enzymatic antigen retrieval, a 20 µg/mL 

Proteinase K from Tritirachium album (Cat. # P2308) TE solution (50mM Tris, 1 mM EDTA, 0.5% 

Triton X-100, pH 8) was heated to 37 °C in a water bath prior to use. The slides were then submerged 

in this enzymatic solution and incubated at 37 °C for 20 min. Following the antigen retrieval step, all 

samples were blocked in PBS supplemented with 10% goat serum (Cat. # G9023) for 1 h at room 

temperature. Primary and secondary stains, as well as imaging, were performed with the protocols 

described in Chapter 4.2.3. 

Immunocytochemistry was performed directly on the glass cover slips employing the same heat 

mediated antigen retrieval method for all groups. Briefly, antigen retrieval solution (100 mM Tris, 5% 
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w/v urea, pH 9.5) was pre-heated to 95 °C and then dispensed into the 6-well plates to cover the glass 

cover slips completely. The plates were subsequently placed in the oven at 95 °C for 15 min and then 

allowed to cool at room temperature. Each cover slip was then carefully lifted with forceps from the 6-

well plates and its borders outlined with a Dako delimiting pen (DAKO, Cat. # S2002, Canada Inc. 

Burlington, Canada) prior to being placed in a humidity chamber. The cover slips were washed three 

times with PBS, followed by incubation for 10 min at room temperature with a permeabilizing solution 

of 0.25% Triton X-100 in PBS. Following the permeabilization step, the samples were washed three 

times with PBS and blocked with PBS supplemented with 10% goat serum (Cat. # G9023). Primary 

and secondary stains, as well as imaging, were performed with the protocols described in Chapter 4.2.3. 

 

5.2.7 Quantitative RT-PCR 

To obtain more comprehensive insight into cardiomyogenesis under 3-D culture conditions on 

the cardiac foams and gels, seeded and cultured under the 3 different medium conditions described in 

Section 5.2.5, quantitative gene expression analysis of known cardiac markers was performed with 

TaqMan® real-time RT-PCR technology at 7, 14 and 21 days post-induction using a StepOnePlus™ 

Real-Time PCR System in triplicate scaffold samples (n=3). Unless otherwise stated, all reagents were 

purchased from Life Technologies. 

For total RNA extraction, the scaffolds were minced and sonicated in TRIzol® reagent for 15 s 

on ice and then incubated at room temperature for 2 min prior to the addition of chloroform (Sigma, 

Cat. # C7559). The samples were then vortexed for 15 s and centrifuged at 12,000 xg for 15 min at 4 

°C to allow phase separation. The supernatant was then carefully collected, mixed with an equal 

volume of phenol:chloroform:isoamyl alcohol (25:24:1, Sigma, Cat. # P3803), vortexed and 

centrifuged again. This procedure was repeated with an equal volume of chloroform:isoamyl alcohol 

(49:1, Sigma, Cat. # C0549) and then again with 100% isopropanol, to obtain a precipitate of total 
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RNA. 1 µg of total RNA was reverse transcribed with SuperScript® III Reverse Transcriptase (RT) 

(Cat. # 18080-044) following the manufacturer’s instructions and the triplicate samples were 

resuspended in 22 µL of DEPC-treated water and stored at -20 °C until use.   

A TaqMan® Fast Advanced Master Mix (Cat. # 4444557) was used for the qRT-PCR 

experiments according to the manufacturer’s instructions. The gene expression kits containing primers 

and fluorochrome-conjugated probe were: Gata4-FAM (Cat. # Hs00171403_m1), Atrial natriuretic 

peptide-FAM (Anp, Cat. # Hs00383230_g1), Cardiac troponin T type II-FAM (cTnT, Cat. # 

Hs00943911_m1), Myosin heavy chain 6-VIC (Mhc6, Cat. # Hs01101425_m1) and β-actin-VIC (Cat. 

# Hs01060665_g1) as well as Tata box binding protein-VIC (TBP, Cat. # Hs00427620_m1) as the 

housekeeping genes. The experimental design involved the use of 3 duplex reactions as follow: 1) 

Gata4/β-actin, 2) Anp/Mhc6 and 3) cTnT/TBP. Samples from each time point were analyzed in 

triplicate reactions on the same MicroAmp® Fast Optical 96-Well Reaction plate (Cat. # 4346906) by 

adding 2 µL of cDNA to 18 µL of 1x Mastermix containing primer mix, probes and AmpliTaq® Fast 

DNA Polymerase for a total reaction volume of 20 µL. The amplification was carried out for 40 cycles 

with the following settings: 95 °C for 20 s, 95 °C for 1 s, and 60 °C for 20 s. Moreover, in every plate, 

cDNA samples from human atrial appendage were included as a positive control, and blank (i.e. 

DEPC-treated water in place of cDNA) and no-RT samples were included as negative controls. 

Expression of each gene of interest was normalized to the geometric mean of the expression of β-actin 

and TBP using the comparative Ct method to obtain relative expression levels in comparison to the 

collagen gel control group at either the 7 (Gata4 & cTnT) or 14 (Anp & Mhc6) day time point 

(calibrator sample).  

 

5.2.8 Statistical analysis 

Statistical analyses were carried out using GraphPad Prism version 6 (San Diego, USA). 
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Differences were considered significant at p < 0.05. Ordinary 2-way Anova with a Tukey’s multiple 

comparison test was used to compare differences in ATP content and cell number between the cardiac 

foams and gels within the same time point and between time points within the cardiac foam and 

collagen gel groups, as well as differences in gene expression between the two different cell culture 

supports within the same time point.  

 

5.3 Results 

5.3.1 P4 pfASC immunophenotype  

Cell expansion is known to affect the expression of certain stem cell markers on ASCs [99,116] 

and therefore initial experiments focused on the analysis of surface marker expression on the P4 

pfASCs in order to confirm the maintenance of a stem cell immunophenotype. Consistent with the 

literature, P4 pfASCs were strongly positive for CD44, CD90 and CD105 and negative for CD31, 

CD146 and CD45. [99,106,116] However, CD73 and CD34 showed reduced expression levels in 

comparison to the P2 cells used in Chapter 3 (Fig. 5.1).  

 
Figure 5.1: Immunophenotype analysis of P4 pfASCs. All data are expressed as mean ± SD (n=3, N=3). 
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5.3.2 Cell number and metabolic activity  

The total dsDNA data for the pfASCs seeded on the cardiac foams indicated that the number of 

cells from both donors remained relatively constant over the duration of the study. This trend was 

paralleled by the consistent metabolic activity levels observed for the foams, as demonstrated by the 

similar levels of intracellular ATP detected at all time points. (Fig. 5.2) Cell attachment measured after 

7 days was generally low, in the range of ~15% of seeded cells for donor 1 (14.1 ± 0.7% on the cardiac 

foams and 16.4 ± 1.3% on the gels) and ~ 5% for donor 2 (4.7 ± 0.4% on the cardiac foams and 4.8 ± 

0.4% on the gels). Donor variability was observed in terms of cell presence over time on the gels, 

where a decrease in DNA content and metabolic activity was detected in the donor 1 samples from day 

7 to day 21, but not in donor 2. (Fig. 5.2) 

 

 

Figure 5.2: pfASC number and metabolic activity on the cardiac foams and collagen gels. Cell number (A, C) and metabolic activity 
(B,D) of pfASCs from 2 different donors cultured on cardiac foams and collagen gels for 21 days in complete DMEM:Ham’s F12 

medium. Donor variability was observed with cells from donor 1 displaying higher cell attachment and metabolic activity. All data are 
expressed as mean ± SD. *, Significantly different at (p < .05). Abbreviations: M, male; BMI, body mass index; RLU, relative light unit. 
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5.3.3 Effect of MCM treatment on cardiac protein expression  

The treatment of pfASCs with MCM on the cardiac foams resulted in low levels of expression 

of Mlc2v at 7 days post-induction. (Fig. 5.3) At the same time point, the cells cultured on the gels also 

showed low expression of this sarcomere component. By day 14, cells cultured on the cardiac foams 

and the collagen gels showed strong positive staining for this cardiac marker, which persisted until day 

21. (Fig. 5.3) For the 2-D culture controls, although the cells cultured on gelatin coated glass coverslips 

stained positive for Mlc2v at day 14 and 21, this protein was not detected in the samples analyzed at 

day 7. (Fig. 5.3) 

 

 
Figure 5.3: Representative immunofluorescence staining for Mlc2v, Nkx2.5 and nuclei in the MCM group. Expression of 

Mlc2v (red), Nkx2.5 (green) and nuclei (blue) in pfASCs cultured for 7, 14 and 21 days in MCM on cardiac foams, gels and TCPS. Scale 
bars represent 200 µm. 
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The increase in Mlc2v expression in the cardiac foams at 14 days coincided with the 

translocation of the cardiac transcription factor Nkx2.5 into the nuclei. At 7 days post-induction, this 

transcription factor was primarily found outside the nuclei. However, at day 14 the staining 

demonstrated nuclear localization in the majority of the pfASCs cultured on the foams. (Fig. 5.4) 

Interestingly, Nkx2.5 was detected in the nuclei of the pfASCs cultured on the gels at 7 days post-

induction, but not in the cardiac foams. In contrast to what was observed on the 3-D scaffolds, no 

nuclear localization of Nkx2.5 was observed for the pfASCs cultured on 2-D. (Fig. 5.4)  

When analyzing the expression of α-act and Cx43, no positive staining was observed in any of 

the conditions. (data not shown) 
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Figure 5.4: Representative immunofluorescence staining for Nkx2.5 and nuclei in the MCM group. Visualization of Nkx2.5 (green) 

and nuclei (blue) in pfASCs cultured for 7 and 14 days in MCM on cardiac foams and collagen gels. Yellow arrows indicate Nkx2.5 
cytoplasmic localization, white arrows indicate Nkx2.5 nuclear localization. Scale bars represent 200 µm. 

 
 

 
5.3.4 Effect of 5-aza treatment on cardiac protein expression  

Subjecting the pfASCs to a 24 h pulse of 5-azacytidine resulted in strong expression of Mlc2v 

on the cardiac foams at 14 days and 21 days post-induction, although only very low levels of Mlc2v 

expression were detected at 7 days in this group. (Fig. 5.5)  
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Figure 5.5: Representative immunofluorescence staining for Mlc2v, Nkx2.5 and nuclei in the 5-aza group. Expression of 

Mlc2v (red), Nkx2.5 (green) and nuclei (blue) in pfASCs subjected to a 24 h pulse of 10 µL 5-azacytidine and then cultured in complete 
DMEM-lg for 7, 14 and 21 days on cardiac foams, gels and TCPS. Scale bars represent 200 µm. 

 

Similar to what was observed for the MCM treatment group, nuclear localization of Nkx2.5 in 

the cells cultured on the cardiac foams was observed at day 14. (Fig. 5.6) In contrast, in the gels, 

despite the presence of Nkx2.5 in the nuclei at day 7 (Fig. 5.6), very low expression of Mlc2v was 

detected at 14 or 21 days post-induction. (Fig. 5.5) The pfASCs cultured on 2-D showed no expression 

of Mlc2v at 7 days, but the presence of this protein appeared to increase over time, with very low 

positive staining at day 14 post-induction and stronger staining at 21 days. (Fig. 5.5) Regardless of this 

increase in Mlc2v, no nuclear translocation of Nkx2.5 was observed on 2-D. (Fig. 5.6) 
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Figure 5.6: Representative immunofluorescence staining for Nkx2.5 and nuclei in the 5-aza group. Visualization of Nkx2.5 (green) 

and nuclei (blue) in pfASCs subjected to a 24 h pulse of 5-azacytidine and then cultured in complete DMEM-lg for 7 and 14 days on 
cardiac foams and gels. Yellow arrows indicate Nkx2.5 cytoplasmic localization, white arrows indicate Nkx2.5 nuclear localization. Scale 

bars represent 200 µm.  
 

 
 5.3.5 Cardiac marker expression of pfASCs on cardiac foams cultured in control medium   

Interestingly, pfASCs maintained in control medium on the cardiac foams demonstrated signs 

of early cardiomyogenic differentiation through nuclear translocation of Nkx2.5 at 14 days post-

induction and the expression of Mlc2v at 14 and 21 days. (Fig. 5.7 and Fig. 5.8)  
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Figure 5.7: Representative immunofluorescence staining for Mlc2v, Nkx2.5 and nuclei in the Ctl group. Expression of Mlc2v (red), 

Nkx2.5 (green) and nuclei (blue) in pfASCs cultured for 7, 14 and 21 days in complete DMEM-lg on cardiac foams, gels and TCPS. 
Scale bars represent 200 µm. 

 

In contrast, in the pfASCs cultured on the collagen gels, only minimal staining for Nkx2.5 was 

observed in the cytoplasm at 14 and 21 days, along with very low expression of Mlc2v. (Fig. 5.7 and 

Fig. 5.8)  Similarly, cells cultured on monolayer lacked expression of Mlc2v at all time points and did 

not show signs of Nkx2.5 nuclear translocation. (Fig. 5.7 and Fig. 5.8) 
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Figure 5.8: Immunofluorescence staining for Nkx2.5 and nuclei in the Ctl group. Visualization of Nkx2.5 (green) and nuclei (blue) in 

pfASCs cultured for 7 and 14 days in complete DMEM-lg on cardiac foams and gels. Yellow arrows indicate Nkx2.5 cytoplasmic 
localization, white arrows indicate Nkx2.5 nuclear localization. Scale bars represent 200 µm. 

 
 

 
5.3.6 Cardiac gene expression in pfASCs cultured on cardiac foams and collagen gels 

Quantitative gene expression studies were undertaken in order to obtain a more in-depth 

understanding of the effect of the 3-D ECM microenvironment on the cardiomyogenic differentiation 

of the pfASCs cultured on the cardiac ECM-derived cardiac foams and collagen gels.  
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For the analysis of Gata4, the levels of expression are reported relative to the collagen I gel 

samples cultured in control medium at 7 days. (Fig. 5.9A) Gata4 is a key transcription factor that 

mediates cardiomyogenic differentiation and its expression levels are expected to increase at the 

beginning of differentiation and then subside. [182] All of the groups analyzed showed relatively low 

levels of expression of this marker with small changes over time. Under the MCM medium conditions, 

very similar patterns of expression were observed in the cardiac foams and the gels. (Fig. 5.9A) Under 

5-aza stimulation, the cardiac foams showed enhanced expression relative to the gels, following the 

expected trend. Interestingly, in the non-induced control samples, the response in the foams was very 

similar to the 5-aza stimulated group, potentially supporting the protein expression data suggesting an 

inductive effect of the foams. (Fig. 5.9A) 

Mhc6 and cTnT are components of the sarcomere and therefore their transcription is associated 

with a more advanced stage of cardiomyogenic differentiation. The expression levels of these genes 

usually reach their peak between 10 and 15 days following the initiation of differentiation and then 

decrease. [168,183-185]  Since no Mhc6 expression was detected at 7 days in the pfASCs cultured on 

the control gels, the calibrator sample for this gene set was represented by gels in the control group 14 

day post-induction, while the collagen gel controls at 7 days were used in the analysis of cTnT 

expression.   

The Mhc6 expression levels in the gels were generally low, remaining close to calibrator 

baseline for all treatment. These findings could suggest that there was limited progression in the 

cardiomyogenic process in the pfASCs cultured on the collagen gels for the time points analyzed in the 

current study. In contrast, consistent with expected trends, Mhc6 expression on the cardiac foams 

treated with MCM showed a 214.6 ± 29.9 fold increase at 14 days, and then drastically decreased at 21 

days. (Fig. 5.9B) A similar trend was observed on the 5-aza treated samples, although the levels at 14 

days were statistically lower than in the MCM group, with only a 6.7 ± 1.8 fold increase in the 5-aza 
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group. (Fig. 5.9B) Levels of Mhc6 expression on the cardiac foams cultured in control medium were 

lower than those observed for both MCM and 5-aza, with a 1.6 ± 0.6 increase in gene expression as 

compared to the calibrator sample. In interpreting this data in the context of the IHC results that 

demonstrated an inductive effect of the cardiac ECM-derived microenvironment, the low levels would 

suggest a less mature phenotype of the cells in this group.    

In the induced samples on the cardiac foams, the pattern of cTnT expression followed the 

expected trend, with an increase from day 7 to day 14 post-induction. Moreover, treatment with MCM 

on the cardiac foams resulted in a 86.2 ± 30.9 fold increase in cTnT expression at 14 days post-

induction, which was statistically higher than the 10.7 ± 4.0 fold increase in the 5-aza-treated cardiac 

foam group. (Fig. 5.9C) This difference suggests a more potent cardiomyogenic effect of MCM and is 

consistent with the elevated levels of expression observed for Mhc6. In the collagen gel controls, cTnT 

expression reached a peak at 21 days post-induction. It is interesting to note that although the peak in 

cTnT expression in the cardiac foams and the gels in the 5-aza group were of similar magnitude, it 

occurred at an earlier time point in the cardiac foam group, potentially suggesting a delay in the 

progression of differentiation in the gels. (Fig. 5.9C) Cardiac foams cultured in control medium showed 

levels of cTnT lower than the induced samples, further supporting the hypothesis of a less mature 

cardiac cell type under this condition. 

Anp is a factor secreted by both atrial and ventricular cardiomyocytes, which denotes the 

formation of a more functional cardiac cell population with a secretory phenotype. The expression of 

this gene is activated by transcription factors in the Gata family including Gata4 [436] and Nkx2.5 

[178,436]. Since no level of expression of Anp was detected after 7 days in the pfASCs cultured on 

control gels, the calibrator sample for this gene set was the collagen gel control group at 14 days post-

induction. Consistent with what was observed for the other more mature cardiac markers, expression of 

Anp was significantly enhanced in the cardiac foams as compared to the gels in the samples cultured in 
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the inductive medium formulations. In particular, in the cardiac foams, MCM resulted in a 156.7 ± 20.2 

fold increase in expression at 14 days post-induction, as compared to a 4.3 ± 1.1 fold increase observed 

for the 5-aza treatment. (Fig. 5.9D) Similar to what was observed for Mhc6, expression of Anp in the 

cardiac foam group cultured in control medium was lower than the other two treatment groups, with a 

1.4 ± 0.4 fold increase as compared to the calibrator sample. (Fig. 5.9D) Moreover, the peak of 

expression of Anp after 14 days in the cardiac foam groups corresponds with the enhanced expression 

of Gata4 at this time point and the translocation in the nuclei of Nkx2.5 as detected through IHC.  

 

 
Figure 5.9: Gene expression analysis for all genes in the three treatment groups. Gata4, Mhc6, cTnT and Anp expression in pfASCs 

for all treatment groups (M 72, BMI=23.3). Gene expression was normalized to β-actin and TBP and comparative Ct method was 
employed for calculations using control gel at the 7 or 14 days time point as a calibrator sample. All data are expressed as mean  ± SD. *, 

Significantly different at (p < .05). **, Significantly different compared to calibrator sample. 
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5.4 Discussion 

In the present study, I demonstrated the cardiomyogenic differentiation potential of the human 

pfASC population in both 2-D and 3-D culture environments for the first time. While previous studies 

have successfully shown cardiomyogenesis in ASCs from other sources in a 2-D environment, this is 

the first study exploring the myocardial differentiation of ASCs on a cardiac ECM-derived scaffold. In 

this context, the novel cardiac ECM-derived foams that I developed were shown to support enhanced 

levels of cardiomyogenic gene and protein expression as compared to the collagen type I gels when the 

cells were stimulated with an inductive medium containing 5-aza. In addition, in comparing the 3 

substrates included in my study, the foams were observed to uniquely provide an inductive 

microenvironment for the pfASCs, promoting the up-regulation of early cardiomyogenic markers under 

proliferation conditions in medium not supplemented with exogenous differentiation factors. In 

assessing the two different cardiomyogenic medium formulations, it was observed that induction with 

MCM was more efficient than 5-aza stimulation in terms of inducing cardiac marker gene expression, 

as well as Mlc2v protein expression, with less dependence on the ECM substrate employed. However, 

significant differences were noted in the gene expression patterns at 14 days in the MCM medium 

groups for Mhc6, Anp and cTnT, with dramatically enhanced gene expression levels noted in the 

cardiac foams as compared to the collagen gels, suggesting a possible synergistic effect of the inductive 

medium and ECM-microenvironment.  

Since numerous studies have shown that cell expansion can alter the expression patterns of ASC 

surface markers [99,116], initial experiments were aimed at confirming the maintenance of a stem cell 

immunophenotype in the P4 pfASCs. Consistent with previous reports, P4 pfASCs conserved typical 

ASC surface markers and were positive for CD44, CD90, CD105 and CD73 and negative for CD31, 

CD46 and CD45. [106,108,110] Interestingly, while Mitchell et al. and Zhu et al. reported low (1.7 ± 

1.0% positive cells) [99] or no expression [437] of CD34 at P4 in subcutaneous ASCs, 21.6  ± 13.4% 
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of the P4 pfASCs retained the expression of this marker. As discussed in Chapter 3, CD34+ cells could 

be advantageous in the context of cardiovascular cell therapy for their enhanced angiogenic potential. 

[334,337,338] 

After confirming the pfASC immunophenotype, the subsequent studies focused on testing cell 

attachment and viability over time on the cardiac foams in comparison to the gels. While most studies 

on 3-D cardiac ECM-derived scaffolds have relied on either DNA quantification [306]  or metabolic 

assays [20,304,305,367] to estimate scaffold cytocompatibility, I chose to employ both measurements 

in order to obtain a more comprehensive view of cell growth on these supports. One limitation of this 

study was that there was limited initial cell attachment on both 3-D supports (≈ 15% of seeded cells for 

donor 1 and ≈ 5% for donor 2) using the static seeding method. Although the refinement of the seeding 

method was not a focus of my thesis, recent studies provide supporting evidence that indicates that 

dynamic seeding in spinner flasks [438] or through orbital shaking [439] can improve cell attachment 

and growth on 3-D porous scaffolds, and could be worthwhile investigating in future work.  

Despite the low levels of cell attachment, my results indicated that the cardiac foams maintained 

a constant cell number and metabolic activity over 21 days, whereas the gels showed a gradual cell 

decrease for one of the donors. In this context, the different composition of the two scaffolds may have 

played a role in mediating cell presence over time, since ASCs have shown preferential attachment to 

fibronectin as compared to collagen I [440], as well as laminin in comparison to Matrigel® or TCPS 

[441]. However, the differing mechanical properties of the materials (initial Young’s modulus ≈ 4.3 ± 

0.4 kPa for the foams, as reported in Chapter 4; ≈ 0.35 kPa for the collagen gels [442]) may have also 

been a factor, as previous studies have shown a direct relationship between fibroblast survival and 

scaffold stiffness. [390,443,444] It is important to note that while no proliferation was observed in 

either scaffold group, cell-cell interactions might have been affected by the contraction of the scaffolds, 

causing the apparent increase in cell number observed in the IHC analyses. Qualitatively higher levels 
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of contraction were observed for the collagen gels, with the entire scaffold volume reducing over time. 

In contrast, the foams qualitatively had better preservation of the scaffold volume over the duration of 

the study, with contraction only noted on the seeded scaffold surface.  

In terms of cardiomyogenic differentiation, pfASCs treated with MCM expressed early protein 

markers of differentiation on the 2-D and 3-D supports, although there were differences in the timing of 

expression. More specifically, on both scaffold groups, the pfASCs expressed Mlc2v and Nkx2.5 at 7 

days post-induction, while expression of these markers in the 2-D cultures didn’t occur until 14 days. 

Our result is in contrast with a previous study employing this differentiation medium to induce 

cardiomyogenesis in bone marrow-derived  MSCs (bMSCs), where no positive staining for Mlc2v was 

detected. [434] On the other hand, this group reported the expression of α-act, which was negative in 

our study, upon culturing the cells for 5 passages in MCM. Although the differentiation medium was 

similar, the different experimental design and cell source may explain the conflicting results.  

Interestingly, while Mlc2v protein expression levels in the cardiac foams and collagen gels were 

qualitatively similar, qRT-PCR analysis revealed that the expression of Anp and Mhc6 were two orders 

of magnitude higher and TnT was one order of magnitude higher on the cardiac foams as compared to 

the gels, supporting the hypothesis of the cardiomyogenic-inductive properties of the cardiac foams. 

The ascorbate present in the MCM has been shown to act in synergy with collagen synthesis to induce 

the cardiomyogenic differentiation of ESCs and induced pluripotent stem cells (iPSCs), increasing both 

Mlc2v and Mhc6 expression. [182,183] In particular, Sato et al. observed that inhibition of collagen 

synthesis abolished the effects of ascorbate and drastically reduced the expression of cardiac markers, 

suggesting that the presence of collagen could be pivotal for cardiomyogenesis in MCM. [182] One 

possible explanation for the differences observed between the scaffold groups is that the ascorbate has 

a more potent effect in the cardiac foams, where a more complex variety of collagen is present as 

compared to the gels. Moreover, several studies have previously demonstrated the promotion of 
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cardiomyogenesis through the culture of CPCs and ESCs on cardiac ECM-derived scaffolds containing 

a wide array of biological cues. [20,394,432] Taken together, this data suggests that the composition of 

the substrate may be crucial in orchestrating the initiation and progression of differentiation. 

[20,367,420,432] 

On a molecular level, one of the pivotal mechanisms involved in the progression of 

cardiomyogenesis is the nuclear translocation of Nkx2.5 [178], which together with its co-factor Gata4 

[436], activates the transcription of cardiac specific genes including Anp and Mhc6 [178,436,445], as 

well as Mlc2v [446]. The timeframe of my results is consistent with such an order of molecular events, 

with nuclear translocation of Nkx.2.5 and expression of Gata4 observed at 14 days in the cardiac foam 

group, along with the consequent increase in the expression levels of cardiac markers downstream of 

these transcription factors both at the gene and protein levels. However, since nuclear translocation of 

Nkx2.5 and Gata4 expression was also observed in the gels under MCM conditions, it is possible that 

the enhanced gene expression on the cardiac foams in this treatment group may be mediated by other 

factors. In addition to composition, other elements known to influence cell differentiation include the 

topography of the support [447,448], the distribution pattern of bioactive cues [449], the stiffness of the 

scaffold [249,376] and the level of cell-cell contact [164,450]. 

To compare the effects of two different types of inductive media on pfASC cardiomyogenic 

differentiation, I also chose to investigate 5-aza as an epigenetic modifier. This DNA demethylating 

agent has been one of the most explored cardiomyogenic factors, although it has yielded controversial 

results in terms of its efficacy for inducing the differentiation of ASCs. For example, Wan Safwani et 

al. and Lee at al. reported that exposure to 5-aza alone is insufficient for cardiomyogenic 

differentiation of human ASCs, whereas Rangappa et al. reported that a single 24 h pulse with this 

factor was enough to induce rabbit ASCs to express numerous cardiac markers. [164,166,167] 

Interestingly, in other differentiation studies on bMSCs and ASCs, pre-incubation with 5-aza has been 
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shown to have non-specific inductive effects, increasing not only cardiomyogenic differentiation [189] 

but also chondrogenesis [451] and osteogenesis [452,453] in their respective inductive medium.  

Taken all together, this data suggests that 5-aza may non-specifically alter the expression of 

certain genes associated with differentiation, enhancing the sensitivity of the stem cells to a range of 

inductive factors in the medium, rather than by directly driving differentiation towards a specific 

lineage. Further strengthening the hypothesis that this factor alone does not specifically activate 

cardiomyogenesis, it has been observed that the promoters of the main cardiomyogenic transcription 

factors, such as MEF-2C, Gata4 and Nkx2.5, are not methylated in ASCs, and therefore a 

demethylating agent would not be expected to enhance their transcription. [177] However, it is 

generally agreed upon that the treatment of stem cells with 5-aza promotes the expression of some 

muscle-specific proteins and genes, although without generating mature cardiomyocytes. [189]  

In the current study, it was demonstrated that pfASCs could be stimulated to show markers of 

cardiomyogenic differentiation both at the gene and protein expression levels when the cells were 

treated with 5-aza using an established protocol. [161,164] Nevertheless, gene expression analysis 

revealed a lower efficacy of this factor in inducing cardiac marker expression as compared to MCM. 

Perhaps even more importantly, in comparing the cardiac foams and gels induced through 5-aza 

treatment, cardiomyogenic differentiation of the pfASCs was only observed on the cardiac foams. A 

synergistic effect between 5-aza treatment and components of the cardiac ECM, such as laminin and 

fibronectin, has previously been reported for the cardiomyogenesis of human ASCs in a 2-D system. 

[161] Specifically, Dijk et al. reported enhanced protein expression of Mlc2v and cTnT upon 5-aza 

induction on TCPS coated with 0.12 µg/cm2 of laminin as compared to an uncoated substrate. This 

enhancing effect of laminin was also confirmed in tridimensional culture by Karam et al. on laminin-

conjugated poly-(lactic-co-glycolic) acid microspheres. [404]  
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Finally, to assess whether the cardiac foams alone could stimulate cardiomyogenesis, pfASCs 

were cultured on the supports in the absence of external differentiation factors. Interestingly, pfASCs 

displayed nuclear translocation of Nkx2.5, Mlc2v protein expression, and the expected patterns of 

Gata4 gene expression. However, the levels of expression of the other cardiac markers were low, 

suggesting a more immature phenotype in this treatment group. In terms of scaffold-induced 

cardiomyogenic differentiation, Rajabi-Zeleti et al. have previously reported significantly higher gene 

expression of cardiac transcription factors and enhanced expression of cardiac markers, including 

Mhc6 and cTnT, in CPCs cultured on pericardium foams as compared to collagen I gels and, 

interestingly, decellularized pericardium. [367] One possible explanation for the improved 

differentiation on the more highly processed scaffolds could lie in the enhanced infiltration of the cells 

into the foams due to their higher porosity. [304,367]  Additionally, the enzymatic digestion step in the 

ECM solubilization process as a part of the cardiac foam fabrication, could potentially expose cryptic 

ECM components in a manner similar to matrix metalloproteinases (MMPs), whose ECM proteolytic 

activity during tissue remodeling is known to affect stem cell differentiation. [454,455]  

In conclusion, I demonstrated the cytocompatibility of the cardiac foams and their suitability for 

studies investigating the effects of cardiac ECM on ASC cardiomyogenic differentiation. On this 

platform, a higher expression of cardiac markers was observed in comparison to the collagen gels 

following induction with two different types of differentiation medium, with a stronger response in 

MCM as compared to 5-azacitydine treatment. In fact, while the presence of natural cardiac ECM was 

not crucial for the successful induction with MCM (although it was observed to enhance its efficacy), 

5-aza induced cardiomyogenesis was only achieved on the cardiac foams. Finally, the cardiomyogenic 

effects observed on the cardiac foams in the absence of inductive factors are consistent with similar 

results obtained with other tissue specific matrices, further strengthening the hypothesis that the ECM 

plays a key role in the determination of stem cell fate. Overall, the cardiac foams represent a promising 
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alternative to current 2-D culture systems for cardiovascular applications that warrants further 

investigation as a potential tool for probing cellular behavior within a complex 3-D cardiac-specific 

microenvironment. 
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CHAPTER 6 
Conclusions 

 

6.1 Conclusions and future recommendations 

Over the past 15 years, adipose-derived stem cells (ASCs) have emerged as a promising and 

easily accessible stem cell population with great potential for cell-based tissue regeneration therapies. 

With 400,000 liposuction surgeries being performed in the USA alone [456], the abundance of 

discarded adipose tissue and ease of harvesting make ASCs an attractive and economical stem cell 

source. Further, the use of ASCs circumvents the limitations associated with the collection or ethics of 

other stem cell sources, including bone marrow-derived stem cells (bMSCs), embryonic stem cells 

(ESCs), umbilical cord blood-derived mesenchymal stem cells (CB-MSC) and tissue-specific 

populations such as cardiac progenitor cells (CPCs), which have limited their practical application.  

Although researchers have defined a broader range of properties in the more extensively-studied 

bMSC and ESC populations, the characterization of ASCs is still ongoing. Namely, the clarification of 

the unique differentiation potential, immunophenotype, proliferative capacity, sensitivity to oxygen 

tension and immuno-modulatory properties of ASCs isolated from different fat depots in the body have 

been the focus of a number of recent studies. In fact, while the vast majority of studies employing 

ASCs for tissue-engineering applications have focused on a subcutaneous fat-derived population 

[18,158,161,333,341], differences in the localization of each fat depot influence the characteristics of 

the associated ASCs. [12,13,193,195] As research into cell-based regenerative therapies progresses, a 

comprehensive assessment of depot-dependent characteristics is critical since it could enable the better 

design of therapies by harnessing the unique properties of ASCs isolated from specific depots that have 

been targeted for the intended treatment. 

In the context of cardiac regeneration, little is known about the effect of the extracellular matrix 

(ECM) microenvironment on the cardiomyogenic potential of ASCs. In particular, recent evidence 
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suggests a pivotal role of tissue-specific ECM in driving stem cell behavior. [16-18,305] A fair 

appraisal of the cardio-regenerative potential of ASCs is therefore likely dependent on in vitro studies 

capable of factoring in the natural cardiac ECM. In order to do so, there is a need to develop reliable 

culture platforms that allow the study of cell-matrix interactions in vitro.  

The work conducted in this thesis addressed some of the major challenges described above. It 

provided a significant contribution to understanding depot-dependent ASC properties and identified 

pericardial fat ASCs as a sub-population with characteristics that may be suitable for cardiovascular 

applications. In addition, a novel decellularized left ventricle (DLV)-derived scaffold was developed 

and used to investigate the effects of the cardiac ECM on pericardial fat ASC behavior in vitro. The 

suitability of the cardiac foams for in vitro studies for cardiovascular therapy was confirmed by 

demonstrating the cardiomyogenic potential of the pericardial fat ASCs when seeded on the novel 

cardiac ECM-derived scaffolds. Finally, the use of cardiac foams in the last part of my study also 

provided preliminary data suggesting a better inductive capacity of the modified cardiomyogenic 

medium developed by Choi et al. [168] over 5-azacytidine, as well as a synergistic effect of the latter 

medium with the cardiac ECM.  

 

Depot-dependent ASCs properties 

Previous studies have highlighted both donor- and depot- dependent differences in ASC 

biology, as well as the influence of oxygen tension on proliferation and differentiation. 

[129,132,137,313] The first part of my doctoral project shed further light on these differences while 

reducing the impact of donor variability by analyzing for the first time the effects of different oxygen 

levels in donor-matched depots. In future studies, it would be desirable to extend this analysis of donor-

matched samples by harvesting subcutaneous fat and intrathoracic fat from the same patient by 

sampling the subcutaneous tissues from the precordial region during cardiac surgeries.  
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My study also revealed for the first time a depot-dependent susceptibility to the changes 

induced by low oxygen tension on CFE and osteogenesis. In the context of the treatment of ischemic 

conditions, one of the ideal characteristics of a regenerative cell population is the ability to establish a 

regenerative milieu through the secretion of angiogenic factors. [87] Lee at al. have shown that 

subcutaneous fat ASCs cultured under 2% O2 increase the secretion of vascular endothelial growth 

factor (VEGF), basic fibroblast growth factor (bFGF) and insulin like growth factor (IGF). [202] My 

work demonstrating the higher sensitivity to oxygen tension of pericardial fat ASCs may suggest that 

these populations could display an enhanced secretion of angiogenic factors under hypoxic conditions. 

Therefore, future studies should include ELISA analyses of angiogenic factor production in this cell 

population, including exploring oxygen tensions lower than 2% O2.  

Finally, while my study has provided interesting results on the adipogenic and osteogenic 

potential of the different types of ASCs, depot- and donor- dependent chondrogenic potential, as well 

as the effect of oxygen tension on differentiation along this lineage remain to be elucidated. In 

particular, while the chondrogenic potential of ASCs is well established [93,147,149], little research 

has been conducted on the effect of the site of adipose tissue harvest on the chondrogenic 

differentiation capacity of ASCs. [457] Furthermore, a standardized investigation would help to further 

clarify the effect of oxygen tension as, to date, few studies have characterized ASC chondrogenesis 

under different oxygen levels. [137,150,458]  

 

Interplay between cardiomyogenesis and cardiac ECM 

The use of native decellularized cardiac ECM as a scaffold for studying cellular interactions is a 

relatively recent development, following the milestone work of Ott et al. in 2008 wherein 

decellularized cadaveric rat heart was successfully repopulated with neonatal rat cardiomyocytes and 

aortic endothelial cells. [303] Following this study, a number of groups have employed 0.3-3 mm thick 
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sheets of lyophilized decellularized myocardium for cell culture experiments with rat or embryonic 

chick cardiomyocytes, as well as bMSCs and CB-MSCs, which further confirmed cellular viability and 

maintenance of phenotype on this scaffold. [304-306]  

Three years later, a cardiac ECM-derived scaffold in the form of a hybrid cardiac ECM/collagen 

hydrogel was developed by Duan et al., which not only supported cell viability but also drove the 

cardiomyogenic differentiation of ESCs without the addition of external inductive factors. [20] 

However, the weak nature of these hydrogels, displaying a storage modulus between 8.1 ± 1.4 and 59.3 

± 3.6 Pa, motivated other groups to fabricate strengthened gels by mixing the decellularized cardiac 

ECM with fibrin [394] or polyacrylamide [459] and incorporating crosslinking. These scaffolds further 

supported the role of cardiac ECM in directing stem cell differentiation, as demonstrated by enhanced 

gene and protein expression of cardiac markers in seeded human CPCs and rat bMSCs. [394,459] 

These latter two studies also described the contribution of ECM age, as well as its pathological status 

on cardiomyogenesis. Results showed that ECM sourced from fetal heart yielded the most potent 

cardiomyogenic effect, whereas ECM sourced from infarcted adult myocardium yielded the lowest. 

[394,459] These results suggest that cell-based regenerative therapies should account for the 

compositional differences in the ECM during the different stages of development and pathological 

condition as they may greatly affect their success. [33] 

Given this background, the second and third part of my thesis made an important contribution to 

an advancing field by describing a novel cardiac ECM-derived scaffold and providing evidence that 

these bioscaffolds supported ASC cardiomyogenesis. In particular, the novel minced cardiac foams 

constitute a versatile culture platform and due to their ease of fabrication, homogeneity, porosity and 

mechanical stability, they represent a valuable alternative to unprocessed decellularized matrix and 

hydrogels for cardiovascular studies. Furthermore, the suitability of this scaffold type over unprocessed 

matrix in terms of CPC infiltration and cardiomyogenesis was recently demonstrated by Rajabi-Zeleti 
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et al. on pericardium foams. [367] The same processing methods described to fabricate the cardiac 

foams with adult, healthy left ventricle could be employed to synthesize scaffolds using fetal or 

neonatal hearts, as well as infarcted myocardium, to further investigate the influence of these variables 

on cardiomyogenesis. Future studies could also be designed to fabricate hybrid foams with fetal ECM 

and infarcted ECM, to assess whether the fetal component would promote the recovery of 

cardiomyogenic potential if it was found to be impaired on the foams prepared with the infracted 

tissues. Moving towards the improvement of current cell therapies for myocardial infarction, these 

studies would help to further understand the interaction of injected stem cell populations with the 

infarcted myocardium and aid in the design of strategies to overcome the possible negative impact of 

the pathological microenvironment on cardiomyogenesis or on the secretion of paracrine factors. 

My data on the cardiomyogenic potential of pericardial fat ASCs in a 3-D cardiac ECM-derived 

scaffold is of great interest for cardiovascular regeneration as this source could represent a suitable 

alternative to other cell populations. In terms of clinical translation, the CPCs and ESCs investigated in 

the majority of the studies to date pose problems associated with their isolation due to a limited or 

ethically controversial source, such as human cardiac biopsies and blastocysts. [69] Since little is 

known about depot-dependent differences in the cardiomyogenic potential of ASCs, future studies 

could explore this direction by comparing the effect of different types of induction media on the 

performances of different sub-types of ASCs seeded on the cardiac foams. 

Finally, while my work adds further evidence to the emerging concept of a paramount role of 

the natural ECM composition in the determination of stem cell fate, other factors must also be 

considered. [460] For instance, in their microenvironment, cells are able to respond to stiffness 

[249,376], topological features [448,461] the specific spatial distribution of cues [449], and the level of 

cell-cell contact. A potential approach that could be undertaken in future work is to isolate some of 

these variables by fabricating foams with different tissue-specific ECM and testing their 
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cardiomyogenic potential, thus only altering composition. Alternatively, the synthesis of cardiac foams 

and gels from the same batch of DLV would also provide information on the effects of different 

mechanical and physical properties by keeping the composition relatively consistent.  Further, cell-cell 

interactions on the foams could be explored by investigating the response under a range of different 

seeding densities, or by developing strategies to promote greater cell infiltration and expansion on the 

foams. 

 

6.2 Summary of main contributions 

Adipose-derived stem cell characterization studies 

• Conducted extensive characterization studies on ASCs extracted from pericardial fat. Isolated 

and characterized, for the first time, ASCs extracted from the thymic remnant of adult donors. 

− Pericardial fat-derived ASCs could be advantageous for intra-operative 

cardiovascular regenerative therapies 

− Demonstrated enhanced expression of CD34 in P2 ASCs isolated from pericardial fat, 

a marker which has been linked to increased angiogenic capacity in other studies  

• Obtained new data on the effect of oxygen tension on colony forming efficiency, proliferation, 

adipogenesis and osteogenesis of donor-matched subcutaneous fat and omentum fat ASCs, as 

well as pericardial fat and thymic remnant ASCs 

− Intrathoracic depots showed enhanced sensitivity to the changes induced by low 

oxygen tension as compared to subcutaneous fat and omentum ASCs 

 

Development of a cardiac matrix-derived foam for investigating ASC cardiomyogenic differentiation 

• Developed and characterized a novel non chemically crosslinked porous scaffold derived 

entirely from porcine decellularized left ventricle (DLV) 



	   135	  

• Compared the effects of mincing versus milling processing steps during cardiac foam 

fabrication, including characterizing composition, structure, and physical properties 

− Minced foams may be more favorable for 3-D culture studies based on their retention 

of laminin, which was not detected in the ground foams  

− Minced foams presented a higher resistance to shrinkage post re-hydration, a higher 

Young’s modulus, and reduced protein loss over time as compared to ground foams 

• Explored for the first time the cardiomyogenic differentiation of human ASCs within an in vitro 

3-D cardiac extracellular matrix (ECM) microenvironment 

− In addition to my earlier studies demonstrating adipogenic and osteogenic potential, 

pericardial fat ASCs can also be induced in culture to display markers of the 

cardiomyogenic lineage 

− Cardiac foams uniquely provided an inductive microenvironment when compared to 

collagen I gels, stimulating the expression of early myocardial markers in the absence 

of external inductive factors 

− Protein and gene expression analyses demonstrated that in vitro ASC 

cardiomyogenesis was enhanced following induction with a modified 

cardiomyogenic medium (MCM) as compared to stimulation with 5-azacitydine (5-

aza) 

− 5-aza induced cardiomyogenesis was only observed on the cardiac foams, suggesting 

a synergistic effect between this epigenetic modifier and the ECM environment 
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APPENDIX 
 
 

 
Figure A1: Effect of Vit.D on ALP activity. Effect of osteogenic media with and without Vitamin D on ALP activity of ASCs extracted 

from pericardial fat (Pf) and thymic remnant (Th) (Donor, M68, BMI = 28.7). All data are expressed as mean  ± SD. *, Significantly 
different at (p < .05). 

 
 
 

 
Figure A2: Macroscopic structure of the cardiac foams observed through SEM. Scale bars represent 5 mm. 

 

 
Figure A3: Microscopic structure of the foams observed through SEM 
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Figure A4: Protein loss over time in cardiac foams. Trend of protein loss over 28 days in Ringer’s buffer solution as measured through 

Lowry’s protein assay  (n = 4, N = 2). All data are expressed as mean  ± SD. 
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Figure A5: IHC positive and negative controls. Representative images of positive (+) and negative (-) controls for both co-stainings. 

Positive control was represented by human atrial appendage. Negative controls show representative images of pfASCs isolated from 
donor 1 (M 61, BMI=22.2) cultured in MCM for 21 days on all supports to which no primary antibody was added. Scale bars represent 

200 µm. 
 

 
 
 
 


