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SYNOPSIS 

Cardiovascular disease has been emerging as the one of the leading causes of death 

worldwide. It claims more lives than all forms of cancer combined.  This situation 

invites serious attention, because heart is a very vital organ, which helps in pumping 

the blood throughout our body. When a major insult occurs to the heart, it cannot 

rectify it, on its own, as the regeneration potential is very limited. The present 

treatment modalities like, coronary artery bypass surgery (CABG), mechanical 

ventricular assist devices and pharmacological treatment, only help to restore the blood 

flow to the infarct formed. They only mitigate its symptoms for limited duration, with 

no role in damaged tissue repair or regeneration. The ultimate available treatment 

option is to replace the heart, with a compatible transplantation, which is very difficult 

due to the shortage of donors and risk of immunological complications. Therefore, to 

restore and maintain the damaged tissue function, principles and methods in 

engineering and life sciences are efficiently made to combine in tissue engineering 

approach. 

Therefore, various strategies for addressing and rectifying the cardiac defects are 

included in myocardial tissue engineering (MTE). Out of them, the most significant 

being the cell sheet engineering wherein the thermo-responsive polymers are used to 

retrieve intact cell sheets preserving the architecture without losing its extra cellular 

matrix, just by lowering the temperature. This scaffold free approach thereby reduces 

the risk of biocompatibility and biodegradation issues of the polymer scaffolds and 

immunogenic response of using the decellularized heart tissue. 
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The cardiac tissue is a cell dense tissue with around 1x108 cells per cm3 like kidney 

and liver. Therefore, not only the culture of cardiomyocytes, but also the in vitro tissue 

engineered cardiac tissue is difficult. Also, the use of predefined scaffold matrices has 

not been very successful in mimicking the contractile properties of the heart, with poor 

tissue morphology and size limits. This forms the major challenge in MTE, as the 

increase in thickness would result in diminished oxygenation and waste removal. It 

has been reported that the thickness limit for layered cell sheets in subcutaneous tissue 

is till~80µm that is 3cell layers. For in vivo applications researchers had to adopt the 

tedious method of polysurgery to create thick construct. This is tedious when its 

clinical perspective is looked into. Hence new methods have to be designed for 

developing cell dense tissue constructs. 

The human cardiomyocytes as a cell source is very restricted. The adult 

cardiomyocytes being terminally differentiated has minimal proliferation and can’t be 

cultured indefinitely. So, raising sufficient number of cells for tissue engineering 

needs, seems meagre. Many of the experimental procedures have shown the 

applicability of the neonatal rat ventricular cells in animal models. But the allogenic 

nature and the difference in the electrophysiological properties of the same with human 

cardiomyocytes have urged researchers to replace them with more easily available 

stem cell sources which can be differentiated to myocyte lineage. 

The commonly used cell sources for MTE are skeletal myoblasts, human embryonic 

stem cells obtained from donated human blastocysts (hESC), human-induced 

pluripotent stem cells (hiPSC) obtained by reprogramming adult somatic cells, human 

cardiac progenitor cells derived from foetal or possibly adult heart. They can form 
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cardiomyocytes in vitro either by differentiating in the presence of any differentiating 

agents, specific growth factors, culturing in cardiomyocytes derived conditioned 

media or even by co-culture with cardiomyocytes. But the inability of the skeletal 

myoblasts to electrically couple with the host tissue; the teratoma formation, 

immunologic and ethical constraint raised by hESCs and hiPSCs; the low engraftment 

and trans-differentiation by the cardiac progenitor cells limits their use. Hence a 

potential stem cell source like mesenchymal stem cells, with high ease of availability, 

characterisation and culture, with no risk of tumour or major ethical concern stand out, 

the only major limitation being the proper defining of the protocol for their 

differentiation to myocyte lineage. 

There are various agents reported for differentiation of cells to cardiac lineage. The 

most widely used is the cytidine analogue 5-azacytidine (5-aza) which is a well-known 

anticancer drug. Its advantage over other inducing agents is that, only a single, low 

dose of 5µM for 24h will induce differentiation and is cost effective. It is a 

demethylating agent, which form covalent adducts with DNA methyltransferase-1, 

thereby decreasing the enzyme activity causing demethylation of genomic DNA 

regulating the switch ‘on’ and ‘off’ of the genes associated with differentiation. 

Therefore, it was hypothesised that, the combination of differentiated stem cells and 

scaffold-free approach of cell sheet technology, can generate, tissue engineered 

construct depicting cardiac markers which can act towards myocardial regeneration. 

To prove this hypothesis, three cell sources, rat bone marrow mesenchymal stem cells 

(rMSC), periodontal ligament cells (PDL) and human umbilical cord mesenchymal 

stem cells (hUCMSCs) were isolated or procured, cultured and differentiated using 5-
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azacytidine. The action of 5-aza on the hUCMSCs were studied using an MEK 

inhibitor. For retrieving the differentiated cell sheet the in-house developed thermo-

responsive co-polymer, N-isopropylacrylamide-co-glycidyl methacrylate 

(NGMA)was synthesis. Also, for the synthesis of thick cell dense construct a novel 

method with custom developed Poly (ethylene-co-vinyl acetate) (EVA)-NGMA dishes 

were used. 

The rMSC, PDL and hUCMSCs isolated or procured and cultured with necessary 

ethical clearance. The morphology of the cells was studied by phase contrast 

microscopy and Actin-phalloidin staining. The stemness of the cells were studied by 

inducing the cells to adipogenic, osteogenic and chondrogenic lineage. The cells were 

characterized for primary markers by immunostaining and flow cytomerty studies for 

the markers CD90, CD105, Stro-1 and negative marker CD34.  

The differentiation was performed by the addition of 5µM 5-aza for 24hours and then 

changed to normal media. The experiment was continued for 21 days and the 

expression of the cardiac markers were studied. The differentiated cells showed 

progressive increase in the expression of the cardiac markers Cardiac Troponin T, 

Cardiac myosin heavy chain, Connexin-43 and Alpha sarcomeric actinin. The 

differentiation has also been evaluated by flow cytomertic studies. The cells became 

more elongated and aligned parallel to one another forming compact architecture. 

Also, the effect of 5-aza on different cell type is reported to be varying. So the effect 

on hUCMSCs were studied by cell cycle analysis. It was found that the number of cells 

that entered the S-phase had diminished and the cells were accumulated at the G0/G1 

phase, which had been further confirmed by the expression of Cyclin D1 by western 
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blot analysis. Moreover, the mechanism of action of 5-aza has been confirmed using 

an MEK inhibitor U0126. The ERK expression of the 5-aza treated cells have shown 

corresponding increase in expression of Mef2C, a myocyte enhancer factor, while 

blocking its expression in the inhibitor treated cells, though the exact mechanism is 

not studied.  

For the intact cell sheet retrieval, the thermo-responsive copolymer N-

isopropylacrylamide-co-glycidylmethacrylate (NGMA)was synthesised and its 

physicochemical characterisation by FTIR and water contact angle, was found to 

exhibit the characteristic peaks of NGMA with appropriate wettability. The biological 

evaluation by cell adhesion and cytocompatibility studies on NGMA, proved it to be 

suitable for cell culture. The cell sheet was retrieved and the found to be viable. The 

ESEM imaging revealed the intact cell sheet architecture. 

The differentiated hUCMSCs cell sheets were retrieved from NGMA and it was 

proved to retain the characteristic cardiac markers on the cell sheet by immunostaining 

(Connexin-43, Alpha sarcomeric actinin, MyoD and Mef2C), real time PCR (Cardiac 

promoters Nkx2.5 and GATA4, Cardiac markers : Cardiac myosin heavy chain, 

Cardiac troponin T and Connexin 43) and western blotting (Expression of cardiac 

markers: Pax7, Mef2C, MyoD, Myf5, SerCa2a, Myogenin, Cardiac troponin T, 

Connexin-43 and Alpha sarcomeric actinin), thereby depicting all the  essential cardiac 

markers enabling the effective functioning. The ESEM imaging of the differentiated 

cell sheet showed characteristic myotube like structures when compared with the 

control undifferentiated cell sheet.  
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In our study we have tried to elucidate a novel method of thick cell construct generation 

by developing a custom made, Poly (ethylene-co-vinyl acetate) (EVA) molded well 

on the spin coated NGMA dishes. The spin coating parameters were standardised and 

it facilitated coating with minimal volume of NGMA. The differentiated cells seeded 

on the EVA wells were retrieved as thick cell dense construct and the thickness was 

found to be 62µm by confocal microscopy and cryosectioning and found to be thicker 

than the normally retrieved cell sheet; depicting the cardiac markers. 

The study thereby elucidates the concept of using a readily available stem cell source 

for differentiation to myocyte lineage rather than opting the limited resource of human 

cardiomyocytes or neonatal ventricular cells for MTE applications. The differentiation 

has been confirmed by the expression of the cardiac markers and the sheet thus 

retrieved from the thermo-responsive polymer retained them. The ESEM imaging 

proves the morphological changes of the differentiated cell sheet. The differentiated 

cell sheet can help in myocardial regeneration after transplantation. Also, a novel 

technique for the construction of differentiated cell dense tissue with a single seeding 

has been described with EVA-NGMA plates.  

Electrophysiology studies of the differentiated cell sheet and pilot in vivo experiments 

in acute Myocardial infarct models have to be conducted to establish the effective 

myocardial regeneration and the synchrony of the cell sheet to the host tissue. The 

applicability of these differentiated cell sheet as a reliable platform for drug research 

can be further researched. 



1 
 

 

 

 

 

 

 

 

 

 

 

1. INTRODUCTION 
 

 

 

 

 

 

 

 

 

 

 

 



2 
 

1. INTRODUCTION 
 

1.1 PREVALENCE OF HEART DISEASES 

As per  the reports of the Heart diseases statistics of the American Heart Association, 

in 2015, more than 17.3 million people lost their lives, accounting to 30% of all the 

global deaths. In India an estimated 29.8 million people have coronary vascular heart 

diseases, out of a total estimated population of 1.03 billion over the world, that is nearly 

3% of the overall prevalence accounting to one-fifth of total deaths (Cardiovascular 

diseases: WHO, 2017). Globally, the probable numbers are expected to rise to 23.6 

million by 2030 (Detels et al., 2015) and the cardiovascular diseases are projected to 

remain the single leading cause of death. This situation is serious owing to the 

ineluctable role that the heart advocates in our body. 

1.2 THE HEART 

Just after three weeks, when, an embryo is conceived in the mother's body, the 

formation of two endocardial tubes begins. The duo merges to form a tubular heart; 

the primitive heart tube. It starts beating spontaneously from the fourth week of its 

development. It loops and septate into four chambers and paired arterial trunks to form 

the adult heart. This denotes the complexity of organ development. 

 

Figure 1:  Schematic representation of the embryonic development of heart (Adapted 
from Website of Department of Biology West Virginia University) 
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The heart beats tirelessly to meet the body’s demand of blood supply. The mighty task 

of pumping, around 2,000 gallons of blood per day in an average. Each pump, pushes 

the oxygenated blood from the left ventricles to the entire body through the Aorta, 

reaching till the finer arteries; then to the capillaries even in the body extremes. Once 

the gaseous and nutrients exchange is achieved, the blood returns to the heart via the 

veins to the right auricle, from where the blood is taken to the lungs for oxygen 

replenishment and the cycle continues. Also, on return of the blood, the liver and 

kidneys play a major role in the waste removal from the body. The remarkable cycle 

is vulnerable to collapse, owing to the unhealthy habits like smoking, uncontrolled 

intake of alcohol, unhealthy diets or even stress. Either, due to an inborn defect in heart 

or due to unhealthy habits, if the heart functions get compromised, this stage is known 

as cardiovascular disease (Cardiovascular diseases: WHO, 2017). It is a broad head, 

which cover all the disorders to the system with heart, at its central role. 

Cardiovascular diseases (CVDs) include, disorders of the heart and blood vessels. 

They include Coronary heart disease (that affect blood vessels supplying the heart 

muscle), Rheumatic heart disease (damage to the heart muscle and heart valves from 

rheumatic fever due to Streptococci bacterial infection), Congenital heart disease (due 

to malformations of heart structure right from birth of an infant), Peripheral Arterial 

disease (affect blood vessels supplying the arms and legs), Deep vein thrombosis and 

pulmonary embolism (resulting in blood clots in leg veins, which can dislodge and 

move to the heart and lungs) (Cardiovascular diseases: WHO, 2017).  

Among all the cardiovascular diseases; the Coronary heart disease is the most 

common, killing nearly 3,80,000 people annually (Detels et al., 2015). Coronary heart 



4 
 

diseases occur due to the formation of the plaques within the arteries, that supply blood 

to the myocardium, the heart muscles. These plaques are mostly composed of fat, 

cholesterol or cellular waste products and result in the blockage of the blood supply. 

This results in the progressive damage of the heart tissues, thereby affecting or 

deteriorating the pumping efficiency of the heart. The early symptom appearing to be 

angina (chest pain), advancing to myocardial infarction (heart attack) resulting in the 

formation of a non-functional infarct zone. The zone turns into non-contracting fibrous 

scar, with reduced pumping efficiency. The initial compensatory mechanisms of the 

heart spears down with the development of clinical syndrome which may either result 

in heart failure or serious arrthymias (irregular heartbeat).  

 
1.3 CURRENT TREATMENT STRATEGIES  

To effectively address the loss of functional cardiomyocytes due to ageing or due to a 

major insult to the myocardium, strategies are to be layed out such that, either an 

enhanced cell division of the existing cardiomyocytes or the stem cells around the 

damage (Forte E et al., 2011) or either by targeting and activation of cell-cycle re-entry 

pathways causing the dedifferentiation the cardiomyocytes in vitro (Sui et al., 2011). 

The treatment strategies currently available include restoring blood flow to the infarct 

zone, minimizing pathologic remodelling and offering positive inotropic drugs for 

enhanced function of cardiomyocytes that are surviving (Mayorga et al., 2009). The 

administration of diuretics, beta-blockers (also called angiotensin receptor blockers 

(ARBs) which modulate the renin-angiotensin-aldosterone system for treatment of 

hypertension, angiotensin-converting-enzyme inhibitors (ACE inhibitors), calcium-

channel blockers (CCBs, decrease blood pressure by inhibiting L-type voltage-gated 
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calcium channels to decrease intracellular calcium) are some of the majors in the 

pharmaceutical approach (Collins et al., 1990). Other approaches include, coronary 

artery bypass grafting (CABG) or mechanical ventricular assist devices. Thus, all these 

current treatment strategies are based only on mitigating its symptoms for limited 

duration, with no role in damaged tissue repair or regeneration. A compatible 

transplantation of the heart, is postulated to be the definitive treatment, which is very 

difficult due to the shortage of donors, immunological issues, cardiac allograft 

vasculopathy leading to concentric fibrous intimal hyperplasia inside the coronary 

vessels, high risk and expenditure (Taylor et al., 2006; Forte E et al., 2011; Turan et 

al., 2016). 

 

Therefore, the need of the hour is to develop methods to promote regeneration to 

prevent the formation of the scar tissue and efficient restoration of contractility. This 

is significant, as the cardiomyocytes are terminally differentiated and they alone are 

incapable of repair on its own when a major insult occurs to the heart tissue (Ahuja et 

al., 2007). 

 

1.4 MYOCARDIAL TISSUE ENGINEERING (MTE) 

The possibility of transplantation of cardiomyocytes by direct cell injections were 

studied previously (Soonpaa et al., 1994), but had resulted in low cell retention and 

reduced survival rate in host tissue (Sekine et al., 2011). Also, it was difficult to control 

the size, shape and target area of the grafted cells. This further hampered the cardiac 

regeneration. Thus, the need to obtain a therapeutic biologic implant, that resembles 

the functional features of cardiac muscle, to restore the cardiac structure and muscle 
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mass, has still remained an unanswered question. To overcome these problems, the 

tissue engineering approach became a second-generation cell therapy.  

 
Tissue engineering, the science of combining scaffolds, cells or biologically active 

molecules into functional tissues constructs that could restore, maintain, or improve 

damaged tissues or whole organs, would be ideal for the effective replacement of the 

damaged tissue. The regeneration assisted by the scaffolds and biological agents would 

help restore the function of the tissue or organ. Engineering myocardial tissue 

comprises the fields of cell biology (cell source) and material science 

(scaffolds/substrates). It aims at regenerating or replacing the injured myocytes and 

eventually improving cardiac function after myocardial infarction (MI) (Sui et al., 

2011).  

1.5 CELL SHEET ENGINEERING 

The scaffold in MTE, is also expected to mimic the three dimensional structure and 

electro-mechanical properties of the heart. However, scaffolds generally pose 

biocompatibility or degradation issues, thrombus formation and calcification (Helmus 

et al., 2008).  A bioengineered scaffold free construct developed from cardiac cells 

and native extra cellular matrix (ECM) is expected to overrule the limitations of 

scaffolds. One of the highly promising and successful technology to develop scaffold-

free bioengineered constructs is cell sheet technology. This technology uses thermo-

responsive culture substrate to get transplantable scaffold free and suture free intact in 

vitro cell sheet tissue constructs by just reducing the temperature.  
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1.6 CELL SOURCES  

The adverse micro-niche created due to the damage may further hamper the extent of 

cell division and survival. Hence, the major challenge to the endogenous restoration 

would be the insufficient number of available stem cells. The optimal cell source for 

cardiac tissue engineering should be easy to harvest, non-immunogenic and 

proliferative, with structural, electrophysiological and contractile properties similar to 

that of cardiomyocytes (Leor and Cohen 2005). The foetal cardiomyocytes are the 

most researched attaining proper alignment with the host cells forming defined cell-

cell contacts (Caspi and Gepstein, 2006). But the tedious isolation and culture 

procedure or being allogeneic, eliciting immune response are the major limitations 

(Leor and Cohen, 2005). In this context, irrespective of being non-cardiac origin, the 

skeletal myoblasts are potential cell source for MTE. They possess rapid cell division 

and more resistance to ischemia. However, the poor electrical coupling with the host 

cells, due to non-formation of gap junctions their use in MTE remains uncertain. The 

other major disadvantage being the isolation to be risky and invasive, especially, if it 

has to be procured from the same host (Caspi and Gepstein, 2006).  

 
Other cell sources like resident cardiac stem cells, endothelial progenitor cells (Sekine 

et al., 2008) human embryonic stem cells, fibroblasts or even cloned cells were also 

researched upon for the MTE applications. Some of the potential autologous sources 

like, bone marrow MSCs (Mohsin et al., 2011), embryonic stem cells (Sekine et al., 

2008), have ethical issues and donor limitations, while the induced pluripotent stem 

cells may arouse the risk of teratoma formation. Hence, the best solution is to 
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differentiate a readily available allogenic stem cell source like umbilical cord 

mesenchymal stem cells or adipose mesenchymal stem cells, into myocytic lineage.  

 
 1.7 DIFFERENTIATION OF STEM CELLS  

Various methods have been reported to induce cardiac differentiation in many types 

of cells (Heng et al., 2004). They include co-culture methods, the use of conditioned 

media, induction by various growth factors, cytokines, chemical agents, use of 

extracellular matrix which has significant role in mimicking the cardiac micro-niche; 

including collagen, elastin, laminin, fibronectin, proteoglycans or glycoproteins, 

introduction of free radicals or reactive oxygen species as with hydrogen peroxide, 

application of any physical stimuli like electrical pulses, mechanical stretch or even 

heat treatment (Heng et al., 2004). 

The preliminary studies in this direction was by the culture of cells with the 

conditioned media or the Planat-Benard media (Planat-Benard et al., 2004) because, 

the paracrine factors present could redirect the cells to the cardiac lineage (Ou et al., 

2013). But it was later identified that, the close association of the cells is necessary for 

the efficient differentiation (Badroff et al., 2003). Also, they do not exactly reflect the 

micro-niche of the infarct zone. Hence modifications like induction of hypoxia or 

exposure of the primary cardiomyocytes cultures to free radicals or reactive oxygen 

species was inevitable (Heng et al., 2004).  

 
Therefore, the attention was turned on, to the co-culture of stem cells with 

cardiomyocytes. The co-culture studies with neonatal rat cardiomyocytes or visceral 

endoderm-like cells have reported the differentiation of various stem cells to 

cardiomyogenic lineage (Mummery et al., 2002). In the study by Valarmathi et al., rat 
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ventricular embryonic cardiomyocytes and bone marrow mesenchymal stem cells 

were seeded into a 3-D tubular scaffold made of type I collagen-fibers. The 

morphological observations and the immune-localization studies for the myocardial 

proteins like GATA4, Connexin-43, Alpha and Beta myosin heavy chain, Cardiac 

troponin I had confirmed their differentiation (Valarmathi et al., 2010). So, it was 

considered advantageous over the use of conditioned media, as it provided a platform 

for the effective transfer of the differentiation signal, owing to the close association of 

the cells. Studies have demonstrated better differentiation of stem cells when compared 

to the use of conditioned media, due to the cell-cell contact and easy interaction of the 

molecular cues (Rangappa et al., 2003). The major disadvantage is the difficulty in the 

separation of the co-cultured cells without the application of fluorescence-activated 

cell sorting (FACS) or magnetic affinity cell sorting (MACS), as both result in the 

disruption of the gap-junction mediated electrical coupling. Therefore, maintaining a 

physical barrier was a step ahead to ensure effectual differentiation. The commercially 

available Trans-well inserts were used for separating the cells (Heng et al., 2004).   

 
Many growth factors and cytokines play a major role in cardiac differentiation of 

various cell types (Heng et al., 2004). hESC H7cell line was cultured in mouse 

embryonic fibroblast-conditioned media supplemented with differentiating agents, 

Activin A and BMP4 on Matrigel coated plates. It resulted in cell aggregates, which 

exhibited beating after 2 days with synchronous calcium transients (Stevens et al., 

2009).  The use of matrigel also denotes the use of extracellular matrix for more 

favourable activation of differentiation associated genes. The pluripotent stem cells 

have been induced to mesodermal lineage, then to cardiac specific lineage and finally 
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to mature cardiomyocytes by addition of specific inducing agents Mesp-1, Isl-1 and 

Flk-1 (Rajala et al., 2011). The oxytocin receptor (OTR) when activated by oxytocin 

causes the release of atrial natriuretic peptide (ANP), which is studied to have role in 

foetal heart hyperplasia, thereby involving in the cardiac differentiation, has been 

proved using P19 mouse embryonal carcinoma cells (Paquin et al., 2002). Retinoic 

acid spontaneously differentiated pluripotent embryonic stem cells to cardiomyocytes 

like cells (Wobus et al., 1997).  

 
Sphingosine-1-phosphate, a signalling sphingolipid, when supplemented with 

cardiomyocyte conditioned medium, has been reported by Zhao et al., 2011, to induce 

differentiation in umbilical cord mesenchymal stem cells. Low doses of DMSO alone 

or in combination with cardiogenol C is also reported to induce cardiac differentiation 

in P19 cells (Jasmin et al., 2010). The supply of these agents has to be continuous and 

the addition of conditioned medium may cause variability at each lot, raising the 

question of uniform and stable chances for differentiation. Recently the ascorbic acid 

has been found to induce mice-induced pluripotent stem (miPS) cells into 

cardiomyocytes (Mu et al., 2017).  

 
All these agents have to be supplemented to the media till the termination of the 

experiment. Undermining their effectiveness, short half-life and stability, paved way 

for the chemical agents to be exploited for the differentiation studies. Hence, 5-

azacytidine, a cytidine analogue which has been extensively used for the myocyte 

differentiation studies (Naeem et al., 2013). Owing to its property of induction in a 

single dose for short duration, it has been utilised for the present study.  
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1.8 CELL DENSE CONSTRUCT 

The normal heart tissue has a cell density of around 1x108 highly active 

cardiomyocytes per cm3 (Guo et al., 2009). This demands cardiac replacements with 

cells matching this density and metabolic activity. During a myocardial infarction, 

billions of cardiomyocytes may be damaged or lost, in a number of patients on an 

yearly basis. This demand, creates a vacuum in the supply of billions of 

cardiomyocytes or cardiomyocyte patches for the regeneration of the defect. One of 

the major limitation is the culture of viable cells in large numbers, in high density, with 

consistency (Guo et al., 2009).   
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2. REVIEW OF LITERATURE 

2.1 CELL SOURCES FOR MYOCARDIAL TISSUE ENGINEERING 

The existing treatment modalities only address the symptoms associated for short time 

span, with literally no role in damaged tissue repair or regeneration. The ultimate 

available treatment option is to replace the heart, with a compatible transplantation, 

which is very difficult, due to the shortage of donors and other medical complications 

(Taylor et al., 2008, Mayorga et al., 2009). The primitive approach towards the 

correction of the heart defects due to myocardial infarction was by cell based therapies. 

The administration of cells to the infarcted hearts, had been the preliminary mode of 

therapy for supporting regeneration. Even though it was considered to transplant 

mature cardiomyocytes to the damaged heart or the infarct zone, to provide a 

functional edge, it has been shown in various researches that, less mature 

cardiomyocytes or the cells which are directed to the cardiac lineage have a better 

synchrony with the hostile conditions in vivo (Feric and Radisic, 2016). They secrete 

paracrine factors such as vascular endothelial growth factor (VEGF), thymosin β4 or 

stromal-derived factors to fine tune the adverse environment and prepare it for 

regeneration (Feric and Radisic, 2016). Thus, the choice of appropriate cell source like 

mature or progenitor cells for myocardial tissue engineering still remains an important 

topic of research. 

 
An optimal cell source, satisfying all the necessary requirements defined, have to be 

identified for MTE. The most ideal being the human cardiomyocytes, which can be 

isolated from heart biopsies. Adult cardiomyocytes are the most preferred cell choice, 

as they can form the morphological and physiological representation of the heart in 
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vitro. Initially the cardiomyocytes were believed to be non-proliferative, owing to their 

location at the heart, the terminally differentiated organ without any intrinsic capacity 

for regeneration (Bergmann et al., 2009). After birth, the cardiomyocytes undergo a 

final cell division, with some turning binuclear or polypoid and subsequently, only 

hypertrophic-growth follows. To substantiate this, it was observed in the amputation 

studies of the one-day old neonatal mouse ventricular apex showed complete 

regeneration, while failed to do so after seven days of birth. Kajstura et al. (1998) 

showed that a small percent of around 0.001% of the persisting cardiomyocytes 

undergo cell division in normal healthy hearts (Kajstura et al., 1998). This was to find 

its base, by the C14 radiocarbon dating studies by Bergmann et al. Similar to the pulse 

chase experiment, the cardiomyocyte genomic DNA was tagged with trace amounts 

C14 and found out that they possess a mitotic turnover of 1% per year at the age of 25 

(Bergmann et al., 2009).  

 
The limited access, complicated procedures, low harvest of viable cells and ethical 

concerns are the major hurdles (Rajala et al., 2011). This highlights, the difficulty in 

retaining the morphological as well as the electrophysiological properties of the adult 

ventricular cells for more than 48 hours as they are reported to de-differentiate to less 

structured neonatal cardiomyocyte morphology (Jawad et al., 2007). Moreover, raising 

sufficient number of cells for tissue engineering needs, seems meagre. This has led to 

the search of alternative sources, such as isolation of cardiomyocytes from various 

new-born animals or production of genetically engineered cell lines overexpressing 

specific target proteins (Rajala et al., 2011)  
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Rat neonatal cardiomyocytes were the first to be investigated extensively, as they are 

easier to harvest in large quantities, can be cultured for around one week without losing 

its electrophysiological properties, with the possibility of high genetic manipulation 

(Sekine et al., 2008). Injection of foetal cardiomyocytes showed, their survival, 

preventing post-infarction heart failure. The alignment with the host cells, with defined 

cell-cell contacts, make them the ideal donor cell type (Sui et al., 2011). The possibility 

of injection of cardiomyocytes isolated from mouse hearts was first described by 

Soonpaa et al., 1994. The cell suspension was injected to the damaged site via 

thoracotomy, into coronary arteries. The difficulty in controlling the size, shape and 

target area of the grafted cells, resulted in limited success of the studies. Also, high 

rate of wash out of the transplanted cells resulted in low retention and its survival at 

the host target site. The survival of transplanted cells was further worsened by the low 

blood flow and oxygen availability in the infarct zone (Sekine et al., 2011). Hence, 

numerous experiments have been carried out to demonstrate the potential cell types to 

repair/regenerate with neo-vascularization and thus better survival of the injured 

myocardium. Therefore, more efficient cell sources, with more resilient properties had 

to be described for helping the cardiac regeneration.  

 
Skeletal myoblasts were also researched upon, due to its close similarity with the 

cardiac muscle. Hence it is thought to move in to the cardiac lineage once introduced 

to the cardiac micro-niche. Skeletal myoblasts or satellite cells are found at the basal 

membrane of muscle fibers. They possess various cytoskeletal and regulatory proteins 

as in cardiomyocytes (Hassan et al., 2014). But, the procedure for the isolation from 

an autologous source is invasive. Also, being the autologous cell choice they could 
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exhibit survival with differentiated muscle fibres after transplantation (Dorfmann et 

al., 1998). But the rodent skeletal myoblasts, did not show any phenotypic similarity 

or electromechanical coupling when transplanted to syngeneic hosts (Forte E et al., 

2011). Though Phase I clinical studies by Menasche et al., 2003 reported functional 

efficacy of the skeletal myoblasts, the follow up for a period of 6 months failed to 

show improvement in echocardiographic heart function (Forte E et al., 2011).  

 

The resident cardiac stem cells (RCSCs) which are relatively sparse in the scene; are 

also potential cell source for cardiac regeneration. These c-kit+ cells imply a self-repair 

mechanism, but when locally stimulated by hepatocyte growth factor and insulin-like 

growth factor-1, it could enhance cardiac regeneration in the rat models. It reduced the 

scar area by half, owing to the degradation of collagen proteins by the matrix 

metalloproteinases synthesised by them (Sui et al., 2011). But these cells have the 

major disadvantage that, they have to be procured from the same host, which is 

invasive and risky. Transplantation studies have shown that, they can promote 

cardiomyocytes formation and thereby improve left ventricular systolic activities. The 

dominant beneficial effects were owing to its neovascularization and arteriogenesis 

(Vaan Vliet et al., 2008).  

 

The endothelial progenitor cells (EPCs) have also been studied as a potential cell 

source for cardiac tissue engineering. They play a crucial role in neovascularisation. 

They have researched in combination with other cell sources for upgrading the 

perfusion extents, which is a major challenge in myocardial tissue engineering (Leor 

et al., 2005). But the unresolved issues of its origin and differentiating mechanism 
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have raised questions, as far as its clinical application is concerned (Salingova et al., 

2014). Also, the EPCs from hypertensive and coronary artery disease patients or 

healthy smokers have shown reduced ability of proliferation and differentiation (Wu 

et al., 2006). But, this is not the same, with respect to cord blood-derived EPCs (CB-

EPCs), which is another emerging candidate cell. They exhibited, higher proliferation 

with very low telomerase activity (a functional characteristic of stem cells), showing 

less apoptosis when compared to other progenitor cell populations (Wu et al., 2006).  

 

The advances in the embryonic and induced pluripotent stem cell research gave a new 

pace for the cardiac differentiation studies. The undifferentiated human embryonic 

stem cell (ESC) derived cells were reported to be potential cells for myocardial tissue 

engineering. The directed differentiation involved the co-culture of human ESC with 

mouse visceral endoderm-like cells, either as embryoid bodies (EBs) or as monolayer 

cultures (Duelen et al., 2017). Laflamme et al., described them to have high success 

rates for differentiation (Laflamme et al., 2007). The undifferentiated cells are reported 

to have unlimited in vitro life (Klug et al., 1996), but the cardiomyocytes proliferation 

was shown to decline by 8th day (Stevens et al., 2009).  

 

The pluripotent stem cells (PSC), similar to ESC have shown, nearly unlimited in vitro 

self-renewal capacity with the ability to differentiate into all three germ layers (Rajala 

et al., 2011). They are differentiated to cardiac lineage, by either, spontaneous 

embryoid body (EB) differentiation in suspension, co-culture with mouse endoderm-

like cells or guiding the cardiac differentiation with defined growth factors either in 

suspension or in monolayer culture (Vidarsson et al., 2010). But, the cells being 
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allogeneic with ethical issues and risks of teratoma formation are the unavoidable 

concerns for both ESCs and PSCs for clinical applications.  

 

Mesenchymal stem cells (MSCs) are extensively researched upon owing to their 

angiogenic and antiapoptotic mechanisms, that can be used for the repair and 

regeneration of the heart (Williams and Hare, 2011 and Liau et al., 2012). The 

secretion of paracrine factors plays a major role in the recruitment of adjacent stem 

cells, which may be highly beneficial for cardiac tissue engineering. Their plasticity 

and easy detection with surface markers, makes them an attractive candidate (Makino 

et al.,1999).  

 

However, the process of obtaining bone marrow from patient is tedious and often 

injurious. Hence, human umbilical cord Wharton’s jelly (hUCMSCs) is proposed, as 

an alternate cell source to bone marrow MSCs. The umbilical cord acts as a 

nourishment bridge between placenta and the developing foetus. It gains about 40-

60cm length, with approximately 1-2cm girth in humans. The amniotic epithelium, 

encloses a mucoid connective tissue, the ‘Whartons jelly’ (first described by Thomas 

Wharton in 1656), with a vein and two arteries (Davies et al., 2017). 
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Figure 2: The structure of the human umbilical cord with a three-dimensional diagram. 
Scale Bar: 5 mm (Reproduced from Davis et al., 2017). 

 

 

Thus, hUCMSCs, are the emerging cell source for cardiac tissue engineering. The 

umbilical cord is the biological waste of parturition. It can be procured by a non-

invasive technique after child birth without harm to the mother and the baby (Hua et 

al., 2011). They are superior to bone marrow derived MSCs in availability, 

proliferation and ease of isolation The superior immuno-modulation with higher 

frequency of proliferation and colony-forming units (CFU) make them advantageous 

over bone marrow MSCs. They can be frozen and stored for long term than bone 

marrow MSCs. (Han et al., 2013). The hUCMSCs are reported to lack HLA-class I 

and HLA class II human leukocyte antigen (HLA-2), HLA-DR,-DP and -DQ which 

reduces the immune response and immune suppression effects with lower risk of viral 

contamination (Hsiao et al., 2016) and lesser complications of ethical clearance (Chao 

et al., 2012). This can be tailored to our advantage, during the transplantation of these 
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cells, even if for allogeneic cases. They have the potential to prevent the 

immunological response elicited by the T lymphocytes (Grinnemo et al., 2004).  

 
In the study involving direct injection of TGF-β2 stimulated (6 days) hUCMSCs to the 

myocardium around the site of ligation by Hsiao et al., positive expression of Cardiac 

Troponin-I and Connexin-43 confirmed the cardiac differentiation. They had 

introduced the cells straight to the myocardium, avoiding their travel through the 

blood. Although, better cell survival was observed, the number of cells which was 

retained had been considerably reduced (Hsiao et al., 2016).  

 
They can be differentiated to the cardiac lineage using various chemical or biological 

agents like vascular endothelial growth factor (VEGF), zebularine (Naeem et al., 

2013), 5-azacytidine (Makino et al.,1999, Rangappa et al., 2003, Naeem et al., 2013), 

ghrelin hormone (Gao et al., 2013), sphingosine-1-phosphate (Zhao et al., 2011) low 

levels of dexamethasone (Shim et al., 2004; Jasmin et al., 2010) and mechanical or 

electrical stimulation (Guan et al., 2011). However, the studies have been limited to in 

vitro culture and its differentiation. Also, the functional characteristics of 

cardiomyocytes, differentiated from hUMSCs have not been fully elucidated (Zhao et 

al., 2011). 

 
Another feasible option for the isolation of mesenchymal stem cells are the human 

dental tissues. The dental pulp, periodontal ligament, tissue remnants in deciduous 

teeth, apical papilla, dental follicle and gingival tissues are the potential sources 

(Huang et al., 2009). Unlike the bone marrow MSCs or umbilical cord derived MSCs, 

the tooth derived MSCs have a neural crest cell (ecto-mesenchymal) origin (Dupin and 



21 
 

Sommer, 2012). They are reported to arise from migrated neural crest cells during 

tooth development. However, PDL cells obtained from mature periodontal ligaments 

possess stem cell properties similar to MSCs rather than neural crest cells (Zhu and 

Liang, 2015). The periodontal ligament cells also share the same embryonic origin as 

the dental pulp cells but pose lesser ethical issues. The dental pulp derived stem cells 

have been shown to reduce the myocardial infarct site, in vivo, by means of secreted 

paracrine factors and improved vascularisation, without their direct differentiation to 

cardiomyocytes (Gandia et al., 2008). Hence, we have tried to study the cardiac 

differentiation potential of human periodontal ligament cells also, on treatment with 

5-azacytidine. 

2.2 DIFFERENTIATION USING 5-AZACYTIDINE  

Most of the stem cell transplantation studies in the MTE applications have tried to 

address the problem of regeneration with the introduction of undifferentiated cells. The 

undifferentiated cells are expected to differentiate to the cardiomyogenic lineage in 

vivo, with the support of the micro-niche. But then, the number of cells differentiating 

to the expected lineage is low, owing to their tendency to spontaneously differentiate 

to multiple lineages (Mackenzie and Flake, 2001). Although the chances of teratoma 

formation as in embryonic stem cells is low, the risk of differentiating to undesired 

lineage persists. The differentiation, thus enhances the chance of proper lineage 

determination and better engraftment of these cells when introduced to the host tissue 

(Heng et al., 2004). Hence the aspect of induction and differentiation of stem cells to 

myocyte lineage has been extensively researched. This helps to understand the 

physiology, metabolism and drug response, paving way for the regeneration strategies 
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to be designed (Galli et al., 2014). Therefore, the call for efficient and effective 

differentiation of stem cells to myocyte lineage is currently valid. The preliminary 

studies in this direction has already been discussed above. 

 
In the translational point of view, it is of vital importance that, the in vitro culture 

methods should be cleared-off from any animal or allogenic factors to reduce the 

antigenicity in the host. Therefore, a culture environment with chemically defined 

specific differentiating agents, would bring in a favourable scenario. Undermining the 

consequences of using serum, which may possess batch-to-batch variation, the defined 

medium with either growth factors or chemical-inducing agents are widely researched 

for the differentiation experiments. They are advantageous, as they are non-

immunogenic, easy to synthesise or preserve and possess enhanced cell permeability 

to facilitate effective differentiation (Mu et al., 2017). The embryonic stem cells 

however, showed an exception wherein, they exhibited differentiation, even in the 

absence of any inducing agents (Kehat et al., 2001). But the case of adult stem cells is 

varying, which require a specific dose of induction for moving ahead to the cardiac 

lineage.  

 
The alternative methods defined for the myocytic differentiation are recombinant 

cytokines, growth factors or chemical inducing agents, such as TGF-β1, BMP-2, BMP-

4, Insulin-like growth factor I (IGF-I), Fibroblast growth factor (FGF), Oxytocin, 

Erythropoietin, 5-Azacytidine, Zebularine, Sphingosine-1-phosphate, Ascorbic acid, 

Retinoic acid, Dimethylsulphoxide and Dynorphin B (Heng et al., 2004). Different 

from the cytokines and growth factors, which are obtained from living organisms after 

the post-translational modifications, the synthetic chemicals can be manufactured with 
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more accuracy and chemical properties. They are stable for longer duration and hence, 

can be used in culture for prolonged time, for differentiation. 

 
5-azacytidine is a synthetic nucleoside, analogue of cytidine, with an additional 

nitrogen heteroatom in the position 5 of the pyrimidine ring (Piskala and Sorm, 1964). 

It is widely accepted in the clinical set up, as an anticancer drug. From early 1980s, it 

has been reported to deblock inactive genes by the formation of covalent adducts with 

DNA methyltransferase-1 (DNMT), thereby decreasing the enzyme activity (Zielinski 

and Sprinzl 1984). This causes the demethylation of genomic DNA, regulating the 

switch ‘on’ and ‘off’ of the genes which are associated with cardiac differentiation. 

  

 
 

Figure 3: Schematic representation of the chemical structure of 5-Azacytidine 
 
 
Research reports indicate that, the bone marrow mesenchymal stem cells can be 

differentiated to multiple lineages; including myocyte like cells and cardiomyocyte-

like cells, which even possess the contractile properties (Valarmathi et al., 2010). The 

cytidine analogue has been successfully used for the differentiation of rat bone marrow 
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mesenchymal stem cells from Fischer rats. The cells became multi-nucleated with 

elongated appearance after 7 to 11 days. On screening, the effect of varying 

concentrations of 5-aza including 10, 20, 50µM, a better survival index was obtained 

for the lower concentrations (Wakitani et al., 1995). Effect of the 5, 10µM 

concentrations of 5-aza in cell survival were studied for the rat bone marrow MSCs 

from Wistar rats (Liu et al., 2003). The extent of time duration for the exposure of 5-

aza on human dermal MSCs isolated from scalp tissue punch biopsies was performed 

by Potdar and Prasannan (2013). The durations of 48 hours, 4 days and 8 days were 

examined and it was concluded that, the 48hours exposure had resulted in the better 

expression of α-cardiac actin, Cardiac troponin T and β myosin heavy chain (Potdar 

and Prasannan, 2013). The murine bone marrow stromal cells were differentiated to 

cardiomyocyte lineage by 5-aza treatment. The change in morphology was noted from 

one week after treatment with 5µM of 5-azacytidine. The adjacent cells were 

connected forming myotube-like structures (Makino et al., 1999). Adult mesenchymal 

stem cells, isolated from rabbit adipose tissue, on 5-aza treatment, also exhibited the 

transformation with extended cytoplasmic processes like cardiomyocytes (Rangappa 

et al., 2011). Adult human bone marrow mesenchymal stem cells were treated with 5-

azacytidine and their differentiation has been investigated. The passage 2 cells after 2 

to 3 weeks after 5-aza treatment, exhibited characteristic myotube like structures. The 

transmission electron micrographs confirmed the formation of the cytoplasmic 

myofilaments resembling cardiac structure (Makino et al.,1999; Wakitani et al., 1995). 

5-aza treatment had also resulted in the establishment of a cell-line that differentiated 

into cardiomyocytes from adult marrow stromal cells in the in vitro culture conditions. 
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This can act as a model for cardiac differentiation studies, unveiling the transcriptional 

pathway involved (Makino et al., 1999).  

 
2.3 VARIOUS APPROACHES FOR MTE  
 

CLASSICAL APPROACH WITH SCAFFOLDS  

When the desired cells are seeded on to the specially designed microenvironment with 

scaffolds, the cells are expected to entrap, attach and expand within the culture system. 

This is considered as the ‘classical approach in tissue engineering’. The early attempts 

for myocardial tissue engineering by this method was initiated by Li et al., 1999 and 

Leo et al., 2000 (Tee et al., 2010). Porous gelatin and alginate meshes were used to 

entrap the neonatal cardiomyocytes respectively. Tubular scaffolds engineered from 

topographically aligned type I collagen-fibers were used for the co-culture of rat 

ventricular embryonic cardiomyocytes and bone marrow mesenchymal stem cells 

(Valarmathi et al., 2010). But the presence of few or scattered cells and the poor 

infiltration into the scaffolds was the major drawbacks, when cell dense tissues like 

heart tissue is considered. Many strategies for the improved cell survival have been 

delved into, such as incorporation of various angiogenic factors and other 

biomolecules for the enhanced cell survival, co-culture of various cells to ensure 

maximum input of paracrine factors (Ozawa et al., 2002).  
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Figure 4: Schematic representation of the strategies in cardiac tissue engineering: (a) 
‘Classical’ tissue engineering approach with cells seeded on scaffold (b) Engineered 
heart tissue approach (c) Cell sheet technology (d) Gravity enforced – biological cell 
self assembly (e) Arterio-venous loop in vivo tissue engineering chamber and (f) 
decellularized heart tissue in cardiac tissue engineering (Reproduced from Tee et al., 
2010). 
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ENGINEERED HEART TISSUE  
 
With the combination of neonatal rat cardiomyocytes, collagen I matrix-Matrigel, 

spontaneously contractile tissue was developed with mechanical stretching devices. 

This was called ‘Engineered heart tissue’, which were developed initially as planar 

sheets and later were modified to form circular, with favourable contractile property 

and better morphology of cells. On efficacy evaluation of these constructs in a 

heterotopic heart transplant rat model, as wall replacement, it resulted in transmural 

thrombus (Zimmermann et al., 2006). Hence, modifications were initiated and made 

to pouch like structures, to mimic ventricular assist device. However, the viability of 

the cells towards the interior was found to be unsatisfactory and the scaling up of the 

same, remained a challenge (Tee et al., 2010). 

 
SELF ASSEMBLY OF CELLS 

This technique researched the possibility of eliminating the rigid scaffolds, which 

prevented the infiltration of the cells deep inside. Instead, three-dimensional porous 

hydrogel-based scaffolds were used, within which the cells were suspended and were 

allowed to migrate using gravity-enforced techniques to form spheroid-like 

microtissues (Kelm et al., 2006). 

 
Similarly, the cell to cell contact initiation by a programmed rapid self-assembly of 

cells was demonstrated by Rogozhnikov et al., 2016. This was made possible by the 

technique called cell-surface engineering based on liposome delivery and fusion. The 

cardiomyocytes, endothelial cells and cardiac fibroblast cells were shown to assemble 

to 3D structure by treating them with a rapid and mild liposome fusion method. This 

facilitate the display of bio-orthogonal functional groups on the cell membranes. 
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Ketone and oxyamine groups on cell surface then, rapidly click cells together via the 

oxime linkage and form stable cell assemblies and tissues paving way for an efficient, 

cost effective and non-cytotoxic method for the generation of 3D heart tissue 

(Rogozhnikov et al., 2016). However, more fine tuning is necessary to stipulate the 

cell number of the desired cells according to the requirement. 

 
ARTERIO-VENOUS LOOP-IN VIVO APPROACH 

It is an in vivo tissue engineering approach to ensure the vascularity within the 

assembled cardiomyocytes, using an arteriovenous loop embedded chamber. Neonatal 

rat cardiomyocytes were mixed with fibrin gel and entrapped in silicone tubes which 

were surgically placed near the femoral artery and vein of adult rats. This targets the 

in vivo cell assembly with vascularity and other functional properties (Birla et al., 

2005). A similar approach was studied by Moritt et al., 2007 where matrigel was used 

as the supporting substratum rather than fibrin gel for the growth of rat neonatal 

cardiomyocytes. A construct with the thickness of adult rat right ventricle wall 

expressing gap junction protein Connexin-43 was observed. However, this may not be 

a viable approach for a human clinical scenario.  

  
DECELLULARISED MATRIX 

Decellularized rat hearts were used to obtain a whole heart ECM scaffold, as the three 

dimensional structure of the rat hearts can be maintained with preserved vascular 

basement membranes. Seeding of the rat cardiomyocytes with supporting endothelial 

cells resulted in a contractile ‘whole heart’ (Ott et al., 2008 and Tee et al., 2010). This 

pointed towards the prospects of using large animal or human heart decellularized in 

similar pattern seeded with either autologous or donor stem-cell derived human 
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cardiomyocytes. This can be an excellent off-the-shelf artificial heart. This was also 

used in combination with 5-aza differentiated rat bone marrow MSCs. The 

differentiated rat MSC sheets were stacked and placed amidst the sliced decellularized 

pericardium to function as a cardiac patch (Wei et al., 2008). However, the suspected 

immunologic responses, difficulty in gas and nutrients supply for the cells being alive 

raise concerns. 

 
CELL SHEET TECHNOLOGY 

Contrary to the use of scaffolds for tissue engineering; the use of intelligent surfaces 

or stimuli-responsive surfaces, have served as an excellent platform for the cell culture 

and retrieval of intact contiguous cell sheets. This approach is called ‘cell sheet 

engineering’ (Okano et al., 1993).  Conventionally, the enzymatic digestion of the 

components that preserve the cell to cell contact such as cell-cell junctions, cell surface 

proteins as well as extracellular matrix (ECM) may affect the cell re-adhesion and its 

viability (Kumashiro et al., 2010). But the non-invasive technique of cell sheet 

engineering preserves these components and ensure retrieval of intact cell sheets. The 

sheet thus obtained, can adhere tightly onto the host tissues without suture or cell loss 

after transplantation, increasing the area of therapeutic interest (Forte G et al., 2011).  

Thus, this technology helps in the transfer of a defined mass of cells to the target area. 

The cell-sheet transplantation shows greater cell survival than dissociated cell 

injection methods in the in vivo studies (Sekine et al., 2011). Another application of it, 

being the generation of thick three-dimensional cell-dense tissue construct by the 

sequential stacking of confluent cell sheets, which can be even patterned (Matsuda et 

al., 2007). 
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2.4 CELL SHEET GENERATION METHODS  

There are several methods for the generation of cell sheets, the simplest of it being, the 

coating of fibrinogen monomers mixed with thrombin on the culture surface. Intact 

cell sheets of neonatal rat cardiomyocytes were obtained due to the digestion of the 

fibrin by the intrinsic protease, which can also be made use for other cell types 

(Itabashi et al., 2005).  

 
Another technique for cell sheet engineering is by the induction of cells by Vitamin C. 

The bone marrow MSC, umbilical cord MSC and periodontal ligament cells were 

induced with 20μg/mL of Vitamin C until the edges of the confluent monolayer 

wrapped and came out. The sheet was detached smoothly using a crooked syringe 

needle. The induction with Vitamin C, resulted in increased telomerase activity 

causing the upregulation of fibronectin, integrin β1and extracellular matrix type I 

collagen. This is reported to be a new, easy and cost effective method for cell sheet 

generation (Wei et al., 2012). 

 
The response to various factors such as, pH (Guillaume-Gentil  et al., 2011), ionic 

strength (Zahn et al., 2012), electrochemical desorption (Enomoto et al., 2016) or light 

(Yong et al., 2013), have also been utilised for the detachment of the cell sheets. The 

polymers which facilitate these properties are called smart polymers or stimuli 

responsive polymers. There are several physical forms for the stimuli responsive 

‘smart polymers’. They can be (i) linear free chains in solutions, which undergo a 

reversible collapse after an external stimulus, (ii) Covalently cross-linked gels and 

reversible or physical gels, which can be either micro or macroscopic networks on 

which swelling behaviour is environmentally triggered or (iii) the chains adsorbed or 
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grafted on to the surface, which reversibly collapses on a surface, converting the 

interface from hydrophilic to hydrophobic, once a specific external parameter is 

modified. 

 

Figure 5: Physical forms of stimuli responsive polymers (Adapted from: Bajpai AK 
et al., 2016) 

Many of these techniques involving stimuli responsive polymers, require more 

reagents, specialized facilities and technical expertise for their manufacturing, when 

compared to application of thermo-responsive polymer surfaces (Juthani et al., 2016). 

Hence, the thermo-responsive polymers are used for cell sheet detachment studies 

(Okano et al., 1993; Kaneko et al., 1999; Matsude et al., 2007; Joseph et al., 2010; 

Ramesh et al., 2014). This could be, by the use of poly (N-isopropyl acrylamide) 

(Okano et al., 1993; Matsuda et al., 2007), N-isoproplyacrylamide-co-

glycidylmethacrylate (NGMA) (Joseph et al., 2010, Ramesh et al., 2014) or methyl 

cellulose (Cheng et al., 2006, Wei et al., 2008).  

 



32 
 

A number of polymerization techniques have also been advocated for the grafting of 

the thermo-responsive surfaces, such as Electron beam irradiation, Plasma 

polymerization, UV or Gamma irradiation and Atom transfer radical polymerization 

(Joseph et al., 2011). The membrane receptors cause the cells to adhere to the culture 

surface with the help of the proteins which favour cell adhesion including fibronectin 

which may be either from the serum or secreted by the cells. The culture surface in the 

TCPS plate is hydrophobic and help to anchor the proteins on to it (Shimizu et al., 

2003). The cells attach to the surface, initially by passive adhesion which is facilitated 

by the hydrophobic interactions, Coulomb forces and Van der Waal’s forces. It is 

followed by the integrin mediated active adhesion process. Similarly, for the cell 

detachment, which also involves two steps, the cell detachment by the hydration of the 

thermo-responsive polymer chains, accounts for the passive step while, the change in 

the cell shape by the cytoskeletal and metabolic interventions during cell detachment, 

denote the active process (Okano et al., 1995). 

 
2.5 THERMO-RESPONSIVE POLYMERS 

Thermo-responsive polymer helps in the spontaneous detachment of the cells as 

continuous sheets negating the use of denaturing enzymes like trypsin or dispase and 

mechanical disruption by reducing the surface temperature below the Lower Critical 

Solution Temperature (LCST). Below LCST, the polymer solution remains clear and 

homogenous and above, it will turn cloudy, hence the temperature is also called as 

cloud point. This clearly depicts the shift from hydrophobic to hydrophilic, making the 

surface non-cell adhesive. This happens because it is energetically more favourable. 

For polymers exhibiting LCST, when the temperature increases, the Free energy of the 
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system as per the Gibbs equation ΔG = ΔH −TΔS (G: Gibbs free energy, H: enthalpy 

and S: entropy) becomes negative. This is also effectuated by the increase in entropy 

of the system facilitating phase separation (Klouda and Mikos, 2008).  

 
Thus the rapid hydration and extension of polymer chains helps in the detachment and 

retrieval of intact cell sheets (Forte G et al., 2011). Okano et al., are the pioneers in 

the study of temperature-sensitive substrates for cell culture application (Okano et al., 

1993, Kaneko et al., 1999). Cells adhere and grow well in hydrophobic surfaces than 

hydrophilic surfaces (Okano et al., 1993). On studying bovine hepatocytes cultures, 

which are otherwise sensitive to enzymatic digestion, on thermo-responsive surfaces, 

proved to be effective for detachment and cell re-attachment without cell damage 

(Sekine et al., 2006).  Additionally, the albumin production was also estimated to be 

decreased for the trypsin digested cells, when compared to the retrieved, undamaged 

cells (Okano et al., 1993). 

 
The thermo-responsive property of Poly(N-isopropylacrylamide) [PNIPAAm] was 

first studied by Heskins and Guillet in 1968. The lower critical solution temperature 

(LCST) which serves as the basis for shift or the base transition properties of 

PNIPAAM is 32°C (Sekine et al., 2011, Okano et al., 1993, Okano et al., 1995, 

Kaneko et al., 1999, Sekine et al., 2006, Matsude et al., 2007, Joseph et al., 2010, 

Kumashiro et al., 2010, Ramesh et al., 2014). The original approach demonstrating 

the development of synchronously beating cardiac cells sheets was advocated by 

Shimizu et al., 2002. The neonatal rat cardiomyocytes were cultured on the thermo-

responsive PNIPAAm coated surface for 4 days. The pulsatile sheets were retrieved 

by lowering the temperature to 20°C and two sheets were stacked just above the other 
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to develop 3D construct. The sheets were laid on to the collagen membrane frame-

work of 20mm2, with an open frame of 5mm2 gap at the center, by the 10ml pipette at 

an interval of 30min. The cell sheets exhibited the decrease in area and increase in 

thickness when reattached due to the cytoskeletal tensile reorganization (Shimizu et 

al., 2002).  

 
The thermo-responsive methyl cellulose hydrogel system deploys the same strategy. 

Aqueous 8% methyl cellulose was mixed with 10 g/L PBS and coated on the TCPS. 

At 20°C, the cell sheet retrieval was attained. But the major drawback of this system 

is that, the cell adhesion to the culture surface had to be improved with additional 

collagen coating. Neutral aqueous collagen was spread above the hydrogel at 4°C and 

cells were seeded, after it gradually formed a thin layer over the hydrogel system. The 

system could be re-used after the cell sheet retrieval (Cheng et al., 2006). 

 
A replica blueprint for the non-destructive method for creating in vitro tissues was 

followed in the in-house developed thermo-responsive polymer, N-

isopropylacrylamide-co-glycidyl methacrylate (NGMA); which is a co-polymer of N-

isopropylacrylamide (PNIPAAm) and glycidyl methacrylate (GMA). The 

incorporation of the GMA moiety was for the modulation of the LCST and the epoxy 

groups of the same would act as an efficient platform for the incorporation of the 

biomolecules, when intended. The corneal cell sheets were found to be intact and 

viable when retrieved from the media preconditioned NGMA coated surfaces (Joseph 

et al., 2010). 
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DEVELOPMENT OF THE TISSUE CONSTRUCT 

Many protocols have been reported for the effective stacking of cell sheets to create a 

3D construct. The initial method advocated was by pipetting with broad/cut tips 

(Harguchi et al., 2012). The sheets could be placed one above the other but with utmost 

care without tampering the sheets. The hydrogel-coated, plunger-like manipulator, 

facilitated the stacking of the intact neonatal rat cardiac cell sheets obtained by 

lowering the temperature to 20°C, causing no cell damage (Haraguchi et al., 2012). As 

an extension to the use of the manipulator, an automated cell sheet stacking apparatus 

was designed, to fabricate 3D constructs. A five-layer human skeletal myoblast 

construct (70-80 µm) was developed within 100 min (Kikuchi et al., 2014).  The 

centrifugation methods were reported to further decrease the duration for cell 

attachment. The C2C12 mouse myoblast sheets were found to attach to the culture 

surface usually after 20minutes, but on 3-minute centrifugation of the same sheet, the 

incubation time for re-attachment was reduced to 3 minutes. This resulted in decrease 

in the manipulation time by two-thirds (Hasegawa et al., 2015). 

 
Another versatile methodology for the retrieval of cell sheets from the thermo-

responsive polymer is by the gel casting method, using gelatin, for the fabrication of 

scaffold-free 3D tissues. On temperature reduction, the cell sheet detaches from the 

surface and get entrapped on to the melted gelatin. By the time gelatin solidifies, the 

retrieved cell sheet is held on to it. On bringing back to 37°C, it melts and can be 

removed. The sheets thus obtained, could be aligned with required orientation without 

losing anisotropy (Jiao et al., 2014).  
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These varying techniques of cell sheet engineering, improved the possibility of heart 

regeneration using cell sheet constructs and opened up new doors for research in 

cardiac tissue engineering. The cells could remain in close proximity and in synchrony, 

with the electrophysiological environment of the myocardium allowing a suture free 

epicardial transplantation (Forte E et al., 2011). Sekine et al., have found improved 

survival of cardiac cell sheet transplantation to direct cell injection in rat MI model 

(Sekine et al., 2006). The cell survival was more than ten times at four weeks after 

transplantation (Sekine et al., 2011). Transplanted cell sheet grafts prove long-term 

survival while retaining the original functions and growth in accordance with the host 

growth (Shimizu et al., 2002). This could be even more practical for the paediatric 

patients in the clinical point of view. 

 
2.6 CELL SHEET ENGINEERING FOR CARDIAC REGENERATION 

The need of the hour is to define an efficient, economic and reliable method of using 

the ideal cell type, for improved cell delivery and cell retention at the infarct zone 

amidst the adverse micro-niche to enhance their survival post-transplantation. This can 

be overcome by the following approaches like injecting the cells with bioactive in situ 

polymerizable hydrogels, preconditioning with pro-survival agents, genetic 

manipulation to limit cell death or via the transplantation of the tissue-engineered patch 

(Liau et al., 2012) of which the last technique, support survival of delivered cells for 

long-term and proved to reconstruct the cardiac tissue both structurally and 

functionally (Sekine et al., 2011). The triple-layered well-organised construct of rat 

neonatal cardiomyocytes were obtained with the cells seeded on the mix of fibrinogen 

monomers with thrombin. They exhibited the positive expression of Connexin-43, the 
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crucial gap junction protein, which facilitates the electrophysiological coupling of the 

cells (Itabashi et al., 2005).  

Even though neonatal cardiomyocytes have been mostly used in the studies for cardiac 

regeneration. But the difficulty in obtaining and culturing them, limits their use. Also, 

when highly enriched cardiomyocytes (>90%) were plated on thermo-responsive 

surface, failure of cell sheet formation was reported, while cardiomyocytes along with 

vascular cells gave better results, owing to their paracrine support (Masumoto et al., 

2014).  

 
Hence, the best solution is to differentiate an allogeneic stem cell into myocardial 

lineage, for the cardiac tissue engineering applications. The rat bone marrow MSCs 

were differentiated using 5-azacytidine for 24h and grown on thermo-responsive 

methylcellulose culture surface. The sheets retrieved after 7days were folded into a 

five-layer sheet and cultured for 24h. This integrated multi-layered MSCs were 

inserted into sliced porous acellular bovine pericardia and transplanted to syngeneic 

rat MI models. The cells were viable and uniformly distributed throughout the matrix.  

They could improve the cardiac function with the cells adhered tightly to the 

fibronectin mesh of the scaffold (Wei et al., 2008). Though the bioengineered 

construct could restore the cardiac functions after infarction, the extent of usage of 

allogeneic pericardia raises lot of immunological concerns. The age, immunogenicity 

and pathological conditions of donor might vary vastly, in the extracellular matrix of 

the pericardium (Moroni and Mirabella, 2014). 
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Human induced pluripotent cells (hiPS) were used by Kawamura et al., to study the 

effect on cardiac regeneration. It was generated from human dermal fibroblasts by 

transfection of Oct3/4, Sox2, Klf4, and c-Myc. The induction by WNT signalling 

molecules yielded 90% of differentiated cells with α-actinin, Nkx2.5 and cardiac 

troponin T expression. The cell sheets were transplanted on to the myocardial infarcts 

in an ischemic cardiomyopathy porcine model and established the improvement in 

cardiac function. This culture system could be the basis for clinical use of hiPS cells 

in cardiac regeneration therapy (Kawamura et al., 2012). But the risk of teratoma 

formation remains a major concern. Also, as the origin of the cells vary considerably, 

reliable evidences of any electrical integration between the grafted and host tissues 

could not be identified (Kawamura et al., 2012). 

 

There is only one major report citing the feasibility of using umbilical cord 

mesenchymal stem cells which is differentiated to cardiac lineage, intended for the 

cardiac tissue engineering application. Zhao et al. (2011) have successfully retrieved 

intact sheets of hUCMSC which has been differentiated to cardiac lineage using 

sphingosine-1-phosphate. They exhibited a cardiomyocyte-like morphology and the 

expression of alpha-actinin and myosin heavy chain on culturing with cardiac 

conditioned medium and sphingosine-1-phosphate. It presented, the cardiomyocyte-

like action potential and voltage gated currents. However, the appositeness of 

conditioned media here has to be studied. The chances of immunogenic responses 

can’t be evaded, if they are obtained from allogenic sources. Also, the problems 

pertaining to the type and quanta of molecular cues present each time might possess 

batch to batch variations. 
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2.7 LIMITATIONS OF CELL BASED THERAPIES 

The utmost challenge in cardiac tissue engineering is to recreate the cell density 

mimicking the in vivo cell numbers (1x108 cells per cm3). The major limitation of 

cardiac constructs generated, is the poor vascularization, limiting the viable size of 

these constructs (Guo et al., 2009). The direct injection of cells to the target area had 

resulted in low cell retention (Sekine et al., 2011). Hence a switch to the other feasible 

methods were looked into, for the cells to be retained in the infarct site, to help in the 

regeneration. Shimizu et al., 2002, demonstrated that, the multiple layered neonatal rat 

cardiomyocyte sheets retained its electrophysiological and morphological parameters, 

both in vitro and in vivo. The close physical contact of the cell sheets, thus expedite 

the functional beating synchrony. However, the poor vascularization restrains the 

stacking of multiple sheets, due to the mass transport problems (Shimizu et al., 2002). 

The thickness limit for layered cell sheets, which remain viable in the subcutaneous 

tissue was reported to be about 80µm. This would be equivalent to the stack of three 

neonatal rat cardiomyocyte cell layers (Shimizu et al., 2006).  

 
To improve upon this limitation, a technique called polysurgery was advocated by 

Shimizu et al. First, three sheets were pipetted and stacked one above the other to form 

a construct. Ten such constructs, each was transplanted to subcutaneous implant site 

of F344 nude rats at an interval of one day by successive surgeries. This facilitated the 

fabrication of around 800µm thick, cell dense, viable construct with vascularity, 

eliminating mass transport limitations (Shimizu et al., 2006). This cannot be a feasible 

method, when it is evaluated based on its bench to bed-side translational magnitude. 
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The possibility of undergoing multiple surgeries by a single patient, to acquire the 

sufficient cell quantum, even if to seek regeneration, is feeble.  

 
Therefore, the study instituted by Guo et al. (2009) explored the possibility of high 

density cell seeding and culture of rat neonatal ventricular cells to obtain cell dense 

constructs. The cells were seeded at a density of 106 cells per cm2 to obtain high cell 

density. The cell sheet retrieved was claimed to possess 3 to 5 layers, with overlapping 

cell nuclei and with lot of collagen fibers among the ECM deposition. It was stained 

positive for the cardiac markers, Alpha sarcomeric actinin and Connexin-43. However, 

the major drawback of the study is being the use of 0.2% trypsin to retrieve the cells 

from the culture dish. It not only interferes with the ECM deposited but also, the 

chances of causing immunogenic concerns (Nagase et al., 2009) owing to their 

allogeneic origin, mostly porcine. 

 
Hence in this study, we have attempted the retrieval of cell dense tissue constructs in 

a single seeding using an in-house developed culture system. The cells were seeded on 

to the custom made wells of the Poly (ethylene-co-vinyl acetate) (EVA) sheets, pasted 

on to the NGMA coated culture dishes. The suitability of the EVA for cell culture have 

been previously reported by Velayudhan et al., 2005. The thermo-forming and themo-

moulding property of the EVA is being utilized here for sticking the EVA sheets with 

wells defined within, to the spin coated NGMA dishes. 
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2.8 IDENTIFICATION OF THE PROBLEM 
 
The adoption of less mature cardiomyocytes, such as differentiated cells, were reported 

to have proficiency in combating the unpropitious condition at the myocardial infarct 

zone, as they would release trophic factors for the tissue regeneration (Feric and 

Radisic, 2016). Therefore, the optimum cell choice for the cardiac tissue engineering 

is yet to be defined. hUCMSCs, therefore emerge, impeding other cell sources with 

their unique property of the increased expression of the genes related to matrix 

remodelling. This make them more favorable choice for their differentiation to cardiac 

lineage (Panepucci et al., 2004). Also, they are reported to be the most copious and 

non-immunogenic allogenic cell source for tissue engineering applications (Semenov 

and Breymann, 2011).  

 
But the potential of hUCMSCs to yield potent cardiac constructs are yet to be explored.  

Kadivar et al., 2006 had stated human hUCMSCs, to be a better source of cells for 

generating cardiomyocytes. In the light of the applicability of hUCMSCs for various 

methods of cell based therapies for cardiac regeneration, the cell sheet engineering was 

reported to be a promising approach when the cell retention aspect is looked upon 

(Sekine et al., 2011). 

 
In the present study, we have retrieved a differentiated cardiac cell sheet from 

hUCMSC by the single dose treatment of 5-azacytidine and have shown the presence 

of cardiac markers after differentiation. However, the scope of using 5-aza 

differentiated hUCMSC for cardiac tissue engineering, using cell sheet technology still 

remains to be explored. 
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Undeterred by the transfer of a definite cell mass, developed by cell sheet technology 

(Sekine et al., 2011), to the defective area, to facilitate regeneration, might not be 

sufficient, when solid cell- dense organs like heart is considered (Miller, 2014; Figure 

6). Newer methods are looked upon, to meet this tremendous cell-density demand, in 

a single shot.  

 

Figure 6: Schematic representation of therapeutic requirement of cells for tissue 
engineering organs. (Reproduced from Miller, 2014) 
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2.9 HYPOTHESIS 

 

The combination of differentiated stem cells and scaffold-free approach of cell sheet 

technology, can generate cell sheets and cell-dense construct depicting cardiac 

markers. 

 
2.10 OBJECTIVES 

To achieve the hypothesis, the following objectives were set: 

2.7.1 Section I: Cell source and differentiation 

2.7.1.1 Culture, characterization, maintenance and differentiation of 

bone marrow mesenchymal stem cells (rMSC), periodontal 

ligament cells (PDL) and umbilical cord mesenchymal stem 

cells (hUCMSCs). 

2.7.1.2 Mechanism of induction by 5-azacytidine in cell differentiation 

 
2.7.2 Section II: Cell sheet engineering 

2.7.2.1 Synthesis and characterization of thermo-responsive polymer: 

N-isopropylacrylamide-co-glycidyl methacrylate (NGMA). 

2.7.2.2 Retrieval and characterization of the differentiated cell sheet 

from NGMA 

2.7.2.3 Cell dense construct using Poly (ethylene-co-vinyl acetate) 

(EVA) - NGMA. 
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3.MATERIALS AND METHODS 

 

3.1 BONE MARROW MESENCHYMAL STEM CELLS (rBMSCs) 

3.1.1 Isolation and culture of rBMSCs 

Bone marrow MSCs were isolated from 8 to 12 week old female Sprague Dawley rats 

as per the Institutional animal ethical clearance: SCT/IAEC/AUGUST/2014/85 and 

SCT/IAEC-224/MAR/2017/91. The femur was collected in phosphate buffered saline 

(PBS) 1X Pencillin-Streptomycin (PS) (Gibco) and washed again after cleaning the 

tissue remnants. The bone marrow was then flushed out using serum free α-MEM 

culture medium (Gibco). Centrifuged at 600g for 5minutes and plated in T25 flasks 

with α-MEM supplemented with 10% FBS (Gibco). The medium was changed after 3 

days. The cells were maintained in an incubator (Sanyo, Japan) set at 37 °C, 5% CO2 

and more than 90% relative humidity. The cells at passage 3 (P3) were used for the 

experiments. The cell morphology was confirmed by phase contrast microscope 

(Nikon, TES200). The cytoskeletal morphology of the cells was studied by Actin-

phalloidin staining. The cells were fixed with 4%PFA for 30minutes and washed with 

PBS. The cells were then treated with 0.1%Triton. Washed thoroughly with PBS and 

stained with Actin Phalloidin (Life Technologies) for 30minutes. Washed again with 

PBS and the nucleus was counterstained with Hoechst. The staining was visualised by 

fluorescent microscope (Leica DMI6000, Germany). 

3.1.2 Adipogenesis in rBMSCs on induction 

The adipogenic differentiation was performed in presence and absence of adipogenic 

media. rBMSCs were seeded on 1×1cm cover glass, at a density of 2000 cells/cm2 in 



46 
 

α-MEM. After 24h the media was shifted to adipogenic-inductive media (StemPro, 

Gibco) and further maintained for 10 days with medium change on every third day. 

Cells cultured continuously in α-MEM was considered as control.  The cells were fixed 

using 10% buffered formalin for 10minutes, washed using distilled water and stained 

with Oil Red O (Sigma) stain (0.16% in 2:3 isopropanol:water) for 30minutes. The 

excess stain was washed thoroughly with distilled water and cells were observed under 

a microscope (Nikon TES 200) in bright field mode.   

3.1.3 Osteogenesis in rBMSCs on induction 

The osteogenic differentiation was performed in presence and absence of induction 

media. rBMSCs were seeded on 1×1cm cover glass, at a density of 2000 cells/cm2 in 

α-MEM. After 24h the media was shifted to osteogenic media containing 

dexamethasone (10-8 M), β-glycerophosphate (10μM) and ascorbic acid (50µM) and 

further maintained for 10days with medium change on every third day. Cells cultured 

continuously in α-MEM was considered as control.  The cells were fixed using 10% 

buffered formalin for 10minutes, washed using distilled water and stained with 

Alizarin Red (Sigma) to detect the calcification. 

3.1.4 Characterization of mesenchymal markers  

Cells at P3 was washed twice with 1M PBS and fixed using 4% PFA for 30minutes 

and treated with freshly prepared 1%BSA for 10minutes to block non-specific binding 

sites. Cells were then incubated with the primary mouse monoclonal antibodies (anti-

CD90 (ab23894), anti-CD105 (ab11414), anti STRO-1 (ab102969) and anti-CD34 

(ab6330) Abcam, UK) at 1:100 dilution in PBS for 1h.  Cells were then rinsed with 

PBS and incubated with Goat anti-Mouse IgG secondary antibody conjugated with 

Alexa Fluor 488 (1:100 dilution in PBS, Invitrogen A-11001), for one hour in dark. 
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Characteristic staining was observed under a fluorescence microscope (Leica 

DMI6000, Germany). 

3.1.5 DIFFERENTIATION TO MYOCYTE LINEAGE 

3.1.5.1 Selection of concentration of 5-azacytidine 

The effectiveness of 5-aza has been widely accepted and there are different 

concentrations of 5-azacytidine reported to induce cardiac differentiation. Though we 

had initially targeted to utilise the triazine ring of 5-aza to be incorporated to the epoxy 

ring of NGMA by a ring opening reaction to facilitate a new platform substrate for 

differentiation and cell sheet retrieval at the same dish. However, being an anticancer 

drug, the use of 5-aza had to be restricted to lower concentrations, which was feeble 

enough to be detected and quantified from the NGMA coated surfaces. 

 
Five different concentrations viz; (5,10,15,20 and 25 µM) were used in this study. The 

mouse subcutaneous fibroblast cell line L929 (American Type Culture Collection, 

USA) were maintained in MEM supplemented with 10% FBS, 100 IU/mL penicillin 

and 100mg/mL streptomycin at 37°C in a 95% humidified atmosphere with 5% CO2. 

The L929 cells were seeded at a density of 1x103 cells/cm2 for 24hours. The 5-aza 

treatment in different concentrations were given for 24 hours. Cell metabolic activity 

was then assessed by MTT assay. The metabolically active cells convert MTT to 

purple formazan crystals. The formazan product formed was eluted with isopropanol 

and transferred to a 96-well plate. Absorbance was read at 570 nm using a multiwell 

plate reader (Biotek Powerwave XS, USA). The results were represented as mean 

standard deviation. Statistical significance was calculated using the t-test.  

 



48 
 

3.1.6 DIFFERENTIATION OF RBMSCS 

3.1.6.1 Morphological changes 

The rBMSCs were seeded at a density of 2000 cells/cm2 in α-MEM. The cells were 

differentiated with 5µM 5-azacytidine for 24 hours and then changed to normal media. 

The cells were cultured for 21 days and the morphology of the cells were observed and 

imaged under phase contrast microscope (Nikon, TES200) at the intervals of 0, 7, 14 

and 21days.  

3.1.6.2 Immunostaining for Alpha sarcomeric actinin and Connexin-43 

The rBMSCs were seeded on 1×1cm cover glass (2000 cells/cm2) in α-MEM. The 

differentiation was performed with 5µM 5-azacytidine for 24 hours and then changed 

to normal media. The cells were cultured for 21 days. The cells were washed with PBS 

and fixed with 4% PFA for 30minutes. The immunostaining with Alpha sarcomeric 

actinin and Connexin-43 was performed and imaged as in section 3.1.4. 

3.1.6.3 Flow cytometry analysis 

The rBMSCs cells were seeded in T25 flask at 2000 cells/cm2. When the cells were 

80% confluent, they were differentiated with 5µM 5-azacytidine for 24 hours. On 21 

day, were trypsinized (0.25%, Sigma-Aldrich), counted and made up to 1 million cells 

per ml. The cells were centrifuged at 600g at 4°C and were fixed with 1ml 4% PFA 

for 20 minutes at RT. Washed with 1M PBS. Triton treatment (0.1%) was given for 5 

minutes. Washed and cells were blocked with freshly prepared 1% BSA for 10minutes 

to block non-specific binding sites.  Washed and centrifuged at 600g and the cells were 

incubated with primary anti human antibodies for SercCa2a, Cardiac troponin T and 

Cardiac myosin heavy chain for one hour at RT. Centrifuged at 600g, washed and 

incubated with the secondary antibody–anti mouse Alexa fluor 488 (1:100 dilution, 
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Life Technologies, Invitrogen) for 1 hour. Washed and centrifuged with PBS twice. 

They were analysed for the expression of surface markers by flow cytometry (FACS 

Aria, BD Science, USA). Isotypes with cells labelled only with secondary antibody 

were used as the controls. 

 
3.2 PERIODONTAL LIGAMENT CELLS (PDL) 

3.2.1. Isolation and culture  

The PDL cells were isolated from tooth collected in the Tissue Culture Division with 

ethical clearance (SCT/IEC/836/DEC 2015).  The teeth were collected in PBS with 

1000IU Penicillin/Streptomycin (PS) and 25 µg Amphotericin B (Gibco). PDL cells 

were isolated by explant culture method. The cells from the tissue were scrapped off 

the teeth.  The samples were washed with PBS to remove the surface debris. 

Periodontal Ligament tissue was scrapped off and collected in a 35mm culture dish. 

These tissue fragments were treated with 0.25% Trypsin (Gibco) for 5minutes at 37°C, 

washed with sterile PBS and cultured in αMEM, with 10% FBS, 100 IU PS till cell 

outgrowths were noted. The cells were maintained in an incubator (Sanyo, Japan) set 

at 37 °C, 5% CO2 and >90% relative humidity. Cell growth was monitored under an 

inverted phase contrast microscope (Nikon TES200). Cells at Passage 3 (P3) were used 

for the experiments. The morphology of the cells was studied by actin phalloidin 

staining, counterstained with Hoechst and visualised by fluorescent microscope (Leica 

DMI 6000, Germany) as mentioned in section 3.1.1. 

3.2.2 Osteogenesis in PDL cells on induction 

The osteogenic differentiation was performed in presence and absence of induction 

media as mentioned in section 3.1.3. 
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3.2.3 Characterisation of mesenchymal markers  

Cells at P3 were characterised for the mesenchymal markers CD90, CD105, Stro-1 

(positive marker) and CD34 (negative marker) as mentioned in section 3.1.4. 

Characteristic staining was observed under a fluorescence microscope (Leica 

DMI6000, Germany) or Laser Scanning Confocal Microscope (Carl Ziess LSM 510 

Meta, Germany). 

3.2.4 Characterisation for Stro-1 and CD34 by flow cytometry 

The PDL cells were seeded in T25 flask at 2000 cells/cm2. When the cells were 80% 

confluent, they were trypsinized (0.25%, Sigma-Aldrich), counted and made up to 1 

million cells per ml. The cells were centrifuged at 600g at 4°C and were fixed with 

1ml 4% PFA for 20 minutes at RT. Washed with 1M PBS. Cells were blocked with 

freshly prepared 1%BSA for 10minutes to block non-specific binding sites.  Washed 

and centrifuged at 600g and the cells were incubated with primary anti human 

antibodies for Stro-1 (positive marker) and CD34 (negative marker) in 1:100 dilution 

(Abcam, UK) for one hour at RT. Centrifuged at 600g, washed and incubated with the 

secondary antibody–anti mouse Alexa fluor 488 (1:100 dilution, Life Technologies, 

Invitrogen) for 1 hour. Washed and centrifuged with PBS twice. They were analysed 

for the expression of surface markers by flow cytometry (FACS Aria, BD Science, 

USA). Isotypes with cells labelled only with secondary antibody were used as the 

controls. 

3.2.5 DIFFERENTIATION OF PERIODONTAL LIGAMENT CELLS 

3.2.5.1 Morphological changes 

The PDL cells were seeded at a density of 2000 cells/cm2 in α-MEM. The cells were 

differentiated with 5µM 5-azacytidine for 24 hours and then changed to normal media. 
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The cells were cultured for 21 days and the morphology of the cells were observed and 

imaged under phase contrast microscope (Nikon, TES200) at the intervals of 7,14 and 

21days.  

3.2.5.2 Flow cytometry analysis of Connexin-43, SerCa2a, Mef2C and Cardiac 
myosin heavy chain 

The flow cytometry analysis was performed as in section 3.1.6.3. The cardiac markers 

Connexin-43, SerCa2a, Mef2C and Cardiac myosin heavy chain were analysed.  

3.2.5.3. Western blot analysis of Connexin-43  

Whole protein extract of the control and 21 day differentiated cells were obtained from 

T25 flasks, using phospholysis buffer containing protease inhibitor and the protein 

concentration was estimated using Bradford assay, with the BSA standards. The 

optical density (OD) was read at 595nm. Approximately 30µg of protein sample was 

separated based on molecular weight using sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS PAGE). The Precision Plus dual colour marker (BioRad) was 

used as the protein ladder. The proteins were then electrophoretically transferred to the 

PVDF membrane. Thereafter, the membrane was stained with Ponceaue to confirm 

efficient transfer.  

 

The blot was then blocked in 5% non–fat milk in TBST and washed 3 times and 

incubated with primary antibody (1:1000, in TBST with 0.5g BSA) at 4°C overnight. 

After incubation the membrane was washed 3 times with TBST for 5 minutes. The 

blots were exposed for 1hour to HRP-conjugated anti-mouse/anti-rabbit secondary 

antibody (1:1000, in TBST with 0.5g BSA). The unbound secondary antibody was 

removed by washing (5 minutes x 3 times) with TBST and ECL substrate was used to 

detect the antigen-antibody complex. The membrane was washed with TBST on a 
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rocking platform, re-probed with anti-β actin antibody (1:1000) and was developed by 

ECL method. The expression of Connexin-43 and β-actin (house-keeping control 

ab8227) was imaged by luminescent image analyser (LAS 4000 FUJI). 

 
3.3 UMBILICAL CORD MESENCHYMAL STEM CELLS (hUCMSCS) 

3.3.1. Procurement and culture of the hUCMSCs 

HiFi Wharton's jelly Mesenchymal Stem Cells (CL001) derived from a single donor was 

procured from Hi-Media, India. The Institutional Committee for Stem Cell Research 

was obtained (SCT/1C-SCRT/13/Jun 2013). Cells were cultured in Low Glucose-

Dulbeccos’ Modified Eagles Medium (LG-DMEM) supplemented with 10% FBS and 

Penicillin-Streptomycin antibiotics (Invitrogen, USA).  The cells were maintained in 

an incubator (Sanyo, Japan) set at 37°C, 5% CO2 and >90 % relative humidity. Cell 

growth was monitored under an inverted phase contrast microscope (Nikon TES200) 

and was subcultured at the subconfluent stage using Trypsin-EDTA. Cells at P3 were 

used for the experiments.  The morphology of the cells was studied by Actin Phalloidin 

staining, counterstained with Hoechst and visualised by fluorescent microscope (Leica 

DMI 6000, Germany) as mentioned in section 3.1.1. 

3.3.2. Adipogenesis in hUCMSCs on induction 

The differentiation was performed in presence and absence of adipogenic media as 

mentioned in section 3.1.2.  

3.3.3 Osteogenesis in hUCMSCs 

The osteogenic differentiation was performed in presence and absence of induction 

media as mentioned in section 3.1.3.  
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3.3.4 Chondrogenesis in hUCMSCs  

The chondrogenic differentiation was performed in presence and absence of induction 

media. hUCMSCs were seeded on 1×1cm cover glass, at a density of 2000 cells/cm2 

in α-MEM. After 24h the media was shifted to chondrogenic media StemPro, Gibco) 

and further maintained for 21 days with medium change on every third day. Cells 

cultured continuously in α-MEM was considered as control.  The cells were fixed 

using 4%PFA for 30 minute and stained with 1% Alcian Blue solution (prepared in 

0.1 N HCL) for 30 minutes. Rinsed wells three times with 0.1 N HCl, added distilled 

water to neutralize the acidity, and visualized under bright field mode (Motic, USA). 

Blue staining indicated synthesis of proteoglycans by chondrocytes.    

 
3.3.5 Characterization for by immunostaining and confocal imaging 
 
Cells at P3 were characterised for the mesenchymal markers CD90, CD105, Stro-1 

(positive marker) and CD34 (negative marker) as mentioned in section 3.1.4. 

Characteristic staining was observed under a fluorescence microscope (Leica 

DMI6000, Germany). or Laser Scanning Confocal Microscope (Carl Ziess LSM 510 

Meta, Germany). 

 
3.3.6 Characterization for mesenchymal markers by flow cytometry 

The hUCMSCs were processed as in section 3.2.4 and stained with the antibodies 

CD90, Stro-1, CD105 (positive markers) and CD34 (negative marker) (n=3). 

Aanalysed for the expression of surface markers by FACS Aria, BD Science, USA. 

Isotypes with cells labelled only with secondary antibody were used as the controls.  
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3.3.7 DIFFERENTIATION OF HUCMSCS 

3.3.7.1 Morphological changes 

The hUCMSCs were seeded at a density of 2000 cells/cm2 in α-MEM. The cells were 

treated with 5µM 5-azacytidine for 24 hours to induce differentiation and then changed 

to normal media. The cells were cultured for 21 days and the morphology of the cells 

were observed and imaged under phase contrast microscope (Nikon, TES200) at the 

intervals of 0,7,14 and 21days.  

3.3.7.2 Characterisation by immunostaining  

The hUCMSCs were seeded on 1×1cm cover glass at a density of 2000 cells/cm2 in α-

MEM. The differentiation was induced with 5µM 5-azacytidine for 24 hours and then 

changed to normal media. The cells were cultured for 21 days. The cells were washed 

with PBS and fixed with 4% PFA for 30minutes. The immunostaining with alpha 

sarcomeric actinin, Cardiac myosin heavy chain, Cardia troponin T and Connexin-43 

was performed and imaged as in section 3.1.4 

 
3.3.7.3 Flow cytometry analysis 

The differentiated cells were incubated with antibody and flow analysis for cardiac 

markers Alpha sarcomeric actinin, Connexin-43, SerCa2a (ab2861), Cardiac Troponin 

T, Mef 2C (sc365862) and Cardiac myosin heavy chain were performed as in section 

3.1.6.3. 

3.3.7.4 Real time PCR  

The characteristic gene expression of cardiomyocytes was assessed in differentiated 

hUCMSCs samples of 21-day samples by real time PCR. The 5-aza treated were taken 

as the test and non-treated as the controls. Total ribonucleic acid (RNA) was extracted 

from the smaples by TRIZol reagent (Invitrogen). The cell lysate in TRIZol was mixed 
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throughly and kept at -80°C until used. RNA was isolated at 4°C by chloroform and 

isopropanol method. The RNA pellet was dried and dissolved in 20µl nuclease-free 

water and quantified using Nanodrop ND1000.  

 
The complementary DNA (cDNA) was synthesized from RNA, using commercially 

available Primescipt RT reagent kit (Takara), according to manufacturer’s instruction 

(Table 1). The program for reverse transcription was run at 37°C for 15 minutes and 

inactivation of the enzyme 85°C for 5seconds and hold at 4°C.The cDNA synthesized 

was used for the real time PCR of Nkx2.5, GATA4 (early cardiac promoters), Cardiac 

Troponin T, Cardiac myosin heavy chain and Connexin-43, using SYBR Green PCR 

master mix (KAPA SYBR Fast qPCR Mater Mix, Table 2) in the Light Cycler96 

Roche. GAPDH was used as the internal control. Amplifications were obtained with 

specific primers (Table 3).  

 
The cycling conditions were as follows: initial denaturation at 95C for 3min, 

denaturation at 95ºC for 10sec, annealing at 55ºC for 20sec and extention at 72ºC for 

20sec. The melting curves were analysed to find the fold change in the expression of 

the genes. Normalization and fold changes were calculated using the ΔΔCt method. 

 

Table 1: Details of reaction volume of for cDNA synthesis 

Mix for one reaction Volume 
5X Primescipt buffer 2µl 

Primescipt RT enzyme mix 0.5 µl 
Oligo dT primer(50µM) 0.5µl 

Randomhexamers (100µM) 0.5µl 
Total RNA 500ng 

RNAse free water Make up to 10µl 
Total volume 10µl 
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Table 2: Reaction volume for qPCR Master mix 

Mix for one reaction Volume 

2X KAPA SYBR® FAST 
qPCR Master Mix (1X) 

 

10µl 

Forward primer (10µM) 0.4µl 

Reverse primer (10µM) 0.4µl 

Template DNA 1000ng 

 
 

Table 3: List of primers used for the real time PCR 
 

Name Sequence (5’-3’) No of base pairs 

GATA4 5’CCCCAATCTCGATATGTTTG3’ 20 
5’GATTATGTCCCCGTGACTGT3’ 20 

BETA MYOSIN HEAVY CHAIN 5’GATGGCAGTCTTTGGGGCTGC3’ 21 
5’TGTAGAGCACCGCGGGCTCAT3’ 21 

CARDIAC TROPONIN T 5’AGAGCGGAAAAGTGGGAAGA3’ 20 
5’CTGGTTATCGTTGATCCTGT3’ 20 

NKX 2.5 5’CAGTGGAGCTGGACAAAGCC3’ 20 
5’TAGCGACGGTTCTGGAACCA3’ 20 

CONNEXIN-43 5’TACCATGCGACCAGTGGTGCGCT3’ 24 
5’ GAATTCTGGTTATCATCGGGGAA3’ 23 

GAPDH 5’CAAGGTCATCCATGACAACTTTG3’ 23 
5’GTCCACCACCCTGTTGCTGTAG3’ 22 

 

3.3.8 MECHANISM OF INDUCTION BY 5-AZACYTIDINE FOR CELL 
DIFFERENTIATION 

3.3.8.1 Cell cycle analysis 

The cells were treated with 5µM 5-aza for 24 hours and harvested at 0, 7,14 and 21 

days, to the study effect of 5-aza on cell cycle. The cells were trypsinized, pelleted at 

3000 rpm for 5 minutes and fixed with 70% ethanol. Similarly, control cells, without 

5-aza treatment were also collected at the same time points. For cell cycle analysis, the 

ethanol fixed cells were diluted to 4ml with ice cold PBS and centrifuged at 5000rpm 

for 5minutes. The cells were resuspended with 1ml ice cold PBS. 1µl RNase was added 
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to each 1ml cell suspension and suspension was incubated at 37°C for 30minutes. 

Added 10µg of propidium iodide to each 1ml suspension and flow analysis was 

performed using FACS Aria II (BD Science, USA). 

3.3.8.2 Western Blot analysis of Cyclin D1 

Whole protein extract was obtained from control and 7day differentiated cells using 

phospholysis buffer containing protease inhibitor. As in section 3.2.5.3., thirty 

microgram of protein sample was used. The blot was blocked in 5% non-fat milk in 

TBST and washed 3 times and incubated with primary antibody for Cyclin D1 (sc-

20044) (1:1000) at 4°C overnight. After incubation the membrane was washed 3 times 

with TBST and incubated with appropriate secondary antibody. The expression of 

Cyclin D1 and β-actin (ab8227) was studied by luminescent image analyser. 

 
3.3.8.3 Analysis of ERK1/2 and Mef2C expression  

The pathway for differentiation of 5-aza has been reported to be the MEK-ERK 

pathway. The study advocates a time based analysis to relate the downstream ERK 

expression based on 5-aza treatment or its inhibition by U0126 (Bis [amino [(2–

aminophenyl)thio] methylene] butanedinitrile, Catalogue No.PHZ1283, Gibco Life 

Technologies), a specific MEK inhibitor and consequently, its effect on the expression 

of myocardial differentiation genes. 

Hence whole protein extracts of the three experimental groups i) untreated cells, ii) 

cells treated with 5-aza and iii) cells treated with both 5-aza and U0126, were collected 

in phospholysis buffer containing protease inhibitor. The protein concentration was 

estimated by Bradford assay at 595nm. Approximately 30µg of protein sample was 

separated based on molecular weight using SDS PAGE electrophoresis (Bio Rad 
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Laboratories, USA) which was then electrophoretically transferred to PVDF 

membrane. The blot was then blocked as in section 3.5.3.3. Incubated with the primary 

antibody ERK (sc13-6200) and Mef2C (1:1000) at 4°C overnight. The Beta actin 

(ab8227) was used as the house keeping control. After incubation the membrane was 

washed with TBST and incubated with appropriate secondary antibody. The 

expression of ERK  and β-actin  was studied by luminescent image analyser. 

 

 
3.4. NEONATAL RAT VENTRICULAR CARDIOMYOCYTES (NRVC) 

3.4.1. Isolation and culture of NRVC   

The NRVCs were isolated from 2 day old Sprague Dawley pups with animal ethical 

clearance (SCT/IAEC-222/MARCH/2017/91) to be used as positive controls for 

cardiomyocytes.  The heart was collected in 1X-PS and washed again. The ventricular 

region was taken and was cut transversely and sagittally approximately 7-12 times into 

finer fragments. The fragments are serially digested with freshly prepared 0.2% 

collagenase type II, for the following time periods: 5, 20,25 and for 30minutes. The 

suspension is centrifuged for 5minutes at 660rpm and pre-plated to 60mm culture dish 

for 60minutes. The cardiomyocytes enriched portion is plated to collagen coated plates 

in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 2%FBS. The 

morphology of the cells was studied by phase contrast microscope (Nikon TES200) 

The electrophysiological beating of the cells were recorded by the Nikon microscope 

software.  
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3.4.2. Characterisation for cardiac markers by immunostaining 

Cells were characterised for the characteristic cardiac markers Alpha sarcomeric 

actinin (Ab 66186), Beta myosin heavy chain (Ab15), Connexin-43 (Ab79010) and 

Cardiac troponin T (Ab 8295) from Abcam, UK as mentioned in section 3.1.4. 

Characteristic staining was observed under a fluorescence microscope (Leica 

DMI6000, Germany).  

 

3.5 SYNTHESIS OF THE IN-HOUSE DEVELOPED THERMO-
RESPONSIVE CO-POLYMER N-ISOPROPYLACRYLAMIDE-CO-
GLYCIDYL METHACRYLATE (NGMA) 
 
The thermo-responsive co-polymer was synthesized by mixing N-isopropylacrylamide 

(NIPAAm) and glycidyl methacrylate (GMA) (10:1) in methanol with gentle stirring 

at 60°C under a blanket of nitrogen for 7 h using AIBN as the initiator (Figure 7; 

Joseph et al., 2010). The copolymer was obtained as a viscous solution that was 

dissolved in tetrahydrofuran and precipitated by adding distilled water. The procedure 

was repeated 2 to 3 times, to remove the unreacted monomers. The NGMA was dried 

and was dissolved in isopropanol to make 0.4% solution. 

  

Figure 7: (A) Schematic representation of the synthesis of NGMA and (B) Depiction 
of the phase change in NGMA above and below the Lower critical solution 

temperature (LCST) of NGMA (28 ◦C). 
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3.5.1 Hand coating of the NGMA (HC-NGMA) (Physicochemical and Biological 

evaluation) 

1ml of the 0.4% NGMA was taken in pipette. It was poured on to 35mm dishes and 

swirled to get coating over the entire surface. The excess solution was removed and 

dried overnight at 60°C. The dishes were washed with ice cold Milli Q and dried 

overnight again at 60°C. The plates were packed with Sterimed paper and were 

ethylene oxide (ETO) sterilized at 37°C. Just before the cell culture, the NGMA plates 

were conditioned with complete medium for 5 to 10 minutes.  

 
3.5.1.1 FTIR and Water contact angle analysis 

The Fourier transform infra-red (FTIR) spectrum of the coated dish, was recorded in 

the range 400–4000 cm-1 on a Nicolet 5700 FTIR Spectrometer, Nicolet Inc., Madison, 

USA using a Diamond attenuated total reflectance (ATR) accessory.  

 
The changes in the surface wettability after the NGMA coating were determined by 

water contact angle measurement. The contact angles were measured at above and 

below the LCST with deionized water using a video-based contact angle measuring 

device (Data Physics OCA, Germany) and imaging software. Multiple samples from 

a minimum of four different fields of each sample were analysed and the average 

values were noted.  

 
3.5.1.2 Cell culture and retrieval of L929 cells  

Cell culture studies was carried out using the mouse subcutaneous 

fibroblast cell line L-929 (American Type Culture Collection (ATCC), USA). 

Cells were maintained in Minimum Essential Medium (MEM) with 10%FBS, 
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100IU/mL penicillin and 100mg/mL streptomycin at 37°C in 95% 

humidified atmosphere with 5% CO2. The NGMA plate was conditioned with the 

MEM and cells were seeded at a density of 2000 cells/cm2. The cells were grown for 

few days and retrieved by lowering the temperature. The media was removed and cold 

serum free media was added to the culture dishes to bring down the temperature. The 

culture was placed over sterile ice-packs and the retrieval and change in cell 

morphology was monitored. 

 
The viability assessment of retrieved L929 cells was performed by Fluorescein 

Diacetate - Propidium iodide (FDA-PI) immediately after retrieval. 10µl of the 

10mg/ml FDA in serum free MEM (stock) was diluted to 1ml and used for the staining. 

PI (0.05µg/ml in culture media) was also added to the cells to detect the presence of 

dead cells if any. The cells were observed under a fluorescence microscope (Leica 

DMI 6000 B, Germany). The percentage of viability was also assessed by ImageJ 

software. 

 

3.5.1.3 HUMAN UMBILICAL CORD MESENCHYMAL STEM CELLS AND 

NGMA  

3.5.1.3.1. Cell adhesion and MTT  

The cytocompatibility of the NGMA surface was performed by cell adhesion studies. 

hUCMSCs (1x104) were seeded on NGMA coated 12-well plates and incubated for 

48h. The cells were fixed with 4% PFA for 30min. Rinsed with PBS  and 

permeabilized with 0.1% Triton-X100 for 5min. Washed and the morphology of 

adhered cells was analyzed by staining actin filaments [actin conjugated with 

Phalloidin (Life Technology), 50 μg/ml] for 20min and observed under fluorescence 
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microscope. Cell metabolic activity was also assessed by MTT assay as described in 

the section 3.1.5.1. 

 
3.5.1.3.2 Cell sheet retrieval from HC-NGMA, viability and ESEM  

The hUCMSCs seeded at a density of 2000 cells/cm2 were cultured. On attaining 

confluency, the media was removed and ice cold serum free media was added to the 

culture dishes to bring down the temperature. The dishes were kept on sterile ice packs 

and the cell sheet could be seen detaching from the sides initially and then towards the 

centre. The images at various stages of the retrieval was recorded with Nikon phase 

contrast microscope.  

 
The viability of the cell sheet was assessed by FDA-PI as in section 3.5.1.2. The ESEM 

imaging of the cell sheet was performed after fixing the cell sheets in 2.5% 

glutaraldehyde solution. The cell sheet was washed with phosphate buffer, mounted 

on to the stub and was imaged using environmental scanning electron microscope 

(ESEM, FEI QUANTA 200, Netherland) in low vacuum mode secondary electron 

detector used for electrically non-conductive sample. 

 

3.6. DIFFERENTIATION OF HUCMSCS ON NGMA AND ITS RETRIEVAL 

hUCMSCs were seeded on to NGMA dishes conditioned with media, at a density of 

2000 cells/cm2. On attaining 80% confluency, the cells were treated with 5µM 5-aza 

for 24 hours. The culture was maintained for 21 days and the cell sheet was retrieved 

as in section 3.5.1.2. 
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3.6.1. Viability assessment and ESEM imaging 

The viability of the cell sheet was assessed as in section 3.6.1.2. The viability was also 

assessed by ImageJ software, based on the fluorescence intensity, the Corrected Total 

Cell Fluorescence (CTCF) using the formula; CTCF = Integrated Density – (Area of 

selected cell X Mean fluorescence of background readings). The cell sheet was washed 

with phosphate buffer and fixed in glutaraldehyde for ESEM imaging as in section 

3.6.1.3.2. 

 
3.6.2 Characterisation of cardiac markers by immunostaining 

The characterisation of the differentiated cell sheet has been performed by 

immunostaining for the markers Mef2C (sc365862), MyoD (sc-304), SerCa2a, 

Cardiac myosin heavy chain, Connexin-43 and Alpha sarcomeric actinin as mentioned 

in section 3.1.4. 

 
3.6.3 Western blot analysis of cardiac markers  

The differentiation of the 5-aza treated cells to myocardial lineage was assessed by the 

study of expression of cardiac markers like Connexin-43 (ab79010), Alpha sarcomeric 

actinin (ab66186), Myf5 (ab125301), Myogenin (ab1835), Cardiac Troponin T 

(ab8295), SerCa2a, MyoD (sc-304) and PAX-7 (ab55494) by developing X-ray/ 

imaged using luminescent image analyser as mentioned in section 3.2.5.3. The β-actin 

(ab8227) expression was studied as the house keeping control.  
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3.7 SPIN COATING OF NGMA (SC-NGMA) 

The NGMA was spin coated using the spin coating device from Holmarc Opto-

mechatronics Pvt. Ltd. The machine holds the culture dish by vacuum pressure during 

the rotation. 

 

3.7.1 Standardisation of the parameters for spin coating 

The parameters Acceleration (A), Speed (S), Volume of NGMA (V) and Time (T) 

were to be standardized. The experiment was repeated with single variable at a time. 

Initially the acceleration was set to be 1500rpm and time to be 10 seconds as per the 

report from our group using an in-house developed spin coater (Praveen et al., 2017). 

Further, to effectuate proper drying, the time was set to 20 seconds, then to 30 seconds 

and finally confirmed to 40 seconds. To detect and ensure even coating, Giemsa Stain 

was used. As the dye was on aqueous base, it was found not to match the viscosity of 

NGMA (1:1) when used alone or would be immiscible with the NGMA solution since 

NGMA is dissolved in isopropanol. Hence, Eosin, an alcohol based dye, was used to 

be mixed with NGMA (1:1). With this mix, it was found that, the NGMA was being 

unevenly coated to form patches. The acceleration was fine tuned to obtain even 

coating. After standardising the parameters, the lid of the spin coater was opened at 

the mid portion and the NGMA solution (30µl) was pipetted down to the 35mm dish 

held by the spin coater in vacuum, immediately as the rotation starts. The volume for 

coating was also standardised.  
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3.7.2 FTIR and Water contact angle analysis (WCA) 

The presence of the NGMA in the spin coated dishes were confirmed by the FTIR 

analysis. The SC NGMA was eluted from the coated dishes with isopropanol, dried 

and FTIR was analysed. The WCA of the spin coated NGMA, hand coated NGMA 

and normal TCPS control was measured as in section 3.5.1.1 and compared. 

 
 
3.7.3.  Efficacy of cell sheet retrieval using L929 cells 

The L929 cells were seeded on NGMA coated dishes with a density of 2000 cells/cm2. 

On attaining confluency, the cells were retrieved by lowering the temperature as in 

section 3.5.1.2.  

 

3.8 THICK CELL DENSE CONSTRUCT  

3.8.1 Preparation of the EVA sheets  

The EVA pellets were weighed (5g, Catalogue No.340502, Sigma) and made to sheets 

by pressure compression mold press. The EVA sheets were prepared at 120ºC 

temperature and a pressure of 30kg/m2. The thickness of the prepared EVA sheets were 

confirmed with Vernier callipers.  

 
The L929 cells were seeded on EVA sheets pasted on to the normal TCPS dish (60°C 

for 2 to 3 minutes) to assess the cell morphology on the EVA sheet and its effect on 

the cells when the EVA-SC NGMA dishes are prepared. The cytocompatibility of the 

EVA sheets were confirmed by the test on extract and MTT assay as per the ISO 

standards. The EVA sheets were cut into 6cm2 sheet and incubated with 2ml media, in 

a shaker at 37°C and 100rpm, overnight. The extract was pipetted to the pre-seeded 



66 
 

L929 (104 cells per well) cells in 96 well plate. The 25%, 50% and 100% of the extract 

was used for the study (n=6). Phenol was used as the positive control and MTT assay 

was performed as in section 3.1.5.1. 

 
3.8.2 EVA-SC NGMA dishes  

The spin coated NGMA dishes were prepared as mentioned in 3.7.1. The EVA sheets 

were cut into squares and within each square 1x1cm wells were cut out. The EVA 

sheets were then cleaned with soap solution and washed successively with Milli Q. 

The square sheets were then sterilized with 70% alcohol and thermally pasted on to 

the spin coated NGMA dishes at 60°C for 2 to 3minutes. The EVA-SC NGMA dishes 

were packed and ETO sterilized for cell seeding. Before cell seeding, the dishes are 

conditioned with 200µl media for 5 minutes.  

 
3.8.3 Cell seeding for cell-dense construct 

The 21 day, 5-aza differentiated rat bone marrow mesenchymal stem cells (P3) were  

were trypsinized from T25 culture flasks, pelleted down at 1500rpm for 5minutes and 

counted. 3x106 cells from the stock was made into a concentrated suspension in 200µl 

of fresh α-MEM and plated on to the conditioned EVA-SC NGMA dishes. Incubated 

overnight at 37°C and 5% CO2 and the next day excess media was added. The construct 

was retrieved as intact sheet after 2 days as in section 3.5.1.2. The images were 

captured with phase contrast and stereomicroscopes. The viability was assessed by 

FDA-PI as mentioned in section 3.5.1.2. The 3x106 5-aza treated cells seeded in the 

35mm NGMA was used as the control to compare the cell sheet thickness. 
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3.8.3.1 Actin-Phalloidin staining and confocal imaging 

The Actin-Phalloidin staining of the cell dense sheet was performed as mentioned in 

section 3.1.1. The cell dense construct was then imaged by the confocal microscope 

(Leica SP2, Germany). The images obtained in the z-stack was projected and the 

thickness of the construct was estimated.  

 

3.8.3.2 Assessment of thickness by cryosectioning 

The cell dense construct and the normally retrieved cell sheet were stained with 

Toluidine blue (RM 261, HiMedia) and excess stain was washed out, with distilled 

water. The stained samples were embedded in Jung Tissue- freezing medium (Leica 

Microsystems, Wetzlar, Germany). When frozen, the sections of 5µm were taken using 

cryostat (CM 3050 S, Leica) on to the charged slides. The thickness of the cryosections 

were measured with the ImageJ software. 

 

3.8.3.3. Western blot analysis of Connexin-43 and MyoD  

Western blot analysis was performed as in section 3.2.5.3, for the cardiac markers 

Connexin-43 and MyoD. The 21-day test samples were compared with that of 21 day 

un-induced controls (50µg of protein). Beta actin was used as the control. The 

expression of Connexin-43, MyoD and β-actin was imaged by luminescent image 

analyser.  

 
3.9 STATISTICAL ANALYSIS 

All experiments were done in triplicates in order to confirm the repeatability of the 

experiments. Each value reported is the Mean±SD of all the values. Single factor 

analysis of variance (ANOVA) was employed to ascertain the statistical significance 

of the results. P-values less than (≤) 0.05 were considered significant. 
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4. RESULTS 

4.1 RAT BONE MARROW MESENCHYMAL STEM CELLS 

4.1.1 Morphology and stemness of the rBMSCs 

Upon isolation, the cell population was found to be heterogenous population. The 

adherent cells showed spindle shaped morphology. On successive media change, the 

number of cells with typical fibroblast-like morphology was adhered to the culture 

dish (Figure 8A). Before adding the induction medium, this phenotype was retained 

through repeated subcultures under non-inducing conditions. Actin staining showed 

the structural pattern of F-actin (Figure 8B). The nuclei was counterstained with 

Hoechst. On adipogenic induction, the cells showed lipid droplets, with none in the 

un-induced controls under bright field microscope. The lipid droplets were stained red 

with Oil red O in the induced rBMSCs while they were absent in the uninduced cells 

(Figure 9A). The calcified depositions of the osteogenic induced cells were stained red 

by Alizarin red. In the cells grown in the control media, no positive staining was 

observed (Figure 9B). 

 

4.1.2 Expression of CD90, CD105, Stro-1 and CD34  

Immunostaining of the cells showed positive staining for the mesenchymal markers 

CD90, CD105, Stro-1 and negative for hematopoietic marker CD34 proving the 

stemness of the cells (Figure 10).  
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Figure 8: Phase contrast image of the rat bone marrow mesenchymal stem cells 
showing fibroblastic morphology (A) and Fluorescent micrograph showing the F-actin 
filaments of rat bone marrow MSCs in red and the nuclei counter stained blue, with 
Hoechst. 

 

    

Figure 9:  Adipogenesis of rat bone marrow MSCs assessed by Oil Red O staining (A) 
and Osteogenesis confirmed by Alizarin red staining (B) at 10 days after induction. 
 

     
 

    
 

Figure 10: Fluorescent micrographs showing the expression of the primary markers 
(A) CD90, (B) Stro-1, (C) CD105 & (D) negative marker CD34. 
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4.1.3 Selection of concentration of 5-azacytidine  

Dose of 5-aza was determined by assessing the effect on cytotoxicity and cell survival 

using MTT assay, based on the principle that succinate dehydrogenase present in the 

mitochondria of metabolically active cells convert MTT to purple formazan crystals. 

Among the previously reported concentrations to induce cardiac differentiation, the 

lowest, causing minimal cell damage was assessed. Five different concentrations of 5-

azacytidine (5,10,15,20 and 25µM) were used for the study. 5,10,15µM were found to 

retain more than 75% of cell metabolic activity (Figure 11). The 5, 10,15µM which 

were reported to initiate cardiac differentiation as per previous reports, were studied 

for 0 and 48h after induction for 24h to monitor the cell survival using rBMSCs. No 

difference was observed in the cell survival after 48h, after treatment with 5,10 and 

15µM concentration of 5-azacytidine for 24h (Figure 12). Hence the lowest 

concentration of 5µM, was selected for further studies. 

 

 

Figure 11: Cell metabolic activity with varying concentrations of 5-azacytidine 
after 24 hours. 
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Figure 12: Cell survival with varying concentrations of 5-azacytidine at 0 and 48 
hours after 24-hour induction. 

 
 

4.1.3 DIFFERENTIATION OF RAT BONE MARROW MESENCHYMAL 
STEM CELLS 

 

4.1.4.1 Morphological changes  

The cells were differentiated with 5µM 5-azacytidine for 24h and then changed to 

normal media and cultured for 21days with media change every third day. The cells 

upon differentiation with 5-aza, the typical ‘fibroblast-like’ morphology was changed 

to narrower cells. The cells were found to be more elongated exhibiting stick-like 

morphology. The cells started aligning parallel to one another, after 10 days, forming 

a very compact arrangement (Figure:13) 
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Figure 13: Phase contrast images showing the morphological changes in rBMSCs in 
the 5-aza treated test groups compared to the non-treated control groups. 

 
 

4.1.4.2 Characterization by immunostaining 

The 21-day differentiated rBMSCs showed expression of cardiac markers Alpha 

sarcomeric actinin and protein Connexin 43. The Alpha sarcomeric actinin, is an F-

actin cross-linking cytoplasmic protein, which help to anchor intracellular structures 

in cardiac muscle and the Connexin-43 are important as gap junction proteins. The 

non-induced cells did not give any positive expression. Representative images have 

been shown in figures with respect to different fields studied (n=6) (Figure 14). 

   

Figure 14: Fluorescent micrographs showing the positive expression of cardiac 
markers (A) Alpha sarcomeric actinin and (B) Connexin-43. 
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4.1.4.3 Flow cytometry analysis of cardiac markers  

The flow cytometry analysis of the differentiated cells, showed positive expression for 

the cardiac markers SerCa2a (33.6%), Cardiac troponin T (32%) and Cardiac myosin 

heavy chain (11.6%) (Figure 15). SerCa2a is one of the important protein which has a 

major role in the contractile functions of the heart. 

   

   

 

Figure 15: Flow analysis for the cardiac differentiation markers in rBMSC (A) Isotype 
(B) Control SerCa2a (C) Test SerCa2a (33.6%) (D) Control Cardiac Troponin T 
(0.1%) (E) Test Cardiac Troponin T(32%), (F) Cardiac myosin heavy chain control 
and (G) Test Cardiac myosin heavy chain (11.6%). 
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4.2 PERIODONTAL LIGAMENT CELLS 

4.2.1 Morphology and stemness  

The PDL cells showed typical fibroblast-like morphology (Figure 16). The cells were 

found to possess higher rates of proliferation when compared to rBMSCs. The 

phenotype was retained through repeated subcultures under non-inducing conditions. 

Actin staining showed the structural pattern of F-actin (Figure 17). The nuclei was 

counterstained with Hoechst. The calcified depositions of the osteogenic induced cells 

(section 3.2.2) were stained red by alizarin red staining. In the cells grown on the 

control media no positive staining was observed (Figure 18). 

 

   

Figure 16: Phase contrast micrographs depicting the (A) newly isolated PDL cells 
and (B) the fibroblast-like morphology of the confluent periodontal ligament cells 

after 4 days. 
 

 
Figure 17: The F-actin filaments of the PDL cells stained red and the nuclei 

counter stained blue with Hoechst on fluorescence imaging. 
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Figure 18: Osteogenesis confirmed by Alizarin red staining in the induced cells 
(A) and non-induced control cells (B) after 14days of induction. 

 
 

4.2.2. Characterization of mesenchymal markers  

 Immunostaining of the cells showed positive staining for the mesenchymal markers 

CD90, CD105, Stro-1 and negative for hematopoietic marker CD34 proving the 

stemness of the cells (Figure 19). The flow cytometry analysis showed positive 

expression for the mesenchymal markers Stro-1 (85.8%) and negative marker CD 34 

(13.8%) (Figure 20). 

    
 

    
 

Figure 19: Expression of primary mesenchymal markers by PDL cells A) CD90, 
B) Stro-1 C) CD105 & D) negative marker CD34. 
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Figure 20: Flow analysis for the primary characterization markers in periodontal 
ligament cells (A) Isotype: 0.2%, (B) Stro-1 (85.8%) and (C) CD34 (13.8). 

 
 

4.2.3 DIFFERENTIATION OF PDL CELLS 

4.2.3.1 Morphological changes after differentiation 

The cells were differentiated with 5µM 5-azacytidine for 24h and then changed to 

normal media and cultured for 21days with media change every third day. The cells 

were found to be more elongated exhibiting stick like morphology. Unlike rBMSCs 

the cells became broader. The cells in the treated group showed a compact patterned 

alignment with the cells coming parallel to one another (Figure 21). 

 
Figure 21: The morphological changes of PDL cells in the 5-aza treated test 

compared to the non-treated control groups. 
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4.2.3.2 Flow cytometry analysis of Connexin-43, Mef2C, SerCa2a and Cardiac myosin 

heavy chain 

The flow cytometry analysis showed positive expression for the cardiac markers 

Connexin-43 (18.5%), Mef2c (26.6%), Serca2a (98%) and Cardiac myosin heavy 

chain (44.2%) (Figure 22). 

 
4.2.3.3 Western blot analysis of Connexin-43 

The western blot analysis further confirmed the expression for the cardiac marker 

Connexin-43. The protein expression was normalized to the house keeping control β-

actin (Figure 23). 
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Figure 22: Flow analysis for the cardiac markers in periodontal ligament cells (A) 
Isotype: 0.3%, (B) Representative control, (C) Connexin-43 (18.5%), (D) 
Mef2C(26.6%) and (E) SerCa2a (98%), (F) Cardiac myosin heavy chain (44.2%). 

 

 
 

Figure 23: Western blot analysis for the expression of Connexin-43 in 
differentiated PDL cells. 

 
 

4.3 HUMAN UMBILICAL CORD MESENCHYMAL STEM CELLS  

4.3.1 Morphology and stemness of the hUCMSCS 

The hUCMSCs showed typical fibroblast-like morphology (Figure 24A-B). The 

morphology was retained through repeated subcultures under non-inducing conditions. 

Actin staining showed the structural pattern of F-actin (Figure 24C). The nuclei were 

counterstained with Hoechst. Adipogenesis was assessed and confirmed by the 

presence of red-stained lipid droplets with Oil Red O in the induced hUCMSC, while 

there were no significant lipid droplets in non-induced cells (Figure 25A, B). The stain 

eluted in 100µl isopropanol gave a mean Optical Density value of 0.276 ± 0.003 at 

E F 
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500nm for the adipose-induced test and 0.086±0.035 for non-induced control, 

corresponding to three times increase than the non- induced (Figure 26, P value 0.0104 

n=3). The calcified depositions of the osteogenic induced cells were stained red with 

Alizarin red (Figure 25F). The dark blue staining for the proteoglycans by Alcian blue 

stain confirmed chondrogenic differentiation (Figure 25D). This trilineage potential to 

differentiate into adipogenic, osteogenic and chondrogenic lineages, proved that the 

cells retained stemness. 

 
Figure 24: Phase contrast micrographs showing (A) the hUCMSC in the first day of 
cell revival (B) hUCMSC monolayer and (C) Actin-Phalloidin stained hUCMSCs. 

 
 

 
Figure 25: Confirmation of tri-lineage differentiation on induction. (B) showed 
adipogenesis by Oil red O, (D) Chondrogenesis by Alcian blue and (F) Osteogenesis 
by Alizarin red. (A, C, E) represent the respective un-induced controls. 
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Figure 26: The relative optical density of Oil Red O stain eluted from hUCMSC 
control and test. 

 
 

4.3.2 Immunostaining, confocal imaging and flow cytometry 

Immunostaining of the cells showed positive staining for the mesenchymal markers 

CD90, CD105, Stro-1 and negative for hematopoietic marker CD34 proving the 

stemness of the cells (Figure 27). Positive CD90 staining was also shown by confocal 

imaging (Figure 28).  

 
The flow cytometry analysis showed positive expression for the mesenchymal markers 

Stro-1 (76.9%), CD90 (95.1%), CD105 (98.7%) and negative marker CD34 (3.1%) 

(Figure 29). The graphical representation of the same has been given (Figure 30). 
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Figure 27:  The fluorescence images represent the expression of (A) CD90, (B) 
CD105 (C) Stro-1 (All positive), (D) CD34 (Negative) 

 

 

Figure 28: Confocal image of the CD90 positive expression in hUCMSC 
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Figure 29: The flow-cytometry data showing the presence of (A) Isotype, (B) 

CD90 (95.1%), (C) Stro-1 (76.9%), (D) CD105 (98.7%) and (E) CD34 
(3.1%) stained cells. 

 
 

 

Figure 30: The percentage of cells exhibiting mesenchymal markers 
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4.3.3 DIFFERENTIATION OF HUCMSCS 

4.3.3.1 Morphological changes  

The cells were differentiated with 5µM 5-azacytidine for 24h and then changed to 

normal media and cultured for 21days with media change every third day. The cells 

were found to be more elongated exhibiting stick like morphology. The cells started 

displaying characteristic bifurcations from around day seven. They started aligning 

parallel to one another forming a very compact arrangement (Figure 31). In our study 

the cells upon differentiation with 5-aza, the typical ‘fibroblast-like’ morphology was 

changed to narrower cells. The cells were found to be more elongated exhibiting stick-

like morphology. The cells were found to be aligned parallel to one another forming a 

compact structure resembling the cardiac syncytium, when compared to the non-

induced cells 

 
Figure 31: Phase contrast images showing the change in morphology of hUCMSCs 
without 5-aza treatment (A, B: 7, 21days respectively) and with 5-aza treatment (C, D: 7, 
21) days respectively. The arrows denote the characteristic cell bifurcation in (C) and in 
(D), denote the disc like pattern observed. 
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4.3.3.2 Characterization of cardiac markers  

The 7, 14 and 21 days differentiated hUCMSCs were stained for cardiac marker Alpha 

sarcomeric actinin, Cardiac myosin heavy chain and Cardiac troponin T and gap 

junction protein Connexin-43 (Figure 32). The non-induced cells did not give any 

positive expression (Figure 32). Representative images have been shown in figures 

with respect to different fields studied (n=6). 

 
Figure 32: Fluorescent micrographs of the 5-aza treated cells showing the expression of 
the cardiac markers (A, B, C) Alpha sarcomeric actinin, (D, E, F), Cardiac myosin heavy 
chain (G, H, I), Cardiac troponin T, (J, K, L) and Connexin-43 at 7, 14, 21 days 
respectively. 
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Figure 33: Fluorescent micrographs of the 5-aza non-treated controls cells showing no 
expression of the cardiac markers (A) Alpha sarcomeric actinin, (B) Cardiac myosin 
heavy chain, (C) Cardiac troponin T and (D) Connexin-43 respectively after 21days. 
 
 
 
     4.3.3.3. Characterisation by flow cytometry 
 

The flow cytometry analysis showed positive expression for the cardiac markers 

Mef2c (10.4%), SerCa2a (99%), Alpha sarcomeric actinin (7.5%), Connexin43 

(94.5%), Cardiac myosin heavy chain (0.5%) and Cardiac Troponin T (24.6%) (Figure 

34). 
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Figure 34: Flow analysis for the cardiac markers in hUCMSCs (A) Isotype: 0.1%, (B) 
Representative control (0.2%), (C) Alpha sarcomeric actinin (7.5%), (D) Connexin 43 
(94.5%), (E) Cardiac myosin heavy chain (0.5%) (F) Cardiac troponin T (24.6%) (G) 
SerCa2a (99%) and (H) Mef2C (10.4%). 
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4.3.3.4. Real time PCR expression of Nkx2.5,GATA4, Alpha sarcomeric actinin, 
Cardiac troponin T, Cardiac myosin heavy chain and Connexin-43 
 
 
The fold change in the expression of cardiac markers NKX2.5, GATA4, Cardiac 

myosin heavy chain, Cardiac troponin T and Connexin-43 was observed. The NKX2.5, 

GATA4 and Connexin-43 was found to have significant fold change in the test when 

compared to the un-induced cells (Figure: 35). The values were normalized to the 

expression of the housekeeping gene GAPDH. 
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Figure 35: The fold change in the gene expression of the cardiac markers (A) Nkx2.5, 
(B) GATA4, (C) Cardiac myosin heavy chain, (D) Cardiac troponin T and (E) 
Connexin-43. 

   
 
 

4.3.4 Mechanism of induction of cell differentiation by 5-azacytidine 

4.3.4.1 Cell cycle analysis The cell cycle analysis showed that, 7 days after 

differentiation, G0/G1 phase cells, had increased to 83.3 when compared to 64.6 for 

the control uninduced cells. Consequently, the S-phase cells in the test sample, 

declined to 9.7 whereas the control remained at 23.2. The phase contrast images 

showed the typical elongation and parallel alignment of the hUCMSCs (Figure 36). 

The graphical representation of the percentage of cells in each phase of cell cycle is 

given in Figure 37. 
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Figure 36: Cell cycle analysis after 0,7,14 and 21 days after 5-aza treatment. The phase 
contrast images in the left panel (A,B,C,D) shows morphology of the untreated control 
cells while (E,F,G,H) in the right panel shows the morphology change in the treated 
test cells, The cell-cycle graphs at the left panel (I,J,K,L) in the right panel denotes the 
control and (M,N,O,P) denotes the test samples at 0,7,14,21 days respectively. 
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Figure 37: The percentage of test and control cells in various stages of cell cycle at 
0,7,14,21 days. 

 
 

4.3.4.2 Cyclin D1 expression analysis by Western blot  

The 7day test and control samples were analyzed for the expression of Cyclin D1.the 

test sample showed positive expression of the Cyclin D1, which is a key cell cycle 

regulator, which further confirmed the accumulation of the cells at G0/G1 phase, 

preventing the entry of cells to the S-phase (Figure 38). 

 

Figure 38: Western blot image showing the positive expression of Cyclin D1 on 7 
days after induction 
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4.3.4.3 ERK1/2 and Mef2C expression 

Three group protein samples with the i) untreated cells, ii) cells treated with 5-aza and 

iii) cells treated with both 5-aza and U0126 were collected at 0, 14 and 21 day. 14 and 

21day samples included control test and inhibitor added. The expression of ERK1/2 

was found to be increased with the addition of 5-aza. The U0126 added samples 

showed an inhibition of its expression (Figure 39). The expression of myocyte 

enhancer factor, Mef2C was seen only in the 21 day differentiated cells. The 

expression of these proteins were normalized to the expression of housekeeping 

control β-actin (Figure 40). 

 
Figure 39: Schematic representation of the chemical structure of U0126- Bis [amino [(2–

aminophenyl)thio] methylene] butanedinitrile 
 

 
Figure 40: Western blot image showing the positive and progressive expression of 
ERK1/2 in the test samples and expression of the myocyte enhancer factor, Mef2C in 
the 5-aza treated 21day sample, while it is not expressed in the control and the U0126 
inhibitor treated samples. 
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4.3.5 NEONATAL RAT VENTRICULAR CARDIOMYOCYTES (NRVC): 
MORPHOLOGY AND CHARACTERISATION FOR CARDIAC MARKERS 
BY IMMUNOSTAINING 
 
The neonatal rat ventricular cardiomyocytes were isolated and cultured in collagen 

coated plates in 2% IMDM. The cells showed characteristic beating from 3 to 4 days 

after isolation. The phase contrast images showed the typical cardiomyocyte 

morphology. Also the electrophysiological beating has been recorded with the Nikon 

Microscope. They were stained positive for the cardiac markers Alpha sarcomeric 

actinin, Beta myosin heavy chain, Connexin-43 and Cardiac Troponin T (Figure 41).  

 

Figure 41: Fluorescent micrographs of neonatal rat cardiomyocytes positive stained for (A) 
Alpha sarcomeric actinin, (B) Cardiac troponin T, (C) Connexin-43 and (D) Cardiac myosin 
heavy chain (The arrows denote the myosin filaments). 
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4.4 SYNTHESIS AND CHARACTERISATION OF NGMA 

4.4.1 FTIR and Water contact analysis of Hand coated NGMA (HC-NGMA) 

The FTIR analysis confirmed the characteristic peaks of NHCO in PNIPAAm at 

1640cm-1, 1535cm-1, and 1458cm-1. The peak at 1726cm-1 represented C=O and peaks 

at 840cm-1, 906cm-1, and 992cm-1 confirmed the epoxy groups of GMA moieties in 

the copolymer coated on the culture dishes (Figure 42). 

 
The surface wettability of the NGMA coated dishes were determined by water contact 

angle measurement. Above LCST (40°C), the water contact angle for the TCPS was 

73.88±4.4° and that for the NGMA-coated plates was 72.02±1.96° (Figure 43). The 

contact angle of both plates showed very little difference of 0.8° (Table 4). While, 

below LCST (20°C), the contact angle of NGMA was 68.56±2.25° which showed a 

dip of around 4°, while that of NGMA remained same (73.02±5.91°). This denotes the 

thermo-responsive nature of the NGMA, turning the surface lesser hydrophobic, 

helping in the smooth retrieval of the cell sheet. The values were nearly identical for 

reading taken at different areas, showing the uniformity of the NGMA coating.  

 
Table 4: Water contact angle analysis of the NGMA and TCPS above and below 

LCST 

 

 

 

 

 

 

Surface 

Water contact angle 

Above LCST (40°C) Below LCST (20°C) 

TCPS 73.88±4.4 73.02±5.91 

NGMA 72.02±1.96 68.56±2.25 
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Figure 42: FTIR spectrum of NGMA 

 

 

Figure 43: Water contact angle measurement of TCPS (A and B) and NGMA (C and 
D) above and below the LCST of NGMA 
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4.4.2 Culture, retrieval and viability of L929 cells 

The L929 cells were retrieved from the hand coated NGMA dishes by lowering the 

temperature without using any proteolytic enzymes. The cells showed characteristic 

rounding (Figure 44A). The cells were found to be viable on reattachment by FDA-PI 

assessment (Figure 44 B-C). The ImageJ analysis confirmed 99% cell viability. 

  

  

Figure 44: L929 cell retrieval and viability assessment by FDA-PI (A) Phase contrast 
image of the L929 cells rounded off on lowering the temperature. (B) The cells on 
reattachment found to be viable (99%) by the uptake of FDA and (C) very few dead 
cells (red) found. 

 
 
 
 
 
 
 
 
 
 
 

A 
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4.4.3 CULTURE, RETRIEVAL AND VIABILITY OF HUCMSCS 

4.4.3.1 Cytocompatibility of NGMA 

The actin staining of the hUCMSCs seeded on the NGMA showed that there is no 

alteration in the morphology of the cells when compared to that of the normal TCPS 

(Figure 45). The MTT result of cells, seeded on NGMA was comparable to that of the 

TCPS (Figure 46). Also, the NGMA did not alter the cell metabolic activity or the 

proliferation of the cells. This proved the suitability of the NGMA coated surfaces for 

cell culture.  

 

Figure 45: Fluorescent micrograph of the actin staining of the hUCMSCs seeded on 
the NGMA (A) showing similar morphology as in TCPS culture (B). 

 
 

 
Figure 46: Comparison of metabolic activity of cells on NGMA and TCPS by MTT 

assay. 
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4.4.3.2 Retrieval of viable cell sheet, viability and morphology 

The hUCMSC sheet could be retrieved from the thermo-responsive culture dishes by 

lowering the temperature. The cell sheet was found to be intact, with intact ECM. The 

phase contrast, stereo-image (Figure 47) and the ESEM image (Figure 48) showed the 

intact architecture with the cell-cell contact. The cell sheet was found to be viable by 

FDA-PI staining. Only very few cells were found to be dead (Figure 49). The ImageJ 

analysis proved that the CTCF and the integrated density of the viable green cells was 

found to be very much higher than dead-red stained cells. 

Figure 47: Phase contrast images of (A) hUCMSCs confluent monolayer, (B) its 
retrieval, (C) the cell sheet retrieved and (D) stereo-micrograph of the cell sheet. 
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Figure 48: The intact hUCMSC cell sheet retrieved from NGMA dish, imaged by 

ESEM. 

     
 

 
 

Figure 49: Fluorescent micrographs of the FDA- PI stained cell-sheet with live cells 
appearing green (A) on internalizing fluorescein di acetate and converting to 
fluorescein and non-viable cells stain red on PI uptake (B) and (C) merge of (A&B). 
The graph shows the increased CTCF and integrated density of the FDA stained viable 
cells than dead cells. 
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4.5 DIFFERENTIATION OF THE HUCMSCS ON NGMA AND ITS 
RETRIEVAL 
The cell sheet was retrieved after differentiation (Figure 50). The differentiated cell 

sheet was retrieved and obtained as in section 4.4.3.2. The video captured showed the 

retrieval on lowering the temperature of the culture dish.  

 
Figure 50: Phase contrast image of the sheet retrieval of the differentiated hUCMSCs. 
 
4.5.1 Viability assessment and ESEM imaging 

The differentiated cell sheet was found to be viable by FDA-PI staining (Figure: 51). 

The ESEM imaging showed the finer details of the differentiated cell sheet when 

compared to the normal undifferentiated cell sheet. The formation of characteristic 

myotube like structures were found in the differentiated cell sheet (Figure 52).  

   
 

Figure 51: Fluorescent micrographs of the FDA-PI stained differentiated cell-sheet, 
with live cells appearing green (A) on internalizing fluorescein di acetate and 
converting to fluorescein and non-viable cells stain red on PI uptake (B). 

A B 
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Figure 52: ESEM images of the (A) non-induced cell sheet and (B) differentiated cell 
sheet. The arrows show the characteristic myotube-like structures in the differentiated 
cell sheet. 

 
 

4.5.2 Immunostaining of the cell sheet for cardiac markers 

The differentiated cell sheet showed positive expression of Mef2C, MyoD, SerCa2a, 

Connexin-43 and Alpha sarcomeric actinin (Figure: 53).  

 
4.5.3 Western blot analysis for cardiac markers 

The differentiated cell samples were shown to have positive expression for Connexin-

43, Alpha sarcomeric actinin, Myf5, Myogenin, Cardiac Troponin T, Serca2a, MyoD 

and PAX-7 compared to the un-treated controls at 0day and 21day. The β-actin 

expression was shown as the house keeping control (Figure 54; Figure 55).  
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Figure 53: The retrieved differentiated hUCMSC cell sheet, depicting cardiac markers 
Connexin-43 (A,B,C), Alpha sarcomeric actinin (D,E,F), Mef2C (G,H,I), MyoD 
(J,K,L) and SerCa2a (M,N,O), with nuclei stained blue with Hoechst, the marker 
stained with respective antibody and their merge respectively. 
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Figure: 54: The western blot image showing the expression of Alpha sarcomeric 
actinin, Connexin-43 and Beta actin (housekeeping control) in 21day test, 21day 
control and zero-day control. 

 

 
Figure 55: The western blot image representing the expression of various cardiac 
markers after 21-day differentiation compared with 21-day controls and housekeeping 
control Beta actin. 
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4.6 Spin coated NGMA (SC NGMA) 

The spin coating parameters were standardised and uniform coating was visualised and 

confirmed using the Eosin stain (Figure 56).  

 
 

Figure 56: Standardisation of spin coating parameters (A) NGMA solution found to 
have uneven coating, detected due to only partial drying inside spin coater, (B) Spin 
coating with 1:1 NGMA: Giemsa stain, found to wheel patterns due to immiscible 
solution, (C) Spin coating with 1:1 NGMA: Eosin stain uneven coating, (D) Spin 
coated plate with parameters standardised using 1:1 NGMA: Eosin by trial and error 
method and (E) spin coated NGMA plate. 
 
 
4.6.1 Spin coating parameters 

The parameters like: Acceleration (A):1000, Speed (S):1000, was set and spin coated 

with 30µl NGMA (V) for 40 seconds (T).  

4.6.2 Surface characterisation by FTIR and Water contact angle 

The FTIR analysis confirmed the characteristic peaks of NGMA. The NHCO in 

PNIPAAm at 1640cm-1, 1535cm-1, and 1458cm-1. The peak at 1726cm-1 represented 

C=O and peaks at 840cm-1, 906cm-1, and 992cm-1 confirmed the epoxy groups of 
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GMA moieties in the spin coated culture dishes which was found comparable to that 

of the normal NGMA (Figure 57). 

 
The surface wettability of the NGMA coated dishes were determined by water contact 

angle measurement. The contact angle for the spin coated plates was 61.59±4.4°, 

which was found to be lesser than PSTC plates (70.97±5.6°) and that of hand coated 

NGMA (69.525±3.07°), at temperature below LCST (20°C). The measurements were 

taken from different areas of the coated surface. The values were nearly identical 

showing the uniformity of the NGMA coating (Figure 58 and 59).  

 
Figure 57: FTIR analysis of spin coated NGMA (A) with NGMA (B). 

 
 

           
 

Figure 58: Water contact analysis of (A) TCPS control (70.97±5.6°), (B) Hand coated 
NGMA (69.525±3.07°) and (C) Spin coated NGMA (61.59±4.4°) below LCST. 
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Figure 59: Graphical representation of Water contact angles of NGMA spin coated, 
NGMA hand coated and TCPS plates below LCST. 

 
4.6.3 Biological evaluation with L929 cells 

The L929 cells grown on the conditioned spin coated NGMA dishes showed 

characteristic cell morphology proving the SC-NGMA to be suitable for cell culture 

(Figure 60).  

    

Figure 60: Phase contrast image of L929 cells grown on spin coated NGMA dish.  
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4.7 RETRIEVAL OF THICK CELL DENSE CONSTRUCT FROM EVA-SC 
NGMA DISHES  

 
4.7.1 EVA sheets assessed to be cytocompatible 

The L929 cells grown on EVA sheets, did not exhibit any change in morphology when 

compared to the normal TCPS (Figure 61). This proved the suitability of the EVA 

sheets for cell culture. The MTT result of cells, seeded on EVA sheets showed that 

either 25%, 50% or 100% of the extract did not alter the cell metabolic activity of the 

L929 cells (Figure 62).  

    

Figure 61: Comparison of the morphology of L929 cells seeded on EVA sheet 
segments pasted to the TCPS at 60°C and the TCPS surface. The L929 maintained its 
spindle shaped morphology in both. The black arrows denote the EVA sheet segment 
pasted to the TCPS. 
 

 
Figure 62: The assessment of cytocompatibility in presence of EVA sheets by test on 

extract and MTT assay using L929 cells. 
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4.7.2 Cell dense construct retrieval 

The average thickness of the EVA sheets were calculated to be 0.685±0.09mm. The 

EVA-SC NGMA dishes were prepared and sterilized (Figure 63). The plates were 

conditioned with 200µl media for 5 minutes before cell seeding. The construct 

retrieved, showed high density of cells with lesser cell spreading. On phase contrast 

imaging, the construct was found to be compactly packed exhibiting relatively high 

shrinkage (Figure 64).  

 

   

 

 

Figure 63: (A) EVA pellets used to generate sheets, (B) EVA sheet obtained by pressure 
compression molding, (C) EVA-SC NGMA plate and (D) Diagrammatic 

representation of the EVA-SC NGMA plate. 
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Figure 64: Phase contrast micrographs of (A) Differentiated rat bone marrow MSCs 
seeded on EVA-SC NGMA (B) Seeded cells after 24 hours, (C) and (D) the cell 
construct retrieval and (E) The cell dense construct retrieved. The black arrows in 
figure C and D represent the boundaries of the EVA well. 
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4.7.3 Morphology and viability evaluation 

The 21day differentiated rat bone marrow mesenchymal stem cells seeded onto the 

EVA-SC NGMA dish were found to adhere to the NGMA surface. The cell dense 

construct was retrieved from the dishes by lowering the temperature after 2 days 

(Figure 65). The construct was found to be viable with lesser number of dead cells 

(Figure 66).  

 

 

 

 

 

Figure 65: The stereomicrographs of the retrieved cell dense construct, at various 
magnifications. 

 

        
 

 

 

 

Figure 66: The phase contrast image of the cell dense construct (A), Fluorescent 
micrographs of the FDA stained cell dense construct with live cells appearing green 
on internalizing fluorescein di acetate (B) and converting to fluorescein and non-viable 
cells stain red on PI uptake (C) and (D) is the merged image of (B and C). 

 
 
 

 



112 
 

4.7.4. Actin-Phalloidin staining and Confocal imaging 
 
The Actin-Phalloidin staining, showed even structural patterning of cells in the cell 

dense construct retrieved (Figure 67). The z-stacking of the actin stained construct 

gave the dimensions of the cell dense construct to be 636.40µm x 636.40µm x 62µm.  

   

 

Figure: 67: Actin Phallodin staining of the cell dense construct retrieved from EVA-
SC NGMA showing the structural patterning of F-actin (A) Actin stained, (B) Hoechst 
stained nuclei (C) Merge of A and B by confocal imaging. (D) The 3D view of the cell 
dense construct. 
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4.7.5 Assessment of thickness by cryosectioning 

The NGMA retrieved cell sheet (3x106 cells seeded in 35mm dish) and cell dense 

construct were toluidine blue stained and the sections were compared to assess the 

thickness. The cell dense construct was found to be around double the thickness of the 

normal cell sheet retrieved (Figure 68). Thickness of the cell sheet was found to 

36.3±3.4 µm and that of the construct was proved to be 61.77±4.4µm by ImageJ 

analysis. 

 

Figure 68: The image of the cryosections taken for the (A) normal retrieved cell 
sheet and (B) the cell dense construct retrieved from EVA-SC NGMA. 
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4.7.6. Expression of Connexin-43 and MyoD 
 
The differentiated cell samples were shown to have positive expression for Connexin-

43 and MyoD when compared to the un-treated controls at 21day. The β-actin 

expression was shown as the house keeping control (Figure 69). 

 

 

Figure 69: The western blot image representing the expression of Connexin-43 and 
MyoD in the cell dense construct retrieved from EVA-SC NGMA after seeding 21-

day differentiated rBMSCs. 
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5. DISCUSSION 

From early 1980s, till date the cardiac tissue engineering approach had been trying to 

reduce the disparity between patient needs and available donor tissue. The present 

cardiac treatment strategies focus on addressing the symptoms and have very limited 

scope for sustained regeneration, thus highlighting the need for tissue engineering in 

regeneration medicine. The cardiac tissue engineering therefore, is still an emerging 

field that hold great potential for the treatment of heart diseases. But there are certain 

questions, yet to be resolved, for the development of an ideal tissue construct. The 

initial interests were, in the choice of biocompatible scaffold with proper structures or 

mechanical characteristics with least harmful degradation products and which could 

synchronize with the host with adequate vasculature. But then, due to the onset of 

newer tissue engineering practices eliminating the use of scaffolds; more attention had 

been diverted to the exact choice of cells to be used (Petzold et al., 2017).  

Leor and Cohen (2005) had previously enlisted the desirable properties of the cell type 

and Caspi and Gepstein (2006) have described the potential use of foetal 

cardiomyocytes for the same. But this may not be feasible, for the tissue limitations 

and immunologic problems. The ideal choice of cell type would more likely be a less 

committed cell source which upon differentiation would help fight the adverse niche 

and help in the regeneration (Toma et al., 2002). Hence, in this study we have 

demonstrated three potential sources; rat bone marrow MSCs, periodontal ligament 

cells and hUCMSCs for the cardiac tissue engineering applications.  
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The rat bone marrow mesenchymal stem cells were selected as they proved to have 

capacity to differentiate to multiple lineages (Wakitani et al., 1995; Valarmathi et al., 

2010), can be cryopreserved and well expanded in vitro. The ease of characterisation 

with lesser extent of variations make them more close to the researcher’s interests 

(Makino et al.,1999). However, the early clinical trials with the ageing persons have 

shown that, the extent of improvement in the heart functions, was limited for those 

who received autologous MSCs, due to an age-related decrease in the regenerative 

capacity. Also, owing to the alteration in major histocompatibility complex–immune 

antigen profile after the differentiation, an immunogenic shift was also demonstrated 

(Menasche, 2008). Hence it was thought that a cell source from a highly regenerative 

donor with high proliferation and with minimal immunogenic elicitation, would be the 

preliminary screening criteria for the cardiac regeneration applications.  

Periodontal ligament cells were also looked into as a suitable cell choice. The isolation 

of MSC from tooth is thought to be advantageous over other methods, because after 

routine dental extractions or the exfoliation of deciduous teeth, they are easily 

accessible. Extracted tooth being a non-essential organ, can be collected with minimal 

ethical issues (Modino and Sharpe, 2005). Although, periodontal tissues arise from the 

migrated neural crest cells during tooth development, they possess stem cell properties 

very much similar to the MSCs (Kaku et al., 2012). The immunomodulatory ability 

of the PDL cells are reported to be comparable to that of bone marrow MSCs and they 

are reported to have the highest turn-over rate in the human body (Zhu and Liang, 

2015). 
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Umbilical cord MSC is yet another abundant cell source which is obtained from the 

umbilical cord, the biological waste after child birth. According to Panepucci et al., 

2004, the UCMSCs are more advantageous over rBMSCs as they express genes related 

to matrix remodelling, when compared to the genes associated with osteogenesis by 

rBMSCs. The lesser risks of immunological and ethical issues make them a favourable 

cell choice for cardiac tissue engineering applications (Chao et al., 2012; Hsiao et al., 

2016). 

Applicability of the cells, rBMSCs, PDL and hUCMSCs to myocyte differentiation 

was assessed in the present study. They exhibited characteristic fibroblast-like 

morphology and retained this phenotype through repeated subcultures under non-

inducing conditions. The Actin-Phalloidin staining showed the structural pattern of F- 

actin for the three cell types.  

The characterization of the cells to validate the homogeneity of the cell population is 

very essential; especially, when the cells are intended for transplantation. The co-

expression of surface markers routinely used to determine the MSCs are CD90, 

CD106, CD44 and CD 29. The list has been appended with CD105, Stro-1, along with 

CD90 and CD73 as positive markers and CD34, CD45, CD14, CD19 as negative 

markers (Lin et al., 2013). The function of each preliminary characterisation marker 

used in this study has been given in Table 5. The immunofluorescence staining for 

these markers have proved the rBMSCs, hUCMSCs and PDL cells to be positive for 

CD90, CD105 and Stro-1 and negative for the hematopoietic marker CD34. The cells 

exhibited similar results in the flow analysis as well with good positivity for CD90, 
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CD105 and Stro-1 and very less percent of positive cells for the hematopoietic marker 

CD34. This proved the cell population to be homogenous. 

Table 5: Details of the primary characterisation markers  

Sl. No. Marker Function 
1 CD90 CD90 / Thy1, is a glycosylphosphatidylinositol-linked protein 

involved in cell-cell and cell-matrix interactions. 
2 CD 105 CD105/Endoglin, is a type I membrane glycoprotein that 

functions as an accessory receptor for TGF-beta superfamily 
ligands. 

3 Stro-1 Stro-1 is described as having the ability to enrich the MSC 
population from bone marrow cells as determined by their 
capacity for tri-lineage differentiation. 

4 CD34 Hematopoietic marker- Negative MSC marker, a 
transmembrane sialomucin. 

 

 The cells were induced with corresponding induction medium to the adipogenic, 

osteogenic and chondrogenic lineages. The stem cells have shown positive red staining 

for the lipid droplets in the Oil Red O staining for adipogenesis. The calcified 

depositions were stained with Alizarin red proved the osteogenic potential and the dark 

blue staining for the proteoglycans by Alcian blue proved the chondrogenesis upon 

induction. This proved the stemness of the cells used for the experiments. While the 

un-induced controls did not show any spontaneous induction to any of these lineages. 

These findings were in agreement with the reports of Valarmathi et al., 2010 (rBMSC), 

Hua et al., 2011(hUCMSC); Zhu and Liang, 2015 (PDL). 

5-azacytidine, the demethylating agent, has been extensively (Wakitani et al., 1995; 

Makino et al.,1999, Rangappa et al., 2003, Naeem et al., 2013, Potdar and Prasannan, 

2013) used for the differentiation studies. Being a chemical inducer, it is always 

advantageous, as it is non-immunogenic, easy to synthesise or preserve and possess 

enhanced cell permeability to facilitate effective differentiation (Mu et al., 2017). It is 
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a potent inhibitor of the DNA methyl-transferase, which play a crucial role in the gene 

expression, gene activation and silencing. It causes DNA demethylation or hemi-

demethylation, as demonstrated by Liu et al., (2016) in PDL cells. This create 

openings, that allow the transcription factors to bind to DNA and reactivate tumour 

suppressor genes. Hence is widely accepted as an anti-cancer drug, also called as 

Ladakamycin (Zielinski and Sprinzl, 1984). Moreover, a single dose use of 5-aza, 

eliminates the need for the continuous supply of inducing agents for differentiation 

(Fukuda, 2001).  

 
The 5,10,15µM of 5-aza were found to cause relatively lesser damage to the cells when 

compared to the higher doses. It has been shown by Wakitani et al. (1995) that, lower 

concentrations can result in better cell survival. Makino et al., 1999 had shown that 

5µM 5-aza can induce cardiac differentiation. The short durations of 5-aza treatment 

was reported to produce superior results (Naeem et al., 2013; Potdar and Prasannan, 

2013). Hence 5µM 5-aza treatment had been given to the cells for a short duration of 

24 hours. The 5, 10,15 µM, were reported to initiate cardiac differentiation hence, we 

had confirmed the cell survival at 0 and 48h after induction for 24h (Figure 11). No 

significant difference was seen in the cell survival after treatment of 5,10 and 15µM 

concentration of 5-azacytidine for 24h. Hence the lowest among the differentiation 

concentration of 5µM was selected for further studies (Rangappa et al., 2003). 

 

In our study the cells upon differentiation, became narrower cells, with stick-like 

morphology with bifurcations from around day seven. The cells were found to be 

aligned parallel to one another forming a compact structure resembling the cardiac 
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syncytium, when compared to the non-induced. However, the cell-cell packing of the 

PDL cells were not as compact as rBMSCs and hUCMSCs on morphological 

observation. On 5-aza differentiation, similar morphological changes, noticed in the 

study, were observed by Antonitsis et al., 2007 in bone marrow MSCs. The cells 

aggregated to form stick-like appearance and was found to be connected with adjoining 

cells forming myotube-like structures and exhibited multi-nucleation and cytoplasmic 

extensions after 7days. The perpendicular disc-like patterns resembling the 

cardiomyocyte structure was also reported by Zhao et al., 2011 in umbilical cord 

MSCs. Myotube like structures have been observed in the periodontal ligament cells 

on treatment with 5-aza-2’-deoxy cytidine (Decitabine - a deoxyderivative of 5-aza) 

by Song et al., 2012.  

 

The flow cytometry analysis of the differentiated cells showed similar results as of 

immunostaining. The most important aspect of the cardiac tissue is, its compact 

syncytium. The Alpha sarcomeric actinin which is important for the formation of the 

stress fibers of myotubes in cardiac muscle was found to be positive in 7.5% of the 

hUCMSCs after 14 days of differentiation. The myocardium includes three main types 

of proteins: myofibrillar, metabolic proteins and extracellular, of which several of the 

myofibrillar proteins that are only expressed by the heart can serve as markers of 

cardiomyocytes. This designates the significance for the Troponin isoforms; Cardiac 

Troponin I (cTnI) and Cardiac Troponin-T (cTnT). Though they are mainly known for 

their clinical significance, researchers have been using them to confirm differentiation 

(Forough et al., 2011). Bin et al., 2006, demonstrated the presence of cTnT to indicate 

the successful differentiation. Out of the differentiated cells, 24.6% of hUCMSC and 
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32% of rBMSCs was positive for the Cardiac Troponin T. This is endorsed by the 

similar result of Lu et al., 2010. They had shown 32% cTnT positive bone marrow 

cells when treated with 5-aza in a 35-day experiment. The findings were in accordance 

with Shi et al., 2016 using TGFβ and 5-aza. When mouse induced pluripotent stem 

cells embryoid bodies were treated with ascorbic acid, a positivity of 49.14% was 

obtained for cTnT, which proved their cardiac differentiation (Mu et al., 2017).  

 
More than 90% of rBMSCs and hUCMSCs were positive for Connexin-43, a cardiac 

specific protein which forms hemi-channels and gap junctions, located towards the 

periphery of the differentiated cells. This is representative of the intercalated disk, a 

unique feature of cardiac tissue, responsible for the synchronized beating (Forough et 

al., 2011). PDL cells showed only around 20% Connexin-43 positive cells. This may 

be attributed to the morphological observation that, the close packing of the cells, upon 

differentiation was not as compact as the other two cell type.  

 
SerCa2a is a Ca2+ ATPase that transfers Ca2+ from the cytoplasm to the sarcoplasmic 

reticulum. Its role is inevitable in maintaining the cardiac cycles Moscoso et al., 2012. 

Hence the positive expression of Serca2a in the differentiated cells paves an assurance 

that the cell can function as per requirement in the in vivo conditions to maintain the 

cardiac contractile synchrony. Also, the positive expression of Cardiac myosin heavy 

chain confirms the effective formation of the syncytium in vivo, as suggested by 

Forough et al., 2011. 

 

 



123 
 

The Nkx2.5 and GATA4 had shown 3 and 14-fold expression in the treated samples 

on real time gene expression studies. The studies in bone marrow multipotent adult 

progenitor cells by Lu et al., 2010 had shown the a 10-fold increase in the Nkx2.5 

mRNAs expression and the Connexin-43 by western blot analysis. Many cardiac genes 

are being transcribed by Nkx2.5 and/or GATA4 alone or, in combination with other 

transcription factors (Parikh et al., 2015). Two-fold expression of GATA4 was 

confirmed by Moghdam et al., 2016; on rBMSCs to myocyte lineage. Thus the 

increase in expression of the cardiac markers confirmed by real time PCR, corresponds 

to the differentiation to myocytes. Connexin-43, an essential junctional protein for the 

coordinated depolarization of cardiac muscle has been found to have around 10 fold 

increase, when compared to the un-induced cells, similar to the findings of Lu et al., 

2010. 

 
One of the most common epigenetic mechanism to control gene expression is by DNA 

methylation/demethylation. Cytosine residues are the most favoured DNA methylation 

sites. Therefore, replacing the cytidine analogue, was considered as a possible reason 

for reduction in methylation on comparison before and after the treatment, to analyse 

the impact on methylation and gene expression. However, the effect of 5-aza on the 

cell-cycle of different cells were found to be varying. The role of 5-aza on the induction 

of the expression of a prominent galactoside-binding immune cell protein, galectin1 

was studied by Poirier et al., 2001. There were consequent morphological changes and 

an increased tendency towards plasmacytic differentiation on human b lymphoma cell 

line bl36, due to the treatment and a sequential G0/G1phase arrest in the cell cycle 

progression was reported. 
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On the incubation of the pig kidney cells with 5-aza the cell cycle was found to be 

accumulated at G2 phase. Metaphase chromosomes, whose DNA was replicated in its 

presence exhibited ultrastructural differences (Zatsepina et al., 2016). A combination 

of Vitamin C and 5-aza treatment on HLE cells, had resulted in the downregulation of 

the transcription factor called Snai1, responsible for the epithelial-mesenchymal 

transition (EMT) and cell cycle arrest. When administered together, resulted in an 

increased S phase arrest, but individually accumulated the cells at G2. However, the 

same resulted in G1 arrest of Huh7 cells, when together (Sajadian et al., 2016). 

Interestingly, the effect of 5-aza on different cell types were found to be varying.  

Therefore, the effect on human umbilical cord mesenchymal stem cells (hUCMSCs), 

with no reports to our knowledge, with respect to the cell cycle progression, was a 

curious question to inquire into. Hence, we studied the effect on the cell cycle of the 

human umbilical cord mesenchymal stem cells differentiated to myocardial lineage 

using 5μM 5-aza treatment. On analysis at 0, 7, 14 and 21days for which the 

characteristic markers were studied, it was found that the cells accumulate at the 

G0/G1 phase preventing the entry of cells to the S phase. It was found that the cells at 

GO/G1 was 83.3% while it was 64.6% for the control uninduced cells. Consequently, 

the S-phase cells in the test sample, declined to 9.7% whereas the control remained at 

23.2%. This was confirmed by the positive expression of CyclinD1 by western blot 

analysis. The positive expression of CyclinD1 is shown in the 5-aza treated samples 

denote the accumulation of cells in the G0/G1 phase. As described in the Figure 69, 

the expression of MRFs might have resulted in the transcription of p21, p57 or p27 
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which are the inhibitors of CyclinD1 preventing the progression of cell cycle to the S 

phase (Montesano et al., 2013).  

For restoring the lost tissue function, there should be, the regeneration of host tissue 

either by its own or assisted by the tissue engineering approaches. The latter approach 

is being looked upon for the heart with limited self-regeneration. The cells provided, 

should be in close proximity and in synchrony with the electrophysiological 

environment of the host myocardium. Hence, if scaffolds are used, they have to be 

sutured to the epicardial surface of the heart which may limit the region of therapeutic 

benefit (Sekiya et al., 2009). Cell sheet technology is a pioneering advancement which 

advocates both “scaffold-free” and “suture-free” cell therapy.  

On lowering the temperature below LCST, the thermo-responsive surface changes to 

less hydrophobic surface and become non-cell adhesive and help the release of the 

contiguous cell sheet (Matsude et al., 2007, Joseph et al., 2010). This negates the use 

of denaturing enzymes and preserves cell surface proteins as well as the ECM, which 

will be beneficial during transplantation. Cardiac cell sheet transplantation has shown 

greater cell survival than dissociated cell injections (Sekine et al., 2011). The sheets 

adhere tightly to the host tissues without suture or cell loss, providing the scope of high 

cell density at the implantation site (Forte G et al., 2011).  

We have earlier from our laboratory reported on the use of NGMA for generating 

corneal epithelial cell sheets (Joseph et al., 2010, Ramesh et al., 2014). The presence 

of the functional groups of both pNIPAAM and GMA in the hand coated as well as 

the spin coated NGMA coincides with the previously reported results from our group 
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Joseph et al., 2010. The decrease in water contact angle proved the thermo-responsive 

property of the hand coated and spin coated NGMA. The suitability of the NGMA has 

been proved by the culture and retrieval of L929 cells, which showed characteristic 

rounding off and was proved to be viable even after reattachment for the hand coated 

NGMA and spin coated NGMA. The cell adhesion properties of the NGMA was 

validated by the Actin-Phalloidin staining of the hUCMSCs, on the NGMA surfaces 

and was found comparable to the normal TCPS. The cell metabolic activity was also 

found comparable for the two (Joseph et al., 2010). The hUCMSC cell sheet has been 

successfully retrieved from the NGMA surface (Joseph et al., 2010, Ramesh et al., 

2014). The ESEM imaging confirms the intact architecture of the retrieved cell sheet.  

In this study, we had generated intact cells sheets of hUCMSCs differentiated to 

cardiac lineage on NGMA surfaces. The in-house developed NGMA was found to be 

a suitable thermo-responsive substrate, for generating differentiated cell sheets. The 

contact angle of NGMA-coated surface at around 70°confirmed the suitability of the 

NGMA coated surfaces for cell adhesion and proliferation (Joseph et al., 2010). The 

retrieval procedure did not affect the viability of the cells as confirmed by FDA-PI 

staining. When the cells are viable, by intracellular esterase activity, the FDA 

accumulated inside the cells cleave to fluorescein and will appear green, while the dead 

cells which can only take up PI, emit signals for red on imaging. 

 

The characteristic myotube-like structures in the ESEM images proved the 

differentiation of the hUCMSCs to myocyte lineage (Figure 52). The myotube 

formation, characteristic of myocyte lineage differentiation has been reported by 
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Antonitis et al., 2007 and Lu et al., 2010. The characteristic cytoplasmic myofilaments 

were also reported by (Makino et al.,1999 and Wakitani et al., 1995).  The 

differentiated cell sheet was proved to depict the cardiac markers Alpha sarcomeric 

actinin, Connexin-43, SerCa2a, Cardiac myosin heavy chain, MyoD and Mef2C which 

was previously reported for the cells by Carvalho et al., 2013; Hsiao et al., 2016 and 

Moghdam et al., 2016. The expression of Cardiac myosin heavy chain was feeble and 

hence comparable to the results of the flow cytometry. The process of differentiation 

from mesodermal precursor to myogenic lineage involve many transcription factors 

such as basic helix-loop-helix proteins, including MyoD, myogenin, Myf-5, MRF4 

(myogenic regulatory factor 4) and myocyte-specific enhancer factor-2 (MEF-2). The 

Mef2C belongs to the evolutionary conserved family of MEF-2, which has crucial role 

in cardiac development and differentiation (Desjardins and Naya, 2016). The 

expression of Mef2C was also proved by the flow cytometry analysis of 5-aza treated 

hUCMSCs and PDL cells substantiated their role in cardiac differentiation. 

The differentiated hUCMSCs, in our study was shown to express, Alpha sarcomeric 

actinin and Connexin-43 by western blot analysis, which are involved in the cardiac 

cell contraction and electrical impulse propagation, when transplanted (Carvalho et al., 

2013). Additionally, the positive expression of cardiac markers MyoD, Myf5, Pax7, 

Serca2a, Myogenin and Cardiac Troponin T had confirmed the differentiation to 

myocyte lineage similar to the studies of Choi et al., 2010; Carvalho et al., 2013 and 

Moghdam et al., 2016. 

 
MyoD (45kDa) is one of the earliest marker for myogenic commitment, belonging to 

the family of MRFs. It regulates differentiation and acts sequentially for the expression 
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of downstream myogenic differentiation factors like Myf5 and Myogenin. The reduced 

expression of MyoD had proved to result in the decline of Myf5 and Myogenin 

expression (Moss et al., 1996). Both belong to the same family of MRFs. All the three 

proteins have been found to be expressed in the 5-aza treated cells. Paired box protein 

(Pax7) defines a critical role in precursor cell proliferation for supporting myogenesis. 

Pax7(57kDa) expression obtained in the present study is comparable to MyoD 

expressions, as there exists a close regulation of Pax7 in presence of these cardiac 

markers, resulting in the generation of proliferative, partially differentiated cells. This 

reflects the studies of Xiong et al., which reported that, the unfolded protein response, 

triggers PERK pathway, which activates the downstream myogenesis-related genes 

(Xiong et al., 2017). The role of 5-aza in the ERK expression had been previously 

reported by Qian et al., 2012, using an ERK specific inhibitor U0126. It was showed 

to abate the phosphorylation of the STAT3, which has a major role in the regulation 

of differentiation in many cells. This resulted in the decreased expression of 

myogenesis related genes.  

 
In conjuction with the above result; in the present study, the ERK1/2 has been found 

to be up-regulated by the differentiating agent, 5-aza. The introduction of the MEK1/2 

inhibitor U0126, resulted in a decline in the ERK1/2 expression, regulated by the 

MEK1/2 pathway. Although the exact mechanism of upregulation of ERK1/2 is not 

clearly known, it had been observed from the western blot data that, the MRFs (MyoD, 

Myogenin, Myf5) and Mef2C which are responsible for the transcription of the 

downstream myogenesis-related genes had been positively transcribed, by the 5-aza 

treatment. The positive expression of PAX 7, Serca2a, Connexin-43, Alpha sarcomeric 
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actinin and Cardiac Troponin T had confirmed the presence of downstream 

transcription of the myogenesis related genes. The schematic representation of the 

ERK1/2 pathway had been described in Figure 70. 

 

Figure 70: Schematic representation of the proposed mechanism of pathway regulation by 5-
azacytidine 

 

These results confirmed the robustness and viability of the differentiated hUCMSCs, 

that will account for their potential application in cardiac tissue engineering. The 

results from the present study, suggest that the differentiated cells from umbilical cord 

MSCs may effectively synchronize with the native cardiac muscle, on transplantation 

to the infarct region, replacing the scar tissue as they are found to express the functional 

genes.  

 
The optimal functional characteristics of cardiomyocytes differentiated from hUMSCs 

have not been clearly elucidated till date (Zhao et al., 2011). The research area of the 
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generation of cell sheets from differentiated hUCMSCs for myocardial tissue 

engineering is relatively unexplored.  The role of sphingosine-1-phosphate combined 

with cardiac myocytes conditioned medium, in differentiating hUCMSCs and 

generation of cell sheets had been elucidated by Zhao et al., 2011. However, the 

inducer has to be supplied to the cells, continuously during the experimental period, 

undermining the effectiveness of this strategy.  

 
To our knowledge, there are no reports on combining cell sheet engineering of 

hUCMSCs differentiated to cardiac lineage using 5-aza. In that a single dose of 5 

micromoles of 5-aza, which is relatively low dose, for a short duration, providing an 

economic edge, over other similar methods. The use of 5-aza as inducer thus, 

eliminates the use of conditioned medium or Planat-Bénard media (Planat-Benard et 

al., 2004). Thus we had projected a simple, consistent and cost-effective mode (Mu et 

al., 2017) of acquiring differentiated cell sheet depicting cardiac markers. However, 

many questions still remain which the researchers are yet to answer on the exact 

mechanism of cardiac differentiation of MSCs (Orlic et al., 2001).  

 
Any spontaneous contractions were not observed in the differentiated cell sheet. Lu et 

al., 2010 have reported that neither contraction nor any electrophysiological impulses 

were observed on differentiation. It has been previously reported by Valiunas et al., 

2000 and Valiunas et al., 2004, that the lack of spontaneous contraction does not 

eliminate the potential of using differentiated cells for myocardial infarct replacement 

in vivo. Many of the research in the field of cardiac tissue engineering have used either 

neonatal or adult cardiomyocytes of non-human origin, of which their human 

equivalents are tedious to obtain (Tee et al., 2010). Therefore, the human umbilical 
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cord will serve as an excellent and abundant source of cells to be differentiated to 

myocyte lineage for upscaling and the translation of research to clinics. 

 

One of the major challenges faced by the MTE is the massive requirement of the cells 

to meet the demand of the organ. Heart tissue with a cell density of 1x108 cells per cm3 

(Guo et al., 2009), the extent of cell density and mass transport issues remain in MTE. 

In 2006, Shimizu et al., had brought about the idea of polysurgery to introduce and 

stack cell sheets to improve the vascularity by multiple surgeries. This cannot be viable 

in the clinical scenario. The gap between the demand and supply is still huge. Nagase 

et al., 2009 had described a simple procedure of high density seeding of rat neonatal 

ventricular cells. Though the cell dense construct was obtained, the extent of damage 

that the use of trypsin had imparted, is not clearly understood. 

 
Hence in this study, an in-house developed culture system made from EVA on the spin 

coated NGMA dishes was used to retrieve cell dense tissue constructs obtained by a 

single seeding using The finer coating of around 20nm of the thermo-responsive 

polymer would result in the faster and efficient retrieval of the cell sheet (Akiyama et 

al., 2004). Therefore, the NGMA was spin coated to the dishes to facilitate the efficient 

retrieval of cell dense construct. The cytocompatability of the EVA and owing to the 

transparent nature of EVA sheets, L929 cells seeded could be imaged, which increases 

its applicability as a cell culture surfaces. Also, there was no change in the morphology 

of the L929 cells seeded on the EVA sheets which had been thermally sealed on the 

normal TCPS at 60°C. This corroborates with the results by Velayudhan et al., 2005. 

The low melting point property of the EVA has been utilized for sticking the EVA 



132 
 

sheets with wells defined within, to the spin coated NGMA dishes to obtain cell dense 

construct in single seeding. The 5-aza differentiated rBMSCs were successfully 

retrieved from the EVA-SC NGMA dishes (Figure 62). The construct had been proved 

to be viable, with the dimensions of 636.40µm x 636.40 µm x 62µm (width x height x 

depth). The results of Shimizu et al., 2006 had shown that, 3 layers of rat neonatal 

ventricular cardiomyocyte sheets, should be stacked one above the other to obtain a 

thickness of around 80µm. In the present study, this had been addressed with a single 

seeding, to get a thickness of 62µm, using the in-house developed EVA-SC NGMA 

plate.   

 
Guo et al. (2009) had established the possibility of high density seeding of rat neonatal 

ventricular cells to obtain cell dense constructs mimicking heart tissue density. They 

had claimed to develop a ‘quasi-3D’-cultured, multi-layered construct. The heart tissue 

has a density of 1x108 cells in 1x1x1cm3. If one such cube is divided into 100 slices, it 

would be equivalent to a 1cm2 heart slice (100µm thick), which would have 1x106 

cells. Replicating the calculation, they had used 1x106 cells per cm2 to develop a cell 

dense construct in 6-well plates.  

 
In this study, a similar attempt to create a cell dense construct was performed with the 

in-house developed EVA-SC NGMA dishes, completely eliminating the use of 

trypsin. Considering the cell dense construct dimensions to be 636.40µm x 636.40µm 

x 62µm, the volume was found to be 2.5x10-5cm3 with 3x106 cells, with the cell density 

to be reaching around 1.2x1011 cells per cm3, rising to the demands of the cell density 

to the damaged heart regeneration. The confocal imaging confirmed the even 

cytoskeletal patterning. The cryosections had proved the cell dense construct to be to 
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be thicker than normal cell sheet retrieved from the NGMA dishes. The cell dense 

construct also showed positive expression of cardiac markers, Connexin-43 and 

MyoD, opening up the relevance of this novel mode of cell dense construct, for 

myocardial tissue regeneration.  
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6. SUMMARY AND CONCLUSION 

The study advocates the concept of combining, the application of cell sheet technology 

using 5-aza differentiated mesenchymal stem cells for myocardial tissue engineering. 

Three cell types: rMSC, PDL and hUCMSCs were projected as three alternative source 

for MTE upon differentiation. The cells exhibited a change in morphology to resemble 

cardiac architecture with the formation of myotube like structures, which have been 

proved by environmental scanning electron microscope. 5µM concentration has been 

used for the present study to induce differentiation. The use of a chemical inducer 

however eliminates the continuous use of agent in the media, providing an economic 

edge. Also, the chances of the immunogenic responses by using allogenic conditioned 

media could be eliminated.  

The cell sheet technology has been supporting the negation of ECM invasive enzymes, 

for cell sheet retrieval. To our knowledge, there has been only a major report citing the 

application of hUCMSC cell sheet differentiated to cardiac lineage using conditioned 

media and sphingosine1-phosphate. Hence, this study reinforced the single dose use 

of a chemical inducer, to differentiate the hUCMSCs and retrieve it as an intact cell 

sheet for myocardial tissue engineering. The differentiated sheet had been proved to 

depict many early and mature functional cardiac markers. The expression of NKX2.5 

and GATA4 ensured the myocyte lineage specificity and the downstream transcription 

of myocytic genes. Various functional markers such as myogenin, Myf5, MyoD, Pax7, 

Mef2C, SerCa2a, Alpha sarcomeric actinin, Cardiac troponinT and Connexin-43 had 

been proved to be expressed in the differentiated cell sheet. Also, there was no report 

to our knowledge, regarding the effect of 5-aza on the cell cycle of the differentiated 

cells. An accumulation of the treated cells at G0/G1phase of the cell cycle, preventing 
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its entry into the S phase, had been proved by the cell cycle analysis and confirmed by 

the positive expression of CyclinD1 in the 5-aza treated samples. Also, in the present 

study, a regulation of ERK pathway by 5-aza had been shown, although; the exact 

mechanism was not probed into. This corroborates the results of Qian et al., 2012, 

which showed the increase in expression of ERK and consequently the myogenesis 

related genes. The electrophysiological parameters have to be studied further to prove 

the contractility of the differentiated cells and pilot in vivo transplantation experiments 

have to be performed to ensure the efficient and effective synchrony of the 

differentiated cell construct with the native heart tissue. hUCMSC sheets differentiated 

to cardiac lineage can be a novel platform for drug testing and transplantation studies. 

The EVA sheets where successfully made into wells on the spin coated NGMA dishes 

and have been projected as a new platform for the generation of thick cell dense 

construct, depicting cardiac markers, with single seeding of cells to address the 

demand of high cell dense tissue replicas for myocardial tissue engineering. 
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Abstract � The capacity for regeneration of cardiomyocytes is very limited. The complex structure and function of the heart further 
complicate the rectification. The novel approach of cell sheet engineering hence gains importance, as a non-invasive enzyme-free method 
for generation of an intact cardiac patch for therapeutic use. In this study, we have used the Wharton�s jelly mesenchymal stem cells 
(hUCMSCs), to be differentiated to myocyte lineage, using a cytidine analogue 5-azacytidine (5-aza). The stemness of the cells was 
characterized by the expression of stem cells markers CD90, CD105, Stro-1 and CD34 by immunostaining and flow cytometry. The 
differentiated cells showed considerable morphological changes along with positive expression of cardiac markers Alpha sarcomeric 
actinin, Beta-myosin heavy chain, Connexin-43 and Cardiac Troponin T by immunostaining and real time PCR. Differentiated cell sheets 
were retrieved from the in-house developed thermo-responsive polymer, N-isoproplyacrylamide-co-glycidylmethacrylate (NGMA) coated 
dishes. The characteristic myotube-like structures were confirmed by ESEM analysis. In addition, the expression of Alpha sarcomeric 
actinin and Connexin-43 by western blot proved that the tissue engineered construct retained cardiac markers. The technique facilitated 
detachment of differentiated cell sheet exhibiting functional characterization markers, without altering cell-cell and cell-extra cellular 
matrix contacts providing a suture free cardiac construct, ideal for transplantation.  
Keywords:  Differentiation, 5-Azacytidine, Cell sheet engineering, Cardiac tissue engineering, Thermo-responsive polymer  

 

1. INTRODUCTION 
   Human heart, retains an elegant status, by being the 
tirelessly working; pumping organ. Any major insult or 
injury to the heart can�t be rectified on its own. The incidence 
and prevalence of cardiovascular diseases (CVD) are 
increasing worldwide among all age groups. Around 17.5 
million people died in 2013 due to CVDs, making it 31% of 
all global deaths (1). The treatment strategies currently 
available for cardiac diseases include restoring blood flow to 
the infarct zone, minimizing pathologic remodeling and 
offering positive inotropic drugs for the enhanced function of 
cardiomyocytes that are surviving (2). Thus, the current 
treatment strategies are based only on mitigating its 
symptoms for a limited duration, with no role in damaged 
tissue repair or regeneration. This scenario elicits a better 
regenerative strategy to deploy. 
   The ultimate available treatment option is to replace the 
heart, with a compatible transplantation, which is very 
difficult due to the shortage of donors (3,4). Therefore, the 

need of the hour is to develop methods to promote 
regeneration to prevent the formation of the scar tissue and 
efficient restoration of contractility. Cardiac Tissue 
Engineering (CTE) approach require functionally active cells 
along with a biodegradable synthetic or biological scaffold 
(5). The optimal cell source for cardiac tissue engineering 
should be easy to harvest, non-immunogenic, proliferative, 
with structural, electrophysiological and contractile 
properties similar to that of cardiomyocytes (6).  
  Mesenchymal stem cells (MSCs) are, extensively researched 
owing to their plasticity, easy detection of surface markers 
(7) and immuno-modulatory action (8). However, these 
potential sources like embryonic stem cells (9), neonatal 
ventricular cells (10) and bone marrow MSCs (11) have 
ethical issues and donor limitations.  Hence, the best solution 
is to use allogenic stem cells differentiated into the myocyte 
lineage. Human umbilical cord Wharton�s jelly (hUCMSCs) 

is proposed in this study, as a viable, alternative cell source, 
since it can be easily obtained post-partum, as umbilical cord, 
is a biological waste of parturition (12-14). They possess a 
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lower expression of HLA-class I and lack expression of HLA 
class-II, surface markers. They exhibit immunomodulation 
with respect to other adult postnatal MSCs (14) with 
minimum risk of viral contamination (15) and also invite 
lesser complications of ethical clearance (16). 
   Scaffolds generally pose biocompatibility or degradation 
issues, thrombus formation and calcification (5). A 
bioengineered scaffold-free construct developed from cardiac 
cells with native extra cellular matrix (ECM) is expected to 
overcome the limitations of scaffolds. One of the highly 
promising and successful technique to develop scaffold-free 
bioengineered constructs is cell sheet technology. By 
reducing the temperature, the technique facilitates retrieval of 
intact cell sheets, which would result in a transplantable 
scaffold-free and suture-free construct.  
   Human UCMSCs are differentiated to cardiac lineage using 
various chemical or biological agents such as vascular 
endothelial growth factor (VEGF), zebularine (17,18), 5-aza, 
(18), ghrelin hormone (19), sphingosine-1-phosphate (20) 
low levels of dexamethasone (21) and mechanical or 
electrical stimulation (22). The most common and effective 
molecule, widely researched in differentiating MSCs to 
cardiac lineage is 5-aza, which is a cytidine analogue. 

Conventional methods of cell retrieval such as 
trypsinization will disturb the compact syncytium which is 
the most important structural entity in cardiac graft 
formation. Here we have shown 5-aza differentiated 
hUCMSCs as a potential cell source, combined with the cell 
sheet engineering using an in-house developed thermo-
responsive polymer, poly(Nisoprpylacrylamide)-co-
Glycidylmetharilate (NGMA), for the development of intact 
cardiac constructs for CTE applications. 

2. MATERIALS AND METHODS  
2.1 Cell culture 
   HiFi Wharton's jelly Mesenchymal Stem Cells (CL001) 
derived from a single donor was procured from HiMedia, India. 
Cells were cultured in Low Glucose-Dulbeccos� Modified 

Eagles Medium (LG-DMEM, HiMedia Laboratories) 
supplemented with 10%FBS and Penicillin-Streptomycin 
antibiotics (Invitrogen, USA). The cells were maintained in 
an incubator at 37°C, 5% CO2 and >90% relative humidity. 
Cell growth was monitored under an inverted phase contrast 
microscope (Nikon TES200). Cells at third passage seeded 
either on cover glass or NGMA were used for the 
experiments. The morphology of the cells was studied by 
actin phalloidin staining and visualized under the fluorescent 
microscope (Leica DMI 6000, Germany). 
   The rat neonatal ventricular cells were isolated from 2 day 
old Sprague Dawley pups with Institute animal ethical 
clearance (SCT/IAEC-222/MARCH/2017/91). The ventricles 
were minced and digested with collagenase type II. The cell 
suspension was pelleted at 600rpm, seeded with Iscove�s 

modified Dulbecco's Medium supplemented with 2%FBS and 
plated to collagen-coated dishes. 
 

2.2 Characterization by immunofluorescence staining and 
flow cytometry 

Cells were washed with phosphate buffered saline (PBS) and 
fixed for 30min using 4% paraformaldehyde (PFA) and 
blocked with 1% BSA for 10min to block non-specific 

binding sites. Incubated with primary mouse monoclonal 
antibodies anti-CD90(ab23894), anti-CD105(ab11414), anti 
STRO-1(ab102969) and anti-CD34 (ab6330) Abcam, UK) 
(1:100) for 1h. Incubated with Goat anti-Mouse IgG 
secondary antibody conjugated with Alexa Fluor-488 (1:100, 
Invitrogen A-11001), for one hour in dark after PBS wash. 
Stained cells were observed under the fluorescence 
microscope (Leica DMI6000, Germany) or Laser Scanning 
Confocal Microscope (Carl Zeiss LSM 510 Meta, Germany). 
For flow cytometry, hUCMSCs (1million cells/ml) were 
fixed in PFA. Centrifuged, blocked with BSA and incubated 
with primary anti-human antibodies for CD90, CD105, Stro-
1 (positive markers) and CD34 (negative marker) (1:100) 
(Abcam, UK) for one hour at RT. Washed with PBS and 
incubated with the secondary antibody-anti mouse Alexa 
fluor 488 (1h). Washed and analysed for the expression of 
surface markers using flow cytometer (FACS Aria, BD 
Science, USA). Isotypes with cells labeled only with 
secondary antibody were used as controls. All flow cytometry 
experiments were carried out in triplicate. 

2.4 Differentiation to adipogenic, osteogenic and 
chondrogenic lineage 

  To prove the stemness of the cells, the tri-differentiation of 
the cells were performed in presence or absence of 
corresponding induction media. hUCMSCs (2000 cells/cm2) 
were seeded in LG-DMEM. After 24h, adipogenic 
/osteogenic /chondrogenic-inductive media (StemPro, Gibco) 
were added and maintained for 21days with medium change 
on every third day. Cells cultured continuously in LG-DMEM 
was considered as control. Cells were fixed using 10% 
buffered formalin for 10minutes, washed using distilled water 
and stained with Oil Red O (Sigma) (0.16 % in 2:3 
isopropanol: water solution) for 30min for assessing the 
adipogenesis. The stain in lipid droplets was eluted in 100µl 

isopropanol and the absorbance was read using a multiwell 
plate reader (BioTek Powerwave XS, USA) at 500nm (23). 
The osteogenesis was confirmed by Alizarin red staining and 
chondrogenesis by Alcian blue staining. The images were 
recorded in bright field mode (Nikon TES 200, Japan). 

2.5 Differentiation to myocyte lineage 
  hUCMSCs (2000 cells/cm2) were seeded in 6-well plates. 
After 24h the culture was exposed to differentiation medium 
[LG-DMEM supplemented with 5% FBS and 5µM 5-aza 
(Sigma-Aldrich)] for 24h. Cells were rinsed twice with PBS 
and further maintained in normal LG-DMEM. Medium 
change was carried out once in three days and culture was 
maintained upto 21 days. The morphology of the cells was 
monitored and recorded using phase contrast microscope. 

2.6 Characterization of the differentiated cells by 
immunofluorescence 

  The differentiated hUCMSCs were fixed using 4% PFA for 
30min. The cells were rinsed with PBS, permeabilized with 
0.1% TritonX-100 for 2min, washed and treated with 1% 
BSA for 10 minutes. Incubated with mouse monoclonal 
primary antibodies against human cardiac markers [Anti-
alpha sarcomeric actinin (Ab66186), Anti-beta myosin heavy 
chain (Ab15), Anti-Connexin-43 (Ab79010) and Anti-
Cardiac troponin T (Ab8295) from Abcam, UK] at a dilution 
and 1:100 and allowed to stand in humidified chamber for 1h. 
Cells were rinsed again with PBS and goat anti-Mouse IgG 
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secondary antibody conjugated with Alexa Fluor-488 (1:100 
in PBS) was added and incubated for 1h and observed under 
fluorescence microscope. The cells cultured in normal media 
was used as negative control and rat neonatal ventricular cells 
were used as the positive controls.  
2.7 Characteristic gene expression of cardiomyocytes by 

real time PCR   
  The characteristic gene expression of cardiomyocytes was 
assessed in differentiated hUCMSCs on 7 and 21 days.  Total 
ribonucleic acid (RNA) was isolated using TRIZol reagent 
(Invitrogen) as per manufacturer�s instruction. The RNA 

pellet was dried and dissolved in 20µl nuclease-free water 
and quantified using Nanodrop ND1000.  
    The complementary DNA (cDNA) was synthesized from 
RNA, using commercially available Moloney murine 
leukemia virus-reverse transcriptase kit (M-MuLV RT-PCR, 
Merck) according to manufacturer�s instruction. The cDNA 

was amplified by Polymerase Chain Reaction kit (Genei Red 
dye PCR master mix Kit, Merck) with primers specific for 
Connexin-43 and Nkx2.5. GAPDH was used as the house 
keeping gene. 
   The cDNA synthesized was used for the real time PCR. 
500ng/µl of RNA was used for the real time expression of 
Nkx2.5 (early cardiac promoter) and Connexin-43 (cell 
junction protein). Reactions were performed using SYBR 
Green PCR master mix (Applied Biosystems) in a 7900HT 
Fast Real-Time PCR System). As an internal control, levels 
of GAPDH were quantified in parallel with target genes. 
Normalization and fold changes were calculated using the 
ÄÄCt method (24). 

2.8 Synthesis and characterization of thermo-responsive 
culture surface NGMA 

   The thermo-responsive co-polymer NGMA was 
synthesised by free radical polymerization of N-
isoproplyacrylamide (Acros Organics, India) and 
glycidylmethacrylate (Merck Chemicals, India) by the method 
reported by Joseph et al. 2010 (25). Briefly, the thermo-
responsive culture surface was prepared by coating NGMA on 
35mm culture dishes (Nunc, Denmark) and subsequent 
sterilization by ethylene oxide. The Fourier transform infra-
red (FTIR) spectrum was recorded in the range 400�4000 cm-

1 on a Nicolet 5700 FTIR Spectrometer (Nicolet Inc., USA) 
using a Diamond attenuated total reflectance (ATR) 
accessory.  
  The changes in the surface wettability after the NGMA 
coating were determined by water contact angle measurement 
above (37°C) and below (25°C) the Lower Critical Solution 
Temperature (LCST: 28°C) of NGMA. The contact angles 
were measured at with deionized water using a video-based 
contact angle measuring device (Data Physics OCA, 
Germany) and imaging software. The measurements were 
taken from different areas of the coated surface. Multiple 
samples and a minimum of four different fields from each 
sample were analysed and the averages were noted.  
The biological evaluation of the NGMA surface was 
performed by cell adhesion studies. hUCMSCs (1*104) were 
seeded on NGMA coated plates and incubated for 48h. The 
cells were fixed with 4% PFA for 30min. Rinsed with PBS  
and permeabilized with 0.1% Triton-X100 for 5min. Washed 
and the morphology of adhered cells was analyzed by 
staining actin filaments [actin conjugated with Phalloidin 

(Life Technology), 50 ìg/ml] for 20min and observed under 
fluorescence microscope. 
  Cell metabolic activity was also assessed by MTT assay. 
The metabolically active cells convert MTT to purple 
formazan crystals. The formazan product formed was eluted 
with isopropanol. The absorbance was read at 570nm using a 
multi-well plate reader (Biotek Powerwave XS, USA). The 
results were graphically represented as mean values.  

2.9 Cell sheet retrieval  
  The hUCMSC were cultured on NGMA coated dishes and 
differentiated using 5µM 5-aza into myocardial lineage as 
described above. Following 21 days culture, the differentiated 
cell sheet was retrieved by lowering the temperature to below 
the LCST (28°C) of NGMA. Briefly, cold serum-free (Hi-
Media Laboratories) media was added to the culture dish and 
left to incubate at 4°C for 10 minutes. The intact cell sheet 

was retrieved and its viability was assessed by Fluorescent Di 
Acetate-Propidium Iodide (FDA-PI) live-dead staining. The 
cell sheets were fixed in 2.5% glutaraldehyde solution and 
ESEM imaging was performed to study the finer details of 
the cell sheet. 
 

2.10 Alpha sarcomeric actinin and Connexin-43 
expression by western blot analysis 

  Whole protein extract was obtained from control and 21-day 
differentiated cells using phospholysis buffer containing 
protease inhibitor and the protein concentration was 
estimated using Bradford assay and read at 595nm. 
Approximately 30µg of protein was separated by SDS PAGE 
and electrophoretically transferred to PVDF membrane. The 
blot was blocked with 5% non�fat milk and washed, 
incubated with primary antibody Connexin43 (ab79010),  
Alpha sarcomeric actinin (ab66186) and â-actin (house-
keeping gene, ab8227) (1:1000) overnight at 4°C. Washed 
repeatedly and was exposed to HRP-conjugated anti-
mouse/anti-rabbit secondary antibody (1:1000) for 1h. The 
unbound secondary antibody was removed, washed and ECL 
or DAB substrate was used to detect the antigen-antibody 
complex. The expression of the same was imaged by 
luminescent image analyzer. 
 
3. RESULTS 
3.1 Morphology  
   The hUCMSCs showed typical fibroblast-like morphology 
(Fig 1). This phenotype was retained through repeated 
subcultures under non-inducing conditions. Actin staining 
confirmed the structural patterning of F- actin (Fig 1).  
3.2 Assessment of stemness  
  Adipogenesis was assessed and confirmed by the presence 
of red-stained lipid droplets with Oil Red O in the induced 
hUCMSC, while there were no significant lipid droplets in 
non-induced cells (Fig 2). The stain eluted in 100µl 

isopropanol gave a mean Optical Density value of 0.276 at 
500nm for the adipose-induced test and 0.086 for non-
induced control, corresponding to three times increase than 
the non- induced (Fig 3, P value 0.0104 n=3). The calcified 
depositions of the osteogenic induced cells were stained red 
with Alizarin red. The dark blue staining for the 
proteoglycans by Alcian blue stain confirmed chondrogenic 
differentiation. This trilineage potential to differentiate into 
adipogenic, osteogenic and chondrogenic lineages, proved 
that the cells retained stemness. 
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Figure 1: (A) Phase contrast micrographs of hUCMSC 

cell revival (B) hUCMSC monolyer and (C) Actin-
Phalloidin stained hUCMSCs. 

 
 

 
 

Figure 2: Confirmation of tri-lineage differentiation on 
corresponding induction (A), (C), (E) represent the 
adipogenic, chondrogenic and osteogenic controls 
respectively. (B), (D), (F) represent adipogenesis, 

chondrogenesis and osteogenesis respectively. 
 
 

 
 

Figure 3: Graphical representation of the relative Oil Red 
O stain elution from hUCMSC control and test. 

 
 

3.3 Expression of mesenchymal markers 
   The cells were positive for CD90, CD105, Stro-1 and 
negative for hematopoietic marker CD34 (Fig.4). Immuno-
stained CD90 cells visualised using LSM 510 laser scanning 
confocal microscope (Carl Zeiss) confirmed the CD90 
expression (Fig.4). Flow cytometry data further confirmed 
the positive expression for CD90 (95.1%), CD105 (98.7%), 
Stro-1(76.9%) and negative expression for CD34 (3.1%) 
(Fig.5). The graphical representation of the values is shown 
(Fig.6). These results suggest that the cell population was 
clearly distinct from hematopoietic lineage and was 
homogenous. 

 
 

Figure 4: The fluorescence images represent the 
expression of (A) CD90, (B) CD105 (C) Stro-1 (All 

positive), (D) CD34 (Negative) and (E) Confocal image of 
CD90 expression. 

 

 
Figure 5: The flow-cytometry data showing the 
presence of (A) Isotype, (B) CD90, (C)Stro-1, 

(D)CD105 and (E) CD34 stained cells. 

 
 

Figure 6: The graph showing the percentage of cells 
exhibiting mesenchymal markers 

 
 
3.4 Differentiation with 5-azacytidine 
   21 days after 24h differentiation with 5µM 5-aza the cell 
proliferation was observed to diminish when compared to the 
untreated hUCMSCs with the accumulation of the cells at 
G0/G1 phase (data not shown). The morphology of cells also 
showed changes during the course of differentiation. The 
typical �fibroblast-like� morphology was changed to more 
elongated, narrower cells. The cells started displaying 
characteristic bifurcations from around tenth day. The cells 
were found to be aligned parallel to one another when 
compared to the non-induced cells (Fig.7). The differentiated 
cells showed positive expression of cardiac markers: Alpha 
sarcomeric actinin, Beta-myosin heavy chain, Connexin-43 
and Cardiac Troponin T, while the non-treated control cells 
showed no characteristic staining (Fig.8). The neonatal rat 
ventricular cardiomyocytes showed the characteristic 
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staining. Representative images have been shown in figures 
with respect to different fields studied (n=6). 

 

 
 

Figure 7: Phase contrast images showing the change in 
morphology of hUCMSCs without 5-aza treatment (A, B: 
7, 21days respectively) and with 5-aza treatment (C, D: 7, 
21) days respectively. The arrow shows the characteristic 

disc like pattern observed. 
 

 
 

Figure 8: Fluorescence images of 5-aza induced 
hUCMSCs (21 days differentiated), non-induced 

hUCMSCs and positive control Rat neonatal ventricular 
cardiomyocytes respectively for (A, B, C) Alpha 

sarcomeric actinin, (D, E, F) Cardiac myosin heavy chain, 
(G, H, I) Cardiac Troponin T and (J, K, L) Connexin-43 

respectively. 

3.5 Expression of cardiac markers 
On comparison of the expression of Nkx2.5 and Connexin-43 
of day 7 and 21 after 5-aza treatment, the Nkx2.5 was found 
to increase around 1.6 ±0.07 times while Connexin-43 
expression rose to 7.4 ± 0.015 times (Fig.9). The expression 

of house-keeping gene GAPDH was used as the internal 
control.  

 

 
Figure 9: The graph shows the fold change in the 

expression of Nkx 2.5 and Connexin-43 from 7 to 21 days 
after 5-aza treatment. 

3.6 Characterization of NGMA  
  The FTIR analysis confirmed the characteristic peaks of 
NHCO in PNIPAAm at 1640cm-1, 1535cm-1, and 1458cm-1. 
The peak at 1726cm-1 represented C=O and peaks at 840cm-

1, 906cm-1, and 992cm-1 confirmed the epoxy groups of GMA 
moieties in the copolymer coated on the culture dishes (Fig 
10). 

 
 

Figure 10: FTIR spectrum of NGMA 
 
   The contact angle for the TCPS plates showed very little 
difference, while the NGMA-coated surface showed an angle 
difference of 2.3°. The values were nearly identical above the 

LCST for the duo, but for the NGMA coated surface, the 
angle diminished below the LCST (Fig.11 and Table.1). This 
proved that the surface turns lesser hydrophobic below 
LCST, helping in the smooth retrieval of the cell sheet.  
  The actin staining of the hUCMSCs seeded on the NGMA 
showed that there is no alteration in the morphology of the 
cells when compared to that of the normal TCPS (Fig.12). 
The MTT result of cells seeded on NGMA was comparable 
to that of the TCPS (Fig.13). Also, the NGMA did not alter 
the cell metabolic activity or the proliferation of the cells. 
This proved the suitability of the NGMA coated surfaces for 
cell culture.  

 

 
 

Figure 11. Water contact angle measurement on TCPS (A 
and B) and NGMA surface (C and D) above and below 

the LCST of NGMA 
 

 
 

Figure 12: Actin staining of the hUCMSCs seeded on the 
NGMA (A) showing similar morphology as in normal 

TCPS control (B). 
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Figure 13: Graphical representation of the comparison of 
cell metabolic activity on NGMA and TCPS by MTT 

assay 
 
3.7 Differentiated cell sheets  
  The phase contrast and stereo-micrographs showed the 
intact and undamaged cell sheet retrieved (Fig 14). The FDA-
PI staining confirmed the retrieved cell sheet to be viable (Fig 
15). The ESEM imaging showed the characteristic myotube-
like structures in the differentiated cell sheet (Fig.16). 
 

 
 

Figure 14: (A) Phase contrast images of hUCMSCs 
confluent monolayer and (B) Retrieval, (C) the cell sheet 
retrieved, (D) Stereomicrograph of the cell sheet and (E) 

the ESEM image of the cell sheet. 
 

 
 

Figure 15: Fluorescence images of FDA- PI stained cell-
sheet with live cells appearing green (A) on internalizing 
fluorescein di acetate and converting to fluorescein and 

non-viable cells stain red on PI uptake (B). 
 

 
 

Figure 16: ESEM images of the (A) non-induced cell sheet 
and (B) differentiated cell sheet. The arrows show the 

characteristic myotube-like structures in the 
differentiated cell sheet. 

 

3.8 Connexin-43 & Alpha sarcomeric actinin expression  
  The western blot analysis showed positive expression for 
the marker Connexin-43 (39kDa), Alpha sarcomeric actinin 
(40kDa) in 21-day sample compared to the 21-day and 0-day 
control. The expression of the proteins was normalized to the 
house keeping gene â-actin (42kDa) (Fig.17). 

 
Figure 17: The western blot image representing the 

expression of Alpha sarcomeric actinin, Connexin-43 and 
Beta actin. 

 
Table 1: Water contact angle analysis 

 
4. DISCUSSION  
  Cardiac tissue engineering (CTE) remains a major challenge 
in the field of regenerative medicine. The present cardiac 
treatment strategies focus on addressing the symptoms and 
have very limited scope for sustained regeneration potential, 
thus highlighting the need and role of tissue engineering and 
regenerative medicine.  
  For restoring the lost tissue function, there should be, the 
regeneration of host tissue along with progressive 
degradation of scaffolds if any.  The cells should be in close 
proximity and in synchrony with the electrophysiological 
environment of the host myocardium. Hence, the scaffolds 
have to be sutured to the epicardial surface of the heart. This 
limits the region of therapeutic benefit (4). Cell sheet 
technology is a pioneering advancement which advocates 
both �scaffold-free� and �suture-free� cell therapy. On 

lowering the temperature, the thermo-responsive surface 
changes from hydrophobic to hydrophilic and becomes non-
cell adhesive, owing to the rapid hydration and extension of 
polymer chains resulting in spontaneous detachment of cells 
as continuous sheets (25). This negates the use of denaturing 
enzymes and preserves cell-cell junctions, cell surface 
proteins as well as ECM, which is ideal for transplantation. 
Cardiac cell sheet transplantation has shown greater cell 
survival than dissociated cell injections (26). The sheets 
adhere tightly to the host tissues without suture or cell loss, 
with high cell density (27, 28).  
  MSCs from various origins are known to differentiate into 
different types of tissues, that are used for specifically 
targeted therapies (28). Wharton�s jelly is the gelatinous 
connective tissue obtained from human umbilical cord post-
partum and is a plentiful source of multipotent stem cells.  The 
main difference between human UCMSCs and bone marrow 
MSCs relies on the expression of characteristic genes, as 
explained by Panepucci et al., where UCMSCs expresses 

 
Surface 

Water contact angle 
Above LCST Below LCST 

TCPS 73.88±4.4 70.87±2.4 
NGMA 73.02±5.5 68.56±2.25 
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genes related to matrix remodeling compared to genes 
associated with osteogenesis by BMSCs (29). hUCMSCs 
have proved to be highly competent over bone marrow-
derived MSCs; in availability, proliferation and immuno-
modulation. They are easy to isolate, can be frozen and stored 
for long term with higher proliferation and colony-forming 
units (CFU). Hence hUCMSCs are considered the 
acquiescent, copious and cost-effective source for tissue 
engineering applications (14). Studies have shown that 
hUCMSCs can be differentiated to various lineages like 
adipocytes, chondrocytes, osteoblasts (30), cardiomyocytes, 
and endothelial cells (31). The research reports evidenced by 
like Kadivar et al., have reinforced human UCMSCs, to be a 
better source of seed cells for generating cardiomyocytes 
(32), the scope of using hUCMSC for cardiac tissue 
engineering, using cell sheet technology still remains to be 
exploited.  
   hUCMSCs have characteristic �fibroblast-like� morphology 
(Fig.1) . In our study, the cells on treatment with 5-aza lost 
the �fibroblast-like� morphology and were found to be 
elongated (Fig.7). When treated with 5-aza, the cells began to 
align parallel to one another and there where perpendicular 
disc-like patterns resembling the cardiomyocyte structure 
(Fig.7).This corroborate with the results described by Zhao et 
al., 2011 (20) and Potdar et al., 2013 (33). Ccharacterization 
of the cells to validate the homogeneity of the cell population 
is very essential; especially, when the cells are intended for 
transplantation. The co-expression of markers like CD 90, 
CD105, CD 70 and CD34 (negative) has been used for 
identifying MSCs (34). hUCMSC showed positive staining 
for CD90, Stro-1, CD105 and negative staining for 
hematopoietic marker CD34 (Fig.4). These results have been 
confirmed by the flow-cytometry data (Fig.5), ruling out the 
possibility of non-homogenous cells.   
   UCMSCs have been shown to transdifferentiate into other 
lineages mainly adipogenic, chondrogenic and osteogenic 
lineages (30). hUCMSCs following corresponding induction 
showed positive staining confirming differentiation to the tri-
lineages (Fig.2). This proved the stemness and showed that 
the cells differentiated, only when induced and not 
spontaneously. 
   Among the various agents reported, 5-aza is a widely used 
differentiating agent (18,32,33, 35,36). The chemical 
inducers are always advantageous, as they are non-
immunogenic, easy to synthesise or preserve and possess 
enhanced cell permeability to facilitate effective 
differentiation (37). 5-aza, which is a specific DNA methyl 
transferase-1 (DNMT) inhibitor (18), forms covalent adduct 
with DNA and regulates the gene expression of stemness as 
well as genes associated with differentiation (35,36).  
  The differentiation potential of 5-aza towards cardiac 
lineage has been studied in a variety of stem cells such as 
MSCs (38,39), human embryonic stem cells (40), hUCMSCs 
(41) and mouse embryonic stem cells (42). However, the 
optimal functional characteristics of cardiomyocytes 
differentiated from hUMSCs have not been clearly elucidated 
till date (20). The expression of the cardiac markers Alpha 
sarcomeric actinin, Beta-myosin heavy chain, Connexin-43 
and Cardiac troponin T suggests that the cells have 
differentiated to cardiac lineage on induction with 5-aza 
(Fig.8). This corroborate with the result of Moghdam et al., 
in the expression of Alpha sarcomeric actinin by the rat bone 

marrow MSCs on treatment with 5-aza (43). A similar 
expression of Connexin-43, Cardiac Troponin T and Alpha 
sarcomeric actinin has been observed in rat bone marrow 
MSCs when induced with 5-aza and TGF-â (44). The studies 

in bone marrow multipotent adult progenitor cells by Lu et 
al. have shown the significant increase in the Nkx2.5 mRNAs 
expression and the Connexin-43 by western blot analysis 
(45). Many cardiac genes are transcribed by Nkx2.5 and/or 
GATA4 alone or, in combination with other transcription 
factors (46). Thus the increase in expression of Nkx2.5 and 
Connexin-43 confirmed by real time PCR, corresponds to the 
differentiation to myocytes (Fig.9). Connexin-43 is an 
essential junctional protein for the coordinated depolarization 
of cardiac muscle. The significant expression of Connexin-43 
at 21st day after 5-aza induction was 7.4 fold more, compared 
to its expression at 7-days. The Alpha sarcomeric actinin is 
important for stress fibers of myotubes in cardiac muscle. 
Additionally, in the present study, the expression level of 
Alpha sarcomeric actinin and Connexin-43 by western blot 
analysis have established the differentiation of hUCMSCs to 
myocyte lineage (Fig.17). These results from the present 
study, suggest that the differentiated cells from umbilical 
cord cells may effectively synchronize with the native cardiac 
muscle, on transplantation to the infarct region, replacing the 
scar tissue as they are found to express the functional genes. 
The research area of the generation of cell sheets from 
differentiated hUCMSCs for myocardial tissue engineering is 
relatively unexplored.  The role of sphingosine-1-phosphate 
combined with cardiac myocytes conditioned medium, in 
differentiating hUCMSCs and generation of cell sheets have 
been elucidated by Zhao et al., 2011 (20). However, the 
inducer has to be supplied to the cells, continuously during 
the experimental period, undermining the effectiveness of 
this strategy. To date, there are no reports of cell sheet 
engineering of hUCMSCs differentiated to cardiac lineage 
using 5-aza. Our study utilizes a single dose of 5 micromoles 
of 5-aza, which is relatively low dose, for a short duration, 
providing an economic edge over other similar methods. The 
use of 5-aza as inducer thus eliminates the use of conditioned 
medium or Planat-Bénard media (47). Thus we have 
projected a simple, fast and cost-effective mode of 
differentiation (37). 
   The transplantation of differentiated cells to the defect site 
is challenging because of its approach (cell infusion or 
injection at defect site) or the method of cell retrieval from 
culture dish (mechanical or enzymatic). The use of thermo-
responsive polymers enables the generation of carrier-free 
cell sheets with intact cell-cell and cell-ECM junctions. We 
have earlier from our laboratory reported on the use of 
NGMA for generating corneal epithelial cell sheets (25, 48). 
The decrease in water contact angle proved the thermo-
responsive property of the NGMA (Fig.11, Table.1). In this 
study, we have generated intact cells sheets of hUCMSCs 
differentiated to cardiac lineage using NGMA surfaces 
(Fig.14). The in-house developed NGMA was found to be a 
suitable thermo-responsive substrate, for generating 
differentiated cell sheets. The retrieval procedure did not 
affect the viability of the cells as confirmed by FDA-PI 
staining (Fig. 15). The characteristic myotube-like structures 
in ESEM proved the differentiation of the hUCMSCs to 
myocyte lineage (Fig.16). The differentiated hUCMSCs in 
our study expressed Alpha sarcomeric actinin and Connexin-
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43 (Fig.17), which are involved in the cardiac cell contraction 
and electrical impulse propagation, when transplanted (49). 
These results confirm the robustness and viability of the 
differentiated hUCMSCs, that will account for their potential 
application in cardiac tissue engineering. It has been 
previously reported by Valiunas et al., (50,51) that, the lack 
of spontaneous contraction does not eliminate the potential of 
using differentiated cells for myocardial infarct replacement 
in vivo.  
 
5. CONCLUSION 
  The results obtained from this study establish that the 
human umbilical cord MSCs are potential candidates for 
cardiac tissue engineering. The application of cell sheet 
technology with umbilical cord MSCs differentiated to 
myocardial lineage offers an exciting direction to explore 
towards cardiac regeneration in the future 
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Abstract

With limited regenerative capacity and most complex structural and electrophysiological properties; recapitulating
the cardiac tissue is a challenging task for the researchers. The cell injection was found unreliable due to the cell
loss and low retention of the transplanted cells. This could be overcome by the technique of cell sheet engineering.
Scaffold free, thick, cell dense, three dimensional constructs could be generated for suture free transplantation. For
the generation of the cardiac constructs the neonatal cardiomyocytes and myoblasts were mostly used. They were
tedious to isolate and culture and the risk of arrhythmogenic foci prevailed. Hence the concept of differentiating a
suitable allogeneic cell source to myocardial lineage seemed relevant. Human umbilical cord mesenchymal stem
cells (hUCMSCs) are emerging with the assistance of differentiating agents and cell sheet engineering for
addressing the cardiac regeneration. The preliminary report on this regard has been published. The cells attained
cardiomyocyte-like morphology with the expression of alpha-actinin and myosin heavy chain on culturing with
cardiac conditioned medium and the inducer sphingosine-1-phosphate. It presented cardiomyocyte-like action
potential and voltage gated currents. Hence the cell sheet engineering approach with cells differentiated to cardiac
lineage using specific agents is a recent area to be explored.

Keywords: Cardiac tissue engineering; Umbilical cord MSC; Cardiac
construct; Differentiation; Cell sheet technology

Introduction
The mighty task of more than 100,000 beats per day, sending around

2,000 gallons of blood; the heart works tirelessly to meet our body’s
demand of blood. Cardiomyocytes (CM), the key cells of the heart;
were thought to be terminally differentiated, turning to binuclear or
polyploid after final division at birth [1-3]. The response to mitotic
signals were thought to be, by cell hypertrophy and not by increase in
cell number [4,5]. In a study similar to pulse chase experiment,
Bergmann et al. [6] proved that mitotic turnover of cardiomyocytes
would be around 1% per year by the age of 25. But again, this further
decreases with age, clearly indicating the modest regenerative capacity
of heart [7].

Hence, to address this loss of functional CMs due to ageing or due
to a major insult to the myocardium, strategies are to be designed such
that, either the promotion of cell division of the existing CMs or the
stem cells around would address the problem [8]. It may either be by
targeting and activation of cell-cycle re-entry pathways or by the
dedifferentiation the CMs [9]. The adverse micro-niche created due to
the insult, further hampers the extent of cell division and survival.
Hence, the major challenge to the endogenous restoration would be
the insufficient number of available stem cells. The pharmacological
interventions can slow down the progress of damage but, it just
mitigates the symptoms for a short span, with no role in repair or
regeneration of the heart. Hence the heart needs exogenous support for
its regeneration.

Cell Based Therapy
The administration of cells to the infarcted heart had been the mode

of therapy regeneration. The possibility of injection of CMs isolated
from mouse hearts was first described by Soonpaa et al. [10]. The cell
suspension was injected to the damaged site via thoracotomy, into
coronary arteries. The studies accounted for only moderate success due
to difficulty in controlling the size, shape and target area of the grafted
cells. This is very evident, even from the recent studies by Nascimento
et al. The human umbilical cord mesenchymal stromal cells did not
engraft to the infarcted heart while it could attenuate remodelling by
cardioprotective paracrine factors and by endogenous cell-activation
mechanisms [11]. Further assays were performed with merely the
conditioned media of umbilical stromal cells and proved to induce
vasulogenesis in matrigel seeded with human umbilical vein
endothelial cells [11]. Thus, high rate of cell wash out resulted in low
retention and reduced survival rate in host tissue [12]. The survival of
transplanted cells was questioned by low blood flow and oxygen
availability in the infarct zone. This further hampered the cardiac
regeneration. Thus the need, to obtain a therapeutic biologic implant,
that resembles the functional features of cardiac muscle, to restore the
cardiac structure and muscle mass, has still remained an unanswered
question. To overcome these problems, the tissue engineering
approach has become a second-generation cell therapy. Engineering
myocardial tissue comprises the fields of cell biology (cell source) and
material science (scaffolds/substrates). It aims at regenerating or
replacing the injured myocytes and eventually improving cardiac
function after myocardial infarction (MI) [9].
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Cell Sources for Cardiac Regeneration
An important aspect for cardiac regeneration is the optimal cell

source. It should be functionally active, should be easy to harvest,
proliferative, non-immunogenic, with structural, electrophysiological
and contractile properties similar to that of CM [13]. Foetal
cardiomyocytes (FC) were the first to investigate as they possess
similar electrophysiological properties to CMs. On cell injection, they
showed survival preventing post-infarction heart failure. The
alignment with the host cells, with defined cell-cell contacts, makes
them the ideal donor cell type [14]. However, they are tedious to
harvest, culture and are allogeneic, causing immune response in the
host [15]. Hence numerous experiments have been carried out to
demonstrate the potential cell types to initiate neo-vascularization and
repair/regeneration of the injured myocardium.

Eliminating the arrhythmogenic foci as in FCs, the autologous
skeletal myoblasts showed survival with differentiated muscle fibres
after transplantation [16]. Also, the resident cardiac stem cells, though
sparse in the scene; when locally stimulated by hepatocyte growth
factor and insulin-like growth factor-1, it reduced the scar area by half,
owing to the degradation of collagen proteins by the matrix
metalloproteinase synthesised by them [17]. But these cells have the
major disadvantage that, they have to be procured from the same host,
which is invasive and risky.

The advances in the embryonic and induced pluripotent stem cell
research gave a new pace for the cardiac differentiation studies. They
have shown to repeatedly differentiate into functional cardiomyocytes
by the addition of defined factors such as activin-A, VEGF-A, BMP-4,
bFGF and DKK-1 with the positive expression for cardiac troponin T
or β-MHC [18,19]. But ethical issues and teratoma formation are their
unavoidable concerns.

Mesenchymal stem cells (MSCs) are extensively researched upon,
due to the secretion of paracrine factors which play a major role in the
recruitment of adjacent stem cells. Their plasticity and easy detection
with surface markers, makes them attractive [20]. Hence their
angiogenic and antiapoptotic mechanisms can be used for the repair
and regeneration of the heart [18,21]. Induction using various agents
like 5-azacytidine,TGF β2 or/along with rat cardiomyocyte extracts,
resulted in the expression of cardiac markers like GATA4, Nkx2.5,
myosin heavy chain and troponin I at the protein level [22-25].

Human umbilical cord blood-derived mesenchymal stem cells
(UCBMSCs) have been recently reported to limit ventricular
remodelling by minimizing cell loss when engineered to a construct
with fibrin patch. They were modified to co-express luciferase and
fluorescent protein reporters for non-invasive bioluminescence
imaging in post-infarct mice. The patch was found to adhere to the
infarct zone of the heart with functional vasculature with early cell
proliferation and differentiation [26]. The ethical issue related to
collection of umbilical cord blood can be overcome by the use of
umbilical cord Wharton’s jelly mesenchymal stem cells (hUCMSCs)
which is a biological waste of parturition and can be easily obtained
post-partum causing no pain or harm to the mother and baby [20].
They are superior to bone marrow derived MSCs in availability,
proliferation, ease of isolation, immuno-modulation with higher
frequency of proliferation and colony-forming units (CFU). They can
be frozen and stored for long term, than BM-MSCs. They exhibit lower
expression of HLA-class I, lack expression of HLA class-II surface
markers with lower risk of viral contamination [25,27] and lesser
complications of ethical clearance [28].

Thus, hUCMSCs, are emerging cell source for cardiac tissue
engineering. They can be differentiated to the cardiac lineage using
various chemical or biological agents like vascular endothelial growth
factor (VEGF), zebularine [29], 5-azacytidine [22,29], ghrelin hormone
[30], sphingosine-1-phosphate [31], low levels of dexamethasone [32]
and mechanical or electrical stimulation [33]. The increased expression
of the genes related to matrix remodelling by the hUCMSCs is more
favorable for their differentiation [34]. Hence they are found to be
copious and cost effective cell source for tissue engineering
applications [35]. However, the studies have been limited to in vitro
culture and its differentiation. Also, the functional characteristics of
cardiomyocytes, differentiated from hUMSCs have not been fully
elucidated till date [31]. Thus, the choice of most appropriate cell
source for myocardial tissue engineering still remains an important
topic of research.

Methods of Cell Sheet Engineering
Cell sheet engineering (CSE) advocates the “scaffold free” and

“suture free” technique of tissue engineering. The technique helps in
the spontaneous detachment of the cells as continuous sheets negating
the use of denaturing enzymes like trypsin or dispase and mechanical
disruption. The cell-cell junctions, cell surface proteins as well as ECM
are preserved in cell sheets. They can adhere tightly onto the host
tissues without suture or cell loss after transplantation [22,36]. Cell
sheet transplantation shows greater cell survival than dissociated cell
injection in in vivo studies [12]. The latest application of it, being the
generation of thick three-dimensional cell-dense tissue construct by
the sequential stacking of confluent cell sheets, which may be even
patterned [37].

There are several methods for the generation of cell sheets as per the
responses to temperature [37-40], pH [41], ionic strength [42],
electrochemical desorption [43] and light [44]. The thermo-responsive
polymers are the widely used. This could be, by the use of poly (N-
isopropyl acrylamide) [37], N-isoproplyacrylamide-co-
glycidylmethacrylate (NGMA) [39,40] or methyl cellulose [5]. Kaneko
et al. were the pioneers in the study of temperature-sensitive culture
substrates [38]. On lowering temperature, the smart surface changes
from hydrophobic to hydrophilic, making it non-cell adhesive. Rapid
hydration and extension of polymer chains helps in the detachment
and retrieval of intact cell sheets [36].

The corneal sheets were generated to address the issues of graft
rejection and donor shortage. We have previously reported the
production and evaluation of bioengineered corneal epithelium from
limbal tissue [39] and the generation of a layered construct from rabbit
corneal endothelial cells, stromal fibroblasts and epithelial cells [40]
using in-house developed NGMA. As an alternative to corneal
epithelial cell sheets, the potential of autologous oral mucosal epithelial
cell sheets were also reported [46]. The application of CSE has been
efficiently used for the generation of periodontal ligament cell sheets,
urothelial cell sheets, co-cultured cell sheet of hepatocytes and
endothelial cells using patterned dual thermo-responsive surfaces
(cross reference [37]).

A simple method of cell sheet retrieval is by coating fibrinogen
monomers mixed with thrombin on the culture surface. Intact cell
sheets of neonatal rat cardiomyocytes were obtained. This is due to the
digestion of the fibrin by the intrinsic protease [47]. This may be
applicable for other cell types also.
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Another technique of cell sheet engineering is by the induction of
cells by Vitamin C. The BMSC, UCMSC, periodontal ligament cells
were induced with 20 μg/mL of Vitamin C until the edges of the
confluent monolayer wrapped. The sheet was detached smoothly using
a crooked syringe needle. The induction, resulted in increased
telomerase activity causing the upregulation of fibronectin, integrin
β1and extracellular matrix type I collagen. This could be defined as a
new, easy and cost effective method for cell sheet retrieval [48].

Development of tissue construct: Many protocols have been
reported for the effective stacking of cells sheets to create a 3D
construct. The initial method advocated was by pipetting with
broad/cut tips [49]. The sheets could be placed one above the other but
with utmost care without tampering the sheets. The use of the
hydrogel-coated, plunger-like manipulator designed by the Okano
group; with the combination of low-temperature (20°C) treatment;
intact cell sheets of neonatal rat cardiac cells were stacked without cell
damage or shrinkage [49]. As extension to the use of the manipulator,
they designed an automated cell sheet stacking apparatus, to fabricate
3D constructs. A five layer human skeletal myoblast construct (70-80
µm) was developed within 100 min [50]. The centrifugation methods
were reported to further decrease the duration for cell attachment.
C2C12 mouse myoblast sheet were found to attach to the culture
surface within 3 min after 3 min centrifugation (12-34 x g) rather than
20 min for the control. This resulted in decrease in the manipulation
time by two-thirds [51].

Gel casting method using gelatin was reported as a versatile
platform for the fabrication of scaffold-free 3D tissues. The gelatin
solidifies on lowering the temperature and holds the retrieved cell
sheet onto it. On bringing back to 37°C, it melts and can be removed.
The sheets could be aligned with required orientation without losing
anisotropy [52].

These varying techniques of cell sheet engineering improved the
possibility of heart regeneration using cell sheet constructs and opened
up new doors for research in cardiac tissue engineering. The cells could
remain in close proximity and, in synchrony, with the
electrophysiological environment of the myocardium allowing suture
free epicardial transplantation [53]. Sekine et al. have found improved
survival of cardiac cell sheet transplantation to direct cell injection in
rat MI model [22]. The cell survival was more than ten times at four
weeks after transplantation [12]. Transplanted cell sheet grafts prove
long-term survival while retaining the original functions and growth in
accordance with the host growth. This could be even more practical for
the paediatric patients in the clinical point of view.

Cell Sheet Engineering for Cardiac Regeneration
The need of the hour is to define an efficient, economic and reliable

method of using the ideal cell type for improved cell delivery and cell
retention at the infarct zone amidst the adverse micro-niche and
enhance their survival post-transplantation. This can be overcome by
the following approaches like injecting the cells with bioactive in situ
polymerizable hydrogels, preconditioning with pro-survival agents,
genetic manipulation to limit cell death or via the transplantation of
the tissue-engineered patch (cross reference [17]); of which the last
technique support survival of delivered cells for long-term and proved
to reconstruct the cardiac tissue both structurally and functionally
[12].

Rat neonatal cardiomyocytes seeded on the mix of fibrinogen
monomers with thrombin, enabled the generation of triple-layered

well-organised construct with connexin 43 expressions [47]. Similarly,
myoblast sheets implanted to infarcted Lewis rats resulted in improved
cardiac function with more elastic fibers and adequate blood supply.
The reduction in fibrosis was found at the infarct zone [54].

The major limitations of cardiac constructs are the poor
vascularization limiting the viable size of constructs. Three neonatal rat
cardiomyocytes sheets were pipetted and stacked one above the other
as a construct. Ten such constructs, each was transplanted to
subcutaneous implant site of F344 nude rats at an interval of 1 day by
polysurgery. This facilitated the fabrication of around 800 µm thick,
cell dense, viable construct with vascularity, eliminating mass transport
limitations [55]. Neonatal cardiomyocytes have been mostly used in
the studies for cardiac regeneration. But the difficulty in isolating and
culturing them, limits their use. Also, when highly enriched CMs
(CM>90%) were plated on thermo-responsive surface, failure of cell
sheet formation was reported, while CMs along with vascular cells
gave better results [56].

Hence, the best solution is to differentiate an allogeneic stem cell
into myocardial lineage. The rat bone marrow MSCs sheets
differentiated using 5-azacytidine, grown on thermo-responsive
methylcellulose surface were inserted into sliced porous acellular
bovine pericardia and transplanted to rat MI models. They could
improve the cardiac function with viable cells adhered to the
fibronectin mesh of the scaffold [22]. Immunogenicity, age and
pathological conditions of donor would vary in the bovine
extracellular matrix [57].

Human induced pluripotent cells (hiPS) were used by Kawamura et
al. to study the effect on cardiac regeneration. It was generated from
human dermal fibroblasts by transfection of Oct3/4, Sox2, Klf4 and c-
Myc. The induction by WNT signaling molecules yielded 90% of
differentiated cells with α-actinin, Nkx2.5 and cardiac troponin T
expression. The cell sheets were transplanted on to myocardial infarcts
in an ischemic cardiomyopathy porcine model and showed
improvement in cardiac function. This culture system could be the
basis for clinical use of hiPS cells in cardiac regeneration therapy [58].
But the risk of teratoma formation remains a major concern [19]. Also,
evidence of any electrical integration between the grafted and host
tissues could not be identified as the origin of the cells varies
considerably [58].

The intact sheets of hUCMSC which has been differentiated to
cardiac lineage using sphingosine-1-phosphate, has been reported by
Zhao et al. They exhibited a cardiomyocyte-like morphology and the
expression of alpha-actinin and myosin heavy chain on culturing with
cardiac conditioned medium and sphingosine-1-phosphate. It
presented cardiomyocyte-like action potential and voltage gated
currents [31]. The potential of hUCMSCs to yield potent cardiac
constructs are yet to be explored. We have retrieved a differentiated
cardiac cell sheet from hUCMSC by the single dose treatment of 5-
azacytidine and have shown the presence of cardiac markers after
differentiation (under communication). The cardiac construct thus
obtained could be easily transplanted to MI models with a suture free
procedure, thereby increasing the therapeutic area of interest [54].
Kadivar et al. had stated human hUCMSCs, to be a better source of
seed cells for generating cardiomyocytes [59]. However, the scope of
using hUCMSC for cardiac tissue engineering using cell sheet
technology still remains to be exploited.
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Conclusion
A tissue engineered myocardial construct using allogeneic cells like

differentiated hUCMSCs to cardiac lineage, with native extra cellular
matrix without an externally provided scaffold would be a better
advancement in treating myocardial infarction (MI). But the
functional characteristics of cardiomyocytes differentiated from
hUMSCs have not been fully elucidated till date.

Acknowledgement
Lakshmi R Nair, acknowledges the student stipend received as JRF

and SRF for the UGC-CSIR NET fellowship by University Grants
Commission, under the Ministry of Human Resources and
Development, Government of India.

References
1. Brodsky WY, Arefyeva AM, Uryvaeva IV (1980) Mitotic polyploidization

of mouse heart myocytes during the first postnatal week. Cell Tissue Res
210: 133-144.

2. Vliegen HW, Vossepoel AM, van der Laarse A, Eulderink F, Cornelisse CJ
(1986) Methodological aspects of flow cytometric analysis of DNA
polyploidy in human heart tissue. Histochemistry 84: 348-354.

3. Vliegen HW, van der Laarse A, Cornelisse CJ, Eulderink F (1991)
Myocardial changes in pressure overload-induced left ventricular
hypertrophy. A study on tissue composition, polyploidization and
multinucleation. Eur Heart J 12:488–449.

4. Fukuda K (2001) Development of regenerative cardiomyocytes from
mesenchymal stem cells for cardiovascular tissue engineering. Artif
Organs 25: 187-193.

5. Pan J, Fukuda K, Saito M, Matsuzaki J, Kodama H, et al. (1999)
Mechanical stretch activates the JAK/STAT pathway in rat
cardiomyocytes. Circ Res 84: 1127-1136.

6. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabé-Heider F, et
al. (2009) Evidence for cardiomyocyte renewal in humans. Science 324:
98-102.

7. Mercola M, Ruiz-Lozano P, Schneider MD (2011) Cardiac muscle
regeneration: Lessons from development. Genes Dev 25: 299-309.

8. Chimenti I, Gaetani R, Barile L (2011) Evidence for the existence of
resident cardiac stem cells. Regenerating the heart Sprinter Science and
Business Media.

9. Sui R, Liao X, Zhou X, Tan Q (2011) The current status of engineering
myocardial tissue. Stem Cell Rev 7: 172-180.

10. Soonpaa MH, Koh GY, Klug MG, Field LJ (1994) Formation of nascent
intercalated disks between grafted fetal cardiomyocytes and host
myocardium. Science 264: 98-101.

11. Nascimento DS, Mosqueira D, Sousa LM, Teixeira M, Filipe M, et al.
(2014) Human umbilical cord tissue-derived mesenchymal stromal cells
attenuate remodeling after myocardial infarction by proangiogenic,
antiapoptotic and endogenous cell-activation mechanisms. Stem Cell
Research & Therapy 5: 5-14.

12. Sekine H, Shimizu T, Dobashi I, Matsuura K, Hagiwara N, et al. (2011)
Cardiac cell sheet transplantation improves damaged heart function via
superior cell survival in comparison with dissociated cell injection. Tissue
Eng. Part A 17: 2973-2980.

13. Leor J, Cohen S (2004) Myocardial tissue engineering: Creating a muscle
patch for a wounded heart. Ann N Y Acad Sci 1015: 312-319.

14. Caspi O, Gepstein L (2006) Stem cells for myocardial repair. Eur Heart
Journal Supplements 8: E43–E54.

15. Leor J, Amsalem Y, Cohen S (2005) Cells, scaffolds, and molecules for
myocardial tissue engineering. Pharmacol Ther 105: 151-163.

16. Dorfman J, Duong M, Zibaitis A, Pelletier MP, Shum-Tim D, et al. (1998)
Myocardial tissue engineering with autologous myoblast implantation. J
Thorac Cardiovasc Surg 116: 744-751.

17. Rota M, Padin-Iruegas ME, Misao Y, De Angelis A, Maestroni S, et al.
(2008) Local activation or implantation of cardiac progenitor cells rescues
scarred infracted myocardium improving cardiac function. Circ Res103:
107-116.

18. Liau B, Zhang D, Bursac N (2012) Functional cardiac tissue engineering.
Regen Med 7: 187-206.

19. Chong JH, Yang X, Don CW, Minami E, Liu YW, et al. (2014) Human
embryonic-stem-cell-derived cardiomyocytes regenerate non-human
primate hearts. Nature 510: 273-277.

20. Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, et al. (1999)
Cardiomyocytes can be generated from marrow stromal cells in vitro. J
Clin Invest 103: 697-705.

21. Williams AR, Hare JM (2011) Mesenchymal stem cells: Biology,
pathophysiology, translational findings and therapeutic implications for
cardiac disease. Circ Res 109: 923-940.

22. Sekine H, Shimizu T, Kosaka S, Kobayashi E, Okano T(2006)
Cardiomyocyte bridging between hearts and bioengineered myocardial
tissues with mesenchymal transition of mesothelial cells. J Heart Lung
Transplant 25: 324-332.

23. Choi YS, Dusting GJ, Stubbs S, Arunothayaraj S, Han XL, et al. (2010)
Differentiation of human adipose-derived stem cells into beating
cardiomyocytes. J Cell Mol Med 14: 878-889.

24. Planat-Bénard V, Menard C, André M, Puceat M, Perez A, et al. (2004)
Spontaneous cardiomyocyte differentiation from adipose tissue stroma
cells. Circ Res 94: 223-229.

25. Hsiao CY, Tsai PJ, Chu PC, Liu SI, Pan CH, et al. (2016) Transplantation
of the Wharton’s jelly mesenchymal stem cells to improve cardiac
function in myocardial infarction rats. J Biomedical Sci. 5:1.

26. Roura S, Soler-botija C, Bago JR, Valldeperas AL, Fernandez MA,
Monton CG, et al. (2015) Post-infarction functional recovery driven by a
three-dimensional engineered fibrin patch composed of human umbilical
cord blood-derived mesenchymal stem cells. Stem Cells Translational
Medicine 4: 956-966.

27. Dalous J, Larghero J, Baud O (2012) Transplantation of umbilical cord–
derived mesenchymal stem cells as a novel strategy to protect the central
nervous system: technical aspects, preclinical studies, and clinical
perspectives. Pediatric Research 71: 482-490.

28. Chao YH, Wu HP, Chan CK, Tsai C, Peng CT, et al. (2012) Umbilical
cord-derived mesenchymal stem cells for hematopoietic stem cell
transplantation. J Biomed Biotechnol 2012: 759503.

29. Naeem N, Haneef K, Kabir N, Iqbal H, Jamall S, Salim A (2013) DNA
methylation inhibitors, 5-azacytidine and zebularine potentiate the trans-
differentiation of rat bone marrow mesenchymal stem cells into
cardiomyocytes. Cardiovasc Ther 31: 201-209.

30. Gao M, Yang J, Wei R, Liu G, Zhang L, et al. (2013) Ghrelin induces
cardiac lineage differentiation of human embryonic stem cells through
ERK1/2 pathway. Int J Cardiol 167: 2724-2733.

31. Zhao Z, Chen Z, Zhao X, Pan F, Cai M, et al. (2011) Sphingosine-1-
phosphate promotes the differentiation of human umbilical cord
mesenchymal stem cells into cardiomyocytes under the designated
culturing conditions. J Biomed Sci 18: 37-45.

32. Shim WS, Jiang S, Wong P, Tan J, Chua YL, et al. (2004) Ex vivo
differentiation of human adult bone marrow stem cells into
cardiomyocyte-like cells. Biochem Biophys Res Commun 324: 481-488.

33. Guan J, Wang F, Li Z, Chen J, Guo X, Liao J, Moldovan NI (2011) The
stimulation of the cardiac differentiation of mesenchymal stem cells in
tissue constructs that mimic myocardium structure and biomechanics.
Biomat 24: 5568-5580.

34. Panepucci RA, Siufi JL, Silva WA Jr, Proto-Siquiera R, Neder L, et al.
(2004) Comparison of gene expression of umbilical cord vein and bone
marrow-derived mesenchymal stem cells. Stem Cells 22: 1263-1278.

35. Semenov OV, Breymann C (2011) Mesenchymal stem cells derived from
Wharton’s jelly and their potential for cardio-vascular tissue engineering.
The Open Tissue Engg and Reg Med J 4: 64-71.

Citation: Nair LR, Kumary TV (2016) Cell Sheet Technology using Human Umbilical Cord Mesenchymal Stem Cells for Myocardial Tissue
Engineering. J Tissue Sci Eng 7: 178. doi:10.4172/2157-7552.1000178

Page 4 of 5

J Tissue Sci Eng, an open access journal
ISSN:2157-7552

Volume 7 • Issue 2 • 1000178

https://dx.doi.org/10.1007/BF00232149
https://dx.doi.org/10.1007/BF00232149
https://dx.doi.org/10.1007/BF00232149
https://dx.doi.org/10.1007/BF00482962
https://dx.doi.org/10.1007/BF00482962
https://dx.doi.org/10.1007/BF00482962
https://www.researchgate.net/publication/21325662_Myocardial_changes_in_pressure_overload-induced_left_ventricular_hypertrophy_A_study_on_tissue_composition_polyploidization_and_multinucleation
https://www.researchgate.net/publication/21325662_Myocardial_changes_in_pressure_overload-induced_left_ventricular_hypertrophy_A_study_on_tissue_composition_polyploidization_and_multinucleation
https://www.researchgate.net/publication/21325662_Myocardial_changes_in_pressure_overload-induced_left_ventricular_hypertrophy_A_study_on_tissue_composition_polyploidization_and_multinucleation
https://www.researchgate.net/publication/21325662_Myocardial_changes_in_pressure_overload-induced_left_ventricular_hypertrophy_A_study_on_tissue_composition_polyploidization_and_multinucleation
https://dx.doi.org/10.1046/j.1525-1594.2001.025003187.x
https://dx.doi.org/10.1046/j.1525-1594.2001.025003187.x
https://dx.doi.org/10.1046/j.1525-1594.2001.025003187.x
https://dx.doi.org/10.1161/01.RES.84.10.1127
https://dx.doi.org/10.1161/01.RES.84.10.1127
https://dx.doi.org/10.1161/01.RES.84.10.1127
https://dx.doi.org/10.1126/science.1164680
https://dx.doi.org/10.1126/science.1164680
https://dx.doi.org/10.1126/science.1164680
https://dx.doi.org/10.1101/gad.2018411
https://dx.doi.org/10.1101/gad.2018411
http://dx.doi.org/10.1007/s12015-010-9131-8
http://dx.doi.org/10.1007/s12015-010-9131-8
https://dx.doi.org/10.1126/science.8140423
https://dx.doi.org/10.1126/science.8140423
https://dx.doi.org/10.1126/science.8140423
https://dx.doi.org/10.1186/scrt394
https://dx.doi.org/10.1186/scrt394
https://dx.doi.org/10.1186/scrt394
https://dx.doi.org/10.1186/scrt394
https://dx.doi.org/10.1186/scrt394
https://dx.doi.org/10.1089/ten.tea.2010.0659
https://dx.doi.org/10.1089/ten.tea.2010.0659
https://dx.doi.org/10.1089/ten.tea.2010.0659
https://dx.doi.org/10.1089/ten.tea.2010.0659
http://dx.doi.org/10.1196/annals.1302.026
http://dx.doi.org/10.1196/annals.1302.026
http://dx.doi.org/10.1093/eurheartj/sul031
http://dx.doi.org/10.1093/eurheartj/sul031
http://dx.doi.org/10.1016/j.pharmthera.2004.10.003
http://dx.doi.org/10.1016/j.pharmthera.2004.10.003
http://dx.doi.org/10.1016/S0022-5223%2898%2900451-6
http://dx.doi.org/10.1016/S0022-5223%2898%2900451-6
http://dx.doi.org/10.1016/S0022-5223%2898%2900451-6
https://dx.doi.org/10.1161/CIRCRESAHA.108.178525
https://dx.doi.org/10.1161/CIRCRESAHA.108.178525
https://dx.doi.org/10.1161/CIRCRESAHA.108.178525
https://dx.doi.org/10.1161/CIRCRESAHA.108.178525
https://dx.doi.org/10.2217/rme.11.122
https://dx.doi.org/10.2217/rme.11.122
https://dx.doi.org/10.1038/nature13233
https://dx.doi.org/10.1038/nature13233
https://dx.doi.org/10.1038/nature13233
https://dx.doi.org/10.1172/JCI5298
https://dx.doi.org/10.1172/JCI5298
https://dx.doi.org/10.1172/JCI5298
https://dx.doi.org/10.1161/CIRCRESAHA.111.243147
https://dx.doi.org/10.1161/CIRCRESAHA.111.243147
https://dx.doi.org/10.1161/CIRCRESAHA.111.243147
https://dx.doi.org/10.1016/j.healun.2005.09.017
https://dx.doi.org/10.1016/j.healun.2005.09.017
https://dx.doi.org/10.1016/j.healun.2005.09.017
https://dx.doi.org/10.1016/j.healun.2005.09.017
https://dx.doi.org/10.1111/j.1582-4934.2010.01009.x
https://dx.doi.org/10.1111/j.1582-4934.2010.01009.x
https://dx.doi.org/10.1111/j.1582-4934.2010.01009.x
http://dx.doi.org/10.1161/01.RES.0000109792.43271.47
http://dx.doi.org/10.1161/01.RES.0000109792.43271.47
http://dx.doi.org/10.1161/01.RES.0000109792.43271.47
http://dx.doi.org/10.4172/2254-609X.100020
http://dx.doi.org/10.4172/2254-609X.100020
http://dx.doi.org/10.4172/2254-609X.100020
https://dx.doi.org/10.5966/sctm.2014-0259
https://dx.doi.org/10.5966/sctm.2014-0259
https://dx.doi.org/10.5966/sctm.2014-0259
https://dx.doi.org/10.5966/sctm.2014-0259
https://dx.doi.org/10.5966/sctm.2014-0259
https://dx.doi.org/10.1038/pr.2011.67
https://dx.doi.org/10.1038/pr.2011.67
https://dx.doi.org/10.1038/pr.2011.67
https://dx.doi.org/10.1038/pr.2011.67
https://dx.doi.org/10.1155/2012/759503
https://dx.doi.org/10.1155/2012/759503
https://dx.doi.org/10.1155/2012/759503
https://dx.doi.org/10.1111/j.1755-5922.2012.00320.x
https://dx.doi.org/10.1111/j.1755-5922.2012.00320.x
https://dx.doi.org/10.1111/j.1755-5922.2012.00320.x
https://dx.doi.org/10.1111/j.1755-5922.2012.00320.x
http://dx.doi.org/10.1016/j.ijcard.2012.06.106
http://dx.doi.org/10.1016/j.ijcard.2012.06.106
http://dx.doi.org/10.1016/j.ijcard.2012.06.106
https://dx.doi.org/10.1186/1423-0127-18-37
https://dx.doi.org/10.1186/1423-0127-18-37
https://dx.doi.org/10.1186/1423-0127-18-37
https://dx.doi.org/10.1186/1423-0127-18-37
http://dx.doi.org/10.1016/j.bbrc.2004.09.087
http://dx.doi.org/10.1016/j.bbrc.2004.09.087
http://dx.doi.org/10.1016/j.bbrc.2004.09.087
https://dx.doi.org/%2010.1016/j.biomaterials.2011.04.038
https://dx.doi.org/%2010.1016/j.biomaterials.2011.04.038
https://dx.doi.org/%2010.1016/j.biomaterials.2011.04.038
https://dx.doi.org/%2010.1016/j.biomaterials.2011.04.038
http://dx.doi.org/10.1634/stemcells.2004-0024
http://dx.doi.org/10.1634/stemcells.2004-0024
http://dx.doi.org/10.1634/stemcells.2004-0024
https://dx.doi.org/%2010.2174/1875043501104010064
https://dx.doi.org/%2010.2174/1875043501104010064
https://dx.doi.org/%2010.2174/1875043501104010064
http://dx.doi.org/10.4172/2157-7552.1000178


36. Forte G, Pietronave S, Nardone G, Zamperone A, Magnani E, et al. (2011)
Human cardiac progenitor cell grafts as unrestricted source of
supernumerary cardiac cells in healthy murine hearts. Stem Cells 29:
2051-2061.

37. Matsuda N, Shimizu T, Yamato M, Okano T (2007) Tissue engineering
based on cell sheet technology. Adv Mater 19:3089-3099.

38. Kaneko Y, Nakamura S, Sakai K, Kikuchi A, Aoyagi T, et al. (1999)
Synthesis and swelling-deswelling kinetics of poly(N-
isopropylacrylamide) hydrogels grafted with LCST modulated polymers. J
Biomater Sci Polym 10: 1079-1091.

39. Joseph N, Prasad T, Raj V, Anilkumar PR, Sreenivasan K, et al. (2010) A
cytocompatible poly (N-isopropylacrylamide-co-glycidylmethacrylate)
coated surface as new substrate for corneal tissue engineering. Journal of
Bioactive and Compatible polymers 25: 58-74.

40. Ramesh KN, Madathil BK, Shabeena EA, Kumary TV, Anilkumar PR
(2014) A bioengineered sequentially layered in vitro corneal construct.
Int J of Latest Research in Science and Technology 3: 155-163.

41. Guillaume-Gentil O1, Semenov OV, Zisch AH, Zimmermann R, Vörös J,
et al. (2011) pH-controlled recovery of placenta-derived mesenchymal
stem cell sheets. Biomaterials 32: 4376-4384.

42. Zahn R, Thomasson E, Guillaume-Gentil O, Vörös J, Zambelli T (2012)
Ion-induced cell sheet detachment from standard cell culture surfaces
coated with polyelectrolytes. Biomaterials 33: 3421-3427.

43. Enomoto J, Mochizuki N, Ebisawa K, Osaki T, Kageyama T, et al. (2016)
Engineering thick cell sheets by electrochemical desorption of
oligopeptides on membrane substrates. J Regenerative Therapy 3: 24-31.

44. Hong Y, Yu M, Weng W, Cheng K, Wang H, et al. (2013) Light-induced
cell detachment for cell sheet technology. Biomaterials 34: 11-18.

45. Wei HJ, Chen CH, Lee WY, Chiu I, Hwang SM, et al. (2008)
Bioengineered cardiac patch constructed from multilayered mesenchymal
stem cells for myocardial repair Biomaterials 29: 3547-3556.

46. Nishida K, Yamato M, Hayashida Y, Watanabe K, Yamamoto K, et al.
(2004) Corneal reconstruction with tissue-engineered cell sheets
composed of autologous oral mucosal epithelium. N Engl J Med 16: 351:
1187-1196.

47. Itabashi Y, Miyoshi S, Kawaguchi H, Yuasa S, Tanimoto K, et al. (2005) A
new method for manufacturing cardiac cell sheets using fibrin-coated
dishes and its electrophysiological studies by optical mapping. Artif
Organs 29: 95-103.

48. Wei FL, Qu CY, Song TL, Ding G, Fan ZP, et al. (2012) Vitamin C
treatment promotes mesenchymal stem cell sheet formation and tissue
regeneration by elevating telomerase activity. J Cell Physiol 227: 3216–
3224.

49. Haraguchi Y, Shimizu T, Sasagawa T, Sekine H, Sakaguchi K, et al. (2012)
Fabrication of functional three-dimensional tissues by stacking cell sheets
in vitro. Nat Protoc 7: 850-858.

50. Kikuchi T, Shimizu T, Wada M, Yamato M, Okano T (2014) Automatic
fabrication of 3-dimensional tissues using cell sheet manipulator
technique. Biomaterials 35: 2424-2435.

51. Hasegawa A, Haraguchi Y, Shimizu T, Okano T (2015) Rapid fabrication
system for three dimensional tissues using cell sheet engineering and
centrifugation. J Biomed Mater Res A 103: 3825-3833.

52. Jiao A, Trosper NE, Yang HS, Kim J, Tsui JH, et al. (2014) Thermo-
responsive nanofabricated substratum for the engineering of three-
dimensional tissues with layer-by-layer architectural control. ACS Nano
8: 4430-4439.

53. Forte E, Chimenti I, Barile L, Gaetani R, Angelini F, et al. (2011) Cardiac
cell therapy: The next (re)generation. Stem Cell Rev 7: 1018-1030.

54. Sekiya N, Sekiya N, Matsumiya G, Miyagawa S, Saito A, et al.(2009)
Layered implantation of myoblast sheets attenuates adverse cardiac
remodeling of the infarcted heart. J Thorac Cardiovasc Surg 138: 985-993.

55. Shimizu T, Sekine H, Yang J, Isoi Y, Yamato M, et al. (2006) Polysurgery of
cell sheet grafts overcomes diffusion limits to produce thick, vascularized
myocardial tissues. The FASEB Journal 20: 708-1020.

56. Masumoto H, Ikuno T, Takeda M, Fukushima H, Marui A, et al. (2014)
Human iPS cell-engineered cardiac tissue sheets with cardiomyocytes and
vascular cells for cardiac regeneration. Scientific reports 22: 6716.

57. Moroni F, Mirabella T (2014) Decellularized matrices for cardiovascular
tissue engineering. Am J Stem Cells 3: 1-20.

58. Kawamura M, Miyagawa S, Miki K, Saito A (2012) Feasibility, safety and
therapeutic efficacy of human induced pluripotent stem cell-derived
cardiomyocyte sheets in a porcine ischemic cardiomyopathy model.
Circulation 11: S29-37.

59. Kadivar M, Khatami S, Mortazavi Y, Shokrgozar MA, Taghikhani M, et al.
(2006) In vitro cardiomyogenic potential of human umbilical vein-
derived mesenchymal stem cells. Biochem Biophys Res Commun 340:
639-647.

 

Citation: Nair LR, Kumary TV (2016) Cell Sheet Technology using Human Umbilical Cord Mesenchymal Stem Cells for Myocardial Tissue
Engineering. J Tissue Sci Eng 7: 178. doi:10.4172/2157-7552.1000178

Page 5 of 5

J Tissue Sci Eng, an open access journal
ISSN:2157-7552

Volume 7 • Issue 2 • 1000178

https://dx.doi.org/10.1002/stem.763
https://dx.doi.org/10.1002/stem.763
https://dx.doi.org/10.1002/stem.763
https://dx.doi.org/10.1002/stem.763
https://dx.doi.org/10.1002/adma.200701978
https://dx.doi.org/10.1002/adma.200701978
https://dx.doi.org/10.1163/156856299X00757
https://dx.doi.org/10.1163/156856299X00757
https://dx.doi.org/10.1163/156856299X00757
https://dx.doi.org/10.1163/156856299X00757
https://dx.doi.org/10.1177/0883911509353481
https://dx.doi.org/10.1177/0883911509353481
https://dx.doi.org/10.1177/0883911509353481
https://dx.doi.org/10.1177/0883911509353481
http://dx.doi.org/10.1016/j.biomaterials.2011.02.058
http://dx.doi.org/10.1016/j.biomaterials.2011.02.058
http://dx.doi.org/10.1016/j.biomaterials.2011.02.058
http://dx.doi.org/10.1016/j.biomaterials.2012.01.019
http://dx.doi.org/10.1016/j.biomaterials.2012.01.019
http://dx.doi.org/10.1016/j.biomaterials.2012.01.019
https://dx.doi.org/10.1016/j.reth.2015.12.003
https://dx.doi.org/10.1016/j.reth.2015.12.003
https://dx.doi.org/10.1016/j.reth.2015.12.003
http://dx.doi.org/10.1016/j.biomaterials.2012.09.043
http://dx.doi.org/10.1016/j.biomaterials.2012.09.043
https://dx.doi.org/10.1016/j.biomaterials.2008.05.009
https://dx.doi.org/10.1016/j.biomaterials.2008.05.009
https://dx.doi.org/10.1016/j.biomaterials.2008.05.009
https://dx.doi.org/10.1056/NEJMoa040455
https://dx.doi.org/10.1056/NEJMoa040455
https://dx.doi.org/10.1056/NEJMoa040455
https://dx.doi.org/10.1056/NEJMoa040455
https://dx.doi.org/10.1111/j.1525-1594.2005.29020.x
https://dx.doi.org/10.1111/j.1525-1594.2005.29020.x
https://dx.doi.org/10.1111/j.1525-1594.2005.29020.x
https://dx.doi.org/10.1111/j.1525-1594.2005.29020.x
https://dx.doi.org/10.1002/jcp.24012
https://dx.doi.org/10.1002/jcp.24012
https://dx.doi.org/10.1002/jcp.24012
https://dx.doi.org/10.1002/jcp.24012
http://dx.doi.org/10.1038/nprot.2012.027
http://dx.doi.org/10.1038/nprot.2012.027
http://dx.doi.org/10.1038/nprot.2012.027
file:///C:/Users/sowmya-p/Downloads/10.1016/j.biomaterials.2013.12.014
file:///C:/Users/sowmya-p/Downloads/10.1016/j.biomaterials.2013.12.014
file:///C:/Users/sowmya-p/Downloads/10.1016/j.biomaterials.2013.12.014
https://dx.doi.org/10.1002/jbm.a.35526
https://dx.doi.org/10.1002/jbm.a.35526
https://dx.doi.org/10.1002/jbm.a.35526
https://dx.doi.org/10.1021/nn4063962
https://dx.doi.org/10.1021/nn4063962
https://dx.doi.org/10.1021/nn4063962
https://dx.doi.org/10.1021/nn4063962
http://dx.doi.org/10.1007/s12015-011-9252-8
http://dx.doi.org/10.1007/s12015-011-9252-8
file:///C:/Users/sowmya-p/Downloads/10.1016/j.jtcvs.2009.02.004
file:///C:/Users/sowmya-p/Downloads/10.1016/j.jtcvs.2009.02.004
file:///C:/Users/sowmya-p/Downloads/10.1016/j.jtcvs.2009.02.004
https://dx.doi.org/10.1096/fj.05-4715fje
https://dx.doi.org/10.1096/fj.05-4715fje
https://dx.doi.org/10.1096/fj.05-4715fje
https://dx.doi.org/10.1038/srep06716
https://dx.doi.org/10.1038/srep06716
https://dx.doi.org/10.1038/srep06716
https://dx.doi.org/10.1161/CIRCULATIONAHA.111.084343
https://dx.doi.org/10.1161/CIRCULATIONAHA.111.084343
https://dx.doi.org/10.1161/CIRCULATIONAHA.111.084343
https://dx.doi.org/10.1161/CIRCULATIONAHA.111.084343
http://dx.doi.org/10.1016/j.bbrc.2005.12.047
http://dx.doi.org/10.1016/j.bbrc.2005.12.047
http://dx.doi.org/10.1016/j.bbrc.2005.12.047
http://dx.doi.org/10.1016/j.bbrc.2005.12.047
http://dx.doi.org/10.4172/2157-7552.1000178

	Cell Sheet Technology using Human Umbilical Cord Mesenchymal Stem Cells for Myocardial Tissue Engineering
	Abstract
	Keywords:
	Introduction
	Cell Based Therapy
	Cell Sources for Cardiac Regeneration
	Methods of Cell Sheet Engineering
	Cell Sheet Engineering for Cardiac Regeneration
	Conclusion
	Acknowledgement
	References




