
Use of polymers 
in tissue engineering

Ing. Leona Mahelová, Ph.D.

Doctoral Thesis Summary



 

Doctoral thesis summary 
 

Use of polymers in tissue engineering  
 

Využití polymerů pro tkáňové inženýrství  
 

 

 

 

Author:            Ing. Leona Mahelová, Ph.D.  

 

Degree programme: P0711D130024 Biomaterials and Biocomposites 

 

Supervisor: prof. Ing. Petr Humpolíček, Ph.D. 

 

Consultant: doc. Ing. Zdenka Víchová, Ph.D. 

 

Reviewers: doc. Ing. Jana Sedlaříková, Ph.D. 

 Mgr. Zdenko Špitálský, Ph.D. 

 

 
 

 

 

 

 

 

     

 

 

 

 

Zlín, September 2025 
 



© Leona Mahelová  

 

 

 

Published by Tomas Bata University in Zlín in the edition Doctoral thesis 

summary. 

The publication was issued in the year 2025.   

 

 

 

 

 

 

 

Key words:  Tissue engineering, conductive polymers, tissue scaffold design, 

cytocompatibility, cell-material interaction. 

 

Klíčová slova: Tkáňové inženýrství, vodivé polymery, návrh tkáňového nosiče, 

cytokompatibilita, interakce buňka-materiál. 

 

 

 

 

 

Full text of the Doctoral thesis is available in the Library TBU in Zlín. 

 

 

 

 

 

 

 

 

 

 

 

 

ISBN 978-80-7678-362-1 



ACKNOWLEDGEMENT  

  

First and foremost, I would like to express my deepest gratitude to my 

supervisor, prof. Ing. Petr Humpolíček, Ph.D. From my bachelor’s studies to the 

completion of this dissertation, he supported and guided me throughout my 

academic journey with patience, thoughtful advice, and encouragement 

invaluable at every stage.  

 

I am also grateful to my consultant doc. Ing. Zdenka Capáková, Ph.D. and all 

my colleagues for their help with my research and for making the office and lab 

environment supportive and fun. 

 

I would also like to sincerely thank Dr. Sonia Kotowicz from the University of 

Silesia in Katowice, Poland, for her warm welcome and, most importantly, very 

beneficial stay for my research.  

 

Finally, my heartfelt thanks go to my dear family, especially my parents, close 

friends, and my life partner, Ing. Danila Gorgol, whose love and unwavering 

support helped me persevere throughout this challenging journey. 

 

This dissertation was supported by the Centre of Polymer Systems, Tomas Bata 

University in Zlín and the funding provided by Internal Grant Agency under the 

student projects IGA/CPS/2020/001, IGA/CPS/2021/001, IGA/CPS/2022/001, 

IGA/CPS/2023/001, and IGA/CPS/2024/007. Additional funding was provided 

by the Czech Science Foundation under the projects 19-16861S and 13-07425S. 

All financial support is acknowledged in the corresponding publications 

resulting from this research. 

  



 

ABSTRACT  

  

Medicine and pharmacy have experienced significant advances in recent years, 

yet there are still unmet goals, such as complete tissue and organ construction. 

The successful artificial construction of any tissue is based on the design of the 

appropriate biomaterial and the culture conditions, both of which should mimic 

the tissues' natural environment. This thesis focuses on understanding the 

material-cell-environment interactions and in particular looks at the impact of 

conductive polymers, scaffold design, and advanced culturing methods on the 

engineering of not only electrically sensitive tissues. Through a review of 

current research and experimental studies, the aim of this work is to improve the 

understanding of this complex system and potentially contribute to techniques 

for the artifical formation of cardiac tissue de novo. 

  

Key words:  Tissue engineering, conductive polymers, tissue scaffold design, 

cytocompatibility, cell-material interaction. 

  



  

ABSTRAKT  

  

Medicína a farmacie prožívá za poslední roky významné pokroky, existují však 

stále nedosažené cíle, jako je například kompletní konstrukce tkání a orgánů. 

Úspěšné vytvoření jakékoli tkáně je založeno na návrhu vhodného biomateriálu 

a kultivačních podmínek, přičemž obojí by mělo napodobovat přirozené 

prostředí tkáně. Tato práce se zaměřuje na pochopení interakcí mezi materiálem, 

buňkou a prostředím a zejména se zabývá vlivem vodivých polymerů, 

konstrukcí scaffoldů a pokročilých metod kultivace na inženýrství nejen 

elektricky citlivých tkání. Cílem této práce je prostřednictvím přehledu 

současného výzkumu a experimentálních studií přispět k porozumění tohoto 

složitého systému a potenciálně přispět k technikám umělé tvorby srdeční tkáně 

de novo. 

 

Klíčová slova: Tkáňové inženýrství, vodivé polymery, návrh tkáňového nosiče, 

cytokompatibilita, interakce buňka-materiál.
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1. INTRODUCTION 

The standards and efficiency of medicine and pharmacy have been steadily 

increasing in recent years; however, some long-term challenges still remain, 

albeit in the distant future. The complete regeneration of any damaged tissue or 

organ within a living organism, or the acquisition of reliable results in drug 

testing on reconstituted tissues in a laboratory, eliminating the need for animal 

and clinical testing – these are the dreams that motivate researchers around the 

world to progress in the field of tissue engineering (TE).  

Central to this progress in TE is the development of biomaterials that can 

mimic the complex macro and microenvironment of native tissues. When a 

biomaterial is designed and fabricated appropriately, it promotes cell adherence, 

growth, migration, specific stem cell differentiation and expected phenotype 

manifestation. Among the diverse range of biomaterials, polymers have emerged 

as versatile candidates for TE applications mainly due to their highly tunable 

properties and biocompatibility. 

A subclass of polymers with intrinsic conductivity, called conductive 

polymers, has gained significant attention in TE strategies for their unique 

combination of facile synthesis and precise control over electron-based and ion-

based conductivity. These properties are essential aspects for the engineering of 

functional electrosensitive tissues, such as nervous or cardiac tissues.  

It is also important to consider that cell behavior is influenced not only by the 

carefully prepared biomaterial, but also by the environmental conditions during 

cultivation, which can amplify or suppress each other's effects. Thus, to obtain 

objective results from TE experiments, it is considered necessary to create 

dynamic culture conditions in a laboratory that will impose the same effects on 

the cells as in a living organism; for example, flowing media, mechanical 

stresses or electric fields. 

In this thesis, the milestones of TE, the role and use of various polymers in 

TE, and the factors that need to be considered in the design and biocompatibility 

testing of tissue scaffolds are discussed. The aim of experimental part is to 

uncover and improve the understanding of how biomaterials and cultivation 

conditions influence cell behavior. Through a comprehensive review of the 

current state of the art, experimental studies and innovative approaches, this 

work aims to contribute to the development of TE techniques that hold promise 

for repairing damaged cardiac tissues and improving the quality of life of 

countless individuals affected by heart-related disorders.  
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2. TISSUE ENGINEERING 

The first attempts to reconstruct damaged tissues were carried out by 

transplanting natural materials such as bone or skin from another organism, 

often resulting in limited success due to immune rejection and donor scarcity. 

With the advancement of medicine and material science, synthetic materials like 

metals, ceramics, and glass progressively became commonly used for medical 

implants and devices. However, physico-chemical properties of these materials 

restricted their use primarily to hard tissues, such as bone and dental tissue. The 

development of polymers marked a significant shift in tissue engineering (TE). 

2.1 Utilization of polymers 

Polymers have one huge and important advantage over these traditional 

materials – the ability to easily and widely modify all the (chemical, physical, 

mechanical, and technological) properties they possess. This entails 

an enormous variability in their structures and shapes, as well as polarity, 

durability, flexibility, conductivity, manufacturability, and manipulability, also 

biocompatibility and biodegradability, and many others. Polymers and in 

particular polymer-based composites can develop combinations of properties 

that cannot be achieved using other materials, such as aforementioned metals or 

ceramics. Thus, polymers can be customized to the specific needs of an 

individual patient and his issues. In addition, polymers have relatively easy 

manufacturing and secondary processability with little material waste, plus they 

are usually reasonable priced.  

Polymers vary widely in their structure and properties. Natural polymers, 

such as deoxyribonucleic acid (DNA), hyaluronic acid (HA), or cellulose, play 

essential roles in biological systems, providing structural support, signaling, or 

genetic information. In contrast, synthetic polymers, such as polyurethane (PU) 

or polyvinylidene fluoride (PVDF), and much more, are engineered and 

extensively used in medicine and TE mostly for their versatility and stability.  

Recently, attention has turned to conductive polymers.  

2.1.1 Conductive polymers 

Conductive polymers have electron-based and ionic-based conductivity and 

magnetic properties combined at the same time with low density and easy 

processability. Chemical structure of conductive polymers is specific by the 

conjugated π–bonds and binding sites for doping ions. They also can adopt 

various redox states and switch between them depending on environmental 

conditions. As a result, these polymers are preferably used in electrically 



10 

sensitive applications, which are in biomedicine: scaffolds for cardiac and neural 

TE and biosensors. To date, polyaniline (PANI) and polypyrrole (PPy) have 

been at the forefront of research on conductive polymers for the last decade. 

However, there are also other hitherto neglected conductive polymers and 

polyazulene (PAz) is one of them. Thin layers of these conductive polymers in 

tissue culture dishes (TCDs) are shown in Figure 2.1. 

 

Figure 2.1 Concuctive polymer films: (left) PANI, (middle) PPy, (right) PAz films on 

TCDs all prepared by in situ chemical polymerization oxidized with APS. (Figure 

made by the author of this thesis). 

Polyaniline 

PANI has garnered significant attention due to its unique redox states, which 

include leucoemeraldine, emeraldine, and pernigraniline. The emeraldine salt 

form is highly conductive (up to 1.29 × 10³ S/cm under optimal conditions and 

full protonation). (Venkatesh and Vishista, 2018). However, this same form also 

shows significant cytotoxicity compared to the less conductive emeraldine base. 

(Beygisangchin et al., 2021a; Borah et al., 2022) Toxicity depends on oxidation 

state, molecular weight, and type of dopant (Kašpárková et al., 2016) Moreover, 

PANI conductivity decreases in physiological environments due to pH shifts and 

ionic interactions, leading to deprotonation and performance loss. (Du et al., 

2016)  

Polypyrrole 

Compared to PANI, PPy offers greater environmental and chemical stability, 

making it a strong candidate for biomedical applications. Although some studies 

confirm that PPy extracts are non-toxic and do not cause hemolysis or 

mutagenesis in vivo (Wang et al., 2004), other reports question its 

cytocompatibility with various cell types. (Ateh et al., 2006) Cytotoxicity 

appears to depend on whether PPy is in its salt or base form (Humpolicek et al., 

2018a), as well as on the presence of low molecular weight byproducts, which 

can influence stem cell neurogenesis. (Skopalova et al., 2021)  
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Polyazulene 

Azulene (see Figure 2.2) is a dark blue isomer of naphthalene, containing 5- 

and 7-membered combined rings, which can be oxidized to an azulenylium 

carbocation. This cation is more stable than azulene itself and has an electron-

donating feature influencing electrochemical synthesis. (Neoh et al., 1988; 

Iwasaki et al., 1993; Latonen et al., 2009) It is not that often used but PAz can 

also be polymerized by a chemical reaction with brominated or jodinated azulen. 

(Neoh et al., 1988; Wang et al., 2003; Kaewchingduang et al., 2019) PAz 

polymerization also has been carried out by a direct chemical reaction of azulene 

with an oxidizing agent. (Grądzka et al., 2018) 

In the synthesis of PAz, mostly 2 types of azulene monomer binding occur: 

1,3 bonding and 1,5 bonding. The former leads to a planar configuration that 

forms a long conjugated chain favorable for π–electrons delocalization and high 

electric conductivity respectively. The second type of bonding, where the planar 

configuration is disrupted by steric crowding due to van der Waals radius of 

hydrogen atoms and the conductivity is thus reduced. (Gao et al., 2019; Hou et 

al., 2022; Iwasaki et al., 1993; Murai et al., 2012; Zhuang, 2020)  

Still, the conductivity of non-substituted PAz is a very questionable issue. It 

may be apparently increased by protonation. (Wang et al., 2003) This is given 

by various redox states PAz can take on. (Latonen et al., 2009) These different 

redox states might also influence biocompatibility of PAz; however, to my 

knowledge, it has not been researched or at least published yet. 

Suggesting that conventional PAz should be called polyazulenylene or 

dehydropolyazulene, Kihara et al., 1997 introduced a cationic polymerization 

method for "true polyazulene" (truePAz). The synthesis involved dissolving 

azulene in heated trifluoroacetic acid, followed by precipitation in methanol 

with triethylamine. The resulting brown powder contained 71% truePAz (see 

Figure 2.2) and 29% truePAz-acetate complex. 

                    

Figure 2.2 Scheme of (left) azulene, (middle) PAz, and (right) truePAz. (Figure made 

by the author of this thesis). 
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3. POLYMERIC SCAFFOLD DESIGN 

When creating a potential biomaterial, the site of the intended application 

must first be considered. This is due to the vast differences in properties and 

functions across various tissues. Therefore, the successful assembly of scaffolds 

or biocomposites depends on understanding their interactions with cells and 

good biomimicry of the target tissue. Achieving suitable results thus relies on 

the design and fabrication of biomaterials with cell-specific properties. The 

proces of scaffold designing is schemed in Figure 3.1.  

 

Figure 3.1 Simplified scheme of the main steps required for successful design of 

bioactive polymer scaffolds. (Figure made by the author of this thesis). 

Scaffold design starts with choosing matrix that provides mechanical 

support and a 3D framework for cells. Natural polymers offer biocompatibility 

but often lack stability, while synthetic polymers provide strength but are less 

bioactive. The elasticity and mechanical strength of HA scaffolds can be finely 

tuned through chemical modifications and cross-linking techniques to develop 

hydrogels that mimic ECM and support cell adhesion, proliferation, and 
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differentiation. (Gorgol et al., 2024; Nimmo et al., 2011; Rezaeeyazdi et al., 

2018; Vítková et al., 2022). The mechanical properties must match the target 

tissue – soft materials for brain, stiffer for bone. Mismatches can impair cell 

behavior. (Fu et al., 2010; Maity and Sarkar, 2017) Some polymers possess also 

other advantageous properties, such as PVDF, which is promising for neural and 

cardiovascular use thanks to its piezoelectricity. (Adadi et al., 2020; Kitsara et 

al., 2022; Li et al., 2019; Lins et al., 2017)  

Various additives can be incorporated into the polymer matrix to modify 

different properties, including mechanical stability/degradation, bioactivity, as 

well as conductivity or stimuli responsiveness. The range of additives and their 

effects is as extensive as the range of polymers and their properties. Recent 

interest has focused on "smart scaffolds" that respond dynamically to 

environmental stimuli (e.g. magnetic fields), often created by embedding 

nanoscale active fillers into polymer matrices. (Bardajee and Hooshyar, 2014; 

Cvek et al., 2020; Tanasa et al., 2020; Vítková et al., 2022) 

The next step is to process the matrix, with or without additives, into a scaffold 

with a suitable architecture. Creating a 3D shape makes the scaffold habitable 

for cells and can also generate specific cell-instructive signals. The main 

requirement for a 3D construct in TE is porosity. Pores must be interconnected 

to allow the migration of cells in the inner parts of a scaffold as well as the flow 

of the culture medium for nutrient supply and waste outflow. (Mukasheva et al., 

2024) Technologies like electrospinning and 3D bioprinting enable the creation 

of aligned or complex, patient-specific scaffolds that impact cell morphology, 

mechanical response, and even support neural tissue formation in vivo. (Fee et 

al., 2016; Smith and Mele, 2021; Yin et al., 2010) 

Last but not least, the surface of the designed and prepared scaffold is the 

site that directly interacts with cells and thus strongly affects the scaffold's 

success. Surface properties, such as chemical composition, physical properties, 

topography (Kulkarni et al., 2017; Nikkhah et al., 2012; Unadkat et al., 2011; 

Wrzecionko et al., 2017), or biological activity (Tallawi et al., 2015; Van 

Vlierberghe et al., 2011; Wu et al., 2020) strongly affect cell adhesion and 

response, and overall bioactivity. All these influencing factors can be modified 

all at once by surface coating. In addition, if the surface is coated with 

conductive polymers, another important cell-instructive cue occurs – 

conductivity (see Figure 3.2). (Grancarić et al., 2018; Hirata et al., 2010; Lee et 

al., 2022)  
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Figure 3.2 Scheme of the conductivity range of conductive polymers in compaison to 

other materials. (Grancarić et al., 2018)  

 

4. BIOLOGICAL TESTING 

4.1 Static versus dynamic cultivation conditions 

Most in vitro studies on biomaterials are conducted under static conditions, 

which limit nutrient transport and poorly replicate the in vivo environment. 

Bioreactors address these issues by introducing dynamic stimuli improving cell 

behavior and tissue development. (Baker and Goodwin, 1997; Chen and Hu, 

2006; Hammond and Hammond, 2001) All bioreactors apply one specific 

stimulus to the cells – hydrodynamic shear stress of the flowing medium. 

However, there are also other advanced types of bioreactors applying other 

external stimuli.  

4.1.1 Mechanical forces 

Mechanical stimuli are essential in native tissue environments and directly 

influence cell behavior through mechanosensitive structures. Even during static 

culture, cells experience hydrostatic pressure, substrate stiffness, and 

intercellular tension, but bioreactors introduce additional forces like 

hydrodynamic shear and specific cyclic loading. Such stimuli regulate 

physiology, including F-actin formation and vascular morphogenesis, and affect 

cell–cell interactions. (Citi, 2019; Joung et al., 2006; Le et al., 2016; Rodriguez-

Boulan et al., 2005) However, inappropriate strain may cause issues in tissues as 

can be seen in vivo, such as chronic hypertension in blood vessels resulting in 

vascular endothelium dysfunction or chronic fast and shallow breathing that 

destructs the lung epithelium. (MacNee, 2006; Peng et al., 2019) 
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The foundational observation of load-dependent bone remodeling by Wolff 

(1892) initiated studies on how mechanical forces affect proliferation, migration, 

and stem cell differentiation. (Chen and Hu, 2006; Le et al., 2016; Lee et al., 

2005; Nikkhah et al., 2012; Nokhbatolfoghahaei et al., 2020; Rosenfeld et al., 

2016) Cellular responses vary based on origin – vascular endothelial cells 

endure 2D stretch from blood flow, while lung and heart cells face 3D cyclic 

strain. (Man et al., 2022)  

 

4.1.2 Electrical field 

Electrical stimulation plays a crucial role in TE, especially for tissues that are 

electrosensitive. Studies have shown that electric fields promote cell growth, 

migration, and differentiation, particularly into neural and cardiac lineages. (He 

et al., 2019; Nazari et al., 2020; Shrestha et al., 2019; Yan et al., 2020)  

Conductive polymers, such as PPy and PANI, enhance these effects by 

providing bioactive, cell-instructive substrates. (Gajendiran et al., 2017) In nerve 

repair, chitosan/PPy scaffolds combined with electrical stimuli improved 

neurotrophin secretion and accelerated axonal regeneration in vivo. (Huang et 

al., 2012; Qi et al., 2013) Aligned conductive fibers also better mimic neural 

ECM, supporting regeneration after complex injuries. (Jin et al., 2022; 

Pourkhodadad et al., 2023) In cardiac applications, polyethersulfone/PANI 

scaffolds enhanced cardiomyogenesis and impulse conduction when exposed to 

uniaxial electrical fields. (Mohammadi Amirabad et al., 2017) Similarly, 

PPy/chitosan hydrogels synchronized contractions between isolated 

cardiomyocyte clusters and improved electrical propagation in scar tissue post-

injection (Cui et al., 2018). Thus, conductive polymers paired with electrical 

stimulation offer promising strategies for functional tissue regeneration. 

4.1.3 Magnetical field 

Magnetic external stimuli can significantly affect cell behavior by altering 

membrane properties, activating biochemical pathways, and enhancing 

signaling. Static magnetic fields, for instance, influence membrane fluidity and 

ion channels, promoting differentiation in cells like osteoblasts. (Yang et al., 

2018), while alternating fields can trigger calcium influx via mechanosensitive 

channels (Wong et al., 2018). Additionally, magnetic forces can guide cell 

alignment and migration, resulting in improved tissue organization and 

functionality. (Du et al., 2017) Overall, magnetic manipulations provide 

dynamic approach for controlling cellular behavior in various TE applications.  
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4.2 Cell image analysis 

There are two main approaches to evaluating the effects of biomaterials or 

culture conditions on cell viability and behavior. The first involves assays like 

MTT or neutral red uptake, which use flow cytometry or spectrophotometry to 

detect viability markers in living or dead cells. These are suitable for high-

throughput testing but may be limited by factors like material coloration or 

solvent interactions. The second approach uses fluorescence microscopy to 

visualize cell morphology and internal structures, though interpretation relies 

heavily on the researcher’s expertise. 

When standard methods aren't applicable, image analysis offers an 

alternative. Software CellProfiler (Carpenter et al., 2006) enable to quantify and 

qualify cellular features such as cell count, size, shape, and protein localization. 

(for example, Figure 4.1) This method supports large-scale data processing and 

enables evaluation of cell cycle, migration, or yeast growth. 

 

     

Figure 4.1 Example of the cell image analysis: On the left – fluorescence 

microphotograph of NIH/3T3 mouse fibroblasts grown on a tested material. On the 

right – the process of the image analysis focused on the cytoplasm size and shape. 

(Figure made by the author of this thesis). 
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5. OBJECTIVES OF THE THESIS  

The main objective was to advance our understanding of how to coordinate 

the key components, such as biomaterial design, external stimuli, and selected 

cell lines, in order to achieve harmonious integration leading to the de novo 

formation of functional tissue, much like orchestrating individual instruments to 

create a cohesive and beautiful symphony.  

 

To achieve this objective:  

• Various thin films and scaffolds with potentially bioactive properties 

were designed and fabricated. 

• Material properties of such films and scaffolds were characterized to 

reveal their compliance with requirements. 

• Cytocompatibility and bioactivity of such films and scaffolds were 

determined using advanced in vitro biological evaluation to confirm 

the performance quality. 
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6. EXPERIMENTAL PART 

6.1 Preparation of thin films 

In the field of TE, conductive polymers have been very well known as highly 

promising materials, particularly for applications involving electrosensitive 

tissues, such as cardiac and neural systems. Their unique ability to conduct 

electrical signals makes them ideal for supporting the function and regeneration 

of cardiomyocytes, which rely heavily on synchronized electrical activity. 

Additionally, conductive polymers have shown potential in enhancing wound 

healing in skin tissue by promoting cell migration and proliferation under 

electrical stimulation.  

During my research of conductive polymers, I focused on PANI, PPy, and 

PAz, each offering distinct advantages. PANI is known for its controllable 

conductivity and redox states, while PPy boasts more stabile electroactivity in 

biological environment. In contrast, PAz introduces a unique nonbenzenoid 

backbone that may open new avenues for functional design, but its practical 

advantages in TE remain unknown. 

Conductive polymers were predominantly synthesized via chemical 

oxidative polymerization. With the aim of their application in TE, emphasis 

was placed not only on producing polymer powders, but especially on the 

fabrication of thin films. In the case of PAz, however, the results obtained 

through conventional chemical synthesis were questionable. Therefore, 

alternative approaches were employed: electrochemical synthesis of 

polyazulene and chemical synthesis of so-called ‘true polyazulene’.  

Due to the high novelty of the research of PAz, the preparation procedure and 

results are not included in the dissertation. However, the committee will have 

access to the manuscript that has been submitted to a peer-reviewed journal. 

The key material property investigated was the specific conductivity, 

determined using the four-point van der Pauw method. Furthermore, surface free 

energy by contact angle was analyzed, as it significantly influences cell and 

protein adhesion at the material interface. These and additional characterization 

techniques were conducted in collaboration with colleagues from the Centre of 

Polymer Systems and the Faculty of Technology, Tomas Bata University in 

Zlín. 
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6.2 Preparation of scaffolds 

Another part of the research was the preparation and subsequent modification 

of various polymeric substrates in order to create a biocompatible scaffold with 

multiple cell-instructive cues. The choice of materials of interest must be in 

accordance with the intended application. For heart TE, thus, the scaffold must 

possess significant elasticity since cardiomyocytes are responsible for the 

contraction of the heart. Cohesion and rift resistance were also important 

properties necessary for reliability under further handling and stress.  

The primary substrate I focused on was medical-grade PU electrospun into 

nanofibrous mats. After process and post-process optimization, scaffold with 

stable cytocompatibility was obtained. However, the product of electrospinning 

had randomly oriented fibers. To better mimic in vivo environments such as 

extracellular matrix or myocardium structure and thus provide cells with cues, 

anisotropy needed to be involved in the substrates. Therefore, the PU mats were 

modified to align their fibers in one direction. Whether the anisotropy was not 

only structural, but also mechanical, was determined by tensile testing.  

Another material I investigated as a suitable alternative for the preparation of 

tissue scaffolds for electrosensitive tissues was PVDF and its copolymers. This 

material is particularly interesting due to its piezoelectric properties and, as 

demonstrated this work, its good cytocompatibility. With the use of a new 

electrospinning device, it was possible to fabricate anisotropic nanofibrous 

scaffolds directly during the spinning process, rather than through post-

processing, as was the case with polyurethane. 

The main functions of cardiomyocytes are induction, propagation, and 

reaction to electrical impulses. Thus, scaffold conductivity, which facilitates 

cell-to-cell communication, serves as a strong cellular cue possibly promoting 

stem cell cardiomyogenesis. For this purpose, conductive polymers were applied 

to substrate surfaces by in situ polymerization.   

Characterization of the physicochemical properties of the prepared scaffolds 

was carried out in cooperation with my colleagues from the Center for Polymer 

Systems and the Faculty of Technology of Tomas Bata University in Zlín.  

However, even the most sophisticated scaffold design is useless when cells 

do not adhere to the scaffold. This occurs for many reasons; for example, 

unsuitable functional groups on the surface and associated too low or too high 

free surface energy. These limitations in cytocompatibility were overridden by 

coating the scaffold's surface with serum albumin and bovine gelatin. 
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6.3 Cytocompatibility testing 

The research was followed by a series of cytocompatibility tests, utilizing 

unipotent cells – mouse embryonic fibroblast cell line NIH/3T3, human 

keratinocyte cell line HaCaT, and totipotent cells – mouse embryonic stem cell 

line ES R1, including their formation of embryonic bodies that differentiated 

towards cardiomyocytes.  

A series of standard experiments was implemented to determine the overall 

cytocompatibility of the prepared thin films and scaffolds. In addition to these 

biomaterials, the author cooperated with other colleagues and characterized the 

biological properties of other scaffolds with a potential for employment in TE 

of electrosensitive tissues: porous scaffolds made of CIPs, hyaluronan-based 

hydrogel scaffolds containing CIPs, and Pebax scaffolds.  

Another essential component of my study was the dynamic cell cultivation. 

The cultivation of cells with various external stimuli is intended to mimic in vivo 

physiological conditions. Using three different bioreactors, as well as self made 

electrodes, I devoted myself to explore the use of electromagnetical filed, 

hydrodynamic shear stress, and tensile strain as such external stimuli to cells. 

During my research activity, I encountered several approaches to evaluate 

cell viability, such as MTT, ATP, and Red uptake assays, and the use of UV-

VIS. For cell morphology visualization, optical microscope, fluorescence 

inverted microscope, and confocal laser microscope were used. For the 

observation of cellular migration, a scratch assay was used.  

Cell image analysis is an advanced evaluation technique that allowed to 

quatify viable cells which could not be quantified by other standard approaches. 

Moreover, it was used it to qualify cell morphology more accurately. Cell image 

analysis was performed in the open-access CellProfiler software. 
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7. SELECTED PROCESSING METHODS 

7.1 Synthesis of conductive polymers 

PANI powder was synthesized via chemical oxidative polymerization. A 

0.2 M aqueous solution of aniline hydrochloride (Penta, Czech Republic) was 

mixed with a 0.25 M aqueous solution APS (Sigma-Aldrich, USA) at room 

temperature. After 24 h, the resulting green precipitate was vacuum filtered, 

thoroughly washed with 0.2 M hydrochloric acid (HCl, Penta, Czech Republic) 

and methanol (Penta, Czech Republic), and then air-dried.  

PANI films were formed directly on TCDs, or indium tin oxide (ITO) glass, 

or pre-fabricated scaffolds by in situ polymerization that was carried out under 

the same conditions as the synthesis of PANI powder, except for earlier 

termination of the polymerization reaction, specifically after 1 h. 

PPy powder was synthesized via chemical oxidative polymerization. A 0.2 M 

aqueous solution of pyrrole (Sigma-Aldrich, USA) was mixed with a 0.25 M 

aqueous solution of either APS or anhydrous FeCl₃ (IPL, Czech Republic) at 

room temperature for 24 h. The resulting black precipitate was vacuum filtered, 

thoroughly washed with 0.2 M HCl and methanol, and then air-dried. 

PPy films were formed directly on TCDs, or ITO glass, or pre-fabricated 

scaffolds by in situ polymerization that was carried out under the same 

conditions as the synthesis of PPy powder except for earlier termination of the 

polymerization reaction, specifically after 60 s. 

7.2 Preparation of scaffolds 

PU Desmopan 385 S (Covestro AG, Germany) was electrospun into 

nanofibrous mats using the electrospinning device Nanospider (Elmarco, 

Czechia). The PU solution was extruded into 32 jets into a 75 kV electric field to 

the planar collector with a moving film. The alignment of fibers in one direction 

was introduced by hand stretching of the PU mats above a 150 °C heat source 

with subsequent securing to a microscope cover glass.  

PVDF with various molecular weights (Sigma-Aldrich, USA) was dissolved 

in dimethylformamide (Sigma-Aldrich, USA) at 60 °C while stirring for at least 

1 h to create a 10 wt. % solution. Electrospinning was then done on the device 

built by colleagues at the Faculty of Technology, Tomas Bata University in Zlin. 

The solutions were extruded from 1 jet into a 14–40 kV electric field to either a 

planar or a cylindrical collector. The higher the speed of cylinder rotation, the 

more aligned the fibres. 
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7.3 Material characterization 

The electric conductivity of conductive films was determined by the four-

point van der Pauw method. A system consisting of Keithley 6517B 

electrometer, Keithley 2410 source meter, and Keithley 7002 switch (Keithley 

Instruments, USA) was used at room temperature. 

Measurements of contact angles on conductive films were done by a Theta 

Optical Tensiometer (Biolin Scientific, Finland) with demineralized water, 

ethylene glycol, and diiodomethane (all from Sigma-Aldrich, USA). Contact 

angles were measured at 10 µL droplets after (10 ± 2) s at room temperature 

with consequent ten times repetitions. The surface free energy was calculated 

using the "acid-base" method. 

Tensile properties of PU mats were measured on MT350-5CT (Testometric, 

UK). The samples were cut in a rectangle shape with a length of 40 mm, width 

of 10 mm, and thickness of 0.015 mm. The elongation was carried out with a 

speed of 100 mm/min. and at the room temperature. 

7.4 Cell lines 

Mouse embryonic fibroblast cell line NIH/3T3 (ATCC CRL-1658 NIH/3T3, 

USA and ECACC 93061524, England) was cultivated in Dulbecco's modified 

eagle’s medium (BioSera, France) + sodium hydrogen carbonate (Penta, Czech 

Republic) + calf serum (to 10 vol. %) (BioSera, France) + 100 µg/mL antibiotics 

penicillin/streptomycin (to 1 vol. %)  (BioSera, France).  

Human keratinocyte cell line HaCaT (Boukamp et al., 1988) was cultivated 

in RPMI medium 1640 with L-glutamin (Gibco™, USA) + sodium hydrogen 

carbonate + fetal bovine serum (to 10 vol. %)  (Gibco™, USA) + 100 µg/mL 

antibiotics penicillin/streptomycin (to 1 vol. %). 

Mouse embryonic stem cell line ES R1 was cultivated in Dulbecco's 

modified eagle’s medium (Gibco™, USA) + fetal calf serum (to 16.5 vol. %)  + 

100 µg/mL antibiotics penicillin/streptomycin (to 1 vol. %) + 100 mM of non-

essential amino acids (Gibco™, USA) + 0.05 mM β-mercaptoethanol (Sigma-

Aldrich, USA) + 5 ng/mL leukemia inhibitory factor (LIF) (Chemicon, USA).  

Mixed cell population was created by two approaches. First, fibroblasts and 

stem cells were seeded on scaffold surface at once. Second, the fibroblasts were 

seeded first and after 24 h of cultivation, stem cells were seeded on top of the 

fibroblasts. In both approaches, the stem cell line culture medium containg LIF 

was used.  
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7.5 Cultivation under static conditions  

All cell lines cultivated under standard static conditions were maintained in a 

HERAcell 150i incubator (Thermo Scientific, USA) under standard culture 

conditions: 5% CO₂ atmosphere, a stable temperature of 37 °C, and consistent 

relative humidity. 

Extracts of various tested materials were prepared according to ISO 10993-

12 standards. The cytotoxicity testing was carried out with MTT assay, ATP 

assay, or Neutral red uptake assay conducted according to the ISO 10 993-5.  

All tested materials were sterilized before coming in contact with cells. The 

method of sterilization was chosen in accordance to the material properties. 

Cells were seeded onto the surface of the tested materials and references at 

various concentrations. For stem cells, all tested substrates, including references, 

were coated with 0.1 % gelatin from bovine skin (Sigma-Aldrich, USA) in 

ultrapure water. 

To evaluate the migratory capacity of cells, the scratch assay was carried out. 

In this method, a uniform straight scratch was manually introduced into 

a confluent monolayer of cells using a sterile pippet tip or a strip mask. The 

migration of cells into the wound area was monitored and documented using 

optical microscopy at defined time intervals. 

7.6 Cultivation under dynamic conditions  

Dynamic cultivation builds on standard static conditions by introducing 

external stimuli while keeping the same controlled environment within the 

incubator (37 °C, 5% CO₂, high humidity). 

Direct electrical current stimulation was introduced to cells through selfmade 

electrodes. Cells were exposed to either constant or pulsed direct current 

electrical stimulation, with varying exposure/pause intervals and voltage levels 

ranging from tens of volts lasting minutes to tens of millivolts lasting for hours.  

To apply hydrodynamic shear stress, the Rotary cell culture system 

(Synthecon, Inc., USA) and the Ibidi pump system (Ibidi, Germany) were used. 

For the former, cells were pre-adhered to a substrate that was then attached to a 

sel-made holder and placed in to the Rotary system. For the latter, the cells were 

seeded directly in to the testing chamber. Both systems allowed for the 

continuous circulation of culture medium over cell monolayers, creating 

controlled hydrodynamic shear stress conditions 
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The TC-3 bioreactor (Ebers Medical Technology, Spain) enables the 

application of multiple stimuli at ones: hydrodynamic shear stress from flowing 

media, tensile strain from stretching, and electrical pulses delivered by 

electrodes. Cell cultivation on electrospun PU mats was conducted with 

fibroblasts and embryonic stem cells. The cells were allowed to proliferate under 

static conditions for 3 days before being transferred to the bioreactor. The 

system was set to apply cyclic stretching (1 mm at 1 mm/sec speed) for various 

time periods (e.g. 10 min of stretching followed by 50 min pause) together with 

electrical field or pulses (0.1 V) over a 3-day period. Due to repeated infections, 

gentamycin (20 µg/mL) was added to the medium to prevent contamination. 

7.7 Cell morphology visualization 

For regular checks on cell behavior, a phase-contrast optical microscope 

(Olympus IX51, Japan) was employed. For a further determination of cellular 

morphology, the cells were fixed with 4% formaldehyde (Penta Chemicals, 

Czech Republic) in ultrapure water and permeabilized with 0.5% Triton X-100 

(Sigma-Aldrich, USA) in phosphate-buffered saline. Fluorescent dyes 

ActinRed555 or ActinGreen488 (Life Technologies, USA) and Hoechst 33258 

(Sigma-Aldrich, USA) were used for staining. ActinRed or ActinGreen binds to 

the proteins contained in the cytoskeleton of the cells and Hoechst penetrates the 

nuclei of the cells where it binds to the DNA. Then the stained cells were 

observed under a phase-contrast inverted fluorescence microscope (Olympus IX 

81, Japan). In the case of 3D scaffolds, a confocal laser scanning microscope 

(Olympus FV3000, Japan) was used.  

7.8 Image analysis  

Cell image analysis is used to, among other things; more accurately quantify 

cells as well as qualify cell morphology. The image analyses were performed in 

the open-access CellProfiler software 4.0.7. (Carpenter et al., 2006) 

For successful and more presice analysis, the fluorescent cell photographs 

were divided into separate images of nuclei and cytoskeletons, converted to 

grayscale, and slightly adjusted for higher contrast and less fluctuation in 

brightness, especialy those caused by substrate structural inequities.   

Cell image analysis provides a variety of results, such as cell/cytoskeleton/ 

nucleus number, area, perimeter, major and minor axis length, eccentricity, 

orientation and much more. Therefore, only the most relevant features were 

always selected and discussed. Cellprofiler was also used to evaluate scratch test 

assays.  
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8. SUMMARY OF RESULTS 

8.1 Polypyrrole surface coating within a minute  

The author of this thesis researched, during her doctoral studies, several 

methods to enhance the overall performance of conductive polymers. However, 

her main attention was paid to the preparation of polymer conductive coatings 

that can be synthesized directly on various surfaces by a method as easy, fast, 

and versatile as possible. The fulfillment of these conditions is necessary for the 

successful application in practice. 

Such synthesis of PPy can be achieved by chemical oxidative polymerization, 

enabling the formation of both powder and thin film forms suitable for 

biomedical integration. While effective, utilizing this method for PPy coating 

often requires electrical input, uncommon solvents or stabilizers, long reaction 

times, and/or low temperatures. (Golgovici et al., 2020; Maráková et al., 2017; 

Thunberg et al., 2015) 

Through a series of chemical in situ oxidative polymerizations of PPy under 

different settings and conditions, a method was developed that allows the 

synthesis of a uniform conductive layer of PPy in aqueous solution without any 

additives at room temperature, all done within a minute. The description of this 

PPy coating method alongside its characterization, application on PU fibrous 

scaffolds, and cytocompatibility testing was published by Mahelová, L., 

Slobodian, P., Kocourková, K., Minařík, A., Moučka, R., Trchová, M., 

Martínková, M., Skopalová, K., Víchová, Z., Kašpárková, V., Humpolíček, P., 

2024. Method for in situ polypyrrole coating, and the example of its use for 

functionalization of polyurethane anisotropic electrospun mats. Heliyon 10. 

https://doi.org/10.1016/j.heliyon.2024.e27883. 

The simplicity of this PPy thin layer synthesis method makes it well-suited 

for routine use or large-scale production. Scientific progress often depends not 

only on the publication of methods that can be reproduced by other researchers. 

The value of this article lies not only in the introduction of a novel procedure for 

the preparation of PPy films, which in itself represents a significant scientific 

contribution, but also in the clear documentation of the specific skills required 

for the successful fabrication of these films. In particular, it highlighted the 

necessity of maintaining a very short polymerization time, which is critical for 

achieving reproducible results. Also, due to the reaction’s rapid pace, precise 

control of polymerization time is crucial. As shown in Article I, prolonged 

https://doi.org/10.1016/j.heliyon.2024.e27883
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reaction leads to the growth of PPy particles until they detach from the surface, 

compromising the coating continuity. Conversely, the earlier the polymerization 

procedure is terminated, which can be done by removing the reaction solution 

and rinsing the newly formed PPy with hydrochloric acid, the more uniform PPy 

coating layer is manufactured. 

Additionally, PPy coatings synthesized within only 15 seconds demonstrated 

favorable conductivity levels, specifically in higher tens of S/cm. These are 

relatively good conductivity results since similar PPy products may occupy a 

range beginning at zero or approximately 10-10 S/cm, ending with less than 

2×103 S/cm. (Gh et al., 2017; Guimard et al., 2007; Mahmoodian et al., 2015; 

Navale et al., 2014; Pang et al., 2021; Sasso et al., 2011; Thunberg et al., 2015). 

To establish the conductivity of PPy thin layers, the four-point van der Pauw 

method was utilized as it is commonly used for measuring the resistivity of thin-

shaped materials. (Kašpárková et al., 2017; Patois et al., 2010) However, the 

drawback of this method is that it is strongly dependent on the film thickness.  

To measure the true thickness of PPy thin-layer coatings, the clear edge had 

to be created first. Figure 8.1 shows how this was achieved. A silicon mask was 

placed to the centre of a TCD and firmly clamped to its surface. Then, the in situ 

oxidative polymerization of PPy was carried out as usual. After the reaction 

termination, it was left to dry (still clamped), and only after that, the mask was 

removed, revealing the rectangular shape of the pristine TCD surface with clear 

edges, where the thickness of the PPy film was then determined by profilometry. 

  

Figure 8.1 Creation of edges in PPy film: (left) the silicon mask placed and secured in 

the middle of a TCD, (right) the resulted PPy film after the mask removal. (Figure 

made by the author of this thesis). 
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8.2 Polyazulene holds great potential in tissue engineering 

Polyazulene is particularly intriguing due to its unique nonbenzenoid 

structure, which imparts unconventional electronic properties along with 

potentially favorable mechanical and optoelectronic behavior; however, despite 

these promising characteristics, it has not yet been explored within the field of 

biomedicine, making it a novel and entirely untapped material in this context. 

An article addressing this issue was prepared and submitted for peer review. At 

the time of submitting this dissertation, the article had not been published yet. 

Therefore, the methodology and results are not presented here; however, the 

article will be available for inspection during the thesis defence: Mahelová, L., 

Trchová, M., Kotowicz, S., Škoda, D., Kocourková, K., Víchová, Z., Vícha, J., 

Kašpárková, V., Humpolíček, P., 2025. Is polyazulene cytocompatible? It 

depends. Beyond the scope of the paper, I can present the following results.  

In addition to chemical polymerization, PAz can be also prepared via 

electrochemical polymerization. Due to the lack of suitable equipment, it was 

not possible to perform this synthesis at the Centre of Polymer Systems. 

Therefore, the author attended an internship at the University of Silesia in 

Katowice, where the electrochemical synthesis of PAz was carried out. The 

most significant influence was observed with changing azulene concentration. 

The differences in the PAZ films are notable in Figure 8.2 and 8.3.  

     

Figure 8.2 Electrochemicaly prepared PAz: (left) the standard three-electrode cell 

with coiled Pt counter electrode, ITO glass working electrode, and Ag reference 

electrode; (right) films on ITO glass prepared from azulene concentrations 5×10-4, 

1×10-3, and 5×10-3 mol/dm3 respectively. (Figure made by the author of this thesis). 



28 

 

 

 

Figure 8.3 Electrochemicaly prepared PAz: Cyclic voltametry of azulene oxidation 

and electrochemical PAz polymerization on ITO glass in 13 cycles with 100 mV/s scan 

rate and different azulene concentrations: (up) 5×10-4 mol/dm3, (middle)  

1×10-3 mol/dm3, (down) 5×10-3 mol/dm3. (Figure made by the author of this thesis). 
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Figure 8.3 shows a voltammetric plot of the oxidation of azulene at 

various concentrations and the subsequent formation of PAz. It is evident that at 

the lowest concentration, the cyclic voltammetric curves showed low, well-

defined peaks, indicating slow, controlled film growth. As the concentration 

increased, the peak currents increased and the voltammograms broadened, 

indicating faster polymerization and thicker film formation. At the highest 

concentration, the curves were distorted by high capacitive currents, indicating 

rapid, less controlled deposition and possible electrode passivation.  

Electrochemical synthesis has proven effective for producing conductive PAz 

films; however, it also presents limitations – the requirement for conductive 

substrates such as platinum and other metals or ITO, FTO glasses, both of which 

are not suitable for TE applications since most tissues are soft tissues. However, 

a flexible alternative has emerged lately: ITO coated PET – transparent, 

conductive and flexible. (Krukiewicz et al., 2023; Nur Hidayah et al., 2024)  

8.3 Polyurethane scaffolds benefit from anisotropic structure 

Since the main aim of this thesis is to prepare and characterize biomaterials in 

respect to electrosensitive TE, elastic materials were sought first. A set of 

various PU fibrous scaffolds were electrospun on Nanospider device in 

cooperation with colleagues at the Centre of polymer systems. Primary 

cytotoxicity testing showed differences between various PUs used and also 

emphasized the importance of thorough washing (at least 10 days in ultrapure 

water with changes every second day). The reason behind this lies in removal of 

remaining solvents that may be cytotoxic, salts that may impare pH of the 

environment, and other potentionally impurities.  

All PU scaffolds were originally isotropic, featuring randomly oriented fibers. 

However, the anisotropy of biomaterials plays a critical role, as the ECM in vivo 

is typically anisotropic. (Hoque, 2017) This property is particularly important 

especially when replicating myocardium architecture. Cardiomyocytes cultured 

in anisotropic environments develop aligned actin filaments, organized 

sarcomeres, and elongated nuclei (Bursac N. et al., 2002) and their contractile 

function is closely tied to cell alignment and elongation. (Nikkhah et al., 2012) 

To introduce anisotropy, PU scaffolds were manually stretched under heat.  

Topographical anisotropy of the stretched PU scaffold was confirmed by 

SEM and AFM; however, what about mechanical anisotropy? The introduction 

of structural anisotropy into the PU scaffold presumably also evokes mechanical 
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anisotropy, which cells may sense and be affected by. To determine this, tensile 

testing was carried out. However, a few challenges arose in the process. First of 

all, cutting the PU scaffolds into a suitable and unite shape with clean edges was 

tried with several approaches: from laser cutting, over manual die cutting press, 

cutting with a heated scalpel, to regular cutting with scissors. None of these 

tactics worked perfectly; however, the use of scissors when handled diligently 

resulted in a sufficiently precise cut with minimum edge jams, which would act 

as a soft spot, causing a premature rupture. Another issue that complicated the 

tensile testing was the easy disruption of the PU scaffolds by the tensile device 

clamps and the constant slipping out of the clamps at the same time. This was 

overcome by taping the top and bottom edges with a regular tape. However, the 

taping had to be done carefully and precisely as well, because even small 

deviations were affecting the tensile testing results.  

The tensile testing results are shown in Table 8.1 and Figure 8.4. Even 

though, there are indisputable deviations, the results showed mesurable 

differences. In comparison to the isotropic PU scaffold, anisotropic PU scaffold 

tested parallel to fibre orientation withstanded higher forces with elongation not 

significantly changed. On the other hand, the tensile test of anisotropic PU 

scaffold perpendicularly to fibre orientation led to notably higher elongation and 

lower stress build compared to isotropic PU scaffold. Therefore, the mechanical 

testing suggests mechanical anisotropy in the PU scaffolds with aligned fibres. 

 

Table 8.1 Results of tensile testing (stress, force nad strain peaks) of isotropic and 

anisotropic PU scaffolds (tested parallel or perpendicular to fibre orientation). The 

values given are the mean with the standard deviation of the mean. (Table made by the 

author of this thesis). 
 

Stress peak 

[N/mm²] 

Force peak  

[N] 

Strain peak 

 [%] 

Isotropic PU scaffold  14 2,1 92 

 ± 4 ± 0,6 ± 18 

Anisotropic PU scaffold 

Parallel to fibre orientation 
19 2,9 100 

 ± 7 ± 0,9 ± 30 

Anisotropic PU scaffold 

Perpendicular to fibre orientation 
11 1,6 120 

 ± 3 ± 0,4 ± 30 
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Figure 8.4 Graphs from tensile testings: (up) isotropic PU scaffold; (middle) 

anisotropic PU scaffold tested parallel to fibre orientation; (down) anisotropic PU 

scaffold tested perpendicular to fibre orientation. (Figure made by the author of this 

thesis). 
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To summarize it, PU scaffolds possess several cell-instructive cues:  

1) mechanical properties mimicking natural tissue properties, in particular 

elasticity of cardiac muscle tissue; 2) structural and mechanical anisotropy 

mimicking the structure of ECM and significantly affecting in vitro cell 

behaviour; 3) conductivity from PPy coating that helps cells to communicate 

with each other and is especially intriguing for TE of electrosensitive tissues; 4) 

bioactivity given from protein coating enhancing cell-surface interactions and 

thus giving cells cues to adhere. 

8.4 Mixed populations behave different from single cell lines  

It is usual to culture cells of one selected cell line, but for some purposes, an 

advanced technique of co-culturing, creating mixed cellular populations, can be 

utilized.The employment of mixed cell populations not only supports the 

structural complexity of engineered tissues but also instructs the differentiation 

and functional promotion of specific cell types through cellular cross-talk and 

nutrient sharing within a microenvironment. (Bian et al., 2011; Zhang et al., 

2015) Furthermore, it has been revealed that incorporating fibroblasts alongside 

cardiomyocytes is crucial for developing well-functioning cardiac tissues, as 

fibroblasts play an essential role in supporting cardiomyocyte viability and 

function. (Hookway et al., 2019; Tulloch et al., 2011) 

Therefore, co-culturing of NIH/3T3 fibroblasts and ES R1 embryonic stem 

cells with LIF in media was applied to the PU scaffold in two different ways: 

• Sequential mixed population – Fibroblasts seeded first and after 24 h, 

embryonic stem cells added, then co-cultured for 2 days. 

• Simultaneous mixed population – Fibroblasts and embryonic stem cells 

seeded at once and co-cultured for 3 days. 

Some of the results are shown in Figure 8.6. As expected, fibroblasts pre-

cultured on the anisotropic PU scaffold created almost a monolayer of elongated 

cytoskeletons strictly oriented according to the orientation of fibres. Further, it 

can be noticed that stem cells seeded on the formed fibroblast monolayer formed 

clusters with round-like shapes as usual and of very various sizes. 

Controversially, stem cells seeded together with fibroblasts formed only big 

uniform clusters with the shape of an oval significantly oriented according to the 

orientation of fibres. In addition, fibroblasts seeded and grown together with 

stem cells resulted in even more prolonged and narrowed cytoskeletons. 
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 These results suggest a synergistic effect where both material anisotropy 

and direct interaction with fibroblasts influence stem cell organization. This 

could be especially interesting when fibroblasts are co-cultured with stem cells 

or even embryoid bodies without the presence of LIF, potentially resulting in 

cell differentiation (without the use of signal molecules). The author will 

continue to address this topic in the bachelor's and master's theses she is 

currently supervising. 

 

 

Figure 8.5 Mixed cell population of NIH/3T3 fibroblasts and ES R1 embryonic stem 

cells grown on anisotropic PU mats: (up) sequential mixed population; (down) 

simultaneous mixed population. Magnification: 100×, red color – cytoskeletons, blue 

color – nuclei. (Figure made by the author of this thesis). 
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8.5 Dynamic cultivation mimics in vivo environment 

Electrical external stimuli 

According to the literature, electrical stimulation effectively modulates cell 

behavior, promoting proliferation, differentiation, and alignment across various 

cell types, with proven benefits for osteogenesis, neuroregeneration, and 

cardiomyocyte function. (Hernández et al., 2016; Tandon et al., 2009; Xia et al., 

2024) The research on electrical stimuli is important for TE of electrosensitive 

tissues, particularly in the context of the use of conductive polymeric substrates. 

 To create an electrical field in cell culture at the Centre of Polymer Systems, 

the power source of direct current stimulation was combined with self self-

prepared cultivation system of electrodes incorporated in TCDs. Cells were then 

exposed to either constant or pulsed direct current electrical stimulation, with 

varying exposure/pause intervals.  

The results showed that the combination of conductive substrate and 

electrical stimuli of the appropriate setup causes cellular changes that are 

induced by neither of them separately. To summarize it, fibroblasts elongated 

protrusions and embryonic stem cells (with LIF in medium) formed a less 

condensed cluster with branched edges.  

Mechanical external stimuli 

Hydrodynamic shear stress is a key mechanical stimulus in bioreactor 

systems, significantly influencing cell morphology, signaling, proliferation, and 

differentiation by mimicking natural in vivo physiologically relevant conditions 

absent in static cultures. (Matějka et al., 2020; Raimondi et al., 2006) 

Appropriate shear levels enhance tissue engineering outcomes, while excessive 

stress may trigger apoptosis and metabolic disruption. (Han and Yuan, 2009; 

Velez-Suberbie et al., 2013)  

The Synthecon rotary cell culture system and the Ibidi pump system are the 

two devices that were used to apply hydrodynamic shear stress to cells. For the 

former, cells were pre-adhered to a substrate, which was then attached to a self-

made holder and placed into the dynamic chamber that rotated at a controlled 

rate. For the latter, the cells were seeded directly into the narrow testing 

chamber through which the cell culture media was pumped at a controlled rate. 

Both systems allowed for the continuous circulation of culture medium over cell 

monolayers, creating controlled hydrodynamic shear stress conditions that will 

be further studied by the author and her students. 
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Multiple external stimuli combined 

When different stimuli act on cells simultaneously, a synergistic effect on 

cellular processes can occur. Moreover, such bioreactors provide the most 

faithful imitation of the in vivo dynamic environment. One such system is the 

Ebers TC-3 bioreactor, which allows the application of: hydrodynamic shear 

stress from the flowing medium, electric current supplied by electrodes, and also 

compressive strain by compression of the scaffold. The compression 

deformation of the bioreactor was replaced by tensile deformation with a custom 

3D printed structure. It was designed and manufactured in collaboration with 

colleagues from the Faculty of Technology, Tomas Bata University in Zlín, so 

that it fits into a dynamic chamber (see Figure 8.6) and enables scaffold 

attachement and stretching. 

  

Figure 8.6 TC-3 bioreactor from Ebers: (left) a dynamic cultivation chamber with 

costum 3D printed holder and PU scaffold attached; (right) the chamber connected to 

the motion structure, the electrical and medium circuits of the bioreactor system. 

(Figure made by the author of this thesis). 

 

The initiation of experiments in this bioreactor system was accompanied by a 

number of significant challenges. After optimizing the process, it was still 

difficult to achieve consistent results, especially with embryonic stem cells. 

Stem cells naturally form clusters in which cells attach to other cells more 

strongly than to the surface of the scaffold. (Abdal Dayem et al., 2018; Mustafa 

et al., 2022) Thus, the cell clusters are easily released from the scaffold when the 

flow rate of the medium is slightly increased or when the scaffold is 

inadvertently bent during handling.  
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This problem was eventually overcome by using a mixed cell population. 

Figure 8.7 presents the results of dynamic cultivation of a sequential mixed 

population of fibroblasts and embryonic stem cells grown on an anisotropic PU 

scaffold coated with PPy, compared to a reference cells in TCDs under static 

conditions.  

  

Figure 8.7 Sequential mixed cell population of NIH/3T3 fibroblasts and ES R1 

embryonic stem cells grown on: (left) anisotropic PU scaffold coated with PPy under 

dynamic cultivation conditions of the Ebers TC-3 bioreactor; (right) reference TCD 

under static cultivation conditions. Magnification: 25×, red color – cytoskeletons, blue 

color – nuclei. (Figure made by the author of this thesis). 

 

8.6 Image analysis answers 'all' cell-evaluation related questions 

Standard evaluation techniques used by the author of this thesis in laboratory 

practice showed limitation in regard to processing cytocompatibility results of 

cells seeded on PU/PPy/albumin/gelatin composites. Standard cytocompatibility 

tests failed due to adverse interactions with the tested materials, for example, 

MTT solvent damages PU and PPy, ATP assays are disrupted by protein 

coatings, and neutral red uptake is highly sensitive to serum proteins. Detection 

methods like UV-VIS spectrophotometry and flow cytometry require cell 

detachment, which proved unreliable due to strong cell adhesion to PU 

scaffolds. Additionally, microscopy-based evaluation of cell morphology and 

migration is time-consuming, subjective, and lacks reproducibility without 

automation. 
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 All of here addressed limitations can be addressed by image analysis. Cell 

image analysis offers a comprehensive solution to overcome the limitations 

encountered during conventional cytocompatibility testing as well as enables 

quantification of subtle morphological responses beyond the capabilities of 

conventional assays. Several software programs providing this service exist, but 

the most versatile and free at the same time is the open-sourced CellProfiler. 

(Carpenter et al., 2006) 

Unlike manual cell counting or subjective morphological evaluations, 

CellProfiler provides automated, high-throughput, and reproducible image 

analysis across a wide range of experimental conditions.  

The author of this thesis used CellProfiler as an alternative to conventional 

cell viability assays, as shown in ArticleI. To make the quantification of cells on 

the PU scaffolds precise and reliable, the unified surface area of (22 × 22) mm2 

had to be prepared, seeded, and the total area (forty images of cell nuclei with 

40× magnification for each observed sample) was manually acquired and then 

processed in CellProfiler. 

Cell image analysis also enables reliable segmentation of individual cells and 

objective quantification of multiple parameters simultaneously, such as cell area, 

circularity, texture, orientation, fluorescence intensity, compactness, and much 

more. In addition, the software can analyze time-lapse microscopy data, making 

it particularly powerful for quantifying cell migration, tracking, and wound 

healing assays.  

CellProfiler allows the user to create customizable pipelines without requiring 

advanced programming skills, while still offering the flexibility needed for 

complex image-based experiments. One of its main advantages is that it is open-

source, freely available, and supported by an active user community. However, 

challenges may arise during segmentation in low-quality or highly 

heterogeneous images, and optimization of pipelines can be time-consuming for 

beginners. Despite these, CellProfiler remains a valuable and robust tool for 

objective and quantitative cell analysis in biomaterials research. 
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CONTRIBUTION TO SCIENCE 

As demonstrated in this dissertation, a broad range of polymers can be 

employed in tissue engineering, accompanied by numerous methods to produce, 

combine, and modify them. Even minor adjustments in the synthesis or 

processing of these polymers can substantially affect cellular behavior. 

Moreover, cultivation conditions exert a strong influence on cell physiology. 

Given the interaction of so many variables, the relationship between polymers 

and cells is both intricate and sensitive. The work presented here focuses on 

gaining a deeper understanding of this relationship, particularly in the context of 

developing electrosensitive tissues. The primary objective has been to identify 

how material design and cultivation conditions can be tuned to guide and 

support cells in forming functional, healthy tissue constructs. 

At the beginning of the doctoral studies, the author already possessed a set 

of skills required for fundamental experimental work in laboratories of cell 

biology, gained through previous experience during bachelor’s and master’s 

theses. When the COVID-19 pandemic disrupted regular research workflows, 

further expertise in academic research management and project preparations was 

acquired and applied in practice right away (as the lead researcher on a project). 

One of the most significant contributions of this dissertation lies in 

advancing knowledge of the synthesis and characterization of conductive 

polymers. The author not only prepared polypyrrole thin films with great 

electrical properties, which is important for the engineering of electrosensitive 

tissues, but also dug into the practical side of using them in tissue engineering. 

In particular, the author optimized their synthesis to show how easily they can 

be prepared and adjusted for successful cell seeding. 

Especially new insights were gained with polyazulene, a generally less 

studied conductive polymer. Due to the lack of information on chemical 

synthesis protocols, she had to investigate polyazulene empirically. In order to 

obtain electrochemically prepared polyazulene, she traveled abroad to the 

University of Silesia in Katowice, Poland, where she became familiar with this 

method. This work ultimately led to the first study determining the 

cytocompatibility of polyazulene, which, to the author's knowledge, has not 

been addressed to date. This opens up exciting new possibilities for future 

research using polyazulene in tissue engineering. 
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Another key component of this research involved the development of 

bioactive fibrous scaffolds – mesh-like structures that provide surfaces for cell 

attachment and spatial organization during growth. These scaffolds were 

designed to offer multiple cell-instructive cues: 1) an elastic matrix mimicking 

the stretchable properties of native tissues, 2) uniaxially aligned fibers reflecting 

the anisotropic architecture of natural tissues, 3) a polypyrrole coating providing 

electrical conductivity, and 4) an albumin/gelatin coating emulating the 

composition of the natural extracellular environment. 

Cytocompatibility experiments demonstrated, for instance, that alignment 

of fibers facilitated easier cell attachment and promoted directional growth along 

the fiber axis. This effect is particularly beneficial for constructing organized 

tissues such as myocardium, where cells naturally align in a similar fashion. 

Additionally, anisotropic scaffolds fabricated from polyvinylidene fluoride 

exhibited promising potential due to their combination of cytocompatibility and 

piezoelectric properties. These characteristics make them highly suitable for 

applications in cardiac and neural tissue engineering. 

It is important to note that performing reliable experiments and evaluating 

cell behavior on these scaffolds posed several challenges. Difficulties such as 

static electricity, scaffold floating in the culture medium, and low surface 

wettability initially made it difficult for cells to attach and proliferate. Once 

these technical hurdles were resolved, the research progressed to investigations 

on how various types of dynamic stimulation (electrical, magnetic, and 

mechanical) influence cell behavior on the scaffolds. The rationale for applying 

such stimuli was to better mimic the dynamic environment experienced by cells 

in living tissues. The most complex and ambitious experiments involved 

combining multiple stimuli simultaneously, including hydrodynamic shear stress 

from media flow, tensile stress from scaffold stretching, and electrical 

stimulation applied to conductive surfaces. As documented in the dissertation, 

the implementation of this multifactorial system required extensive optimization 

due to numerous technical complications. Ultimately, successful cell culture was 

achieved in a multi-stimuli bioreactor using the multi cell-instructive scaffolds. 

A key finding of this work was that the creation of mixed cell populations 

helped embryonic stem cells to survive even under these demanding dynamic 

conditions. 
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To effectively analyze the extensive data generated and to overcome 

limitations in assessing cell viability on conductive thin films and scaffolds, 

advanced image analysis software was introduced into the cellular laboratory 

workflow. A comprehensive image analysis pipeline was developed and refined, 

enabling detailed evaluation of cell viability, morphology, and migration. Once 

optimized, this methodology proved to be a powerful and reliable tool, with 

strong potential for future routine use in studies of cell–material interactions. 

In summary, this dissertation provides a cohesive account of how 

conductive polymers, smart scaffold designs, and dynamic cultivation conditions 

can be integrated to develop more life-like tissue constructs. The discoveries and 

methodologies presented here establish a solid foundation for continued research 

aimed at engineering functional tissue replacements. While the potential 

applications are broad, the findings are particularly promising for cardiac tissue 

repair and for advancing regenerative medicine more generally. 
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