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Abstract  

This work focuses on engineering 3 dimensional (3D) fibrous hybrid scaffolds with human 

induced pluripotent stem cells (hiPSC) for cardiac tissue engineering (CTE). Natural 

materials are highly bioactive, yet they are limited by their high batch-to-batch variability, 

and their poorly understood bioactivity mechanisms, particularly, in affecting stem cell fate. 

Conversely, commonly used synthetic materials, while offering good control over different 

parameters, generally lack the suitable bioactivity for cellular interactions. In this work, we 

propose comparing and combining natural and synthetic scaffolds to enjoy the advantages 

of both platforms while circumventing their inherent limitations. The resulting 3D 

scaffolds will improve understanding of the cell material interactions and might produce a 

potential treatment for cardiac regeneration. 

One ideal group of natural biomaterials can be obtained by decellularization, yielding tissue 

specific bioactive, and cell supportive scaffolds of either solid, or liquid forms. Our lab has 

isolated a porcine cardiac extra cellular matrix (pcECM), in both solid and liquid forms, 

which preserves the 3D architecture of the heart ECM, while maintaining the bioactivity 

for cellular interaction. Nevertheless, the exact contribution of such pcECM to stem cell 

and tissue specific lineage commitment, and the possible mechanisms governing such 

bioactivity remain largely unknown. The complexity of the pcECM composition and 3D 

architecture hinder our ability to discriminate between different effectors and their resulting 

individual or combined effects. Hence, it is necessary to generate synthetic 3D biomimetic 

scaffolds with controllable architecture and bioactivity profiles that would enable the study 

of various components in a modular way.  

Electrospinning is an accessible and inexpensive means to fabricate fibrous matrices but 

the fundamental limitation with traditional electrospinning is that the scaffold produced is 

usually two dimensional (2D) dense mats rather than 3D porous structures. Here, we 

improvised the liquid-collector of electrospinning to fabricate 3D fibrous scaffolds with 

high porosity. Though this ECM mimicking synthetic polymer scaffolds offer high 

reproducibility, they generally lack the bioactivity inherent to natural ECM biomaterials. 

Thus, different approaches have been used to confer bioactivity to synthetic materials, such 

as natural materials (e.g., short bioactive peptides) either on the surface or within the bulk, 
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pre-culturing the scaffold with ECM producing cells (e.g., fibroblasts, and mesenchymal 

stem cells), and physical and/or chemical surface modifications.  

Our work aims to obtain 3D composite scaffolds (3DCS) with ECM mimicking synthetic 

ultra-structures, and tissue specific biochemical cues by fabricating 3D electrospun 

polymeric scaffolds and functionalizing them with liquidized pcECM. The 3DCS produced 

were studied in comparison to the natural pcECM highlighting the roles of architecture, 

biochemical composition, and various combinations thereof, in affecting the function and 

fate of seeded human multi and pluri-potent stem cells. hiPSCs were used in this study as 

an ideal model cell with clinical relevancy, given their possible autologous sourcing, and 

their ability to differentiate into all cardiac cell types, in particular, beating cardiomyocytes 

(hiPSC-CM). We hypothesized that, bioactive 3D scaffolds (pcECM and/or 3DCS) that 

maintain a balance and cooperation between architectural and biochemical signals, are 

needed to initialize differentiation of hiPSC towards cardiac lineages.  

Our results show that the pcECM can be mimicked by wet electrospinning of poly lactide-

co-glycolide (PLGA), and poly lactide-co-ε-caprolactone (PLCL). However, based on the 

evaluated properties, and reproducibility of the 3D synthetic scaffolds, only 3D PLGA 

exhibited adequate profile and was therefore used for further studies. After modification 

with pcECM gel, the 3DCS displayed similarities with pcECM in terms of morphology, 

chemistry, biochemical composition. The 3DCS also displayed cardiac relevant 

mechanical properties and did not elicit any immunogenicity in vitro. 3DCS also displayed 

the ability for cellular attachment and growth under static conditions when human 

mesenchymal stem cells (hMSCs) were used as model cells. hiPSC-CM seeded 3DCS 

maintained CM viability, beating functionality and phenotypic identity for two weeks as 

evaluated by protein expression. Moreover, the scaffolds’ microenvironment supported the 

calcium handling ability. Finally, hiPSCs seeded on these scaffolds, differentiated into 

cardiac lineage cells spontaneously without the addition of any external factors or 

molecules, asserting the role and importance of a tissue specific biochemical 

microenvironment for cardiac applications. Taken together, our results here contribute to 

the understanding of how the biology and architecture of the pcECM can affect and 

determine the fate of the seeded hiPSCs. This knowledge is relevant not only for basic 

research but also for possible CTE applications.   
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Lay Summary  

 

Imagine getting a bruise on your hand or leg. The injury on the skin will be initially painful 

and swollen, but with time the pain reduces, the skin at the injury site acquires a scar and 

reverts to its original state and perform its normal function. Heart attack is an injury that 

happens in the heart and is caused by blocks in blood vessels that supply the heart. During 

a heart attack, millions of heart muscle cells die, causing an irreversible damage and a 

significant scar. But unlike the skin, which even after scarring performs its function without 

any significant loss in efficiency, the heart’s function will keep decreasing if left untreated 

after an injury. This is because the heart lacks the potential to heal itself over time or 

‘regenerate’.  

Currently, doctors use drugs, surgeries etc. as treatments for heart attack but these 

treatments do not make the patient's heart regenerate, as the treatments only keep the injury 

from declining further. When the situation deteriorates, the doctors recommend heart 

transplantation. However, it is difficult to obtain a working heart due to shortage of heart 

donors. Also, the wait for a donor heart can take probably months to years, which most of 

the times a patient cannot really afford. Hence, exploring methods to grow artificial heart 

or heart tissue in labs becomes an interesting prospect, which can address the problem of 

treating heart attack in the future.  

In the 1980s, scientists discovered that they can use either natural or synthetic materials to 

make sheet like structures called ‘scaffolds’ to grow skin cells and engineer skin tissue to 

treat burn victims. They also successfully implanted this lab-grown tissue in humans and 

observed good recovery. Thus, the field of 'Tissue engineering' was born. Therefore, to 

build a functional tissue, two important components are required. Materials to make 

scaffolds that will act as the supporting skeleton of the target tissue and cells that will 

provide appropriate function of the target tissue.  

Different natural and synthetic material choices are available for producing the scaffolds. 

Yet a suitable scaffold should imitate the characteristics of the target tissue, like structural 

design and cell function promotive properties. Both natural and synthetic materials have 

their own advantages and limitations. But their combination results in a product which will 

have the advantages of both the platforms and avoid their fundamental limitations. The 
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type of cells to populate the scaffolds to obtain suitable function is very critical. From 

heart’s functional perspective, the cells to be used should be able to contract in/with the 

scaffold. These beating heart cells can only be obtained from ‘pluripotent stem cells’ (PSC), 

the kind of cells that can modify into any cells in our body. These cells are highly suited 

for this application as they can be obtained from a patient’s own cells, thus eliminating the 

chances of immune rejection after implantation.  

In this research, a ‘heart construct’ was developed using different cell-material 

combinations.  The scaffold was fabricated using a natural material derived from a pig’s 

heart combined with synthetic polymeric materials. The scaffolds were then populated with 

PSC and PSC modified into heart cells, resulting in a heart construct. The fabricated 

scaffold was observed to possess structural and biological properties suitable for heart 

tissue development. The scaffold, when populated with pluripotent stem cells, modified 

the seeded cells into heart like cells without the addition of any external factors to induce 

this modification. This is due to the interdependent effects of the scaffolds’ heart like 

structural and biological characteristics. This shows that the properties of the developed 

scaffold were suitable for the cells to feel ‘home’ like in a heart environment and modify 

themselves into a heart like cell.  

Alternatively, when the scaffolds were seeded with functional heart cells obtained from the 

pluripotent stem cells, the heart construct was tested for various parameters to check if the 

cells are communicating with the scaffold sufficiently to imitate the heart tissue. During 

the testing, it was observed that the heart construct displayed properties comparable to a 

heart environment. The construct, not only kept alive the heart cells, but also maintained 

the beating function of the cells.  

Overall, the use of pluripotent stem cells and the option of studying their communication 

with materials, will facilitate the understanding of the complex heart development process. 

The research also opens further possibilities of growing personalized heart tissue, custom 

made for each patient for the treatment of heart attack, a crucial step in heart tissue 

engineering and regeneration.  
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1    Chapter 1  

 

   Introduction  

 

This chapter presents a brief background and rationale for the design of this 

thesis. The current materials used in cardiac tissue engineering are discussed 

and outlined. Once the limitations of the outlined materials are elucidated, 

the hypothesis for this thesis is established. This is followed by enumerating 

the list of objectives used to evaluate the hypothesis of this thesis. The chapter 

then progresses to provide an overview of the thesis on a chapter by chapter 

basis and summarizing the content of each chapter. This chapter finally 

concludes by highlighting the novelties of this research. 
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1.1 Background 

 

Decellularized scaffolds, like pcECM are used extensively for tissue engineering 

applications [1-6]. Even though pcECM provides preserved 3D architecture and excellent 

bioactivity for cellular interaction, the exact contribution of the architecture or the tissue 

specific bioactivity over stem cell lineage commitment remain largely unknown [7]. 

Another limitation of the pcECM is the batch-to-batch variability.  

 

On the other hand, synthetic scaffolds offer tailorability such as mechanical properties, 

porosity, biodegradability and chemical properties. Additionally, they are also highly 

reproducible. The drawback of synthetic scaffold is the lack of ability to simulate the 

biochemistry of the natural ECM. Hence, in order to complement and compensate the 

inherent limitations of the natural and synthetic platforms, it is necessary to generate 

synthetic 3DCS with reproducible and tunable architecture and bioactivity. This will be 

achieved by modifying the synthetic reproducible electrospun platform with the liquid form 

of the bioactive pcECM.  

 

The interaction study of pcECM and 3DCS with hiPSCs, hiPSC – CM and their comparison, 

we believe, will facilitate the understanding of various effectors in the cardiac ECM 

(pcECM). Moreover, our results may improve the knowledge of how the biology and 

architecture of the pcECM can affect and determine the fate of the seeded hiPSCs. The 

findings of the proposed study are relevant not only for basic research but also for possible 

CTE applications. 

 

1.2 Hypothesis 

 

Bioactive 3D scaffolds that maintain a balance and cooperation between architectural and 

biochemical signals are needed to initialize differentiation of induced pluripotent stem cells 

(iPSC) towards cardiac lineage. 
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1.3 Objectives  

 

The overall goal of this thesis is to engineer a 3D construct based on acellular pcECM 

and/or 3DCS for CTE. These pcECM based 3DCS will be evaluated in terms of their 

efficacy and functional benefits towards improving the biological understanding of the bio-

active cardiac elements in natural pcECM. 

 

To achieve this goal the following three aims have been identified (Figure 1-1) and will be 

pursued.  

1. To fabricate a 3D composite scaffold (3DCS) which can behave as an equivalent to 

the pcECM; characterize its morphology, chemistry, biochemical composition, 

mechanical properties and evaluate its human cell support under static conditions.  

2. To study the pcECM and 3DCS bioactivity in supporting and maintaining hiPSC-

CM viability, and functionality. 

3. To study the pcECM and 3DCS bioactivity in supporting hiPSC attachment, 

viability, proliferation and differentiation under static conditions. 
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Figure 1-1: Scheme of aims and research questions 

 

1.4 Scope  

 

In this work, a synthetic biodegradable polymer is used to fabricate a 3D scaffold via wet 

electrospinning, a modified form of traditional electrospinning, where the solid collector 

was replaced with a liquid bath. The prepared 3D synthetic scaffold was modified with the 

liquid cardiac ECM gel using traditional EDC-NHS chemistry, resulting in a 3DCS.  This 

scaffold was characterized for its morphology, surface chemistry, biochemical composition 

and mechanical properties. The scaffold further evaluated for its in vitro immunogenicity 

and cellular compatibility using RAW macrophage cells and human mesenchymal stem 

cells respectively.  

 

The cardiac application suitability of the scaffold was studied using hiPSC-CMs. The 

ability of the scaffold to maintain the viability and beating functionality of the cells was 

followed for a period of two weeks. Another critical component of cardiac functionality, 
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Ca2+ handling, was also studied using fluorescent maker Fluo-4 AM under normal and 

external electric stimuli conditions. Finally, the scaffolds were evaluated to assess if the 

tissue specific bioactivity incorporated in the form of liquid cardiac gel could influence the 

proliferation and differentiation of hiPSCs. 

 

1.5 Dissertation Overview 

 

The thesis addresses the issue of a tissue specific scaffold microenvironment and their 

influence on hiPSC and hiPSC-CM.  

 

Chapter 1 provides a brief background and rationale to understand the perspective of the 

thesis. It further presents the hypothesis, outlines the objectives, scope and novelties of the 

thesis.  

 

Chapter 2 provides a review of the literature concerning the heart diseases, ECM of the 

heart, and recapitulating an ECM environment by fabricating a scaffold. It then discusses 

the components and challenges involved in scaffold fabrication, the evaluation of the 

scaffold’s interaction with different cell types, and the importance of employing a tissue 

specific microenvironment for CTE.  

 

Chapter 3 discusses the list of materials and equipment used in the studies. The choice of 

equipment and their working principle are also explained.  

 

Chapter 4,5 & 6 elaborates the results of the studies and discusses the results in correlation 

to each other and the literature. The first part of the results focusses on the fabrication and 

characterization of a 3D scaffold using wet electrospinning and modifying this 3D scaffold 

with liquid pcECM gel to form a 3DCS. This chapter also presents the similarities of the 

3DCS to the natural pcECM in terms of architecture and biochemical composition. The 

second part of the results chapter elucidates about the cell material interaction studies done 

with hiPSC-CM. The viability and functionality on these cells in the scaffold environment 

is discussed here. The final part of the results chapter focusses on the scaffolds’ interaction 
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with hiPSC to elicit the influence of the tissue specific bioactivity on the pluripotent stem 

cells.  

 

Chapter 5 presents the conclusions drawn from the results of the thesis. Further, this section 

also discusses the results obtained in relation to the objectives stated at the beginning of 

the thesis. To conclude, the section will present recommendations and directions for future 

work that can be built upon the current work. 

 

1.6 Findings and Outcomes/Originality 

 

The research in this thesis has led to the following novel findings. 

 

1. Ability to successfully fabricate a modular and tunable 3DCS encompassing a tissue 

specific ECM and displaying morphology and chemistry similar to its source tissue ECM 

(in this case pcECM). While the findings and discoveries made herein were focused on the 

cardiac ECM, similar technology can be easily tuned for other tissue types, and so in that 

respect the technology presented herein is but a platform demonstrating a proof of concept 

with implications that are far reaching theoretically to other soft tissue types as well. 

2. 3DCS can support the attachment, survival, and proliferation of stem cells (hMSCs & 

hiPSCs) 

3. 3DCS supports and maintains the functionality of differentiated CM (hiPSC-CMs) as 

compared to the unmodified PLGA, showcasing the importance and role of a bioactive 

tissue specific molecule in maintaining cell functionality 

4. 3DCS induces spontaneous commitment of the seeded hiPSCs towards cardiac lineage, 

which shows the influence of the tissue specific bioactivity over hiPSC differentiation 
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2    Chapter 2 

 

   Literature Review  

 

This chapter reviews the literature providing the relevant background on 

heart functioning, various diseases, treatment strategies and challenges and 

the importance of CTE. Further, this chapter then focuses on the interaction 

of pluripotent stem cells (PSCs) with biomaterials of both natural and 

synthetic origin, which includes reviewing the literature for i) PSC and PSC 

derived cells support by biomaterials, ii) cardiac ECM based materials’ 

interaction in affecting stem cells, iii) incorporation of bioactivity to synthetic 

scaffolds and iv) identification of stem cell fate effectors. Although current 

literature presents research in these topics in assorted contexts, this review 

concentrates on bioactivity of materials and their role in cell fate 

.  
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2.1 Heart Anatomy and the Myocardium 

 

Human heart is a muscular pump located in the thoracic cavity. It comprises of four 

chambers—two atria (right and left) on top and two ventricles (right and left) in the bottom. 

The left ventricle pumps oxygenated blood to all part of the body, supplying oxygen and 

nutrition to all living cells [1]. The left ventricular wall (Figure 2-1) has a thickness of ~1-

1.5 cm [2] and consists of three tissue layers – epicardium, myocardium and endocardium. 

 

 

Figure 2-1: Anatomy of the heart left ventricular wall. 

 

The heart muscle is known as myocardium [3]. The myocardium is a network of cells in 

an extracellular matrix (ECM). The cellular components of the myocardium include CM, 

cardiac fibroblasts, endothelial cells and vascular smooth muscle cells [4]. The cells that 

are responsible for the contraction and relaxation of the heart are known as the cardiac 

muscle cells or CM [5]. These CM comprise only 30-40 % of the total number of cells, but 

occupy around 75 % of the volume [6]. The next major cell type in the myocardium are the 

cardiac fibroblasts and their primary role in the myocardium is ECM turnover and 

remodeling, by degrading the existing ECM and producing new one [7]. These cells’ 

interaction with the CM aid in the electrical and mechanical signal transport and 

coordination across the length of the myocardium [8]. Endothelial cells and vascular 

smooth muscle cells comprise the blood vessels, which are responsible for oxygen and 

nutrient supply [4].  
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The cardiac ECM is a complex network of structural and adhesive proteins, growth factors 

(GF), and proteoglycans (glycosaminoglycan (GAG) with core protein) offering structural 

and biochemical cues to the cells residing within the matrix [9]. The ECM serves as a 

dynamic platform for the cells to adhere, proliferate, and interact with, and can in turn be 

modified by resident cells that secrete and remodel the existing ECM according to their 

requirements [9]. The major structural protein—collagen—provides the mechanical and 

structural support for the cells. The abundant types of collagen in the cardiac ECM are 

collagen I and III [10] providing the necessary strength, and visco-elastic properties which 

can differ depending on the location within myocardium [11]. The adhesive proteins –

laminin and fibronectin aids in cell adhesion and cell – cell interaction [9, 12]. The GAG 

network being very hydrophilic aids in hydration of the ECM and serves as reservoir for 

GFs [13]. The major GAG in the heart ECM is hyaluronan [9]. The intricate organization 

of the cardiac ECM plays an important role in maintaining normal cardiac function. The 

cross talk between the cells and the ECM in the myocardium is a constantly occurring 

dynamic process leading to secretion of different ECM components and remodeling of 

existing ECM during normal physiology as well as pathology [9]. 

 

2.2 Cardiovascular Diseases & Current Treatments 

 

Cardiovascular disease (CVD) is a worldwide health issue. CVD comprises diseases of the 

heart and the blood vessels. Millions die annually due to CVD, killing 1 in every 3 persons 

in the United States alone [1-3]. CVD comprises diseases of the heart and the vascular 

system. A major CVD is myocardial infarction (MI). Pathologically, ‘myocardial 

infarction’ is defined as the myocardial cell death due to prolonged ischemia i.e., prolonged 

deprivation of oxygen’ [14]. MI is caused by unstable atherosclerosis, which results in 

cardiac muscle ischemia—decreased oxygen and nutrient supply to the heart muscles 

through the coronary arteries. MI leads to severe necrotic myocardial cell death resulting 

in deterioration of hemodynamics and overall cardiac function [4]. Because of the limited 

or no regenerative ability of the heart contracting CMs, the inflammatory reaction and the 

irreversible event of cardiomyocyte death results in the generation of a scar tissue in the 

heart wall [6, 15]. The scar tissue formation following CM death is the buildup of a stiff 
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collagen in the infarcted site impairing the contractility of the myocardium [16]. The scar 

region is inactive, less resilient and deteriorates in strength over time may eventually result 

in heart failure—an inability of the heart to pump enough blood to meet the body’s 

metabolic demands [7, 17]. 

 

Several treatment modalities are available for the management of MI and end stage heart 

failure. Lifestyle (diet) changes [18] and pharmacological (Nitroglycerine, β blockers) 

intervention constitutes the first level of treatment [19]. However pharmacological 

treatments side effects can be caused by drug dosage and unspecific drug target interactions 

[20-22]. Surgical management for heart failure is widely employed [23] using ventricular 

assist devices [24], pace makers [25], and bypass surgery [26]. Nevertheless, existing 

pharmacological and surgical interventions can only prevent the rapid progress of the 

condition, but not reverse the circumstances [27] or regenerate the infarcted scar tissue. 

Currently, heart transplantation remains the gold standard [23] and is faced with major 

challenges like limited donor organ availability, long waiting time, and requirement of 

immunosuppression therapy [28]. Hence development of an alternative treatment strategy 

for myocardial infarction and end stage heart failure is paramount, serving as the 

motivation for further research in the field of CTE. 

 

2.3 Cardiac Tissue Engineering (CTE) and Scaffold Properties 

 

Tissue Engineering is defined as “an interdisciplinary field that applies the principles of 

engineering and the life sciences toward the development of biological substitutes that 

restore, maintain, or improve tissue function” [29].  

 

The field of CTE is vastly interdisciplinary which draws expertise from both material and 

biomedical engineering as well as biology and medicine. This domain entails the use of 3D 

scaffolds, which act as a template for tissue regeneration. Biomaterial scaffolds provide 

conducive environment for the cell proliferation whether cells were pre- seeded on the 

engineered construct in vitro or recruited from the host following in vivo implantation. 

Beyond scaffolds and cells, a third component often considered is the environment of the 
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engineered construct, which can be controlled by application of various bioactive growth 

factors and dedicated bioreactor technologies providing physical, mechanical or electrical 

stimuli to the cells [30]. This combination of scaffold, cells and growth factor/bioreactor is 

referred to as the tissue engineering triad (Figure 2-2) [31].  

 

 

Figure 2-2 Tissue engineering triad [31] 

 

Scaffolds can be regarded as extracellular matrix (ECM) substitutes which help in 

temporarily supporting cell growth and functionality. A typical ECM material consists of 

i) fibrous structural proteins and adhesion proteins like laminin and fibronectin; ii) specific 

growth factors, and iii) Glycosaminoglycans (GAG) forming interfibrillay gel like 

hydrated morphology [32]. Scaffolds in general should possess the following important 

characteristics [31]: 

 

1. Biocompatibility — ‘Biocompatibility refers to the ability of a material to perform with an 

appropriate host response in a specific situation’ [33]. 

2. Biodegradability—ability of the seeded cells or the in vivo system to degrade the material 

without releasing nontoxic byproducts. Ideally, the scaffold should degrade in parallel to 

the secretion of the natural replacing ECM by the populating cells.  

3. Bioactivity—presence of biomolecular cues or ligands necessary for proper cell adhesion, 

proliferation and differentiation. 

4. Porosity—scaffolds should possess interconnected pores, thus enabling cellular migration 

within the scaffold; transport of nutrients and removal of degradation products. 
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5. Mechanical Properties—matching mechanical properties to the site or organ of interest as 

the integration of cells with the tissue engineered scaffold depends on the target mechanical 

properties [34]. This is particularly important to functional load bearing organs such as the 

heart. 

 

The morphological, structural and bioactive parameters of the scaffold depend on the 

choice of scaffold material, and the fabrication method. The scaffold material can be 

predominantly sourced from either natural and/or synthetic origin. 

 

2.4 Natural & Synthetic Scaffold Biomaterials 

 

Various natural biomaterials have been suggested for CTE. These include collagen [35], 

elastin [36], fibrin [37], alginate [38], chitosan [39], silk fibroin [40], and gelatin [41]. 

Generally, natural biomaterials offer biological signals necessary for cellular attachment, 

viability, proliferation and differentiation (for stem/progenitor cells). However, the 

disadvantages are their high batch to batch variability, and the unknown mechanism by 

which these materials determine the fate of the seeded and/or the recruited cells. One 

common type of natural biomaterials is that produced by tissue or organ decellularization. 

Decellularization is a process whereby the native tissue is biochemically treated to 

completely remove the source tissue immunogenic cellular components, leaving behind the 

preserved and natural acellular ECM of that tissue. Some limitations of the natural 

materials are their variability and inadequate understanding of their bioactivity.  

 

Conversely, synthetic biomaterials provide high control-ability over the chemistry, 

physical and mechanical properties of the scaffold, which fabrication (e.g. electrospinning, 

solvent casting etc.) can yield a highly reproducible product. Different synthetic polymeric 

materials like Poly lactic acid (PLA) [42], Poly glycolic acid (PGA) [43], Poly lactide-co-

glycolide (PLGA) [42], Poly ε-caprolactone (PCL), Poly (L-lactide-co- ε-caprolactone) 

(PLCL) [44], Polyurethanes (PU) [45], Poly glycerol sebacate (PGS) [46], have been used 

alone or in combination to make CTE grafts [45, 47-59]. The notable disadvantage of the 

synthetic materials is the absence of any surface-active molecules to enable cell adhesion, 
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proliferation, and differentiation and possibly local cell-toxicity due to some polymer 

degradation byproducts.  

 

The relative advantages and limitations of natural and synthetic scaffold biomaterials are 

summarized in Table 2-1. In summary, achieving a well-balanced inter-related properties 

(i.e. surface chemistry, architecture, porosity, and degradation kinetics) is a crucial 

requirement in the design and development of any scaffold biomaterial, and for MI 

treatment, in particular. 

Table 2-1 Advantages and limitations of natural and synthetic materials 

Material 

Origin 

Advantages Limitations 

Natural • Bioactivity 

• Biocompatibility 

• Preserved 3D architecture 

• Possible preservation of 

inherent vasculature 

• Batch to Batch 

variability 

• Lack of sufficient 

understanding of 

bioactivity mechanisms 

• Limited control-ability 

of product properties 

Synthetic • Tunable morphology and 

mechanical property 

• Minimal variability 

• Lack of bioactivity 

• Possible local toxicity 

due to degradation 

 

2.5 Generating 3D Bioactive Scaffolds for CTE  

 

Scaffold dimensions are an important parameter in tissue engineering. With the exception 

of thin squamous epithelium on basement membranes, 2D scaffolds fabricated by different 

methods do not recapitulate the usual native conditions, even if they do support cell 

attachment and function to some extent. The native physiological condition usually 

comprises a 3D environment [60], and therefore the development and evaluation of such 

similar 3D scaffold structures for CTE is important and suitable. 3D environments provide 

highly complex signals necessary for cell adhesion, proliferation, migration and 

differentiation in the scaffold environment [61, 62]. A 3D porous morphology not just 

offers structural cues, but also a downstream affected complex signaling cascade, which 

the scaffold architecture triggers in the interacting cells [61]. For instance, the scaffold 3D 
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morphology affects cell spreading [63], nutrient and oxygen diffusion gradients [60], and 

even the scaffold mechanical properties—all of which, were previously shown to 

differentially alter cellular gene expression.  

 

In addition to possessing a 3D environment, the scaffold also needs to be bioactive to aid 

in appropriate cellular functions. Biomaterials are the common class of material used as 

scaffolds in tissue engineering applications. A biomaterial, according to European Society 

of Biomaterials is defined as “material intended to interface with biological systems to 

evaluate, treat, augment or replace any tissue, organ or function of the body” [31]. 

Scaffolds can be made bioactive by the introduction of natural biomaterials like collagen, 

gelatin, alginate etc. When cells are seeded on the scaffold, they impart additional 

biological elements to the scaffold by secreting their own ECM material, which ideally 

would eventually replace the scaffold material.  

 

A promising strategy to obtain a natural 3D scaffold is decellularization of a native tissue. 

This has been demonstrated in both human and animal tissues of various organs (e.g., 

including cardiac tissue [64-66]. In this method the native tissue is subjected to enzymatic 

and chemical treatments to get rid of the cellular content, thus resulting in a network of 

conserved extracellular matrix. Tissue-specific ECM offers the advantage of preserved 

unique architecture and biochemical signals required for cell regulation and differentiation. 

Indeed, some recent studies demonstrated that acellular ECM seeded with stem cells have 

displayed an inclination to differentiate towards the target tissue lineage cells [64, 67].  

 

Our group has successfully decellularized human appropriate sized pig-heart left ventricle 

resulting in pcECM (pcECM) [11, 68]. This material offers an ideal 3D cardiac 

environment with the preserved biochemical, architectural cues and the inherent 

vasculature [2, 11]. The material has preserved the unique cardiac architectural structures 

and when seeded with hMSC and endothelial cells displayed angiogenic like sprouting [2]. 

However, the mechanism by which the bioactive scaffold environment affects the cell fate 

remains unclear. Another limitation of this material is the batch to batch variability arising 

due to the decellularization process. A more robust fabrication method or a synthetic bio 
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hybrid scaffold which can exhibit similar characteristics of the pcECM would be an 

interesting platform to study the effectors of the pcECM architecture, bioactivity on cell 

fate.  

 

Electrospinning is a popular fabrication technique to produce tissue engineered fibers (from 

natural and synthetic polymers materials) that are porous and having diameters in nano and 

microscale range [69]. Electrospinning involves the application of high voltage to a 

polymer solution droplet dispensed through a capillary or needle from a syringe by a pump. 

The polymer droplet, in the presence of the electric field will be distorted into a conical 

shape known as Taylor’s cone [70]. When the intensity of the electric field increases, 

charge repulsion on the droplet surface exceeds the surface tension of the liquid. This 

causes elongation of the polymer droplet and evaporation of the solvent, resulting in the 

deposition of the polymer fiber in the counter electrode [71]. Although different studies 

show that electrospun fibers can be used in CTE to interact with the cells and express 

cardiac markers [52, 72, 73], they do not have a 3D environment comparable to the native 

environment. Numerous methods have been suggested for the fabrication of electrospun 

3D scaffolds, such as increasing electrospinning time to get thicker fiber meshes, stacking 

thin scaffolds on top of each other, ultra-sonication of thin scaffolds and wet 

electrospinning [74, 75]. Wet electrospinning of synthetic polymers yield 3D scaffolds with 

controllable thickness. In wet-electrospinning the traditional solid collector is replaced 

with a liquid bath. This technique can be used to enhance the thickness of electrospun 

scaffolds producing more adequate 3D environments that can be tailored to structurally 

mimic the pcECM [76]. However, in order for the 3D electrospun scaffold to mimic the 

native ECM in more than just the fibrous architecture, further modification is necessary 

with bioactive molecules. A wet electrospun platform developed in our group, resulted in 

a fibrous tunable scaffold platform, that was successfully employed for animal model 

would healing application [77], when the polymeric scaffold was modified using ECM 

molecules, collagen and fibronectin. This wet electrospun 3D scaffold platform has also 

exhibited support for hepatocyte viability and function [78].  

Compositional analysis of the acellular ECM developed by our group and by other 

investigators has exhibited the presence of these significant molecules in the solid and 
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liquid form of the decellularized ECM [11, 79-83]. Hence, we believe modifying the 

electrospun 3D scaffold with the liquid pcECM developed in our lab will add not only a 

tissue specific bioactive environment but also an ECM scaffold structure that can mimic 

the native ECM composition.  

 

We therefore suggest that a wet electrospinning can be used to fabricate polymer scaffolds, 

which—when modified with the bioactive liquidized pcECM and/or ECM producing 

cells—will display a similar bioactivity, structural, and morphological profile as the native 

pcECM. Comparing the produced 3DCS to their respective individual components and to 

the pcECM (positive control), will enable improving our understanding of the pcECM 

bioactivity mechanisms at the cell-biomaterial interface.  

 

2.6 Cells in Cardiac Regeneration  

 

Cell types like skeletal myoblasts (SM) [84], bone marrow mono nuclear cells (bmMNC) 

[85], mesenchymal stem cells (MSC) [2], Cardiac stem cells (CSC) [86-88], embryonic 

stem cells (ESC) [89] and induced pluripotent stem cells (iPSC) [90, 91] have been used 

in cardiac regenerative medicine research. When SMs were transplanted into cryoinfarcted 

rabbit hearts, the transplanted cells displayed cardiac like morphology but these cells in the 

infarcted region did not appear as healthy as the myocytes in the normal region of the heart. 

Also, the engrafted cells showed skeletal muscle characteristics, preventing them from 

integrating with the host tissue [84]. Ramshorst et. al. performed an intramyocardial 

injection of bmMNCs in patients with chronic ischemia. Although improvement in left 

ventricle ejection fraction (LVEF) was observed compared to placebo, limitations like 

absence of information on cell homing, retention and cellular mechanism were reported 

[85]. Autologous bone marrow derived MSCs have been used in CTE, and many clinical 

trials, with suggested safety and very limited efficacy profiles. MSCs generally enable  

limited functional salvage compared to controls, which is attributed to paracrine signaling, 

with the limitation being the inability of the cells to induce myogenesis and electrical 

coupling (to enable synchronous beating) between the cells [92]. Following the discovery 

of cardiac progenitor cells in the adult human myocardium that are capable of replenishing 
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the cardiomyocyte population [87, 88], CSC became an important cell candidate in CTE. 

Antonio et. al., isolated CSC from adult rats and attempted to regenerate functional 

myocardium in an infarcted rat model. Though, the infarcted rat heart showed signs of 

regeneration [86], usage of these cells poses a practical difficulty in the form of isolation, 

characterization and clinically significant expansion in vitro. CSC therapy in pre-clinical 

and clinical setting has also exhibited improved ejection fraction of the left ventricle  and 

their role in cardiac regeneration is being investigated [93] 

 

An important factor in CTE is the necessity to have all the cardiac cell types—CM, 

fibroblasts and vascular endothelial cells—in the engineered tissue. One way of achieving 

this complexity of cell population within the engineered construct is to mix and match 

various terminally differentiated or multipotent progenitor cells to get a desired cell type 

ratio, at least during construct seeding. Alternatively, pluripotent cell sources—i.e., stem 

cells which are capable of differentiating to all three germ layers comprising the human 

organism—can be used and pushed towards specific relevant lineages such as CM, CF, 

smooth muscle cells or endothelial cells. Early research into embryonic stem cells (ESCs), 

demonstrated their ability to differentiate into all cardiac cells [89]. Still, the ethical issues 

involved in the use of ESCs stemmed research on the identification of alternative 

pluripotent cell sources.  

 

In 2006, Takahashi and Yamanaka, in a breakthrough research, reported on the production 

of induced pluripotent stem cells (iPSC), an ESC like cells derived from somatic cells 

(moue embryonic and adult fibroblast). When the somatic cells are made to ectopically 

express four factors—OCT3/4, Sox2, KLF, and c-Myc—the cells exhibited characteristics 

similar to ESC i.e. colony morphology, self-renewal [94] and the ability to differentiate 

into cells of all three germ layers, including CM [95]. iPSC discovery has since provided 

an alternative cell source for cardiac regeneration, one which is potentially autologous—

as iPSCs can be derived from reprogramming of the patients own adult somatic cells—thus 

necessitating the need for ethically questionable ESCs [96-98]. Indeed, similar to ESCs, 

iPSC as well were shown to differentiate into all the major cardiac lineage cells [99-103].  
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Evidence to the impact of the discovery of iPSCs is the vast ongoing research in this 

relatively young field. Since the first report in 2006, iPSCs have been obtained, albeit with 

sometime different genetic combinations, from mice [94], human [104], rhesus [105], pig 

[106], rat [107], rabbit [108], canine [109], sheep [110] and bovine [111]. Furthermore, 

many different types of iPSC lines have been established using the same or different factors 

for inducing pluripotency [112]. Similarly, multiple protocols have been developed for the 

mass expansion of iPSCs in vitro, which makes translation of iPSC related studies towards 

clinical studies possible [101, 113, 114]. In the field of CTE, a few studies have been done 

using iPSC as a candidate cell for cardiac regeneration. Intra-myocardial injection of 

undifferentiated iPSCs in adult mouse models ceased the progression of remodeling in 

infarcted hearts and exhibited low expression of cardiac, smooth muscle and endothelial 

markers [90]. Human iPSCs injected in long term surviving porcine models exhibited 

endothelial like phenotype [91], though the actual mechanism of the differentiation is 

unclear. Taken together, the advantages of iPSCs make them an interesting and most 

promising candidate for CTE applications, and yet the interactions between this pluripotent 

cell source and complex bioactive environments remains largely uncharted.  

 

2.7 Current Strategies and Challenges in CTE 

 

Current tissue engineering strategies, to aid in regeneration of the infarcted myocardium, 

can be broadly categorized into either patch deposition or injectable delivery approaches 

[115]. In both cases, either cells alone, biomaterials alone or various combinations thereof 

are delivered aiming to augment the myocardium, prevent further deterioration and even 

restore cardiac function. Traditional cell injection therapies were first demonstrated in the 

1990s, by direct injection of C2C12 myoblasts and AT-1 cardiomyocyte in the myocardium 

of animal models [116, 117]. Menasche et al. have demonstrated injecting skeletal 

myoblasts in post infarcted scars in human patients but did not show any significant 

improvement in heart function [118]. In a study by Hoffman et al. they found that the 

transplanted cells were mostly found in liver and spleen [119]. Even to-date after many 

clinical trials with various cell sources [120], cell-only therapy approaches produce but 
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dismal results due to poor cell retention in the injected area and low survival of the few 

engrafted cells [121].  

 

Another cell-only strategy is the scaffold free cell patch where cells are cultured and 

allowed to form their own ECM [122], the limitation being that these scaffold free cell 

patches did not form a successful graft post implantation. Cell sheet engineering is another 

approach which uses poly (N-isopropylacrylamide), a temperature responsive polymer 

culture surface. Layers of cells and their secreted ECM grown on these surfaces can be 

easily detached and assembled into a 3D tissue structure [123]. It has also been 

demonstrated that these cell sheets can be directly implanted effectively without cell loss 

as the cells maintain their inherently secreted ECM [124]. However, to achieve human 

equivalent tissue thickness, several cell sheets need to be stacked together limiting the 

applicability of this approach due to insufficient oxygen and nutrition supply to the center 

of the construct [125].  

 

Tissue engineered biomaterial scaffolds have exhibited the ability to support cell seeding, 

survival and engraftment following implantation. For instance, cardiac like tissue 

constructs were reported using rat neonatal CM, and/or pluripotent stem cell derived CM 

that are pre-seeded on collagen or gelatin matrix in vitro prior to implantation. Following 

in vivo implantation these grafts displayed improved cell retention and survival at the 

infarcted area [35, 81, 126-133]. In addition to cell support and retention, biomaterials 

(patches or injectables) provides also mechanical support to the infarcted region (law of 

Laplace [134]). Thus, by reducing the stress on the infarcted myocardium, the adverse 

remodeling process slows down, and cardiac function is maintained. Though this approach 

helps in alleviating the existing condition, it does not successfully regenerate the infarct 

site [56].  

 

Various naturally obtained materials induce different levels of response, dependent on the 

origin and specific characteristics of the material itself. For instance, patches made from 

Collagen, an important constituent of the cardiac extracellular matrix (cECM) have been 

demonstrated to survive in vivo in immunosuppressed rats [135]. Another study involving 
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gelatin, a hydrolyzed form of collagen was used to showcase the ability of this material to 

perform as cardiac graft [136]. Alginate, a negatively charged polysaccharide graft was 

shown to encourage neovascularization in rat models [49]. Maintenance of cardiac function 

after MI has been demonstrated using fibrin glue alone [37]. Small intestine submucosa 

has been used as a scaffold material with seeded mesenchymal stem cells. Though this 

seeded scaffold showed significant heart function improvement in short term (4 weeks) 

when compared to the control scaffold without cells, a chronic inflammatory reaction in 

the graft area was observed. Also, there was no electromechanical communication between 

the implant and the host tissue [137]. Another appropriate candidate for use in cardiac patch 

for MI treatment would be ECM derived from cardiac origin. Our group has successfully 

fabricated an acellular cardiac ECM from porcine heart ventricle.  This ECM preserves the 

distinctive cardiac architecture, porosity and the inherent biochemical signals [68]. Thus, 

the type of architecture and biochemical signals that comprise each natural biomaterial, 

differentially affects the interaction with the seeded cells as well as recruited cells in vivo.  

 

Synthetic biomaterials also have been used in CTE. PLCL patch has been used in post MI 

rat models, but no significant difference was observed in improvement of left ventricular 

repair when compared to control animals [51]. Poly glycolide-co-caprolactone with bone 

marrow mononuclear cells have been studied in rat models. This displayed attenuation of 

left ventricle function, but the cardiac differentiation of the seeded cells in the graft site 

was not uniform [138]. Sepideh et. al. fabricated an electrospun gelatin/PCL hybrid 

scaffold. This hybrid scaffold exhibited improved adhesion and migration of human 

adipose derived stem cells (hASCs) when compared to control electrospun PCL scaffold 

[139].  

 

Nevertheless, despite many years of research, countless biomaterials and cell sources tested, 

different infarction animal models and clinical trials, and under various immunological 

conditions, the dynamic interactions between the cells and the biomaterials remain 

complex and are not sufficiently elucidated. Furthermore, various biomaterials induce 

different levels of response, dependent on the origin and specific characteristics of the 

material itself. Moreover, this variable property of the materials and the existing lack of 
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understanding of their vague interaction mechanism with cells, causing spontaneous 

differentiation of stem cells or dedifferentiation of differentiated cells, makes additional 

research in CTE necessary.  

 

2.8 Support of PSC and PSC Derived Cells by Biomaterials 

 

Though different natural, synthetic and hybrid scaffold platforms have been studied for 

iPSC or iPSC-CM interaction, to the best of our knowledge there has been no investigation 

of these cells’ interaction in a 3D bioactive environment (pcECM and 3DCS) under 

conditions without any external differentiation factors. Hence, we intend to work on 

bridging this knowledge gap, by seeding hiPSC on pcECM and 3DCS under normal culture 

condition and investigate if the inherent physical and tissue specific biochemical cues are 

sufficient to stimulate proliferation and spontaneous differentiation of the seeded cells.   

 

Previous works have demonstrated the ability of several biomaterials to support PSC. 

Zhang et. al., developed a matrix sandwich method using MatrigelTM for differentiation of 

iPSC into CM in the presence of additional growth factors. This work has monitored the 

ability of this matrix system to support the viability of CM over a period of 30 days by 

examining cardiac specific markers (Troponin and myosin light chain 2) [140]. However, 

MatrigelTM is a non-tissue specific ECM material, thereby requiring a combination of small 

molecules and growth factors to induce differentiation. However, to study the ability of a 

cardiac specific microenvironment in affecting cell fate, a tissue-based ECM like the 

pcECM or the 3DCS can be used to evaluate this microenvironment’s ability to induce 

spontaneous differentiation of PSC towards cardiac lineage in the absence of external 

growth factors or small molecules. Perfusion assisted recellularization of an entire mouse 

heart with human iPSC derived multipotent cardiac progenitor cells showed regeneration 

of the muscle as well as the vasculature in the mouse heart. The recellularized heart showed 

spontaneous contractions [141, 142]. Though this is an interesting result exhibiting the 

concept of iPSC usage, the production of a whole heart decellularization strategy is 

effortful and the resulting decellularized mouse hearts are much smaller than clinically 

required. Also, the scale up of this technology involves challenges such as nutrient 
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diffusion, recellularization and the variability of the natural material which could hamper 

the commercial application.  

 

Synthetic material platforms have also been studied for the support of PSC. Aligned PLGA 

nanofibers have exhibited alignment of hiPSC-CM compared to normal tissue culture 

plates (TCPs). But this was demonstrated in a scaffold of only 50 µm thickness yielding a 

monolayer of aligned hiPSC-CM [143]. An electrospun PCL scaffold with a murine 

embryonic fibroblast feeder layer exhibited spontaneous differentiation of murine iPSCs 

seeded in the presence of a differentiation medium [144]. This result though very 

interestingly displaying spontaneous differentiation, was carried out in an environment 

which is not comparable to native 3D conditions.  

 

2.9 Effect of Cardiac ECM Based Scaffolds on Cells 

 

Even though the bioactivity of cardiac ECM scaffolds, such as our pcECM, influences the 

seeded cells by altering the attachment, proliferation and differentiation, the underlying 

factors responsible for these effects remain unknown. 

 

Williams et. al. fabricated a rat heart ventricle ECM gel-fibrin scaffold crosslinked with 

transglutaminase. Cardiac progenitor cells seeded on this scaffold showed expression of 

cardiac, smooth muscle cell and endothelial marker expression. A limitation in this work 

as mentioned by the authors is the gelling ability of the rat ECM (to fibrin) at high ratios 

and the differences of a rat ECM model for human application [145]. Stoppel et. al. 

fabricated an aligned silk-porcine cardiac ECM based hybrid scaffold [146]. Though this 

scaffold displays the ability to support human embryonic stem cell derived CM, this 

scaffold might not be optimal for in vivo cardiac applications as long term in vitro study is 

required (> 7 days). Research by our group with thick (~1.5 cm) pcECM and hMSC-

HUVEC co culture exhibited in vitro angiogenesis and vessel sprouting by a time 

dependent addition of vascular endothelial growth factor in a dynamic bioreactor 

cultivation system [2]. This process of angiogenesis was attributed to the preserved 

biochemical cues in the bulk as well the preserved vascular infrastructure of the pcECM 
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[2]. Our group has also developed the liquid form of the pcECM and it exhibited excellent 

potential in its cell supportability and cardiac regeneration in rat models [147]. But the 

tunability of this material in terms of mechanical properties is challenging. Also, our group 

has also fabricated electrospun scaffolds with the pcECM and this electrospun scaffold is 

highly cell supportive [148]. Though both the liquid pcECM and the electrospun scaffold   

are very interesting materials, the origin of their bioactivity still remains uncovered. In an 

interesting work, Oberwallner et al, demonstrated the interaction between human cardiac 

ECM and murine iPSCs. In this study, the iPSCs were shown to differentiate towards 

cardiac lineage by expressing cardiac specific markers. This study demonstrated the ability 

of organ specific ECM in pushing the seeded PSCs towards the cells of that target organ. 

The limitation in this work is that the availability of the cardiac ECM that is being derived 

from human patients with serious cardiovascular conditions. Also, though the use of 

murine cells resulted in interesting results, to get clinically relevant understanding, human 

cells’ interaction with these type of bioactive environments is necessary [64]. A recent 

study by Guyette et. al. has used perfusion recellularization of an entire human 

decellularized heart with iPSC derived CM [149]. Although it is reported that the 

bioactivity of the human cardiac ECM contributed to the viability and functionality of the 

seeded iPSC-CM, the mechanism by which the native ECM has affects the seeded iPSC-

CM to maintain functionality remains unclear.  

 

Hence a biomimetic scaffold with a modular architecture and bioactivity profile would 

enable improved understanding of the pcECM mechanism of action. 

 

2.10 Conferring Bioactivity to Synthetic Scaffolds in CTE 

 

Although different hybrid scaffold platforms were studied for CTE applications, a 

knowledge gap remains in deducing an ideal scaffold with appropriate architecture and 

biochemical cues in comparison to an existing natural bioactive scaffold such as our 

pcECM.  

The scaffold materials’ bioactivity plays an important role for a dynamic interaction 

between the seeded cell and the scaffold. Various modifications can be done to render the 
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materials more bioactive if they are inherently not one [150]. The easiest way to make a 

material bioactive is to modify the surface by coating with biomolecules like collagen [151], 

gelatin [41], fibronectin [152], vitronectin [153], laminin [45], and synthetic peptide [154] 

molecules. The surface modification with these molecules have been shown to improve the 

cell adhesion and proliferation of the cells cultured on synthetic surfaces [155, 156]. 

Incorporation of bioactive molecules in the bulk material, release of loaded growth factors 

and scaffold surface peptides has enabled cellular functions like proliferation, migration 

and differentiation [157-162].  

 

A PCL-collagen-elastin-gelatin hybrid system was fabricated using electrospinning for 

CTE. Though this scaffold displays adhesion, migration and proliferation of the seeded 

human adipose derived stem cells, the thickness of the scaffold used was only 100-200 µm, 

which is not comparable to the thickness of the native cardiac 3D environment [139]. 

Another composite scaffold was fabricated by electrospinning of poly (glycerol sebacate)-

carbon nanotubes (CNTs) dispersed in gelatin methacrylate. This construct exhibited 

improved ability of rat CM to interact and spontaneously beat when compared to the 

control PGS scaffold without CNTs [163]. Though this CNT incorporated hybrid exhibits 

good electrophysiological environment, in vivo investigation is necessary to get 

information on the immunological effects this scaffold triggers and the effect of the scaffold 

degradation products. You et. al. fabricated a 3D conductive scaffold using hydroxyethyl 

methacrylate and gold nanoparticles. Though this platform displayed adhesion and beating 

of rat neonatal CM without any natural bioactive molecules, the duration of study was 

limited to only 8 days, requiring longer period of studies to investigate if the scaffold can 

maintain the beating of the CM over extended experimental durations [164].  

 

Hence, bioactivity of a scaffold material, either inherent or introduced by modification, is 

a guiding factor in maintaining an active communicating environment between the scaffold 

material and the cells seeded therein.  

 

2.11 Effect of Architecture vs. Bioactivity on Cell Behavior and Fate 
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Many studies have reported on the importance of cell-biomaterial scaffold interactions for 

tissue engineering and regenerative medicine applications. These studies, often are based 

on the ability of these interactions to influence the cellular fate. In particular, both inherent 

and external signals, in a cell scaffold environment can influence and determine the fate of 

the seeded stem cell [165-174]. These works point to the fact that factors such as scaffold 

architecture, biochemical cues and external stimuli has an important role in determining 

the seeded cellular fate. However, with respect to the effect of biomaterial scaffolds on the 

interacting pluripotent stem cell’s lineage commitement - the literature is quite scarce.  

Also, the influence of cardiac ECM mimicking microenvironments (in terms of 

architecture and biochemical composition) on human PSC differentiation and lineage 

commitment remains unexplored. A schematic of various factors that can affect stem cell 

fate is represented in Figure 2-3. 

 

 

Figure 2-3: Influence of various factors on stem cell fate 
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3    Chapter 3  

 

   Experimental Methodology  

 

This chapter summarizes the materials, methods and instruments used in this 

thesis. The first section illustrates the list of materials used in the thesis. The 

following sections describe the methods used of the scaffold fabrication 

followed by the characterization techniques used to study the scaffolds’ 

morphology, chemistry, composition, mechanical properties, cell interactions, 

and statistics.  
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3.1 Overall Experimental Design 

 

Figure 3-1 represents the overall experimental design of the work. Aim 1 focuses on 

additional characterization of the pcECM to identify the parameters which can be mimicked in 

the electrospinning process. Based on the pcECM characterization, wet electrospinning was 

used to fabricate a 3D synthetic scaffold. This scaffold was characterized for morphology, pore 

size and mechanical properties. The scaffold was modified with liquid pcECM to incorporate 

tissue specific bioactivity. Finally, the ability of this 3D composite scaffold (3DCS) to support 

cells was studied. Aim 2 and Aim 3 focused on the interaction of hiPSC-CM and hiPSC, 

respectively, with the pcECM and their equivalent 3DCS. Protein expression using 

immunofluorescence was carried out to investigate and compare the interaction between cells 

of various potency levels and the pcECM and its equivalent 3DCS. 
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Figure 3-1 Overall experimental design 

 

3.2 General Materials and Kits 

 

Alamar Blue TM Bio-Rad (BUF012B) 

Albumin from bovine serum (BSA) Sigma (#A2153) 

Chloroform Bio-Lab (#03080521) 

DAPI Sigma (#D-8417) 

DMSO Merck (#2324948) 

DNase Deoxyribonuclease (For RT-PCR) Promega (#M610A) 

EDC Sigma (#39391) 

Ethanol absolute Frutarom LTD (#5551640) 
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Fetal bovine serum (FBS) Biological industries (#04-001-1A) 

Fluoromount-G (+DAPI) Southern Biotech (#0100-20) 

Formaldehyde (Formalin, 37% in DDW) Aldrich (#533998) 

Griess reagent system Promega (#G2930) 

Hoechst 33258 Life sciences (#H21491) 

Hydrochloric Acid (HCl) Merck (#109057) 

Isopropyl alcohol Gadot (#5551640) 

Lipopolysaccharide (LPS) Sigma (#L3129) 

Methanol Frutarom LTD (#5558520) 

Microscope slides superfrost plus Menzel Glaser (#J1800AMNZ) 

Paraformaldehyde (PFA) EMS (#15710) 

Phalloidin -FITC 

Potassium Chloride (KCl) Merck (#12257) 

Potassium hydroxide (KOH) Frutarom (#2355528900) 

Potassium Phosphate (KH2PO4) Sigma (#P5655) 

Sodium azide Acros organics (#26628-22) 

Sodium acetate Sigma (#S2889) 

Sodium chloride Frutarom (#5550950) 

Sodium dodecyl sulfate (SDS) Sigma (#L3771) 

Sodium hydroxide Merck (#1.06498.1000) 

Sodium Phosphate Carlo Erba (#480087) 

Tissue-Tek OCT compound Sakura (#4583) 

Tri Reagent TM Sigma (#T9424) 

Triton X-100 Merck (#11869) 

Trypan Blue Solution 0.4% Sigma (#T8154) 

 

3.2.1 Antibodies 

PE/Cy5 anti-human CD90 (Thy1) Antibody, Biolegend (#328112) 

APC anti-human CD44 Antibody, Biolegend (#338806) 

APC anti-human CD29 Antibody, Biolegend (#303008) 

APC anti-human CD105 Antibody, Biolegend (#323208) 
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APC anti-human CD73 Antibody, Biolegend (#344003) 

Human Embryonic marker panel (Oct4, Nanog, Tra-1-60, SOX2 and SSEA4), Abcam, 

(ab109884) 

Mouse anti human Sarcomeric α-actinin, Sigma (#A7811) 

Mouse anti human Cardiac troponin I, Millipore (#MAB1691) 

Goat anti mouse. Alexa Flour 647 Molecular probes (#A21235) 

 

3.2.2 Enzymes 

• Pepsin- Sigma (#P7000) 

• Trypsin from porcine pancreas (type IX-S, 13,000-20,000 BAEE units/mg protein) 

(#T0303, Sigma-Aldrich) 

• Trypsin from porcine pancreas for tissue culture (#T4799, Sigma-Aldrich) 

 

3.2.3 Cell Culture Reagents and Media 

Unless otherwise stated, all cell culture and reagents were purchased from Biological 

Industries, Beit Haemek, Israel. 

FCS - Fetal Calf Serum- Biological Industries, (#04-001-1A) 

FBS – Defined fetal bovine serum, Hyclone (#3007003) 

CaCl2 - Baker (#0070) 

Non-essential amino acid- (#01-340-1) 

L-glutamine- s (#41-218) 

Medium M-199 (Earle's) with L-glutamine (#01-080-1A) 

Medium DMEM with D-glucose 4500 mg/lit, with L-glutamine (#11-050-1M) 

Medium DMEM (low) with D-glucose 1000mg/lit (#11-050-1G) 

Medium α-MEM (#01-042-1G) 

F-12 supplement (Gibco, #21765029) 

2-mercaptoethanol (Sigma, M3148) 

bFGF (Sigma, #F0291) 

Penicillin & Streptomycin (P/S) x10, 10000unit/per ml (#03-031-5B) 

Trypsin EDTA- solution, EDTA 0.02% (#03-050-1A) 

Aquagard-1 (for disinfecting water in CO2 incubators), 10ml per L (#01-867-1B) 
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Aquagard-2 solution (for disinfecting water bath), 2ml per L (#01-867-1B) 

BioMYC-3 antibiotic solution 100x (#03-038-1C). 

Amphotericin B (Fungizone, #15290026, Life sciences, Gibco) 

 

3.2.4 Cells, Culture Medium and Maintenance 

All cultures were maintained in 37ºC and humidified atmosphere of 5% CO2. 

 

RAW 264.7 – Murine macrophage cell line, (#TIB-71, ATCC). Were used for In-Vitro 

biocompatibility assays. The base medium for this cell line is DMEM supplemented with 

10% FCS, 1% Pen-Strep® and 0.4% Fungizone. 

 

Human bone marrow mesenchymal stem cells (hMSCs) (Lonza, Switzerland) were 

cultured using αMEM, supplemented with 10% FCS, 1% Pen-Strep, 0.4% Fungizone, and 

5ng/mL basic fibroblast growth factor (Biological Industries, Israel). Media was replaced 

every 2 days. Cells were cultured at 37°C in a humidified incubator with 5% CO2. 

 

Two HiPSC (hiPSCs) were used in this thesis.  

 

HiPSC (hiPSC), IMR-90 (WiCell bank, WI, with signed MOU), were cultured in 

mTeSR™1 (STEMCELL Technologies, Canada) medium on tissue culture plates coated 

with Geltrex (Life technologies, Singapore) at 37 °C in 5% CO2 incubator. The training for 

maintenance, expansion and differentiation of the hiPSC was performed at the 

Bioprocessing Technology institute, Singapore (BTI) under a signed non-disclosure 

agreement (NDA) and is based on a micro carrier (MC) platform as previously published 

[1]. Briefly, hiPSCs were cultured for 7 days on Geltrex coated micro carriers with daily 

media changes for expansion. The differentiation was performed in a spinner flask with 

small molecules CHIR99021 and IWR 1 endo. Following 12 days of differentiation, the 

were harvested with TrypLE dissociation. 

 

Another hiPSC cell line (UT) was kindly provided by Prof. Lior Gepstein’s lab (Faculty of 

Medicine, Technion, Israel), and cultured according to their protocol [2]. The hiPSC 
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colonies were plated on Matrigel-coated plates and cultured in complete mTeSR1 medium. 

When cells reach ~85% confluency, they were split at 1:6 using 0.5mM EDTA and re-

plated in mTeSR medium supplemented with 2 μM Thiazovivin (ROCK inhibitor). After 

4 days (day 0), if cells are 80- 90% confluent, the differentiation process was initiated by 

changing the culture medium to the differentiation medium. The differentiation medium 

used was RPMI-B27 and containing RPMI supplemented with B27 minus insulin. On day 

0 the mTeSR was replaced with RPMI-B27supplemented with 6μM CHIR99021 

(mimicking activation of the canonical Wnt pathway). On day 2 the medium was 

exchanged with RPMI-B27 supplemented with 2μM Wnt-C59 (a potent Wnt signaling 

pathway inhibitor). From day 4 onward, the cells were cultured with RPMI-B27 medium. 

Contracting areas usually appear from day 8 to day 12 of differentiation. 

 

3.2.5 Buffers and Solutions 

PBS 

8.1mM Na2HPO4 

1.47mM KH2PO4 

0.137M NaCl 

2.68mM KCl 

pH= 7.4 

 

Saline 

NaCl 0.9% 

pH = 7.4 

 

Trypsin-EDTA 

0.05% Trypsin 

0.02% EDTA 

 

Triton X-100- Ammonium hydroxide 

1% triton X-100 and 1% NH4OH in PBS 
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Formalin 

10% formalin in PBS 

 

4% PFA 

4% PFA in PBS (diluted from purchased ampule of 16% PFA in DDW). 

 

Natural Buffered Formalin 10%: 

 

3.2.6 Software 

 

NIS Elements – Nikon, Japan. Used for quantification of fluorescence and histology 

images. 

 

ZEN light edition, 2011 – blue and black versions, Carl Zeiss, Germany. Used for image 

acquisition and analyses for confocal microscopy (LSM710 and LSM510meta) results. 

 

ImageJ, NIH free ware. Used for image post processing. 

 

FCS Express, De Novo, Used for FACS data analysis  

 

OriginPro 8, OriginLab, Used for all statistical analysis 

 

 

 

 

3.3 Decellularization and Liquid pcECM Preparation 

 

Decellularization is a technique in which the extracellular matrix (ECM) of a tissue is isolated 

by the removal or stripping of the cellular components of the tissue through physical, chemical 

and/or enzymatic treatments. The process results in a decellularized ECM which can be used 
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as a scaffold material in artificial organ development or tissue engineering. Post isolation, this 

decellularized ECM materials can be seeded with different cells to achieve a tissue construct. 

 

For decellularization, hearts from healthy commercial slaughter-weight female pigs were 

harvested and immersed in ice-cold sterile PBS, with antibiotics (Penicillin/Streptomycin and 

Fungizone). The atria, right ventricle and any excess fat were removed, and the left ventricle 

was excised, and 3 mm slices were prepared.  

 

 

Figure 3-2 Decellularization and liquid ECM preparation reaction scheme [3, 4].  

 

The decellularization procedure (Figure 3-2) consisted of three steps: alternating 

hyper/hypo tonic solutions (1.1% and 0.7% (w/v) NaCl in DDW, respectively); enzymatic 

treatment using 0.05% (w/v) trypsin (Sigma, St. Louis, MO) supplemented with 0.02% 

(w/v) EDTA (Sigma, St. Louis, MO) calibrated to pH 8.2 and maintained at 37oC for 

optimal trypsin activity; and detergent washes with 1% (v/v) Triton-X-100 (BioLab Ltd., 

Israel) in PBS supplemented with 1% (v/v) ammonium hydroxide (BioLab Ltd., Israel).  

 

The decellularized pcECM was then frozen in liquid nitrogen, crushed and lyophilized to 

a dry fine powder. The powder was solubilized (10 mg/ml) in 0.01M HCl using 1 min 

sonication, followed by enzymatic digestion using 1 mg/ml pepsin. The solution was then 

adjusted to pH 5 with NaOH (0.1M) and kept at 4°C. 
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3.4 Electrospinning 

 

Electrospinning is a widely used technique for the fabrication of polymeric fibers from 

polymer solutions in the presence of a high voltage (Figure 3-3). The fiber formation 

process in electrospinning is the consequence of competition between two forces; 

electrostatic repulsion and surface tension. The electrospinning spinning setup consists of 

a syringe pump, high voltage supply and a collector. Polymer solution loaded in a syringe 

is pumped to form a polymer droplet in the needle connected to the syringe and a high 

external voltage is applied to the needle and the collector is grounded. When the charges 

on the surface of the droplet (electrostatic repulsion) overcomes the surface tension of the 

liquid droplet, the macromolecular polymers in the droplet results in fiber formation on the 

surface of the collector. Various parameters influence the success of fiber formation like 

polymer solution concentration and viscosity, polymer solvent volatility, syringe pump 

flow rate, needle diameter, applied voltage, distance between the needle and the collector.  

 

 

Figure 3-3 Electrospinning setup A) Traditional & B) Wet electrospinning. 

 

 

Copolymer of L-lactide and ε-caprolactone (PLCL) (PURASORB PLC 7015, Corbion, 

Netherlands) in 70/30 molar ratio (Inherent Viscosity 1.5 dl/g) was used. PLCL solutions 

with different solvent combinations were prepared and electrospun. Similarly, copolymer 

of DL-lactide and glycolide (PLGA) (RESOMER LG 824 S, Germany) in 80/20 molar 

ratio (Inherent Viscosity 1.7-2.6 dl/g) was dissolved in a solvent mixture containing 70 % 



Experimental Methodology  Chapter 3 

 

55 

 

Chloroform and 30 % Dimethyl formamide. The obtained solution was electrospun at a 

voltage of 18 kV, tip to target distance of 4 cm and at a flow rate of 0.5 mL/h using a 23 G 

(inner diameter – 0.337 mm) needle in electrospinning machine (NANON, Japan). For wet 

electrospinning, a metal mold and a liquid collector was used containing a solution of iso-

propyl alcohol and distilled water in the ratio of 7:3, with poloxamer F108 used as 

surfactant. Post wet electrospinning, the collected scaffold was frozen, washed 2-3 times 

in distilled water and refrozen. The frozen samples were freeze dried for 24-48 h. To obtain 

stable electrospinning conditions various parameters were altered—concentration of the 

polymer solution (10-15 %), solvent mixtures (DCM: DMF, TFE: CF, CF: DMF), applied 

voltage (15-25 kV), flow rate (0.1 – 0.5 mL/h), needle gauge (23 G, 25 G) and tip to 

collector distance (4-12 cm). Fibers collected on aluminum foil (solid collector) were used 

as reference for wet (liquid collector) electrospinning conditions. 

 

3.5 Morphological Analysis of the Scaffolds by Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is a surface characterization technique which uses 

focused electron beams to scan and reveal their morphological structures under vacuum 

(Figure 3-4). SEM was used to study the morphology of our scaffolds, as the SEM can 

resolve structures in the order of micro and nanometers, which are the expected scale of 

structures in our scaffolds. Typically, an electron microscope consists of an electron source, 

which upon application of voltage emits electrons. These emitted electrons are focused 

using electromagnetic lenses and used for scanning the surface of the sample in a raster 

pattern. Based on the type of interaction and the interaction volume of the electron beam 

with the sample surface the type of emitted signals varies from backscattered, secondary, 

and X-rays. These signals can be detected using an array of detectors present in the SEM.  
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Figure 3-4 Scanning electron microscopy working schematic [5] 

 

The morphology of the obtained fibrous scaffolds was characterized by scanning electron 

microscopy (SEM) (JEOL 6360, Japan). Scaffolds were sputter-coated with a thin layer of 

gold for 30 sec using SPI-Module Sputter Coater System and observed under SEM using 

an accelerating voltage of 5-10 kV. Diameter J [6], an ImageJ plugin, was used to quantify 

the fiber diameter of randomly collected SEM images (n=5) obtained at 2000x 

magnification of the 3D electrospun and pcECM scaffolds. Pore size of the scaffolds were 

calculated manually using Image J. 

 

3.6 Scaffold Chemistry Analysis using Fourier-Transform Infrared Spectroscopy 

 

Fourier-Transform Infrared (FTIR) spectroscopy is an absorption spectroscopy technique 

which uses an infrared radiation’s interaction with materials to study the chemistry of the 

material (Figure 3-5). Attenuated total reflection -FTIR (ATR-FTIR), is a method to study 

the surface of the materials, as it is simple and straightforward to use without the need for 

extensive sample preparation. When IR radiation interacts with materials, the materials 

absorb the energy and the chemical bonds in the material undergo different kinds of 

vibration characteristic of the bond type. The detector in the FTIR instrument recognizes 
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this absorption corresponding to different wavelength or wave numbers and records it as a 

spectrum with transmittance in the y-axis and wave number in the x-axis. This spectrum 

can be used to identify characteristic chemical groups present in the materials and identify 

them qualitatively.  

 

 

Figure 3-5 FTIR working schematic [7] 

 

Perkin Elmer® FTIR- Frontier [Perkin Elmer Inc., Shelton, USA] was used in attenuated 

total reflection mode was used to study the surface chemistry of the electrospun scaffolds 

with the as received polymers acting as controls and the pcECM. The samples were 

analyzed in the range of 600-4000 cm-1 at 32 scans per sample. 

 

3.7 Scaffold Mechanical Characterization using Uniaxial Testing 

 

Uniaxial testing offers a simple method to study a material’s response to loading. By 

administering a controlled displacement along an axis, we can obtain the change in 

dimensions and the resulting parameters from a stress-strain curve in a strain to break test 

(Figure 3-6).  
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Figure 3-6 Uniaxial testing machine working schematic (From warwick.ac.uk) 

 

Uniaxial tensile testing machine uses a load cell to measure the load at constant extension 

rate. The geometry and dimensions of the sample are used here to compute the stress and 

strain from the load applied and the corresponding strain. The stress, strain and Young’s 

modulus are calculated as follows.  

 

𝜎 = 𝐹/𝐴𝑜 

Where σ is the stress in Pa, F is the force or load applied, Ao is the initial cross-sectional 

area in the direction perpendicular to extension. 

 

𝜀 =  ∆𝐿/𝐿𝑜 

Where ε is the strain, ∆L is the change in length of the sample and L is the original length 

of the sample.  

 

𝐸 = 𝜎/𝜀 

Where E is the Young’s modulus calculated as the slope from the stress strain curve in the 

linear region.  
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Instron 5943 Universal Testing Instrument [Instron, Norwood, MA] with 50N load cell 

was used. Device control and data acquisition were performed with BlueHill® Software. 

All samples were lyophilized before mechanical testing. Specimens (n=3 for each group) 

of 5 mm width, 8 mm thickness and 10 mm length were mounted with a pneumatic grip 

and were stretched at a rate of 0.05 mm/s until sample failure. Linear region of the stress 

strain curves was used to calculate Young’s modulus. The peak value of the stress strain 

curve was used to calculate the ultimate tensile stress.  

 

3.8 Scaffold Biochemical Composition using LC-MS/MS  

 

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is a 

technique used for the separation and identification of molecules from a mixture (Figure 

3-7). To characterize the scaffold biochemical composition, we used LC-MS/MS. Prepared 

samples are loaded to the instrument, where LC separates the multiple components of the 

mixture. This is followed by the first MS, where molecules are ionized and separated based 

on mass to charge ratio (m/z) and in the second MS further ionization takes place to form 

fragments and molecules are detected with higher sensitivity. 

 

 

Figure 3-7 LC-MS based proteomics working schematic [8] 

 

Proteomic analysis was performed at the Smoler Protein Research Center, Technion – 

Israel Institute of Technology, as per previously published protocol [9]. Briefly, samples 

were digested with trypsin and the resulting peptides were analyzed by liquid 
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chromatography tandem mass spectrometry (LC-MS/MS). Peptide fractionation was 

performed by high-pressure liquid chromatography (HPLC) and electrospray ionization. 

Collision induced dissociation was used for further fractionation of the peptides, for 

additional analysis and identification. Proteome discoverer software (Thermo-Scientific) 

was used for peptide analysis and identification, against the porcine part of the UniProt 

database. Uncharacterized protein in the database was further analyzed using a basic local 

alignment search tool (BLAST) on the UniProt database to find similar sequences to 

identify members of the same gene family. 

 

3.9 Cell Characterization using Flow Cytometry 

 

Flow cytometry is a technique that can be used for characterization of cell fluorescence 

with a laser. This technique can be used to characterize the cellular properties based on 

their surface or intracellular protein expression and followed by immunostaining.  

 

 

Figure 3-8 FACS working schematic 

 

Flow cytometry uses a combination of microfluidics and laser to quantify the cells (Figure 

3-8) based on the presence or absence of fluorescence in cell population, which is a direct 

manifestation of the expression of the target protein or its absence. The main components 

of a flow cytometer are a flow cell, laser, and detector. The flow cell contains a liquid 

called as sheath fluid which helps in the flow of the cells in an order to form droplets of 
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single cells. Laser irradiation on these cells if resulting in a fluorescence will be recorded 

by the detector and further processing is done using a computer-based software.  

 

To determine cell marker expression, isolated cells were fluorescently labeled and analyzed 

using FACS (Calibur, BD, USA). Cell labeling was performed with the antibodies listed 

in Table 5. Briefly, cells were washed once with PBS and fixated with 0.5% formaldehyde 

for 10 min at 37oC, washed with PBS and then permeabilized with 0.25% Triton for 5 min 

on ice. Cells were then washed with PBS, resuspended in a wash buffer (0.5% BSA in 

PBS), and aliquoted to 500,000 cells in 100 μl according to the no. of antibodies used for 

staining + isotype (per secondary antibody) and cell only controls. Aliquots were incubated 

with primary antibodies diluted according to their optimal dilution factor in wash buffer 

for 30min at room temperature. This was followed with couple of washes in wash buffer 

(2x5min each) and incubation with a secondary antibody (diluted in wash buffer) for 30 

min at room temperature (covered with aluminum foil). Stained cells were washed twice 

with wash buffer prior to FACS analyses. 

 

3.10 Immunofluorescence and Microscopy 

 

Immunofluorescence is the study of antigen antibody interaction in biological specimens 

(Figure 3-9 A). This can be used to characterize cellular components and/or structures 

based on protein expression in the cell. Immunofluorescence was used here as a tool to 

qualitatively characterize the cell-scaffold interaction and characterize for expression for 

cardiac markers. Traditionally, immunofluorescence uses a sequence of processes to 

prepare the sample with primary and secondary antibody to render the target protein 

fluorescent and then are imaged using fluorescent microscopes and/or confocal laser 

scanning microscopes. An external light source is used to excite the fluorescent dye and 

the emission is observed as fluorescence. Multiple cellular components can be imaged 

using different fluorescent molecules.  
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Figure 3-9 Schematics of Immunofluorescence (A) [10] and Confocal microscopy (B) 

 

The fluorescent microscope consists of a mercury vapor lamp light source, filter cube set 

for excitation and emission, objective lens, mirrors, detectors/camera and eye piece. These 

fluorescent microscopes are easy to use and can be used for initial assessment of the 

samples. However, the limitation in terms of using thicker samples, resulting in blurred 

images requires better imaging systems which can aid in imaging thicker specimens with 

better resolution. Hence confocal microscopy is used. The major differences between the 

normal fluorescence microscope and a confocal microscope are the light source and 

additional components to avoid blurred images. In confocal microscope (Figure 3-9 B), 

lasers are used instead of mercury vapor lamps and a pin hole in front of the detector to 

remove out of focus signal. Other advantages of the confocal microscope include the option 

of controlling depth of field, focal plane and focal plane stacking (z-stacking) for thicker 

samples.  

 

For immunofluorescence the samples were processed as described below. 

 

The specimens were placed in plastic molds and embedded in OCT for 1hr at RT. OCT 

was replaced with fresh one and molds were frozen over dry ice. The molds were kept at –

80ºC until use. Sections, 10μm–thick (unless otherwise stated), were sliced from the blocks 
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using a cryostat (Leica) and mounted onto positively charged glass slides (Menzel glaser, 

Germany). The slides were kept at –20ºC until staining was performed. OCT-embedded 

sections were allowed to reach RT equilibrium for 1hr in the darkness prior to fixation. 

Slides were carefully placed in -20°C cold methanol containing dish placed inside a 4°C 

refrigerator for 20min. To remove OCT from the slides, fixated slides were carefully 

transferred into PBS solution for 20min (RT). For histochemistry, OCT free slides were 

washed with DDW 2x to get rid of excess salts and remaining OCT, followed by air-drying 

inside a chemical hood for 5-10min prior to staining. 

 

Each specimen was carefully circled using a PAP pen. If permeabilization needed, samples 

were incubated with 1% Triton X-100 for no more than 10 min at RT. Blocking unspecific 

protein binding sites was performed with 5% FBS for 1 hr at RT. Specimen were incubated 

with primary antibodies diluted in 3% FBS (+0.1% Triton X-100 in PBS if using 

intracellular antibody) at 4°C overnight. After 3x washes in PBS, the samples were 

subsequently incubated with secondary antibodies diluted in 3% FBS in PBS for 1 hr at RT 

(protected with aluminum foil). Samples were then washed 3x in PBS (DAPI or Hoechst 

staining in PBS for 10 min can be performed at that stage) and finally mounted with 

fluoromount for bleaching prevention.  The stained slides were imaged with a confocal 

laser scanning microscope (LSM 710, Zeiss).  

 

3.11 Cell Viability using Alamar Blue Assay 

 

Alamar Blue is a bioassay which uses a redox indicator to evaluate cellular health and 

metabolism in vitro. Alamar Blue assay is used to monitor cellular viability of cell seeded 

scaffolds as this method offers an option for continuous monitoring over longer culture 

periods. Alamar Blue works on the principle of using the cells reducing environment to 

reduce the active ingredient, resazurin (Figure 3-10). The reduced molecule is stable in the 

culture environment and does not interfere with the general metabolism of the cells and 

reduced product can be detected by their fluorescence (Excitation – 540 nm; Emission – 

590 nm).  
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Figure 3-10 Alamar BlueTM working principle 

 

Following different cell interaction studies, AlamarBlueTM assay is performed as follows. 

To the culture plate wells containing the cell-scaffold construct, 1 ml of complete culture 

medium with 10% AlamarBlue™ was added to each well. After 2.5 hours (for hMSCs) 

and 4-5 h (for hiPSCs) incubation with AlamarBlue™, 100 μL of each well in three 

replicates were transferred in a black 96-well plate for fluorescence reading on the 

Varioskan flash reader (excitation 540 nm, emission 595 nm) to measure cell viability. 

 

3.12 Statistical Analysis 

 

All data are presented in the form of mean±standard deviation. ANOVA (One way/Two 

way) followed by post-hoc Tukey analysis and student t-test were employed to compute 

statistical significance between experimental groups. Origin 8 (OriginLab, USA), was used 

to conduct all the statistical analysis. Unless otherwise stated, p<0.05 is considered 

statistically significant.  
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4    Chapter 4  

 

   Fabrication and characterization of a 3D composite scaffold  

 

This chapter illustrates the results of the fabrication of the composite scaffold 

obtained from the combination of the 3D synthetic polymeric scaffold and the 

natural liquid pcECM gel. The chapter begins with the characterization of the 

pcECM for different parameters that the synthetic scaffolds can mimic. Wet 

electrospinning was employed to fabricate 3D scaffolds of PLCL and PLGA. 

These synthetic scaffolds were characterized for their morphology and pore 

size and mechanical property. Based on this assessment and the ease of 

fabrication, PLGA scaffold was chosen for further investigations. This 

scaffold was further modified with the liquid pcECM using traditional EDC-

NHS chemistry with few modifications to obtain a 3D composite scaffold 

(3DCS). The 3DCS mimicked the morphology, chemistry, biochemical 

composition of the pcECM scaffold and had suitable mechanical properties 

for cardiac applications. Furthermore, the 3DCS did not display any 

immunogenicity in vitro and supported human stem cells’ attachment and 

proliferation up to 14 days. 
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4.1 Experimental Methods 

 

4.1.1 In vitro Immunogenicity Study 

 

RAW 264.7 cells (ATCC, TIB-71™) were cultured with high glucose DMEM (DMEM-

HIGH, Sigma, St. Louis, MO) supplemented with 10% FCS, 1% Pen-Strep® and 0.4% 

Fungizone® for one day, after which the medium was changed to a low-serum medium (3% 

serum). Once 70% confluence was reached; the cells were exposed to unmodified PLGA, 

3DCS, pcECM scaffolds. Lipo polysaccharide (LPS) was used as the positive control and 

cell without treatment were used as baseline controls. Levels of secreted nitric oxide (NO) 

were measured as an indication of inflammatory response and immunogenicity. After 16 h 

incubation with the samples, secreted NO levels were measured and determined against a 

standard calibration curve (0-100μM sodium nitrite in low-serum medium) as the free 

stable nitrite form (NO2-) using the Griess reagent system (Promega, Madison, WI) 

according to the manufacturer’s instructions. 

 

4.1.2 Scaffold Disinfection 

 

Electrospun PLGA and 3DCS scaffolds were sterilized by UV irradiation for 30 min, and 

washed by DI water and sterile filtered phosphate-buffered saline (PBS) for three times. 

Before seeding the cells, the scaffolds were aseptically transferred to a fresh tissue culture 

plate for further experiments. pcECM scaffolds were disinfected by washing with 70 (v/v) % 

ethanol in distilled water, three times for 1 hr each, followed by three washes in sterile PBS 

for 1 hr each. Following sterilization/disinfection, both scaffold types were immersed in 

complete cell culture media without antibiotics and kept over-night at 37oC, 5% CO2 

incubation to verify lack of microbial cell growth by microscopy examination of the 

supernatant at 40x magnification.   

 

 

 

4.1.3 Cell Culture on Scaffolds 
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Electrospun PLGA, 3DCS and pcECM 3D scaffolds were prepared to have a dimension of 

10 mm diameter. Scaffolds were aseptically transferred into the wells of 48 well plates (flat 

bottom) and allowed to occupy the entire available surface area of each well. hMSCs were 

harvested using trypsin and the obtained cells were diluted in culture medium to reach 

200,000 cells per 100 µL. The cell suspension was added to the scaffolds’ surface gently 

and making sure to cover majority of the scaffolds surface. The cell seeded scaffolds were 

incubated in a CO2 incubator at 37oC for initial attachment. Each scaffold was subsequently 

washed with PBS to remove the non-attached cells and were transferred into a well of a 

12-well plate with 2 mL of media. The cell viability was performed on day 3, 7 and 14 as 

described in section 3.11.  

 

4.2 Results & Discussion 

 

4.2.1 pcECM Characterization to Identify Parameters to Mimic in 3DCS 

Decellularized pcECMs were obtained (as mentioned in section 3.3) from Professor 

Marcelle Machluf’s laboratory at the Technion-Israel Institute of Technology. The 

decellularization involves a three-step process as previously published [1, 2]. pcECM 

characterization in this work was carried out to investigate the architecture, pore size, and 

mechanical property to identify and mimic these parameters during the fabrication of a 

synthetic 3D electrospun scaffold. The pcECM developed by our group was characterized 

extensively and exhibited promising in vitro cell support ability, differentiation ability and 

angiogenesis in the preserved vasculature [2, 3]. Further characterization of the pcECM for 

its morphological properties were carried out to determine parameters that can be 

mimicked using a synthetic scaffold. To mimic the fibrous morphology of the pcECM, wet 

electrospinning of PLCL and PLGA was carried out, as it is widely accepted that 

electrospinning results in ECM mimicking fibrous morphologies [4-6]. Figure 4-1 

represents the process of decellularization, the macroscopic appearance, architecture, and 

pore size distribution of the pcECM. 
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Figure 4-1 Decellularization process, macroscopic appearance and characterization of 

architecture of decellularized pcECM. 

Reaction scheme for decellularization of pcECM (A); Decellularized pcECM (B); Freeze 

dried cross-section view of pcECM (C); SEM image of the endocardial layer (D); 

Myocardial layer (E); Epicardial layer (F) of the pcECM; Fiber diameter distribution (G); 

Pore size distribution (H); Representative strain to break assay curve (out of n=3 repetitions) 

(I). 

Fiber diameter distribution was observed from nano to micro range in the pcECM due to 

the inherent strut and fiber morphology. The pcECM myocardial fibers have a mean 

diameter of 0.431±0.058 µm. Due to the native fiber and strut morphology of the pcECM, 
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the diameter exhibited here is not absolute and is an overall estimate obtained through SEM 

image analysis. The pcECM has an overall mean pore size of 11.33±4.97 µm. The pcECM 

myocardial layer had a Young’s modulus of 193.9±99.8 kPa. These are the parameters of 

interest that we would try mimicking in the 3D electrospun scaffold. 

 

4.2.2 Wet Electrospinning of PLCL and PLGA – Optimization and Characterization 

 

Electrospinning was performed using methods mentioned in section  3.4. Different 

experiments were carried out to optimize various solvent combinations, polymer 

concentrations, flow rates, applied voltages (Table 4-1) for the stable fabrication of 3D 

PLCL scaffolds. During electrospinning the polymer jet emerging from the needle was 

inspected to assure continuous and stable flow. PLCL concentration of 10, 12 and 15 % 

(w/v) was used for the optimization. The tip to target distance was not modified during the 

solid electrospinning. However, for wet electrospinning, the distance was modified to 

obtain reproducible spinning conditions. The effect of solvent and solvent combinations 

were also studied as this affects the polymer solution properties and spinning process [7-

10].  

 

Table 4-1 Poly (L-Lacitde-co-ε-caprolactone) (70:30) electrospinning conditions. 

Electrospinning conditions of PLCL (7030) polymer solution of inherent viscosity – 1.5 dL/g 

Collector# 
Concentration 

(w/v) % 
Solvents* 

Applied 

Voltage 

(kV) 

Flow 

rate 

(mL/h) 

Tip to 

collector 

distance 

(cm) 

Solution 

flow and 

spinning 

ability 

Solid 

10 
DCM: 

DMF (8:2) 
15 0.5 12 

Resulted in 

solution 

flow 

suitable for 

spinning 

12 
DCM: 

DMF (8:2) 
15 0.5 12 

12 
DCM: 

DMF (7:3) 
15 0.4 12 

15 
TFE:CF 

(7:3) 
15 0.5 12 

15 
TFE:CF 

(7:3) 
25 0.5 12 

Liquid 10 
DCM: 

DMF (8:2) 
15 0.1 4 

Did not 

result in 
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12 
DCM: 

DMF (8:2) 
16.5 0.4 5 

proper 

solution 

flow 
12 

DCM: 

DMF (7:3) 
17 0.2 3.5 

15 
TFE:CF 

(7:3) 
15 0.5 4 

Unstable 

flow over 

longer 

periods of 

spinning 

15 
TFE:CF 

(7:3) 
25 0.5 4 

Proper 

solution 

flow but not 

reproducible 

scaffold 

structure 

* DCM – Dichloromethane, DMF – Dimethylformamide, TFE – trifluoroethanol, CF – 

Chloroform; # - solid - aluminum foil, liquid – liquid bath collector. 23 G needle was used 

for this experiment.  

 

In all the conditions, the electrospun fibers obtained by using a 2D solid collector 

(aluminum foil, internal control), exhibited a defect free homogeneous fiber formation 

(Figure 4-2 A). However, when the same solution conditions were used for the fabrication 

of 3D fibers using the liquid collector, there were defects in the fiber formation resulting 

in fiber merging and/or pockets of densely crowded fibers (Figure 4-2 B&C, respectively). 

The beaded structures were probably due to insufficient solution viscosity and surface 

tension effects on the polymer jet [11]. Though the fiber morphology in Figure 4.2 B&C, 

can be compared to the anisotropic morphology present in the pcECM, the visual 

inspection of the solution flow from the needle tip of the electrospinning setup was found 

to be irregular. Hence the conditions that led to these morphologies were not used further. 
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Figure 4-2 SEM images of PLCL Fibers displaying defective and dense morphology. 

Fibers collected using aluminum foil, 2D spinning conditions (A); PLCL fibers collected in 

liquid medium showing defects (B) and dense morphology (C); 10 % PLCL in DCM:DMF 

8:2, 15 kV, 4 cm, 0.1 mL/h. Representative images are shown out of n=3 repetition in each 

set of electrospinning conditions. 

 

To solve the issue of beaded fibers, the polymer concentration and DMF ratio were 

modified. Increasing PLCL concentration and DMF content which altered the polymer 

solution viscosity and conductivity respectively, led to better 3D fiber structures (Figure 

4-3). However, the condition was not reproducible as the polymer solution flow was not 

consistent during repeated attempts. 

 

Figure 4-3 SEM images of PLCL fibers obtained from a polymer solution with high DMF 

content showing good morphology. 

12 % PLCL DCM: DMF 8:2, 15 kV, 4 cm, 0.1 mL/h (A); 12 % PLCL DCM: DMF 7:3, 15 

kV, 4 cm, 0.1 mL/h (B). The fibers were collected in a liquid medium and the SEM fibers 

show defect free morphology, but the condition was not reproducible. 

 

A fluorinated solvent, TFE in combination with CF was used to check for the formation of 

defect free fibers in the wet electrospinning conditions. This modified solvent combination 

for PLCL resulted in defect free fiber morphology (Figure 4-4 A, B &C). Increasing the 
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voltage aided in better solution behavior over extended periods of spinning, but the 

reproducibility of the process was poor nonetheless. Macroscopic images of the scaffold 

displayed a diameter of 1.8 cm and a thickness of 0.8 cm (Figure 4-4 D, E, & F). The PLCL 

3D fibers had a mean diameter of 1.06 ± 0.69 µm as measured by Diameter J, an image J 

plugin. 

 

 

Figure 4-4 SEM images of PLCL Fibers and the macroscopic appearance of the scaffold 

with dimensions. 

Fibers collected using aluminum foil (A); PLCL fibers collected in liquid medium at 15 kV 

(B) & 25 kV (C); 15 % PLCL in TFE:CF 7:3, 4 cm, 0.5 mL/h; (D), (E) & (F) show the 

scaffold in the mold, from top and side views, respectively. Representative images are 

shown out of n=3 repetition in each set of electrospinning conditions. 

 

PLGA 8020 electrospun fibers collected both using the solid aluminum foil collector and 

liquid medium (Table 4-2) showed defect free fiber morphology. Macroscopic images of 

the scaffold displayed a diameter of 1.8 cm and a thickness of 1.1 cm (Figure 4-5). The 

PLGA 3D fibers had a mean diameter of 0.75 ± 0.23 µm as measured by Diameter J, an 

image J plugin. 
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Table 4-2 Poly (L-Lacitde-co-glycolide) (80:20) electrospinning conditions. 

Electrospinning conditions of PLGA (8020) polymer solution of inherent viscosity – 1.7-2.6 dL/g 

Collector# 
Concentration 

(w/v) % 
Solvents* 

Applied 

Voltage 

(kV) 

Flow 

rate 

(mL/h) 

Tip to 

collector 

distance 

(cm) 

Solution 

flow and 

spinning 

ability 

Solid 
8 

CF: DMF 

(7:3) 
18 0.5 

12 

Proper 

solution 

flow and 

reproducible 

scaffolds Liquid 4 

* DMF – Dimethylformamide, CF – Chloroform; # - solid - aluminum foil, liquid – liquid 

bath as described above. 25 G needle was used for this experiment.  

 

 

Figure 4-5 SEM images of PLGA Fibers and the macroscopic appearance pf the scaffold 

with dimensions. 

Fibers collected using aluminum foil (A); PLGA fibers collected in liquid medium using 8 

% PLGA in CF: DMF 7:3, 4 cm, 0.5 mL/h (B, C shows different magnifications of the same 

region); (D), (E) & (F) shows the scaffold in the mold, the top view and the side view 

respectively. Representative images are shown out of n=3 repetition in each set of 

electrospinning conditions. 

 

Digital analysis of the SEM images for fiber diameter distribution of the 3D electrospun 

scaffold and pcECM originating from the myocardium showed nano to micro in all scaffold 
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fiber diameters Figure 4-6. Only the myocardial layer of the pcECM could be compared to 

the 3D scaffold fiber diameter distribution.  

 

 

Figure 4-6 Comparison of fiber diameter distribution of 3D PLCL and PLGA scaffolds with 

the pcECM myocardium. 
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This is due to two factors i) the thickness of the myocardial layer in the left ventricle and 

ii) the presence of fibrous morphology in the myocardial layer. The myocardial layer is the 

thickest of the left ventricle compared to the epicardium and endocardium. Also, both the 

other two surfaces, epicardial and endocardial layer, did not display any visible fibers 

(Figure 4-1 D &F respectively) at the chosen magnification. Moreover, the cellular 

composition of the myocardium is predominantly made up of CM, which is responsible for 

the beating functionality of the cardiac muscle [12]. Hence, fabricating a construct to mimic 

the myocardial layer that is mainly responsible for cardiac functionality seems to be the 

logical way to go for cardiac patch development. Along with the above-mentioned reasons, 

the fact that wet electrospinning results in a fibrous morphology and the tunable nature of 

the eventual scaffold shape and thickness can be matched to the thickness of the target 

tissue also resulted in drawing the comparison of the fibers of the synthetic scaffolds with 

the myocardium.  

 

4.2.3 3D Synthetic Scaffolds’ Chemistry and Mechanical Characterization 

 

FTIR was performed using the method mentioned in section  3.6.The idea of characterizing 

the electrospun scaffolds with FTIR (Figure 4-7A&B) is to provide reference spectra for 

future biological functionalization of the synthetic electrospun scaffold. The functional 

groups on the electrospun fibers were compared to the commercial polymer granules used 

as the control.  Characteristic ester C=O stretching were found in both PLCL and PLGA 

3D fibers (1748 and 1752 cm-1 respectively). 3D PLCL [13, 14] fibers showed 

characteristics peak at 2944 and 2860 cm-1 corresponding to CH stretching of alkyl groups 

in copolymers of PLCL. For 3D PLGA [15, 16] peaks at 2995 cm-1 (CH bending), 1454 

and 1424 cm-1 (CH3 stretching), 1045 cm-1 (C-O stretching), and 845 cm-1 (rocking CH2) 

were found. There was no visible difference observed between the FTIR spectra of the pure 

polymer and the fabricated scaffold. 
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Figure 4-7 FTIR spectra of PLCL (A) and PLGA (B). 

The FTIR spectra of the polymer electrospun 3D scaffolds were compared to that of pure 

polymer granules. Representative graphs are presented out of n=3 repetitions. These graphs 

serve as baseline and reference for the subsequent characterization of successful 3DCS 

functionalization with the liquidized pcECM. 

 

Mechanical properties (measured using methods in section 3.7) of the 3D scaffolds were 

measured using uniaxial tensile testing machine. 3D PLCL and 3D PLGA scaffolds 

displayed a tensile modulus of 12.3±8.7 and 13.7±4.3 kPa respectively as shown in Figure 

4-8. This tensile modulus was calculated based on the linear region of the stress–strain 

curves. Both the synthetic 3D scaffolds showed lower tensile modulus when compared 

with the pcECM, which displays a modulus of 193.9±99.8 kPa.  The lower Young’s moduli 

of the synthetic scaffolds is most probably due to the structure of the fibrous scaffold 

fabricated using the wet electrospinning method. In wet electrospinning, fibers were 

solidified rapidly when they come into contact with the liquid collector. These fibers are 

entangled due to the fast speed that they were deposited but no crosslinking takes place 

between fibers. Therefore, when these fibers were stretched during the tensile testing, 

sliding/gliding and disentangling takes place. There were no chemical crosslinks to resist 

the stretching leading low modulus measured.  Nevertheless, when comparing the modulus, 

the standard deviation of the 3D scaffolds’ modulus is much smaller compared to that of 

the pcECM which exhibits that the synthetic platform is more reproducible in terms of their 

properties.  Moreover, considering the elastic modulus for normal cardiac tissue, our 
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fabricated 3D scaffolds are within the required range for CTE applications –– 10 and 15 

kPa [17, 18]. 

 

 

Figure 4-8 Mechanical property of 3D electrospun scaffolds in comparison to pcECM. 

Stress strain curves of 3D PLCL (A); 3D PLGA (B); pcECM (C). Modulus calculated form 

the linear region of the stress-strain curves (D). All samples were of similar dimensions as 

specified in 3.7. Results represent mean±SD of n=3 repetitions per group. 

 

When the scaffolds are fabricated using wet electrospinning, the polymeric fibers are 

collected in the liquid bath and then formed into cylindrical shapes using customized molds. 

For PLCL, the process of scaffold shape and size was not consistent and less reproducible 

during multiple attempts as opposed to PLGA, the wet electrospinning of which displayed 

satisfying reproducibility over repeated attempts. This reproducibility is an important 

factor, as the resulting scaffold’s property is reliant on the scaffold dimensions and it is 

more prudent to use a thoroughly reproducible and controllable fabrication method for 

scaffold preparation. Though, further modifications to the PLCL electrospinning 

conditions, may result in a better reproducible scaffold, our aim here was to manufacture a 

working polymer scaffold model to proceed with the fabrication of the 3D composite 

scaffolds. Hence, further investigation of PLCL was not carried out and based  on the 

different characterization methods and the reproducibility of the scaffold’s macroscopic 

form and dimensions, during wet electrospinning process, (Figure 4-9), PLGA scaffold 

was used for further cell material interaction studies.  

 

 



Fabrication and characterization of a 3D composite scaffold Chapter 4 

 

80 

 

 

 

Figure 4-9 Reproducibility of the PLGA scaffolds when compared to a batch of 3D PLCL 

scaffolds. 

3D PLGA fabrication exhibited better reproducibility compared to 3D PLCL. 

 

 

4.2.4 Optimization of EDC-NHS Procedure for 3DCS Fabrication 

 

The wet electrospun 3D PLGA scaffold, displaying a porous and fibrous morphology 

remain inert in terms of bioactivity required for cellular interaction. Polymeric scaffolds 

can be conferred bioactivity using natural materials such as collagen, gelatin, and alginate 

[19-25]. However, for the scaffolds to be suitable for a target tissue application, the 

bioactivity of the scaffold also needs to be tissue specific. This tissue specific bioactivity 

can only be obtained from decellularized ECM materials, as they would preserve the native 

microenvironment’s complex biochemical composition. Thus, we used a liquified porcine 

cardiac ECM to modify the bio-inert 3D PLGA scaffold to form a 3D composite scaffold 

(3DCS). This modification of the 3D PLGA scaffold with liquid pcECM gel was achieved 

using EDC-NHS chemistry with few modifications. 

 

Modification of the 3D electrospun PLGA with the pcECM gel was carried based on EDC-

NHS chemistry. Some parameters of the protocol were optimized to homogenously 

incorporate the unique natural material, the pcECM gel onto the 3D electrospun porous 

polymeric scaffolds.  

 



Fabrication and characterization of a 3D composite scaffold Chapter 4 

 

81 

 

 

 

Figure 4-10 Modified protocol for surface activation and functionalization of 3D 

electrospun PLGA using EDC-NHS chemistry.  

 

Two factors were considered here for successful modification of the 3D PLGA scaffold: i) 

The protein material used here is the liquid pcECM gel which can form a gel at higher 

temperatures (~37oC). ii) The thickness of the 3D scaffold, where the aim was to obtain a 

completely modified 3D scaffold and not just limiting the modification to the scaffold 

surface. When the scaffolds were modified as per the standard protocol which does not 

include a gelation (Table 4-3 A) step for the protein used, there was no pcECM (Table 4-3 

D) like morphology observed either on the surface or in the cross section of the scaffold. 

The fiber morphology of the scaffolds was also monitored and found to be unchanged 

during each step of the EDC-NHS modification as shown in Figure 4-11. Although, SEM 

images exhibit that there are no visible changes in the scaffold morphology post EDC-NHS 

treatment, any possible change in molecular weight or degradation during NaOH treatment 

should also be taken into consideration.  
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Figure 4-11 Surface morphology of PLGA scaffold does not change in the initial 

modification steps of the EDC-NHS modification protocol.  

Scaffolds were characterized using SEM to evaluate for morphological changes during the 

EDC-NHS treatment. Representative images are shown out of n=3 repetition in each 

condition. 

 

This gelation step was added not only to aid surface modification of the 3D PLGA, but also 

to obtain pcECM mimicking morphologies. When a 12 h gelation (Table 4-3 B) step was 

included to assist in the gelation of the pcECM gel, pcECM (Table 4-3 D) like structures 

were observed on the surface of the scaffold but not in the cross section of the scaffold. To 

address the challenge of the scaffold thickness, the incubation temperature of the liquid 

pcECM solution following EDC-NHS surface activation was modified. When the 

traditional temperature of 4oC was used, only the surface of the scaffold exhibited pcECM 

like morphology, while the cross section of the scaffold displayed only normal fibrous 

morphology of the 3D PLGA (Table 4-3 B). This was attributed to the combination of the 

low temperature and the thickness playing a role in limiting the diffusion of the liquid 

pcECM through the entirety of the 3D scaffold. Hence the incubation temperature was 

increased to room temperature (~20oC). This condition as presented in Table 4-3 C, 

exhibited pcECM mimicking morphology in both the scaffold surface as well as the cross 

section of the 3D PLGA scaffold, which resulted in the formation of a 3D composite 

scaffold (3DCS). The optimized scaffold modification conditions, the concentrations of the 

solutions used, the incubation times are listed in Table 4-4.  
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Table 4-3 Morphology of 3D composite scaffold’s exterior and cross section at different conditions 

during the EDC-NHS chemistry-based modification. 

Treatment Scaffold Exterior Scaffold Cross Section 

A. No Gelation 

  

B. Incubation 

at 4oC 

followed by 

12 h 

Gelation 

Time   

C. Incubation 

at Room 

Temperature 

(~20oC) 

followed by 

12 h 

Gelation 

Time 
  

D. pcECM 

scaffold 

Comparison 
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Table 4-4 Optimized concentrations of solutions and conditions used for the fabrication of 3DCS. 

EDC-NHS Protocol 

0.05 (w/v) % NaOH for 30 min at RT 

3X D.H2O wash 

40 mM EDC + 80 mM NHS in 50 mM MES buffer (pH 6.0), Incubated for 4 h at 4oC 

3X D.H2O wash 

500 µg/mL pcECM gel in 1X PBS (pH 7.2), overnight RT (~20oC) 

37oC for 12 h (to induce gelation) 

3X PBS Wash 

Freeze dry 

Characterize 

 

4.2.5 3DCS Exhibits Comparable Characteristics as the pcECM 

 

The scaffold exterior and cross-sectional morphology of the 3DCS are shown in Figure 

4-12 and Figure 4-13 respectively. The morphology of the scaffold post wet 

electrospinning and after modification with pcECM gel, was characterized using scanning 

electron microscopy (SEM). The 3DCS displayed a combination of morphologies; a 

fibrous morphology as expected from the wet electrospinning and an inter fibrillary matrix 

like morphology due to the pcECM functionalization. The SEM images were used to 

further characterize the scaffold parameters. The fiber diameter varied between 0.1 to 1.5 

µm with an average diameter of 1.01±0.50 µm (Figure 4-14). The pore size of the 3DSC 

ranged from 8 to 25 µm with an average pore size of 14.05±3.99 µm (Figure 4-14). These 

scaffold characteristics were comparable to the natural pcECM material (Figure 4-13). The 

large distribution in fiber diameter in the pcECM can be attributed to the fiber and strut 

morphology found on decellularized cardiac ECM [26]. The same nano to micro dimension 

fiber diameter present in the 3DCS can be attributed to the wet electrospinning process. 

Similar trend was observed by other groups for the wet electrospinning of PCL using a 

liquid bath [27]. Another factor that contributes to this fiber diameter distribution is the 

presence of the pcECM gel in the 3DCS and the resulting combination of morphologies 

from the electrospun fiber and the natural material. The characterization of the pore size of 
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the 3D scaffold was necessary to establish if the scaffold can support the cell growth and 

nutrient transfer in the scaffold structure. Though there are various porosimetry techniques 

available viz mercury porosimetry, micro computed tomography etc., we employed SEM 

image analysis as it a simple and easy method that does not require specialized equipment 

and training [28]. Also, methods using pressure for liquid intrusion like mercury 

porosimetry also poses limitations in terms of high pressure, cost and environmental 

toxicity. Hence, ImageJ based analysis of SEM images was used to characterize an 

estimation of the scaffolds’ pore size.   
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Figure 4-12 3DCS scaffold cross sectional tile exhibiting both fibrous and inter-fibrillary 

pcECM-like morphology on the surface and bulk of the scaffold. 

Functionalized 3DCS scaffold surface morphology as fabricated with the optimized 

protocol mentioned in Table 4-4. The image is a manually stitched image of multiple SEM 

images of the surface of the 3DCS.   
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Figure 4-13 3DCS cross sectional morphology exhibiting characteristic morphology of both 

electrospun and pcECM scaffolds. 

3DCS exhibited fibrous morphology characteristic of the wet electrospun polymer and an 

interfibrillary matrix like structure of the pcECM. Representative images are shown out of 

n=3 repetition in each sample.  

 

 

Figure 4-14 3DCS fiber diameter and pore size as compared to the pcECM. 

3DCS displayed comparable fiber diameter and pore size distributions similar to the 

pcECM. The mean fiber diameter and pore sizes of 3DCS was significantly higher as 

computed using Image J software. Results represent mean±SD of n=3 repetitions per group.  
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ATR-FTIR was employed to characterize the chemistry of the different scaffolds after the 

unmodified PLGA was functionalized using the pcECM gel through EDC-NHS chemistry. 

The spectra of the different scaffolds are shown in Figure 4-15. Both unmodified PLGA 

(UPLGA) and 3DCS displayed a common intense peak at 1740 cm-1 characteristic of the 

C=O stretching of the PLGA backbone, which was not observed in the pcECM sample. 

Three distinct peaks were found in the 3DCS scaffolds sample at 3320, 1640 and 1540 cm-

1. The peak detected at 3320 cm-1 is associated with the N-H stretching from amines. Also, 

the peaks at 1640 and 1540 cm-1 correspond to N-H bending from primary amines [6]. The 

presence of these characteristic amine peaks in the ECM and the ECM modified PLGA 

scaffold compared to the UPLGA scaffolds indicate that the UPLGA scaffolds were 

successfully functionalized with the pcECM gel. 

 

 

Figure 4-15 3DCS surface characterization exhibiting characteristic chemistry of synthetic 

PLGA polymer and natural pcECM. 

Pink highlight represents the region corresponding the polymeric carbonyl backbone and 

yellow highlight represents the region corresponding the protein amide group and natural 

pcECM 

 

To assess the similarity of the protein composition (performed using method as mentioned 

in section 3.8) between the starting ECM gel and the 3DCS (i.e., pcECM gel modified 
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UPLGA scaffold), both these materials were subjected to proteomic analysis. The list of 

proteins maintained in both the scaffold types are illustrated in Table 4-5. The proteomic 

analysis exhibit that the cardiac ECM is primarily made up of collagens. Collagen types I 

and III, the predominant types of collagen in the cardiac ECM was present in the both the 

scaffolds. Other types of collagen found among the composition are collagen II, IV, V, VI 

and XI. Additionally, sequences possessing ~60 % identity to proteoglycan sequences were 

also found, which could contribute towards the ECM environment by providing a hydration 

to the tissue construct [29]. The proteomics results reveal the presence of important cardiac 

environment proteins, Collagen I and III. This preserved fibrous collagen composition 

grants the scaffold, the necessary structural and biochemical properties as well as 

contributes to the overall cardiac microenvironment in terms of maintaining the tissue 

structure and supporting cardiac cells [30, 31].  The rest of the proteins deduced by 

proteomics play a role in forming network like structures and interfibrillary matrix 

structures, which is characteristic of a native ECM environment [32]. Additionally, 

sequences possessing ~60 % identity to proteoglycan sequences were also detected. Ratio 

of areas of unique peptides of the 3DCS compared to the pcECM gel based on Discoverer 

software (Thermo Fisher Scientific, UK) revealed no significant difference between the 

two samples. 

 

Table 4-5 Protein Composition of pcECM gel were preserved in the 3DCS as detected using LC MS-

MS. 

Accession 

No. 
GENE Name 

3DCS/pcECM gel 

Ratio # 

F1RT61 COL1A1 (Inferred)a 1.69 

F1SFA7 COL1A2 0.88 

I3LJX2 COL1A1 (Inferred)b 1.31 

F1RYI8 COL3A1 1.98 

F1RXW0 COL5A2 1.59 

I3LV61 Proteoglycan 3 (Inferred)c 2.29 

F1S021 COL5A1 1.87 

I3LSV6 COL2A1 0.66 

I3LEF9 Proteoglycan 3 (Inferred)d 2.24 
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F1S3G7 COL5A3 1.00 

Q9TV36 FBN1 1.39 

I3LQ84 COL6A2 0.64 

F1RLL9 COL4A2 0.46 

F1S571 COL11A1 1.02 

I3LUR7 COL6A3 0.54 

F1S2C1 COL11A2 0.52 

3DCS – 3D electrospun PLGA scaffold modified with pcECM gel 

pcECM gel – Porcine cardiac ECM gel 

# 3DCS/pcECM gel Ratio – Relative variability in protein composition between the 3DCS 

and pcECM gel. A ratio of ≥4 indicates a difference from the control 
a 100 % identical to Collagen 1 Alpha 1 (Sus scrofa domesticus) in a Uniprot BLAST 
b 81.9 % identical to Collagen 1 Alpha 1 (Sus scrofa domesticus) in a Uniprot BLAST 
c 62.5 % identical to Proteoglycan 3 (Homo sapiens) in a Uniprot BLAST 
d 59.4 % identical to Proteoglycan 3 (Homo sapiens) in a Uniprot BLAST 

 

 

To determine the homogenous functionalization of the 3DCS with the ECM gel, we 

performed immunostaining (performed using method as mentioned in 3.10) for the 

presence of collagen I, a major protein in cardiac ECM as found in our proteomics results. 

As shown in Figure 4-16, 3DCS showed a similar collagen I staining as compared to the 

pcECM, thus further confirming the modification of the scaffold with the ECM gel. The 

uniform collagen I fluorescence observed in the cross section of the 3DCS, that is 

comparable to the pcECM, represents the homogenous distribution and modification across 

the 3D UPLGA by the liquid pcECM. This uniform presence of the ECM molecule in the 

3DCS scaffold structure is key in addressing the position or location-based bioactivity that 

was referred as a limitation in the natural pcECM material. By using a synthetic scaffold 

as a tunable platform and modifying this with the liquid form of the pcECM, this limitation 

of varied bioactivity profile is normalized considerably. Other methods like elemental 

analysis can also be used to measure the amount of amine or sulphur containing groups to 

obtain similar information.  
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Figure 4-16 Immunofluorescence of 3DCS exhibiting staining for Collagen I, a key 

component of the cardiac ECM. 

 

 

To study the mechanical properties of the scaffolds, tensile testing was performed (Figure 

4-17). Both the Young’s modulus and the ultimate tensile stress of the 3DCS scaffolds 

were higher when compared the UPLGA scaffold. UPLGA had a mean modulus of 

13.7±4.3 kPa whereas the 3DCS had almost three times the value at 38.6±4.3 kPa.  pcECM 

had the highest modulus among the three scaffolds at 193.9±99.8 kPa. The ultimate stress 

values also followed the same trend where pcECM was the highest followed by 3DCS and 

then UPLGA at 296.3 ± 111.8, 25.8 ± 0.4 and 10.8 ± 1.2 kPa respectively. The value for 

pcECM is consistent with published results showing high modulus values for 

decellularized ECM scaffolds due to the presence of predominantly collagenous 

composition [1, 2, 33]. In the case of 3DCS, the modulus while lower compared to the 

pcECM, is significantly higher than that of UPLGA. This is due to the addition of the 

pcECM gel to the PLGA scaffold through EDC-NHS modification which results not only 

in surface functionalization but also the formation of interfibrillary structures which 

mimics the native pcECM. The modulus of UPLGA was the lowest among the three 

scaffolds which can be due to the highly porous nature of the scaffold, a result of the wet 
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electrospinning process. The low modulus can also be beneficial for eventual cellular 

integration and interaction as it has been shown to aid in better initial cellular integration 

[34]. 

 

 

 

Figure 4-17 Mechanical properties of 3DCS compared to pcECM. 

Uniaxial testing of the scaffolds was preformed to calculate the modulus (A) and ultimate 

stress (B) of the scaffold materials. Samples were fixed to the instrument as depicted in (C) 

and data was recorded for the samples where the failure location was in the center of the 

sample structure and not near the grips. All samples were of similar dimensions as specified 

in 3.7. Results represent mean±SD of n=3 repetitions per group. * represents significant 

increase of 3DCS with PLGA (p<0.05); # represents significant increase of pcECM when 

compared to PLGA & 3DCS (p<0.05).  

 

4.2.6 3DCS is non-immunogenic In vitro 

 

As the 3DCS was fabricated through different chemical processes and modifications, we 

studied their immunogenicity through in vitro means. RAW macrophage cell stimulation 

was used performed (using method as mentioned in section 4.1.1) with the different 

scaffold groups, as the macrophage stimulation involves triggering pro-inflammatory 

factors such as NO [35]. To characterize this, the macrophage cells were allowed to react 

with the materials. After the macrophages were exposed to different scaffolds, the level of 

pro-inflammatory factor NO was analyzed using Griess reagent. From this result (Figure 
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4-18) it was evident that the scaffolds did not elicit any immunogenic response in terms of 

NO release as measured by Griess reagent compared to the positive LPS control. This 

confirms that our scaffold fabrication process and the resulting scaffold are not 

immunogenic as demonstrated in previous publications for similar materials [36]. 

 

 

 

Figure 4-18 In vitro immunogenicity of the scaffolds evaluated using Griess Reagent. 

RAW macrophage cells were exposed to the scaffold materials for 16 h and the 

immunogenicity was recorded as the amount of NO released using Griess Reagent. Results 

represent mean±SD of n=3 repetitions per group. * represnts statistical significance of LPS 

with PLGA, 3DCS, pcECM and cells only (p<0.05).  

 

 

4.2.7 3DCS Supports Attachment and Proliferation of hMSC 

 

The hMSCs used in the study were characterized for MSC markers to validate the stemness 

of the starting cell population. Flow cytometry was performed (using protocol mentioned 

in section 3.9) to evaluate expression of CD29, CD44, CD73, CD90 and CD105. Isotype 

controls were used to calculate the percentage of positive cells. The FACS results exhibited 

that the hMSCs were of high quality as they were more than 90% positive for all the 

markers analyzed as shown in Figure 4-19. 
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Figure 4-19 hMSCs Characterization using FACS. 

Detection by FACS demonstrates positive expression for various MSC markers. Dot plot 

of the representative population (A). Populations are more than 95 % positive for CD29 

(C), CD73 (D), CD44 (E), CD90 (F) and CD105 (G). Black histogram is the antibody only 

control (B). 
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hMSCs were seeded on different scaffolds (UPLGA, 3DCS and pcECM) for up to two 

weeks; the viability and proliferation of the cells were compared between scaffolds using 

AlamarBlue™ (performed using protocol mentioned in section 3.11). As shown in Figure 

4-20 the seeded hMSCs maintained their viability and proliferated in number from day 3 

till day 14. Phalloidin and DAPI staining of the scaffolds demonstrated the presence of 

cells in the scaffolds as shown in Figure 4-21.  

 

Though hMSCs are not cardiac cells, they are a widely accepted cell model for CTE [37] 

as they can be cultured and multiplied easily, could be derived from autologous sources 

and are less immunogenic. 3DCS showed initial high densities and reached the original 

seeding density in two weeks. Here, the combination of UPLGA substrate and the cell 

binding moieties from the pcECM gel, contribute to the initial cellular attachment and the 

eventual proliferation. Similar studies have shown that the presence of bioactive molecules 

increases cellular attachment and proliferation on different substrates [38]. UPLGA 

showed a lower cell density than the 3DCS. This is due to the lack of bioactivity [5, 6] in 

the pristine 3D UPLGA polymer where the cells need time to secrete their own ECM 

materials. pcECM had the lowest starting cell densities, but they showed the highest 

increase in cell number during the culture period of two weeks indicating higher 

proliferation rate (Figure 4-20). This could be due to the higher stiffness of pcECM as 

similar behaviour for hMSCs have been observed by other groups, where hMSCs exhibit 

higher proliferation rate in stiffer substrates compared to the soft ones [39]. 
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Figure 4-20 hMSCs viability on the scaffolds as measured using AlamarBlueTM. 

hMSC interaction and proliferation on 3DCS compared to the unmodified PLGA and 

pcECM scaffold. All three scaffolds exhibited ability to support the viability and 

proliferation of the seeded cells. 3DCS has significantly higher cell densities than PLGA at 

days 3 and 7; also, 3DCS has significantly higher cell densities than pcECM during all time 

points (3,7&14); PLGA is not significant to pcECM at all time points (p<0.05, ANOVA). 

Cell densities were calculated based on the initial seeding density and the surface of the 

scaffold used. hMSCs calibration curve was used to convent AlamarBlueTM fluorescent 

intensity into cell numbers and eventually cell densities for each time point. Same graph in 

terms of cell number is presented in the supplementary section 8.2.5.  
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Figure 4-21 Phalloidin staining of hMSCs seeded on the scaffolds.  

Representative images of histological section of 3DCS, unmodified PLGA and pcECM 

stained (Day 14) with Phalloidin and DAPI; Scale bar: 50 µm. 
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4.3 Conclusion 

 

Collectively, we have demonstrated the fabrication of a 3D composite scaffold (3DCS) by 

combining an optimized synthetic 3D wet electrospinning protocol and modification of the 

resulting scaffold with porcine cardiac ECM gel using a slightly modified EDC-NHS 

chemistry. Morphological analysis of the 3DCS exhibited similarity in terms of fiber 

diameter and porosity to the pcECM scaffold. Also, the 3DCS mimicked the surface 

chemistry of the pcECM and maintained the biochemical composition of the pcECM gel. 

The mechanical properties of the synthetic 3D scaffold were improved by the addition of 

the pcECM gel. The scaffold was found to be non-immunogenic in vitro and was 

supportive of viability and proliferation of seeded hMSCs. The specific suitability of these 

scaffolds for CTE applications is addressed in the subsequent chapters. 
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5    Chapter 5  

 

   Cardiac regeneration suitability of the 3DCS 

 

This chapter explains the results of the interaction between the 3DCS and 

hiPSC-CM. CM were obtained by directed differentiation of hiPSC using 

small molecules. The cells were characterized for cardiac markers using flow 

cytometry and were seeded on the scaffolds to evaluate the scaffolds’ hiPSC-

CMs support-ability. Post seeding, the scaffolds demonstrated capacity to not 

just support the viability of the seeded cells but also support their beating 

functionality. The cells seeded on the scaffolds also expressed cardiac 

proteins and exhibited calcium handling capabilities, a crucial characteristic 

for CM functionality. 
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5.1 Experimental Methods 

 

5.1.1 hiPSC-CM Culture on the Scaffolds 

 

HiPSC-CM (hiPSC-CM) were obtained from hiPSCs (UT) as mentioned in section 3.2.4 

and were seeded on the different scaffolds (~500,000 cells per scaffold) and cultured for 

14 days. The hiPSC-CM seeded scaffolds were cultured in RPMI Medium and 

supplemented with 2% B-27 minus insulin. Culture medium was replaced every second 

day. Cell viability was evaluated using the AlamarBlue™ according to the manufacturer 

protocol. The beating of the scaffolds was monitored and recorded with a light microscope.  

 

5.1.2 Ca2+ Signaling study using Fluo-4 AM 

 

The ability of the CM to process Ca2+ is an important functionality in the cardiac 

environment. Characterization of cardiac tissue engineered constructs for this functionality 

provides information on the cardiac suitability of the construct and the extent to which the 

scaffold provides a cardiac microenvironment for the seeded CMs to function as they are 

intended to. An easy method to characterize the Ca2+ handling ability is to use a fluorescent 

calcium indicator Fluo 4 AM, which is cell permeable. The change in intracellular Ca2+ 

can be recorded using a confocal microscope.  

 

Human pluripotent stem cells derived CM were obtained and cultured on the scaffold as 

mentioned in section 5.1.1. Ca2+ imaging was performed per previously published protocol 

[1]. Briefly, cell seeded scaffolds were loaded with 5 mM fluo-4 (Molecular Probes) 

fluorescent Ca2+ indicator with Pluronic F-127 (Molecular Probes) at 2:1 dilution to aid in 

recording intracellular Ca2+ transients. An indicator-free Tyrode solution (in mM: NaCl-

140, KCl-5.4, CaCl2-1.8, MgCl2-1, HEPES-10, glucose-10) at pH 7.4 is used for sample 

incubation at 37°C. For pacing of the scaffolds, they were plated in a 35 mm optical bottom 

plate (Matek) with field stimulation electrodes (RC-37FS; Warner Instruments) and paced 

using a stimulus isolation unit (SIU-102; Warner instruments), by applying 5 ms 

suprathreshold bipolar stimulation pulses up to 50 mA. Intracellular Ca2+ transients were 
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recorded using a Zeiss LSM 710 laser scanning confocal imaging system equipped with a 

60X water objective. Data were analyzed using Matlab-based custom written software. 

 

5.2 Results and Discussion 

 

5.2.1 FACS Study for Cardiac Marker Expression of hiPSC-CM 

 

The hiPSC-CMs derived using small molecules based directed differentiation used in the 

study were characterized for their cardiac marker expression to verify the quality of the 

cell population.  

 

 

Figure 5-1 hiPSC-CMs Characterization using FACS.  

Detection by FACS demonstrates positive expression for cardiac markers. Dot plot of the 

representative population (A). Populations are more than 90 % positive for cTnI (C) and 80 

% positive for SAA (D). Black histogram is the antibody only control (B). 

 

Flow cytometry was performed (using protocol mentioned in section 3.9) to evaluate the 

pluripotent markers’ expression. Cells were stained for Cardiac Troponin I (cTnI) and 

Sarcomeric Alpha Actinin (SAA), two prominent markers for CM. Isotype controls were 

used to calculate the percentage of positive cells. The FACS results exhibited that the 
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hiPSC-CMs were of high quality as they were more than 90% positive for cTnI and more 

than 80% for SAA as shown in Figure 5-1.  

 

5.2.2 3DCS Maintains the Viability and Functionality of Seeded hiPSC-CM 

 

It is suggested that a cardiac tissue construct engineered in vitro should possess tissue 

mimicking characteristics such as ECM mimicking microenvironment, non-

immunogenicity, mechanical properties, cardiac cellular compatibility, contractility, and 

calcium handling [2]. The results of the first objective exhibited suitable scaffold properties. 

To check the cardiac suitability and supportability of the engineered 3DCS scaffold hiPSC-

CM were seeded on these scaffolds and their health and functionality was monitored. 

Beating of the scaffolds were also monitored as a parameter for cellular functionality, as it 

is a widely used method to monitor the functional characteristic of the differentiated hiPSC-

CMs [3]. 

 

To demonstrate the ability of the scaffolds to maintain the functionality of seeded cardiac 

cells, hiPSC-CMs were seeded on the scaffolds for two weeks and the cell viability was 

measured using AlamarBlueTM ( performed with the protocol mentioned in section 3.11) 

during days 3, 7 and 14. As shown in Figure 5-2, at all the time points, 3DCS had 

significantly higher cell viability compared to UPLGA and pcECM. CM are not 

proliferating cells and all the scaffolds demonstrated the ability to maintain the viability of 

the seeded CM throughout the culture period. Yet, only 3DCS and pcECM could maintain 

the beating functionality (as shown in supplementary Figure 8-1) of the seeded hiPSC-CM 

cells while the UPLGA failed to maintain the crucial cardiomyocyte functionality, which 

could be due to the absence  of a bioactive cardiac microenvironment. Beating functionality, 

a simple parameter to measure the cells’ viability and functionality in the scaffold 

microenvironment. The quantity of cells active on a scaffold and the resulting beating, is 

therefore determined by both seeding density (which should be high enough to enable cell-

scaffold and cell-cell contacts) and by the scaffold provision of supporting 

microenvironment.  
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Figure 5-2 hiPSC-CM viability on the scaffolds as measured using AlamarBlueTM. 

hiPSC-CMs interaction on 3DCS compared to the unmodified PLGA and pcECM scaffold. 

All three scaffolds supported the viability of the seeded cells. 

 

5.2.3 Cardiac Protein Expression of Seeded hiPSC-CM on the Scaffold 

 

Apart from just viability, supporting the functionality of the seeded cells is an important 

criterion for a cardiac patch. Therefore, the hiPSC-CM seeded scaffolds were further 

studied for their cardiac marker expression (performed using protocol mentioned in section 

3.10).  

 

Cardiac Troponin I expression was observed in all three scaffolds (Figure 5-3) as expected 

as the seeded cells were characterized previously using FACS. The same trend was 

observed for Sarcomeric alpha actinin (SAA) as well, but with an absolute difference in 

their expression pattern between the cardiac ECM containing scaffolds 3DCS and pcECM 

and the UPLGA scaffolds. The SAA striation and organization was prominent (as shown 

by the green arrows in the inset) in the 3DCS (Figure 5-6) and pcECM (Figure 5-7) and 

was completely absent in the UPLGA scaffold as shown in Figure 5-5. The isotype controls 

for both cTnI and SAA were negatively stained as shown in Figure 5-4 and Figure 5-8 

respectively. SAA is a protein located in the sarcomeric assembly and it was selected to 
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explain the contractile characteristic of the CM. The stark difference in the SAA pattern 

can be attributed to the role of the cardiac microenvironment present only in the 3DCS and 

pcECM scaffolds. Yu et al showed that SAA staining of neonatal rat CM seeded on 

unmodified and protein modified electrospun PLGA mats followed similar expression 

patterns [4]. The lack of SAA expression in UPLGA could also be attributed to 

dedifferentiation of hiPSC-CMs [5, 6]. The presence of SAA organization in the 3DCS and 

pcECM scaffolds and not in UPLGA scaffold further explains the lack of beating of the 

seeded cells in the UPLGA scaffolds. This, further endorses the criticality of a tissue 

specific bioactive microenvironment for cardiac regeneration. 
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Figure 5-3 Immunofluorescence of hiPSC-CMs seeded scaffolds expressing Cardiac 

Troponin I.  

Representative images of hiPSC-CMs seeded scaffolds stained (14 days) for cTnI with 

primary cardiac troponin I antibody, Alexa Fluor 647 secondary antibody and DAPI for 

nuclear counterstaining. Scale: 20 µm. 
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Figure 5-4 Isotype control for Cardiac Troponin I staining of hiPSC-CMs seeded scaffolds.  

Representative images of isotype control for cTnI staining stained (14 days)  only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. Scale: 20 µm. 

 

 



Cardiac regeneration suitability of the 3DCS Chapter 5 

 

111 

 

 

Figure 5-5 Immunofluorescence of hiPSC-CMs seeded UPLGA expressing Sarcomeric 

Alpha Actinin.  

Representative images of hiPSC-CMs seeded scaffolds stained (14 days) for SAA with 

primary sarcomeric alpha actinin antibody, Alexa Fluor 647 secondary antibody and DAPI 

for nuclear counterstaining. Scale: 20 µm. No sarcomeric pattern was observed in this 

scaffold. 
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Figure 5-6 Immunofluorescence of hiPSC-CMs seeded 3DCS expressing Sarcomeric Alpha 

Actinin.  

Representative images of hiPSC-CMs seeded 3DCS stained (14 days) for SAA with 

primary sarcomeric alpha actinin antibody, Alexa Fluor 647 secondary antibody and DAPI 

for nuclear counterstaining. Insets panel show zoomed (Scale: 5 µm) in images. Green 

arrow points to the striation pattern. Scale: 20 µm. 
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Figure 5-7 Immunofluorescence of hiPSC-CMs seeded pcECM expressing Sarcomeric 

Alpha Actinin.  

Representative images of hiPSC-CMs seeded pcECM stained (14 days) for SAA with 

primary sarcomeric alpha actinin antibody, Alexa Fluor 647 secondary antibody and DAPI 

for nuclear counterstaining. Insets panel show zoomed (Scale: 5 µm) in images. Green 

arrow points to the striation pattern. Scale: 20 µm. 
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Figure 5-8 Isotype control for Sarcomeric Alpha Actinin staining of hiPSC-CMs seeded 

scaffolds.  

Representative images of isotype control for SAA staining stained (14 days) only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. Scale: 20 µm. 

 

5.2.4 3DCS Exhibits Better Calcium Handling Abilities 

 

Ca2+ is a key modulator in cardiomyocyte functioning. It aids in regulating the electrical 

signaling and the contractile function of the resident CM in the heart myocardium [7]. We 

investigated the hiPSC-CMs seeded scaffolds’ calcium handling ability using a qualitative 

fluorescent Flou-4 AM molecule and confocal microscopy (using protocol mentioned in 

section 5.1.2), a characterization required to evaluate the suitability of these cell scaffold 
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constructs for cardiac regeneration. Calcium fluorescence under normal conditions and 

external electric field stimulation was tested [8].  

 

In (Figure 5-9), for each scaffold, the upper panel represents the fluorescent distance time 

plots and the lower panel represents the same data processed using a MATLAB program 

to result in a line scan plot. At normal/spontaneous conditions without any external stimuli, 

the 3DCS exhibited higher number of calcium fluorescence pulse in the measured time (18 

s) as compared to the pcECM and UPLGA. When the scaffolds were exposed to external 

electrical stimuli of 1 Hz, all the scaffolds showed similar performance. At 1 Hz, UPLA, 

3DCS and pcECM were able to maintain the calcium fluorescent pulses based on the 

external frequency (1 pulse per second). Whereas at 1.5 Hz, the UPLGA did not reciprocate 

the effect of increased calcium handling at higher external stimuli as opposed to the 3DCS 

and the pcECM. Here, the UPLGA at 1.5 Hz was not able to produce calcium fluorescent 

pulses concurrently with the external electrical stimulation as opposed to 3DCS and 

pcECM.  
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Figure 5-9 Calcium handling ability of the hiPSC-CMs seeded on the scaffolds measured 

with fluorescent calcium indicator, Fluo 4 - AM. 

Representative fluorescent distance time plots (upper panel) of the scaffolds loaded with 

Fluo 4 AM and images under a confocal laser scanning microscope using line scanning 

mode. The images were processed using a MATLAB program to result in a line scan tracing 

(lower panel). Blue scale bar indicates 1 s.  

 

Most cardiac disorders are characterized by the impaired ability of the CM to perform 

perfectly in terms of their contractile property, for which Ca2+ is a crucial regulator [9]. 

Hence, the cell scaffold constructs’ characterization to support this functionality is crucial 

in evaluating the suitability of this construct as a cardiac patch. The calcium handling 

abilities of CM have been related to the ECM stiffness they are being exposed to [10]. 

Various results have reported the relationship between the substrate stiffness and cellular 

calcium handling dynamics. Neonatal rat ventricular myocytes (NRVMs) seeded on softer 
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collagen coated polyacrylamide gel substrates in the range of 10 kPa (elastic modulus) have 

been shown to exhibit better calcium handling when compared to stiffer (50 kPa) substrates 

[11]. Another group used NRVMs on fibronectin coated structures and reported cells on 

15 kPa substrate showed better calcium handling compared to 3 kPa [11]. Chicken embryo 

CM seeded on hyaluronic acid and poly acrylamide gels suggest that improper stiffness 

and increasing matrix stiffness drastically, could negatively affect the calcium handling of 

seeded CM [10]. The cell material interaction of the fabricated scaffolds in terms of cardiac 

handling displays a similar logic, that an intermediate stiffness combined with the 

biochemical composition could have a positive effect. The low stiffness UPLGA shows 

issues in efficient calcium handling while the higher stiffness pcECM showed better 

calcium handling in external field stimulus conditions. The 3DCS, with the intermediate 

stiffness, shows a better overall calcium handling by striking a balance in terms of cell 

material interaction. Still, factors that are different from the cited results should also be 

taken in consideration in terms of the complex relationship between architecture and 

biochemical composition of the ECM environment used in our study, when drawing the 

above conclusions. 

 

Ca2+ signaling ability of the PSC derived CM is also related to the maturation state of the 

hiPSC-CMs, where the presence or improved Ca2+ indicates the presence of a mature 

cardiomyocyte [9, 12]. Here as shown in Figure 5-9, the 3DCS exhibited superior support 

to this crucial functionality in the normal/spontaneous conditions and also under external 

field stimulation. This indicates that the 3DCS scaffold system could also aid in the 

maturation of the seeded hiPSC-CMs.  

 

5.3 Conclusion 

 

In this chapter, the suitability of the fabricated 3DCS for cardiac application for 

cardiomyocyte viability and functionality was studied. hiPSC was differentiated into CM 

using small molecule-based protocols. These CM were seeded on the different scaffolds – 

UPLGA, 3DCS and pcECM. All three scaffolds maintained the viability of the seeded cells 

but only the 3DCS and the pcECM maintained the beating functionality and exhibited 
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patterned SAA expression. Also, the 3DCS and pcECM scaffolds seeded with hiPSC-CMs 

displayed better calcium handling compared to the UPLGA scaffold. In summary, the 

results here show that a cardiac ECM containing microenvironment supports better 

cardiomyocyte functionality and suitability for cardiac regenerative applications.  
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6    Chapter 6  

 

   Influence of 3DCS bioactivity on pluripotent stem cells 

 

This chapter describes the results of the interaction of hiPSC (hiPSCs) with 

the 3D composite scaffold and the influence of the modified 3DCS’ bioactivity 

profile on the stemness and commitment of hiPSCs towards ECM source-

tissue specific lineages. The hiPSCs were characterized for their pluripotency 

using flow cytometry. The cells were seeded on the scaffolds and were 

cultured in a spontaneous differentiation medium to evaluate if the scaffolds’ 

bioactivity can influence the differentiation of the seeded cells preferably 

towards cardiac lineage. All scaffolds exhibited hiPSCs attachment, viability 

and proliferation. After 4 weeks of culture, only the cells seeded on the 3DCS 

expressed cardiac markers spontaneously without the addition of any external 

factors. Conditioned medium from this experiment was obtained and 

administered to hiPSCs seeded on Matrigel (a non-differentiating control as 

observed in our experiments) to evaluate for any soluble factors in the 

conditioned medium.  Surprisingly, the hiPSCs seeded on Matrigel, in the 

presence of this conditioned medium expressed cardiac lineage markers. 
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6.1 Materials & Methods 

 

6.1.1 hiPSC Attachment to the Scaffolds 

 

hiPSCs obtained from Professor Gepstein’s lab (hiPSCs-UT) were cultured as mentioned 

in section 3.2.4. Scaffolds were prepared with a dimension of 6 mm diameter and 

disinfected as mentioned in section 4.1.2. hiPSCs were seeded into each sterilized scaffold 

by pipetting at different positions on the surface of the scaffold. The seeded scaffolds in 

96-well plate were placed at 37°C to allow for cell attachment. Following different 

incubation periods (0 min, 45 min, 90 min, and 150 min) scaffolds were quickly washed 

with sterile PBS to remove non-attached cells and were subsequently transferred into a 24-

well plate for culturing. Two ml of complete culture medium with 10% AlamarBlue™ was 

added to each well. After 5 h incubation with AlamarBlue™, 100 μL of each well in three 

replicates were transferred in a black 96-well plate for fluorescence reading on the 

Varioskan flash reader (excitation 540 nm, emission 595 nm) to measure cell viability. 

Also, the cell seeded scaffolds were stained with Hoechst and imaged using a fluorescent 

microscope (Nikon, TE2000).  

 

6.1.2 hiPSC Culture on Scaffolds 

 

hiPSCs - UT were cultured as mentioned in section 3.2.4 and were seeded on the different 

scaffolds and cultured for 28 days. To study the effect of preserved cardiac bioactivity of 

the different scaffolds on the spontaneous differentiation of hiPSCs, the hiPSCs were 

harvested and seeded on different scaffolds (5x105 cells per scaffold) for 24 hr in complete 

mTeSR medium. One-day post seeding, the medium was replaced with a spontaneous 

differentiation medium (a nutrient medium previously reported and used for PSC 

cultivation, which has less stringent biochemical control of PSC purity maintenance 

compared to mTeSR [1]) containing 79% DMEM, 20% defined Fetal Bovine Serum 

(HyClone SH30070.03), 1% nonessential amino acids, 0.1 mM β-mercaptoethanol, and 

100 U/mL penicillin–100 mg/mL streptomycin (Biological Industries). The media was 
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replaced every three days and at the end of four weeks, the scaffolds were processed for 

immunofluorescence. 

 

6.2 Results & Discussion 

 

6.2.1 FACS Study of Pluripotency Markers by hiPSCs  

 

The hiPSCs used in the study were characterized for their pluripotency to validate the 

stemness of the starting cell population. Flow cytometry was performed (using protocol 

mentioned in section 3.9) to evaluate the pluripotent markers’ expression. Cells were 

stained for OCT4, Nanog and SSEA4 three widely used markers for pluripotency. Isotype 

controls were used to calculate the percentage of positive cells. The FACS results exhibited 

that the hiPSCs were of high quality as they were more than 90% positive for all the 

markers analyzed as shown in Figure 6-1.  
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Figure 6-1 hiPSCs Characterization using FACS. 

Detection by FACS demonstrates positive expression for pluripotent markers. Dot plot of 

the representative population (A). Populations are more than 95 % positive for OCT4 (C) 

& SSEA4 (D) and 90 % positive for NANOG (E). Black histogram is the antibody only 

control (B).  

 

 

6.2.2 hiPSCs Attachment to the Scaffolds 

 

The common assumption is that a suitable ECM microenvironment contributes crucial cues 

towards organ specific differentiation of stem cells. However, such interactions have not 

been demonstrated with human pluripotent stem cells to study the influence of an organ 

specific bioactivity on the pluripotency of the cells. Also, the specific interaction in this 

cell scaffold interaction, evoking cell viability, proliferation and differentiation remains 

unclear. To study these interactions of the hiPSCs with the scaffold platforms, suitable 

culture conditions need to be established for favorable initial attachment, proliferation and 

possibly differentiation.  

 

Evaluation of optimal cell attachment time of hiPSCs to the scaffolds was studied by 

culturing cells on the scaffolds for different initial attachment times (0, 45, 90 and 150 min) 

at 37oC and 5% CO2. Subsequently, AlamarBlueTM assay (performed using protocol 
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mentioned in section 6.1.1) was performed to determine the viable cells attached on the 

scaffold. Based on different attachment times, all the scaffolds displayed high attachment 

at 90 min (Figure 6-2).  

 

Both UPLGA and 3DCS showed relatively higher attachment than the pcECM scaffold at 

all the attachment times. Given that there was no significant difference between 90 and 150 

min, subsequent experiments used an attachment time of 90 min which also corresponds 

to the standard used in our lab for other cell types for pcECM. The attachment time results 

revealed that an initial attachment time of 90 min is required for the cells to attach to the 

scaffolds efficiently, a trend observed in all scaffold platforms. An ideal initial incubation 

time for attachment is required as a shorter incubation time results in an insufficient 

attachment and longer times could lead to compromising cell viability due to nutrient 

depletion resulting in cell death [2]. 
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Figure 6-2 hiPSCs attachment to the scaffolds as measured by AlamarBlueTM assay.  

iPSC was incubated with pcECM for 0, 45, 90, 135 and 180 min to attach to the surface. 

Fluorescent intensity (FI) is represented mean±SD from n=3. * represents statistical 

significance of PLGA, 3DCS & pcECM at 90 min when compared to 0 and 45 min 

(p<0.05); ns represents statistical non-significance of PLGA, 3DCS & pcECM at 150 min 

when compared to 90 min (p<0.05). 

 

The effect of attachment time of hiPSCs to the scaffolds was also observed by staining the 

cell seeded scaffolds with Hoechst nuclear stain and imaged under a fluorescent 

microscope. The same trend as in the AlamarBlueTM was also observed here as shown in 

Figure 6-3. The pcECM at 0 min had very few cells and it gradually increases as the 

attachment time increased. Also, the nuclear staining images reveal the colony like 

structures, characteristic of the hiPSCs. 
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Figure 6-3 hiPSCs attachment to the scaffolds as evaluated by Hoechst staining of the cell 

seeded scaffolds.  

iPSC was incubated with the scaffolds for 0, 45, 90, and 150 min to attach to the surface. 

Representative Hoechst stained images of the seeded scaffolds Scale: 200 µm.  

 

6.2.3 3DCS Supports Long Term Viability and Proliferation of hiPSCs 

 

The long-term viability of 28 days and proliferation of hiPSCs on the scaffolds was 

measured using AlamarBlueTM (performed using protocol mentioned in section 3.11). All 

three scaffold platforms supported the long-term culture of hiPSCs (Figure 6-4) with an 

observed difference during the initial time points of day 1 and 7. During these time points, 

the UPLGA and pcECM had significantly lower number of cells compared to the 3DCS. 
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However, more cells were observed at later time points as observed from the increased 

fluorescent intensities (FI). All three scaffolds exhibited significant increase in cells from 

day 1 to 28. At day 28, the 3DCS had significantly higher FI than pcECM. Day 21 showed 

the highest FI for both UPLGA and pcECM, not significantly different to the 3DCS, 

corresponding to cellular proliferation during the culture period. The initial lower FI 

corresponding to lower cells in the UPLGA can be attributed to the absence of cell binding 

moieties. However surprisingly, the pcECM scaffold with its known bioactivity and cell 

adhesion abilities, did not exhibit the highest attachment which was also observed in our 

attachment time characterization. Though there were only very low number of cells in the 

pcECM during initial time points, the cells proliferated much better at higher time points. 

Maricela et al have reported that when hiPSCs were seeded on collagen coated PCL 

electrospun scaffold with various stiffness, it was reported that at a stiffness of 193 kPa (a 

value very similar to the Young’s modulus of pcECM), the iPSCs proliferated faster up to 

12 days [3]. Moreover, such effects of stiffness and nanotopographical cues have been 

reported to have effect the cellular proliferation, pluripotency and differentiation potential 

of seeded hiPSCs [4]. Also, the lower initial cellular attachment of the hiPSCs to the 

pcECM (as observed in Figure 6-2 and Figure 6-3), could be responsible for the initial low 

FI of the hiPSCs seeded on the pcECM. Another reason could be the architecture of the 

pcECM scaffold which can support cellular infiltration only up to 100 µm at static 

conditions [5]. After the initial attachment of the seeded cells, the cells compete for scaffold 

surface to proliferate and infiltrate and this combined with the initial lower cell number 

could be responsible for the delayed proliferation that is observed for hiPSCs seeded on 

the pcECM.   
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Figure 6-4 Long term viability and proliferation of hiPSCs on the scaffolds. 

hiPSCs interaction and proliferation on 3DCS compared to the unmodified PLGA and 

pcECM scaffold. All three scaffolds exhibited ability to support the viability and 

proliferation of the seeded cells. 

 

6.2.4 3DCS Induces Spontaneous Differentiation of hiPSCs Towards Cardiac Lineage 

 

To study the influence of the scaffolds’ bioactivity on the pluripotency of the hiPSCs, the 

cells were seeded on the scaffolds in a spontaneous differentiation medium for 28 days. 

Immunofluorescence for cardiac markers were performed (using protocol mentioned in 

section 3.10) 4 weeks post seeding to inspect for cardiac specific protein expression. Figure 

6-5 shows the scaffold stained for cardiac troponin I, a key cardiac marker. Both the 3DCS 

and the pcECM displayed cTnI marker expression. In comparison, the UPLGA scaffold 

seeded with hiPSCs did not display any cTnI expression. Further, the scaffolds were stained 

for SAA and the expression of these markers; similarly as cTnI; were positive in the 3DCS 

and the pcECM but not in the UPLGA samples as shown in Figure 6-7. Isotype controls 

for both cTnI and SAA exhibited negative staining as shown in Figure 6-6 and Figure 6-8.  

 

The differentiation of hiPSCs on the pcECM, is in acceptance with previously published 

results where mouse ESC and iPSC cells were observed to differentiate in the presence of 

a 300 µm thick decellularized human cardiac ECM slices [6]. The differentiation observed 
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in 3DCS could therefore be attributed to the complex cardiac ECM biochemistry that was 

used to functionalize the UPLGA. Even though other ECM formulations like MatrigelTM 

were shown to support cardiac differentiation of pluripotent stem cells, they were achieved 

with the addition of external factors and molecules [7]. Here we show that the scaffolds’ 

bioactivity and physical cues are solely responsible for the effect without external induction 

mediums. In addition, this tissue specific bioactivity takes leverage of the pluripotency of 

the seeded cells and aids in their ‘embryonic tissue’ development and differentiation, by 

pushing their differentiation towards a lineage that is dictated by the surrounding tissue 

ECM microenvironment. 
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Figure 6-5 Immunofluorescence of hiPSCs seeded scaffolds expressing Cardiac Troponin 

I.  

Representative images of hiPSCs seeded scaffolds stained (Day 28) for cTnI with primary 

cardiac troponin I antibody, Alexa Fluor 647 secondary antibody and DAPI for nuclear 

counterstaining. Scale: 20 µm. 
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Figure 6-6 Isotype control for Cardiac Troponin I staining of hiPSCs seeded scaffolds.  

Representative images of isotype control for cTnI staining stained (Day 28) only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. Scale: 20 µm. 
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Figure 6-7 Immunofluorescence of hiPSCs seeded scaffolds expressing Sarcomeric Alpha 

Actinin (SAA).  

Representative images of hiPSCs seeded scaffolds stained (Day 28) for SAA with primary 

sarcomeric alpha actinin antibody, Alexa Fluor 647 secondary antibody and DAPI for 

nuclear counterstaining. Scale: 20 µm. 
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Figure 6-8 Isotype control for Sarcomeric Alpha Actinin staining of hiPSCs seeded 

scaffolds.  

Representative images of isotype control for SAA staining stained (Day 28) only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. Scale: 20 µm. 

 

6.2.5 Conditioned Medium from 3DCS-hiPSC Construct Induces Cardiac Differentiation 

of hiPSCs Seeded on MatrigelTM  

 

One of the major hurdles that this thesis tries to decouple, in studying pcECM bioactivity 

mechanisms, relates to the effect of direct structural cues vs. that of pcECM biochemical 

composition on human stem cell commitment. While elucidating the exact molecular 

mechanisms behind the remarkable spontaneous differentiation of hiPSC towards ECM 

source-tissue specific lineages is beyond the scope of this thesis, an initial assessment of 
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the possible involvement of soluble factors in the process was performed. We hypothesized 

that if soluble factors, regardless of their source, are involved in the apparent differentiation 

process, then a conditioned media produced from spontaneous differentiation of hiPSC 

seeded on 3DCS or pcECM, might elicit a similar effect on pluripotency in a non-

differentiating control. MatrigelTM  (a commercial secreted and soluble ECM source 

commonly used for hiPSC culture and maintenance) coated plates were used as the non-

differentiating control, as it does not induce directed spontaneous differentiation with the 

regular non-conditioned medium (Figure 6-9 and Figure 6-11, MatrigelTM Ctrl panel). 

Moreover, pcECM gel was obtained from solid pcECM and 3DCS were fabricated using 

pcECM gel. Hence, the hypothesis that the conditioned medium from these cardiac 

scaffolds’ interaction with hiPSCs could induce cardiogenic differentiation was studied 

using MatrigelTM. Other members of our laboratory, have previously compared the effect 

of soluble pcECM (data not shown) to that of MatrigelTM—on hiPSC spontaneous 

differentiation. It turned out that unlike the tissue specific pcECM, commercial growth 

factor rich MatrigelTM does not induce spontaneous differentiation. Therefore, MatrigelTM 

coated tissue culture plates were seeded with hiPSCs and cultured in either plain 

spontaneous differentiation media or in pcECM/ standard 3DCS-hiPSC conditioned media 

for 28 days. Immunofluorescence performed (using protocol mentioned in section 3.10) at 

the end of 4 weeks exhibited, that only the conditioned medium has induced a spontaneous 

differentiation towards cardiac lineage, as apparent by both cTnI and SAA staining (Figure 

6-9, Figure 6-11) and isotype control  (Figure 6-10, Figure 6-12). The fact that only the 

hiPSCs seeded on cardiac ECM containing scaffold differentiated towards cardiac linage 

can be due to two scenarios: i) There could be factors being secreted and released into the 

culture medium by the cells themselves as a response to the interaction with the scaffold. 

ii) There could be molecules being released into the medium from the cardiac ECM as a 

result of degradation during the culture period. In both cases, the assumption is that the 

released factors could be present in the culture medium and that they are acting on the cells 

and influencing their differentiation fate—as opposed to insoluble factors such as direct 

cell-cell or cell-ECM contact induced differentiation. This hypothesis was confirmed when 

the conditioned medium was able to induce cardiac lineage differentiation of hiPSCs 

seeded on MatrigelTM. This is significant as the hiPSCs seeded MatrigelTM cultured with 
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regular medium instead of the conditioned medium did not result in any cardiac lineage 

differentiation. Hence these set of results exhibits the importance of a dynamic cell material 

interaction and the crucial presence of a cardiac ECM microenvironment, which might 

have been recognized by the cells as an initiator of their differentiation towards the target 

tissue lineage. Also, even though the differentiation of the seeded cells only exhibited 

lineage commitment and did not actually result in completely functional CM, these results 

reiterate our hypothesis and the long-held assumption that an organ specific ECM 

microenvironment; both in biochemical and physical environments; could influence the 

seeded stem cell’s fate in terms of lineage commitment and differentiation.  
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Figure 6-9 Immunofluorescence of hiPSCs seeded scaffolds expressing Cardiac Troponin I 

following addition of conditioned medium.  

Representative images of hiPSCs seeded MatrigelTM samples stained (Day 28) for cTnI with 

primary cardiac troponin I antibody, Alexa Fluor 647 secondary antibody and DAPI for 

nuclear counterstaining. MatrigelTM Ctrl – hiPSCs cultured on Matrigel coated plates and 

cultured with non-conditioned medium; 3DCS to MatrigelTM - hiPSCs cultured on 

MatrigelTM coated plates and cultured with conditioned medium from 3DCS-hiPSC 

interaction; pcECM to MatrigelTM - hiPSCs cultured on MatrigelTM coated plates and 

cultured with conditioned medium from pcECM-hiPSC interaction; Scale: 20 µm. 
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Figure 6-10 Isotype control for Cardiac Troponin I staining of hiPSCs seeded scaffolds 

cultured with conditioned medium.  

Representative images of isotype control for cTnI staining stained (Day 28) only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. MatrigelTM Ctrl 

– hiPSCs cultured on MatrigelTM coated plates and cultured with non-conditioned medium; 

3DCS to MatrigelTM - hiPSCs cultured on MatrigelTM coated plates and cultured with 

conditioned medium from 3DCS-hiPSC interaction; pcECM to MatrigelTM - hiPSCs 

cultured on MatrigelTM coated plates and cultured with conditioned medium from pcECM-

hiPSC interaction; Scale: 20 µm. 
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Figure 6-11 Immunofluorescence of hiPSCs seeded scaffolds expressing Sarcomeric Alpha 

Actinin following addition of conditioned medium.  

Representative images of hiPSCs seeded MatrigelTM samples stained (Day 28) for SAA 

with primary sarcomeric alpha actinin antibody, Alexa Fluor 647 secondary antibody and 

DAPI for nuclear counterstaining. MatrigelTM Ctrl – hiPSCs cultured on MatrigelTM coated 

plates and cultured with non-conditioned medium; 3DCS to MatrigelTM - hiPSCs cultured 

on MatrigelTM coated plates and cultured with conditioned medium from 3DCS-hiPSC 

interaction; pcECM to MatrigelTM - hiPSCs cultured on MatrigelTM coated plates and 

cultured with conditioned medium from pcECM-hiPSC interaction; Scale: 20 µm. 
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Figure 6-12 Isotype control for Sarcomeric Alpha Actinin staining of hiPSCs seeded 

scaffolds cultured with conditioned medium.  

Representative images of isotype control for SAA staining stained (Day 28) only with the 

secondary antibody-Alexa Fluor 647 and DAPI for nuclear counterstaining. Matrigel Ctrl – 

hiPSCs cultured on Matrigel coated plates and cultured with non-conditioned medium; 

3DCS to Matrigel - hiPSCs cultured on Matrigel coated plates and cultured with conditioned 

medium from 3DCS-hiPSC interaction; pcECM to Matrigel - hiPSCs cultured on Matrigel 

coated plates and cultured with conditioned medium from pcECM-hiPSC interaction; Scale: 

20 µm.  
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6.3 Conclusion 

 

This chapter illustrates the influence of the scaffolds’ bioactivity on the differentiation 

ability of the pluripotent cells. hiPSCs were seeded on the scaffolds and their attachment 

and proliferation were studied using AlamarBlueTM. All the scaffolds displayed ability to 

support the attachment and proliferation of the seeded cells for a period of 28 days. 

Immunofluorescence evaluation of the cell seeded scaffolds exhibited spontaneous 

differentiation of the seeded cells towards cardiac lineage in 3DCS and pcECM scaffolds. 

Conditioned medium from hiPSC and cardiac ECM containing scaffolds (3DCS and 

pcECM), when added to hiPSC culture on MatrigelTM, induced similar spontaneous 

differentiation of the cells towards cardiac lineage, denoting the importance of the soluble 

factors secreted by cells cultured on 3DCS and/or pcECM in modulating hiPSC 

differentiation. The presence of the soluble factors sheds light on the cardiac lineage 

commitment of the seeded hiPSCs on the cardiac ECM containing scaffolds (3DCS & 

pcECM) and opens up the possibility of further identifying the bioactive molecules 

responsible for this phenomenon.  
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7    Chapter 7  

 

   Conclusion and Future Recommendations 

 

This chapter explains and discusses the results in Chapter 4, 5 & 6 in relation 

to the existing literature and elicits the extent to which the hypothesis was 

tested. Finally, the chapter concludes by presenting future recommendations 

and opportunities that can be pursued based on this thesis.  
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7.1 Summary 

 

Cell material interactions play a crucial role in tissue engineering and regeneration, as a 

suitable native ECM mimicking microenvironment can result in a favorable interaction 

regime, tissue regeneration and homeostasis, as opposed to inflammatory response, fibrosis 

and scarring [1, 2]. 

 

Factors that formulate a native ECM can be broadly classified into architectural and 

biochemical components which in turn act as cues for seeded cells in vitro or recruited cell 

in vivo [3]. Decellularized ECM materials from different species and tissue sources are 

considered excellent candidates for tissue regeneration applications, as they possess a 

preserved native ECM architecture and all the inherent tissue specific bioactive molecules 

[4]. Though decellularized pcECM has demonstrated tissue source specificity in improving 

cardiac function following MI, while being delivered either as an insoluble (patch) or as a 

soluble injectable form [5, 6], its exact mechanisms of action remains unclear. One major 

impediment remains, our ability to decouple the architecture of insoluble ECM scaffolds 

from their soluble biochemical composition, be it naturally soluble or solubilized following 

interaction with various ECM-remodeling human cells. 

 

Many 3D passive ECM structures can be mimicked using synthetic polymeric materials 

and modern scaffold fabrication techniques, however, they usually lack an appropriate 

bioactive profile [7]. pcECM on the other hand may be overly bioactive, and is subject to 

high batch to batch variability, which may limit both reproducibility in basic research 

studies, as well as large scale production strategies. We provide a proof-of-concept for 

conferring tissue specific bioactivity to completely synthetic 3D ECM mimicking scaffolds, 

while offering better control and higher ‘tune-ability’ over architectural and soluble cues—

with clear implications to both basic as well as applied research.  

 

While electrospinning has been widely recognized for the fabrication of ECM mimicking 

architecture at nano and micro scales [8], traditional electrospinning results only in a 2D 

matrix structure that is far from the native 3D environment [9-11]. Wet electrospinning is 
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a modified method which uses a liquid bath in place of the solid collector of the traditional 

electrospinning, resulting in a highly three-dimensional scaffold [12-14]. Though the wet 

electrospinning process results in a native mimicking 3D structure and morphology, they 

lack the necessary bioactivity required for cellular interactions. Hence suitable chemical 

modifications are necessary to transform these scaffolds bioactive [12-14]. 

 

Hence, we hypothesized that combining the wet electrospun 3D scaffold with the liquid 

form of the cardiac ECM will result in a 3D composite scaffold (3DCS) that can 

recapitulate a native ECM microenvironment and can be compared to the pcECM, with 

better tunability. This would enable us in exploiting the advantages of both the natural 

ECM and the synthetic polymeric scaffold, while circumventing their inherent limitations. 

Therefore, we fabricated a 3D composite scaffold and characterized this scaffold in terms 

of morphology, chemistry, biochemical composition, mechanical properties, in vitro 

immunogenicity and cellular compatibility with hMSCs (hMSCs). The cardiac suitability 

of the scaffold was studied with human induced pluripotent derived CM (hiPSC-CMs). 

Additionally, the scaffolds’ cardiac specific bioactivity was studied with hiPSC (hiPSCs). 

 

In Aim 1, the key objective was to study the feasibility for the fabrication of a synthetic 

hybrid scaffold, that can compensate for the limitations of the pcECM and the synthetic 

scaffold systems individually. To achieve this, various parameters, particularly the overall 

morphology and chemistry of the pcECM were characterized to identify and recapitulate 

them using a more tunable synthetic system. The fabrication of the synthetic 3D scaffold 

to mimic the morphological characteristics of the pcECM was performed using wet 

electrospinning of PLGA polymer, a technique which results in a fibrous construct with 

tunability over the scaffold dimensions. To equip the 3D synthetic scaffold with the 

bioactivity essential for further cellular interaction, the 3D PLGA scaffold was 

functionalized using the liquid form for the pcECM using EDC-NHS chemistry, to for the 

3DCS. This 3DCS when characterized for different scaffold parameters, were found to 

mimic the pcECM in terms of morphology as well as chemistry. The 3DCS were also 

characterized to be non-immunogenic in vitro and supported the growth and proliferation 
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of seeded hMSCs, an accepted model cell type for CTE. All these results, answered our 

research questions established for Aim 1 as shown in Figure 1-1.  

 

Building on Aim 1 and to further characterize the 3DCS cardiac compatibility (Aim 2 

research questions, Figure 1-1), 3DCS were further seeded with hiPSC-CM , exhibiting 

pro-longed cell viability and support-ability for over two weeks, a pre-requisite for CTE 

applicability. Although all the scaffolds, i.e., UPLGA, 3DCS and pcECM maintained 

viability of the seeded hiPSC-CMs, only the scaffolds with cardiac bioactivity (3DCS and 

pcECM) could maintain CM beating functionality. To further understand this interaction, 

immunofluorescence for cardiac markers were performed. All the scaffolds exhibited 

positive staining for cardiac troponin I, a key marker for cardiomyocyte characterization. 

The expression pattern of sarcomeric alpha actinin explained the presence and absence of 

beating functionality in the hiPSC-CMs seeded on cardiac ECM containing scaffolds and 

UPLGA respectively, as organized actinin structure, a key component for cardiac beating, 

was detected only in 3DCS and pcECM scaffolds. Another key parameter for cardiac 

functionality, calcium handling of the seeded hiPSC-CMs was also studied using 

fluorescent calcium marker Fluo-4 AM. In normal conditions, the calcium handling of the 

seeded hiPSC-CMs were higher in the hybrid 3DCS followed by natural pcECM and 

finally the UPLGA, a trend that could be attributed to the differences in their mechanical 

property and the availability of cardiac bioactivity. These results reiterated the importance 

of a cardiac specific bioactive microenvironment for cardiomyocyte viability, protein 

expression and the influence of a dynamic balance between scaffold morphological 

properties and chemistry for cardiomyocyte calcium handling.  

 

After having established that the hybrid 3DCS can support the viability and functionality 

of hiPSC-CMs, the extent of support by the 3DCS for hiPSCs attachment, proliferation and 

differentiation was studied in Aim 3 (Figure 1-1). hiPSCs when seeded on the three scaffold 

platforms (3DCS, pcECM and UPLGA), were able to attach to the scaffolds after an 

incubation time of 90 min and proliferation was observed for four weeks. To characterize 

the influence of the scaffolds on the differentiation of the seeded hiPSCs, immunostaining 

was performed for cardiac markers cardiac troponin I and sarcomeric alpha actinin. The 
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immunostaining results revealed that the scaffolds containing cardiac ECM i.e. 3DCS and 

pcECM influenced the seeded hiPSCs and induced their differentiation specifically to 

cardiogenic lineage without the addition of any external factors, an important finding 

towards our research question. To explore how the scaffold bioactivity supports the 

observed differentiation pattern, conditioned medium from hiPSCs seeded cardiac ECM 

containing scaffolds (3DCS and pcECM) were added to hiPSCs seeded on Matrigel coated 

tissue culture plates. The hypothesis that the cardiac ECM bioactivity is responsible for the 

cardiogenic differentiation was confirmed here, as only the hiPSCs on Matrigel with 

conditioned medium expressed cardiac markers and the hiPSCs on Matrigel with regular 

medium did not express cardiac markers. This result, though promising, does not pin point 

the major components or combination of molecules responsible for this observed effect 

and further investigation in this regard is necessary to understand the interactions occurring 

in this backdrop.  

 

Taken together, it is evident that there is a dynamic crosstalk occurring in the overall cell 

scaffold interaction regime resulting in varied viability, proliferation and differentiation 

responses. The results obtained from the interaction of the hiPSCs and hiPSC-CMs with 

the scaffold platforms, manifests the importance of a favorable ECM microenvironment 

and the required balance between the architectural and biochemical cues necessary for 

cellular viability and functionality.  

 

7.2 Future recommendations 

 

In this work, a 3D composite scaffold was fabricated from the combination of a natural and 

synthetic material platform to enjoy the advantages of both the material platforms. The 

scaffolds, though characterized extensively on various parameters, needs to be studied in 

other conditions too. 

 

The cell interaction work presented in this thesis is completely performed at static 

conditions. The same cell interactions could be very much different if they were to be 

performed under dynamic conditions with a bioreactor setup. This is possible as the 
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fabrication of the 3D electrospun scaffold produced by wet electrospinning is extremely 

tunable in their resulting dimensions. Larger scaffolds can be designed and functionalized 

using the pcECM gel and the scaffold can be studied under bioreactor environment with 

external electrical and mechanical stimuli. This dynamic environment could improve the 

overall functionality of the scaffold than that is presented in the current work. Also, the 

performance of this scaffold in an in vivo model could be an interesting avenue to pursue 

as a cardiac patch material in managing MI and cardiac regeneration. 

 

The results of the scaffold bioactivity influence, though exciting and supports the overall 

hypothesis of this thesis, does not really pin point the molecule(s) responsible for the actual 

effect. Our results here exhibit that the conditioned medium contains factors that could be 

responsible for the observed effect. Hence the future work would be to analyze this 

conditioned medium using proteomic analysis to characterize for the presence of any or a 

combination of ECM based matrikines or cell secretome or cytokines that can be related to 

cardiac differentiation. Once a set of molecules are identified, these could be compared to 

existing targets of cardiac differentiation pathways using bioinformatics tools to identify 

possible peptide sequences. This would not only answer the question of the origin of the 

bioactivity in the cardiac ECM, but also can be considered as a product. Though the pcECM 

presented in this thesis as cardiac ECM has exhibited excellent properties, there could be 

reservations when translating this material into clinical trials as they are of ‘xeno’ origin. 

If a set of molecules are found using the combination of proteomics and bioinformatics, 

then the identified sequences can be synthesized in vitro chemically with more control and 

reproducibility, thus alleviating the ‘xeno’ concern. These synthesized molecules can be 

used in clinical settings for cardiac regeneration or can also be used in vitro to study cardiac 

regeneration or tissue development, information which could be useful for overall cardiac 

regeneration understanding.  

 

7.3 Conclusion 

 

This thesis reports the fabrication of a 3D composite scaffold obtained using wet 

electrospinning and liquid pcECM gel. The 3DCS mimicked the natural pcECM, in many 
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parameters like architecture, surface chemistry, protein composition and non-immunogenic 

nature. There was a slight difference observed in terms of mechanical properties between 

these two scaffolds, but this does not seem to be an issue, as the cells seeded on the 3DCS 

were able to maintain their growth and functionality. 

 

The hypothesis of the thesis that a ‘balance and cooperation of architectural and 

biochemical signals’ are necessary for a scaffold was exhibited when we seeded hiPSC 

CMs and hiPSCs on the 3DCS.  

 

The 3DCS when seeded with human iPSC derived CM, not only maintained cellular 

viability, but also the functionality in terms of protein expression and calcium handling. In 

addition, the same trend was observed in the study of the influence of cardiac specific 

bioactivity of the scaffold on hiPSC differentiation. This shows the essential role of the 

cardiac specific biochemical composition in hiPSCs differentiation. Coupled with the 

highly porous, tailorable and reproducible synthetic 3D fibrous scaffold, this hybrid 

structure of 3DCS has great potential to be developed into a cardiac patch with the right 

mechanical support and functionality. Further, while this thesis focused on the fabrication 

of a cardiac suitable scaffold, these results theoretically can also be extrapolated as a proof 

of concept study for the fabrication of other tissue type specific 3D scaffold platforms. This 

can be achieved by producing different 3D tunable synthetic scaffolds and functionalizing 

them with tissue specific ECM combinations, resulting in an array of scaffolds expressing 

characteristics of the respective tissue types, which could have potential applications in soft 

tissue regeneration.  
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8    Chapter 8 

 

   Appendix 

8.1 Supplementary Results 

 

8.1.1 Analysis of hiPSC-CMs Beating on Scaffolds 

 

The beating video obtained was converted into sequence of images and two images were 

chosen at certain intervals to account for rest state (diastole) or maximum movement or 

displacement (systole) in the scaffold edges. Arrows are drawn from the border of the 

systole image to the edge of the scaffold. Then the arrows were copy pasted on to the 

systole images to maintain the dimensions of the arrow. The scaffold edges were inspected 

for displacement as shown in Figure 8-1. hiPSC-CMs seeded on 3DCS and pcECM 

exhibited displacement in the scaffold edges, whereas there was no displacement observed 

in UPLGA scaffolds. 
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Figure 8-1 Analysis of hiPSC-CMs beating on scaffolds. 

Representative images obtained from beating videos. Inset represents the zoomed in images 

of the scaffold edges shown in the black square region. 
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8.2 Preliminary Reconnaissance Studies 

 

8.2.1 hMSC Attachment Time and Cell Density Study 

 

Cell attachment and cell density studies (Figure 8-2) were performed on the 3D electrospun 

PLGA scaffolds by varying the attachment time (0, 45, 90, 135 & 180 min) and the initial 

cell seeding density (100K, 500K, 1M, 2M, and 6M cells/cm2). 

 

 

Figure 8-2 3D PLGA and hMSC-RFP interaction. 

Percentage of hMSCs attached to the 3D electrospun PLGA scaffold after different 

incubation times (A); hMSC cell density on 3D PLGA scaffold under different initial 

seeding density after 24 h (B). 

 

hMSC-RFP was used as a model cell to study the initial cell attachment and cell density 

studies. Optimal parameters balancing the cell attachment time and initial cell density is 

important in order to obtain a constant number of attached cells at the beginning of each 

assay. Based on these preliminary results, an attachment time of 90 min was found to be 

suitable. The low attachment percentage (compared to the previous work by our lab 

showing approximately 20 % of hMSC attachment to pcECM) of cells to the scaffold may 

be due to the lack of cell binding moieties and surface hydrophobicity of the scaffold. To 

evaluate the effect of various initial cell seeding density on the 3D PLGA scaffold, different 

initial cell numbers were seeded. As the initial seeding density increased, the attached cell 

density increased. Yet there is no significant increase in the attached cell density for initial 

seeding density of 2 and 6 million cells/cm2 indicating a saturation maximal scaffold 
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carrying capacity of 1.3x106 cells/cm2 for hMSCs. This can be attributed to the lack of 

available surface area on the scaffold to accommodate the incremental increase in seeding 

density beyond the saturation value. 

 

8.2.2 3D Scaffold and hMSC Interaction 

 

To determine the interaction of the hMSC with the 3D electrospun scaffold and the ability 

of the scaffold to support cell viability and proliferation, hMSCs were seeded on the 3D 

PLGA scaffolds and cell proliferation was measured on day 3, 7 & 14 using 

AlamarBlueTM. As seen in Figure 8-3, the scaffold supports the viability of the cells over 

a period of 14 days. There is no significant decrease in cell numbers between day 3 & 7. 

However, a significant increase in the cell number is observed from day 7 to day 14. 

 

 

Figure 8-3 hMSC proliferation on 3D electrospun PLGA. 

hMSC-RFP interaction and proliferation on unmodified 3D electrospun PLGA scaffold. 

A significant difference in terms of cell number was observed between day 14 when 

compared to both day 3 and day 7.  

 

The delayed proliferation of hMSC on the 3D PLGA scaffold can be attributed to cell 

acclimation to the scaffold conditions and possible modification / secretion of their own 

ECM which can possibly facilitate their proliferating after 7 days of culture. Others have 

shown similar results where MSCs significant proliferation after 14 days of seeding on a 



Appendix  Chapter 8 

157 

 

electrospun PLGA mat [180]. Histological sections (Figure 8-4) of the scaffolds on day 3 

and day 14 show the interaction of the hMSC-RFP cells with the 3D PLGA scaffold. 

 

 

Figure 8-4 Histological section of 3D PLGA scaffolds exhibiting interaction with hMSC-

RFP. 

Representative images of histological section of 3D PLGA stained with H & E on day 3 (A) 

and 14 (B); hMSC-RFP fluorescence of day 3 (C) and 14 (D); Scale: 500 µm. 

 

8.2.3 hiPSC Culture on Microcarriers 

 

IMR-90 hiPSCs were used for the preliminary studies mentioned here and all hiPSC cells 

used for the attachment and the interaction studies with the pcECM expressed the 

pluripotent markers OCT 4 and TRA 1-60 as visualized from the immunohistochemistry 

(IHC) staining of the hiPSC cells present in the microcarriers used for their mass expansion 

(Figure 8-5). 

 



Appendix  Chapter 8 

158 

 

 

Figure 8-5 Immunohistochemistry of hiPSC on microcarrier. 

Pluripotency of the hiPSC on microcarrier was evaluated using IHC stain of pluripotent 

markers OCT 4 (A) & TRA 1-60 (B). Cell nuclei are counter stained with hematoxylin. 

Scale: 100 μm. 

 

8.2.4 hiPSC Attachment and Interaction with pcECM 

 

The optimal attachment time of hiPSC on pcECM was determined after seeding 500,000 

cells on top of thin (3 mm) pcECM slices that were allowed to attach in static conditions 

for 0, 45, 90, 135 & 180 min at 37°C and 5 % CO2. Subsequently, AlamarBlueTM assay 

was performed to determine the number of cells attached on the scaffold. 
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Figure 8-6 hiPSC attachment to pcECM over different attachment time. 

iPSC was incubated with pcECM for 0, 45, 90, 135 and 180 min to attach to the surface 

(A). B, C, D, E, & F show the H&E staining images of hiPSC seeded pcECM after 0, 45, 

90, 135 and 180 min of incubation respectively. Representative images and mean±SD 

values are shown out of 3 repetitions where black arrow indicates cell clusters at different 

time points. (*) denotes statistical significance (p< 0.05) as calculated using ANOVA. 

Scale bar: 50 μm. 

 

Based on different attachment times (Figure 8-6 A), there was no significant difference 

between 45 to 180 min in the attachment of iPSCs to the pcECM surface. A significant 

difference between 0 and 90, 135, 180 min was observed. Therefore, a minimum incubation 

time of 45 min is required for the iPSC attachment to the pcECM. Given that there was no 

significant difference between 45 and 90 min of attachment time, subsequent experiments 

used an attachment time of 90 min which also corresponds to the standard used in our lab 

for other cell types for pcECM. The effect of the attachment time was also observed by the 

H&E staining images (Figure 8-6 B-F)). There were no observable cells at 0 min, but cells 

were observed at all the other incubation times. 
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8.2.5 hMSC Proliferation on the Scaffolds 

 

 

Figure 8-7 hMSCs viability on the scaffolds as measured using AlamarBlueTM.  

hMSC interaction and proliferation on 3DCS compared to the unmodified PLGA and pcECM scaffold 

in terms of cell numbers.  

 

 


