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Cardiac tissue engineering via the use of stem cells is the future for repairing impaired heart 

function that results from a myocardial infarction. Developing an optimised platform to 

support the stem cells is vital to realising this, and through utilising new ‘smart’ materials such 

as conductive polymers we can provide a multi-pronged approach to supporting and 

stimulating the stem cells via engineered surface properties, electrical, and electromechanical 

stimulation. Here we present a fundamental study on the viability of cardiac progenitor cells on 

conductive polymer surfaces, focusing on the impact of surface properties such as roughness, 

surface energy, and surface chemistry with variation of the polymer dopant molecules. The 

conductive polymer materials were shown to provide a viable support for both endothelial and 

cardiac progenitor cells, while the surface energy and roughness were observed to influence 

viability for both progenitor cell types. Characterising the interaction between the cardiac 

progenitor cells and the conductive polymer surface is a critical step towards optimising these 

materials for cardiac tissue regeneration, and this study will advance the limited knowledge on 

biomaterial surface interactions with cardiac cells. 

 

 

 

Introduction 

A Myocardial Infarction (MI), commonly known as a heart 

attack, is the interruption of blood supply to a part of the heart, 

causing heart cells to die. MI causes fibrotic scar formation and 

impaired cardiac function, resulting in a reduced  left 

ventricular ejection fraction (EF)[1]. Currently the most 

successful treatment to restore function is through by-pass 

surgery, and ultimately a cardiac transplantation is the only 

long-term solution[2]. However, due to the shortage of organ 

donors and complications associated with immune suppressive 

treatments, development of new strategies to help regenerate 

the injured heart is necessary[3]. 

 

Cardiac tissue engineering is a relatively new interdisciplinary 

approach to replace or repair diseased or dysfunctional 

cardiovascular tissues with vital structures that allow 

regeneration of host tissue. Surgical resection of nonviable 

myocardium after infarction and replacement with 

bioengineered grafts or insertion of a cardiac patch onto the 

damaged tissue may improve cardiac function and prevent heart 

failure [4]. The stem cell niche microenvironment is a vital 

factor in tuning the stem cell differentiation. Electrical and 

mechanical stimulation have been shown to be important 

external stimuli to stem cell differentiation[5-8]. In fact, it has 

been reported that culture of mesenchymal stem cells (MSC) on 

artificial matrices mimicking the mechanical properties of 

brain, muscle, and bone resulted in the expression of lineage 

specific markers of the corresponding tissues at 50 % of the 

levels induced by chemical differentiation[6]. 

Conductive polymers (CPs) have been widely researched as 

biomaterials[9, 10] due to their inherent conductivity, relative 

softness compared to conventional conductive materials (i.e. 

metals), and ease of synthesis[11-15]. Manipulation of 

synthesis parameters also offers fine control over the physical 

properties of the CPs[16, 17], which is a useful tool in tuning 

the material for specific tissue engineering applications. 

Polypyrrole (PPy) is a promising CP for use in tissue 

engineering[18-21], and while there has been a strong focus on 

neural and muscle cell research[20, 22-24], there has been less 

focus on cardiac tissue engineering. PPy has been shown to be 

compatible with cardiac cells, and its conductive nature 

demonstrated to be advantageous. Nishizawa et al. created PPy 

coated microelectrodes to demonstrate successful electrical 

stimulation of cardiac myocytes, with the myocyte sheet 

responding with synchronized beating[25].  PPy has also been 

fabricated as fibrous 3-dimensional scaffolds for cell culture; 

‘fluffy’ PPy scaffolds were reported to have greater 

cardiomyocyte differentiation compared to tissue culture 

plates[26].  
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A secondary advantage of PPy is the polymer’s ability to 

improve biocompatibility via incorporated dopants. 

Synthesising the polymer via electropolymerisation allows the 

incorporation of a negatively charged counterion, or dopant, 

(Figure 1).  

 

 

Figure 1. Electropolymerisation of polypyrrole. Upon oxidising the monomer a 

negatively charged counterion is incorporated to balance the positive charge on 

the polymer backbone. 

 

The properties of the dopant (size, functional groups, charge 

distribution) will affect the physical properties of the polymer, 

such as Young’s modulus, roughness, morphology, thickness, 

and wettability[16, 20]. These properties in turn will influence 

cell growth and viability[27-31]. The dopants can also be used 

to enhance the biocompatibility of the polymer through the use 

of biomolecules[32]. 

Third, PPy is an electroactive material and can be used to 

release drug molecules[33, 34], to electrically stimulate  or  

record cells signalling[35-37] and provide mechanical 

stimulation[38]. 

 

The goal of this study is to evaluate the biocompatibility of PPy 

polymer surfaces using a range of different dopant molecules 

for two types of cardiac stem cells, and to expand the limited 

knowledge on how surface properties influence the viability of 

cardiac stem cells. In this paper we have used a large set of 

dopants, of which they are either inorganic, polyelectrolytes, or 

biomolecules, in order to assess how cardiac cells respond to 

the different dopants and which they show proclivity for. For 

example, the polysaccharides hyaluronic acid (HA) and 

chondroitin sulphate (CS) are components of the extracellular 

matrix and have been previously incorporated into PPy 

materials in the aim to improve biocompatibility[18, 21, 39]. 

The semi-synthetic anticoagulant polysaccharide dextran 

sulphate (DS) is also similar in structure to HA and CS with a 

higher degree of sulfonation. Dopants such as 

dodecylbenzosulfonic acid (DBS), polystyrene sulfonate (PSS), 

and paratoluene sulfonic acid (pTS) are dopants commonly 

used in preparing PPy materials with good electroactive 

properties, such as high conductivity and stability[40-42]. 

These dopants have also been shown to support cellular growth 

and are non-cytotoxic[20, 38, 43]. The smaller inorganic 

dopants, ionic chloride (Cl) and perchlorate (LiClO4), are well-

known dopants for the preparation of PPy films[44], and have a 

lower molecular weight than the previously listed dopants, 

which will influence the material properties[42, 44].  

 

The impact of materials surface properties (e.g. topography and 

chemistry) on stem cells viability and their role in regulating 

stem cell differentiation have been reviewed by Deb et al.[45]. 

Most studies clearly demonstrated that both architectural and 

chemical cues had a significant impact on cells attachment, 

spreading, and differentiation. For example, Berry et al.[46] 

studied the in vitro interaction of human fibroblasts cells and 

primary human bone marrow cells with silicon oxide substrates 

grafted with poly-L-lysine- g-poly(ethylene glycol) (PLL-

PEG).  They reported that by changing surface morphology by 

lithographic techniques, cell responses to substrates, which 

were chemically identical, were enhanced.  

In another study, Bauer et al., (2009)[47] suggested that 

mesenchymal stem cells were more influenced by nanoscale 

surface topography of zirconium and titanium oxide (ZrO2 and 

TiO2) nanotubes than their chemistry. For instance, they found 

that cell adhesion and spreading were enhanced for nanotube 

diameters of 15–30 nm, while a strong decrease in cell activity 

was observed for diameters larger than 50 nm stem cells behave 

on and found that they show a size-specific reaction to the 

nano-patterns. A more recent study by Shanmugasundaram  et 

al. [48], investigated the interaction of nano- to micron-size 

fibers with the human mesenchymal stem cells and their impact 

on chondrogenesis (cartilage formation). They showed that 

chondrogenesis was enhanced when micron-size fibers with 

larger pores were used.  

As every individual cell type may respond differently when 

growing on a substrate we have used two cell lines to assess the 

performance of the conductive polymer materials as possible 

cardiac cell supports. 

The cell types endothelial progenitor cells (EPC) and cardiac 

progenitor cells (CPC) are both important cells used in cardiac 

regeneration. EPCs have the potential to differentiate into 

endothelial cells, and to contribute to the vascularization of 

ischemic tissues[49]. EPCs play a role in promoting 

angiogenesis[50, 51], and have been applied to MI regeneration 

studies successfully[52, 53]. 

CPCs are resident cardiac stem cells with the ability to generate 

cardiomyocytes, smooth muscle, and endothelial cells[49, 54]. 

CPCs have the potential to differentiate into new functional 

cardiomyocytes to regenerate new cardiac tissue to heal the 

non-functional fibrotic scar tissue that results from an MI. 

 

The physical properties of the PPy polymer surfaces will be 

measured to take into account the influence of surface 

properties such as roughness, surface energy, and morphology 

have on cellular response. The cells will then be assessed for 

biocompatibility using cell density and live/dead ratio. The 

conclusions of this study will be of vital importance for the 

further development of electroactive surfaces and coatings for 

the support and direction of cardiac stem cells using electrical 

and mechanical stimulation.  
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Experimental 

Polymer Synthesis 

The PPy polymer was synthesized using electrochemical 

polymerization in a 3 point electrochemical cell using a 

Ag/AgCl reference electrode (BASi, USA). A gold coated 

silicon wafer was cleaned with ethanol and DI water, then dried 

under N2 gas.  An aqueous monomer solution of 0.1 M pyrrole 

(Sigma-Aldrich) and 2 mg/mL of the selected dopant was 

prepared using DI water (Milli Q, 18 MΩ). The dopant 

chemicals used were NaCl (Sigma-Aldrich), chondroitin sulfate 

A sodium salt (Sigma-Aldrich), dodecylbenzenesulfonic acid 

(TCI Europe), dextran sulphate sodium salt (Sigma-Aldrich), 

hyaluronic acid sodium salt (Sigma-Aldrich), lithium 

perchlorate (Fischer Scientific), poly(sodium 4-

styrenesulfonate) (Sigma-Aldrich), and sodium para-

toluenesulfonate (Sigma-Aldrich). The polymer was grown at a 

constant current density of 0.25 mA/cm2 for 10 minutes using a 

Ivium CompactStat (Netherlands). Once electropolymerisation 

was complete the polymer films were washed with DI water 

and dried with N2 gas. 

Profilometry 

The roughness of the polymer films was measured using a 

Dektak 6M Profilometer (Veeco Instruments Inc., NY). A 

stylus force of 3 mg was used to measure the roughness of three 

individual samples for each polymer(dopant) material.  

Contact Angle Goniometry 

The wettability of the polymer films was characterised using 

the Sessile Drop Technique with a CAM200 Optical Contact 

Angle Meter (KSV Instruments, Finland). The water contact 

angle was measured on three individual samples for each 

polymer(dopant) using Milli Q water (18 MΩ).   

Scanning Electron Microscopy 

The Scanning Electron Microscopy (SEM) micrographs were 

taken using a Leo 1550 Gemini SEM operating at 5.02 keV. 

The samples were coated with a layer of gold via evaporation.  

CPC Cell Cultures 

CPCs were isolated from the hearts of adult mice using a 

cardiac stem cell isolation kit (Millipore), according to the 

manufacturer’s protocol. The maintenance medium used was 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM/F12) (Sigma-Aldrich) supplemented with 10% FCS, 

1% penicillin – streptomycin (Invitrogen), 1X Insulin-

Transferrin-Selenium (ITS) (Invitrogen), 0.5% DMSO (Sigma-

Aldrich) and 20 ng/ml Epidermal Growth Factor 

(EGF)(Invitrogen). 

Late Outgrowth EPC Cell Cultures 

EPCs were isolated from peripheral blood of healthy blood 

donors, using density gradient centrifugation. Mononuclear 

cells (MNCs) were separated on Histopaque®-1077 Hybri-

Max™ (Sigma-Aldrich) according to the manufacturer’s 

protocol. Purified MNCs were plated on collagen type I coated 

6-well plates in complete EGM-2 medium (Lonza) with 10% 

FCS at a density of 1,5x107 cells per well. After 4 days, non-

adherent cells were removed and the medium was changed 

daily for the first week and every other day the following 

weeks. After 3-4 weeks endothelial cell colonies appeared. The 

EPCs were passed onto gelatin-coated cell culture flasks and 

further expanded. 

Preparation of Biomaterials for cell culture 

All samples were incubated overnight in 5x concentrated 

penicillin-streptomycin solution followed by thorough washing 

with sterile PBS. The materials were then incubated for 24h in 

sterile antibiotic-free medium to check the efficacy of the 

bacterial decontamination. If no microbial growth was 

observed, the samples were used for cell culture testing. 

Cell Culture Assays 

All decontaminated biomaterial samples were placed on the 

bottom of a 6-well cell culture plate and 3 ml of the appropriate 

cell maintenance medium was added.  The maintenance 

medium used was Dulbecco's Modified Eagle Medium: 

Nutrient Mixture F-12 (DMEM/F12) (Sigma-Aldrich) 

supplemented with 10 % FCS, 1 % penicillin – streptomycin 

(Invitrogen), 1X Insulin-Transferrin-Selenium (ITS) 

(Invitrogen), 0.5 % DMSO (Sigma-Aldrich) and 20 ng/ml 

Epidermal Growth Factor (EGF) (Invitrogen). Cells were 

collected by trypsinization and seeded at a density of 2 x 104 

and 5 x 104 cells per well for EPCs and CPCs, respectively. 

The same amount of cells was also seeded in empty wells for 

the CPCs and gelatin-coated wells for the EPCs and these 

served as controls. Once the control wells became confluent, 

after approximately 3 days of culture, all wells were stained 

with the LIVE/DEAD® Viability/Cytotoxicity assay 

(Invitrogen) according to the standard protocol. The stained 

cells were photographed with a Zeiss inverted fluorescent 

microscope using the Zen software (Zeiss). For every field, 

green and red fluorescence, corresponding to live and dead cells 

respectively, was documented under a 10x magnification. 

Cell Analysis 

Cell numbers were quantified using the cell count function in 

ImageJ (NIH). At least 2 fields were counted per sample. 

Statistical analysis was performed using 1-way ANOVA and 

student t-test (two tail). Representation of significance is 

denoted: * p < 0.01. 

 

Results and Discussion 

Surface Characterisation  

The roughness of the polymers was measured via profilometry 

and was observed to vary depending on dopant (Figure 2, 

bottom).  
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Figure 2. Contact angle (top) and roughness (bottom) values for each PPy(Dopant) material. Error bars are standard error. † 

 

 

The polymer PPy(LiClO4) was considerably rougher than 

the rest of the materials (1087 ± 155 nm), an observation 

reflected in the SEM micrographs of the material. The 

dopants CS, DS, pTS, and PSS produced materials with low 

roughness values (< 24 nm) comparatively. PPy(Cl) 

produced a higher roughness value than these dopants (54 ± 

13 nm), due to the larger, distinct nodular surface 

morphology. PPy(HA) had a high roughness value of 159 ± 

26 nm, of which the wrinkle structures observed in the SEM 

micrographs would have contributed to. The thickness of 

these polymer materials is of the range of 200-300 nm, 

grown under the same synthesis parameters as described by 

Gelmi  et al. [16]. 

 

The water contact angle of the polymer materials was 

observed to vary within a range of values from 19.7 ± 0.2° 

for PPy(Cl) to 72.4 ± 0.6° for PPy(pTS) (Figure 2, top). All 

of the materials demonstrate hydrophilicity, with PPy(pTS) 

being the least hydrophilic of the set.   

 

The surface of the PPy-dopant materials was analysed using 

SEM. The surface structure for the polymers shows the 

typical ‘cauliflower’ structure of PPy. The dopants CS, 

DBS, and DS produce polymer films with a uniformly 

smooth surface (Figure 3Ai, 3Bi), compared to the 

irregularly structured surfaces of the films synthesized with 

LiClO4 (Figure 3Ci), PSS, and pTS. PPy(Cl) has a uniform 

surface of distinct ~500 nm nodular structures. PPy(HA) 

shows the nodular structure but the overall surface 

topography is dominated by ‘wrinkles’ of the polymer 

surface, an effect which is the result of the polymer drying 

after synthesis.   

Cell Culture and Biocompatibility 

Fluorescent images of the CPCs on the polymer materials 

were obtained to determine the ratio of live cells to dead, 

and to calculate the cell density for each polymer (dopant) 

(Figure 3).  
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Figure 3. Comparison of PPy materials (A) PPy(DBS), (B) CS, and (C) LiClO4 with i. SEM micrograph (scale bar 10 µm), ii. Live/dead stain of EPC (scale bar 50 µm), iii. 

Live/dead stain of CPC (scale bar 50 µm).  

 

Figure 4a. Cell live/dead ratio values for each PPy(Dopant) material for CPC (top) and ECP (bottom). 4b. Cell density values for each PPy(Dopant) material for CPC 

(top) and ECP (bottom). Errors are standard errors. * p < 0.05  
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The live-dead ratio, Figure 4a, demonstrates that all of the 

materials have over 94% of EPCs alive 3 days post-seeding 

in culture. Compared to the rest of the polymer (dopant) 

materials, PPy(LiClO4) and PPy(HA) had the lowest CPCs 

live-dead ratio. The rest of the materials all have over 96% 

of the CPCs alive after the 3 days of culture. 

The EPC density values on the polymers, Figure 4b, show 

that PPy(CS), PPy(DBS), PPy(DS), and PPy(pTS) do not 

have a significantly different cell density to that of the 

control sample, a standard polystyrene cell culture plate. 

PPy(LiClO4), PPy(HA), and PPy(PSS) have a lower cell 

density than that of the control, and for PPy(Cl) the cell 

density is significantly lower than that of the control. 

 

The CPC density values, Figure 4b, show that for the 

exception of PPy(LiClO4) the polymer(dopant) materials do 

not have a significantly different cell density to that of the 

control sample.  

 

Cell Viability and Response to Physical Properties 

The EPCs showed very high live cell ratios on all the 

polymer samples, indicating that all the polymer(dopant) 

materials are able to support the EPCs and are 

biocompatible. For most polymer(dopant) materials the CPC 

live cell ratio was very high, indicating good 

biocompatibility. However, for PPy(HA) and PPy(LiClO4) 

the much lower live cell ratio indicates that these polymers 

are not the optimal materials for CPC growth. 

 

The roughness of the polymer appears to have an influence 

on viability of the CPCs; the high roughness of the polymers 

PPy(LiClO4) and PPy(HA) correlated with a low percentage 

of live CPCs. This high roughness is also reflected in the 

surface morphology of these polymers in the SEM 

micrographs (Figure 3Ci). The surface of the PPy(HA) 

material has large ‘wrinkles’, approximately 1 µm in width. 

These ‘wrinkles’ may not exist during the in vitro studies as 

they are most likely an artifact produced by the drying of the 

polymer. PPy(HA) has been observed to be hydrogel-

like[55], hence when in an aqueous solution the polymer 

will reabsorb water and swell. The irregular surface of the 

PPy(LiClO)4, with approximately 1 µm diameter nodules, 

may also contribute to the reduced viability of these 

surfaces. Poor neural stem cell viability on PPy(LiClO4) has 

been noticed before[14, 56].  The dopant HA, as a biological 

molecule present in the ECM, is also not expected to be 

toxic to living cells but has a history of producing poor 

viability PPy materials[20, 39].  

 

The reduced EPC and CPC cells viability and density on the 

rougher surface of PPy(LiClO4) compared to other materials, 

is also in line with the previous work of Bauer et al.47. They 

had reported that MSCs grew better on smoother surfaces 

with a nanofiber size smaller than 15 nm compared to 

nanofiber sizes of 50 nm and larger (normally, the larger the 

nanofiber size the rougher is the surface of the nanofiber 

scaffolds). In addition, factors such as dopant toxicity and 

poor initial cellular adhesion may also contribute to the poor 

viability on PPy(LiClO4). 

 

The EPCs show no significant sensitivity to changes in 

roughness of the polymers. The hydrophilicity of the 

polymer materials does not correlate with the surface 

roughness, leading to a range of contact angle values 

corresponding with low roughness values for the majority of 

the materials. No direct relationship between surface energy 

and cell density was observed for either CPCs or EPCs.  

 

Conversely, the CPCs display a sensitivity to the surface 

roughness of the materials. PPy(Cl) and PPy(pTS) have a 

difference of ∆52.7 ± 0.8° in their contact angle values and 

have similar CPC density values (1.7 ± 0.7 E-4 µm-2 and 1.7 

± 0.6 E-4 µm-2 respectively). The high roughness values of 

PPy(HA) and PPy(LiClO4) appear to have a strong influence 

on the CPC density, as the values are lower than the rest of 

the materials used. 

Cell Response to Dopant 

The polymer PPy(Cl) had the lowest EPC density value (7.7 

± 0.7 E-4 µm-2) for the set of materials, and was 

significantly lower than the control surface. The roughness 

and contact angle measurements for this material are 

significantly different from some of other dopants used in 

this study (i.e. CS, DBS, PSS). This suggests that leeching 

of dopant during the cell incubation may have had a 

detrimental effect on the cell population. As Cl- is a much 

smaller dopant than the rest used in this study, the ions can 

move out of the polymer in solution while the larger dopants 

(DBS, CS, DS, HA, PSS) will not leech from the polymer. 

The polymers PPy(CS) and PPy(PSS) were measured to 

have similar roughness and contact angle values, and both 

resulted in non-significantly different cell densities for EPCs 

and CPCs. The biomolecule CS is a component of the 

extracellular matrix, while PSS is a large polyelectrolyte; the 

cells however displayed no preference for the biologically 

doped polymer. The biological dopant HA produced largely 

poor results for CPC cell density, correlating with an 

extremely rough surface. While HA and CS are very similar 

in structure[16], the corresponding changes in polymer 

physical properties provided a much greater influence on the 

CPCs than any possible (bio-) chemical influence from the 

presence of the dopant. 

 

Therefore, both the CPC and EPCs show no significant 

preference for the ECM doped polymers over the non-

biological dopants used in this study. While some studies 

previously showed in the literature that the incorporation of 
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such ECM dopants do result in specific binding sites for 

integrin-cell intermediate proteins such as fibronectin[32], 

other studies confirm that non-biological dopants result in 

good viability too[14, 38, 57]. It seems the overall surface 

properties of these polymers appear to have a stronger 

influence on cell viability than the biological or non-

biological nature of the dopant. The variations in cells 

viability and density are likely due to the multifactorial 

nature of cells-biomaterials interactions. It is well-

understood that such interactions are governed by 

multifaceted parameters including chemical properties 

(composition, surface energy, etc.) and physical properties 

(roughness, porosity, etc.) of biomaterials as well as cells 

biological characteristics.  

 

Conclusions 

In conclusion, the success of the PPy substrates for cardiac 

stem cell support was directly influenced by the physical 

properties of the materials. While all PPy(dopant) materials 

provided a non-toxic environment for the cells to adhere and 

survive, CPCs showed a sensitivity to high surface 

roughness. Further studies can investigate changing the 

physical properties of a polymer(dopant) material via 

synthesis parameters to fully separate the influence of 

dopant and physical properties. Neither cell type showed any 

preference for the biologically doped polymers, with 

surfaces of similar physical properties displaying the same 

cell densities for both biological and non-biological dopants. 

These results will be vital in determining which polymer 

materials to move forward with into the investigation of 

electrical and mechanical stimulus of cardiac stem cells 

using electroactive polymers.   
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