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4 ABSTRACT 

Tissue-engineered bio-artificial muscles (BAMs) resemble skeletal muscle because they 

contain parallel, fused myofibers. However, they still differ from real skeletal muscle in several 

aspects, which limits applications. In this thesis, we explored ways to address some of the 

current limitations. First, a limitation due to the lack of perfusion is the size of the BAMs. Prior 

to this thesis, an approach to generate endothelial networks in the BAMs had been developed, 

based on 3D co-culture of human muscle and endothelial (HUVEC) cells. In this thesis, we 

investigated the behaviour of these networks in vivo. BAMs were implanted for 2 weeks in mice 

and rats from several strains. In immunodeficient mice, we demonstrated connection of the 

BAM endothelial networks with host vessels. However, no human myofibers were retrieved, 

indicating a need for further maturation of the BAM in vitro. In parallel, we explored the use 

of skeletal muscle microvascular endothelial cells. Improved myofiber formation was observed 

compared to the previous HUVEC co-culture. We also further evaluated culture media which 

best supported differentiation of both myofibers and HUVECs and found a medium which 

improved both myofibers and endothelial networks. Second, we explored two classes of 

synthetic biomaterials as scaffolds to support cell fusion and formation of long muscle fibers. 

Differentiation of human myoblasts on a polycarbonate biomaterial decreased in the proximity 

of the scaffold due to impaired cell survival. In contrast, human myoblasts were biocompatible 

with poly(glycerol sebacate) and differentiated well to myofibers on this scaffold.
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5 INTRODUCTION 

5.1 TISSUE ENGINEERING 

Tissue engineering is a rapidly growing scientific field which aims at creating biological 

tissue in vitro (1). The field was introduced in the late 1980s and requires synergistic insights 

from medicine, material sciences and engineering (1). It is an interdisciplinary field which aids 

in deeper fundamental understanding of mammalian tissue function and structure both in 

normal and pathological conditions.  

The loss or 

failure of an 

organ or tissue 

is a main 

problem in 

human 

healthcare. 

The lack of 

suitable 

transplant organs is also an important cause of death; 20 people die each day waiting for a 

transplant (Figure 1) (1–3). Tissue engineering organs therefore seems a promising path to 

explore. To develop, repair or even replace tissues and organs in vitro, a combination of cells, 

biomaterials and/or biologically active molecules is required. In addition, after implantation the 

engineered tissues must have functionality and the ability to become integrated into the body. 

To obtain biomimetic tissues, the principles that occur during embryonic development are used 

as a blueprint. Therefore, collaborations between developmental biologists, clinicians and 

engineers are essential to further advance the field. 

Currently, there are several hurdles impeding clinical applications of tissue engineering. 

These include (i) the identification of an appropriate matrix material, (ii) the vascularization of 

engineered tissue and (iii) the transfer from laboratory-scale to clinical-scale production (1).  
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Figure 1 The organ shortage continues (figure adapted from (3)). 
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5.2 SKELETAL MUSCLE TISSUE ENGINEERING 

5.2.1 Skeletal muscle 

Skeletal muscle comprises 30% of the human 

body and is of high clinical importance due to its 

role in metabolism and movement (4). Skeletal 

muscle is surrounded by a strong and thick sheath 

of connective tissue, called the epimysium and is 

composed of muscle bundles (5). Muscle bundles 

are surrounded by a layer of connective tissue called 

the perimysium and in turn are composed of muscle 

fibers (myofibers) (Figure 2). Muscle fibers have a 

cylindrical shape with a diameter of 10-100 µm and 

can reach a length of several centimetres (6). They 

are wrapped in a thin connective tissue layer of 

collagen and reticular fibers, the endomysium (7). 

The contractile unit of the myofibers is 

composed of myofibrils arranged in sarcomeres and 

located in the sarcoplasm. Each myofibril is 

composed 

of thick and thin filaments, myosin and actin 

respectively, which results in striations which are 

characteristic of skeletal muscle (Figure 3). 

Furthermore, the sarcoplasm contains the T-tubule 

which is crucial for the excitation-contraction 

coupling as it conducts the electrical signals.  

Until the middle of the 19th century, it was 

believed that muscles did not regenerate. Nowadays, the regenerative capacity of skeletal 

muscle is known and divided into five interrelated and time-dependent phases: degeneration 

(necrosis), inflammation, regeneration, remodelling, and maturation/functional repair (8). The 

central role in muscle regeneration is played by the muscle stem cells known as satellite cells.  

Figure 2. Structure of skeletal muscle (figure taken 

from (7)). 

Figure 3. High magnification image of native 

histology of striated skeletal muscle with n referring 

to muscle cell nuclei and * indicating the 

endomysium (image taken from (12)). 
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5.2.1.1 Satellite cells  

Adult skeletal muscle contains tissue specific adult stem cells called satellite cells (9) with 

Paired box 7 (Pax7) as its most widely used molecular marker (10). They are positioned under 

the basal lamina of 

myofibers, are at rest in 

normal conditions and 

possess myogenic 

differentiation capacity (11). 

It is a heterogeneous 

population of stem and 

progenitor cells involved in 

the growth, maintenance and 

regeneration of skeletal 

muscle (12). Necrosis of 

damaged muscle fibers 

following exercise, injury or 

disease results in an 

inflammatory response which eventually gives rise to the phagocytosis of injured myofibers 

(5). As satellite cells are readily responsive to molecular triggers, these events result in the 

activation of this normally quiescent population into active myoblasts. These myoblasts are in 

turn able to fuse with the damaged myofibers or with each other into newly formed myofibers 

(Figure 4)(12). 

Experiments in which damage was induced to muscle showed that genetic ablation of the 

satellite cells resulted in impaired muscle regeneration (13). Satellite cells recapitulate, to a 

certain extent, the embryonic skeletal muscle development through analogous mechanisms in 

response to injury.  

The activation of quiescent Pax7+ myogenic precursors is a highly orchestrated process with 

different stimuli being proposed as initiators of satellite cell activation. At the site of injury 

many growth factors are released and some e.g. hepatocyte growth factor (14) and insulin-like 

growth factor (IGF)(15) are able to activate satellite cells. Invading inflammatory cells, 

especially macrophages, are important for the resolution of necrosis but may also support 

satellite cell survival and induce muscle regeneration (16,17). Next to growth factors, proteins 

Figure 4. Satellite cell response to skeletal muscle trauma or injury (myotrauma) 

(figure taken from (18)). 
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involved in muscle embryogenesis like Notch, sonic hedgehog, and Wnt may also be involved 

in satellite cell activation and postnatal muscle regeneration (18,19).  

Once they are activated, they start to proliferate and give rise to myoblasts. This 

commitment to a myoblastic lineage is characterized by the expression of myogenic 

differentiation 1 (MyoD1) which induces together with myogenic factor 5 (Myf5) the Myogenin 

expression. This induction phase further coincides with cell cycle exit and commitment to 

differentiation resulting into elongated myoblasts, called myocytes (20). Post-mitotic myocytes 

display a shift in gene expression which enables their fusion into multinucleated myotubes 

characterized by myogenin and myogenic regulatory factor 4 (MRF4) expression. Terminal 

differentiation of the myotubes post-fusion into muscle fibers results in the abundant expression 

of genes such as myosin and actin (Figure 5)(21).  

The expansion of the satellite cells during this regeneration either results in the 

replenishment of the satellite cell pool by symmetric expansion or in two distinct cell fates as a 

result of asymmetric division (22). The latter gives rise to one daughter cell contributing to the 

regeneration while the other daughter cell remains attached to the basal lamina, where it retains 

the satellite stem cell identity.  

5.3 BIO-ARTIFICIAL MUSCLE 

5.3.1 Cell sources 

Use of satellite cells for skeletal muscle tissue engineering (SMTE) is a logical choice but 

satellite cells have significant limitations. Satellite cells can be isolated by single fiber explant 

culture (23) or enzymatic digestion (24). Both methods have their limitations, respectively low 

Figure 5. Stages of myogenesis tightly regulated by a network of transcription factors (figure adapted from 

(24)). 
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yield and lower purity (24). Based on the higher yield, enzymatic digestion is the most 

commonly used isolation method. Purification methods such as fluorescent or magnetic 

activated cell sorting can be applied after isolation (25), but there is no consensus as to whether 

pure cell populations are advantageous for tissue engineering. An additional issue is that only 

limited amounts of skeletal muscle tissue can be biopsied. Therefore, satellite cell expansion in 

vitro is essential for further tissue engineering. Although expansions through 20 doublings are 

described (26), senescence can occur already at early passages due to karyotype alterations (27). 

This limited expansion capacity hampers their use for tissue engineering. Because of these 

issues, alternative stem cell sources are being considered, discussed below. 

5.3.1.1 Adipose-Derived Stem Cells (ADSCs) 

ADSCs have attracted attention as they are easily and abundantly isolated from lipoaspirate. 

ADSCs are a class of mesenchymal stem cells (MSC) which can differentiate into mesodermal 

lineage tissues including cartilage, bone, adipose tissue and skeletal muscle (28). Their 

abundance and multipotency compared to satellite cells makes them attractive to tissue 

engineers. Moreover, their lack of major histocompatibility complex (MHC) class II expression 

might allow the use of ADSCs from allogeneic or xenogeneic donors without 

immunosuppression (29). Furthermore, ADSCs secrete paracrine factors which have anti-

apoptotic or neovascularization properties (30). These features offer significant advantages over 

satellite cells.  

A subpopulation of ADSCs have inherent myogenic potential as they are able to respond to 

natural myogenic cues (31). ADSC induction to myoblasts remains the critical step for SMTE. 

Several different methods such as using myogenic media, co-culturing with myoblasts (31), 

biophysical stimuli (32) or genetical manipulation (33) have been described but lack efficiency. 

This results in the differentiation to other cell types and a heterogenous population. 

5.3.1.2 Bone Marrow-Derived Mesenchymal Stem Cells (BM-MSCs) 

BM-MSCs are known to participate in skeletal muscle regeneration (34) and have myogenic 

potential comparable to ADSCs (35). BM-MSCs were used to treat skeletal muscle injuries by 

either direct injection (36) or after seeding on a muscle derived extracellular matrix (ECM) 

(37). However, it was not proven that the transplanted cells differentiated into myofibers 

suggesting an indirect action of these BM-MSCs (36)(38).  
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5.3.1.3  Umbilical Cord Mesenchymal Stem Cells (UC-MSCs) 

UC-MSCs are derived from the cord-placenta. Their high tolerability in transplantations 

due to the lack of expression of MHC class I and II antigens makes them a promising alternative 

source for regenerative medicine (39). UC-MSCs have been studied in the context of muscular 

dystrophy therapy, but results concerning differentiation into skeletal muscle in vivo were 

contradictory (40,41). Successful myogenic induction by means of myogenic media (42) or 

MyoD1 transfection (43) indicate that these cells might serve as an alternative source in the 

future. 

5.3.1.4 Pericytes 

Pericytes are perivascular stellate cells positioned in the microvascular walls of virtually all 

vascularized organs, including skeletal muscle (44). They share similar features with MSCs 

such as mesodermal differentiation potential and expression of markers (e.g. CD90, CD44, 

CD105 and CD73)(45). Pericytes contribute to myogenesis during postnatal growth and 

regeneration of skeletal muscle by fusion with developing myofibers and entering the satellite 

cell compartment (46). In vitro differentiation, by using a combination of co-culture techniques 

and the use of myogenic differentiation medium, indicates a high skeletal myogenic potential 

(47). Pericytes also contribute to structural recovery after engraftment in dystrophic muscle 

fibers (47). Based on both the myogenic and vasculogenic differentiation capacity, pericytes 

are considered as a suitable cell source for investigations in the field of tissue regeneration (48). 

Finally, they are well accessible since they are present in a variety of tissues. Their accessibility, 

ease of in vitro expansion and ability to differentiate into skeletal muscle cells with high 

efficiency indicates that these cells are another alternative cell source. However, to date 

pericytes have not been used in SMTE. 

5.3.1.5 Pluripotent stem cells (PSCs) 

Pluripotent stem cells could theoretically provide unlimited quantities of any human cell 

type as they are characterized by endless self-renewal and pluripotency. Pluripotent stem cells 

include human embryonic stem cells and induced pluripotent stem cells. Embryonic stem cells 

(ESCs) are derived from the inner cell mass from blastocyst-stage embryos (49). Isolation 

protocols need further optimization as isolation is inefficient whilst requiring high 

specialization, training and expertise (50).Despite the potential for regenerative medicine, ESC 

derivation leads to ethical concerns as isolation requires embryo destruction (51).  
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The generation of induced pluripotent stem cells (iPSC) was an important impetus for 

research (52). IPSCs are generated by reprogramming somatic cells to an embryonic stem cell-

like state using transcription factor overexpression and/or small molecules. Because autologous 

tissue can be used for reprogramming cells into different tissues, an immune rejection can be 

avoided. IPSCs therefore show great potential for cell-based therapy. However, reports on 

genomic and epigenomic changes resulting from the reprogramming process raise concerns 

(53), so iPSC technology must be scrutinized before clinical application. 

We can conclude that, although alternatives exist for satellite cells as a cell source for 

muscle tissue engineering, their need for differentiation into myogenic lineages poses an 

important risk. The differentiation may not be perfect, giving rise to an unwanted heterogenic 

cell population or even cancerous tissue. To date, this differentiation withholds the widespread 

application of these cells. Further improvements and understanding of the differentiation 

protocols are expected to increase the use of alternative cell sources for tissue engineering 

applications.  

5.3.2 Co-cultures 

As using only one cell type does not resemble the in vivo cell heterotypic communication, 

attempts have been made to investigate the impact of co-cultures on maturation and 

functionality of the engineered tissues. One such approach has been to stimulate muscle cell 

differentiation and myotube maturation by combining skeletal muscle cell lines with fibroblasts 

(54). This co-culturing resulted in prolonged myotube survival and maturation. These results 

can be explained by fibroblast secretion of extracellular matrix components and growth factors 

which contributes to survival and differentiation (55).  

Other studies have used co-cultures of skeletal muscle cells and endothelial cells to develop 

vascularized constructs since the provision of oxygen and nutrients to cells deep within a thick 

construct remains a major challenge. The formation of capillary-like networks in tissue-

engineered constructs before implantation could overcome the limitations of simple diffusion 

in avascular tissues and is needed for increasing the size of engineered tissue constructs. Pre-

vascularization is based on de novo blood vessel formation known as vasculogenesis. From a 

primary network of endothelial cells, new blood vessels arise through vasculogenesis during 

which endothelial sprouts elongate and fuse to form new vascular loops (56). Vasculogenic 

processes have been examined through in vitro two-dimensional (2D) and three-dimensional 

(3D) models using endothelial cells from different species and different matrices to obtain self-
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assembled vascular networks (57–59). More complex models focus on endothelial-pericyte 

interactions to develop a layer of supporting pericytes which subsequently secretes basal 

membrane (60–62). Other efforts focus on perfusion of lumenised vessels through microfluidic 

devices to further mimic the complex in vivo tissue microenvironment (63,64). In the field of 

SMTE, different approaches are being explored to obtain pre-vascularized constructs. One 

approach sandwiches blood vessel cells between myoblast sheets to prepare pre-vascularized 

dense tissue constructs (65). Our lab has developed another approach combining endothelial 

cells and myoblasts resulting in a co-culture bio-artificial muscle (BAM) which consists of 

human aligned myofibers with interspersed endothelial networks (66). 

Combining the aforementioned cells in a tri-culture (myoblasts, fibroblasts and endothelial 

cells) mimics the normal in vivo muscle composition even more closely. This approach showed 

more advanced myofiber maturation and morphology together with improved pre-organization 

of a capillary network, resulting in faster replacement of graft vessels by host vessels after 

implantation (67). The increase and stabilisation of the capillary network was explained by the 

observed increase of vascular endothelial growth factor when comparing the tri-culture to 

myoblast-endothelial co-culture (67). 

Co-cultures of neural cells with myoblasts are being developed to study neuromuscular 

junction formation. In these so-called neuromuscular co-cultures, muscle-induced neuronal 

differentiation of the cultured primary neurons has been observed as a result of stimulated 

expression of neuronal acetylcholinesterase via a cyclic adenosine monophosphate dependent 

signalling pathway (68). Neuromuscular junction development would allow stimulation 

through nerves and further myofiber maturation. Furthermore, this would serve as a model for 

the treatment of neuromuscular diseases.  

Although co-culturing may aid in getting a step closer to resembling native skeletal muscle 

tissue, this approach presents additional hurdles. Combining different cell types in one construct 

is difficult as each cell types has its own optimal culture conditions. Therefore, a trade-off needs 

to be found between the different cell types in terms of optimal culturing and differentiation 

conditions.  

5.3.3 Tissue engineering of bio-artificial muscle 

Relatively small muscle composed of aligned myofibers can already be created by tissue 

engineering. This engineered skeletal muscle has neonatal characteristics in terms of strength, 

tissue organization and gene expression (69). In order to create more mature muscle constructs, 
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scaffold-based approaches are developed next to the scaffold-free approach. Biomaterial 

scaffolds are made of synthetic or natural materials providing an artificial extracellular matrix 

(ECM). This attempt to mimic the ECM properties of the skeletal muscle tissue is driven by 

insights on the key role of the ECM molecules in the proliferation of muscle progenitor cells 

and subsequent stages of differentiation (69). The ECM can be mimicked in several ways, 

which are divided in scaffold-free and scaffold-based technologies. 

5.3.3.1 Scaffold-free technology 

BAMs can be created from self-organizing myofibers resulting in a soft tissue by using a 

hydrogel, mimicking the ECM. This hydrogel is mixed with cells and cast in molds with 

attachment posts (70). During cell-gel contraction, passive tension forces myoblasts to align 

parallel to each other along the length axis of the BAM. Differentiation, induced by switching 

to a culture medium containing low serum concentrations, results in parallel contractile fibers 

(71). 

5.3.3.2 Scaffold-based technology 

This approach is based on the use of scaffolds which provide a physical support structure 

for the seeded myogenic cells. Scaffolds can be classified according to their composition, being 

either synthetic polymers or naturally derived biomaterials. With current lawsuits concerning 

mesh implantations in mind (72), the preference nowadays is to use naturally derived 

biomaterials to avoid sustained inflammatory reactions. However, biological polymers often 

suffer from poor mechanical properties (73).  

Scaffolds play a pivotal role in the proliferation of cells, providing structure for new tissue 

formation and can prevent cavitation in vivo, which might result from massive tissue loss (74). 

Figure 6. Bio-artificial muscle (BAM) formation; scaffold-free SMTE technology (Figure taken from (79)). 



 

10 

 

A SMTE scaffold should have following characteristics: biodegradability, mechanical 

properties similar to the target host tissue, adhesiveness for cells, biocompatibility and good 

suturability to ensure secure implantation (75).  

5.4 SCAFFOLDS 

5.4.1 Natural biomaterials 

ECM molecules are required within the skeletal muscle differentiation process, since many 

of the cellular events that occur during skeletal muscle formation require cell-ECM interaction 

(76). Collagen is the most logical choice as a natural biomaterial since it is an important 

component (1 - 15% of total dry weight (77)) of skeletal muscle. Collagen is readily available: 

a matrix can be obtained by decellularization or it can be prepared through extraction from 

animal sources (78). Several collagen-based scaffolds are currently available on the market, 

such as Helistat (Integra LifeSciences), Instat Fibrillar (Johnson & Johnson) and Biobrane 

(UDL Laboratories) (78). The major drawback of this biomaterial is its intrinsic low mechanical 

properties. Therefore, cross-linking strategies are used to control the rate of degradation in vitro 

(79).  

Gelatin is another source of a natural biomaterial, obtained by controlled hydrolysis of 

collagen. It is one of the most widely used protein-based polymers with a variety of applications 

in the food and pharmaceutical industry (80). Gelatin is produced in massive quantities at low 

cost, is biocompatible and biodegradable. Nonetheless, gelatin suffers from the same drawback 

as collagen namely its mechanical weakness resulting in the need for cross-linking or 

combination with other polymers (81).  

Elastin is also found in the native ECM of connective tissues where total elastin content 

varies from 0.6 to 3.7 % (82). Its use as a biomaterial is limited as there are several drawbacks 

associated with this structural protein. Its tendency to calcify after implantation remains the 

biggest hurdle for its use as a scaffold in tissue engineering approaches. The use of elastin 

scaffolds showed the presence of glycation and oxidation products, associated with matrix 

crosslinking and stiffening, which ultimately led to inflammation and calcification (83). The 

complex purification process combined with the need for control of degradation via cross-

linking further limits it use. Despite the many drawbacks, elastin is still being examined as a 

scaffold material in the field of cardiovascular tissue engineering due to its high elasticity 
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coupled with its low stiffness (73). It is often combined with collagen in an attempt to improve 

the viscoelasticity of collagen scaffolds without resorting to synthetic polymers (84). 

Fibrinogen is a protein with an established role in wound healing, where after 

polymerization into fibrin fibers, it serves as a provisional matrix for tissue repair. Therefore 

the use of fibrinogen as a scaffold material for tissue engineering approaches is assumed to 

replicate the same support as during wound healing. Fibrinogen is known for its pro-

inflammatory features, however there is a paradigm shift in the use of materials from avoiding 

the immune response towards modulating inflammation (85). The high capacity of fibrinogen 

to bind growth factors makes it an interesting polymer for use as a scaffold (86). Furthermore, 

fibrinogen has consistently demonstrated excellent bioactivity together with favourable cell 

migration (87). Fibrin clots are soft and degrade within a few days in vivo, but different cross-

linking approaches with transglutaminase, glutaraldehyde, genipin or heterobifunctional 

carbodiimides are being examined to overcome this (86). 

Finally, silk derivatives are used in medicine, for example in wound dressings, vascular 

prostheses and suture materials (88). Depending on the silk source, differences in composition, 

structure and properties may be observed but currently silkworm is the only source being used 

commercially (89). Due to the slow proteolytic degradation, silk is often misclassified as 

nondegradable, however it is slowly absorbed as biocompatible amino acids (79). In response 

to findings of allergic reactions when using silk meshes, the outer sericin coat is removed which 

enhances the bioresorption in vivo and promotes the biocompatibility (90). Although the tensile 

strength of silk is comparable to synthetic fibers like Kevlar, silk meshes are easily handled 

without being too rigid (90). So silk-based biomaterials with high elasticity and high structural 

strength are a promising scaffold biomaterial for tissue engineering (91). 

5.4.2 Synthetic biomaterials 

Poly(glycolic acid) (PGA) scaffolds are currently used in a variety of medical applications 

of which the most well known are surgical sutures which have been commercially available 

since 1970 (92,93). PGA has already been widely used in the field of tissue engineering (94,95). 

PGA polymers are biodegradable which allows transient support for the tissue engineered 

constructs until sufficient neo-matrix is secreted by the embedded cells. Because of its limited 

mechanical support and rigidity, it is especially suitable for applications where a fast-degrading 

material (6-8 weeks) is desired (96). However, the degradation via non-enzymatic hydrolysis 

leads to acidic by-products. This ultimately leads to reduced pH and accelerated degradation of 
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the supporting structure and might interfere with cell survival (97). However, since scaffolds 

used in tissue engineering applications have highly porous structures, the mass of polymer per 

unit volume remains relatively low. On the other hand, the by-products themselves are non-

toxic for the body and are eliminated as carbon dioxide and water (98).  

Poly(lactic acid) (PLA)-based scaffold displayed good integration into the host tissue with 

a decreased inflammatory response, indicative of constructive remodelling (99). Although the 

mode of degradation is the same as for PGA, PLA degrades at a much slower rate. The 

degradation typically takes around 30-35 weeks and is accompanied by the production of lactic 

acid which is naturally present and metabolized in the body excluding by-product toxicity 

(1,100). Moreover, PLA has good mechanical versatility which makes it suitable for diverse 

clinical applications, each with their required scaffold shape. On the other hand, one drawback 

restricting its widespread application in the field of tissue engineering is the crystallinity of 

degradation fragments which might cause inflammatory reactions in the body (101). 

Scaffolds composed of both PGA and PLA, referred to as poly(lactic-co-glycolic acid) 

(PLGA), provide another approach for designing appropriate scaffold material. The ratios of 

each component might differ. For example, the commercially available woven Vicryl™ mesh 

is composed of a 90:10 ratio of glycolic acid and lactic acid respectively. Because of its 

flexibility and thin profile it is often utilised for meniscal repair. Due to its structural similarity 

to native bone it has been explored for orthopedic surgery as well (102). This copolymer 

degrades by bulk ester hydrolysis within a time period of 1-12 months depending on the relative 

ratios of both components (79). Moreover, the use of these scaffolds has not been linked to the 

presence of post-operation scars (103).  

Polydioxanone (PDO) is another biodegradable polyester which has gained increasing 

interest in the medical field due to its biocompatibility and its shape memory. Shape memory 

refers to the ability of the material to return to its original shape after being deformed by an 

external stimulus. Shape memory limits application of PDO as a suture because knot retention 

is more difficult, but may be a desirable feature for SMTE. However, because of natural 

biodegradability with limited inflammation, PDO monofilaments have been used as suture 

material for several decades (104). This long-term use in the clinic guarantees its safety in 

humans. The degradation rate varies between 6-12 months with no acute or toxic effects upon 

implantation (79). Currently, PDO scaffolds are being used also in plastic surgery, drug delivery 

and bone repair (1,105).  
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For delayed regeneration processes, slowly degrading scaffold materials are required to give 

sufficient support throughout the regeneration process. This requirement makes 

polycaprolactone (PCL), with its typical degradation rates of 1-3 years, very promising. The 

degradation of this polyester occurs by bulk or surface hydrolysis of the ester linkages (1). 

Furthermore, PCL has favourable mechanical properties such as good elasticity and flexibility 

accompanied by an excellent biocompatibility (106). PCL scaffolds may be valuable in the field 

of tissue engineering and have been proposed to engineer bone tissue (107).  

Compatibility of a biomaterial also refers to matching the mechanical properties to those of 

the host tissue. Elasticity, which implies recovery from deformation, is of particular importance 

in the context of dynamic tissues like muscle and tendon. Elastomers date back to the mid-

1890s, but only emerged in the late 1990s in the field of tissue engineering (108). Elastomers 

can be divided into two categories: physically crosslinked elastomers, also referred to as 

thermoplastic elastomers, and chemically crosslinked elastomers. The latter will be further 

discussed. In chemically crosslinked elastomers, flexible polymer chains arising from reacting 

multifunctional monomers arrange in a 3D network through chemical bonds which are 

introduced during a curing process (108). This crosslinking, where at least three linkages with 

neighbouring molecules need to be attained, can be initiated thermally or by radiation. 

Poly(polyol sebacate) (PPS) is a family of crosslinked polyester elastomers developed by 

Langer’s group in 2002 (109). PPS are synthesized from an alcohol containing multiple 

hydroxyl groups (polyol) and the dicarboxylic acid sebacic acid through polycondensation 

(esterification) (108). Subclasses of polyols arise from using different sugar alcohols like 

glycerol, xylitol and sorbitol (110). PPSs generally has little toxicity to the body tissues as they 

are composed of nontoxic monomers which degrade into metabolizable products (111,112). 

Poly(glycerol sebacate) (PGS) and poly(xylitol sebacate) (PXS) have been best studied. In vivo 

evaluation carried out for PGS and PXS showed mild acute inflammatory responses but no 

chronic inflammation (111,112). The biodegradation of PPSs through hydrolysis of the ester 

bonds with gradual loss of mechanical strength spans a period of several weeks (112,113). This 

surface erosion is the preferred way of degradation for regenerative purposes. Importantly, the 

physical characteristics can be tuned to match specific properties of biological tissues by 

altering processing methods (114) or using different monomer ratios (115,116). Furthermore, 

citric acid with hydroxyl and carboxyl functional groups can act as an additional cross-linker in 

PPS (117).  
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Finally, polycarbonate is known for its rubber-like properties, biocompatibility and 

biodegradability (118). The enzymatic degradation is mainly facilitated by surface erosion and 

an erosion rate of 6.7 micrometer per day has been reported (119). Due to its mechanical 

strength it is suitable for biomedical and pharmaceutical applications such as drug delivery 

systems, suture materials and in this context scaffold materials for supporting tissue engineered 

constructs (120). Polycarbonate is often studied as a composite biomaterial with polyurethane 

(121). 

5.4.3 Patterned scaffolds for cell guidance  

Obtaining aligned muscle fibers in bio-artificial muscle which are further assembled into 

organized muscle bundles is a key feature of engineering functional skeletal muscle tissue. To 

achieve this well-organized composition, micropatterned scaffolds have been fabricated to 

guide alignment of myoblasts which further fuse into aligned myotubes. Several methods such 

as electrospinning, photolithography or contact printing have been explored to achieve 

micropatterned surfaces (122). However, 2D patterned surfaces are limited in use because of 

their fixed thickness, making three-dimensional (3D) micropatterned scaffolds more promising, 

especially for tissue repair. 

5.5 APPLICATIONS OF BIO-ARTIFICIAL MUSCLE 

Differentiated myotubes serve as a model to study cellular mechanisms under controlled 

conditions in vitro (123). However, as two-dimensional culture on plastics does not mimic the 

native cellular microenvironment, there is growing interest in the use of 3D bio-artificial muscle 

models (124). 3D models in general constitute a promising and versatile in vitro model by 

mimicking normal cell physiology and function which strongly relies on cell-cell and cell-ECM 

interactions (125–128)h The use of human cells to create human muscle tissue increases the 

relevance to study human muscular diseases and evaluation of therapeutics. Also for basic 

science studies related to muscle physiology, innervation and development novel insights can 

be gathered based on these functional in vitro models. 

Another application is the use of human tissue engineered muscle constructs for high-

content drug screening. Tissues better predict the physiological activity of a screened compound 

compared to the traditional 2D screening technologies in which it is more difficult to predict 

the functional activity of a compound in vivo (129). Bioengineered human myobundles can 

serve as an in vitro system for testing novel muscle disorder therapeutics and aid in toxicology 

screening (130). Vandenburgh et al. described a tissue-based drug-screening platform for 
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compounds that affect muscle strength by measuring contractility changes upon drug 

administration in the medium (131). Furthermore, this application of tissue-engineered muscles 

can aid in reducing time, cost and number of animals needed for in vivo studies (132).  

Intramuscular drug delivery systems have gained significant momentum in pharmaceutical 

industry during the past decades, as intramuscular drugs are cost effective, pharmacologically 

efficient and induce reduced side effects (133). Providing new strategies for testing 

intramuscular compounds by developing bio-artificial muscle may reduce animal testing.  

In addition, SMTE is being explored as a ‘clean’ alternative for meat production. Meat 

production has an important impact on global warming as animals produce the greenhouse gas 

methane. According to the Food and Agriculture Organization of the United Nations, the 

demand for meat will increase 73 % towards 2050 (134). Therefore, alternative meat production 

sources are being explored. Culturing beef in vitro is based on the same SMTE principles as for 

clinical applications. However, as 20000 muscle strips were needed to create an 85 g hamburger 

it is doubtful that this approach will be either cost effective or technically feasible on a large 

scale (135).  

The last application is in regenerative medicine, further discussed below. This may be the 

most promising but at the same time also the most challenging. Clinical situations where 

muscles are damaged, like traumatic injuries, tumour ablation or prolonged denervation seem 

attractive for bio-artificial muscle applications (79).  

5.5.1 Regenerative medicine 

The ultimate, but long-term goal of SMTE is its use in regenerative medicine for treating 

damaged or diseased muscle tissue. Skeletal muscle has a good regenerative capacity as 

compared to many other organs. However, the damage can be too extensive for normal healing 

to cope with the muscle loss. This can occur due to tissue ischemia, advanced age, severe 

injuries, surgery or genetic defects. Therefore, development of regeneration strategies for 

damaged muscle is important, 

Direct injection of isolated cells aims at migration to the damaged site and support of 

regeneration of damaged tissue. However, the long-term goal to recover the contractile function 

is often not reached due to non-selective migration and death of the majority of injected cells. 

To tackle this problem cell transplantation approaches using biomaterials are being explored. 

In this context, the biomaterials act as a synthetic niche to mimic the natural satellite cell 

microenvironment which may improve the survival, engraftment and fate control of the seeded 
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cells (136). Still, this approach differs from the aforementioned scaffold based SMTE as this 

approach aims at using single cells with a scaffold as vehicle. 

The use of autologous and allogeneic grafts is the most commonly used treatment but both 

options have intrinsic limitations. As autologous refers to patient’s own grafts, this is the 

preferred material for replacement strategies. However, these tissues exist in limited quantities, 

necessitate a second operation to obtain the tissue and risk morbidity at the donor site (137). An 

example of this grafting approach is the treatment of invasive jaw cancer which uses the 

pectoralis muscle to replace jaw muscle that had been removed as part of the surgical procedure 

to treat this kind of cancers (52). Allogeneic grafts are typically derived from cadavers and have 

some serious drawbacks such as the risk of disease transmission and host inflammatory 

response. This again underscores the potential for tissue engineering alternatives.  

A last approach in regenerative medicine is therapeutic drug delivery. Therapeutic drug 

delivery is explored for damaged or diseased skeletal muscle or for attenuation of wasting 

processes seen in (i) chronic diseases, (ii) disuse conditions such as denervation and (iii) aging 

(sarcopenia) (138). Localized delivery is preferred since systemic delivery can cause 

complications. An example of a complication, hypoglycemia, is seen when administering IGF-

1 systemically for treating muscle wasting based on enhancing the intrinsic regenerative 

capacity (139). Bolus drug delivery often results in the loss of bioactivity and the delivered 

drugs being rapidly degraded due to the inflammatory environment created by the damaged 

tissue (140). This has triggered the development of ex vivo genetically engineered postmitotic 

myofibers for chronic local delivery of therapeutic agents (141,142). This approach might 

provide a safer alternative than other drug delivery approaches since postmitotic myofibers are 

non-migratory. 

5.6 STIMULATION TO PROMOTE ENGINEERING OF SKELETAL MUSCLE 

The ultimate aim of SMTE is to obtain functional muscle which exhibits functional 

contractility comparable to native muscle. Although traditional tissue engineering strategies are 

evolving rapidly, there are still shortcomings concerning the maturity of the resulting myofibers 

(143). To further promote the functional output and development of the bio-artificial muscle, 

several approaches are being examined. As exercise results in hypertrophy and fiber thickening, 

simulating exercise by the use of electrical or mechanical stimulation is an active area of 

research for promoting maturation of tissue engineered muscle constructs. Besides mechanical 
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and electrical stimulation, medium perfusion is also being applied to improve the functional 

myogenesis in vitro (144). 

5.6.1  Mechanical stimulation 

Mimicking mechanical stimulation of myofibers is an appealing way to stimulate myofiber 

maturation in SMTE. Mechanical stimulation of skeletal muscle by altered load shows 

hypertrophy, whereas a lack of adequate load results in atrophy. Mechanical stimulation in vitro 

has already been applied in other fields of tissue engineering such as in the field of cartilage 

tissue engineering and cardiac muscle tissue engineering (145,146). 

One of the pioneers in the field of SMTE, Herman Vandenburgh, described in 1989 a 

computerized mechanical cell stimulator device for tissue cultured cells. These induced 

mechanical forces caused the myoblasts to fuse into parallel arrays of myotubes which were 

significantly longer than myotubes that arise from static culture conditions. Furthermore, 

intermittent stretch caused increased protein synthesis ultimately leading to the observed 

hypertrophic response (147). The tetanic and twitch contractile responses of tissue constructs 

implanted onto the latissimus dorsi muscle of mice also increased significantly after in vitro 

cyclic mechanical stimulation (148). 

These show that the biochemical processes which occur upon muscle hypertrophy in vivo 

can be translated into in vitro applications as well. Current regimens exert cyclic and uniaxial 

forces to the engineered muscle constructs with an amplitude of stretch ranging between 6.7-

20% with frequencies of 0.1-1 Hz for a period between 30 min and 10 days (149). The direction 

of the induced stretch needs to be considered thoroughly as it has been demonstrated that 

specific types of mechanical stretch activate distinct signalling pathways through 

mechanotransduction (150). In addition, the effect of mechanical stress on muscle tissue seems 

to be broader than hypertrophy as proangiogenic factors, including vascular endothelial growth 

factor (VEGF), were also upregulated in response to mechanical stimulation (151). 

5.6.2 Electrical stimulation 

Electrical stimulation of cells has become an active field of research since endogenous 

electric fields were reported to occur at wounds and around vasculature (152). Electrical 

stimulation has gained most attention in the field of regeneration in the central nervous system 

as applying an external electric current was shown to generate action potentials in damaged 

nerves, which ultimately led to muscular contractions (153). Currently, several rehabilitative 
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techniques based on electrical stimulation are in use to promote regeneration of neurites in 

injured nerve fibers (154).  

Electrical stimulation is also examined in the field of SMTE, to mimic the transition from 

primary myotubes to secondary as seen during development. For example electrical stimulation 

of three-dimensional C2C12 myoblast cultures has been investigated showing enhanced 

sarcomere formation which intensifies the contractile force generation (155). Besides the 

enhanced sarcomere assembly, one effect of electrical stimulation is the upregulation of late 

muscle maturation marker MRF4, indicating accelerated skeletal muscle cell maturation upon 

electrical stimulation (156).  

In contradiction to previous studies, a negative impact of electrical stimulation upon 

myogenic differentiation has been shown as well. Upon electrical stimulation of chick neonatal 

muscle tissue, downregulation of MyoD, myogenin and acetylcholine receptor was observed 

(157). These contradictory results indicate a limited understanding of the effects of electrical 

stimulation on myogenic differentiation.  

Several methods and devices have been proposed to enable electrical stimulation for tissue 

engineering applications. As electrical stimulation is of interest for a variety of biological 

applications, the array of potential applications is expected to further expand. However, as the 

use of simple electrodes can be accompanied by several side-effects such as hydrolysis of the 

culture medium, heating of the medium or contamination of the culture medium due to electrode 

corrosion, the field is currently tending towards contactless electrodes to electrically stimulate 

engineered muscle tissue (144). 

5.6.3 Medium perfusion 

Bioreactors mimic the physiologic delivery of oxygen, nutrients and chemical signals which 

in vivo are achieved by blood flow. Besides creating a biomimetic cell culture environment with 

supply of fresh nutrients and growth factors accompanied by draining of metabolic waste 

products, they also allow the control of sterility and operating conditions such as pH and/or 

temperature. Different kinds of perfusion bioreactors are being used ranging from simple stirred 

flasks to perfusion bioreactors allowing continuous flow of culture medium (144).  

The importance of fluid flow and its associated shear stress is well established in 

vasculogenesis (158–160), remodelling of immature vessels (161), and maintaining blood 

vessels (162). For the remodelling in particular, differences in blood flow between vessels in a 

branch point are suggested to be an important regulator of blood vessel pruning (163). Flow 
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was also found to be a regulator of arterial-venous differentiation in chick embryo yolk sac by 

changing the global patterning of the arteries and veins (163). Accordingly, this differentiation 

is associated with regulated changes in arterial and venous marker expression. 

In vitro shear stress was associated with improved endothelial cell retention of prosthetic 

vascular grafts (164) and shear stress-induced transient reorganization of cytoskeletal and 

adherens junction proteins (165,166). Therefore medium perfusion is believed to accelerate 

vascular tissue morphogenesis which can ultimately enhance the development of thicker tissue 

constructs. In addition, bioreactors also promote the viability and long-term maintenance in 

vitro (167). Nonetheless, high shear stress as a result of perfusion may have an negative impact 

on the viability since striated muscles in general are known to be shear-sensitive (144). 

Ultimately, bioreactor based 3D culture systems still represent a promising approach to increase 

tissue functionality and are expected to further expand in coming years. 
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6 OBJECTIVES 

This study aims at further development of a human bio‐artificial skeletal muscle tissue 

engineering technology. The approach existing thus far is based on contraction and 

differentiation of myoblasts in a hydrogel, leading to formation of myofibers oriented in 

parallel. The resulting tissue has neonatal characteristics in terms of strength and gene 

expression, and is limited in size due to the lack of a proper vascular network. 

In this work, we aim to progress along 2 frontiers. The Thorrez lab had recently described 

a new in vitro vasculogenesis approach (66). However, this vasculogenesis approach had never 

been evaluated in vivo. Second, we aim at the evaluation of new scaffold compositions next to 

the current scaffold-free approach. The rationale being that scaffolds could provide initial 

strength to the developing tissue and may even guide cell differentiation.  

Objective 1: In vivo evaluation of endothelial cell-myoblast co-culture human bio-

artificial muscle (BAM) 

Since our BAMs are created with human cells, animals are likely to generate immune 

responses to the BAM. Therefore, we aim at determining the best animal model and 

implantation site where it is surgically feasible to implant the BAMs, where they survive best 

and where perhaps evidence can be found for anastomosis of the engineered endothelial 

networks with host blood vessels. 

Objective 2: Use of synthetic biomaterials as a scaffold for myogenic cell attachment 

and differentiation 

The objective of this study is to evaluate different polymer scaffolds in skeletal muscle 

tissue engineering. The aim is to evaluate whether human myoblasts within an extracellular 

matrix hydrogel can adhere and proliferate in the presence of different synthetic polymer 

scaffold. Furthermore the effect of contact guidance for myoblast elongation and alignment are 

determined.  
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7 MATERIALS & METHODS 

7.1 ISOLATION AND CELL CULTURE OF HUMAN SKELETAL MUSCLE CELLS 

Human skeletal muscle cells were isolated from fresh human muscle tissue biopsies 

obtained from the Human Body Donation programme of KU Leuven University (Prof. E. 

Vereecke). Briefly, tissue was stored on chilled Dulbecco's modified eagle's medium (DMEM; 

high glucose with Glutamax and pyruvate; Life Technologies; #331966-021) supplemented 

with 1% penicillin/streptomycin (P/S) (Life Technologies; #15070-063) at 4°C and isolation 

was performed within 48 hours after obtaining the muscle biopsy. Excess connective tissue and 

fat was removed from the tissue sample. Strips of approximately 2 mm x 10 mm were cut using 

sterile forceps and scalpel. Before isolation of cells, muscle strips were pinned under tension 

with stainless steel insect pins (Vermandel; #20.051) into sylgard coated 6-well plate wells to 

maintain cell survival while avoiding muscle atrophy. 48 hours after pinning the strips, 

enzymatic digestion was performed by incubating the muscle strips at 37°C for 1 hour in 

DMEM high glucose with Glutamax and pyruvate supplemented with 0.1% collagenase, type 

II (Sigma; #C6885) and 4 mg/ml dispase II (Roche Diagnostics; #165859). After the incubation, 

isolated cells were collected by filtering through a 100 µm cell strainer (FALCON) and 

fragments were incubated again to digest the whole tissue. Isolated cells were pooled, 

centrifuged for 5 min at 200 x g and resuspended in Ultroser based skeletal muscle growth 

medium (SkGM) ([SkGM]: DMEM high glucose with Glutamax and pyruvate supplemented 

with 10% FBS (Thermo Fischer; #105000-064), 50 µg/ml gentamicin (Life Technologies; 

#15750-37) and 1% Ultroser solution (Pall corporation; #15950-017)). Cells were cultivated on 

a Poly-L-Lysine coated T25 flask (Corning) in a humidified 5% CO2-containing atmosphere at 

37°C. Characterization of the isolated cells was performed when approximately 75-80% 

confluency was reached.  

7.2 HUMAN BIOPSY CHARACTERIZATION: IMMUNOCYTOCHEMISTRY 

Immunocytochemistry was performed to determine (i) the amount of myoblasts in the cell 

population and (ii) the fusion index of the myoblasts. Isolated muscle cells populations should 

meet following minimum requirements (i) minimal myoblast percentage in the isolated muscle 

cell population of 60 % (ii) minimal fusion index of 60 %. For the former, isolated muscle cells 

were cultured in SkGM in 24-well dishes (5.000 cells / well) for 2–3 days until 60–70 % 

confluent. To determine the fusion index, cells were cultured to 80 % confluence in SkGM in 
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12-well dishes (50.000 cells / well), and then switched to skeletal muscle fusion medium 

(SkFM) ([SkFM]: DMEM high glucose with Glutamax and pyruvate supplemented with 10 

ng/ml animal-free recombinant human epidermal growth factor (Peprotech; #AF-100-15), 50 

µg/ml bovine serum albumin (BSA; Sigma-Aldrich; #A2153), 10 µg/ml insulin and 50 µg/ml 

Gentamicin for 4 days to induce fusion into myofibers. Fixation was performed in a 1:1 

methanol–acetone mix at -20°C for 10 min for desmin staining and in 4% formaldehyde freshly 

prepared from paraformaldehyde (PFA; Merck; #1040031000) solution weight/volume (w/v) 

at room temperature (RT) for 10 min followed by methanol fixation at -20°C for 10 minutes for 

tropomyosin staining. Next, fixed cells were blocked and permeabilized in blocking buffer 

containing 1x phosphate buffer saline (PBS), 1% BSA and 0.2% Triton X-100 (Sigma; #X100). 

Subsequently, cells were incubated for 2 hours at RT with a monoclonal mouse antibody against 

desmin (Sigma; D1033; 1:200 in blocking buffer) or tropomyosin (Sigma; T9283; 1:100 in 

blocking buffer) to determine the myoblast percentage and the fusion index, respectively. Cells 

were labelled with a polyclonal rabbit anti-mouse secondary antibody (Alexa Fluor 488; 

#A11059; Invitrogen) for 30 minutes in the dark and subsequently incubated with 4′,6-

diamidino-2-phenylindole (DAPI; 0.1 µg/mL in PBS; Life Technologies) for 1 hour. Images 

were acquired with Zeiss Zen software by an AxioCam ICc 1 camera mounted on a Zeiss 

Axiovert 10 microscope. The percentage of myoblasts in a muscle cell population was defined 

as the ratio of desmin-positive cells to the total amount of cells (identified by the DAPI-stained 

nuclei). Fusion index was defined as the ratio of tropomyosin-positive cells to the total amount 

of myoblasts in the population. 

7.3 CELL CULTURE 

Murine C2C12 myoblasts were purchapsed from Sigma and were cultured in DMEM high 

glucose with Glutamax and pyruvate containing 10% foetal bovine serum (FBS), supplemented 

with 1 % P/S. Human umbilical vein endothelial cells (HUVECs) that constitutively express 

green fluorescent protein (GFP) were purchased from Angioproteomie and cultured in 

endothelial growth medium (EGM-2 with bullet kit; Lonza; #CC-4176). Human primary 

skeletal muscle microvascular endothelial cells (SkMVEC) were purchased from Cellbiologics 

and were cultured in EGM-microvascular (EGM-MV with bullet kit; Lonza; #CC-4147). 

Aforementioned isolated human muscle cells were expanded in culture in SkGM. For myoblast 

cultures, tissue culture flasks were uncoated. Endothelial cell cultures were cultured on gelatin-

coated culture flasks (0.1% gelatin; Milipore; #46-000-CV). All cells were cultured at minimal 

seeding densities of 4.000 cells/cm2 at 37 °C and 5 % CO2 and media was changed every 2 



 

23 

 

days. Human muscle cells were split at 60-70 % confluence and used in experiment at 14 

doublings. Murine C2C12 myoblasts were split at 90 % confluence and used in experiment until 

20 doublings. HUVEC and SkMVEC were split at 90 % confluence and used at passage 7. 

7.4 3D TISSUE CONSTRUCT 

BAMs were constructed into 25-mm-long custom silicone molds containing metal end 

attachment sites and a total casting volume of 1 ml. Two million muscle cells were mixed with 

500 µL thrombin (4 U/ml [working solution] obtained by diluting 1000 U/ml [stock solution] 

(Bio Phar Laboratories LLC; #SKU 93-050) in DPBS with Ca2+ and Mg2+ (Gibco; #14040-

083), and cast into the molds. Then, 500 mL fibrinogen (2 mg/mL [working solution] obtained 

by diluting 1000 U/ml [stock solution] (Merck Chemicals; #341576) in DPBS with Ca2+ and 

Mg2+ was added and the cell–gel mix was mixed by pipetting up and down to form a fibrin gel 

(1 mg/mL) containing the muscle cells. Following 3 hours of incubation at 37 °C, SkGM 

supplemented with fibrinolysis inhibitors, aprotinin (92.5mg/mL; Carl Roth; #A1624) and 

tranexamic acid (TA) (400 mM; Sigma; #857653), was added. 24 h and 48 h after casting, fibrin 

gel was detached from the silicon molds using a tooth hook. Within these 2 days, the cell/gel 

mix contracted, detached from the molds and was being held in place only at the two end 

attachment sites. Two days after casting, medium was switched to SkFM supplemented with 

aprotinin and TA. The medium was replaced every 2 days and BAMs were kept in culture for 

7 days to allow myoblast fusion and differentiation to aligned myofibers. 

7.5 CO-CULTURE BAM 

Endothelial cells i) red fluorescent protein (RFP) labelled HUVEC or ii) mCherry labelled 

SkMVEC were cultured independently of myoblasts prior to 3D tissue engineering. Co-culture 

BAMs were made with either 600.000 HUVECs and 1.4 106 muscle cells or 100.000 SkMVECs 

and 1.9 106 muscle cells. The cells were harvested, centrifuged and resuspended in the thrombin 

solution (4 U/ml) as previously described and cast into silicone molds. Fibrinogen solution (2 

mg/ml) was added to the mold and mixed with the cell-thrombin solution. After 3 hours of 

gelation, i) EGM-2 (for the co-culture using HUVECs) or EGM-MV (for the co-culture using 

SkMVEC) ii) M199-EGM ([M199-EGM]: Earl’s Medium 199 (PAA; #E15-033), 10 % FCS, 

1 % P/S, 1 % L-Glutamin (Gibco; #25030), 0.05 mg/ml ascorbic acid (Sigma; #A8960), 0.1 

µg/ml rh-bFGF (ImmunoTools; #11343625) and 10 ng/ml FGF (Peprotech; #100-18B)) or iii) 

SkGM with a switch to SkFM after 2 days supplemented with fibrinolysis inhibitors, aprotinin 
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(92.5 µg/ml) and TA (400 µM) was added and replaced every 2 days. BAMs were kept in 

culture for 7 days before implantations or fixation for further analysis. 

7.6 POLYMER SCAFFOLD PREPARATION, CELL SEEDING, AND CULTURE 

Porous, chemically cross-linked elastomers polymerized from glycerol, xylitol, sebacic acid 

and citric acid were obtained in collaboration with prof. Wim Thielemans (KU Leuven Kulak). 

Poly(glycerol sebacate) (PGS) was prepared by reacting glycerol with sebacic acid in a 1:1 

molar ratio. Poly(xylitol sebacate) (PXS) was prepared by reacting xylitol with sebacic acid, 

this in a 1:1, 1:1.25, 1:2 and 1:2.5 molar ratio. Prepolymers were formed under inert conditions 

at elevated temperature. Poly(glycerol sebacate citrate) (PGSC) 1:1 was prepared by addition 

of citric acid, in a 1:0.25 polyol to citric acid molar ratio, to the PGS 1:1 prepolymer following 

3 hours polymerisation under vacuum. Poly(xylitol sebacate citrate) (PXSC) 1:1 and 1:2 was 

prepared by adding citric acid, in a 1:0.25 polyol to citric acid ratio, to PXS 1:1 and PXS 1:2 

respectively following 3 hours polymerisation under vacuum. The prepolymers were cast and 

cured in a vacuum oven for further esterification. Prepolymers were additionally processed to 

introduce porosity by mixing the prepolymer with NaCl crystals. Polymer porosity was tuned 

by adding different salt weight percentages (1:6, 1:7, 1:8, 1:9 or 1:10 weight ratios of 

prepolymer and NaCl respectively). Scaffolds were manually cut to dimensions of 

approximately 1 cm. Prior to cell seeding these elastomeric scaffolds were incubated in 70% 

ethanol for 30 minutes as pre-wetting treatment and simultaneous sterilization step. Scaffolds 

were afterwards rinsed three times with PBS and submerged in SkGM for 15 minutes. Polymers 

were then air dried overnight prior to cell seeding. Polycarbonate polymers (SurpaPolix; 

Eindhoven; The Netherlands) were obtained in collaboration with prof. Jan Deprest (KU 

Leuven). Fibers of polycarbonate mesh were made by electro-spinning and are organized as a 

network-like structure with random in plane orientation. Fiber interspaces are in the order of a 

few microns and can be visualized in the blue channel based on auto-fluorescence. 

Polycarbonate mesh, with 400 µm thickness was cut into square pieces of 0.25 cm2 using sterile 

scissors. Dimensions were measured using micrometre paper. 

In general, polymers were transferred to silicon coated 6-well plates (Sylgard). Cells to be 

seeded onto the scaffolds were first resuspended in thrombin solution (4 U/ml) and mixed with 

fibrinogen (2 mg/ml) in an Eppendorf tube to attain a total fibrin ECM (1 mg/ml) volume of 1 

ml. The cell/gel mix was seeded on top of the scaffolds at a density of i) 200.000 cells/ml gel 

mix per sample for the elastomeric scaffolds viability and alamar blue assay ii) 10 million 
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cells/ml gel mix for the elastomeric scaffolds and iii) 10 million cells/ml gel mix for the 

polycarbonate scaffolds to assess the impact on differentiation. Scaffolds were incubated at 37 

°C and 5 % CO2 for 3 hours after seeding cells and flooded with 10 ml SkGM prior to returning 

to the incubator for 2 days. After 2 days in culture, myoblast fusion into postmitotic myofibers 

was again induced by switching the medium to differentiation medium (SkFM).  

7.7 IN VIVO IMPLANTATION OF COCULTURE BAMS 

To determine the optimal implantation site and animal model to obtain construct survival 

and host blood vessel ingrowth, co-culture BAMs were implanted for a period of 2 weeks in 

adult rats and mice under ethical approval (P099/2017). Briefly, constructs were 

subcutaneously implanted into 6-7 weeks old female wistar rats (Janvier) in the first model. 

Rats were divided into two groups with implantation of the constructs either onto the abdominal 

muscle (2 constructs per animal) or tibialis muscle. In the second model, constructs were 

implanted subcutaneously on the latissimus dorsi muscle of adult immunocompetent swiss mice 

(inbred strain; KU Leuven), immunodeficient Foxn1nu (Nu/Nu) mice and non-obese diabetic 

severe combined immunodeficiency (NOD/SCID) mice (Janvier)(each time 2 constructs per 

animal). All animals were anesthetized and maintained with isoflurane (0.5-2 %, 3-5 L/min) 

and oxygen. Rats and swiss mice receiving co-culture BAM implants were immunosuppressed 

with cyclosporine (10 mg/kg each day; Le Vet Pharma) and methylprednisolone (1.6 mg/kg 

each day; Solu Medrol®; Pfizer). After implantation, meloxicam (2 mg/kg; Meloxidyl CEVA) 

and buprenorphine (0.1 mg/kg; Vetergesic) were administered subcutaneously to avoid acute 

inflammation analgesia. Incisions were closed with 4-zero polyglecaprone suture (Monocryl; 

Ethicon) and implants were secured on both sides of the constructs to muscle fascia with 6-zero 

polypropylene suture (Ethicon). Animals were anesthetized two weeks later and 1.25 µg/g body 

mass Rhodamine-labelled ulex uropaeus agglutinine-I (UEA-I; Vectorlabs) was injected in the 

tailvein to determine whether anastomosis of tissue engineered endothelial networks with host 

blood vessels was established. In case constructs remained to be present upon explantation, 

construct and underlying host tissue was explanted. In case no constructs remained to be 

present, surrounding host tissue was explanted alone based on suture positions. Host muscle 

was explanted each time, which served as a negative control. Grafts were removed from the 

animals and immediately fixed using 4 % PFA solution (w/v) for 1 hour (with an added hour 

per additional millimetre thickness of the explant) and further operated as described below. 
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7.8 WHOLE MOUNT IMMUNOFLUORESCENCE STAINING AND CONFOCAL 

MICROSCOPY 

BAMs were washed (3 times 5 minutes in PBS), and then fixed using 4 % PFA solution 

(w/v) in PBS for 1 hour. Scaffold-free BAMs were pinned on styrofoam to preserve their 

original shape while fixing. Prior to staining, constructs were additionally fixed in -20 °C 

methanol for 10 minutes. Fixed constructs were blocked and permeabilized in blocking buffer. 

Subsequently, BAMs were incubated overnight at 4 °C with a monoclonal mouse antibody 

against tropomyosin (Sigma; T9283; 1:100 in blocking buffer) or myosin heavy chain (MF20) 

(DSHB), recognizing all myosin heavy chain isoforms. After being washed three times with 

PBS for 5 minutes, BAMs were incubated with polyclonal rabbit anti-mouse antibody (Alexa 

Fluor 488; Invitrogen; A11059; 1:200 or Alexa Fluor 633; Invitrogen; 21063; 1:200) for 3 hours 

in the dark followed by incubation with DAPI (Life Technologies; 0.1 µg/ml in PBS) for 1 

hour. BAMs were stored in PBS in the dark until visualized. 

7.9 CONFOCAL IMAGING AND DATA ANALYSIS 

Parameters characterizing the myofiber formation in engineered BAMs were attained from 

confocal imaging and were further analysed as described below. First, BAMs were placed on 

coverslips and visualized by confocal microscopy (Zeiss LSM710) within 48 hours. Per BAM, 

3 z-stacks were acquired, each containing 20–40 images (depending on the intensity of the 

signal at various depths) every 5 mm towards the centre of the BAM. For myofiber analysis, 

each 20-mm z-projection (image grouping performed by the ImageJ software16) was manually 

analysed for different parameters of myofiber formation: myofiber alignment, length, and 

diameter, as well as number of myofibers per microscopic field. Myofiber alignment was 

determined by the standard deviation of the angles of the myofibers positions. A lower number 

indicated a better alignment. For endothelial network analysis, each 60-mm z-projection was 

automatically analysed by a customized version of the Angiogenesis Analyzer, an ImageJ 

plugin created by Gilles Carpentier (168). This tool quantifies endothelial networks in an 

objective manner by extracting characteristic information of the network. Parameters to define 

endothelial networks were junctions (group of joined nodes, pixels with at least three 

neighbours), branches (elements delimited by a junction and one extremity), isolated segments 

(binary lines, which are not branched), total length of endothelial network (interconnected 

segments, branches, and isolated segments), % branching length (length of interconnected 
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segments and branches divided by total network length), and meshes (areas enclosed by 

segments)(66). 

7.10 IN VIVO GRAFT INTEGRATION ANALYSIS: INTRAVITAL IMAGES 

For in vivo imaging at day 12 upon implantation, small skin incisions were performed at the 

implantation site of the adult swiss mice to insert the fibre-optic microprobe (SN PF 2294). 

Imaging on day 14 upon implantation was performed after opening the skin and was completed 

on each animal model except the wistar rats with implantation on the tibialis anterior muscle. 

Intravital imaging was performed by using a Cellvizio system (Mauna Kea Technologies; Paris) 

equipped with a confocal light path with an excitation wavelength of 488 nm and a collection 

bandwidth of 505–700 nm. Prior to imaging sessions, animals were anesthetized in an induction 

chamber using a mixture of isoflurane (0.5-2 %; 3-5 L/min) in 100 % oxygen. During imaging, 

anaesthesia was maintained with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg). 

7.11 VISUALIZATION OF CELL VIABILITY 

The cell viability in 3D constructs was assessed by the LIVE/DEAD viability/Cytotoxicity 

assay kit (Invitrogen; #1030166). This two-colour fluorescence cell viability assay is based on 

a simultaneous determination of living and dead cells with two probes (i) calcein-AM for 

intracellular esterase activity indicative for living cells and (ii) ethidium homodimer-1 (EthD-

1) for plasma membrane integrity indicative for dead cells. After washing with PBS, constructs 

were incubated in 2 µM calcein AM and 4 µM EthD-1 working solution (2 mM EthD-1 in 

dimethylsulfoxide (DMSO) [stock solution], further diluted in DPBS with addition of an aliquot 

of supplied 4 mM calcein AM solution in DMSO [stock solution]) for 45 minutes at RT. Cell 

viability was evaluated by determining the ratio of green (live) versus red (dead) cells using 

confocal microscopy (Zeiss LSM710). 

7.12 DETERMINATION OF CELL PROLIFERATION 

 To assess quantitatively the proliferation of C2C12s seeded on chemically cross-linked 

elastomers, an alamar blue assay was performed. Briefly, cell metabolism was assed at 

timepoints 0, 2, 4 and 6 days after seeding by adding aseptically resazurin-based stock solution 

in an amount equal to 10 % of the culture volume ([work solution] 440 uM resazurin sodium 

salt (Sigma-Aldrich; #199303) in Hank’s balanced salt solution (HBSS) without phenol red and 

serum (Invitrogen)). The cell constructs were incubated for 2 hours in the dark, then alamar 

blue reagent was transferred to a separate white 96-well microfluor plate (Roche; 



 

28 

 

#004729692001) and read fluorescently (GloMax-Multi Microplate Multimode Reader; 

Promega; ex: 560; em: 590). As a negative background control, a non-seeded scaffold control 

was included in the study design and the according fluorescence measures were subtracted from 

each sample reading. Negative values after subtraction were defined as zero. 

7.13 STATISTICS 

All statistics were performed using GraphPad Prism 5; n represents the number of analysed 

image stacks for microscopic analyses, number of replicates of cell-seeded scaffolds or number 

of replicates of BAMs. Before comparing data, each continuous variable was tested using the 

D'Agostino & Pearson omnibus and Shapiro-Wilk normality test to verify the normality of 

distribution of continuous variables. An unpaired Student t-test was used when two groups were 

compared. For comparing several normally distributed groups, a one-way analysis of variance 

(ANOVA) was used with a Bonferroni multiple comparison post-test. For groups that were not 

normally distributed and/or had unequal variances, a non-parametric Mann–Whitney test was 

used for comparison between two groups, while the Kruskal–Wallis test followed by Dunn’s 

post-test was performed for multiple comparisons. Data are reported as the mean with standard 

deviation. Statistical significance was considered to be *p< 0.05, **p <0.01, ***p < 0.001, 

NS=not significant.  
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8 RESULTS 

8.1 CHARACTERIZATION OF ISOLATED HUMAN SKELETAL MUSCLE CELLS 

USING IMMUNOCYTOCHEMISTRY 

Prior to all experiments using isolated human skeletal muscle cells, we first characterize the 

cells in terms of myoblast percentage and fusion capacity. For this thesis, all experiments were 

based on the same human skeletal muscle biopsy. We assessed by desmin staining that this 

heterogenous cell population had a myoblast percentage of 71.9 % ± 0.1 % (𝑛 = 5). This was 

higher than the 

requirement of 60 %, a 

threshold set by the 

lab (Figure 7 panel 

A). Prior to 

tropomyosin staining, 

myoblasts were 

differentiated to 

myofibers by 

exposure to low serum conditions. Myoblasts had a fusion index of 86.4 % ± 16.8 % (𝑛 = 5) 

as determined by tropomyosin, which again meets the minimal requirements of 60 % (Figure 

7 panel B).  

8.2 PRE-VASCULARIZATION OF TISSUE ENGINEERED SKELETAL MUSCLE 

8.2.1 Tissue engineering of BAMs 

From the aforementioned heterogenous cell population, 

we created BAMs (Figure 8). To make BAMs, a total of 2 

million cells were mixed in a fibrin hydrogel (1 mg/ml), an 

ECM which allows cellular contraction. Standard BAMs 

composed of aligned myofibers only (Figure 9 panel A), 

are composed of the aforementioned heterogenous cell 

population. BAMS were cultured in growth medium 

(SkGM) for 2 days followed by differentiation in low serum 

Figure 7. Fluorescence microscopy for cell characterization. (A) Myoblast stained for 

desmin (green). Nuclei stained with DAPI (blue). (B) Myofibers stained for tropomyosin 

(red). Nuclei stained with DAPI (blue). 

Figure 8. Macroscopic image of tissue 

engineered bio-artificial muscle 

(BAM) in mold with attachment posts. 
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conditions (SkFM) for 

additional 5 days. The cell-

ECM mix formed 2-cm-long 

tissue engineered muscle after 

contraction of the cell-ECM 

mix around the fixed 

attachment points (Figure 8). 

Whereas for co-culture BAMs, 

composed of endothelial 

networks and aligned 

myofibers (Figure 9 panel B), 

HUVECs and muscle cells 

were mixed in a 30:70 ratio in 

the same fibrin hydrogel as for 

the standard BAM. Culture conditions for these co-culture BAMs were adapated to EGM-2 

based on earlier work performed in the Thorrez lab (66). Co-culture BAMs display an optimal 

endothelial network at 1 week after tissue engineering, thereafter degradation of the endothelial 

networks occurs. Standard BAMs can be maintained for longer periods without affecting 

myofiber morphology. In this thesis, all BAMs were maintained for 1 week. 

8.2.2 In vivo graft evolution 

To evaluate which 

implantation site and animal 

model is best to attain 

construct survival and host 

blood vessel ingrowth, co-

culture BAMs (Figure 9 

panel B) were implanted 

into the abdominal muscle 

and tibialis muscle of 

immunocompetent adult rats 

and into the latissimus dorsi 

muscle (further defined as the back) of adult immunocompetent Swiss mice, immunodeficient 

Nu/Nu mice and NOD/SCID mice (Figure 10). In order to capture the dynamics of the 

Figure 10. Macroscopic images of different animal models and implantation sites 

with results 14 days post implantation. White arrows indicate suture positions of 

implanted co-culture BAMs. Constructs were present upon explantation only for the 

swiss mice model with implantation on the latissimus dorsi muscle. Scale bar 

represents 2cm. 

Figure 9. Fluorescent confocal images of tissue engineered bio-artificial 

muscle (BAM). (A) Multinucleated myofibers (green) in BAM with 2 million 

muscle cells cultured in SkGM medium for 2 days followed by differentiation by 

switching to low serum conditions (SkFM) for an additional period of 5 days. 

(B) Co-culture BAM with 30 % human umbilical vein endothelial cells 

(HUVECs) and 70 % muscle cells cultured in EGM-2 for 7 days. Co-culture 

BAMs were composed of endothelial networks (green)between aligned 

myofibers (red). Nuclei stained with DAPI (blue). 
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preformed vessel network, GFP-labelled HUVECs were used. In general, this pilot experiment 

further enabled us to capture preliminary data on host blood vessel ingrowth, anastomosis and 

construct survival.  

12 days after implantation, small skin incisions were made in all three swiss mice to perform 

intravital microscopy. Intravital microscopy allowed direct visualization of our pre-established 

endothelial 

networks. After 

12 days, 

considerable 

differences in 

endothelial 

network 

morphology and density were observed showing scattered vessel networks with little remaining 

GFP-labelled cells (Figure 11). The observed reduction in vessel density was present in all 

three mice, but we were only able to detect 4 out of 6 constructs.  

Prior to graft retrieval, at day 14 after implantation, intravital microscopy was performed in 

each animal model. Opening of the skin allowed us to better visualize the endothelial networks 

as suture positions could be used as a guidance. For all animal models, except the swiss mice, 

analysis post implantation was based on surrounding tissue since no grafts were remaining upon 

graft retrieval (Figure 10). In vivo morphology of graft microvessels differed between the 

different animal models (Figure 12). For the rat model, intravital images were taken of the 

surrounding tissue of the constructs because no macroscopic construct was visible. Images 

solitary showed single GFP-positive cells, indicating a degradation of the networks as observed 

prior to implantation (see supplementary figure S1). For the mouse model, we performed 

Figure 11. Intravital images of GFP-labelled HUVEC derived endothelial networks of co-culture 

grafts implanted on the latissimus dorsi muscle of adult swiss mice. Images were taken 12 days post 

implantation. Each panel represent a separate swiss mouse included in the study (n = 3). 

Figure 12. Intravital images of co-culture grafts implanted on the latissimus dorsi muscle of mice including GFP-labelled 

HUVEC derived endothelial network. Images taken 14 days post implantation. A) Swiss mouse model: scattered, little 

remaining GFP-labelled dots with no remaining interconnected networks. B) NOD/SCID mouse model: highly interconnected 

GFP-labelled networks. C) Nu/Nu mouse model: identical to the NOD/SCID model showing interconnected dense GFP-

labelled networks. 
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intravital microscopy on one animal for each mouse strain demonstrating clear differences in 

the morphology of the endothelial networks compared with the rat model. Although constructs 

were remaining for the swiss mice, GFP-labelled networks were clearly degraded as compared 

to the pre-implant since only single non-connected GFP-positive strands remained (Figure 12 

panel A). Because no macroscopic remaining construct was visible, images from the 

NOD/SCID and Nu/Nu mice were based on surrounding tissue and both showed interconnected 

GFP-labelled networks (Figure 12 panel B and C).  

Images obtained by intravital microscopy were further corroborated by confocal 

microscopy of explanted tissue. Morphology of these remaining networks were seen to be 

highly dependent on the animal model being used (Figure 13). Only in Swiss mice, 4 out of 6 

implanted constructs could be retrieved. However, confocal imaging of the grafts exhibited only 

loose, scattered endothelial networks indicating a degradation of the networks as compared to 

pre-implant (Figure 13 panel A). Tissue surrounding the grafts implanted on the back, of 

Nu/Nu (Figure 13 panel C) and NOD/SCID mice (Figure 13 panel B) showed dense and 

highly interconnected endothelial networks in all explants of the NOD/SCID mice and in 2 out 

of 6 explants for the Nu/Nu mice. In rats, confocal imaging of the surrounding tissue of grafts 

implanted onto both the tibialis muscle and abdominal muscle showed no remnants of GFP-

labelled cells (see supplementary figure S2).  

Figure 13. Immunofluorescence microscopy overlayed with bright field microscopy. Bright field microscopic background 

allows visualization of host blood vessel presence (black). A) Construct retrieved 14 days post implantation on the back of 

a Swiss mice showing scattered remnants of GFP-labelled endothelial networks (green). B)Host muscle tissue of a 

NOD/SCID mouse originating from the location underlying the implantation site. Image shows interconnected GFP-

labelled endothelial networks (green) . C) Host muscle tissue of Nu/Nu mice originating from the location underlying the 

implantation site. Image shows dense highly interconnected GFP-labelled endothelial networks (green).  
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5 Minutes prior to sacrificing the mice, rhodamine labelled UEA-I lectin was injected into 

the tailvein of the host. This lectin specifically labels human endothelial cells which enables us 

to check for anastomosis. Confocal imaging demonstrated that 2 out of 6 grafts implanted into 

the NOD/SCID mice were viable, and connected to the host via microvessels as co-localization 

of the rhodamine and GFP were observed. (Figure 14). Furthermore, a number of microvessels 

containing red blood cells were observed in the HUVEC-derived vessels which further shows 

the perfusion of our preformed endothelial network (Figure 15). In contrast, no presence of 

rhodamine labelled 

UEA I was observed 

for the Nu/Nu mice 

despite the 

interconnected dense 

networks. Consistent 

with the morphology 

of the remaining 

networks, no proof of 

perfusion was found 

for the grafts 

implanted in the rat models or swiss mice. 

We examined myofiber survival within the explanted grafts present for the swiss mice 

through myosin heavy chain staining (MF20). While the initially implanted construct was 

composed of ordered and closely arranged myofibers, the explanted construct presented no 

indication of remaining human myofibers. For all other models, we were unable to differentiate 

Figure 15. Evidence for perfusion and connection with host microvessels of HUVEC 

networks in NOD/SCID mice. Confocal image from host tissue underlying implantation site 

of co-culture human BAM. (A) GFP-labelled HUVEC-derived endothelial networks 14 days 

post implantation (green). (B) Rhodamine labelled UEA-I staining of human endothelial cells 

(red). (C) Merged image of panel A and B. Co-localization of green and red staining is 

indicated by the white arrows. 

Figure 14. Confocal images from NOD/SCID mice latissimus dorsi muscle underlying the implantation site of co-culture 

human BAM 14 days post implantation. (A) GFP-labelled HUVEC-derived endothelial networks (green). (B) Auto-

fluorescent red blood cells (red). (C) Merged image of panel A and B demonstrating presence of red blood cells in GFP-

labelled endothelial networks. (D) Perfused host blood vessel (red) of NOD/SCID mice present in control muscle apart from 

implantation site. White arrow indicates region within white square. 
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human myofibers from the host myofibers since antibodies specific for human myofibers do 

not exist. Staining of host tissue indicated the presence of only mature myofibers, likely all 

derived of the host, since human myofibers would display more embryonic features such as a 

smaller diameter and lack of cross striations.  

8.2.3 Determining optimal endothelial cell type and medium conditions for the 

establishment of a pre-vascularized tissue engineered skeletal muscle 

Aiming at the establishment of aligned myofibers with interspersed endothelial networks, a 

co-culture BAM containing HUVECs and muscle cells in a fibrin ECM was developed 

previously (66). We next aimed to enhance the co-culture conditions in this 3D tissue 

engineered muscle in terms of myofiber formation as well as endothelial network formation. 

Therefore, two approaches were explored simultaneously. First, we aimed to explore and 

compare 2 different endothelial cell (EC) types: HUVECs versus skeletal muscle microvascular 

endothelial cells (SkMVECs). Besides, we aimed to define an optimal medium which serves as 

an ideal trade-off for both cell types in the co-culture. Three types of media were compared (i) 

Ultroser based skeletal muscle growth medium (SkGM) with consecutive differentiation after 

2 days in skeletal muscle fusion medium (SkFM), (ii) EGM-2 or EGM-MV both of which are 

the optimal culture medium for HUVECs and SkMVECs respectively or (iii) M199-EGM .  

Figure 16. Confocal imaging of BAMs cultured based on different co-culture conditions. GFP-

labelled endothelial networks (green). Nuclei stained with DAPI (blue). Myofibers stained with 

tropomyosin (red). Replicates for each conditions was 3 (n = 3). 
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Whole-mount tropomyosin staining was performed to visualize the extent of myofiber 

formation within the co-culture BAM (Figure 16). We first characterized the co-culture BAMs 

with 30% HUVECs. Myofiber formation in terms of length and density was found to be 

significantly better when cultured in the skeletal muscle medium. The number of myofibers was 

lowest when cultured in M199-EGM medium. However, the diameter of the formed myofibers 

was found to be significantly higher for the co-culture BAMs cultured in M199-EGM medium 

compared to EGM-2. In terms of length of myofibers and density of myofibers, EGM-2 and 

M199-EGM were found to be similar. Over the different myofiber formation parameters, 

culturing in skeletal muscle growth medium followed by skeletal muscle fusion medium was 

found to enable optimal myofiber formation (Figure 17). 

The same parameters for myofiber differentiation were assessed in parallel for co-culture 

BAMs containing 10 % SkMVECs. Consistent with the data from the co-culture BAMs with 

30 % HUVECs, the skeletal muscle growth and differentiation medium was seen to result in 

significantly longer myofibers which were packed significantly more dense compared to the 

Figure 17. Media effect and endothelial cell type effect on myofiber formation. Comparison of myofiber parameters as 

measured in ImageJ. Myofiber formation characterized quantitatively by myofiber length, number of myofibers, myofiber 

diameter and myofiber density. Number of z-stacks analysed per conditions was (n = 3). 
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culture condition in EGM-MV medium. Also the number of myofibers per analysed 

microscopic field was found to differ significantly between the two aforementioned culture 

conditions, with a higher number when cultured in the skeletal muscle medium. Across all 

culture conditions, the skeletal muscle medium was found to result in significantly higher 

number of myofibers consistent with a higher density. Culturing in M199-EGM was found to 

perform equally well in terms of length, density and number of myofibers compared to the 

EGM-MV culturing condition. However, a significant difference in terms of diameter of the 

obtained myofibers was found, with significantly thicker myofibers when cultured in the EGM-

MV compared to the skeletal muscle medium. This is in contrast with the results obtained from 

the co-culture BAMs consisting of 30 % HUVECs in which no significant differences in terms 

of diameter of the myofibers was found except for the culture conditions in EGM-2 versus 

M199-EGM (Figure 17).  

In addition, an optimal medium would enhance the endothelial network formation as well 

(Figure 16). In the co-culture BAMs consisting of HUVECs and muscle cells, the EGM-2 and 

Figure 18. Media effect on endothelial network formation in fibrin (1mg/ml) co-culture BAMs with 30 % HUVECs. 

Comparison of endothelial network parameters as measured by a customized version of the Angiogenesis Analyzer, an ImageJ 

plugin created by Gilles Carpentier. Endothelial network formation characterized quantitatively by total length, percentage 

branching length, number of isolated segments, number of junctions, number of meshes and number of branches. Number of 

z-stack analysed per condition was 3 (n = 3). 
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M199-EGM were found to perform equally well in terms of endothelial network formation. In 

these BAMs, the total length of the endothelial networks was significantly higher compared to 

the culture conditions using the skeletal muscle growth and fusion medium. Furthermore, 

endothelial networks were found to be highly interconnected which was reflected by 

significantly lower number of isolated segments throughout the BAM in comparison with the 

BAMs cultured in the skeletal muscle media. Also, the percentage branching length was 

significantly lower compared to the EGM-2 and M199-EGM culture conditions. This indicates 

again that endothelial network formation is enhanced when cultured in EGM-2 or M199-EGM. 

Significant differences compared to the skeletal muscle medium in terms of number of junctions 

and branches was additionally found for the culture medium EGM-2 but not for the M199-

EGM (Figure 18). Quantitative data on the effect of different culture conditions on endothelial 

network formation for co-culture BAMs consisting of SkMVECs and muscle cells 

(collaboration with Gilles Carpentier) had not been received at the time of finalizing this thesis. 

8.3 SCAFFOLD-BASED SKELETAL MUSCLE TISSUE ENGINEERING 

8.3.1 Elastomeric scaffold-based skeletal muscle tissue engineering 

8.3.1.1 Cell metabolism on chemically cross-linked elastomeric scaffolds 

Biocompatibility of elastomeric scaffolds (see supplementary figure S3), polymerized 

from glycerol, xylitol, sebacic acid and citric acid was assessed over time. Therefore, C2C12 

myoblasts suspended in a fibrin hydrogel were seeded in a porous scaffold based on these cross-

linked elastomers. Prior to seeding pre-wetting treatment with 70 % ethanol was performed (see 

supplementary figure S4). Cellular metabolism was measured based on the alamar blue assay 

(Figure 19 panel C). In addition, cell survival was measured based on fluorescence microscopy 

analysis after live/dead staining at day 7. Living cells were stained green with membrane 

permeable calcein AM and dead cell were stained red by membrane impermeant ethidium 

homodimer-1. The percentage of live cells seeded on each elastomer further provides 

information on C2C12 viability (Figure 19 panel A and B). Because of the low cell 

proliferative capacity consistent with a low percentage of calcein AM-positive cells, 

poly(xylitol sebacate) (PXS) in a 1:1 molar polyol to sebacic acid ratio was excluded for further 

experiments. In contrast, fluorescence values obtained from cells seeded on PXS 1:1.25 showed 

that cells proliferated effectively. The morphology and cell viability were consistent with the 

observations for PXS 1:1.25 indicating no evidence of cytotoxicity. Higher molar ratios, PXS 

1:2 and PXS 1:2.5, enabled a good initial proliferative capacity but seems to impart cytotoxicity 
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at 4-6 days in culture. Citric acid was mixed with PXS 1:1 and PXS 1:2 to obtain poly(xylitol 

sebacate citrate) (PXSC) 1:1 and PXSC 1:2 respectively. Metabolic activity was greater on 

PXSC 1:1, since PXSC 1:2 shows a decrease in metabolic activity although it initially shows a 

similar raise as seen for the PXSC 1:1.  

The results from both the alamar blue and live/dead assay show that poly(glycerol sebacate) 

(PGS) 1:1 and poly(glycerol sebacate citrate) (PGSC) 1:1 scaffolds are able to maintain cell 

survival and metabolism of C2C12 myoblasts. For each scaffold the percentage of viable cells 

(in green) was very high and ranged between 90-95 % viability. Dead cells in the live/dead 

assay were shown as small dots stained in red but were negligible for both glycerol based 

elastomers. Based on the aforementioned results, following 4 elastomers were selected for 

Figure 19. (A) The viability of C2C12 myoblasts, cast with a density of 200.000 cells per ml fibrin hydrogel on the different 

elastomer scaffolds, was observed by live (green)/dead (red) assay followed by confocal microscopy at day 7 post seeding. 

(B) Quantitative representation of the viability assay. Number of images analysed for each different elastomer scaffold was 5 

(n = 5). (C) Alamar blue assay for cellular metabolism of C2C12 myoblasts measured at day 0, 2, 4 and 6. Results normalized 

to a non-seeded scaffold control which served as a negative background control. Negative values after subtraction were 

defined as zero. Number of replicates of seeded scaffold for each different elastomer scaffold was 3 (n = 3). 
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further alamar blue and live/dead validation studies using a new batch of elastomers: PXS 

1:1.25, PXSC 1:1, PGS 1:1 and PGSC 1:1.  

8.3.1.2 Differentiation of human muscle cells on poly(glycerol sebacate) scaffolds in vitro 

To assess the effect of elastomeric scaffold integration on myofiber formation, 5 x 106 

human muscle cells were seeded on a 0.5 cm3 scaffold. Prior to seeding, scaffolds were treated 

with 70 % ethanol. The aim of this experiment was to generate preliminary data on myoblast 

differentiation capacity when integrated in the scaffold. For this experiment, we selected the 

poly(glycerol sebacate) scaffold with a 1:1 acid-alcohol molar ratio and a porosity introduced 

by mixing the prepolymer with NaCl in a 1:7 weight ratio. Human muscle cells were first mixed 

with 125 µl fibrinogen (2 mg/ml) and 125 µl thrombin (4 U/ml) and quickly applied on top of 

the scaffolds which were positioned in a silicon coated well-plate. This method of cell seeding 

allowed for quick penetration of the cell-fibrin mix in the interconnected scaffold pores. After 

gelation, the cell-seeded scaffold was flooded with SkGM and maintained in this medium for 2 

days. After 2 days, medium was changed to differentiation medium (SkFM) and maintained for 

an additional 5 days. We also evaluated cell seeding in the muscle growth medium (SkGM), 

without fibrin. Cells were resuspended every 30 minutes but this protocol resulted in 

precipitation of the cells on the bottom of the well. 

From confocal imaging 

performed after staining for the 

differentiation marker tropomyosin, 

we observed efficient differentiation 

into myofibers throughout the 

scaffold. Seeded cells formed 

myofibers with an average 

diameter of 12.8 µm and length of 

92.3 µm (Table 1).  

Myofiber parameter Values (n = 3) 

Myofiber length (µm) 92.3 ± 22.9 

Myofiber diameter (µm) 12.8 ± 7.0 

% Area 9.7 ± 4.8 

Misalignment factor 42.7 ± 7.2 

Nuclei per myofiber 3.6 ± 0.5 

Table 1. Quantitative evaluation of myofiber formation within 

poly(glycerol sebacate) 1:1 scaffold as assessed with ImageJ. Myofiber 

formation parameters characterized by myofiber length, number of 

myofibers, misalignment factor, myofiber diameter, nuclei per myofiber 

and myofiber density. Number of z-stacks analysed was 3 (n = 3). 
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Differentiation was further characterized by the number of nuclei per myofiber for which the 

average number was 3.6 nuclei. As expected based on the scaffold structure, resulting myofibers 

did not exhibit any specific directionality. With confocal microscopy we could image the top 

100 µm of the scaffold. In this range, we examined fiber density in 5 volumes of 20 µm depth. 

Average fiber density was 9.7 %, but fiber density decreased from the surface layers to the 

deepest layers of the scaffold (Figure 20). 

8.3.2 Polycarbonate scaffold-based skeletal muscle tissue engineering 

8.3.2.1 Differentiation of human muscle cells on polycarbonate scaffolds in vitro 

To assess the impact of integration of the electrospun polycarbonate scaffold (see 

supplementary figure S4) in our standard scaffold-free BAM model, 2.5 x 106 cells were 

seeded on 0.25 cm2 scaffolds positioned into silicon coated well-plates. Prior to seeding, cells 

were mixed with 125 µl fibrinogen (2 mg/ml) and 125 µl thrombin (4 U/ml) and quickly applied 

on top of the scaffolds. The hydrophobic nature of the scaffold resulted in a lack of penetration 

Figure 21. Impact of polycarbonate scaffold integration on myoblast differentiation into myofibers. (A-E) Serial confocal 

sections of tropomyosin stained myofibers (red) derived from human myoblasts within, a fibrin hydrogel seeded on square 

pieces of 0.25 cm2 polycarbonate scaffold. (A) Section at 5 µm depth. (B) Section at 15 µm depth. (C) Section at 25 µm depth. 

(D) Section at 35 µm depth. (E) Section at 45 µm depth reaching the polycarbonate scaffold layer. (A-C) Top layers of 

polycarbonate-based BAM are composed of long postmitotic muscle fibers positive for sarcomeric tropomyosin. (D-E) Range 

of 0-20 µm away from the scaffold primarily shows short myofibers with lower number of nuclei per myofiber compared to 

the top layers. Nuclei stained with DAPI (blue). 

Figure 20. Impact of poly(glycerol sebacate) 1:1 scaffold integration on myoblast differentiation into myofibers. (A-

D) Serial confocal sections of tropomyosin stained myofibers (green) derived from human myoblasts within a fibrin 

hydrogel seeded on 0.5 cm3 elastomeric PGS 1:1 scaffold. (A) Section at 5 µm depth. (B) Section at 35 µm depth. (C) 

Section at 65 µm depth. (D) Section at 95 µm depth. (A-D) Decreasing fiber density from surface layers to the deepest 

layers of the scaffold. Nuclei stained with DAPI (blue). 
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of the cell-gel mix through the fibers leading to cell-mediated gel compaction only at one side 

of the scaffold. As the scaffold material had different topographical features at both sides (see 

supplementary figure S5), the experimental set-up was adapted to evaluate both sides. In 

subsequent experiments, scaffolds were positioned onto a droplet of the cell-gel mix ( ½ total 

volume) which was allowed 10-15 minutes to gel, before adding the remaining cell-ECM mix 

on top of the positioned scaffold. This approach resulted in a layer of cell-ECM mix at both 

sides of the scaffold (see supplementary figure S6). Scaffolds were incubated for 2 days in 

growth medium to allow proliferation of the seeded myoblasts before switching to 

differentiation medium for an additional 4 days, identical to the incubation of our standard 

scaffold-free BAM. With this technique, the formation of an approximately 50 µm thick layer 

of differentiated myoblasts within the fibrin ECM was obtained on the surface of the scaffold 

at both sides.  

Figure 22. Effect of polycarbonate scaffold integration on myofiber formation. Quantitative evaluation of myofiber formation 

as assessed with ImageJ. Myofiber formation parameters characterized by myofiber length, number of myofibers, misalignment 

factor, myofiber diameter, nuclei per myofiber and myofiber density. The top layer (range 0-30 µm) contains significantly 

longer post mitotic muscle fibers compared to the 20 µm range close to the scaffold (range 30-50 µm). Myofiber differentiation, 

defined by nuclei per myofiber, also differ significantly between both ranges, with significantly higher number per myofiber 

for the 0-30 µm range. No significant differences in terms of myofiber formation were found between the two sides of the 

scaffold material. Number of z-stack analysed was 3 (n = 3) for each replicate (n = 3). 
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Parallel with the 3D culture, a 2D fusion assay was performed to assess differentiation 

capacity into myofibers of the myoblasts being used (Figure 7). To determine the impact of 

scaffold integration on the myoblast differentiation into myofibers, immunostaining of the 

differentiation marker tropomyosin was monitored by confocal imaging (Figure 21). Top 

layers of the polycarbonate-based BAM primarily showed long post mitotic muscle fibers 

positive for sarcomeric tropomyosin with no significant difference between both sides of the 

scaffold (Figure 22). The myofibers were found to be aligned to a certain extent in some 

regions, whilst showing no specific directions in other regions at the same depth. This 

variability throughout different regions within the same BAM was seen for all replicates at both 

sides. 

Fiber length decreased from the surface of the polycarbonate-based BAM towards the 

scaffold fibers itself with significantly shorter myofibers at 0-20 µm distance from the scaffold 

fibers compared to the top layers of the polycarbonate-based BAM. Myofiber differentiation 

was better at the top layers of the polycarbonate-based BAM as these myofibers contained a 

significantly higher number of nuclei per myofiber (6.72 ± 3.32 (side 1); 6.22 ± 2.70 (side 2), 

n =9) compared with those myofibers within 0-20 µm away from the scaffold (4.04 ± 1.06 (side 

1); 3.64 ± 1.40 (side 2), n =  9). Further comparison of the myofiber formation between the top 

layers and the 20 µm range from the polycarbonate fibers in terms of diameter and number of 

formed myofibers showed no significant differences. In addition, myofiber alignment did not 

differ significantly between both ranges being compared (Figure 22). 

8.3.2.2 Culture and compatibility on polycarbonate scaffolds 

Favouring cell integration is a critical step when aiming to apply three-dimensional matrices 

into our tissue engineering method. 

From the confocal images, cells were 

observed within the polycarbonate 

fibers. These fibers can be visualized 

in the blue channel based on auto-

fluorescence. This indicates proper 

scaffold integration in our BAM 

model despite the hydrophobicity of 

the scaffold material (Figure 23). 

Cells were embedded in a fibrin 

Figure 23. A) Light microscopic image of electrospun polycarbonate 

fibers. B) Confocal microscopic image of cell presence within the 

electrospun polycarbonate fibers (blue). Nuclei stained with DAPI as 

well as auto-fluorescent polycarbonate fibers (blue). 
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hydrogel. Therefore, based on these images we can conclude that with our approach cells could 

reach all spaces including regions in between polycarbonate fibers.  

In addition, cell survival and morphology was assessed using a live/dead assay to determine 

whether differences in survival and morphology contributed to the differences in differentiation. 

The percentage of living cells was assessed at various depths throughout the BAM with 

confocal microscopy (Figure 24). At the surface layers of the polycarbonate-based BAM, many 

living cells could be observed which is in accordance with the observed myofiber formation. 

At 30-50 µm depth, many dead cells were observed and between the polycarbonate fibers 

exclusively dead cells were seen.   

Figure 24. Cell survival of human myoblasts seeded within fibrin hydrogel as assessed with live/dead assay. (A-E) Serial 

confocal sections of live (green) and dead (red) myoblasts. (A) Section at 5 µm depth. (B) Section at 15 µm depth. (C) Section 

at 25 µm depth. (D) Section at 35 µm depth. (E) Section at 45 µm depth between polycarbonate fibers. (A-C) The top layers of 

polycarbonate-based BAM show that the majority of cells was alive. (D-E) Range of 0-20 µm from the scaffold primarily shows 

dead cells.  
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9 DISCUSSION 

At present, the use of transplants to treat volumetric muscle loss has significant drawbacks. 

Tissue engineered skeletal muscle holds promise for an alternative treatment. In the Thorrez 

lab human bio-artificial muscles are created by a scaffold-free technology where myofibers 

self-organize resulting in a soft tissue (70,169). Still, many challenges towards clinical as well 

as in vitro testing applications remain. In this thesis, we explored several ways to tackle some 

of these challenges. 

A first challenge is vascularization, needed for creation of larger tissue constructs. The 

current size limitation, due to the passive diffusion limit, impedes the potential for human 

muscle transplantation as well as physiologically relevant in vitro systems. Prevascularization 

is being explored as a method to allow in vitro perfusion and enhance in vivo survival of tissue-

engineered constructs (170–172). In the Thorrez lab, networks of endothelial cells within the 

tissue-engineered muscle have been developed, resulting in aligned multinucleated myofibers 

with interspersed endothelial networks (66). However, data on maintenance and functionality 

of these networks were not known by the start of the present work. In this thesis, we investigated 

the evolution and potential anastomosis with host blood vessels of these endothelial networks 

through in vivo implantation studies.  

We created in vitro co-culture BAMs composed of 30 % HUVECs. After 1 week in vitro, 

these BAMs were implanted for 2 weeks in adult immunodeficient NOD/SCID mice, 

immunodeficient Nu/Nu mice, immunosuppressed Swiss mice and immunosuppressed Wistar 

rats. In the NOD/SCID mouse model we provide evidence for connection of the HUVEC-

derived networks with host vessels through two distinct microscopic observations. First, red 

blood cells were observed in HUVEC derived endothelial networks. Second, these networks 

were found positive for a human endothelial cell specific lectin which was administered to the 

host intravenously. These findings are in line with previous studies where a stable stacked cell 

sheet construct composed of HUVECs and human myoblasts was obtained through a 3D cell 

sheet manipulation system (65). In this study, anastomosis was observed by week 1 upon 

subcutaneous implantation on dorsal tissues of nude rats. However, constructs were only 5 cell 

layers thick and did not contain myofibers. In our work, both Nu/Nu and NOD/SCID mice 

showed similar highly interconnected endothelial network morphology. Although remaining 

endothelial networks in the Nu/Nu mice were more dense compared to the NOD/SCID mouse 

model, networks were only retrieved for 2 out of 6 explanted tissues.  
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In the rat model we found no macroscopic nor microscopic evidence of remaining human 

cells and construct. Based on these results we concluded that the rat is not a good animal model 

for our set-up. Two underlying mechanisms may explain this tissue loss. First, we cannot 

exclude a remaining immunological response against the xenogeneic human transplant, 

although immunosuppressant drugs were administered. Differences in NK cell response have 

been reported in mice versus rats so a more pronounced NK cell activity may have occurred in 

rats (173). Second, the rate of resorption in vivo of fibrin may differ between rats and mice.  

Only the BAMs implanted in the Swiss mice could be macroscopically observed and 

retrieved after 14 days. However, in these mice, the endothelial networks were more degraded 

as compared to the other mouse models. Delay in mural cell recruitment from the host tissue 

might have resulted in the observed regression (174). Blood vessels composed of only 

endothelial lining regressed more rapidly as compared to the ones that are matured with a layer 

of pericytes or multiple smooth muscle cell layers (175). Therefore, optimizing the co-culture 

through addition of other cell populations such as pericytes opens perspectives towards 

stabilizing the endothelial networks (176,177).  

Next to assessing potential anastomosis, the objective of the implantation experiments was 

to determine whether the myofibers of the prevascularized BAM remain viable in vivo. No 

evidence was found for any of the in vivo models for remaining human myofibers. Although 

we concluded from previous work that the presence of HUVECs does not impair the formation 

of myofibers we do see some limitations. While maturation of myofibers is enhanced upon 

culture duration of 2 weeks, HUVEC-derived endothelial networks start to degrade after 1 week 

in vitro. Also culture medium used in co-culture BAMs interferes with myofiber formation. 

From the in vivo pilot experiment we cannot exclude myofiber immaturity being the cause for 

the lack of myofiber maintenance. Therefore, follow-up experiments should be performed with 

myofiber only BAMs obtained after a prolonged culture of 2 weeks in vitro instead of 1 week. 

Additionally, we could also induce a necrotic stimulus upon scratching the fascia, since a 

necrotic stimulus was found to increase myogenesis (178). 

Degradation of the BAM occurred rapidly. Still, fibrin-based materials remain attractive as 

ECM of choice since both in vivo (179) and in vitro (180) studies have shown a positive effect 

in stimulating vascularization. Further, optimizing our hydrogel-based muscle constructs by 

varying matrix protein composition and concentration may address this limitation. Hinds et al. 

defined 4 mg/ml fibrin with 40 % Matrigel as the optimal matrix composition for myofiber 

function (125). Adapting our 1 mg/ml fibrin hydrogel to these findings might help to prolong 

the presence of fibrin. However, it remains to be seen whether this would interfere with the 
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endothelial network formation and mural cell recruitment. In previous work of the lab, addition 

of Matrigel did not enhance myofiber nor endothelial network formation (66).  

Regarding the rapid degradation, reinforcement with synthetic polymers has been explored. 

Composite hydrogels may indeed add value to our current approach by promoting 

vascularization with fibrin while delaying degradation. PEG-based hydrogels have been 

investigated for a number of tissue engineering applications and can be used to generate a fibrin 

loaded porous PEG hydrogel. These composite materials showed delayed fibrin breakdown 

while supporting tissue invasion and vascular network formation in vivo (181). Another strategy 

to prolong the life of fibrin matrices is the addition of protease inhibitors such as aprotinin. To 

avoid rapid diffusion out of the fibrin matrices, an engineered aprotinin variant that covalently 

binds to fibrin during gel formation has been developed (182). This approach might be of use 

for our setup as aprotinin-protected fibrin matrices were still detectable in vivo at day 24 while 

fibrin was no longer detectable by day 10 when using no protease inhibitor. We observed 

construct degradation by 14 days, which is in line with these findings.  

Based on the preliminary data obtained from the in vivo studies, optimization studies were 

performed to further define an optimal co-culture condition in terms of medium composition 

and EC type to enhance both endothelial and myofiber formation. Interactions between ECs 

and myogenic precursor cells have been discussed by many researchers (183,184). Inversely, 

also myogenic cells have been linked to proangiogenic activity, for which VEGF seems to play 

an important role (185). But, combining different cell types presents a challenge regarding 

culture conditions underscoring the need for further defining optimal co-culture conditions 

(186).  

Our data from co-cultures containing both muscle cells and endothelial cells further 

underscored the difficulties in defining the optimal trade-off for both cell types. As expected, 

skeletal muscle growth and differentiation media enable optimal myofiber formation, but these 

culture conditions strongly interfere with endothelial network formation. Current culture 

conditions rely on EGM-2 as it enabled endothelial network formation while still allowing 

myofiber formation (66). However, we reported an impaired myofiber formation when 

compared to culturing in SkGM/SkFM (66), supported by others who found that EGM allowed 

only 2% of muscle cells to express myogenin (170). Addition of embryonic fibroblasts 

promoted vascularization of the engineered muscle (170). These findings can explain why 

EGM-2 culture conditions in our approach did not impair myoblast formation as much as we 

start from a heterogenous cell population containing fibroblasts. Still, optimizing the fibroblast 



 

47 

 

ratios in our co-culture condition may be useful as well as further defining optimal co-culture 

conditions (187). 

 Since myofiber information was still suboptimal compared to standard BAMs, we 

explored the use of a medium which had never been tested in this context and which we defined 

as M199-EGM. In HUVEC myoblast co-cultures, M199-EGM was found to result in a larger 

myofiber diameter. Further experiments can be conducted to evaluate the number of nuclei per 

myofiber. Also for endothelial network formation, M199-EGM was better than EGM-2 and 

both were found to be superior to skeletal muscle medium. 

Although HUVECs are widely used as endothelial cells for research, the endothelial cells 

which are present in native muscle are skeletal muscle microvascular endothelial cells 

(SkMVECs). Therefore we additionally assessed endothelial networks and myofiber formation 

in co-culture BAMs using SkMVECs. For all culture conditions, myofiber differentiation was 

improved when using SkMVECs as compared to HUVECs. The relative ratio of endothelial 

cells versus myoblasts was different (10% SkMVEC vs 30% HUVEC) to obtain optimal 

endothelial network formation, based on earlier work in our lab. Therefore, myofiber density 

and number of myofibers per microscopic field could not be directly compared. Future 

experiments should be conducted with similar ratios to properly compare both cell types. Also 

the differences observed in density could be linked to the extent of contraction of the cell-fibrin 

hydrogel to ensure that differences found in density are not due to altered contraction.  

Skeletal muscle tissue engineering approaches should take the hierarchical structure of 

native skeletal muscle tissue with all its different components (188) into account. We focussed 

in this thesis on the vasculogenesis of constructs. We simulated vascular growth in vitro without 

scaffolds, permitting unimpeded growth of endothelial vascular networks within a fibrin 

hydrogel. Nonetheless, scaffolds have been used to obtain networks as well, showing particular 

promise for scaffolds with uniform geometry such as interconnected pores in facilitating the 

vascularization process (170). Scaffolds can be used instead of (or in parallel with) hydrogels, 

to provide a spatially organized template and initial mechanical strength to the construct. 

However, scaffold architecture often interferes with appropriate myofiber formation. Indeed, 

the organisation of myoblasts into muscle fibres must occur in an ordered way to obtain 

myofibers oriented in parallel to each other to generate sufficient force for contraction (189). 

Several attempts have been made so far and succeeded indeed in driving myofiber formation in 

an oriented way (190,191). However, these reports were largely based on work with the murine 

C2C12 myoblast cell line, while our work is based on human myoblasts (191). When human 

satellite cells were used, the polynucleated myotubes were myosin negative (190). Furthermore, 
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many scaffolds explored in the field of tissue engineering suffer from disadvantages such as 

inappropriate degradation rates, release of acidic by-products or high tensile modulus 

(192,193).  

Our tissue engineering approach is distinct from most other muscle tissue engineering 

methods, as we obtain parallel oriented myofibers in a scaffold-free approach, whereas many 

other approaches obtain randomly oriented myotubes especially when scaffolds are introduced. 

Therefore, it was not entirely clear whether scaffolds would be of benefit in our SMTE 

approach. Because of desirable characteristics of scaffolds mainly related to mechanical 

strength, we explored the use of scaffolds in our model and determined the impact of this 

integration on myofiber differentiation and alignment. In addition, the use of scaffolds with 

predefined pores might be beneficial to allow for medium perfusion as an alternative for our 

vasculogenesis strategy. 

A first scaffold we explored was a biodegradable polycarbonate scaffold with randomly 

oriented fibers obtained through electrospinning. This scaffold was obtained from collaborators 

who were extensively studying meshes made from this polycarbonate for potential application 

in the context of prolapse treatment. Their initial findings identified the polymer material as 

being biocompatible. Furthermore, their in vivo experiments were based on an abdominal wall 

defect model which is a valuable model for our research aims as well (194). Based on the 

similarity in terms of experimental set-ups and their initial findings on biocompatibility, we 

evaluated this biomaterial in the context of SMTE.  

Although this type of electrospun scaffold had a hydrophobic nature, we were successful 

in proper integration with the fibrin hydrogel. However, when we analyzed myofiber 

differentiation and alignment, both quantitative and qualitative data clearly illustrated the 

decreasing differentiation in the region close to and in between the scaffold fibers. Also, cell 

survival data suggested cell survival increasing in function of the distance to the scaffold. The 

discrepancy between our findings and those of our collaborators in terms of biocompatibility is 

not clear and may warrant further investigation. 

A second class of scaffolds we explored for skeletal muscle tissue engineering was 

encompassing different elastomers composed of glycerol, xylitol, sebacic acid and citric acid. 

These chemically crosslinked elastomers were promising based on their reported consistent 

degradation rates and predictable decline in mechanical properties (108). Its biocompatibility 

has been demonstrated with cardiomyocytes and in vivo data over a period of 2 weeks with PGS 

patches, sutured over the left ventricle of rats, did not find any deleterious effects (195). We 

assessed biocompatibility of 8 different scaffold compositions (obtained in collaboration with 
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the group of prof. W. Thielemans) through an alamar blue and live/dead assay. Some of the 

scaffold compositions indicated moderate to low cell survival. However, 4 elastomer 

compositions were selected based on their excellent support of cell survival and cell 

metabolism: PGS 1:1, PGSC 1:1, PXS 1:1.25 and PXSC 1:1. Preliminary data on myoblast 

differentiation indicated that the PGS 1:1 elastomer was suitable since we observed 

differentiated myofibers. With an average length of 92.3 µm, an average diameter of 12.8 µm 

and an average number of nuclei per fiber of 3.6, differentiation of myofibers was supported on 

the PGS 1:1 scaffolds. Still, values are below those observed for the standard scaffold-free 

BAMs (66). Further experiments should be conducted to evaluate the other elastomer 

compositions. Scaffold design may be further improved by modifying parameters such as pore 

size and structural orientation of the polymers. As for the lack of alignment, adapting the 

structure of the elastomeric scaffolds to better mimick the honeycomb structure of the ECM of 

native skeletal muscle should be explored. Such honeycomb microstructures of 250 µm thick, 

made of poly(glycerol sebacate), have been studied in the field of cardiac tissue engineering 

(196). It remains to be seen if thicker structures can be created and are of use for myofiber 

differentiation. Furthermore, using collagen instead of fibrin as an ECM might also be 

suggested for further optimization since gelation time of collagen is significantly longer which 

might result in deeper penetration of the cells through the scaffold (169). Also, different cell 

densities during seeding might enhance myofiber differentiation.  
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10 CONCLUSION 

Through tissue engineering approaches, 3D constructs composed of human aligned 

myofibers can be generated. Reconstruction of human skeletal muscle in vitro has potential 

application in regenerative medicine, drug screening and disease modelling. However, several 

differences with real skeletal muscle still limit these applications. These include a lack of 

vascularization and a limited mechanical strength. Therefore, we investigated in parallel 

approaches to overcome these limitations.  

This thesis provides an initial in vivo evaluation of the functionality of HUVEC derived 

endothelial networks introduced in vitro in our fibrin ECM based human BAM. The observed 

anastomosis of these HUVEC networks in our BAM model after 2 weeks of implantation marks 

the potential of the prevascularization strategy to assist in perfusion by the host. These results 

indicate the potential of this co-culture technique for proper prevascularization of our tissue 

engineered muscle, which may ultimately enhance its survival in vivo. As for the human 

myofiber maintenance, we found better myofiber formation by using skeletal muscle 

microvascular endothelial cells instead of of HUVECs. For HUVEC based co-culture BAMs, 

M199-EGM was found to result in better myofiber and endothelial network formation 

compared to the EGM-2 which is currently used. In terms of myofiber formation, EGM-MV 

was defined as the best medium composition when using SkMVECs in co-culture BAMs.  

We demonstrated the limited potential of the tested electrospun polycarbonate scaffold in 

SMTE, as survival of human myoblasts was found to be decreased in the proximity of the 

scaffold and thus no myofibers were found. We also show the previously unreported property 

of poly(glycerol sebacate) to support myoblast differentiation into post-mitotic myofibers. In 

addition to these properties, the microporous structure of the poly(glycerol sebacate) makes it 

of particular interest in the context of prevascularization, which further provides perspectives 

to finetune the features of this scaffold material for skeletal muscle tissue engineering.  

 

  



 

 

11 DUTCH SUMMARY 

Skeletspieren onderscheiden zich van de meeste andere organen door hun intrinsiek 

herstelmechanisme.  Dit herstelmechanisme berust op weefsel specifieke volwassen stamcellen, 

de satelliet cellen. Deze stamcellen zijn onder normale omstandigheden rustend. Ze bevinden 

zich onder de basale lamina van de spiervezels en hebben myogene differentiatie capaciteit. 

Volgend op spierschade geïnduceerd door sport, ziekte of trauma worden satelliet cellen 

geactiveerd tot actieve myoblasten. Deze kunnen op hun beurt fuseren met elkaar ter vorming 

van een nieuwe spiervezel of fuseren met beschadigde spiervezels. Echter, wanneer een 

spierdefect te groot is, zoals bijvoorbeeld bij spiertrauma door ongeval, oorlogsverwondingen, 

sommige oncologisch-chirurgische ingrepen,…wordt dit intrinsiek herstelmechanisme 

overrompeld en spreken we over volumetrisch spierverlies.  

Ondanks de geassocieerde  economische en sociale lasten van volumetrisch spierverlies, 

bestaan hier momenteel geen klinisch relevante producten voor. De huidige behandeling is 

gebaseerd op autologe en allogene spiergreffes, maar beide opties hebben intrinsieke nadelen. 

Tissue engineering van skeletspierweefsel kan mogelijks deze onbeantwoorde medische vraag 

tegemoetkomen. Dit interdisciplinair veld richt zich op de aanmaak van biologisch weefsel in 

vitro. In ons labo worden skeletspieren aangemaakt met een technologie gebaseerd op een 

fibrine hydrogel die resulteert in spiervezels die tijdens de differentiatie parallel georganiseren 

worden en een zacht weefsel vormen. Ondanks de  vooruitgang geboekt in dit veld, zijn er 

blijvende uitdagingen die klinische applicaties in de weg staan. Deze omvatten, maar zijn niet 

beperkt tot, (i) de identificatie van een gepast draagmateriaal, (ii) de vascularisatie van het 

aangemaakt weefsel en (iii) de overgang van laboratorium schaal naar klinische schaal 

productie. Mogelijke oplossingen van enkele van de huidige tekortkomingen werden verder 

bestudeerd in deze thesis.  

 Skeletspieren worden gekenmerkt door een hiërarchische structuur opgebouwd uit 

verschillende componenten. Een succesvolle aanpak van skeletspierweefsel engineering zou 

elk van deze elementen in rekening moeten brengen. Wij focusten in deze thesis op de 

vasculatuur van constructen. Het opzetten van een efficiënte vascularisatie is cruciaal als we de 

huidige limitatie in grootte van de constructen willen aanpakken. In deze thesis werd verder 

gebouwd op een bio-artificiële spier (BAM) opgebouwd uit gealigneerde spiervezels met 

tussenliggende endotheliale netwerken. Deze netwerken werden bekomen door een co-cultuur 



 

 

systeem te ontwikkelen opgebouwd uit 30 % endotheelcellen afgeleid van humane 

navelstrengen (HUVEC). De overige 70 % bestaat uit skeletspiercellen die geïsoleerd werden 

uit humane skeletspierbiopten. De bekomen HUVEC afgeleide endotheel netwerken vormden 

zich in vitro door middel van een proces genaamd vasculogenesis. 

 Een eerste objectief van de thesis was het in vivo evalueren in termen van behoud en 

evolutie van deze co-cultuur BAMs over een periode van 2 weken. Hiervoor diende eerst een 

optimaal diermodel bepaal te worden. We evalueerden in parallel zowel ratmodellen als 

muizenmodellen en verder werd ook gekeken naar de beste implantatie site. Een week oude co-

cultuur BAMs bestaande uit 30 % HUVECs werden geïmplanteerd op de latissimus dorsi spier 

van volwassen (i) immunocompetente Swiss muizen behandeld met immuunsuppressiva, (ii) 

niet-obees diabetische ernstig gecombineerde immuundeficiënte (NOD/SCID) muizen en (iii) 

immuundeficiënte Foxn1nu (Nu/Nu) muizen. Het ratmodel werd qua implantatie site opgedeeld 

in 2 groepen met implantatie op (i) de tibialis spier of (ii) de abdominale spier van volwassen 

Wistar ratten. Verder kon uit deze implantatie studie ook preliminaire data gehaald worden 

omtrent potentiële connectie van de HUVEC afgeleide endotheel netwerken met de gastheer 

vasculatuur.  

 Om de dynamiek van de HUVEC afgeleide endotheel netwerken te kunnen volgen, werd 

gebruik gemaakt van groen fluorescent gelabelde cellen. Beeldanalyses waren gebaseerd op 

intravitale en confocale microscopie waarbij sterke verschillen in endotheel netwerk morfologie 

werden waargenomen tussen de verschillende modellen. Intravitale microscopie werd 

uitgevoerd op 12 en 14 dagen na implantatie. Van de intravitale beelden voor de Swiss muis 

werd afgeleid dat de endotheel netwerken sterke degradatie ondergaan hadden tijdens de 

periode van implantatie. Dit werd verder bevestigd door de beelden opgenomen na 14 dagen en 

de confocale beelden. Echter, in dit diermodel, anders dan voor alle andere, waren constructen 

nog aanwezig op het moment van explantatie. Daarom werden de analyses voor de andere 

diermodellen uitgevoerd op omgevend gastheerweefsel dat geëxplanteerd werd op basis van de 

posities van de chirurgische draadjes waarmee de BAM werd ingehecht. Voor de 

immuundeficiënte muizen toonden intravitale en confocale beelden de aanwezigheid van 

geïnterconnecteerde HUVEC-afgeleide endotheel netwerken aan. Deze waren dens voor de 

Nu/Nu muis, maar konden slechts waargenomen worden in 2 van de 6 explanten. In de 

NOD/SCID muis konden HUVEC-afgeleide endotheel netwerken teruggevonden worden in 4 

van de 6 explanten. Verder kon door middel van intraveneuze injectie van een rhodamine 

gemerkt lectine evidentie voor connectie met de gastheer vasculatuur aangetoond worden in 2 



 

 

van de 6 explanten. Dit lectine is afgeleid van ulex europaeus agglutinine-I en bindt specifiek 

op humane endotheelcellen. Deze connectie werd verder bevestigd door aanwezigheid van rode 

bloedcellen in de HUVEC-afgeleide endotheel netwerken. Uit observaties voor beide 

ratmodellen werd besloten dat dit diermodel een suboptimale setting biedt voor onze 

objectieven daar noch constructen, noch endotheel netwerken noch humaan afgeleide 

spiervezels konden worden geobserveerd. Dit zou mogelijks verklaard kunnen worden door een 

sterkere NK cel activiteit in ratten in vergelijking met muizen. Ook is het mogelijk dat ratten 

een snellere resorptie van de fibrine matrix induceren.  

 In geen enkele conditie werden humane spiervezels teruggevonden. Enkel mature 

spiervezels konden worden waargenomen, waarschijnlijk allemaal afkomstig van de gastheer 

want humane spiervels zouden embryonale eigenschappen vertonen. Op basis van deze 

bevindingen konden echter weinig conclusies getrokken worden in termen van spiervezel 

behoud. Want vanuit deze experimentele setup kon niet worden geconcludeerd of immaturiteit 

van de geïmplanteerde humane spiervezels een reden van snelle degradatie was. Daarom is het 

uitvoeren van een vervolg experiment met BAMs opgebouwd uit humane spiervezels alleen 

een aangewezen volgende stap. Deze BAMs kunnen door de afwezigheid van endotheel 

netwerken langer in cultuur gehouden worden wat op zijn beurt resulteert in meer mature 

spiervezels. 

 Daarnaast kan het verder optimaliseren van de co-cultuur condities in vitro ook helpen 

bij het  behoud van zowel spiervezels als endotheel netwerken. Het opstellen van deze co-

cultuur condities betreft een uitdaging op zich waarin een afweging moet gemaakt worden 

tussen beide cel types bij het bepalen van optimale cultuurcondities. Daarom was een volgend 

objectief het verder exploreren van verschillende media (i) skeletspier groeimedium (SkGM) 

met opeenvolgend differentiatie na 2 dagen in skeletspier fusiemedium (SkFM), (ii) EGM-2 

wat een optimaal cultuur medium is voor endotheelcellen of (iii) M199-EGM. Daarnaast kan 

het exploreren van andere endotheel cel types ook waardevol zijn in het optimaliseren van de 

co-cultuur condities. In deze context werden co-cultuur BAMs geëxploreerd met 10 % 

skeletspier microvasculaire endotheelcellen (SkMVECs). Deze cel ratio’s werden voordien 

geoptimaliseerd in ons labo. Het skeletspier differentiatiemedium is voor myoblast 

differentiatie capaciteit superieur ten opzichte van EGM-2 en M199-EGM. Terwijl de 

laatstgenoemde sterk gelijkend bevonden werden. De hogere diameter van spiervezels bekomen 

wanneer gecultiveerd in M199-EGM voor de co-cultuur BAMs met 30 % HUVECs wees echter 

in de richting van een meer optimale conditie in termen van spiervezel vorming. Dit dient verder 



 

 

bekeken te worden om na te gaan of dit ook resulteert in meer nuclei per spiervezel. Voor de 

conditie met 10 % SkMVECs werden contradictorische bevindingen gevonden met een grotere 

diameter van de spiervezels wanneer gecultiveerd in EGM-MV in plaats van M199-EGM. In 

termen van endotheel netwerk vorming werd, voor HUVEC-myoblast co-cultuur, M199-EGM 

beter bevonden in termen van totale lengte van het endotheel netwerk, % vertakkingslengte en 

aantal geïsoleerde segmenten ten opzichte van EGM-2. Cultiveren in skeletspier media 

vertoonde geen endotheelnetwerk vorming; in deze conditie werden enkel losse endotheelcellen 

gevonden. Data voor de endotheel netwerk vorming voor co-cultuur BAMs met 10 % 

SkMVECs (samenwerking met Gilles Carpentier) waren nog niet beschikbaar op het moment 

van finaliseren van deze thesis. 

Een laatste objectief is gedreven door de huidige tendens binnen het veld van tissue 

engineering. Allerhande draagmaterialen (synthetische en/of natuurlijke) worden sterk 

geëxploreerd en tonen veelbelovende resultaten bij het reconstrueren van de myoblastfusie in 

een gealigneerde organisatie van skeletspiervezels. Met onze skeletspier tissue engineering 

technologie worden gealigneerde spiervezels bekomen zonder gebruik van deze 

draagmaterialen. Een mogelijk voordeel van draagmaterialen in ons model in termen van 

spiervezel differentiatie en aligneren diende echter nog bekeken te worden. Verder worden 

draagmaterialen ook in de context van endotheliale netwerken onderzocht. Hierbij zijn vooral 

draagmaterialen met een uniforme geometrie zoals geïnterconnecteerde poriën interessant voor 

het faciliteren van het vascularisatie proces.  

Binnen de context van synthetische draagmaterialen werden 2 verschillende materialen 

geëxploreerd. Het eerste synthetische polymeer dat werd bekeken is een polycarbonaat 

materiaal bekomen via electrospinning. Electrospinning is een techniek waarbij een netwerk 

aan vezels met tussenruimtes van een paar micrometers wordt bekomen. Deze materialen 

werden bekomen door collaboratie met de groep van prof. Jan Deprest. Humane spiercellen 

werden geïntegreerd in de fibrine hydrogel, die standaard is voor onze BAM, en aangebracht 

op de polycarbonaat draagstructuur. Op basis van confocale beelden van de polycarbonaat 

vezels kon worden waargenomen dat deze techniek goede integratie toeliet. Differentiatie na 

integratie van deze synthetische draagstructuur in ons model werd kwantitatief en kwalitatief 

geëvalueerd na een periode van 7 dagen. Een sterke afname van lengte van de spiervezels en 

aantal nuclei per spiervezel werden waargenomen in de nabijheid van de draagstructuur in 

vergelijking met de toplagen waar goede spiervezel vorming werd waargenomen. Verdere 

evaluatie toonde aan dat dit verschil in differentiatie te wijten is aan een hogere celdood in de 



 

 

nabijheid van de draagstructuur. Deze observaties verschillen van de bio-compatibiliteit in het 

ratmodel van de collaborerende groep clinici, maar onderstreept het belang van in vitro cel 

studies. Daarnaast kan ook verschil in compatibiliteit tussen verschillende celtypes een reden 

zijn voor verschillende observaties in termen van biocompatibiliteit. De hoge celdood die we 

observeerden, beperkt verdere toepassingen van deze polycarbonaat draagstructuur. 

Een tweede type draagmateriaal dat werd geëvalueerd betreft een groep van elastomeren 

opgebouwd uit xylitol, glycerol, sebacaat en citroenzuur. Deze elastomeren worden gekenmerkt 

door hun gunstige mechanische eigenschappen. Elasticiteit van deze elastomeren wordt aanzien 

als een belangrijk aspect in de context van dynamische weefsels zoals spieren. Daarom bieden 

deze structuren een goed uitgangspunt om als draagmateriaal te dienen voor onze BAM. Eerst 

werd een selectie gemaakt gebaseerd op een alamar blue assay en live/dead assay om een idee 

te krijgen van respectievelijk cel metabolisme en cel overleving na het aanbrengen van C2C12 

muis myoblasten ingebed in een fibrine hydrogel. Hieruit werden 4 elastomeersamenstelling 

geselecteerd voor verder onderzoek: poly(glycerol sebacaat) 1:1, poly(glycerol sebacaat  

citraat) 1:1, poly(xylitol sebacaat) 1:1.25 en poly(xylitol sebacaat citraat) 1:1 (waarbij de 

waardes de molaire ratio’s weergeven van de suiker en alcohol respectievelijk). Preliminaire 

data rond humane myoblast differentiatie capaciteit na integratie in de elastomere 

draagstructuur werd verder bekeken voor de poly(glycerol sebacaat) 1:1 draagstructuren. De 

humane spiercellen werden ingebed in een fibrine hydrogel en op het polymeer aangebracht 

voor gelatie kon optreden. Deze aanpak is in overeenstemming met de aanmaak van standaard 

BAMs en laat ons toe deze in parallel te evalueren. Echter directe vergelijkingen worden 

bemoeilijkt doordat celgemedieerde contractie verschilt wanneer draagstructuren al dan niet 

aanwezig zijn, zodat celdensiteit verschillend is. Confocale beeldanalyse na 

immunocytochemische kleuring voor de differentiatiemerker tropomyosine toonde efficiënte 

differentiatie in spiervezels aan met een gemiddelde diameter van 12.8 µm en lengte van 92.3 

µm. Verder werd ook gekeken naar alignering, maar zoals verwacht, laat de elastomeer 

structuur weinig tot geen alignering in een specifieke richting toe. Het verder ontwikkelen van 

de elastomeer naar een structuur meer gelijkend op de natieve spier lijkt dan ook een 

interessante volgende stap. Eerdere rapporteringen van honinggraatstructuren in deze 

elastomeren toont aan dat dit een haalbare kaart zou moeten zijn.  
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13  APPENDIX I: [ SUPPLEMENTARY FIGURES ] 

13.1 S1: RAT INTRAVITAL IMAGE 14 DAYS POST IMPLANTATION OF 1-WEEK 

OLD CO-CULTURE BAM 

 

 

 

 

 

 

 

 

 

13.2 S2: CONFOCAL IMAGE OF SURROUNDING HOST MUSCLE TISSUE OF ADULT 

WISTAR RAT 14 DAYS POST IMPLANATION OF 1-WEEK OLD CO-CULTURE 

BAM 

  

Supplementary figure S2. Confocal image of surrounding host muscle 

tissue explanted based on suture positions 14 days post implantation of 

co-culture BAM containing 30 % HUVECs on (A) tibialis muscle of 

Wistar rats or (B) abdominal muscle of Wistar rats. No indication for 

remaining GFP-labelled endothelial networks or human myofibers. 

Supplementary figure S2. Intravital image of wistar rat with co-

culture BAM implanted onto the abdominal muscle for a period of 2 

weeks. Image was taken 14 days post implantation, prior to 

explantation. Scattered remnants of GFP-labelled HUVEC-derived 

endothelial networks were observed suggesting a high degradative 

state. 
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13.3 S3: MACROSCOPIC AND MICROSCOPIC IMAGE OF ELASTOMERIC 

SCAFFOLD  

 

 

 

 

 

 

 

 

 

13.4 S4: PRE-TREATMENT WITH 70 % ETHANOL OF ELASTOMERIC SCAFFOLD 

TO REDUCE HYDROPHOBICITY PRIOR TO CELL SEEDING 

 

 

  

 
Supplementary figure S3. Macroscopic and microscopic image of PGS 

1:1. (A) Macroscopic image showing PGS 1:1 with average dimensions 

of 1 cm3. (B) Light microscopic image of porous structure of PGS 1:1 

obtained through salt leaching techniques. Prepolymer was mixed with 

natriumchloride in a 1:7 weight ratio. 

Supplementary figure S4. Macroscopic image of poly(xylitol sebacate citrate) 1:1 before and after pre-

treatment with 70 % ethanol for 30 minutes. (A) Macroscopic image showing PXSC 1:1 prior to pre-treatment 

illustrating its hydrophobicity. (B) Macroscopic image of PXSC 1:1 after pre-treatment with 70 % ethanol for 

30 minutes demonstration proper penetration of the trypan blue dye. 
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13.5 S5: MACROSCOPIC AND MICROSCOPIC IMAGE OF POLYCARBONATE 

SCAFFOLD WITH DIFFERENT TOPOGRAPHICAL FEATURES AT BOTH SIDES 

 

 

13.6 S6: CELL-ECM ON POLYCARBONATE SCAFFOLD 2 DAYS AFTER SEEDING 

Supplementary figure S6. Formation of 

approximate 50 µm thick cell-ECM layer 

2 days after adding cell-ECM suspension 

on top of the polycarbonate scaffold 

positioned in a silicon coated 6-well 

plate. 

Supplementary figure S5. Macroscopic and microscopic 

image of polycarbonate scaffold. (A-B) Different topographical 

features at both sides, macroscopic image. (C) Microscopic 

image of polycarbonate fiber network. 


