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1. ABSTRACT 

The nervous and cardiovascular system plays the most complex and vital role in all 

organisms. Any damage or injury to these essential organs in our body results in long 

term irreversible impairment or death. The main goal of the regenerative medicine is to 

repair or recreate tissues using stem cells to restore the vital function of the targeted 

organ. Along with organ specific stem/progenitor cells, non-toxic, biodegradable 

synthetic polymers are also needed for an effective reparative therapy. The effect of PCL 

materials and surface modified (PEDOT coated) PCL materials of different topology with 

neural progenitor cells as test platforms are evaluated for cytotoxicity and neuron 

differentiation. The stem cells from heart are isolated and characterized as cardiac stem 

cells by Fluorescence activated cell sorting through specific antigen expression. The 

cardiac stem cells are used to establish effective proliferation and differentiation system. 

Hence, developing cardiac and neural progenitor cell cultures as an efficacy test 

platforms for biomaterials of different diameter and orientation benefits respective tissue 

engineering with proper restoration of function. Further, the nerve and cardiac tissue 

rejuvenation would serve as a regenerative therapy for numerous neurodegenerative 

disorders and cardiovascular disorders like myocardial infarction respectively  

Keywords: cardiovascular, regenerative, progenitor, topology, PEDOT coated PCL, 

cytotoxicity, Fluoroscence, proliferation, differentiation, neurodegenerative, myocardial 

infarction 

2. List of Abbreviations 

APC - Allophycocyanin 

ANP – Atrial Natriuretic Peptide 

BSA – Bovine Serum Albumin 

cAMP – Cyclic Adenosine Mono Phosphate 

CSC – Cardiac Stem Cells 

CMPC – Cardiomyocyte Progenitor Cells 

DAPI – 4',6 – diamidino -2-phenylindole, dihydrochloride 

DMEM – Dulbecco‟s Modified Eagle Medium 

DMSO – Dimethyl Sulfoxide 

DRG – Doral Root Ganglion 
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ECM – Extracellular Matrix 

EDTA – Ethylene Diamine Tetra Acetic acid 

EDOT - 2, 3-dihydrothieno (3, 4-b) - 1, 4-dioxin 

EGF – Epidermal Growth Factor 

EHD - ElectroHydroDynamic 

FBS – Fetal Bovine Serum 

FACS – Fluorescence Associated Cell Sorting 

FITC- Fluorescein Isothiocyanate 

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

KSFM – Keratinocyte Serum Free Media 

ICC – Immuno Cyto Chemistry 

LSM – Laser Scanning Microscopy 

NDC – Neuroblastoma Derived Cell line 

NF-H – Neuro Filament Heavychain 

NGF – Nerve Growth Factor 

NGFR –Nerve Growth Factor Receptor 

PBS – Phosphate Buffered Saline 

PCL – Poly Capro Lactone 

PE- Phyco Erythrin 

PEDOT – Poly (3,4- Ethylene Dioxy Thiophene) 

PEST – Penicillin and Streptomycin 

PPy – PolyPyrrole 

PANI – Polyaniline 

Sca-1 – Stem cell antigen -1 

TGF –β1- Transforming Growth Factor-β1 
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3. INTRODUCTION  

3.1. Biomaterials Enhanced Regenerative Medicine 

The goal of regenerative medicine is to repair failing tissues or organs or to replace failed 

ones, with the use of stem cells. More recently, it has been recognized that stem cells 

alone cannot affect the repairs, especially when there are physical gaps (Kureshi et al., 

2009) Hence, biomaterials-enhanced stem cell therapies have now been the norm. A 

range of biomaterials have been developed and tested. These range from passive to highly 

interactive systems for cell delivery and/or to serve as scaffolds to recreate the target 

tissue or organ and restore function (Place et al., 2009). 

 Indeed, the new focus in regenerative medicine is the development of multi-

functional, bio interactive scaffold to control stem cell proliferation and differentiation. 

On the other hand, to be able to develop and test a range of new biomaterials, reliable, 

reproducible stem cell systems are needed to make comparisons amongst a range of 

material formulations or to differentiate between various topological formats of a single 

material. 

 

3.2. Effect of Biomaterials Topology on Cell Proliferation and Differentiation 

There has now been a range of reports that the topology of biomaterials has a role in the 

modulation of cellular adhesion, proliferation and differentiation. A range of techniques 

have also been developed to introduce different topologies, ranging from nanofabrication 

techniques such as moulding, etching, laser sculpting and electrospinning. 

In electrospinning, ultrathin fibres are extruded across high voltage atmospheres 

and collected on a metal collecting plate. By varying different parameters, the fibre size 

(diameter), tightness of the mesh, aligned or non-aligned, can be produced (Frenot and 

Chronkis, 2003; Salto et al., 2008; Nisbet et al., 2009). 

 The extracellular matrix (ECM) in tissues contains a range of fibrillar materials, 

and hence electrospinning techniques can be used to develop synthetic mimics of ECM. 

Electrospun meshes have topologies that can be divided into random fibres with high 

porosity and rough topology facilitating cell adhesion  (Decuzzi and Ferrari, 2010) and 

enabling nutrient exchange from the microcellular environment (Yang et al., 2004), or 

highly aligned fibres with closely packed smooth topography and guiding properties 
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direct the cells to extend neuronal axons along the fibres (Kureshi et al., 2010; Place et 

al., 2009). Moreover, finely oriented fibres have very large surface area which might also 

increase the rate of cell attachement and proliferation (Gupta et al., 2009). However, 

there are no robust studies that specifically compare hydrogels/membranes vs electrospun 

fibres in very specific function. 

 

3.3. Nerve Regeneration and Neural Progenitor Cells  

The nervous system plays a complex and vital role in most of the physiological processes 

that undergo in a human body. Any severe, irreversible damage or injury to central and 

peripheral nervous system can result in neurodegenerative disorders, paralytic 

syndromes. There is no established therapy for complete cure for these disorders yet 

(Ghasemi-Mobarakeh et al., 2011) and hence, the remaining hope is on cell-based 

reparative therapies. Stem cell therapies and more recently, biomaterials-enhanced stem 

cell therapies are being studied. 

Neural cell lines are often used to study the characteristics and differentiated 

features of authentic neurons (Francel et al., 1987). The Neuroblastoma Derived Cell line 

(NDC) is a rat- mouse hybrid neural precursor cell line generated by the fusion of mouse 

N18TG2 neuroblastoma cells and neonatal rat dorsal root ganglion neurons (DRG) 

(Wood et al., 1990). The cell line has the characteristics of a neural progenitor cell and 

differentiates under induction into neurons (Francel et al., 1987) or glia (Hackett et al., 

2010). Furthermore, differentiated NDCs exhibit synaptic plasticity which is essential for 

neurotransmission (Hackett et al., 2010). 

Being an immortalized line, NDCs can (in theory) be expanded indefinitely in 

culture and hence provide the homogeneity needed in comparative studies of biomaterials 

of different types, or of different topologies. Hence, NDCs could serve as a potential 

nerve source on the synthetic substrates for in vitro nerve regeneration. 

 

3.4. Cardiac Regeneration and Cardiac Progenitor Cells 

Myocardial infarction is a severe cardiovascular disorder and foremost reason for heart 

failure. The dead tissue on the infarcted region loses its contractility. Hence 

transplantation of cardiomyocytes might resolve further degeneration of cardiac function 
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(Goumans et al., 2008). The generation of cardiomyocytes, a terminally differentiated 

cell from the primitive cardiac stem cell is regarded as a compensation for life-

threatening heart diseases. The heart was considered as terminally differentiated organ 

without self-renewable cells. Recently, a resident population cardiomyocyte progenitor 

cells (CMPC) were effectively isolated and efficient differentiation into cardiomyocytes 

was carried out to achieve beating cardiac cells (Smits et al., 2009).  

Cardiac muscle specific stem or progenitors were first identified in the heart by 

Orlic et al (2001). Since then, the cardiac stem cells (CSCs) have been characterized as 

self-renewing, pluripotent and can differentiate in vitro into specialized cells types of 

heart. Hence, autologous regeneration of myocardium can be possible in heart failure 

patients (Bearzi et al., 2007). The regeneration of myocytes with contractile activity is 

also a justifying evidence for the regenerating potential of heart (Messina et al., 2004).  

The cardiac stem cells isolated from an adult heart, usually express stem cell 

surface antigens, sca-1 (stem cell antigen-1) and c-kit/CD117 (Matsuura et al., 2004). The 

c-kit and sca-1 expressing CSCs give rise to myocytes, smooth muscles and endothelial 

cells. Moreover, CSCs are clonogenic in nature (Beltrami et al., 2003;Wang et al., 2006). 

In the new born murine hearts, cardiac stem cells express a transcription factor, Islet-1 

(Isl-1) and the factors like GATA-4 expresses during the process of cardiogenesis (Leri et 

al., 2005). 

 The sca-1 expressing CSCs were essential for CSC proliferation, survival and 

regulation of cardiovascular differentiation (Tateishi et al., 2007). The cardiac stem cells 

which highly expresses sca-1 surface marker are subjected to the differentiation protocol 

induced by 5'-azacytidine or oxytocin and TGF-β1 (Transforming growth factor-β1) 

stimulation to produce cardiomyocytes (Chamuleau et al., 2009). The 5'-azacytidine 

treatment stimulates sarcomere formation and initiates cluster formation before 

expressing the contractile activity of the cardiomyocytes (Goumans et al., 2008). 

 In addition to this, several studies suggests that sca-1 positive cardiac stem cells 

have great potential for regenerative therapy for cardiac injuries (Matsuura et al., 2004; 

Wang et al., 2006). The cardiac stem cells are demonstrated in several studies to be used 

for myocardial regeneration. 
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 The current study aims at characterizing the isolated cells from murine heart as 

cardiac stem cells and differentiating the CSCs into cardiomyocytes in vitro for cardiac 

regeneration therapy. This is one of the preliminary studies to obtain optimal regenerative 

strategy to repair myocardial infarction. 

 

4. OBJECTIVES AND RATIONALE 

My thesis objective was to develop reproducible nerve and cardiac stem/progenitor cell 

cultures as test platforms for biomaterials to be used in regeneration of nerve and cardiac 

tissue, respectively. These two cell types were selected, as both are conductive cells, and 

hence, the design of biomaterials scaffolding for both cell types is interchangeable. To 

facilitate evaluation of biomaterials being developed for potential tissue engineering 

and/or regenerative medicine applications, it would be prudent to have on hand both these 

progenitor cell types. 

 To date, I have established a cardiac progenitor cell proliferation and 

differentiation system, and a neuronal progenitor cell proliferation and differentiation 

system. I have also used the latter to test the effect of biomaterials composition and 

topology on neural progenitor proliferation and differentiation.  

 

5.  METHODS AND MATERIALS 

 

5.1. Neural Progenitor Methods and Materials 

 

5.1.1 Culturing of hybrid neuroblastoma derived stem cell line (NDC) 

The hybrid neuroblastoma derived cell line was a commercially obtained characterized 

neural progenitor cell line from Canada. The NDCs were grown in a 75 cm
2 

tissue culture 

flask, supplemented with Dulbecco‟s Modified Eagles Medium (DMEM) (GIBCO, 

Invitrogen) 10% fetal calf serum (FCS) (PAA laboratories, Germany), 1X penicillin 

(10,000 U/ml) and streptomycin (10000 µg/ml) (PEST) (Thermo Scientific). They were 

maintained in a humidified incubator at 37⁰ C with 5% CO2. 
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5.1.2 Preparation of PCL (Polycaprolctone) and PEDOT (Poly (3,4- Ethylene Dioxy 

Thiophene)) coated PCL electrospun fibres 

 

5.1.2.1 PCL Fibres 

Aligned and random microfibrous PCL meshes of different diameters (1 µm and 10µm) 

were prepared using an electro hydrodynamic (EHD) set up. It consists of a syringe pump 

that pushes the polymer, made of 10 % w/v PCL dissolved in chloroform/methanol (3:1), 

through a stainless steel needle which is supplied with voltage. Each mesh was fabricated 

using 21 G needle with an inner diameter of 0.4 mm. The materials were spun onto 

aluminium foil by varying voltage, collector distance and flow rate of the polymer. PCL 

sheets were made by spin coating 10% PCL in chloroform on glass slides. 

 

5.1.2.2 PEDOT coated PCL mesh  

The EDOT (2, 3-dihydrothieno (3, 4-b) - 1, 4-dioxin) monomer and 20% Iron (III) 

tosylate dissolved in butanol provided by Maria Bolin (ITN) were used for the 

preparation of PEDOT coated meshes. The Fe (III) tosylate was spin coated onto each 

PCL fiber mesh at 1200 revolutions per minute (RPM) for 2 minutes. The spin coated 

meshes were then subjected to the vapors of EDOT monomer heated at 60⁰C for 6 hours 

in an enclosed container. Any residual Fe (III) tosylate was washed away with a series of 

butanol, isoporpanol and water rinsing steps. The preparation of the biomaterials by 

electrospinning was done by Abeni Wickham (IGEN) for in vitro culture of NDCs for 

nerve regeneration. 

 

5.1.3 Sterilization of materials 

The PCL and PEDOT coated PCL materials (random (1 µm and 10µm), aligned (1 µm 

and 10µm) and sheets) were placed in a 24 well plate and rinsed in Dulbecco‟s phosphate 

buffered saline (PBS), (GIBCO, Invitrogen). The materials were kept in 3X antibiotic 

solutions (penicillin and streptomycin) for overnight at 4⁰ C. Next day, the materials 

were washed thrice with PBS at one hour interval and stored at 4⁰ C for further use. 
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5.1.4 Cell seeding on Materials 

The hybrid neuroblastoma cell line (NDC) maintained in DMEM containing 10% FCS 

and 1% PEST. Prior to use, they were trypsinized using 0.05% trypsin-EDTA (GIBCO, 

Invitrogen) at 37˚C for 2-3 minutes. The cells were then centrifuged (Eppendorf 

Centrifuge 5804, Hamburg) at 300x g for 5 minutes. The pellet was suspended in 1ml of 

DMEM, 10% FCS, 1% PEST and then counted using cell counter (Scepter
TM

 Hanheld 

Automated Cell counter, Millipore). The NDCs were seeded on materials kept in a 24 

well tissue culture treated plate in the ratio 5000 cells/well. Then the cells were 

supplemented with DMEM containing 10% FCS, 1% PEST and incubated at 37˚C and 

5% CO2. The NDCs seeded on PCL/ PEDOT materials were subjected to cell viability 

test and then used for differentiation studies.  

 

5.1.5 Cell Viability Assay 

After 24 hours of cell seeding, the NDCs on materials were subjected to viability test 

using live and dead stain (Molecular probes, Invitrogen) as per manufacturer‟s protocol. 

The NDCs on materials were given with live / dead stain containing calcein AM and 

ethidium homodimer-1 for 30 minutes at room temperature and then checked for viability 

through fluorescence using confocal laser scanning microscope (Carl Zeiss LSM 700). 

 

5.1.6 NDC Differentiation to neurons 

The NDCs were treated with specific differentiation medium made of keratinocyte serum 

free basal media (GIBCO, Invitrogen) containing 0.1 µM dexamethasone (Acros 

Organics), 50 µg/mL ascorbic acid (Sigma-Aldrich), 1.5 µM DMSO (Sigma-Aldrich), 20 

µM cAMP (Sigma-Aldrich), 0.5 µg/mL NGF (GIBCO, Invitrogen) (Hackett et al., 2010). 

The cells were maintained for seven days in the neural differentiation medium and 

observed under inverted microscope (ULWCD 3.0 Olympus, Japan) daily for neural 

morphological changes. 

 

5.1.7 Characterization of differentiated NDCs by Immunocytochemistry  

The differentiation of the neural progenitor cells into neurons was confirmed by 

immunocytochemical localization of neuronal markers, e.g. β-tubulin-III and heavy chain 
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neurofilament, using monoclonal antibodies. The NDCs cultured in differentiation 

medium were fixed with 4% paraformaldehyde prepared in PBS of pH -7.4 for 15 

minutes at room temperature. The cells were permeabilized using 0.25% triton-X-100 in 

PBS for 10 minutes for the expression of intracellular targeted antigens. Blocking of 

unspecific binding of antibodies was carried out by incubating the cells in 1% bovine 

serum albumin (BSA) in PBST (0.05% tween 20 in PBS) for 30 minutes. The cells were 

incubated with either the mouse anti- β-tubulin-III antibody (Millipore, MA) or the 

mouse anti- neurofilament antibody (GeneTex, CA) for two hours at room temperature 

under humid conditions and followed by incubation with secondary antibody goat anti-

mouse alexa fluor 488 (Invitrogen, CA) for one hour at room temperature in dark. The 

cells were counter stained with DAPI (4', 6 – diamidino -2-phenylindole, 

dihydrochloride) for one minute and mounted using glycerol. The presence of antigens 

was detected by fluorescence excited through laser light source and the images were 

photographed using LSM Zeiss 700, confocal laser scanning microscope. 

 

5.1.8 Statistical Analyses 

The number of neurons formed and the length of the neurites were counted and measured 

by Image J software. Simple unpaired, one tailed T-tests were used to compare the 

cytotoxicity effect of PCL and PEDOT coated PCL at p≤0.05 level of significance. 

Similarly, the neurite length measurement was compared between different orientation 

and diameter fibers of PEDOT coated PCL and PCL and between PEDOT coated and 

PCL fibers altogether using simple unpaired one tailed t-test at p≤0.05 level. To compare 

the percentage of neurite formation between PEDOT coated PCL and pure PCL, chi 

square test was performed at p≤0.05 level. 

 

5.2. Cardiac Methods and Materials 

 

3.2.1. Isolation and Culturing of Cardiac Stem Cells (CSCs). 

With ethical approval from the institutional review board (IRB), cardiac stem cells 

(CSCs) were isolated from the hearts of 3 week old C57BL/6 mice according to the 

manufacturer‟s protocol (Millipore cardiac stem cell isolation kit). They were cultured in 
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medium containing DMEM/Hams F12 with 15mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) containing 10% FCS, 1% PEST, 1X ITS (Insulin-

Transferrin-Selenium), 0.5% DMSO, 20ng/ml epidermal growth factor (EGF). The 

primary CSCs were expanded by passaging at confluency by splitting at a ratio of 1:4 or 

1:6.   

 

5.2.2 Characterization of CSCs by Fluorescent Activated Cell Sorting (FACS) 

Analysis 

The cultured CSCs were characterized by FACs analysis using different stem cell 

markers (sca-1-PE-cy7, c-kit-PE and CD34-FITC), cardiac specific cell marker 

(GATA4), stromal markers (CD44-APC-cy7, CD29-APC) hematopoietic marker 

(Cocktail lineage-APC) and endothelial marker, (CD31-PE-cy7) and with corresponding 

isotype controls.  

 Briefly, a single cell suspension (0.5 to 1x 10
6
 cells each) of CSCs at either 

passage 2 or 3, in 100 µl of buffer (phosphate buffered saline, [PBS]; 0.1% sodium azide; 

2% FCS), was incubated with saturating concentrations of respective antibodies for 30 

minutes in the dark on ice. After three washes, the cells were centrifuged at 200x g for 5 

min, resuspended in ice-cold PBS.  Cell fluorescence was evaluated using a Gallios 

multicolour flow cytometer (Beckman Coulter AB, Sweden) and the data were analyzed 

using Kluza software (BD, San Jose, CA). An isotype control was included in each 

experiment and specific staining was measured from the cross point of the isotype with a 

specific antibody graph. A total of 10,000 events were acquired to determine the 

positivity of different cell surface markers used. 

 

5.2.3. Characterization of CSCs by Immunocytochemistry  

Confirmation of CSC phenotype was done by immunolocalization of cardiac progenitor 

cell markers using polyclonal antibodies against the cardiac progenitor marker, Isl-1 and 

early cardiac marker, GATA-4.  CSC‟s at passage 2 were seeded into 24 well plates and 

cultured upto confluency. After confluency, cells were then fixed with 4% 

paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) for 20 minutes and processed for 

immunocytochemistry. Blocking of unspecific binding of antibodies was carried out by 
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incubating the cells in 1% bovine serum albumin (BSA) in PBST (0.05% tween 20 in 

PBS) for 30 minutes. The cells were incubated with the respective primary antibodies for 

two hours at room temperature under humid conditions and followed by incubation with 

secondary antibody goat anti-rabbit alexa fluor 546 (Invitrogen, CA) for one hour at room 

temperature in dark. The cells were counter stained with DAPI (4', 6 – diamidino -2-

phenylindole, dihydrochloride) for one minute and mounted using glycerol. The stained 

preparations are screened with a laser scanning confocal microscope (LSM510; Carl 

Zeiss Inc., Thornwood NY) using a fluorescent light source (excitation wavelength 480 

and 540 nm) to detect the expression of markers. 

 

5.2.4 Differentiation of CSCs into Cardiomyocytes 

The passage 2  CSCs of 80% to 90% confluency were induced by 10µM 5'azacytidine 

along with DMEM/Hams F12 with 15mM HEPES, 1%FCS, 1%PEST, 1X ITS, 0.5% 

DMSO for 72 hours and medium was changed every day and after 72 hours, the induced 

CSCs were supplemented with DMEM/HamsF12 media containing 1%FCS, 1%PEST,1X 

ITS, 0.5% DMSO, 20ng/ml EGF along with TGF -β1 (10ng/ml) for 21 days and medium 

was changed every alternate day. 

 

5.2.5 Characterization of Differentiated cells by ICC 

The immunostaining to confirm cardiomyocytes differentiate was done according to the 

staining protocol from cardiomyocyte characterization kit (Chemicon international, Inc). 

The expression of cardiomyocyte specific markers was visualized by use of antibodies 

such as mouse anti-troponin-1(1/100 dilution), mouse anti-actinin (1/200), rabbit anti- 

atrial natriuretic peptide (ANP) (1/200) and rabbit anti-GATA-4 (1/200). Controls 

consisted isotype control, mouse IgG and rabbit IgG. The CSCs in the differential 

medium were fixed with 4% paraformaldehyde prepared in PBS of pH -7.4 for 15 

minutes at room temperature. The cells were permeabilized and blocked together by 

using 1% BSA in 0.3% triton-X-100 in PBS for two hours in room temperature for the 

expression of intracellular targeted antigens. The cells were incubated with the respective 

primary antibodies diluted in blocking solution for two hours at room temperature under 

humid conditions and followed by incubation with secondary antibody goat anti-mouse 
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alexa fluor 488 and anti-rabbit-546 (Invitrogen, CA) for one hour at room temperature in 

dark. The cells were counter stained with DAPI (4', 6 – diamidino -2-phenylindole, 

dihydrochloride) for one minute and mounted using glycerol. The presence of antigens 

was detected by the emission of fluorescence through laser light source using LSM Zeiss 

700, confocal laser scanning microscope. 

 

6. RESULTS AND DISCUSSION 

 

6.1. Neural Progenitor Cells and Performance on Biomaterial 

 

6.1.1. NDC Culture Characteristics 

I have shown that NDC cells proliferate well in DMEM containing 10% FCS and 1% 

PEST. When supplemented with KSFM medium containing 0.1 µM dexamethasone, 50 

µg/mL ascorbic acid, 1.5 µM DMSO, 20 µM cAMP, 0.5 µg/mL NGF, they differentiate 

into nerve-like cells and express the neuronal markers, β-tubulin III and neurofilament 

heavy chain. Hence, they behave as neuronal progenitors, as previously reported (Hackett 

et al. 2010). This shows that the NDC cells are potentially reliable tools for assessing the 

biocompatibility (e.g. viability) and efficacy of biomaterials in supporting differentiation 

of neural progenitors. 

 

6.1.2. NDC Viability Electrospun PCL and PEDOT-coated PCL Microfibers 

Live/Dead staining performed on NDCs seeded on PEDOT-coated PCL synthetic 

polymer substrates labelled dead cells „red‟, while live cells were „green‟. 

 A small proportion of dead cells were observed on unmodified PCL sheets or 

fibres (Fig. 1), compared to mostly live cells on PEDOT coated PCL (Fig. 2). 

.  
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Figure 1.Cell Viability assay for NDCs seeded on 1µ (A) and 10 µ (B) randomly spun PCL fibres, 1µ (C) 

and 10µ (D) aligned PCL microfibers, PCL sheet (E) along with polystyrene plate control (F). The green 

fluorescence represents the live cells and the red fluorescence represents the dead cells. Magnification: 

10X. 
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Figure 2: Live-Dead cell analysis for NDCs seeded on on 1µ (A) and 10µ (B) randomly spun PEDOT 

coated PCL fibres, 1µ (C) and 10µ (D) aligned PEDOT coated PCL microfibers along with polystyrene 

plate control (E). The green fluorescence represents the live cells and the red fluorescence represents the 

dead cells. Magnification :10X. 

Cell counts of live vs dead cells were analyzed and graphed in Fig. 3. Pair-wise t-tests 

were performed to compare the performance of PCL fibers vs PEDOT coated PCL fibers. 
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Figure 3: Graph showing comparison of percentage of cytotoxicity on PCL and PEDOT coated PCL fibers 

of different diameter and orientation and analysed statistically at p≤ 0.05 level using unpaired one tailed t-

test. *represents statistically significance  between PEDOT-coated PCL and pure PCL. 

These results are in agreement with the previously published studies that PEDOT and its 

derivatives are very cell compatible and exhibit very low intrinsic cytotoxicity (Ghasemi-

Mobarakeh et al, 2011). PEDOT is hydrophilic (Bolin et al, 2009) and in this case, the 

hydrophilicity of the PEDOT coatings may account for the higher cell viability observed.   

 

6.1.3. Evaluation of NDC Differentiation into Neurons by Immunocytochemistry 

(ICC) 

After seven days in neural induction medium, immunocytochemistry was performed to 

confirm the neural differentiation potential of NDCs on materials. It was noted that few 

neurons, distinguished by the long outgrowing neurites and green fluorescent staining 

with mouse anti- β tubulin-III and mouse anti- neurofilament- heavy chain, markers of 

differentiated neurons were present in cultures seeded on PCL sheets (Fig. 4). On 

electrospun PCL fibres, there were considerably more differentiated neurons. 1 um fibres 

appeared to be more conducive to neuronal differentiation than 10 um fibres (Fig. 4). 

Aligned fibres gave aligned cells, but there was no noticeable increase in the appearnace 

of neurons (Fig. 4). This shows that the topology, fibres vs sheets, had a marked effect on 

neuronal differentiation. However, the effects of configuration, i.e. aligned vs random 

fibres, appeared to be minimal and were not noticeable. 

* 
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Figure 4: Expression of β tubulin-III  and NF-H on1µ and 10µ random PCL fibers, 1µ and 10µ aligned 

PCL fibers. Controls consisted of cells without neural differentiation medium and polystyrene control plate. 

Magnification: 10X. 
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These results correlate well to other in vitro studies that also demonstrate that fibres are 

excellent substrates for nerve regeneration (Schnell et al, 2007; Gupta et al., 2009).   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Expression of β tubulin-III  and NF-H on 1µ and 10µ random PEDOT coated PCL fibers, 1µ and 

10µ aligned PEDOT coated PCL fibers. Controls included cells cultured without neural differentiation 

medium and on tissue culture polystyrene plates. Magnification: 10X.     
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Neuron differentiation on different PEDOT coated PCL fibres was immunostained with 

mouse-β tubulin III and mouse – neurofilament –heavy chain antibodies to check the 

positivity of the respective differentiation markers (Fig.5). Visual inspection suggested 

that there were  more differentiated cells on the pure PCL rather than the PEDOT coated 

PCL fibres. This was contrary to what was expected, as PEDOT materials were known to 

be highly stable in aqueous cell culture media and have high wettability (Bolin et al., 

2009). Previous studies implies that cell adhesion and proliferation rate were greater in 

the surface modified or functionalized PCL than pure PCL (Gupta et al, 2009) which 

would impart a way to get a better in vitro substrate for nerve regeneration. Hence, the 

neurites formation and extension in both PEDOT coated PCL and pure PCL were 

analyzed more carefully (see below). 

 

6.1.4. Influence of Biomaterial Topology in Neurite Formation on PCL fibres 

The number of neurites formed in 1µm randomly spun PCL (Fig.4) seems to be more due 

to over population of cells than the observed neurite formation in 10 µm random PCL 

(Fig.4) substrate as the random fibres of smaller diameters consist lots of interconnected 

pores and rough grooves to larger fibres in comparison (Gupta et al., 2009). Hence, more 

cells might have adhered and the substrate might not have got enough space for possible 

neurite extension along the fibre length and it is confirmed by the graph given below 

(Fig.6).  

 The extension of neuronal filaments along the fibres was not much 

distinguishable in 1µm random PCL fibres, but the growth of axonal filament along 

10µm random PCL fibres was clearly witnessed. The possible reason behind this must be 

being highly porous and having larger pore size as those would enhance cell migration 

and nutrient flow to the individual cells (Yang et al., 2004). Hence, cell attachment on 

fibers of 10µm random orientation was less when  compared to 1µm (Fig.6). But, 

effective and evident extension of neurites were observed  (Fig.4) only in 10µm random 

PCL fibres and the mean neurite filament length (Fig.8) is statistically significant with 

p=0.0003 at p≤0.05 level using simple unpaired t-test. 

 In case of the aligned fibres, both in 1µm and 10µm PCL (Fig.4) fibres, neurite 

extension was seen along the fibres. The direction of the neurite outgrowth and 
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elongation were parallel to direction of aligned fibrous substrate. Hence, nerve growth 

was seemed to be directed by surrounding chemical signals and physical properties of the 

substrate. Though the aligned orientation provides smooth topographical cues, the 1µm 

aligned fibres accommodated more cells due to large surface area than the 10 µm aligned 

fibres (Fig.4) yet showed directed elongation. 

 

 

Figure 6: Graph showing number of cells attached per fibre of different orientation (random and aligned) 

and diameter (1µm and 10µm) on PCL, PEDOT coated PCL fibres compared to PCL sheet along with 

polystyrene control. Simple, unpaired one tail T-test was done at p≤ 0.05 level but no significant difference 

between PEDOT and PCL samples. 

 The observable “contact guidance” phenomenon was clearly noticed on 10µm 

aligned PCL fibres (Fig.4) which indicates the formation of synaptic cleft which would 

take part in effective neural transmission. Hence, aligned fibres provide better guidance 

cues for nerve cell growth, neurofilament extension which ultimately would result in 

better nerve regeneration (Gupta et al., 2009; Schnell et al, 2007). 

  Hence, the fibres of smaller diameters accommodate more cells but effective 

neurite outgrowth was seen in larger fibres. There is no significant difference seen 

between the neurite extension in 1µm and 10µm aligned fibres statistically as simple 

unpaired t-test shows p=0.2 at p≤0.05 level (Fig.8).  

 Furthermore, the neurite extension on aligned and random PCL fibres have 

significant difference. The aligned PCL fibres of both diameters exhibit more long neural 
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filaments than the random fibres and statistically significant with, p=0.0058 at 95% 

confidence level (Fig.6 and Fig.8). 

 

Figure 7: Graph showing percentage of neurite formed per fibre of different orientation and diameter on 

PCL, PEDOT coated PCL fibres compared to  PCL sheet along with polystyrene control. Statistical 

analysis was done by chi square test at p≤0.05 level.  

 

 

Figure 8: Graph showing mean neurite length measurement per fibre made of PCL  and PEDOT coated 

PCL of different orientation (random and aligned) and diameter (1µm and 10µm). Simple unpaired t-test 

was done at p≤0.05 level. * represents sample showing significant increase in neurite length. 

 PEDOT coated PCL fibres were examined for differentiation, where neurite 

outgrowth was evident in all the different patterned substrates supplemented with neural 
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induction medium (Fig.5). The 1µm random PEDOT coated PCL fibres stained with NF-

H antibody depicts that the neuronal filaments which were elongated on the surface but 

not extended exactly along the fibre orientation (Fig.5). The reason might be limited pore 

size (Yang et al., 2004) and large surface area which might have led to extend the neuritis 

on its own direction. But the 10µm random PEDOT substrates show elongated axonal 

filaments along the fibre length as in PCL. Hence, 10 µm PEDOT random fibres impart 

better directed elongation than 1 µm (Fig.5). The neural filaments extends more in the 10 

µm random PEDOT coated PCL fibre than 1 µm random fibres (Fig.8) which is 

statistically confirmed showing 95% significance with p=0.02 using simple unpaired t-

test. 

 The 1µm aligned PEDOT fibres results showed that axonal/neurite growth was 

parallel to and along the length of the fibre. Due to the fine alignment of fibres, the cells 

attached were guided along the fibre oriented fashion. Similar directed parallel extension 

of neuronal axons were seen on 10 µm PEDOT aligned fibres (Fig.5). No synaptic cleft 

was visible in PEDOT coated PCL aligned fibres. But enhanced extension was seen.  

Also, no difference was seen in the statistical analysis for neurite length extension 

between these fibres as it shows p=0.13, analysed by simple t-test at 95% confidence 

level. 

 Furthermore, there is no significant difference between percentage of neurites 

formed from the adhered cells on the aligned and random fibres of PEDOT coated PCL, 

irrespective of their diameters. And there is no signficant difference for neurite extension 

between aligned and random fibres of PEDOT as simple t-test shows, p=0.42 at 95% 

confidence level ( Fig.8). 

 In summary, no statistically significant difference was seen between the PEDOT 

coated PCL fibres and pure PCL fibres in neurite ougrowth extension when analyzed 

using unpaired, one tail t-test at 95% confidence level.  

There was no significant difference between percentage of neurites formed in 

PEDOT coated PCL and PCL fibres of different orientation (aligned and random) and 

different diameters (1 µm and 10 µm) when analyzed using chi square test at 95% 

confidence level with degrees of freedom, 3 (Fig.7). Hence, by taking the cell viability 

assay also into account, PEDOT could serve as a suitable potential in vitro substrate for 
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nerve regeneration. In addition to that, PEDOT as a conducting polymer transmission of 

electrochemical signals would be better throughout nervous system, though efficient and 

significant extension of axons were exhibited by some of the PCL fibres. Thus, an 

effective neural proliferation and differentiation system was established and the effect of 

electrospun fibres was tested for neural regeneration using this system. 

 

6.2. Cardiac Progenitor Cells 

 

6.2.1. Characterization of Cardiac Stem cells by FACS 

The isolated cells presumptive CSCs from murine hearts cultured in DMEM/Hams F12 

with 15mM HEPES containing 10% FCS, 1% PEST, 1X ITS, 0.5% DMSO, 20ng/ml 

EGF, showed self-renewing capability. Further, CSCs were characterized by FACS to 

confirm the isolated cells are cardiac stem cells by the expression of CSC specific surface 

and intracellular markers.  

The elevated expression of stem cell sca-1 surface antigen (96%), 24% expression 

for CD34 and but only limited expression of c-kit was measured from the cross point of 

respective isotypes (Fig.9). The elevated expression of sca-1 and limited expression of 

endothelial stem cell marker, CD-34 confirms that the isolated cells were stem cells. 

According to certain studies, the sca-1+ cells or c-kit+ cells or cells positive for both can 

pursue the differentiation protocol for cardiomyocytes and efficient differentiation is also 

possible (Matsuura et al., 2004). Hence, the sca-1 positive cells were further utilized in 

the study for terminal differentiation into cardiomyocytes. 
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Figure 9: Expression of stem cell markers (sca-1, c-kit, CD34), cardiac specific marker (GATA-4), stromal 

markers (CD44, CD29), haematopoietic marker (Cocktail lineage APC), endothelial marker (CD31) along 

with isotype controls on Cardiac stem cells by FACS analysis wit. The black curve represents the 

expression of isotype control and the green curve represents the expression of antigens. 
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Fig.9 also indicates moderate expression (78%) of the cardiac marker, GATA4. 

This result confirms that the isolated cells were CSCs, as this is a cardiac specific marker 

that is seen in a small number of stem cells in any population. Only a limited population 

of cardiac stem cells will be positive, as enhanced expression is only seen during 

differentiation (Bearzi et al., 2007). Apart from these stem cell antigens, the isolated cells 

express typical mesenchymal stem cell surface antigens (stromal markers) such as CD29 

and CD44 (Fig.9). The positivity is approximately 100% for both the stromal markers. In 

contrast, FACS analysis for the isolated cells expresses almost complete negative 

expression for hematopoietic lineage markers (APC cocktail lineage). Hence, the CSCs 

retain the potency to differentiate into adipocytes and osteocytes as they express 

mesenchymal stem cell markers (Tateishi et al., 2007). 

Fig.9 also clearly shows that the putative CSCs were negative for the vascular 

endothelial marker, CD31. This confirms their identity as cardiac stem cells rather than 

endothelial progenitors, as they did not express endothelial cell marker which expressed 

in terminally differentiated endothelial cells. 

 

6.2.2. Characterization of CSCs by ICC 

Further, the FACS characterized CSCs were subjected to ICC by staining with rabbit 

anti-ISL-1 and rabbit anti-GATA-4.  

 

 

 

 

 

 

 

 

 

 

Figure 10: Expression of GATA-4(A) and ISL-1(B), as visualized by the red fluorescence. Blue 

fluorescence represents DAPI stained cell nuclei. Magnification: 10X 

Only moderate expression of GATA-4 was witnessed (Fig 10A) as GATA-4 is early 

cardiac transcription factor expressing in the nucleus. The expression was faint and 

B A A B 
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limited as only certain cardiac progenitor cells in heart which acts as an indicator for 

cardiomyocytes predisposition before it is directed to cardiomyocyte differentiation 

lineage (Smits et al., 2009). 

The positive expression of Isl-1 marker was seen in the nucleus of isolated cells from 

murine heart (Fig 10B). The presence of cardiac progenitor specific transcription factor, 

Isl-1 clearly confirms the isolated cells are cardiac stem cells. The evident expression of 

this marker represents that the cells are still in undifferentiated state (Smits et al., 2009). 

 

6.2.3 Evaluation of differentiated CSCs to Cardiomyocytes by ICC 

To confirm the differentiation of CSCs into cardiomyocytes, immunostaining with 

cardiomyocytes specific markers along with respective isotype controls were done. 

GATA-4 expression was evident in nucleus of CSCs (Fig.11) maintained in cardiac 

induction medium and it was clearly visible when compared to its expression in 

undifferentiated cells (CSCs). Studies show that GATA-4 expression used to get started 

during or after the first week of CSCs being in differentiation medium. GATA-4 

expression indicates that the CSCs kept in differential medium undergo cardiogenesis 

(Smits et al., 2009; Leri et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Expression of cardiomyocyte markers such as GATA4 (E) on CSCs kept in cardiomyocytes 

differentiation  medium and compared with its expression on undifferentiated CSCs (A), mouse anti-troponin-1 

(F), rabbit anti-ANP (G), mouse anti-actinin (H) along with respective isotype controls (B,C and D). Green 
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fluorescence represents cells stained by the mouse antibodies; red fluorescence represents positively stained 

cells stained by rabbit antibodies and blue color represents DAPI counterstained cell nuclei. 

Magnification:10X.  

 According to recommendations given in the cardiomyocyte characterization kit, 

immunostaining was done to confirm expression of the key markers, troponin-1, actinin 

and ANP. Fig 11 shows expression of the cardiac contractile protein, troponin-1 and 

tubular muscular protein, actinin as green fluorescence-tagging of antibodies against 

these protein markers. The red fluorescence indicates positive expression of cardiac gene, 

ANP as visualized by anti-ANP antibody staining. The expression of cardiac genes like 

troponin, ANP, and the complex sarcomeric protein, actinin, have been documented 

when cardiac stem cells were induced to differentiate by treatment of TGF-β1 (Goumans 

et al., 2008). The actinin is critical for the structure of vascular tubes of cardiomyocytes 

(Goumans et al., 2008) and hence the presence of these proteins confirms the 

differentiation into cardiomyocytes. Therefore, in this culture system, I was able to obtain 

differentiation of CSCs.  The cells were unstained with the respective isotype controls, 

further confirming the specificity of the immunocytochemical staining observed. 

Thus, this preliminary study of establishing a cardiomyocyte differentiation system was 

accomplished. It can be further optimized for use in characterizing biomaterials that are 

being developed for regenerative medicine applications.  

 

7. CONCLUSIONS AND FUTURE STUDIES 

I have established a neuronal progenitor cell proliferation and differentiation system 

using NDC cells. I have used these to test the effect of biomaterials composition and 

topology on neural progenitor proliferation and differentiation. The effect of the PEDOT 

coated PCL with different topology was evaluated for cyotoxicity and differentiation. The 

cell viability on random and aligned PEDOT coated PCL is significantly more than pure 

PCL electrospun micro fibres. Also, enhanced neuronal differentiation of NDCs and 

directed extension of axons were seen and significantly similar on passive PEDOT coated 

PCL and pure PCL fibers. Hence, PEDOT coated PCL could be concluded as suitable 

and reliable biomaterial for nerve regeneration. 

            I have also established a cardiac progenitor cell system. I have isolated and 

characterized cardiac stem/progenitor cells and differentiated these into cardiomyocytes. 
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Further, the characterized cardiac progenitors could be used as efficacy test platforms for 

PEDOT/PCL fibres for effective cardiac regeneration.  

 More optimization and characterization of cell differentiation would be required 

with larger number of samples, along with with more robust statistical analyses. 

Nevertheless, this study provides a starting point and these organ specific stem cell 

cultures could in the future be used as efficacy test platforms for biomaterials in 

regenerative medicine applications. 
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