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Perdida la ilusión 

Los problemas continúan 

Sin hallarse solución. 

Nuestras vidas se consumen 

El cerebro se destruye 

Nuestros cuerpos caen 

rendidos 

Como una maldición. 

El pasado ha pasado 

Y por él nada hay que hacer 

El presente es un fracaso 

Y el futuro no se ve… 

Eskorbuto 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table of Contents 

 
Summary ...................................................................................................................................... 1 

Zusammenfassung ....................................................................................................................... 4 

1. Introduction ......................................................................................................................... 9 

1.1 Muscle tissue ................................................................................................................ 9 

1.2 Biofabrication ............................................................................................................ 11 

1.2.1 Biofabrication of tubular structures ................................................................ 12 

1.2.2 Fabrication of tubular structures .................................................................... 12 

1.3 Fiber formation for cell guidance ............................................................................ 15 

1.3.1 Uniaxial fiber formation techniques ................................................................ 15 

1.3.2 Commonly used material for fibers production ............................................. 16 

1.3.3 Parameters of Melt electro-writing ................................................................. 17 

1.3.4 Parameters of Touch-spinning ......................................................................... 19 

1.4 Conclusion .................................................................................................................. 22 

2. Aims .................................................................................................................................... 24 

3. Synopsis .............................................................................................................................. 25 

3.1 Shape-Morphing Fibrous Hydrogel/Elastomer Bilayers ....................................... 25 

3.2 Soft Elastic Fibrous Scaffolds by Touch Spinning ................................................. 26 

3.3 Touch-spinning poly(ester-urethane) elastomer synthesized in solvent-free 

conditions ............................................................................................................................... 27 

4. Literature references ........................................................................................................ 29 

5. Publication list ................................................................................................................... 38 

6. Individual contribution to joined publications and manuscripts presented here ....... 39 

7. Manuscripts ....................................................................................................................... 41 

Manuscript 1 .......................................................................................................................... 41 

Manuscript 2 .......................................................................................................................... 57 

Manuscript 3 .......................................................................................................................... 83 

8. Conclusion ........................................................................................................................ 106 

Acknowledgements .................................................................................................................. 107 

 

 

 



 
 

 



1 
 

Summary 

 

Tissue engineering, the multidisciplinary field of medical, material and 

engineering sciences, attempts to meet the goal of increasing life expectancy and quality 

of individuals that require a tissue or organ transplant. Tissue engineering could improve 

the accessibility of these implants, as well as the acceptance of the patient’s immune 

system. However, the fabrication of complex organ structures that consist of specific, 

uniaxial, and complex cell patterning remains as a challenge. With the aim to contribute 

with solutions for these problems, biofabrication emerged as an innovative science for 

production of tissues and organs. By definition, biofabrication is “the production of 

complex biologic products from raw materials such as living cells, matrices, biomaterials, 

and molecules” [1]. As a novel technique part of biofabrication emerged 4D 

biofabrication, that is the fabrication of complex 3D structures by shape-transformation 

of constructs made by stimuli-responsive materials. One of the main advantages of this 

technique is that allows high resolution and does not require any sacrificial material. 

The specific aim of this thesis was to develop new biocompatible, biodegradable 

polymeric materials suitable for biofabrication with specific mechanical properties for 

muscle tissue engineering. It is envisioned that those materials must be able to provide 

high processability in terms of fibers production, and suitable topography to promote cell 

alignment and growth, and elasticity is needed to emulate muscle behavior. The novelty 

of this work is the investigation of a family of different polyurethanes in terms the cell-

material interaction, biodegradability, and biocompatibility. 

 Two different methods for fiber production were tested by using different 

synthetized thermoplastic elastomers. The first one, melt electro-writing (MEW), and the 

second one, touch spinning (TS). In the first approach MEW fibers were deposited 

directly on top of self-folding polymer. Self-folding polymer-based systems are 

polymeric actuators capable to change their shape responding to external stimulus such 

as pH, temperature, or immersion in water, etc. Here, crosslinked polymer was used to 

generate self-rolling tube-shape structures with fibers inside. The MEW fibers, after 

shape-transformation, remains inside the tubular construct providing structure and 

enhance cell alignment. The second approach consist in the fabrication of fiber scaffolds 
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by using TS where the cells were seeded on the top of the fibers to provide the pattern 

and cell support. 

First, we established an approach for the fabrication of shape-changing bilayered 

scaffolds, which allow the growth of aligned skeletal muscle cells, using a combination 

of 3D printing of methacrylated hyaluronic acid (HA-MA) hydrogel, melt electrospinning 

writing (MEW) of thermoplastic polycaprolactone-polyurethane elastomer (PCL-PU), 

and further shape transformation (Figure 1). The combination of the selected materials 

and fabrication methods allows several important advantages such as biocompatibility, 

biodegradability, and suitable mechanical properties like the important components of 

extracellular matrix (ECM), which allow proper cell alignment and elasticity. Myoblasts 

demonstrate excellent viability on the surface of the shape-changing bilayer, where they 

occupy space between fibers and align along them, promoting efficient cell patterning 

inside folded structures. The bilayer scaffold can undergo a controlled shape 

transformation and form multilayer scroll-like structures with cells encapsulated and 

aligned inside. Overall, the importance of this approach is the fabrication of tubular 

constructs with a patterned interior that can support the proliferation and alignment of 

muscle cells for muscle tissue regeneration [2].  

 

 

Figure 1. Scheme of fabrication of tubular structures with MEW fibers and cells inside 

 

Furthermore, with the aim to fabricate highly aligned soft elastic fibrous scaffolds 

for muscle tissue engineering using a new technique, touch spinning, utilizing a family of 

thermoplastic elastomers (Figure 2). A family of polyester–polyurethane soft copolymers 

based on polycaprolactone and poly(1,4-butylene adipate) with different molecular 

weights and different chain extenders such as 1,4-butanediol and polyethylene glycols 

with different molecular weight were synthesized. By varying the molar ratio and 

molecular weights between the segments of the copolymer, different physicochemical 
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and mechanical properties were obtained. The polymers possess elastic modulus in the 

range of a few megapascals and good reversibility of deformation after stretching. The 

combination of the selected materials and fabrication methods allows several advantages 

such as biocompatibility, biodegradability, suitable mechanical properties (elasticity and 

softness of the fibers), high recovery ratio, and high resilience mimicking the properties 

of the extracellular matrix of muscle tissue. Myoblasts demonstrate high viability in 

contact with the scaffolds, where they align along the fibers, allowing efficient cell 

patterning on top of the structures. Altogether, the importance of this approach is the 

fabrication of highly oriented fiber constructs that can support the proliferation and 

alignment of muscle cells for muscle tissue engineering applications [3]. 

 

Figure 2. Scheme of fabrication of touch spinning fibrous scaffolds and seeding cells on top of the scaffold 

 

Overall, through this work, it was shown that using novel 4D biofabrication 

techniques we could engineer uniaxial scaffolds and induce the alignment of skeletal 

muscle cells. In particular, the thermoplastic-polyurethane-based elastomers are 

promising for use as shape-morphing materials for muscle microtissue formation. 
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Zusammenfassung 
 

Der Forschungsbereich der Gewebezüchtung (engl.: Tissue Engineering, TE) 

entstand als interdisziplinäres Feld zwischen Medizin und Materialforschung, mit dem 

Ziel die Lebenserwartung und Lebensqualität von Erkrankten zu verbessern und die 

steigende Diskrepanz zwischen Organspendern und benötigten Spenderorganen zu 

verringern. Eins der größten Probleme der Gewebetransplantation, die Abstoßung des 

Spenderorgans durch das Immunsystem des Patienten, soll durch Tissue Engineering 

gelöst werden. Auch wenn Tissue Engineering verspricht, viele aktuelle Probleme zu 

lösen, ist die Herstellung von komplexen organischen Strukturen mit spezifischer 

Zellanordnung und Ausrichtung immer noch eine große Herausforderung.  

Darauf folgend wurde die Biofabrikation ins Leben gerufen um als innovatives 

Forschungsfeld, neue Lösungen für die Produktion von Gewebe und Organen zu bieten. 

Definiert wird die Biofabrikation als „die Herstellung komplexer biologischer Produkte 

mit Hilfe von Ausgangsmaterialien wie lebenden Zellen, Matrizen, Biomaterialien und 

Molekülen“ [1]. Als Ableger der Biofabrikation entwickelte sich die 4D Biofabrikation, 

welche die Herstellung komplexer 3D Strukturen durch die Verwendung von 

formändernden Materialien ermöglicht. Die größten Vorteile dieser Methode sind die 

hohe Auflösung und die Unabhängigkeit von Stützmaterial. 

Das Ziel dieser Arbeit war die Entwicklung neuer, biokompatibler und bioabbaubarer 

Polymere, die in der Biofabrikation von Muskelgewebe eingesetzt werden können und 

die erforderlichen mechanischen Eigenschaften aufweisen. Diese Polymere müssen 

mehrere Voraussetzungen erfüllen, einfache Prozessierbarkeit für eine gute 

Faserproduktion, Elastizität um Muskelgewebe zu simulieren und eine geeignete 

Topografie, die eine Ausrichtung der Zellen unterstützt. Das Novum in dieser Arbeit ist 

die Untersuchung mehrerer neuer Polymere aus der Familie der Polyurethane unter 

Berücksichtigung der Zell-Material Interaktion, Bioabbaubarkeit und Biokompatibilität. 

Zwei verschiedene Methoden zur Faserherstellung wurden für die unterschiedlich 

synthetisierten thermoplastischen Polymere angewendet. Die erste Methode ist 

elektrostatisch unterstütztes Schreiben mit Polymerschmelzen (engl.: melt 

electrospinnning writing, MEW), die zweite ist Verspinnen durch Berührung (engl.: 
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touch spinning, TS). Im ersten Ansatz werden durch MEW erzeugte Fasern direkt auf 

dem formändernden Polymer abgelegt. Formändernde Polymersysteme sind 

gekennzeichnet durch polymere Aktuatoren die durch externe Stimuli, wie Änderung des 

pH-Werts, der Temperatur oder durch Immersion in Wasser, in der Lage sind ihre Form 

zu verändern. In dieser Arbeit wurde ein vernetztes Polymer verwendet um eine sich 

selbst zusammenrollende Röhre mit Fasern im Inneren zu erschaffen. Die MEW Fasern 

bleiben auch nach dem Zusammenrollen im Inneren der Röhre erhalten um Struktur zu 

geben und die Zellorientierung zu verbessern. Im zweiten Ansatz wurden Fasermatten 

mittels TS hergestellt und anschließend auf der Oberfläche mit Zellen in definierten 

Mustern besiedelt 

Zuerst entwickeln wir einen Ansatz für die Herstellung von formändernden 

Doppelschicht Gerüsten, die ein ausgerichtetes Wachstum von Skelettmuskelzellen 

erlauben. Dazu wird eine Kombination von 3D Druck von Hyaluronsäure (HA-MA) 

Hydrogel, MEW von thermoplastischen Polycaprolacton-Polyurethan Elastomeren 

(PCL-PU), und zusätzliche induzierte Formänderung durch äußere Stimuli verwendet 

(Abbildung 1). Die Kombination der ausgewählten Materialien und 

Prozessierungsmethoden generiert mehrere Vorteile, unter anderem Biokompatibilität, 

Bioabbaubarkeit und mechanische Stabilität, vergleichbar zur Extrazellulären Matrix 

(ECM), die eine Zellausrichtung und gleichzeitige Elastizität erlaubt. Myoblasten zeigen 

eine exzellente Viabilität auf der Oberfläche der formändernden Doppelschicht, wo sie 

den Raum zwischen den Fasern besetzen und sich daran ausrichten, was zu einer 

effizienten Verteilung der Zellen im Inneren der gefalteten Strukturen führt. Die Form 

des Doppelschicht Gerüsts kann kontrolliert verändert und zu einer mehrlagigen 

zylindrischen Struktur aufgerollt werden, in deren Inneren sich ausgerichtete Zellen 

befinden. Zusammengefasst ist das Hauptziel dieses Ansatzes die Herstellung von 

rohrförmigen Konstrukten, die eine definierte innere Struktur besitzen und die 

Proliferation und die Ausrichtung von Muskelzellen für die Muskelzellregeneration 

unterstützen [2]. 
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Abbildung 1. Abbildung 1: Schematische Darstellung der Herstellung von rohrförmigen Strukturen mit MEW Fasern 
und Zellen im Inneren 

 

In dieser Studie wurde ein Ansatz für die Herstellung von präzise orientierten, 

weichen und elastischen Fasergerüsten durch TS erarbeitet und anhand eines Vertreters 

aus der Familie der thermoplastischen Elastomere auf die Anwendung zur Herstellung 

von Muskelgewebe hin untersucht (Abbildung 2). Eine Familie von weichen polyester-

polyurethan Copolymeren, basierend auf Polycaprolacton und Poly(1,4-butylene adipate) 

mit verschiedenen Molekulargewichten und verschiedenen Kettenverlängerern, wie 1,4-

Butanediol und Polyethylenglykol mit unterschiedlichen Molekulargewichten, wurden 

synthetisiert. Durch Anpassung der molaren Verhältnisse und des Molekulargewichtes 

zwischen den einzelnen Segmenten des Copolymers konnten verschiedene 

physikochemische und mechanische Eigenschaften erzeugt werden. Die Polymere 

besitzen Elastizitätsmoduli in der Größenordnung einiger Megapascal und eine gute 

Erholung der Deformation nach Streckung. Die Kombination der ausgewählten 

Materialien und Herstellungsmethoden ergibt diverse Vorteile wie Biokompatibilität, 

Bioabbaubarkeit, gute mechanische Eigenschaften (Elastizität und Weichheit der Fasern), 

gute Erholung nach Stress und hohe Belastbarkeit, was den Eigenschaften der 

Extrazellulären Matrix von Muskelgewebe entspricht. [3]. 

 

 

 

Abbildung 2. Schematische Darstellung der Herstellung von Fasermatten mittels Touch Spinning und Besiedelung mit 
Zellen auf der Oberfläche 
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Alles in allem konnte in dieser Arbeit gezeigt werden, dass die entwickelten Materialien 

und Verarbeitungsprozesse für die Herstellung von uniaxial orientierten 

Gewebekonstrukten mit Skelettmuskelzellen geeignet sind. Es konnte gezeigt werden, 

dass thermoplastische, auf Polyurethan basierte Elastomere das Potenzial haben in der 

Muskelgeweberekonstruktion eingesetzt zu werden und durch ihre induzierbare 

Formänderung auch muskuläre Mikrostrukturen formen können. 
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1. Introduction 

 

1.1 Muscle tissue 

 

Decades of research in skeletal muscle physiology have provided deep insights into the 

structural and functional complexity of anatomical muscle tissue, from macro- to 

nanoscale. Designed to accomplish the tasks of contraction, force, movement and 

structural body support, skeletal muscle can be viewed as a biomechanical device with 

diverse, carefully synchronized components. These components include nerves for 

impulse transmission, vasculature for oxygenation, and homogeneous distributed 

apparatus for regulation and metabolic activity for maintaining cellular homeostasis [4]. 

Muscles are divided in three types: cardiac, skeletal, and smooth muscle. Cardiac muscle 

consists of a set of self-stimulating, non-fatiguing, highly organized muscle cells with an 

intermediate energy requirement for function. Skeletal muscle consists of a set of nerve 

supplied, voluntary muscle cells that present fatigue and high energy requirements. 

Smooth muscle consists of mononucleate fibers that are not striated. A quick look at the 

cellular and molecular structure allows to appreciate the composition complexity, the 

specific structure and function of striated muscle types (cardiac and skeletal) that is 

designed to accomplish the contraction, force, and movement. Striated refers to the 

arrangement of cytoskeletal proteins that appear as striations in the muscle fibers when 

viewed at the microscopic scale. Skeletal muscle is an aligned tissue that contains several 

bundles of muscle fibers (myofibers) with a specific arrangement. Each myofiber 

(containing several myofibrils), represents a muscle cell with its basic cellular unit named 

sarcomere. Bundles of myofibers form the fascicles, and bundles of fascicles form the 

muscle tissue, with each layer successively encapsulated by the extracellular matrix 

(ECM) and supported by the cytoskeletal networks [5].  

ECM is the extracellular part of the tissue that usually provides structural support to the 

cells and additionally performs various important functions. ECM is composed of an 

interlocking mesh of collagen, glycosaminoglycans and fibrous proteins which promote 

and benefit the cell adhesion. The elastin in ECM provides elasticity to tissues, allowing 

it to be stretched when needed and to return to its original shape. The nonlinear elasticity 

of biopolymers can affect cell structure and function [6, 7], and biomaterials that would 
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qualify to replace elastin should also have a nonlinear elastic behavior. Moreover, the 

topology of ECM has also been found to affect cell structure, functionality, and 

physiological responsiveness. An ideal tissue repair material should be able to mimic the 

mechanical and biological functionality of the ECM [8, 9]. 

Skeletal muscle is highly vascularized and innervated tissue and embedded with 

components of the metabolic and regulatory machinery, that supports and transfer 

efficiently energy production and cellular homeostasis (Figure 3). Highly coordinated 

activity between all the components is essential for keeping the healthy state of muscular 

tissue and the motor activity. Any perturbations (e.g., genetic, or environmental) to this 

delicate equilibrium, result in health and function loss of muscle, typically characterized 

by muscle fiber loss, reduced motor output and in some cases death [4]. 

 

 

 

Figure 3. Schematic representation of skeletal muscle fiber—single mature muscle fiber as a bundle of myofibrils, 

encased by the sarcolemma. The sarcoplasmic reticulum enmeshes fibrils with transverse (T) tubules intersecting 
them. Bundles of myofibers form fascicles, which further group together to form the muscle tissue. Satellite cells 
reside along the host muscle fiber, directly above the sarcolemma under the basal lamina of muscle and in proximity 
of myonuclei. Innervating nerve fibers and local capillaries extend along the length of the muscle fiber [4]. 
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1.2 Biofabrication 

 

The term biofabrication is extensively used by many scientific communities and 

disciplines to describe different processes and phenomena. There have been several 

attempts to formulate a clear definition of biofabrication that would accept its use within 

these different areas. One example is “Regardless of the slight emphasis of the definitions, 

there are several unique features of Biofabrication: first, the building blocks are cells or 

biologics; second, the fabrication processes are bio-inspired or bio-friendly; and finally, 

the products are biological systems, models or devices with transformative properties” 

[10]. This definition does not include some biological processes such as 

biomineralization, because these are considered as not bio-inspired but natural processes. 

Hence, since biofabrication intrinsically means to fabricate products, it could broadly be 

described as “a process that results in a defined product with biological function”. This 

would involve all the different and novel aspects of biofabrication; however, it would also 

include several other fields of research and natural processes. Taking into account the 

dynamic and evolving research activities and developments of the different technological 

aspects, J. Groll et al. suggest a definition of biofabrication for tissue engineering and 

regenerative medicine as “the automated generation of biologically functional products 

with structural organization from living cells, bioactive molecules, biomaterials, cell 

aggregates such as micro-tissues, or hybrid cell-material constructs, through Bioprinting 

or Bioassembly and subsequent tissue maturation processes” [11]. 

There are two major approaches for creating bio-scaffolds. In the first approach the cells 

and material are processed together, allowing high control on terms of cell distribution 

among the scaffolds. Furthermore, it is possible to realize several kinds of co-culture of 

cell lines, increasing its applications potential. Finally, it offers the possibility to generate 

micro- and macro-architectural such as vascular networks and precise positioning of cell 

clusters. In the second approach, the scaffold is generated first and then cells are seeded 

onto them. Generally, the bio-scaffolds are made by biodegradable and biocompatible 

polymers, synthetic or natural, which allow the cell attachment and proliferation. 

However, this approach also presents disadvantages, two of the main disadvantages are 

the nonhomogeneous cell distribution inside the scaffolds, due to the slow cell migration, 

and the difficulty to recreate complex inner microstructural features [12]. 
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1.2.1 Biofabrication of tubular structures 

 

With the aim to mimic the ECM, one of the big challenges is to mimic natural tubular 

structures present in the human body, such as veins, arteries, osteons, etc. Structures that 

show in their architectures high ordination and composition in terms of cell types, and 

chemistry [13] as well as different diameters that can be from micrometers to few 

centimeters.  

 

1.2.2 Fabrication of tubular structures  

 

There are several methods for the fabrication of scaffolds, both with cells (vital) and 

without cells (non-vital). One of the most promising methods for preparing non-vital, 3D 

scaffolds is 3D printing, which allows the construction of complex structures using 

computer aided design, which can be seeded with cells post-fabrication. Fairly recently, 

the evolution of the method has led to 3D bio-printing, which is 3D printing of non-vital 

and vital materials together [11, 13, 14]. Both methods are based in automatized 

deposition of controllable amounts of materials. Even though they offer many advantages 

such as local deposition, multi-materials extrusion, automatization, and individual 

adjustments, they still presenting intrinsic limitations, such as lack of cues for cell 

orientation and mechanical anisotropy. To resolve some of these drawbacks, several 

fabrication methods had been developed, all of them with advantages and disadvantages. 

For example, although digital light processing–stereolithography allows good resolution, 

it is not well compatible with printing of cells. Two-photon polymerization allows even 

higher resolution in the order of nanometers, however, does not allow patterning of cells 

of different types and mixing of different cell-containing materials is highly challenging. 

Extrusion can achieve average resolutions around 100 µm, however, these vary greatly 

depending on the printed material, considering that printing conditions can damage cells. 

Melt electrospinning allows very high resolution [15], down to approximately 1 µm, but 

it is not compatible with cells because high temperature and high voltage are used. Ink-

jet printing allows high resolution (10–20 µm) but it operates with diluted cell 

suspensions, which require mechanical stabilization. Thus, there is always a gap between 
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resolution, compatibility with cell deposition, cell viability and mechanical stability, and 

no one of the existing 3D printing/bioprinting methods can provide all advantages [12, 

13, 16]. 

Notwithstanding the tremendous potential of the printing techniques toward the 

biofabrication and the recently achieved progress in 3D printing, one of the most 

challenging current approaches is the printing of tubular and vascular structures [17]. For 

instance, the printing of vascular system or microfilaments of muscles is a major problem, 

limiting the use of 3D printing for complex tissues or organs [18-20]. Tubular structures 

are typically achieved through either direct or indirect bioprinting techniques. Direct 

bioprinting results in interconnected internal channels of hollow structures [20-23], 

however, the tubular structures obtained through this method presents high wall thickness 

and requires high shear forces that tend to damage printed cells. Indirect bioprinting, on 

the other hand, uses the printing of sacrificial templates that later needs to be removed to 

generate the channels in the construct [24-26].  

Although some approaches of tubular structure bioprinting have been developed, they 

still lack resolution and versatility, which is high enough to produce tubes with very small 

internal diameters and sufficient complex architecture in a controlled manner to fulfill all 

the intricate tissue and organ engineering demands. However, the formed structures are 

not tight. Development of methods for fabricating shape-changing structures, which form 

tightly tube-and sphere-connected structures and multiple connected funtional tubes, is 

essential for the fabrication of multiple tissues and organs. Fabrication of tubes can be 

achieved by using 3D Printing, which could be either as low viscosity inks/bioinks or 

inside self-healing gel that provides support for printed structures [27]. 

4D biofabrication, a recently developed technology with the intrinsic ability of shape 

transformation upon response to stimuli, has shown great potential for the fabrication of 

tubular stuctures for tissue engineering [28-31]. Different biofabrication techniques can 

be used to achieve 4D biofabrication such as solvent casting, spin/dip coating, 

photolithography, printing, etc. by using shape transformation and is not limited 

exclusively to shape transformation of 3D printed/bioprinted objects. The term 4D is used 

because of the time necessary to shape transformation, moreover, the fourth dimention 

contributes and plays a big role in this fabrication technique. This technology offers great 
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potential for the creation of advanced, sophisticated and dynamic structures with high 

resolution, impossible to achieve by using other biofabrication techniques. The main 

concept of 4D biofabrication of tubular estructures is illustrated in Figure 4. There are 

three geneneral techniques to obtain cell-laden 4D biofabricated structures. In the first 

approach (Figure 4a), a 3D construct is first fabricated and then its shape is changed, 

followed by the cell deposition. In the second aproach (Figure 4b), a 3D construct is 

fabricated and then the cells are seeded on top of the structure, followed by shape 

transformation. In the third approach (Figure 4c), the 3D construct is fabricated with cells, 

followed by shape transfomation. Every approach presents advantages and disadvantages 

depending on the applications [12]. 

 

Although shape transformation allows the fabrication of a variety of complex stuctures, 

tubes and spheres are the two main geometric forms needed in tissue engineering. The 

entire vascular system is based on the tubular elements and many glands are based on a 

combination of spherical and tubular elements. One of the main features of 4D 

biofabrication is the ability to form a variety of hollow shapes. For instance, tubes can be 

formed by rolling rectangular films (Figure 5a), and spherical shapes can be formed by 

folding films in the shape of a lotus flower (Figure 5b). Furthermore, more complex 

Figure 4. 4D biofabrication of tubular structure: a) fabrication of non-vital construct, shape transformation, and 
deposition of cells inside the construct (cells in green); b) fabrication of non-vital construct, deposition of the cells on 
top of the construct, and shape transformation of the cell-filled tubular structure; c) fabrication of the vital construct 
with cells encapsulated inside, and its shape transformation [6, 12]. 

https://onlinelibrary.wiley.com/doi/full/10.1002/adhm.201800412#adhm201800412-fig-0010
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combinations of 2D films can result in complexes of tubes or tubes with valve-like 

elements (Figure 5c,d) [32-34].  

 

 

1.3 Fiber formation for cell guidance 

Fibrous scaffolds can be used to provide cell guidance and patterning, the main 

characteristics of suitable fibrous scaffolds are the cell attractive and biocompatible 

chemistry surface, as well as the porosity and mechanical properties. In recent years many 

techniques for fibers production have emerged for micro and nano-fibers production with 

the aim to mimic the structure of ECM. 

1.3.1 Uniaxial fiber formation techniques   

 

The fiber formation process is called spinning and can be divided into several types: wet, 

gel, blow, melt and electrospinning.  Small diameter fibers are commonly fabricated using 

solution electrospinning, but aiming for larger fibers involves fabrication techniques as 

melt spinning and fused deposition modeling (FDM) [35-37].  

Melt electro-writing, or melt spinning, is one of the electrohydrodynamic based additive 

manufacturing (AM) techniques that was first described in a 1936 patent [38]. It is used 

to fabricate fibers at micron and sub-micron scales [39]. Figure 6 displays the MEW 

device along with its main components, including pneumatic or air pressure, a translating 

spinneret housing the polymer melt that is heated by the copper coils or heater, applied 

Figure 5. 4D biofabrication of different 3D forms by shape transformation of 2D layers with different shapes: a) 
formation of tubes by folding of rectangular film; b) capsule formation by folding of lotus flower-like film; c) 
combination of rectangular and lotus flower-like elements allows the fabrication of more complex alveolar structures; 
d) branched tubular structure allows obtained by the folding of interconnected films [12, 32-34]. 
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voltage, and the collector, connected to the ground, which could be of planar or cylindrical 

configuration. The key parameters applied are pressure and voltage, polymer melt 

temperature, set temperature, volumetric flow rate, tip-to-collector distance, and the 

translational speed. The key measurements are fiber diameter and the alignment of fibers 

which are affected by the air pressure and critical translational speed (CTS), respectively 

[40-42]. 

1.3.2 Commonly used material for fibers production 

 

Melt electrowriting (MEW) has been developed as a technique that allows a high 

precision of fiber deposition, allowing programmed patterns as requirement for the 

fabrication of complex patterned scaffolds with controlled topography. Many recent 

studies have been performed using the MEW technique to spin fibers from various 

thermoplastic materials with low melting points such polycaprolactone [41], poly 

hydroxymethylglycolide-co-ε-caprolactone [43], polylactide-poly-(ethylene glycol) [44], 

and most recently Poly(vinylidene fluoride-co-trifluoroethylene) [45] among others. 

Although the MEW scaffolds can be used to print complex structures with varied patterns 

and high resolution, it cannot be used to print cell-laden structures alone [46, 47], but in 

combination with 3D printing [48, 49]. The fabrication of complex multilayered 3D 

structures with aligned cells can be addressed using 4D biofabrication. For example, the 

biofabrication of skeletal muscle microtissue using shape-changing double-layer 

electrospun mesh- polycaprolactone (PCL)/methacrylated alginate (AA-MA) [50]. 

Aligned PCL nanofibers were able to support the alignment of myoblasts cells, whereas 

the electrospun mesh still lacked porosity, proper size and contained random fibers. 

Moreover, the bottom layer was made of electrospun random AA-MA fibers, which did 

not induce cell adhesion. The main problem with the typically used PCL for fibers 

production is that they are stiff and plastic semicrystalline polymers [51-53]. The PCL 

fibers cannot be deformed by cells even via buckling mechanism upon cell contraction 

because the fibers generate a highly dense network with small mesh size [54]. The second 

component of the bilayer was alginate, which is biodegradable but not a component of 

ECM [50]. 
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1.3.3 Parameters of Melt electro-writing  

 

Various configurations of thermoplastic polymers are delivered to the charged nozzle, or 

translating syringe or spinneret, which is positioned over a stage connected to the ground, 

via applying air pressure, delivering the polymer melt to the charged nozzle and directly 

writing it on the collector plate as a molten fluid column. The heater heats the polymer 

converting it to a melt. Then the voltage is applied to the syringe creating a potential 

difference between the grounded collector and spinneret, causing the charges within the 

melt to separate. The voltage is applied to prevent Raleigh-Plateau instabilities. The 

charges with the same polarity travel towards the fluid’s exposed bead surface increasing 

the surface charge density leading to the Taylor-cone projection. The electric field at the 

tip pushes out the melt at high electrostatic stresses overcoming the Taylor-cone and 

ejecting the polymer melt towards the collector plate connected to the ground. Once the 

polymer melt reaches the collector plate, it solidifies into a continuous filament. Once the 

speed of the spinneret is higher than the CTS, corresponding to the velocity of the polymer 

jet and collector, the MEW of direct fibers is achieved [55]. 

A polymer melt only requires enough cooling to solidify during direct-writing. This 

happens after, or just prior to, the molten jet touching the collector. This essentially 

depends on the processing parameters, and there is a minor embossing underneath many 

MEW scaffolds from the collector [41]. In addition, electrohydrodynamic quenching 

occurs during melt electrospinning, where the movement of charged water vapor induces 

a cooling effect over the jet [56]. Figure 6 shows the patterns from a molten jet, 

demonstrating its liquid properties. When the spinneret (or collector) speed is increased 

further, straight lines of fibers are possible (Figure 3a) that accurately are able to stack 

upon each other [41]. One important aspect of MEW is introduced here: the term “critical 

translation speed” (CTS). The CTS is the speed at which the spinneret (or collector) 

matches the jet, and a linear fiber is produced. With this repeated layering approach, a 

fibrous scaffold with microscale features can be fabricated (Figure 6a-c). 
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Figure 6. Three different modes of melt-electrowriting. a) the melted polymer (PCL2000-HDI-BDO 1:2:1) there is no 
whipping, and the speed is at CTS or above, a linear fiber is direct-written, b) there is no whipping, and the speed of 
the collector is lower than the CTS, mechanical buckling of the fibers occurs, c) When properties allow whipping, a line 
of electro-spun fibers is observed.  

Melt temperature is also another parameter that influences fiber formation, with a strong 

effect on diameter. Considering the viscoelastic property of polymer melts, an increase in 

temperature above the melting temperature of the polymer causes the viscous part of the 

polymer to be more prevalent to the elastic part, with a decreased viscosity. Hence, higher 

CTS is required for direct writing [57]. Temperature should be limited when processing 

thermally sensitive polymers, such as aliphatic polyesters, which can degrade quickly at 

relevant processing temperatures within the melt reservoir, or the syringe [58]. The 

diameter of the spinneret plays a role in limiting the melt flow rate, in reference to the 

polymer rheology and extrusion limitations. Small-sized spinnerets produce small 

diameter fibers, but with a decreased manufacturing throughput. Melt flow rate also 

influences fiber diameter, which is adjusted via the feeding pressure, and it is an efficient 

way to control fiber diameter. Higher melt feed produces large fiber diameters, 

accompanied with instabilities. This depends on the polymer properties as well, such as 

their functional groups and molecular weight [41]. Rheological behavior is determined 

by the molecular weight (and PDI) of the polymer. Low Mw results in low viscosity, and 

in turn, decreased polymer chain entanglements in the jet. Fiber diameter and CTS are 

controlled by the length, configuration, and constitution of the macromolecules [59].  

Electrical field strength influences the stretching force, where an increase in field strength 

results in an increased stretching force with thin and faster jets. During the process where 
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the Taylor-cone goes towards the collector plate, the molten polymer jet goes through 

quenching and partial or full solidification, and any increase in the electric field, causes 

faster solidification [60]. MEW is a solvent-free technique, making it preferable, where 

toxicity and volatility issues can be avoided. It also has reduced electrical instabilities and 

is a safer method in comparison to electrospinning, notable is that it is non-toxic to 

mammalian cells [39]. Due to its solvent-free processing characteristics, it has been 

applied in biological fields to print porous microarchitecture scaffolds, which are mainly 

used as engineered tissue models [55]. 

1.3.4 Parameters of Touch-spinning 

 

Electrospinning is the most popular fabrication technique used for producing nanofibers 

[61, 62]. In electrospinning, nanofibers are generated from a droplet of polymer solution, 

which is stretched upon the application of a high-voltage electric field, which is usually 

between 20 – 30 kV, depending on the dielectric properties of the material [61]. For 

fabricating 2D and 3D fibrous non-woven structures, the fibers could be deposited on 

collectors (plane electrodes or frames) or rotating electrodes (which are of cylindrical 

shape) [63]. This technology has been used a lot for the fabrication of nanofibrous 

scaffolds in regenerative medicine, but the use of high voltage on the loaded biomolecules 

has reported several detrimental effects [64-66]. Therefore, alternative technologies were 

developed to fabricate nanofibrous scaffolds to induce the inclusive guidance of cells with 

tissue-engineered grafts [67, 68]. 

Touch-spinning is one of the recently developed technologies, where nanofiber-

production does not involve the usage of high-voltage electric fields, but fibers are drawn 

out from polymer solutions or melts using mechanical forces. This technique was 

developed due to the increased interest in nanofiber-fabrication, aiding in forming bones 

and tissues in combination with cells [69]. With this technique, fiber diameters within the 

range of 40 nm to 5 µm have been achieved [68]. This technique is not limited by the 

needs of the spatial arrangement of oppositely charged electrodes, therefore more 

flexibility is present in the design and geometry of drawing out the fibers, manipulating 

their deposition and their alignment. One of the key advantages of this fabrication 

technique is the ability to generate fibers with a well-controlled fiber alignment, diameter, 

crystallinity, and polymer chain alignment in amorphous phase [69-71].  
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The simple setup of the touch-spinning device is depicted in Figure 7. The main 

components are the syringe, where a polymer solution or melt is supplied, air pressure, 

the rotating disk with rods, the collector plate, and a stepper motor (for controlling the 

movement in XYZ direction). The process of fiber collection in touch-spinning starts with 

supplying the polymer solution or melt into the syringe and applying pressure for 

extrusion. If a polymer melt was to be supplied, both a heater and a cooler would be 

needed; one to melt the polymer and the latter to cool down the formed fiber. Once the 

polymer solution/melt is extruded, the droplet formed at the nozzle needs to touch the 

rods on the rotating disk, which is ensured via adjusting the Z-axis. As the rotation of the 

rotating disk is initiated, a liquid bridge forms between the rod and the nozzle, and as the 

rotation proceeds, the liquid bridge stretches and forms a fiber. Due to mass conservation, 

the fiber diameter decreases with an increase in fiber length. The fibers are collected in 

the frame or collector plate, placed at the center of the disk [68]. Fiber diameter is 

controlled by adjusting the rotational speed, flow rate, and the concentration of the 

polymer solution [69]. 

 

Figure 7. Schematic representation of touch-spinning device, where the polymer solution is extruded from the 
cartridge via applying air pressure. Once the rotational bar touches the polymer droplet, the fiber is pulled producing 
aligned fibers on the collector. 
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Fiber formation in this technique occurs due to the stretching of the liquid thread or bridge 

forming between the nozzle and rotating rod, as well as the solvent evaporation, resulting 

the solidification of the fiber. The main difference between these two mechanisms is the 

change in the force dynamics applied to the liquid thread at later steps of fiber formation. 

The most efficient mechanism in stretching the fibers is the direct contact of drawing the 

fibers with pulling the rod (the first mechanism) in the cold drawing stage, in comparison 

to the rotating electrode in electrospinning [71]. During spinning of fibers, the surface 

area of the liquid thread increases with its elongation, hence the solvent evaporates from 

the thread, and solidifies the fiber. Once the droplet hits the rotating rod, a pressure is 

generated, but it is greater than the breakthrough pressure, which causes the transition of 

the droplet from Cassie to fully wetted Wenzel state, leading to the wetting hysteresis. 

This does not have any effect on fiber diameter but plays an important role in avoiding 

the contamination of the rod with polymer deposits [69].  

In touch-spinning, fiber stretching occurs in two directions: axial stretching and 

capillarity. Axial stretching owes to the stage rotation while the latter corresponds to 

draining the fluid from the fiber and back into the source droplet. Experiments have been 

performed to see if the different diameters of the rotating rods affects the fiber diameter, 

but no effect was demonstrated [68]. Fiber diameter is a function of an interplay of 

parameters, between the stretching of the polymer liquid from the surface supplying it 

and the tip of the rod [69]. Since mechanical force is the force drawing out the fibers, it 

determines both the fiber stretching, guiding the fibers onto the spool, where a better 

control over fiber alignment is achieved [70]. 

The rotational speed, viscosity of the polymer solution or melt, and the flow rate are the 

main factors affecting fiber diameter in this fabrication technique. As the rotational speed 

increases, fiber diameter decreases, owing to the pulling mechanism of the fibers, where 

solvent evaporation occurs faster. The faster/quicker the fibers are being pulled, the more 

they are being extended, thus lower fiber diameter. Polymer solution/melt concentration 

or viscosity also plays a role, such that an increase in viscosity leads to an increase in the 

axial viscous stress, hindering the stretching of fibers and increasing the fiber diameter. 

The manipulation of single nanofibers owes to the simplicity of the setup. The mesh size 

of touch-spun fibers can be controlled, due to the ability of drawing out fibers in several 
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mechanisms, such as orthogonal, unidirectional, and randomly oriented 2D or 3D meshes. 

Thus, the thickness and density can be controlled, allowing the combination of different 

fibers and materials within the fabrication process. This technique is scalable, easily 

implemented for laboratory and industrial manufacturing. It is very fast and practical, 

where no specific nor special equipment is required, neither the training of a personnel 

[68-70].   

An additional advantage to touch-spinning in comparison to electrospinning includes the 

easy collection of fibers without impeding or obstructing their morphology. Although 

electrospinning can be done on a similar wire-frame collector, it is more commonly done 

onto a solid surface; removing the fibers from the collector is often difficult [69]. The 

main limitation to this fabrication technique is low productivity, where it is measured in 

a scale of centimeters per minutes (cm/min), yet it has been used in the production of 

scaffolds for tissue engineering. PCL meshes for filtration purposes were prepared via the 

simple winding of PCL fibers into meshes with specific sizes [72]. Unlike the limitation 

exhibited with electrospinning, where bioactive molecules as BSA cannot be incorporated 

into the mesh, a study conducted by Lee,S-J. et al., has achieved the incorporation of BSA 

within touch-spun PCL fibers that have promoted the alignment of neurite outgrowth of 

NSCs, signifying their potential use in treating conditions ranging from spinal cord injury 

to peripheral nerve lesions [69]. 

1.4 Conclusion 

 

Nano- and microfibers obtained by different techniques have been used to obtain cell 

patterning and alignment for the last couple of decades and have shown good cell 

adhesion due to their ability to mimic the fibrous ECM. Different techniques have been 

developed and implemented to optimize and scale-up fiber production, as well as improve 

the control over exact fiber deposition and patterning (MEW and Touch spinning). The 

essential parameters governing MEW are thermal and electrical, meanwhile for touch-

spinning, these properties are mechanical and depend strongly on the solvent system. 

Furthermore, the materials used are critical to the fiber processing and production 

depending on the mechanical and physico-chemical properties thereof. 
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In this dissertation, the focus is on developing and synthesizing PU-based copolymers 

which could be processed into fibers using several techniques (a combination of 3D 

printing and MEW, and touch spinning). Future applications of these fibrous scaffolds 

includes skeletal muscle tissue, specifically the tubular structures within this tissue.  
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2. Aims 
 

The aim of this thesis was to develop polyurethane-based copolymers suitable for fiber 

production using Melt-electro writing and Touch-spinning techniques. 

The set of polymers here presented offer the following advantages: 

1. Biocompatibility and biodegradability. 

2. Mechanical properties and processability. 

3. Suitable environment for cells. 

Hence, the aim of this work can be divided in three main objectives: 

Objective 1: The fabrication of shape-changing bilayered scaffolds, which allow the 

growth of aligned skeletal muscle cells, using a combination of 3D printing and melt 

electrowriting inducing shape transformation. Aiming to achieve suitable mechanical 

properties which must be similar to the principal components of extracellular matrix 

(ECM). 

Objective 2: The fabrication of highly aligned soft elastic fibrous scaffolds via touch 

spinning a family of polyester−polyurethane soft copolymers based on polycaprolactone 

with different molecular weights and chain extenders, demonstrating their potential for 

engineering muscle tissue. Moreover, the construction of highly oriented fiber scaffolds 

that can support the proliferation and alignment of muscle cells for muscle tissue 

engineering applications. 

Objective 3: Designing and constructing highly aligned fibrous scaffolds that can mimic 

the structure of muscle tissues. The fabrication technique to be used is touch spinning and 

the material is a thermoplastic poly(1,4-butylene adipate)-based polyurethane elastomer, 

obtained via solvent-free polymerization. 

 

 

 



25 
 

3. Synopsis  
 

This dissertation includes three published full papers, all of them as first author. The aim 

of this work was to develop new biodegradable and biocompatible polyurethane-based 

copolymers for muscle tissue engineering. The results presented in all three papers were 

obtained in the University of Bayreuth under the supervision of Prof. Dr. Leonid Ionov. 

The papers are presented in the order of the objectives, mentioned in the previous section, 

section “2. Aims”. The first paper focuses on using a combination of fabrication 

techniques (MEW and 3D Printing) to produce scaffolds based on PCL-PU copolymers. 

The second paper explores a newly developed fabrication technique, touch spinning, 

using the polyurethanes from the first paper as well as modifying them in terms of 

molecular weights of their hard and soft segments. Finally, the last paper investigates the 

processing of poly(ester-urethane) elastomer, obtained in solvent-free conditions, and 

processing fibers using touch spinning, as in the previous paper. 

3.1 Shape-Morphing Fibrous Hydrogel/Elastomer Bilayers  

 

The first paper was published in ACS Applied Bio Materials under the title: Shape-

Morphing Fibrous Hydrogel/Elastomer Bilayers Fabricated by a Combination of 

3D Printing and Melt Electrowriting for Muscle Tissue Regeneration.  

Here, a combination of 3D printing and Melt electrowriting techniques was used to 

fabricate a bilayer system. PCL-PU 1:2:1 copolymer fibers were drawn on top of a 3D 

printed HA-MA film, Figure 8. The soft, elastic, biocompatible, and biodegradable 

copolymer of PCL-PU [73, 74] was synthesized and used for the fabrication of the system. 

The second component of the shape-morphing structure is biocompatible and 

Figure 8. Scheme of the fabrication of shape-changing mats for the regeneration of muscle tissue by MEW of 
polycaprolactone-polyurethane (PCLPU) and 3D printing of HA-MA: (a) 3D printing of HA-MA; (b) cross-linking of printed 
HA-MA film; (c) deposition of uniaxially aligned fibers of PCL-PU using MEW; (d) seeding C2C12 myoblast on the bilayer, 
its shape transformation, and formation of a multilayer scroll tube suitable for cells encapsulation [2]. 
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biodegradable methacrylated hyaluronic acid, which is one of the components of ECM 

[75, 76]. 

This system possessed improved topography, mechanical properties, and surface 

chemistry, in comparison with PCL [54] supporting a high degree of cell alignment and 

has the possibility of shape changing, forming tubular structures. The combination of 

techniques allowed best control in terms of size and thickness of the printed structures 

through programmed fabrication. 

The sheets of cross-linked hyaluronic acid were able to undergo shape transformation and 

form tubular structures, due to the vertical gradient of cross-linking density obtained 

during cross-linking the polymer and triggered via its immersion in water [30]. Cell 

culture experiments demonstrated that myoblasts were occupying the spaces between the 

fibers, proliferating, and aligning along them. These scroll-like tubular structures can be 

further developed for obtaining vascularized tissues to transport nutrition and oxygen to 

the cells inside and for culturing a microtissues suitable for transplantation. 

3.2 Soft Elastic Fibrous Scaffolds by Touch Spinning 

 

The previous work showed promising results, therefore another fabrication technique as 

well as a combination of different polyurethane-based copolymers were investigated in 

the second article published in ACS Applied Bio Materials under the title: Soft Elastic 

Fibrous Scaffolds for Muscle Tissue Engineering by Touch Spinning. In this work, 

we reported the fabrication of porous touch-spun highly aligned and elastic scaffolds of 

polycaprolactone−polyurethane copolymers and demonstrated their promising character 

for the engineering of muscle tissue (Figure 9). 

Figure 9. Schematic representation of touch-spun aligned fibers and real picture of cell alignment results [3]. 
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To this aim, a family of polyester−polyurethane soft copolymers based on two different 

molecular weights of polycaprolactone (530 and 2000 g/mol) and three different kinds of 

chain extenders, such as 1,4-butanediol, and two molecular weights of PEG were 

synthesized. The combination of mechanical properties of the polymer demonstrated 

elastic deformation and elastic modulus in the range of 1 to 10 MPa depending on the 

composition. It was found that only 1 out of the 14 synthesized polymers possesses the 

suitable combination of properties for cell culturing. The combination of properties of the 

polymers and the method of fabrication of highly aligned fibrous structures demonstrated 

a potential for the application of this copolymer in muscle tissue engineering. Altogether, 

the importance of this approach is the fabrication of highly oriented fiber constructs that 

can support the proliferation and alignment of muscle cells. 

3.3 Fibrous scafolds for muscle tissue Engineering Based on Touch-Spun 

Poly(Ester-Urethane) Elastomer 

 

The third article focuses on synthesizing a poly(ester-urethane) elastomer in solvent-free 

conditions and processing fibers via touch spinning with the aim to improve the results 

of the previous publications. This work is published in Macromolecular Bioscience, 

under the title: Fibrous scaffolds for muscle tissue engineering based on touch-spun 

poly(ester-urethane).  

Here, we report an approach for the fabrication of highly aligned microfibrous scaffold 

of new thermoplastic polyurethane elastomer, whose soft segment is composed of 

poly(1,4 butylene adipate) and whose hard segment is formed by 1,4 butanediol and 

Methylene diphenyl diisocyanate (MDI) using the touch spinning technique and 

demonstrating its suitability for muscle tissue engineering (Figure 10). 

Figure 10. Schematic representation of processing a touch-spun scaffold and cell seeding on top. 
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The copolymer demonstrates an interesting combination of mechanical and thermal 

properties: a plastic and elastic characteristic of deformation, contraction at human body 

temperature, and had highly reliable elastomeric properties. The reported polymer 

demonstrates better mechanical properties, in comparison to similar polycaprolactone-

based polyurethanes previously reported in articles 1 and 2, excellent biocompatibility 

that enables its use for fabrication of fibrous scaffolds allowing high cell alignment 

required for regeneration of such anisotropic tissues as muscle tissue. 
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Page 44: Results and discussion: instead of: “HA-MA films contained Eosin Y and triethanolamine 
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Figure S2. NMR spectra of PCL-PU 1:2:1 in DMSO 

Page 55 Correction of the figure S4. 

 

Figure S4. NMR spectra of HA-MA in D2O 
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Hz) corresponding to polycaprolactone 1.64 – 1.42 (m), 1.42 – 1.09 (m) overlapping PCL and 

Polyurethane parts and 3.51 (s) corresponding to the PEG protons. 
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Corrections Manuscript 3 

 

Fibrous scaffolds for muscle tissue engineering based on touch-spun poly(ester-urethane) elastomer 

Page 87. NMR integral position. 

 

Figure 1: a) NMR and b) FTIR spectra of TPU-BPA-25 copolymer 
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8. Conclusion  
 

A family of polyurethane-based copolymers were obtained, and some of them were 

suitable for processing and implementing into fiber production using Melt electrowriting 

and Touch-spinning techniques. All the obtained Polymers were biocompatible and 

biodegradable. They show suitable mechanical and physico-chemical properties and 

provide a suitable environment for cells, mimicking the ECM. 

Firstly, the fabrication of shape-changing bilayered scaffolds was achieved using a 

combination of 3D printing and Melt electrowriting inducing shape transformation. These 

scaffolds allowed the growth of aligned skeletal muscle cells, providing suitable 

mechanical properties like the principal components of ECM. 

Then, the fabrication of highly aligned soft elastic fibrous scaffolds of a family of 

polyester−polyurethane soft copolymers based on polycaprolactone with different 

molecular weights and different chain extenders using touch spinning was achieved. The 

tested copolymers demonstrated their potential for the engineering of muscle tissue and 

the construction of highly oriented fiber scaffolds, which was able to support the 

proliferation and alignment of muscle cells, intended for muscle tissue engineering 

applications. 

Finally, highly aligned fibrous scaffolds that were able to mimic the structure of muscle 

tissues were designed and constructed by touch spinning a thermoplastic poly(1,4-

butylene adipate)-based polyurethane elastomer, obtained via solvent-free 

polymerization. Cell culture studies proved excellent biocompatibility that enables its use 

for the fabrication of fibrous scaffolds allowing high cell alignment required for 

regeneration of anisotropic tissues as muscle tissue. 
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