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1.1. Tissue engineering of skeletal muscle 
 

Tissue engineering aims to develop tissue substitutes that resemble native tissue by 

providing instruction to the cells to restore and mimic the lost tissue [1]. Preferably, the 

tissue substitutes are composed of the patient’s cells meaning that the immune response is 

minimal, and the newly implanted tissue is integrated and recognized by the body as its 

own. The constructed tissue uses different materials, synthetic or natural, as scaffolds to 

guide the cell growth and organization. Material properties such as wettability, charge, 

topography, stiffness, and geometry can dictate the cells’ fate [2] (Fig. 1).  

 

 

Figure 1: Diagram of tissue engineering requirements and considerations needed to create an 

appropriate engineered substitute. Tissue engineering needs to consider the native extracellular 

matrix (ECM) in order to reproduce the in vivo environment in an in vitro setting. In order to do that, 

the functional substitutes require to comply with a series of mechanical and chemical properties that 

allow cells communication and survival, besides the exchange of nutrients provided by the 

vascularization and guarantees the tissue integration onto the body. 

The cellular microenvironment, the extracellular matrix (ECM), is a delicate network of 

proteins where the cells of the body reside. The ECM affects the processes of 

morphogenesis, differentiation, proliferation, adhesion, and migration [2–4]. Each organ 

and tissue have their own extracellular matrix characteristics and these need to be 

considered accordingly when engineering and designing the tissue engineered substitute 

[5].  



Chapter 1 

13 

 

Skeletal muscle  

Skeletal muscle is a highly organized tissue which supports locomotion, respiration, and 

posture [6]. It has renewal capacity thanks to quiescent stem cells called satellite cells which 

reside on the myofibers’ sarcolemma [6]. Once activated, these cells are called myoblasts, 

and they fuse to form myotubes. Later, myotubes continue to fuse and mature, becoming 

myofibers. Skeletal muscle is structured as three layers of connective tissue: the 

endomysium, which surrounds the myofibers; the perimysium, which is located around 

groups of myofibers called bundles; and epimysium, which is the layer around the whole 

muscle [7, 8]. The skeletal muscle ECM contains the basal lamina and the fibrillar reticular 

lamina. The basal lamina is located in the surroundings of the myotubes and is composed 

of non-fibrillar collagen, mainly collagen type IV [9], and non-collagenous glycoproteins such 

as laminin and proteoglycans [6, 10]. The fibrillar reticular lamina corresponds to the 

interstitial connective tissue [4, 8, 11], which is mainly composed of collagen type I [7]. The 

ECM in the muscle allows the transmission of force, and cell repair and maintenance, by 

affecting the reservoir of satellite cells [8]. 

Vascularization in tissue engineering 

The production of large-sized tissue-engineered substitutes is still one of the obstacles to 

overcome in the field. To date, successful tissue-engineered substitutes are tissues that are 

thin or are avascular such as skin and cartilage [12, 13]. In the human body, tissues are 

supplied with nutrients and oxygen through a network of capillaries which are at a 

maximum distance of 200 µm from each other, the so-called diffusion limit [13]. Thus, 

tissues greater than 150 - 200 µm require pre-formed vasculature in order to properly 

integrate into the host to avoid necrosis [12, 14, 15].  

The extracellular microenvironment of macrovascular cells (diameter larger than 100 µm) 

consists of organized collagen fibers named accordingly to their microstructure: intima 

(disperse fibers), media (fiber bundles at 30°), and adventitia (axially aligned fibers) layers 

[16]. The tunica intima is composed of endothelial cells (ECs), the media of vascular smooth 

muscle cells (VSMCs) and the adventitia of a diverse population of myofibroblasts [17]. The 

extracellular microenvironment of microvascular cells (diameter less than 100 µm) is 

composed of mural cells called pericytes which share the same basement membrane as ECs 

[17, 18].  

Vascular remodeling depends on the process of angiogenesis driven by chemotaxis, defined 

as a chemical gradient, primarily of VEGF and Ang-2 [14, 17, 19]. During Angiogenesis, ECs 

migrate from existing vasculature by developing tip cells which guide the vessel sprout. At 

the same time, proliferative ECs, stalk cells, support the tip-cell migration to encourage 

vessel branching [14, 17]. Angiogenesis is also dependent on the cellular micro-environment 

and cellular adhesion to the ECM [11, 17]. For example, ECM-cell interaction with 

fibronectin and interstitial collagens stimulates EC tubular formation [20]. Thus, EC 
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migration processes are also affected by gradients of ligands (hapotaxis), stiffness 

(durotaxis) [16, 19], and as has been more recently noted, topography (topotaxis) [21].  

Requirements for tissue engineering of skeletal muscle 

An important aspect of tissue engineering of skeletal muscle is to consider the different 

processes, biochemical and physicochemical, and the geometry/morphology of the native 

tissue as accurately as possible. By knowing the characteristics of the muscle 

microenvironment, the design and implementation of solutions for the replacement of 

impaired or lost muscle can be deciphered.   

Cells in their natural microenvironment are constantly subjected to different biochemical 

and physical stimuli [22]. Different strategies have been used to try to implement these 

microenvironment characteristics into the design of materials to recreate natural 

interactions between cells, e.g. by creating biomaterials, such as hydrogels with different 

stiffness, porosity, or architectures [23]. In addition, stem cells from different origins have 

various preferences for material properties  [23]. Thus, the ideal biomaterial should mimic 

the target tissue and direct the cells of interest to act as in their native ECM.  

One of the most important aspects to reproduce from native skeletal muscle tissue is 

aligned organization. Myofibers have an anisotropic nature which is supported by the 

collagen fibers which are parallel to the muscle and stop cells from over-elongation and 

contraction [9]. Thus, for tissue engineering of skeletal muscle it is vital to reproduce this 

aligned orientation of its ECM onto the substrate chosen for the engineered substitute.  

Understanding the material-guided cell behavior 

Understanding the cellular response to its environment helps biomaterial design. The 

cellular response to the ECM occurs through cellular sensing. This is possible due to surface 

membrane receptors. These receptors are called integrins, when the interaction is between 

the cell and the extracellular matrix (ECM), and cadherins, when the receptor is responsible 

for mediating cell-cell interactions. Once cells sense a change in their environment, they go 

through a modification of their biochemistry and gene expression [24].  

Cell microenvironment affects cell fate by controlling the process of signaling for activation 

or quiescent states. This signaling affects both intrinsic (transcription factors) and extrinsic 

mechanisms (growth factors, extracellular matrix, cell-cell contacts) [25, 26]. Cell 

microenvironment differs in every tissue of our body and each specific niche is not yet fully 

understood [26]. Mechanisms guiding cell behavior are influenced by the material 

properties and the biomechanical factors exhibited by them such as rigidity/stiffness, 

mechanical loading, cell adhesion, cell spreading, shear stress, cyclic strain, and 

architectural properties that include topography, geometry (2D or 3D), and dimensionality 

[2, 3] (Fig. 2.).  
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Figure 2: Cell sensing: How cells respond to physicochemical stimuli. The Physicochemical stimuli 

activate the surface membrane receptors. Subsequently, focal adhesions, formed by clustering of 

integrins, are linked to the actin cytoskeleton and the nucleus. Once in motion,  they activate a variety 

of cellular responses that affect the cell fate. 

 

Current strategies for tissue engineering of skeletal muscle 

Scaffold design aims to reproduce the natural cell response obtained in the native tissue in 

an in vitro setting. Different strategies have been used for tissue engineering of skeletal 

muscle although a functional vascularized skeletal muscle has not yet been developed. This 

is mainly due to a lack of vascularization and upscaling approaches. For implanting a large-

scale muscle, pre-vascularization is required. Depending on the material properties and 

fabrication methods, the most common techniques implemented to research the alignment 

of the skeletal muscle in vitro have been 3D strain alignment, contact guidance and cell 

sheet technologies. 

3D strain alignment 

Bioartificial muscle models (BAMs) [27–29] and myobundles [30–32] are the most well-

known 3D systems in tissue engineering of skeletal muscle (Fig. 3). They are based on placing 

the myoblasts on a fibrin or fibrin/Matrigel system anchored at the edges by Velcro that 

facilitates the introduction of tension. As a result, aligned myotubes are created in a 

biodegradable and biocompatible matrix that can be implanted in animal models. In 



Introduction 

16 

 

addition, these systems allow the placement of electrodes on the edges and implement an 

electric stimulation to produce a cyclic strain recreating exercise function. However, these 

systems lack understanding of the extracellular matrix environment created and the 

implications of the contents of different proteins and cell types: e.g. ECs and fibroblasts in 

the mechanical behavior of the formed bundle. These systems have been vascularized 

successfully in situ in animal models [31, 33] but sizes do not exceed 1.5 mm in diameter 

and 2 cm in length [28, 33] and lack of pre-vascularization inhibits their use for larger muscle 

tissue. In addition, in some cases the resulting muscle tissue has lacked cross-striation [29] 

which means maturation of the muscle is still required. Therefore, bioartificial muscle 

models and myobundles application have been limited to drug testing systems.   

Systems that use contact guidance  

Contact guidance refers to the capacity of cells to sense their substrate, reorganize their 

cytoskeleton according to the shape of the surface, and follow its directionality [34–36]. 

There are different substrates to induce the cell’s cytoskeleton reorganization. The 

substrates vary in sizes from molecular to micron-sized features. The main difference 

between these substrates depends on the fabrication methods used for their creation, 

which results in distinct geometries and topographies. Fabrication methods are widely 

review elsewhere [37–42]. Nano pits can be created by electron beam lithography [43], and 

nanopillars by photolithography [44]. These examples are part of the geometries and 

topographies used for contact guidance, but here the focus will be on those that are aligned 

because this is the natural geometry that mimics the ECM of the native muscle.  

One of the most common geometries that causes alignment is micropattern technology. 

These patterns are created using surface chemistry to generate stripes of e.g. fibronectin 

[45, 46] or cell adhesive peptide sequences [47, 48] (Fig. 3). Studies with micropatterns 

ranging from 20 µm to 200 µm have found that murine origin cells and human cells differ in 

their response of differentiation efficiency [45] and cell spreading area [48]. In addition, 

myoblasts’ pattern architecture preference is linked to the surface chemistry e.g. laminin 

formed larger myotubes [45]. Thus, most of the literature available relies on the C2C12 

murine origin cell line that cannot be translated into the human model. Additionally, these 

systems base their myoblast contact guidance only on surface chemistry which can affect 

the differentiation properties of the myoblasts  [45].  

Microgrooves (surface topography) are usually created by soft lithography [39]. 

Microgrooves usually have sharp-edged grooves with patterns ranging from 800 nm width, 

800 nm groove and 600 nm ridge [49] or 100 µm width, 50 µm groove and 50 µm ridge [50]. 

Sinusoidal architectures have been also used, albeit to a lesser extent, with features ranging 

from wavelengths of (λ) 280 nm to 2 µm and amplitudes (A) of 8 nm to 450 nm [51]. 

Moreover, different materials, PLGA and hydrogels (GelMA), or PDMS have been used for 

the differentiation and alignment of myoblasts.  
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Aligned nano/micro-fibrils are fabricated by using electrospinning using synthetic materials 

such as poly(ε-caprolactone) (PCL) [52, 53], or hybrid fiber matrices such as PCL/collagen 

[54], PLGA-collagen type I and graphene oxide fibers [55], or natural 85% fibrinogen and 

15% alginate [56]. Nano fibers of approximately 300 nm in diameter to micro bundles of 30 

mm long and 800-1100 µm in diameter have been studied for the culture of skeletal muscle 

cells [54–56] but it still is unknown which parameters and materials produce the best results 

since different materials and cell types have been used for this purpose.  

2D to 3D systems: Cell sheet technology 

Cell sheet engineering allows conversion of a 2D culture into a 3D [57] culture system in 

order to improve the thickness of the engineered muscle (Fig 3). However, this technique is 

still in its infancy. It has been possible to manipulate the cell layer stacking with the use of 

thermo responsive materials such as NIPAAm [58–62] and techniques such as gelatin 

plungers [63]. The best strategy for tissue engineering of skeletal muscle has yet to be 

identified.  

Other techniques that are capable of creating 3D systems include 3D bioimprinting [64]. 

Although these systems seem a promising tool in tissue engineering of skeletal muscle, 

questions of how to upscale the process by developing accessible techniques and materials 

remain. Besides, understanding the natural processes of the body helps to engineer 

platforms that make use of the natural stimulation routes to facilitate regenerative 

processes for tissue engineering or drug-screening platforms.  

Different techniques have been used but no functional substrate has been approved for 

human use nor has a protocol been developed to ensure the creation of a functional muscle. 

Understanding of the mechanisms guiding cell behavior and the different cues dictating it 

can benefit the design of biomaterials. Thus, one first approach is to recognize the different 

cellular responses when changing one variable at a time from their cellular niche. 

Topography is one of these variables.  

 

 

(Next page) Figure 3: a. Co-culture of HUVECs and myoblast on collagen type I-Matrigel gel using 

Velcro anchoring points as a strain alignment system. b. General representation of different strain 

systems that use fibrin, Matrigel, or collagen type I as a base to create a 3D alignment system with 

static or cyclic strain [33, 56] with the most observe values used in the field. c. Representation of 

micropatterns, resulting from surface chemistry treatments to obtain layers of proteins on stripes that 

guide cell alignment. d. Representation of systems of microgrooves, usually fabricated by soft 

lithography, contained architectures with grooves, ridges and depths. However, sinusoidal features 

are also produced. e. Aligned fibers which resulted from electrospinning using special collector designs 

(e.g. magnetic field-assisted collector [52]) for control the deposition of the fibers. f. Representation 

of the cell sheet technology in order to upscale a 2D cell culture to a 3D system.  
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Topographic systems 

Topography influences cell contact guidance from the nanoscale to the microscale in 2D 

systems by directing the cells to follow the topography directionality [65, 66]. Clusters of 

integrins form focal adhesions which are responsible for cell adhesion and attachment to 

different surfaces and materials [65]. Besides, focal adhesions are connected to the actin 

cytoskeleton which simultaneously communicates with the nucleus and therefore activates 

a cascade of cell responses and alters cellular behavior [66] (Fig. 2). Topography has been 

proven to affect the directionality of the actin fibers [67] and therefore the cell 

directionality. In addition, topography has also aligned myoblasts [49–51, 59, 61, 68–70]. 

Alignment of myoblasts allows the formation of aligned myotubes that mimic the ones 

found in vivo. However, most of the research has been done with the murine origin-cell line 

C2C12, which does not accurately represent the response of human myoblasts [71]. 

Additionally, it remains unclear which topographical features are best for the culture and 

differentiation of human myoblasts.  

Sinusoidal substrates can be generated with the technique: shielded surface oxidation with 

air plasma [72] (Fig. 4). Briefly, films of cured PDMS are stretched and surface oxidation with 

air plasma is performed. A gradient was generated by using an angle mask that protects the 

substrate and facilitates the formation of an surface oxidation gradient [73]. In the past, we 

have shown that directional gradients are screening platforms to evaluate osteoblasts, bone 

marrow-derived mesenchymal stromal cells [67, 73], and adipose tissue-derived stromal 

cells’ (ASCs) [74] alignment response. Therefore, directional topography as a strategy for 

tissue engineering of skeletal muscle seems appropriate if optimum features are identified 

to allow proliferation and differentiation of myoblasts and ECs by using the directional 

gradient technology.  



Chapter 1 

19 

 

 

 

Figure 4: Surface oxidation using air-plasma. The first step is to create a PDMS film. Secondly, this is 

stretched, and a mask can be used to control its exposure to the air-plasma. It is exposed for a certain 

time, which affects its stiffness. Finally, the PDMS is released from the tension and sinusoidal patterns 

are created in the surface. Figure adapted from [73].  

 

Approaches for vascularization 

As previously mentioned, the main challenge for researchers attempting to achieve 

vascularization is to overcome the diffusion limit: where tissues larger than 150-200 µm 

need pre-formed vasculature to allow the exchange of nutrients and gases. Once this 

challenge has been overcome, large tissues could theoretically be created in vitro before 

implantation into patients. However, pre-vascularization in tissue engineering is still a work 

in progress.  

Previous work of our group identified that human umbilical vein ECs and retinal ECs formed 

sprouting networks on monolayers of adipose stromal cells [75–77]. This was important for 

recognising the ASCs as precursors for vascularization.  

Alignment of endothelial cells has been less studied than that of skeletal muscle cells [46, 

78]. Electrospinning has also been used to create endothelial cell alignment [79], and co-

cultures with aligned myoblasts [29] have been investigated, resulting in successful co-

cultures that have the ability to last for over a week. However, the cues surrounding the 

vascularization response of skeletal muscle monocultures remain unknown. The same 

applies to the topotactic responses of ECs in different environments and niches of the 

human body.  
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1.2.  Outline and aim of the thesis 
 

Despite the advances in the development of in vitro skeletal muscle as a drug screening 

platform, no functional skeletal muscle for tissue engineering purposes has been fully 

developed to date. The aim of this thesis is to identify which topography is linked to the 

alignment, proliferation, and differentiation of human myoblasts in conjunction with 

endothelial cells to engineer pre-vascularized skeletal muscle tissue. Topography is a way 

to control the cell behavior in order to create desired responses such as morphological 

arrangements, which are part of the structural architecture of skeletal muscle.  

  

Figure 5: Outline of the thesis 

Topography has been shown to guide the cellular behavior and the proliferation and 

differentiation of myoblasts. However, a large pool of evidence showed discrepancies in 

which topographical features were best suited for the purpose of aligning human myoblasts 

along with other factors such as the approach to vascularization, which were addressed in 

this chapter (chapter 1), the basic concepts that this thesis addresses. In Chapter 2 the 

optimum alignment of human myoblasts is investigated: Directional topography gradients 

drive optimum alignment and differentiation of human myoblasts. We hypothesized that 

myoblasts have a preferred directional topography to proliferate, fuse, and mature to 

myotubes.  

In addition, it was necessary to evaluate how our topography influences endothelial cell 

alignment and sprouting. In Chapter 3 the response of endothelial cells towards 

topographical gradients is investigated to assess their alignment and sprouting response to 

different topographical features. We speculated that a variety of topographies influence 

sprouting network formation and alignment of endothelial cells.  
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In Chapter 4 identifying the protein deposition pattern of myotubes on the directional 

topography is discussed as well as how this is influenced by directionality. In addition, we 

wanted to evaluate if the myotubes aligned in the topography were able to sustain the 

sprouting of endothelial cells aiming for the pre-vascularization of our system in vitro. 

Therefore, we hypothesized that myotubes instead of myoblasts should sustain sprouting.  

In Chapter 5 the findings are discussed, and conclusions drawn as to how topography and 

ECM can dictate the deposition and morphology of skeletal muscle and endothelial cells. 

Future perspectives in tissue engineering of skeletal muscle using topographical systems are 

also discussed.  
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Abstract 

Tissue engineering of skeletal muscle aims to replicate the parallel alignment of myotubes 

on the native tissue. Directional topography gradients allow the study of the influence of 

topography on cellular orientation, proliferation and differentiation resulting in yield cues 

and clues to develop a proper in vitro environment for muscle tissue engineering. In this 

study we used a polydimethylsiloxane-based (PDMS) substrate containing an aligned 

topography gradient with sinusoidal features ranging from wavelength (λ) =1,520 nm and 

amplitude (A) =176 nm to λ = 9,934 nm and A = 2,168 nm. With this topography gradient, 

we evaluated the effect of topography on human myoblasts distribution, dominant 

orientation, cell area, nuclei coverage, cell area per number of nuclei, and nuclei area of 

myotubes. We showed that human myoblasts aligned and differentiated irrespective of the 

topography section. In addition, aligned human myotubes showed functionality and 

maturity by contracting spontaneously and nuclei peripheral organization resembling 

natural myotubes. 

Keywords: Myotubes, polydimethylsiloxane (PDMS), Myoblasts, Tissue engineering, 

topography gradient.  
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INTRODUCTION 
 

Skeletal muscle is one of the tissues of the body with regenerative capacity. After skeletal 

muscle injury, the endogenous muscle stem cells, satellite cells, are activated to recover the 

lost myofibers [1]. However, large trauma or other causes such as facial palsy demand 

replacement with (tissue) engineered skeletal tissue. Tissue engineering of skeletal muscle 

essentially replicates physiological musculogenesis [2] albeit at larger scale. Skeletal muscle 

has a highly organized architecture that comprises parallel arranged bundles of myofibers 

of multiple contractile myotubes. Myotubes are syncytia that are derived from fusion of 

activated myoblasts. Functional, contractile skeletal muscle is innervated by motor-neurons 

and perfused by a vascular network while myofibers and muscle is constrained by a fascicle 

[2,3]. The parallel alignment of muscle (sub)structures, renders it suitable for topography-

guided tissue engineering. 

Our previous research [4–6] showed that the biological properties of human myoblasts 

differ strongly from the ‘Gold Standard’ C2C12 murine myoblast cell line [7]. Therefore, 

research aimed at engineering replacement muscle should focus on primary human 

myoblasts. We showed that the microRNAs dictate both differentiation and quiescence in 

satellite cells [4,5], while hypoxia is a strong inducer of their proliferation [6].The influence 

of the substrate was not assessed in our previous studies and it still remains underexposed 

in current literature.  

The muscle cells’ natural substrate is the extracellular matrix (ECM) that comprises a 

biochemical microenvironment consisting of mostly fibrous proteins and negatively charged 

polysaccharides [8]. The ECM also comprises a physical, topographical microenvironment 

that augments architectural guidance of adhered cells [9]. Material composition, physical 

and chemical properties, architectural properties as geometry and topography can be 

manipulated to resemble natural tissues ECM [8,10,11].  

The manipulation of surface topography facilitates cell alignment and differentiation of 

myoblasts towards skeletal muscle myotubes [12] albeit that material composition and 

topographical cues have only been studied ad hoc for murine myoblasts [13]. 

Nanopatterned substrates with different architectures varying from 50 nm to 50 µm in 

height, 800 nm to 50 µm ridge and 800 nm to 200 µm width/groove have been used to align 

C2C12 cells (ridge and width together are called ‘pitch’) [14,15,24,16–23]. In contrast, few 

studies with human myotubes have been performed [16,25–27]. It has been shown that in 

surface protein patterns, human cells align and behave different compared to those of 

murine origin [16,28], and showed alignment at 20 µm or higher protein line wavelengths 

[16].  
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Cast ECM-based hydrogels with embedded myoblasts and fixed at their termini, were 

investigated for their propensity to build up pulling tension [29]. In these 3D systems, 

alignment of myotubes occurred, yet these were randomly scattered in the gels without 

formation of full-size muscle fibers. This indicates that the 3D systems are not adequately 

providing alignment guidance. 

Model substrates consisting of linearly aligned topography nanometer to micrometer sized 

gradients in polydimethylsiloxane (PDMS, silicone rubber) are useful to investigate 

biological features such as adhesion, proliferation, morphology and differentiation of (stem) 

cells [30,31]. In addition, these 2D systems more than 3D systems, add to understand the 

role between the topography and muscle formation [16]. An efficient, fast, economic and 

reproducible procedure to generate these topographies i.e. ‘wrinkle’ gradients in sheets of 

cast flat PDMS, is shielded surface oxidation with air plasma [13]. This technique generates 

sinusoidal substrates in which the amplitude of the features increases with increasing 

wavelength ‘pitch’. The gradient is generated by using an angle mask that provides spatial 

control over the surface oxidation [30]. 

We hypothesized that primary human myoblasts adhere and proliferate in a preferred 

surface topography, while this also promotes fusion, maturation, and alignment of 

myotubes.  

MATERIALS AND METHODS 
 

Fabrication of the directional topography gradient 

Polydimethylsiloxane (PDMS) gradients were made following our previously published 

protocol [33]. Briefly, commercially available two component kit Dow Corning, consisting of 

an elastomer (Sylgard-184A) and a curing agent (Sylgard 184B), were mixed at ratio of 10 : 

1 w/w. The mixture was degassed by applying vacuum and 20 g was poured in a 12 x 12 cm 

polystyrene petri dish after which it was cured at 70°C overnight. After curing, PDMS films 

were cut in pieces of 2.5 x 2 cm. Each piece was placed in a custom-made stretching device 

and stretched 30% of its original length. To generate a topography gradient, a triangle-

shaped metal mask of 1.3 cm long and 1.0 cm wide with an angle of 30° was placed on top 

of the stretched PDMS substrate. Then, the system was placed in a plasma oven (Diener 

electronic, model Atto, Ebhausen, Germany) for surface oxidation with air plasma at 10 

mTorr for 600 s at maximum power. Subsequently, the tension on the PDMS substrate was 

carefully removed by releasing the stress gradually from the custom-made stretching 

device. Upon reduction of tension, wrinkled topography is formed with large wrinkles on 

the open side of the mask, which progressively become smaller towards the closed side of 

the mask. Finally, to reach a uniform oxidation state of the surface to ensure a homogenous 
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stiffness, gradients were placed again under air plasma at 130 mTorr pressure for 600 s at 

maximum power.  

AFM characterization of topography gradient 

Atomic force microscopy (AFM) contact-mode measurements were performed on a Catalyst 

NanoScope IV instrument (Bruker, Billerica, MA, USA) with NanoScope Analysis (Bruker 

Billerica, MA, USA) as analysis software. Cantilever “D” from DNP-10 Bruker's robust Silicon 

Nitride AFM probe was used. AFM was performed for on duplicates of three independent 

made PDMS gradient samples. Each sample was analyzed on three different points on each 

of the sections on gradient surface. 

Sterilization of surfaces 

1.8 cm2 circle-shaped PDMS pieces containing the 1 x 1 cm gradients were washed with 70% 

ethanol in culture plates followed by a second ethanol wash, which was left for ten minutes. 

For removing traces of ethanol, the PDMS gradients were washed with PBS. 

Cell culture of myoblasts 

Myoblasts used were isolated from our previous studies [34]. Briefly, myoblasts were 

cultured from collagenase-treated muscle biopsies of the orbicularis oculi muscle (5 donors) 

of human donors (51.7 ± 10.6 years) undergoing reconstructive surgery [34]. These 

myoblasts had a high self-renewal and cloning capacity. Clones were obtained as previously 

described [4,5]. Briefly, when isolated cells were at passage 8, cells were sorted by using 

MoFlow FACs on a 96 well plate. Clones expressing cell markers Pax7, MyoD and Myogenin 

were selected for experiments. For the current studies clone V49 was used between 

passage five and eight. V49 cells were maintained on gelatin-coated plates in high glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich/Merck KGaA, Darmstadt, 

Germany), L-Glut, 20% fetal bovine serum (FBS, Life Technologies Gibco/Merck KGaA, 

Darmstadt, Germany), 1 % penicillin/ streptomycin (Sigma-Aldrich/Merck KGaA, Darmstadt, 

Germany) i.e. proliferation medium (PM). Cells were passaged at a 1:3 ratio after 

detachment with Accutase (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany).  For 

experiments, V49 myoblasts were seeded on tissue culture plastic or PDMS substrates (see 

below) at 5,000 per cm2 in PM. Upon reaching confluence, medium was changed to 

differentiation medium (DM), comprised of DMEM, 2 % FBS, 1 % penicillin/streptomycin 

(p/s), 1 % Insulin-Transferrin-Selenium (Gibco by Life Technologies/Merck KGaA, Darmstadt, 

Germany) and 1% dexamethason (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany). 

For examination of cells during the experiments, an inverted microscope Leica DM IL LED 

equipped with DFC 425C CCD camera and the software LAS V4.5 (Leica Microsystems CMS 

GmbH, Wetzlar, Germany) was used. 
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Experimental design  

Three independent experiments with three technical replicates per experiment were 

performed. Samples consisted of tissue culture polystyrene and flat PDMS, as controls, and 

topography gradients in PDMS. All cell cultures were made in 24-well plates with a culture 

area of 2 cm2. Round PDMS samples (2 cm2) were cut and sterilized with ethanol 70% 

ethanol. Cells adhesion, proliferation and differentiation were evaluated prior to initiating 

differentiation (t 0) and at two and five days of applying differentiation conditions (Fig. 1).  

 

Figure 1:  Experimental design. Myoblasts were seeded and left for three days in culture in the 

different materials. Differentiation medium was added once cells were 100% confluence in the tissue 

culture polystyrene (TCP). Myotubes were differentiated for 5 days. Desmin (green) and DAPI (blue). 

Immunofluorescence staining 

Immunofluorescence staining was done after three days in proliferation medium, and two 

and five days in differentiation medium. After three PBS washes, cells were fixed in 2 % 

paraformaldehyde (PFA) in PBS at room temperature for 20 min, washed two times with 

PBS and stored at 4°C. For staining, cells were permeabilized with 0.5 % Triton X-100 (Sigma-

Aldrich/Merck KGaA, Darmstadt, Germany) in PBS at room temperature for 10 min followed 

by PBS wash. Then, non-specific binding-sites were blocked with 10 % donkey serum in PBS 

for 30 min. Cells were incubated with rabbit-anti-human desmin (1 : 100) antibodies 

(NB120-15200, Novus Biologicals, Abingdon, England) or mouse-anti-human Myosin heavy 

chain (1:20) (MF 20 was deposited to the DSHB by Fischman, D.A. (DSHB Hybridoma Product 

MF 20) in PBS with 2 % bovine serum at room temperature for 60 min. One sample was left 

without primary antibody to be used as staining control for non-specific binding of the 
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secondary antibody to the specimen.  Next, three washes with 0.05 % Tween-20 in PBS were 

performed. Finally, samples were incubated with donkey-anti-Rabbit IgG (H+L) Alexa Fluor® 

488 or donkey-anti-mouse Alexa fluor 488 (Life technologies) (1 : 300), 1 µg/ml DAPI) in PBS 

with 5% normal human serum for 30 min. Non-bound antibodies were removed by 

subsequent washes with 0.05 % Tween-20 in PBS and PBS wash. Samples were stored in 

PBS 1 % penicillin/streptomycin at 4°C. 

Immunofluorescence imaging was done by fluorescence microscopy using the TissueFAXS 

imaging setup with a Zeiss AxioObserver.Z1 microscope and TissueQuest Cell Analysis 

Software (TissueGnostics, Vienna, Austria). The micrographs obtained by the TissueFAXS 

analyses were stitched together to yield an image that covered the entire topography 

gradient. 

Image analysis with Image J 

Cell analysis across the topography gradient for each sample was done from an image 

covering 4 mm in width and the entire length of the gradient (10 mm). The length was 

divided in 10 sections of 1 mm. These sections (1 to 10) each represent a specific range of 

wavelengths and amplitudes, ranging from nanometer to micrometer sizes. The images 

were analyzed with Image J to determine the nuclear area (DAPI), myotube diameter, 

percentage of area covered by cells (desmin expression) after three days in proliferation 

medium, and two and five days in differentiation medium.  

The average size of the DAPI-stained nuclei was determined by adjusting the image 

threshold manually to ensure nuclei area was being taken properly. Then, image was made 

binary and ‘watershed’ was applied to distinguish between clustered nuclei. Next, ‘particle 

analyzer’ was implemented within a size range of 20 to 400 µm2 to avoid counting of clusters 

that could not be removed by watershed.  

Myotube diameters were measured manually using the ‘line and freehand’ selection tool of 

Image J. At least 25 distinct myotubes, chosen randomly, were evaluated per sample for a 

total of 100 measurements per treatment and experiment. Every section (1-10) of the 

gradient was analyzed corresponding to images with areas of 1 x 4 mm. Then, the different 

wavelengths and amplitudes, previously measured with the AFM, were related with the 

myotubes’ diameter, as all spot-specific features are known on the entire directional 

topography surface.  

Cellular and nuclear distribution among the gradient was measured by the expression 

(fluorescence) level of respectively desmin and DAPI. This yielded the percentage area 

covered by these colors which shows cellular and nuclear spread on the gradients per 

section in the different time points. Briefly, images were color-split and ‘auto threshold’ 

(Otsu dark) was chosen to measure the percentage area covered.   
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Cell area per number of nuclei or fusion ratio was calculated from the measurement of the 

cell area covered by cells expressing desmin and number of nuclei in the same gradient 

section. Nuclei area was considered constant, assumption made by resulted measurements. 

Then, the area of cells expressing desmin was divided against the number of nuclei in that 

region. 

Statistical Analysis 

Data were assessed for normality with the Shapiro-Wilk normality test. One-way ANOVA 

was done to check differences within the section of the gradient and Tukey’s multiple 

comparison test were used to analyze significant difference within topographical features 

for dominant orientation, cell area and nuclei coverage, cell area per number of nuclei and 

nuclei area. Two-way ANOVA and Tukey’s multiple comparison test were used to analyze 

the interaction between the different time points (cellular maturity) and the different 

features from the topography. Row and columns factors were also analyzed. Significance 

was considered when p< 0.05. Analysis of myotube diameter was done by Kruskal-Wallis 

and Wilcoxon matched-pairs signed rank test as data did not pass the normality test. Data 

analysis was carried out using GraphPad Prism 6 (GraphPad software, La Jolla, CA). 

 

RESULTS 
 

Alignment of myotubes occurs in all topographical features 

The plasma treatment of stretched PDMS generated a directional topography gradient with 

a sinusoidal shape with features altering across the gradient surface with wavelengths (λ 

i.e. pitch) and amplitude (A i.e. height) from λ= 1,520 nm and A= 176 nm (Section 1) to 

λ=9,934 nm and A= 2,168 nm (Section 10) (Fig. 2 A, B and C). Sections 1 to 10 respectively 

are the first to the last mm of the gradient. Stiffness was constant among all sections of the 

gradient. 

Myoblasts were all aligned on the directional topography after 3 days in culture (Fig. 2D, 

PM; Fig. 3A). Proliferation was lower on PDMS surfaces (topography and flat) in comparison 

with the tissue culture polystyrene (TCP). Once the TCP monolayer was confluent, the 

medium was changed to differentiation medium. Then, the myoblasts started to fuse and 

formed myotubes. After two days of differentiation, a mixed population of myoblasts and 

myotubes were found on all surfaces. It was especially visible in aligned myoblasts and 

myotubes (Supporting information, Fig.1). The cells residing on the directional topography 

were aligned and following the direction of the topography. However, cellular behavior 

varied between the different substrates. The flat PDMS presented less myotube formation 
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than on TCP. Once cells were differentiating for five days (Fig. 2 D, 5d DM), myotubes were 

observed on all substrates. Similarly, TCP and PDMS had disorganized myotubes. TCP 

presented stable cell attachment unlike flat PDMS that had less cells attached and was 

prone to detachment of cells. On the other hand, myotubes on the directional topography 

were following the linear pattern irrespective of the section on the gradient and presented 

a more stable cell attachment than the flat PDMS indicating that topography may overcome 

potential negative material influences.  

During the five-day differentiation, areas appeared on the topography gradients (Fig. 2D) 

and to a lesser extent on flat PDMS in an almost regular interspersed pattern comprising 

high densities of nuclei i.e. clustered cells. At these locations, spontaneous twitching 

occurred. This suggests that fusion of myoblasts had initiated at these points. 
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(Previous page) Figure 2:  A. Schematic representation and AFM images of linear topographical 

gradients at sections 1, 5 and 10. B. AFM-generated wavelength - high characterization of the 

polydimethylsiloxane-based (PDMS) topography gradients. C. Description of the different sections on 

the gradient and its correspondent value of wavelength and amplitude (nm). D. Micrographs of 

myoblasts cultured in proliferation medium (PM) for three days. Myoblasts were spread and aligned 

among the gradient while on tissue culture polystyrene (TCP) and Flat PDMS controls  (substrates 

without topography) had no orientation. After two days of differentiation (2 d DM), a mixed cell 

population of myoblasts and primitive of myotubes occurred. Following five days of differentiation (5 

d DM) myotube formation was visible in all directional topography sizes and in the different flat 

controls. Gradient PDMS substrate with section 1 to 10. Scale bars represent 500 µm. Green is desmin 

and blue DAPI (nuclei). 

Myoblasts aligned to the topography in all sections of the gradient during adhesion and 

proliferation (Fig. 2D, PM) while these cells had a random distribution on the TCP and flat 

PDMS controls. The alignment maintained during two and five days of differentiation, while 

on the controls (TCP and flat PDMS), myotubes appeared with a curved and disorganized 

morphology (One way-ANOVA p <0.0001 for PM, 2 d DM and 5 d DM). The alignment did 

not depend on the size of the topography as it occurred similarly at all wavelengths (Fig. 

3B). As expected, absence of topography i.e. flat surfaces caused a random orientation of 

myotubes of 43˚± 22˚ on TCP and 48˚± 21˚ on flat PDMS (Fig. 3B, TCP and PDMS). The angle 

of cell orientation on all topographies improved with increasing fiber maturity. Prior to 

differentiation (PM), myoblasts had an average alignment of 9˚ in section 1 (higher 

alignment angle of the sections. The other sections presented greater alignment), which 

decreased to an average of 4˚ after five days of differentiation.  
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Figure 3: Orientation of cells during proliferation and differentiation. A. The angle of alignment of the 

cells and myotubes on the area of the gradient corresponding to the different sections was measured 

and averaged. An angle closer to 0° indicates a higher alignment of cells or myotubes to the linear 

topography. Angles were measured always between 0˚ and 90˚ as depicted in the figure. Angles were 

always considered positive and less than 90˚. Micrographs depict angle measurement of myoblasts 

alignment after 3 d in PM and myotubes after 5 d DM. Scale bars represent 150 µm. Cells were 

visualized by immunofluorescence staining for desmin (green) and nuclei with DAPI (blue). B. One-

way ANOVA (Proliferation medium (PM) p< 0.0001, Two days in differentiation medium (2 d DM) p< 

0.0001 and five days in differentiation medium (5 d DM) p< 0.0001). Data represented by box and 

whiskers plotting the minimum (smallest value) to the maximum (largest value) values and the line at 

the median.  
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Cells proliferate independent of topographical features 

The time between the seeding, at a relatively low density (5,000 per cm2), and the start of 

the differentiation process was three days. Visual inspection and fluorescent imaging 

showed that myoblasts had adhered to all topography features and appeared at higher 

density on larger topographies. Distribution of cells (Fig. 4A) and nuclei (Fig. 4B) was 

homogeneous along the length of each topography. However, quantitative determination 

of cell coverage in each section showed no differences, which was primarily due to the 

naturally occurring large variation between the independent experiments and triplicates. A 

similar tendency was observed for differentiating myoblasts, both after two and five days, 

for the coverage of the topographies with myotubes. Their coverage was homogeneous in 

all section albeit with a large variation, which concurred with the visual aspect of the cell 

coverage. After five days of differentiation, the fusion process had increased extensively 

and as a result gaps appeared between the myotubes due to acquiring a rounded shape. 

Therefore, the fraction area covered with cells did not reach 100%. Control TCP had a similar 

coverage as topography substrates, while flat PDMS had a low coverage of undifferentiated 

myoblasts, which remained lower than on the topographies during differentiation. This 

indicates that topographies, irrespective of size, augment proliferation and differentiation 

of myoblasts. It should be noted, however, that at five days differentiation on flat PDMS, 

the myotubes tended to contract strongly and detach as sheets of cells from the substrate. 

This artificially reduced the measured coverage fraction. Undifferentiated cells at  section 

1, smaller topography on the gradient, displayed a low cell coverage of 7.8 ± 7.3% similar as 

for flat PDMS on which the average covered area was 5.5 ± 4.2 %. In contrast, at time point 

5 d DM, cells presented a very comparable percentage of cell area-covered in sections 2-10 

varying from 42% to 60% while section 1 only had a coverage of 35% (Two-way ANOVA p < 

0.0001 between undifferentiated cells and five-day-old differentiated myotubes (5d DM)).  
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(Previous page) Figure 4:  Graphical representation of data, percentage of area covered by cells 

expressing desmin (A) and DAPI (B) on the gradient, by box and whiskers plotting the minimum 

(smallest value) to the maximum (largest value) values and the line at the median. A and B. Two-way 

ANOVA, time points after three days in proliferation medium, two and five days in differentiation 

medium (PM, 2 d DM and 5 d DM) showed significant difference (p < 0.0001) no effect was presented 

between sections for area expressing desmin and DAPI. Data from three independent experiments 

and sample size duplicates (except PM with one sample per independent experiment). 

 

Myotube fusion and diameter does not depend on topography dimensions 

After five days of differentiation, formation, and maturation of myotubes by fusion of 

myoblasts was visible as the appearance of multiple nuclei per cell (syncytia), which were 

located at the periphery of the myotubes. A zoomed in on the image showed how the nuclei 

are organizing in an aligned manner close to the myotube membrane where the sarcomere 

is developing (Fig. 5A). Myotube maturity was observable and corroborated after three days 

of differentiation with myosin heavy chain staining (Fig. 5B). The morphology and area of 

the individual nuclei were measured per every section of the directional gradient during 

proliferation and differentiation (Fig. 5C). Flat controls showed a decreased nuclear area 

from time point PM to 2 d DM (p = 0.0057) and from PM to 5 d DM (p = 0.0012). Section 2 

had also a decrease in nuclear area from 2 d DM to 5 d DM (p = 0.0181) (Tukey’s multiple 

comparison test Fig. 5C).  

Myotube maturity was also determined by considering the growth of the sarcomere after 

fusion. Cell area of cells expressing desmin, an intermediate filament protein and part of 

the sarcomere, was used to calculate the ratio between cell areas over the number of nuclei 

found in the same area measured. This gave as result the fusion ratio from 2 d to 5 d of 

differentiating myotubes (Fig. 5D). The ratio of cell area per nuclei number showed an 

increased over differentiation time (Two-way ANOVA p = 0.0059). The flat control in 

comparison with all sections had a significant increase suggesting a highest fusion ratio 

(Sidak's multiple comparisons test p < 0.0001). This corresponds with the results observed 

at 2 d of differentiatiating myotubes, where myotubes were not present at the flat PDMS 

but after 5 d of differentiating myotubes were clearly visible on that substrate (Fig. 2D).  

Flat PDMS and section 1 at 2 d of differentiation showed low myotube formation and low 

capacity to maintain attached to the substrates over time. For this reason, this topography 

was excluded from the diameter evaluations (Fig. 5E). Although, after two days of 

differentiation myotubes had started to form, their diameters were relatively small i.e. 

below 50 µm (Fig. 5E). After five days of differentiation, myotube maturation had proceeded 

as assessed by the increase in diameter, while on TCP diameters were still larger, reaching 

up to 513 µm with an average of 133 ± 102 µm (Kruskal-Wallis test p = 0.0350). The fusion 

and maturation process did not appear to have reached maximal levels because the 
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variation of diameter of individual tubes was considerable ranging from ~10 µm to ~100 µm 

for the smallest topography section to ~10 µm to 400 µm for the largest topography section 

and ~10 µm to ~500 µm on TCP controls. Myotubes in topography section 10, had a 

maximum diameter of 412 µm with an average of 66 ± 59 µm. However, the diameter had 

a significant increase in size from 2 d to 5 d of differentiating myotubes (Wilcoxon matched-

pairs signed rank test p = 0.002). 
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(Previous page) Figure 5: A. Myotubes after 5 d differentiation. Nuclei are aligned at the periphery of 

the myotube. Top to bottom: DAPI, desmin and Merge picture. Scale bar 150 µm. Bottom: Zoom of 

image. Double-arrow is pointing the aligned nuclei close to the myotube membrane.  Scale bar 50 µm.  

B. MHC staining after three days of differentiation showing early stages of maturation on the 

directional topography. Top TCP, bottom directional topography. C. Nuclear area in the different 

sections while cells were undifferentiated (PM) and two and five differentiated (resp. 2 d DM and 5 d 

DM). N.S. D. Cell area covered by cells expressing desmin per number of nuclei in the particular 

section. Data are presented by box and whiskers plotting the minimum (smallest value) to the 

maximum (largest value) values and the line at the median. (Two-way ANOVA p = 0.0059) E. Raw data 

was plotted to show the variation of the different cell diameters in the gradient. Wilcoxon matched 

pairs signed rank test p = 0.0020 between two differentiation time points. 

 

DISCUSSION  
 

In this study we showed that directional topography gradients induce alignment of human 

myoblasts and myotubes to the length of the topographies. The aligned myotubes 

contracted spontaneously irrespective of the topography section. Myoblasts and myotube 

alignment has been achieved by different systems in 2D and 3D [16,25–28,34–36] but an 

evaluation of different features within a same substrate i.e. in a gradient surface has not 

been reported to date. In addition, well-known systems with protein lines and spacing 

[16,28] and bio-artificial muscle constructs (BAMs) [29] have not determined the exact 

relation of topography and human skeletal muscle cell behavior. The 2D system used in this 

study added value to the understanding of the influence of topography driving the 

alignment and differentiation of human myoblasts. 

Our directional topography gradient showed that human myoblasts aligned in all 

dimensions of topography (i.e. nm to µm) and did not dependent on wavelength or 

amplitude. Other pattern systems [16] made by ECM proteins such as laminin, collagen and 

fibronectin, showed human cells aligning in patterns ranging from 10 µm to 20 µm line 

spacing and line widths 50 µm to 200 µm. Our system had even smaller features, 1.5 µm in 

wavelength, which suggests that human cells respond to an extensive range of topographies 

that result in alignment.  

The influence of topography on the cell orientation and alignment also influenced the fusion 

and maturation of the myotubes over time. After two days of differentiation in section 1, (λ 

= 1,520 nm and A = 176 nm) no myotubes were formed. Instead, after two days of 

differentiation, a mixed population of cells (myoblasts and myotubes) along the gradient 

was found. After five days of differentiation, tube formation was extended all along the 

gradient independently of section i.e. myotubes had matured. Myotube formation was first 
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observed in sections with larger size features but that did not inhibit the cell migration and 

later myotube formation in sections of smaller topography features. Once the cell layer on 

the gradient is confluent, myotube formation becomes a regular fusion process irrespective 

of the topography features. Cells proliferated and differentiated in an aligned manner and 

were not restricted or confined to the wavelength size once matured.  

In contrast, flat PMDS inhibited, but did not prevent, attachment of myoblasts and myotube 

formation. After two days of differentiation, flat PDMS showed lower cell population. Cell 

proliferation and differentiation were reduced, and cell detachment occurred faster. 

However, after five days of differentiation there was an increase of myotube formation, 

which suggests that a satellite cell fraction continues to proliferate during the fusion process 

to myotubes. Similarly, cells did not attach strongly to section 1 (λ = 1,520 nm and A = 176 

nm) implying that this topography is sensed by cells as flat PDMS. Therefore, this section of 

the gradient seems to be the topographical limit that human myoblasts can sense properly. 

A different alignment limit has been reported for C2C12 cells were smaller features (λ = 830 

nm and depth (Amplitude) = 100 nm) are less efficient in alignment [23]. In both cases, 

alignment improved with increase of confluency. However, these results confirm the 

different cell respond to alignment between murine origin and human myoblasts.  

In vitro cell maturation has been evaluated by observing the nuclei pushed to the sides and 

close to the sarcolemma after 21 days in culture in a bioartificial muscle system [34]. In our 

directional topography gradient, topographies larger than those in section 1 augmented cell 

attachment, proliferation, and differentiation because the nuclei were pushed to the sides 

and were close to the sarcolemma after five days. In addition, spontaneous contraction was 

observed already after four days of differentiation presenting a high maturity state of the 

cells in vitro and rarely reported in a 2D system [37] (Supporting information Video 1). 

Spontaneous contractions of fused myoblasts in vitro was reported as early as 1960 [38] for 

chicken, and for human myoblasts in 1975  [39]. Tanaka et al. showed that calcium signaling 

via dihydropyridine receptors (DHPRs), ryanodine receptors (RyRs), and triadin regulate 

spontaneous and innervated contractions [40]. Most likely, calcium transients are also 

responsible for the myotubes’ spontaneous contractions that we observed in the directional 

topography gradients.  

This spontaneous contraction might underlie the detachment of the cells from the 

substrates. Cell delamination is a common challenge that is acknowledged by several groups 

working on 2D systems [16,22,41]. Lack of surface coating renders cell attachment 

challenging because a coating with (ECM) proteins might improve cell adhesion and 

differentiation [42]. Our topography was devoid of a coating but showed different behavior 

once compared with flat PDMS suggesting a positive influence on the cell adhesion by 

topography. Future investigations focus on the deposition of basement membrane 
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components by myoblasts on the topographies. Cells started to delaminate from the smaller 

topographies section after five days differentiation, but larger topography features 

restrained attached myotubes. On the other hand, flat PDMS started to show monolayer 

detachment from the whole surface after five days of differentiation. A monolayer of cells 

cultured on a PDMS substrate attached strongly between each other [22] suggesting 

delamination of cells was produced by the collapse of some myotubes producing a sheet 

pealing-off effect more strongly present on surfaces without our topography. 

In addition, our approach considered the topographical architecture of the skeletal muscle 

but did not consider physiological muscle stiffness. The stiffness of the PDMS (90 MPa) was 

higher than muscle (12 KPa) [43,44], which affects cell attachment and behavior. Stiffer 

substrates increase the proliferation of myogenic progenitor cells [45]. Our topographical 

and flat PDMS surfaces have the same stiffness suggesting that indeed topography is 

influencing cell attachment and orientation while the stiffer TCP is promoting proliferation.  

Topographical systems in 2D resemble diameter sizes of myotubes created in 3D systems 

through the generation of myotubes of approximately 20 µm in diameter after one and four 

weeks of differentiation [25,29,35] which do not resemble the natural diameter size of an 

adult human of 100 µm [46]. Our linear topographical gradient generated myotubes with 

an average diameter of 66 ± 59 µm (section 10) which is close to the desired physiological 

value and larger than reported before to the best of our knowledge. However, there is a 

discrepancy in the literature whether the diameters of the myotubes are larger in the 

aligned topography or on the flat surfaces [25,35]. In our case, myotubes produced by the 

topography had a significant smaller diameter than the control TCP. There is, however, a 

large spread in the diameters considered for the analysis since the myotubes, once 

matured, were branching and interconnecting, forming larger myotubes as large as 412 µm. 

Murray et al. showed that differentiation of C2C12 myotubes behaved differently due to 

the material substrate; PDMS showed slower differentiation in comparison with TCP [22]. 

In addition, the discrepancy between the production of myotubes on topography and flat 

surfaces and might be related with the techniques used to produce the myotubes  [25,35]. 

 

CONCLUSIONS 
 

Four key findings arise from this research. Firstly, human myoblasts aligned and 

differentiated irrespective of topography size (range λ = 1,520 nm and A = 176 nm to λ = 

9,934 nm and A = 2,168 nm). In addition, the differentiation process was only inhibited or 

delayed by nanosized topography or flat surfaces. Furthermore, aligned myotubes were 

able to contract spontaneously and nuclei were organized on the sarcomere periphery. 
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Finally, myotubes generated in our system had an average diameter of 66 ± 59 µm which 

corresponds to the physiological muscle myotubes.  

This directional topographical gradient helped to understand the topography associated 

with that of the natural skeletal muscle. Entangling the natural geometry that resides in the 

human skeletal muscle ECM in combination with the design of biodegradable materials, will 

help the construction of scaffolds resembling the biophysical and biochemical properties of 

the natural tissue. Therefore, further understanding of how topography influences protein 

adhesion and cellular processes of myoblasts is still required.  
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SUPPLEMENTARY INFORMATION 
 

 

 

Figure 1: After two days in differentiation medium (2 d DM) a mixed cell population of 

myoblasts and myotubes emerged on the directional topography. In the left micrograph, a 

zoomed in from the middle picture, it is visible the myoblast population and in the right 

micrograph, it is a zoomed in of the aligned myotubes. Desmin (green) and DAPI (blue). 

 

Video 1: Aligned myotubes are spontaneously contracting. Both videos are taken after 

four days of differentiation. Videos were taken with an inverted microscope Leica DM IL 

LED equipped with DFC 425C CCD camera. Software LAS V4.5 (Leica Microsystems CMS 

GmbH, Wetzlar, Germany). Videos were edited with Adobe Premiere P
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Abstract  

Understanding how endothelial cell phenotype is affected by topography could improve the 

design of new tools for tissue engineering. Therefore, we cultured human pulmonary 

microvascular endothelial cells (ECs) on a directional topographical gradient to screen the 

EC sprouting and alignment response to nano to micron-sized topographies and evaluated 

the cell response by microscopy. We found that ECs formed unstable sprouting networks 

that aggregated in the smaller topographies and flat parts whereas ECs themselves aligned 

on the larger topographies. Subsequently, we designed a mixed topography where we could 

explore the sprouting and proliferative properties of these ECs by live imaging for three 

days. Sprouting networks continued to be unstable on the topography and were only 

produced on the flat areas. A fibronectin coating was not able to improve the network 

stability. However, an instructive adipose tissue-derived stromal cell (ASC) coating provided 

the correct environment to sustain the sprouting networks which were still affected by the 

topography underneath. It was concluded that large micron-sized topographies inhibit 

sprouting but not proliferation and flat and nano/micron-sized topographies allow 

sprouting networks that can be stabilized by using an ASCs instructive coating.  

Key words: Directional topography, endothelial cells, sprouting networks, contact guidance, 

vascularization.  
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INTRODUCTION 
 

Vascularization of tissue engineered constructs is crucial to secure the exchange of gases 

and nutrients needed for large tissue survival in situ and to allow for their integration in the 

body [1]. Studying the endothelial cell response to nano and micro topographies may 

facilitate the development of naturally strongly vascularized replacement tissues such as 

myocardial or skeletal stents to treat the consequences of myocardial infarction or muscle 

damage [2]. In particular, in muscle tissue, capillaries comprised of endothelial cells (ECs) 

align to the lineal and parallel muscle fibers which is essential to maintain a healthy 

phenotype [3]. The blood vessels’ extracellular microenvironment comprises spatially well-

organized collagen bundles that vary in size and are therefore classified according to their 

microstructure: intima (disperse fibers), media (fiber bundles at 30°), and adventitia (axially 

aligned fibers) layers [4]. Microvasculature, i.e. arterioles, capillaries, and venules are the 

work horses of tissue perfusion and primarily consist of endothelial cells with a low fraction 

of pericytes that maintain endothelial function. The microvasculature endothelial cells are 

bound to a basement membrane at their basal side. Therefore, control of the organization 

of microvasculature is key for the upscaling for tissue engineering.  

Endothelial cells migrate from pre-existing vessels once activated by exogenous triggers 

such as VEGF-A and Ang-2 [5], and proliferate to form new branches via polarized tip cells 

and stalk cells in a process called angiogenesis [6]. The migration of ECs is fundamental for 

angiogenesis and is regulated by chemotactic, hapotactic, and durotactic stimuli [5]. 

Another later discovered process, topotaxis [7], corresponds to cell orientation and 

cytoskeleton polarity and causes cell migration due to topographic cues [8]. This 

environmental cue has been poorly investigated for the migration of ECs.  

Literature shows a large variety of ranges and architectures affecting the EC alignment. ECs 

have been aligned by using: nanofibrils made of 30 to 50 nm collagen I fibers [9]; 

micropatterns mostly made of fibronectin with 2.5 µm to 100 µm stripes [10–12]; 

microgrooves with ridges and grooves ranging from 200 nm to 10 µm and depths of 50 nm 

to 5 µm  [13–17]; and fewer topographies with sinusoidal features with 20 µm wavelength 

and 6.6 µm amplitude [18]. Previously, we have shown that directional gradients can be 

used for screening the morphological and phenotypical response of osteoblasts [19, 20], 

adipose tissue-derived stromal cells (ASCs) [21], and myoblasts [22]. Cell phenotype is 

significantly affected by topography, which has differing effects depending on cell type. 

However, all the research done on ECs and contact guidance is still unclear on how 

topography and topotaxis affect the endothelization process.  

Finding the proper topography that allows endothelial cells to sprout and help the 

microvascularization of tissue engineered skeletal muscle has been of interest to us and 

others, and it is a key component of tissue engineering. Therefore, we hypothesized that 

alignment and sprouting behavior of human pulmonary microvascular endothelial cells is 
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affected by directional topography features and the specific size of these topographical 

features. By using a directional topographical gradient, we could screen and assess different 

topographies to later design a mixed topography where we could explore the sprouting and 

proliferative properties of these ECs.  

MATERIALS AND METHODS 
 

PDMS surfaces 

Polydimethylsiloxane (PDMS) directional topography gradients and uniform topography 

were made as described in our previous work [19, 22]. Briefly, elastomer (Sylgard-184A) and 

a curing agent (Sylgard 184B) from the kit Dow Corning were mixed by hand, at a mixing 

ratio of 10:1 w/w, for five minutes. Then, 18 g of mixture was poured into a 12 x 12 cm petri 

dish and left overnight at room temperature to degas the solution. Then, the PDMS cured 

for three hours at 70°C. Next, 9 x 9 cm films were cut and placed in a custom-made 

stretching device and stretched to 130% of their initial length. PDMS strips of 0.5 x 9 cm, 

were placed 2 cm apart on the PDMS film in order to create surfaces with mixed topography 

(flat and wrinkled). For creating different topography directions with respect to the flat 

area, the PDMS strips were placed perpendicularly or parallel with respect to the stretching 

direction. For creating gradients, films made were 2 x 2.5 cm, and a metal triangular-shape 

mask of 1.3 cm long and 1.0 cm wide and a 30° aperture was used to cover the PDMS surface 

while stretched in a smaller version of the homemade stretching machine. The system, 

which includes both the stretching machine and PDMS film, was placed in the plasma oven 

(Diener electronic, model Atto, Ebhausen, Germany). Plasma oxidation was done at 10 

mTorr for 600 seconds at maximum power. Afterwards, tension was slowly released, and 

directional topography was formed. Post-treatment of the surfaces to guarantee 

homogeneous stiffness and surface chemistry was performed using plasma treatment at 

130 mTorr for 300 seconds at maximum power. Surfaces were activated for 45 seconds at 

200 mTorr before cell culture.  

 Sterilization of surfaces 

The PDMS was cut (1.5 cm diameter) in the shape and dimension of the culture plate. Then, 

the circular PDMS pieces containing either the 1 x 1 cm gradients or the mixed topography 

were washed twice with PBS, sterilized with 70 % ethanol for 10 minutes, washed again 

twice with PBS, and finally rinsed with sterile water.  

Coating of the surfaces 

Endothelial cells need an appropriate protein coating in order to adhere to the PDMS. 

Therefore, after sterilization of the different PDMS surfaces, coatings were applied using 

solutions containing 1 µg per ml of gelatin, 1 µg per ml or 10 µg per ml of human fibronectin 

in which the samples were left for 20 minutes at room temperature and then aspirated 

before cell culture.  



Chapter 3 

57 

AFM characterization  

Catalyst NanoScope IV instrument (Bruker, Billerica, MA, USA) and analysis software 

NanoScope Analysis (Bruker Billerica, MA, USA) were used to measure the directional 

topography by contact-mode. Cantilever “D” (resonant frequency 18 kHz and spring 

constant 0.006 N/m) from DNP-10 Bruker's robust Silicon Nitride AFM probe was used for 

the measurements.  

Directional topographical gradient features 

The 1 x 1 cm directional topography gradient used for the experiments was characterized 

previously by AFM [22]. Measurements were taken every 1 mm between 0 and 10 mm 

across the topography gradient. Below are the results summarized in table 1 

Table 1: Directional topography gradient features.  

Position (mm) 0 1 2 3 4 5 6 7 8 9 10 

Wavelength 
(nm) 

132
4 

152
0 

178
0 

204
3 

232
0 

268
0 

321
9 

388
9 

482
0 

637
3 

993
5 

Amplitude (nm) 132 176 243 325 391 488 621 780 101
5 

132
4 

216
9 

 

Cell culture 

Human-pulmonary-microvascular-endothelial-cells (HPMECs) 

Human pulmonary microvascular endothelial cells clone HPMEC-ST1.6R (referred to as 

HPMEC) were a kind gift of Dr. R.E. Unger, Johannes-Gutenberg University, Mainz, Germany. 

ECs were lentiviral tagged with EGFP and dTomato as previously described [23]. Culture 

medium consisting of  Roswell Park Memorial Institute (RPMI) 1640 basal medium (Lonza, 

Basel, Switzerland),  supplemented with 1% L-Glutamine (Lonza, Basel, Switzerland), 20% 

fetal bovine serum (FBS, Life Technologies Gibco/Merck KGaA, Darmstadt, Germany), 1% 

penicillin/streptomycin (Invitrogen, Thermo Fisher, USA), 50 µg/ml of homemade 

endothelial cell growth factor (ECGF), and 1% heparin was used for culturing the HPMECs. 

Cells were passaged at a 1:3 ratio after detachment with TEP, consisting of 0.1% Trypsin 

(Fisher Scientific, Ontario, Canada) and 2 mM EDTA (Sigma-Aldrich/Merck KGaA, Darmstadt, 

Germany). The tissue culture plate was coated with 1 µg per ml gelatin before seeding. 

Adipose Stem Cells 

Adipose stem cells were previously isolated [24]. Culture medium used was high glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, Basel, Switzerland), 10% fetal bovine 

serum (FBS, Life Technologies Gibco/Merck KGaA, Darmstadt, Germany), and 1% 

penicillin/streptomycin (Invitrogen, Thermo Fisher, USA). Cells were passaged at a 1:3 ratio 
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after detachment with TEP (0.1% Trypsin (Fisher Scientific, Ontario, Canada) and 2 mM EDTA 

(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany).  

Cells were examined using an inverted microscope Invitrogen EVOS FL Cell Imaging System 

(Life technologies, 5791 Van Allen Way Carlsbad, CA 92008 USA) and an inverted contrasting 

microscope for living cell applications Leica DM IL (Leica Microsystems GmbH, Germany).  

Live imaging with wide field fluorescence microscope Solamere 

Endothelial cells were monitored over a period of three days on TCP (Tissue Culture 

Polystyrene), flat PDMS, and mixed topography (micron-size topography running both 

parallel and perpendicular to the flat on the same PDMS samples). ECs were seeded at a 

density of 3 x 104 cells per cm2. For the experiments involving the mixed topographies, 

images were recorded every hour at three different spots per sample over three days. This 

was replicated three times. For the coating experiment, images were recorded every 15 

minutes in two separate spots per sample. Finally, for the co-culture experiment of pre-

culture ASCs plus ECs, images were taken every hour for seven days. For all the experiments, 

bright-field transmitted light and incident light fluorescence were used with a magnification 

of 5x and camera 1x. Each image corresponded to a surface area of 1670 µm x 1673 µm. 

The microscope used was a Solamere Nipkow Confocal Live Cell Imaging system based on a 

Leica DM IRE2 inverted microscope with fully motorized objective nosepiece and 

fluorescence filter cube change, an Andor iXon DV885 EM CCD camera and an intuitive 

ANDOR IQ software. 

Statistical analysis 

A Shapiro-Wilk normality test was applied to the Solamere videos after 10, 20 and 40 hours 

in flat, and mixed topographies. Following that, a One-way-ANOVA and Tukey’s multiple 

comparison test was conducted to evaluate the material influence in the aggregate 

morphology. GraphPad Prism 7.04 (GraphPad Software, Inc. San Diego, US) was used for 

the statistics analysis. 

 

RESULTS 
 

Endothelial cell alignment and sprouting is localized on different areas on the directional 

topographical gradients 

We used a directional topography gradient to identify the influence of specific topography 

dimensions on endothelial cell sprouting. Previously, results showed that ECs do not attach 

to bare PDMS (not shown). Thus, ECs were cultured on the directional topography gradients 

with different coating approaches to enhance attachment. ECs were cultured on coated 
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PDMS substrates using gelatin (1 µg per ml) or using two different concentrations of human 

fibronectin (1 µg per ml and 10 µg per ml).  

At two days post-seeding, on the smaller topographies (nano-size) (wavelength 1.5 µm and 

amplitude 176 nm), irrespective of the coating, ECs did not align but randomly oriented. In 

fact, at this time point ECs had aggregated and started to form sprouting networks 

reminiscent of sprouting of ECs on substrates such as Matrigel (Fig. 1 a left column). Cells in 

the middle of the gradient, with intermediate sized topographies (ranging between 

wavelengths of 2.3 µm to 3.8 µm and amplitudes of 400 nm to 800 nm) showed both 

alignment and sprouting networks. Protrusions, typical for stalk cells during angiogenic 

sprouting were clearly visible (Fig. 1 b, boxed insets). However, the sprouting networks were 

not stable and after approximately one hour, the structures collapsed. The collapse of these 

networks resulted in cell aggregation which remained attached to the substrate. The only 

noticeable difference among the different coatings was that the gelatin coating was the first 

one to induce aggregate formation (Fig. 1 a bottom row, left column). While the gelatin and 

fibronectin coating did not affect the ECs’ behavior on flat nor directional topography, we 

continued with gelatin coatings. ECs had aligned to the larger (micron-size) directional 

topography of the gradient (wavelength 9.9 µm and amplitude 2.1 µm) (Fig. 1 a right 

column).  
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 Figure 1: Bright field and fluorescence micrographs of ECs on the gradients after two days in culture. 

a. Left column corresponds to micrographs of ECs cultured on the smallest sizes of the directional 

topographical gradient (wavelength 1.5 µm and amplitude 176 nm) and the right column corresponds 

to micrographs of ECs cultured on the largest wrinkles of the directional topography gradient 

(wavelength 9.9 µm and amplitude 2.1 µm) with various coatings: (top) 1 µg per ml fibronectin, 

(middle) 10 µg per ml fibronectin, and (bottom) 1 µg per ml gelatin. Left images in the rows of each 

column correspond to bright-field images and the right-side images show the EGFP lentiviral 
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transduced ECs. Scale bars are 400 µm. In the middle, zoomed-in images of the micrographs. Scale 

bars are 50 µm. b. Bright-field micrographs ECs culture on the middle part of the gradient 

(wavelengths of 2.3 µm to 3.8 µm and amplitudes of 400 nm to 800 nm). Top images show formation 

of sprouting structures. Scale bars are 100 µm. Bottom images show the zoom-in of stalk cells or tip 

cells located on the sprouting early structure.  Scale bars are 50 µm.  

 

At four days post-seeding, the density of ECs had increased and thereby repopulated the 

whole gradient surface, suggesting these cells had proliferated on the large directional 

topography. In addition, there was aggregate formation which suggests cell migration. Once 

in confluency, ECs again formed the sprouting networks in the small (nano-size) to middle 

sized wrinkles (wavelengths ranging from 1.5 µm to 3.8 µm and amplitudes ranging from 

176 nm to 780 nm, which correspond to positions 0 to 7 mm in the gradient, Table 1). This 

result indicates that the sprouting, followed by aggregation, is a cyclic phenomenon 

dependent on topography and cell confluency. 

 

The sprouting networks were observed in the directional topography gradients from small 

(nano-size) to middle size wrinkles irrespective of the coating (size corresponds to positions 

0 to 7 mm in the gradient, Table 1) (Fig. 2 a). On the other hand, on the larger features of 

the directional topography gradient, cells remained aligned along the topography direction 

(wavelengths ranging from 4.8 µm to 9.9 µm and amplitudes ranging from 1015 nm to 2169 

nm, which corresponds to positions 8 to 10 mm in the gradient, Table 1) (Fig. 2 a).  

 

On flat PDMS controls, ECs had adhered and arranged in a randomly organized fashion, 

while these formed sprouting structures at two- and four-days post-seeding. These were 

similar to the sprouting networks on the topographical gradients and collapsed soon after 

their formation as described earlier. The ECs on the flat PDMS (control) had the same 

behavior as in the directional topography gradients from small (nano-sized) to middle sized 

directional topography features (0 to 7 mm of the gradient) by showing sprouting networks 

(Fig. 2 b) and later cell aggregation. These cell aggregates remain attached at the surface of 

the directional topography and the flat PDMS over time (Supplementary information Fig. 

1). In contrast, ECs seeded on TCP controls were arranged randomly and proliferated 

normally as during propagation for these experiments. On TCP, ECs did not spontaneously 

aggregate nor sprout at the times evaluated (Fig. 2 c). 

 

Our results show that on flat and nanometer-sized topographies, ECs spontaneously 

sprouted, although these networks were unstable (schematic overview provided in Fig. 2 

d). As it appears, large, micron-sized, topographies inhibited sprouting but not proliferation. 

Well before reaching confluence, ECs on nanometer-sized topographies started to form 

sprouting networks that readily collapsed on the surface of (nano-sized) to middle sized 

directional topography features (0 to 7 mm of the gradient). However, over time, one to 
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two days, once confluent again, the unstable sprouting networks were observed (Fig. 2 d). 

These unstable networks formed aggregates which remained attached to the substrate 

surface (Fig. 2 d). 

 

 

Figure 2: Micrographs of ECs on gradients with 1 µg per ml gelatin coatings. a. Micrographs correspond 

to images of the gradient with 1 µg per ml of gelatin coating after four days of culture. The triangle 

depicts wrinkle size. The top image corresponds to GFP image and bottom to brightfield. b. PDMS flat 

control with 1 µg per ml of gelatin coating. c. TCP control with 1 µg per ml of gelatin coating. d. 

Schematic representation of the ECs’ behavior on the directional topography gradient in the nano-

sized part and the middle of the gradient with micron-sized topography.  

Formation of mixed topography to proliferate and differentiate ECs 

The observation that the biological response of ECs to different topographies varies 

between sprouting and proliferation was further assessed by seeding ECs onto a 

combination of flat and micron-sized topographies. These topographies were generated 

either parallel or perpendicularly to the flat PDMS. We anticipated that on the topographies, 

ECs would proliferate, while these would migrate to the flat surface and form sprouting 

networks.  

The directional topography parallel to the flat had an average wavelength of 10.4 ± 0.2 µm 

and amplitude of 3.4 ± 0.1 µm (Fig. 3 a), and the directional topography perpendicular to 

flat had an average wavelength of 9.8 ± 1.3 µm and amplitude of 3.2 ± 0.3 µm (Fig. 3 b). The 

interface between the directional topography and the flat area had a sharp transition (Fig. 

3 a). 
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Figure 3: Atomic force microscopy of the mixed directional topography surfaces. a. Directional 

topography running parallel to the flat. AFM of the flat part, the interface between wrinkles and the 

flat surface, and the directional topography. b. Directional topography running perpendicular to the 

flat. AFM of the flat part of the surface, and the directional topography wrinkle sizes. 

ECs display dynamic behavior on mixed topography surfaces 

ECs on gelatin-coated mixed topographies and flat PDMS, were recorded by live-imaging 

using a Solamere microscope over a period of three days. ECs on the mixed directional 

topography running both parallel and perpendicular to the flat, in the time evaluated, 

attached and aligned following the directionality of the topography. The flat area of the 

mixed surface showed the beginning of sprouting, yet networks were never formed. 

Instead, ECs formed aggregates that increased in size over a 24-hour period (Fig. 4 a and b).  

During the three days of evaluation, the aggregates moved around the mixed surfaces and 

once reaching the directional topography, they disintegrated into single cells which 

attached and aligned to the directional topography (Fig. 4 a and b, Supplementary 

information Videos 1-4). Over time, the number of aggregates showed a tendency to 
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decrease in number in the mixed topographies (Fig. 4 d and e). No significant differences 

were found in the number of aggregates and surface area of the aggregates between the 

mixed directional topographies running either parallel or perpendicular to the flat area.  

On the other hand, after approximately 14 h, ECs on the flat PDMS surfaces showed stalk 

and tip cells’ morphology (Fig. 4 c) and sprouting networks were formed. However, after 

approximately 22 h some of the networks collapsed and formed aggregates. On other 

occasions, cells did not spread onto the surface and did not form sprouting networks but 

directly aggregated (Supplementary information Video 5, bottom left corner). In addition, 

it was observed that aggregates can fuse (Fig. 5. Supplementary video 6). 

Comparing the aggregate formation between the different mixed topographies and the flat 

substrate could give insights into the ECs’ response to the difference in topographies. It was 

observed that the number of aggregates was higher on the flat control surfaces with a mean 

number of aggregates 21.2 ± 3.2 on an area of 2.8 mm2 compared with the mixed surfaces 

(substrate with both directional topography and flat) over a period of 40 hours. On the 

micron-sized topography running parallel to the flat, the mean number of aggregates was 

11.2 ± 1.2 over an area of 2.8 mm2 and on the micron-size topography perpendicular to the 

flat, the mean number of aggregates was 13.7 ± 3.0. over an area of 2.8 mm2 (One-way 

ANOVA p=0.0083. Tukey comparison test perpendicular p= 0.0294, parallel p= 0.0082) (Fig. 

4 d). Additionally, the surface area of the aggregates was significantly larger on the flat 

control with an average of 1.07x105 ± 0.25x105 µm2 (One-way-ANOVA p = 0.0194) compared 

to the substrates with mixed topography running parallel to the flat which had a mean 

aggregate surface area of 4.91x104 ± 0.27 x104 µm2 (Tukey comparison test parallel p= 

0.0160) (Fig. 4 e).  
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Figure 4: Directional mixed topography parallel and perpendicular to flat over three days of EC culture. 

a. ECs dTomato+ on mixed directional topography perpendicular to the flat. Dotted line shows the 

interface between the directional topography and the flat area. Black arrow shows the directionality 

of the directional topography. White arrow shows an aggregate that has reached the topography and 

is in train to disintegrate. b. ECs dTomato+ on mixed directional topography parallel to the flat. Dotted 

line shows the interface between the directional topography and the flat area. Black arrow shows the 

directionality of the directional topography c. ECs dTomato+ on PDMS flat control. White arrow shows 

an aggregate that reached the topography and disintegrated. Culture hours are depicted on top and 
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bottom of the micrographs. Montage of micrographs were resulted from the videos and a zoom-in 

area as depicted on the image after 72 hours of cell culture. Scale bars are 500 µm. d. Number of 

aggregates quantified on the three different surfaces, flat PDMS, mixed directional topography 

parallel and perpendicular to the flat area on top of the flat parts, after 10, 20 and 40 hours of cell 

culture. Significantly higher number of aggregates on the flat surface (One-way ANOVA p=0.0083) in 

comparison with the mixed surfaces (Tukey comparison test perpendicular p= 0.0294 , parallel p= 

0.0082). e. Surface area of aggregates on the three different surfaces, flat PDMS, mixed directional 

topography parallel and perpendicular to the flat area, after 10, 20 and 40 hours of cell culture. Surface 

area was significantly larger on the flat surface (One-way-ANOVA p= 0.0194) in comparison with the 

mixed directional topography parallel to flat (Tukey comparison test parallel p= 0.0160). 

 

Figure 5. Merge of EC aggregates on a flat PDMS substrate after 64 h of cell culture. Black ellipse shows 

an aggregate forming after 6 h of cell culture. This aggregate surrounded by the black ellipse merges 

with other aggregates over time. After 10 h a yellow arrow is pointing at the aggregate that will merge 

with the previously mentioned aggregate.  After 14 h two white arrows depict two aggregates that 

merge in the next micrograph (20 h) and that will merge after 40 h with the previously mentioned set 

of aggregates. Finally, the aggregate depicted with a purple arrow merges to the initial aggregate after 

56 h of cell culture.  

Adhesion coating affects the dynamic behavior of ECs on mixed topography surfaces  

We were able to establish that the aggregates were formed after 6 hours of cell culture and 

that the aggregates separated into single cells once in contact with the directional 

topography. Cell aggregates increased in size by merging into other cell aggregates. 

However, with the mixed topographies, we were not yet able to control the sprouting 

network nor the aggregate formation. Therefore, the coating was altered with the aim of 

stabilizing the sprouting networks. ECs were cultured on the mixed topography running 

perpendicular to the flat, coated with 20 µg per ml of human fibronectin instead of gelatin, 

and recorded over a period of three days. 

Endothelial cells had an aligned orientation following the directionality of the topography 

and were randomly oriented on the flat part of the same substrate after 2 hours and 30 

minutes of cell culture (Fig. 6 a, Supplementary information video 7). The cells had spread 

well on the mixed topography for the first 15 hours of cell culture which was similar to TCP 

controls with both coatings, gelatin and fibronectin. At about 21 hours post-seeding culture, 

the continuous monolayer that had covered the boundaries between flat and topography 
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started to show some network formation that rapidly collapsed followed by detachment of 

the rest of the cellular monolayer from the flat part (Fig. 6 a, Supplementary information 

video 7). Subsequently, the cell layer on the flat area started to contract in the direction 

opposing the directional topography, thereby forming an aggregate. 

On the other hand, the flat PDMS control showed small aggregate formation after around 

2 hours of cell culture even though half of the surface still contained well-spread ECs on its 

surface (Fig. 6 b). Instead of forming only aggregates, ECs detached as an intact monolayer, 

slowly forming an elongated aggregate structure (Supplementary information Video 8) as 

shown also on the flat area of the mixed substrate. After roughly 21 hours, the aggregates 

hardly changed anymore (Fig. 7). 

Endothelial cells on the fibronectin coating attached and spread for the first hours in a 

similar fashion to those on the gelatin coating. However, the main difference between the 

two coatings, gelatin, and fibronectin, was the aggregation behavior of the cells. Gelatin 

allowed the formation of several aggregates despite whether ECs spread and attached onto 

the flat surface properly or not. The fibronectin coating allowed ECs to spread and attach 

for a longer period (Fig. 7 and video 9). Adjusting the coating to 20 µg per ml fibronectin 

with respect to the previously used 10 µg per ml, had no effect on the stabilization of the 

network formation and avoidance of aggregate formation.  
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Figure 6. Fibronectin coating reduced the sprouting network likelihood. a. Mixed topography: 

directional topography running perpendicular to the flat coated with 20 µg per ml fibronectin. Arrow 

shows the directionality of the topography. Dotted lines show the interface between flat and 

topography. Upper part is a zoomed-in image of the bottom part and a zoom-in to the first 38 h 15 

min of cell culturing.  b. Flat substrate coated with 20 µg per ml fibronectin. Scale bars are 500 µm. 
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Figure 7. Different aggregate formation based on coating. Micrographs after 28 hours and 45 minutes 

of cell culture on a flat substrate. a. Flat substrate coated with 20 µg per ml of fibronectin. b. Flat 

substrate coated with 1 µg per ml of gelatin. Scale bars are 500 µm in the left micrograph and in the 

Zoom-in micrographs the scale bars are 100 µm. 

Dynamic behavior of ECs is altered on confluent (aligned) ASC monolayers 

The formation of sprouting networks by ECs on topographies requires a coating with gelatin, 

while fibronectin did not induce stable networks. Our earlier research showed that ECs form 

networks on monolayers of ASCs [25]. Therefore, we questioned if the combined influence 

of ASC monolayers seeded on the micro-sized directional topography (and flat controls) 

would have a significant influence on sprouting network formation of ECs over a period of 

seven days. We intended to identify if HPMECs would have the same network formation as 

our previously published data which used HUVECs and retinal EC on ASCs, on TCPs [25–27]. 

Sprouting networks were observed on TCP after 53 hours of co-culture (Fig. 8 

Supplementary information video 10).  
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Figure 8: Validation control: ECs on top of ASC monolayer on a TCP substrate. First panel shows 

bright-field image and the rest corresponds to red filter images resulted from the ECs dTomato+. 

Scale bars are 500 µm 

On flat non-coated PDSM, ASCs readily adhered and during a three-day proliferation period 

had formed a confluent monolayer (not shown) onto which ECs were seeded and allowed 

to form networks for seven days. Within hours, the seeded ECs had adhered and had started 

to form clusters from which networks emerged (Fig. 9 a, Supplementary information video 

11). The network architecture was virtually completed at approximately 41 h post-seeding 

of ECs. Thereafter, networks grew and further developed. 

The mixed directional topography showed ASC alignment on the directional topography 

(Fig. 9 b, Supplementary information video 12) while random orientations were observed 

on the flat part. This was similar to our earlier findings [21]. Additionally, at 41 hours post-

seeding of the ECs, they had formed limited networks on the ASCs monolayer of the flat 

areas but not on the ASCs on the topography. Thus, the network formation on the 

topography was reduced compared to the flat controls.  

On micron-sized directional topography, seeded ECs did not form networks on ASCs but 

instead aligned to the directionality of the aligned ASCs. However, at 41 hours post-seeding, 

limited sprouting network formation was observed as ECs with stalk cell and tip cell 

morphology had appeared (Fig. 9 c, Supplementary information video 13). This sprouting 

network formation became more apparent after nearly 78 hours of co-culture (Fig. 9 c, 

Supplementary information video 13). 

In contrast to ECs seeded directly on gelatin or fibronectin coated PDMS substrates, ECs did 

not aggregate after seeding on ASC monolayers. Aggregation on PDMS appeared to be EC-

specific because ASCs cultured on flat PDMS did not aggregate and instead formed stable 

monolayers (Supplementary video 14).  
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ASCs promoted EC network formation on all substrates. However, the most striking 

differences were among topography and flat culture substrates (stiff TCP versus softer 

PDMS) by controlling the sprouting network formation and the sprouting time, respectively. 

Flat substrates (TCP and PDMS) had larger assemblies of EC networks whereas the 

substrates with directional topography had smaller aligned sprouting network of ECs. The 

difference between the flat PDMS and the TCP is that PDMS decreased the EC sprouting 

time .  
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Figure 9: ECs on top of a confluent ASC monolayer. First micrograph in the panels shows a bright field 

image and subsequent panels show only the ECs dTomato+. Arrows represent the directionality of the 

topography when applicable. a. flat PDMS b. mixed directional topography. c. Uniform directional 

topography. Scale bars are 500 µm. 
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DISCUSSION 
 

In this study, by using a directional topographical gradient and human pulmonary 

microvascular cells we found that cells formed sprouting networks on the PDMS 

nano/micron-sized directional topography (positions 0 to 7 mm) and flat surfaces but was 

not stable over time and formed aggregates. ECs aligned and remained attached to the 

surface of the larger micron-sized directional topography (positions 8 to 10 mm). ECs 

seemed to continue proliferating on the surfaces with directional topography gradients 

since the sprouting networks reappeared in the same surface over time. Mixed 

topographies showed that aggregates are made of alive cells, that once in contact with the 

directional topography can break into single cells. ASCs provided an appropriate instructive 

coating for stabilizing ECs sprouts, even on top of the directional topography that does not 

support sprouts without ASCs, not even when coatings are applied.  

Gradient systems of thickness have also been investigated. Changing the thickness of 

Matrigel on a glass coverslip influenced the sprouting behavior, where the least thick gel 

formed an EC monolayer and as the gel thickness increased, the sprouting behavior and 

network formation of HUVECs was observed [28]. Stiffness has been an established factor 

influencing sprouting, and we showed that topography also influences the sprouting 

properties of ECs. The flat and nano -sized topography provided an environment 

appropriate for network formation but this was only stabilized by including an ASC 

instructive coating. This coating, which was softer than the PDMS and provided ECM 

components, might have allowed the ECs to reorganize their extracellular matrix. In the 

absence of an ASC coating, the nano and flat surfaces provided an environment appropriate 

enough for cells to sprout but favored the cell aggregation process. The larger micron-sized 

topography had boundaries that allowed cell alignment and proliferation, but it might have 

inhibited the cell extracellular matrix reorganization which discouraged network formation. 

Therefore, nano -sized directional topography and flat surfaces enhanced sprouting 

networks and micron-size directional topography encouraged alignment and proliferation 

of ECs. 

Our directional topographical gradient showed how micron-sized and flat/nano-sized 

topographies affect the cellular phenotype by creating alignment and by producing unstable 

sprouting networks, respectively. Previously, nanoscale patterning influencing alignment 

and proliferation of primary human dermal microvascular ECs has been studied; however, 

this study used aligned collagen I fibrils with diameters of 30 to 50 nm [9]. Nakayama et. al 

indicated that ECs aligned along the direction of the nanofibrils without applying a shear-

flow. They then applied disturbed shear orthogonal flow (0-259.8 mm per s) and evaluated 

the cell alignment for 24 hours after exposure. They found that the ECs continued to be 

aligned and that nanopatterning inhibits inflammatory response. Differences in material, 

feature sizes and type of ECs could bring distinct responses. Our directional topography 

could enlighten the different nano and micron-environments that affect the EC alignment, 
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proliferation, and sprouting capacities for various endothelial cell types. Finding the 

topography size that aligns the cells in the same way as they aligned as a product of the 

blood flow and shear stress that the cells are exposed [3] could bring new insights for 

vascularization in tissue engineering.  

A system that combined topographies, albeit non-gradient, had similar dimensions to our 

directional topography gradient with PDMS pattern surfaces. This system had: aligned 

gratings of 2 µm ridge, width, and depth; and within the groove nano-patterns parallel and 

perpendicular to the grating’s directionality of 250 nm [29]. They showed that healthy and 

diseased (diabetic) human coronary artery endothelial cells responded differently to the 

PDMS substrates studied. We only evaluated one type of endothelial cell in our gradient 

system, but previously we have also used the same gradient to identify the behavior of 

myoblasts [22] and a similar gradient to identify the behavior of ASCs [21] finding that 

indeed various cell types result in different alignment and differentiation patterns. Future 

research should include other types of endothelial cells on our topographical gradient to 

study if the network formation is reproducible among endothelial cells and characterize 

what are the specific features for each cell type and their relationship between healthy and 

diseased patients. 

Polyurethane nanotopographies and flat surfaces have also been shown to decrease the 

proliferation of HUVECs and human aortic cells (HAEC) [16]. We observed that nano-sized 

topography had a similar behavior to the flat where the ECs’ proliferation was decreased. 

However, these topographies, flat and nano-sized topography, produced unstable sprouting 

networks. This EC response reported here is triggered only by topography; the surface 

chemistry and stiffness are equal for both surfaces. Difference in topography within the 

same substrate triggers the cells to sprout or align. What is more, ECs continued 

proliferating on the micron-sized topography which populated the nano-sized topography 

and showed rounds of spontaneous sprouts linked to the cell confluency. Therefore, we 

created a combined system in order to try to stabilize the sprouting-like behavior by 

combining the flat topography with the topography that aligned and proliferated the cells.  

In this mixed topography we saw aggregate formation on the flat area, and migration and 

disintegration of these aggregates on the micron-sized directional topography. Again, this 

proved that the directional topography induced cell proliferation while the flat surface 

generated unstable sprouts that collapsed and aggregated. Additionally, cell confluency 

played an important role in the disintegration of aggregates. Once the aggregates reached 

an area of cell confluency, they started to disintegrate in single cells. Migration is important 

for reendothelialization [30]. Our system showed that different topographies affect the 

cells’ ability to migrate. However, the question remains as to whether the directional 

topography attracted the aggregates or not. Further understanding is needed of the 

mechanisms involved to identify if the aggregates specifically migrate to the directional 

topography and why these destabilize on the topography and become single cells again.  
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Our surfaces had a total exposure time to the plasma treatment of 15 minutes (15 minutes 

for the wrinkled part and 5 minutes to the flat part). Our plasma treatment might have 

exposed silanol compounds which created ROS once in contact with the cells. In the correct 

concentration ROS can regulate cell function [31]. High ROS content on PDMS surfaces has 

been linked with cellular aggregate formation of endothelial cells [32]. Choi et al. reported 

that the cells readily detached from  UV/O (UV-induced ozone formation) PDMS surfaces 

treated for up to 90 minutes coated with fibronectin, same coating as in our case. They 

proposed that the fibronectin coating on the UV/O treated surface underwent degradation 

due to the ROS initial radicals on the surface [32]. Therefore, our treatment had been just 

enough to trigger the sprouting network formation of the cells and allowed the topography 

to direct the ECs’ alignment in the micron-size range. Additionally, the use of an ASC 

instructive coating was enough to stabilize ECs within the system. It must be noted that the 

time used here for the plasma treatment is much shorter than reported previously for the 

UV/O treatments and the difference in surface stiffness was not considered in the former 

experiments. Thus, from previous studies, plasma treatment beyond 10 minutes will not 

substantially affect the stiffness. Besides, the plasma treatment is short-lived and 

deactivation of the surface (hydrophobic recovery) occurs rapidly, rendering it much less 

reactive. Nonetheless, such subtle differences between materials’ chemistry and 

endothelial cells need to be carefully considered.  

CONCLUSION 
 

Endothelial cells respond to topography by altering their phenotype and contact guidance. 

Micron-sized topography (wavelengths ranging from 4.8 µm to 9.9 µm and amplitudes 

ranging from 1015 nm to 2169 nm) caused cell alignment and smaller features and flat 

PDMS surfaces caused unstable sprouting networks that formed aggregates able to migrate 

and disintegrate into single cells upon contact with the larger directional topography. An 

ASC instructive coating allowed stabilization of the ECs’ sprouting networks, but even so, 

the micron-sized directional topography showed inhibition of network formation in 

comparison with its flat counterpart. The study shows that interfacing materials and cells in 

an artificial fashion as is often done in the field of tissue engineering will bring forth 

unexpected and interesting behaviors. These kinds of behaviors might provide insights into 

different pathologies, disease models, but also underlying variations in molecular biological 

mechanisms. 
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SUPPLEMENTARY INFORMATION 
 

 

Figure 1: ECs GFP+ on the flat PDMS, TCP and directional topography gradient coated with 

gelatin after 7 days in culture. a. Flat PDMS with ECs detaching from the PDMS surface and 

forming aggregates. b. ECs on TCP. c. Directional gradient showing the nano size topography 

without cells and the directional topography created by default outside the gradient 

containing aligned ECs 

 

Videos1 

Video 1 directional topography parallel to flat  

Video 2 directional topography parallel to flat zoom-in 

Video 3 directional topography perpendicular to flat 

Video 4 directional topography perpendicular to flat zoom-in 

Video 5 Flat PDMS 

Video 6 Aggregates merging on a flat surface 

Video 7 Fibronectin coating directional topography perpendicular to flat 

Video 8 Fibronectin coating flat PDMS 

Video 9 Fibronectin coating vs gelatin coating on flat PDMS 

Video 10 ECs on ASCs’ monolayer on TCP 

 
1 Videos upon request. Please contact P. van Rijn or M.C. Harmsen 
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Video 11 ECs on ASCs’ monolayer on Flat PDMS 

Video 12 ECs on ASCs’ monolayer on directional topography perpendicular to flat 

Video 13 ECs on ASCs’ monolayer on uniform directional topography 

Video 14 ASCs on flat PDMS 
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Abstract 

Understanding the response of endothelial cells to aligned myotubes is important in 

creating an appropriate environment for tissue-engineered, vascularized skeletal muscle. 

Part of the native tissue environment is the extracellular matrix (ECM). The ECM is a 

supportive scaffold for cells, and it allows cellular processes such as proliferation, 

differentiation, and migration. The ECM is composed of an interstitial or reticular lamina 

(collagenous) and a pericellular or basal membrane (laminins, collagen type IV), which is in 

intimate contact with the cells. This basal membrane surrounds cells and has a specific 

architecture and components that need to be mimicked in tissue engineering approaches. 

One of the physical factors that affects cell behavior is topography, which plays an 

important role in cell alignment. We tested the hypothesis that topography-driven, aligned 

human myotubes promote and support vascular network formation as a prelude to in vitro 

engineered vascularized skeletal muscle. Therefore, we investigated the influence of pre-

aligned myotubes on the sprouting of microvascular endothelial cells. The aligned myotubes 

produced a network of collagen fibers and laminin. This network supported early stages of 

endothelial sprouting.  

Key words: myoblasts, topography, vascularization, endothelial cells, skeletal muscle, 

extracellular matrix.  
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INTRODUCTION 
 

Engineered skeletal muscle substitutes are needed to treat the consequences of muscular 

trauma or disorders that result in loss of muscle parenchyma. Large defects cannot be 

compensated by the innate regenerative capacity of the muscle [1]. Muscle architecture is 

unique: it comprises parallel-aligned myofibers held together by the structure of the 

surrounding extracellular matrix (ECM).  

The extracellular matrix of muscle consists of two layers: the basal lamina, which is in close 

contact to the cells as it binds to the integrin receptors protruding from the cellular plasma 

membrane, and the fibrillar reticular lamina, which surrounds the cells. The basal lamina 

consists of non-fibrillar collagen, non-collagenous glycoproteins, and proteoglycans. Below 

this dense basal lamina, the fibrillar reticular lamina resides, which corresponds to the 

interstitial connective tissue comprising mainly of (fibrillar) collagens, e.g., collagen I and 

proteoglycans [2–4]. Laminin and collagen IV are the most abundant in the basal lamina [2] 

while fibronectin is present in and between basal lamina. Interstitial matrix laminin 

enhances proliferation and differentiation of myoblasts whereas fibronectin is linked to cell 

adhesion and dedifferentiation of skeletal myoblasts [2, 5]. Understanding the ECM 

organization of the skeletal muscle could enable us to understand the design requirements 

for engineering skeletal muscle.  

Muscle is perfused by a dense network of capillaries that are in close contact with 

myofibers, only separated by the basal membrane. Topography plays an important role in 

guiding cellular behavior and matrix deposition. Topography guides cellular behavior such 

as the proliferation and differentiation of myoblasts [6–11]. We showed that in vitro parallel 

aligned myotubes are induced during differentiation of muscle stem cells (satellite cells) in 

micrometer-sized linear substrate topographies [12]. Human myoblasts can align to a 

variety of features but the one that most closely resembles the native myotubes’ diameter 

of 100 µm [13] is a sinusoidal directional pattern with a wavelength of 10 µm with an 

average myotube diameter of 66 ± 59 µm [12]. The interaction between human myoblasts 

and endothelial cells in an aligned topography is pertinent for more sophisticated and 

functional skeletal muscle engineering but has not yet been adequately studied [14–16].  

Besides topographical cues, cellular plasticity is influenced by biochemical cues such as 

those provided by the extracellular matrix. Mesenchymal stem cells such as adipose tissue-

derived stem cells (ASCs) stimulate formation of vascular networks from seeded endothelial 

cells [17]. This process depends on cell-to-cell contacts and Notch-mediated signaling [18]. 

Pilot data showed that these ASCs secrete two pivotal ECM components, the basal 

membrane constituents collagen IV and fibronectin that are essential in the initiation of 

vasculogenesis. Satellite cells (i.e., muscle stem cells) are the muscle’s mesenchymal stem 

cells that are activated after damage to facilitate regeneration. During muscle regeneration, 

angiogenesis and myogenesis coincide [19]. Myotubes secrete angiogenic factors that 
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promote vascularization, such as hepatocyte growth factor (HGF), and are stimulated by 

vascular endothelial growth factor (VEGF) [19–21]. Muscle cells produce extracellular matrix 

components before and after muscle differentiation, with an increase when differentiating, 

which indicates ECM remodeling while myofibers are forming [21].  

In tissue, capillaries are surrounded by a basal membrane. Thus, we hypothesized that 

muscle stem cells and their derived myotubes support adhesion and sprouting of 

endothelial cells. Topography-mediated aligned myotubes would facilitate formation of co-

aligned capillary networks from endothelial cells. Understanding an in vitro system including 

the influence of the topography, composition, and biochemical cues interacting in the 

system is useful to guide tissue development and create a substitute unique for each 

patient.  

 

MATERIALS AND METHODS 
 

PDMS surfaces 

Uniform wrinkles were fabricated as described previously [12, 22]. Briefly, a two-

component kit Dow Corning, elastomer (Sylgard-184A) and a curing agent (Sylgard 184B), 

were mixed at ratio of 10:1 w/w. The mixture was stirred for five minutes and poured into 

a 12 x 12 cm polystyrene petri dish. After 24 hours, the PDMS was cured for three hours at 

70°C, cut in 9 x 9 cm pieces, and placed in a custom-made stretching machine. PDMS films 

were stretched uniaxially to 130 % of their original length and oxidized with air plasma at 

10 mTorr for 600 s at maximum power (plasma oven, Diener electronic, model Atto, 

Ebhausen, Germany). Upon release of the applied tension, an aligned topography (wrinkles) 

was formed.  

AFM characterization  

Contact-mode atomic force microscopy (AFM) was done on a Catalyst NanoScope IV 

instrument (Bruker, Billerica, MA, USA), and NanoScope Analysis Software (Bruker Billerica, 

MA, USA) was used to process the data. Cantilever “D” (resonant frequency 18 kHz and 

spring constant 0.006 N/m) from DNP-10 Bruker's robust Silicon Nitride AFM probe was 

used for topographical analysis on both the PDMS and the myotubes cultured on tissue 

culture polystyrene.  

Tapping peak force ScanAsyst™ was performed by the BioScope Catalyst AFM with the 

cantilever Scanasyst fluid (resonant frequency 120-180 KHz Spring constant 0.7 N/m) to 

measure the topography of aligned myotubes on structured surfaces in culture medium at 

room temperature. 

 



Chapter 4 

87 

Cell culture 

Myoblasts 

Myoblasts (satellite cells) were cultured from human Orbicularis oculi muscle, and single 

clones were derived as described earlier [23, 24]. Muscle biopsies were from anonymous 

donors that gave informed consent. This biological material was considered medical waste 

according to the local medical ethical committee and thus approved for scientific research. 

Myoblasts were maintained in proliferation cell culture medium consisting of high glucose 

Dulbecco’s Modified Eagle’s Medium (Lonza, Basel, Switzerland), 1 % L-Glutamine (Lonza, 

Basel, Switzerland), 20 % fetal bovine serum (FBS, Life Technologies Gibco/Merck KGaA, 

Darmstadt, Germany), 1 % penicillin/ streptomycin (Life Technologies Gibco, Thermo Fisher 

Scientific, USA). Cells were passaged at a 1:3 ratio after detachment with Accutase (Sigma-

Aldrich/Merck KGaA, Darmstadt, Germany) and gelatin-coated polystyrene tissue culture 

plate (TCP). Myoblasts were differentiated to myotubes upon reaching confluence and the 

medium was changed to differentiation medium (DM), comprising high glucose DMEM, 2 % 

FBS, 1 % penicillin/streptomycin (p/s), 1 % Insulin-Transferrin-Selenium (Gibco by Life 

Technologies/Merck KGaA, Darmstadt, Germany), and 1 % dexamethasone (Sigma-

Aldrich/Merck KGaA, Darmstadt, Germany). 

Human pulmonary microvascular endothelial cells (HPMECs) 

Human pulmonary microvascular endothelial cells clone HPMEC-ST1.6R were a kind gift 

from Dr. R.E. Unger, Johannes-Gutenberg University, Mainz, Germany. The culture medium 

consisted of RPMI-1640 basal medium (Lonza, Basel, Switzerland) supplemented with 1 % 

L-Glutamine (Lonza, Basel, Switzerland), 20 % fetal bovine serum (FBS, Life Technologies 

Gibco/Merck KGaA, Darmstadt, Germany), 1 % penicillin/ streptomycin (Life Technologies 

Gibco, Thermo Fisher Scientific, USA), 50 µg/ml of homemade endothelial cell growth factor 

(ECGF), and 1 % heparin. Cells were passaged at a 1:3 ratio after detachment with TEP and 

coating the tissue culture plate with 1 µg/ml gelatin. 

Cell culture on directional topography  

Cell cultures on the directional topography were done after cutting, activating the surface, 

and sterilizing the PDMS. Briefly, PDMS pieces were cut using a homemade cutting device 

in a circle-shape manner with 15.6 mm in diameter to fit a 24-well plate or 6.4 mm in 

diameter to fit a 96-well-plate. Subsequently, surfaces were activated by plasma treatment 

for 45 seconds at 130 mTorr. Afterwards, the surfaces were washed twice with 70 % 

ethanol. The second wash was left for ten minutes. FInally, surfaces were rinsed with PBS 

and sterile water and left to dry at 37 °C for 20 minutes. 

Co-culture on PDMS wrinkled surfaces 

Myoblasts were seeded at 1 x 104 cells/cm2. Cells were cultured in proliferation medium 

for three days at which these reached confluence on TCP (Fig. 1). Then, the medium was 
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changed to differentiation medium (DM). At the third day of myotube differentiation, ECs 

were added to the culture at a seeding density of 3 x 104 cells/cm2. After two days (5 d DM 

myotubes and 2 d culture ECs) and five days (7 d DM myotubes and 5 days culture ECs, co-

cultures were washed with PBS and fixed in 2% paraformaldehyde in PBS. 

Cells were examined using an inverted fluorescence microscope (Invitrogen EVOS FL Cell 

Imaging System, Life technologies, 5791 Van Allen Way Carlsbad, CA 92008 USA) and 

inverted contrast microscope for living cell applications Leica DM IL (Leica Microsystems 

Ernst-Leitz-Straße 17-37, 35578 Wetzlar, Germany). 

 

Figure 1: Experimental design. Myoblasts were in culture for three days and then differentiated for 

another three days into myotubes in TCP, flat PDMS, and wrinkled PDMS (directional topography). 

Then, ECs were added to the system and the co-culture was left for two and five days.  

Lentivirus transduction 

Myoblasts and ECs were lentivirally tagged with EGFP and dTomato respectively, in order 

to visualize cells on the topography and co-cultures. Briefly, plasmids were isolated from 

DH5a bacterial cultures containing the packaging plasmid (pCMV∆R8.91), envelope plasmid 

(VSV-G) and shuttle vectors (pRRL.PPT.SFFV.GFP and pRRL.PPT.SFFV.tdTomato) according 

to standard procedures (Qiagen midi kit 12143). Plasmids were purified following the 

Plasmid Midi Kit (Cat. nos. 12162 and 12145) Quick-Start Protocol from Qiagen®. As a result, 

envelops gag/pol, help envelop and, shuttle vectors containing GFP and dTomato were 

produced. 

HEK293 cells were cultured in DMEM high glucose 10 % FBS and 1 % (p/s) and left until 60 

% confluence in a T75 flask. Then, 4 µg gag/pol, 1 µg envelop, and 4 µg of the shuttle vector 

(GFP or dTomato) were mixed in DMEM high glucose (no additives) with an- equal volume-

solution with Endofectin (GeneCopoeia™, USA) (3µl of Endofectin per 1 µg of DNA). The 

complex plasmids-Endofectin was left for 15 minutes. Next, the complex was added to the 

HEK cells culture dropwise while stirring gently. The following day, the HEK cell medium was 

refreshed with either myoblasts cell medium or ECs cell medium. On the third day, the virus-
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containing medium was centrifuged at 300 xg, filtered through a 0.45 µm filter, and then, 

polybrene (6 µg/ml) was added to the virus-containing medium which was then added to 

the myoblasts or ECs cell culture. Fresh medium was put into the virus producing HEK cell 

culture. Finally, on the fourth day, virus-containing medium was collected and treated in 

the same way as previously described and added to the myoblasts or ECs. After a week in 

culture, FACsVerse SH800S Sony Cell Sorter (Copyright ©2019 Sony Biotechnology Inc.) was 

used for cell sorting. Then, individual cells, previously sorted for either green or red, were 

cultured in a 96 well plate. Clones with high proliferation rate were selected and expanded 

for cell culture and experiments.  

Gene expression analyses 

Cells were washed with PBS and then lysed after two and five days of co-culture using 

TRIzol™ Reagent ©(Thermo Fisher, USA) according to the manufacturer’s protocol. An UV-

Vis Spectrophotometer Nanodrop (1000, Thermo Scientific) was used to measure RNA 

concentration. 

 ΔCt value was calculated as the fold difference between the gene of interest and the 

reference gene HPRT.  

 

Table 1: Primers used for qPCR 

Gene symbol Sequence Forward Sequence Reverse 

ANGPT1 CTACTGGGCCTCCTCTCATA TCTCAAATGGAGGAAACCAT 

ANGPT2 CAGTTCTTCAGAAGCAGC TTCAGCACAGTCTCTGAA 

CDH5 GTTCACCTTCTGCGAGGATA GTAGCTGGTGGTGTCCATCT 

COL4A1 CAGCAACGAACCCTAGAAAT CAATGAAGCAGGGTGTGTTA 

CSPG4 GAGAGGCAGCTGAGATCAGAA TGAGAATACGATGTCTGCAGGT 

FN1 TCAACTCACAGCTTCTCCAA TTGATCCCAAACCAAATCTT 

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

LAMA1 ATGGAAAATGGCACACTCTT AGACTGGGTGTGTGGACTTT 

MYH1 ACGTTCATTGACTTTGGGATG GGATGGAGAAGATGCCCATA 

MYH2 GGTCTTGGACATTGCTGGTT TTCTCATTGGTGAAGTTGATGC 

PDGFB CTGCATTTTCCTCTTGTCCT TTCTGCCCTAGAGAGGAGTG 

PDGFRB CCCTTATCATCCTCATCATGC CCTTCCATCGGATCTCGTAA 

PECAM1 GCAACACAGTCCAGATAGTCGT GACCTCAAACTGGGCATCAT 

RPS6KB1(P70S6K) TAAAGGGGGCTATGGAAAGG TTAAGCACCTTCATGGCAAAT 

TAGLN CTGAGGACTATGGGGTCATC TAGTGCCCATCATTCTTGGT 

VEGFA CCTGAAATGAAGGAAGAGGA AAATAAAATGGCGAATCCAA 
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Immunofluorescence 

Cells were washed three times with PBS and fixed in 2 % paraformaldehyde in PBS at room 

temperature for 20 minutes. Then the plates with fixed cells were stored at 4 °C for later 

staining. Staining procedure started with cell permeabilization with 0.5 % Triton X-100 

(Sigma-Aldrich/Merck KGaA, Darmstadt, Germany) in PBS at room temperature for 10 min 

followed by a PBS wash. Non-specific binding sites were blocked with 10  % donkey serum 

in PBS for 30 minutes. Then, cells were incubated in 2 % FCS in PBS at room temperature 

for one hour with either of the following antibodies rabbit-anti-human collagen I, III and IV, 

fibronectin and laminin (1:100) (Abcam, UK), and mouse-anti-human myosin heavy chain 

(1:20) (MF 20 was deposited to the DSHB by Fischman, D.A. (DSHB Hybridoma Product MF 

20) (Supplementary Table 1). As a negative control, the primary antibody was omitted. Cells 

were washed three times with 0.05 % Tween-20 (Sigma-Aldrich/Merck KGaA, Darmstadt, 

Germany) in PBS. Next, cells were incubated with the secondary antibodies donkey-anti-

Rabbit IgG (H+L) Alexa Fluor 594 (1:300), Alexa Fluor 647 (1:300) (Invitrogen, Thermo Fisher, 

USA), donkey-anti-mouse Alexa Fluor 488 (Life Technologies Gibco/Merck KGaA, 

Darmstadt, Germany) (1:300) in a DAPI solution (1 µg/ml in PBS) with 2 % normal human 

serum for 30 minutes (Supplementary table 2). Finally, two washes with PBS were done, 

and samples were stored at 4°C for further analysis.  

Tissue samples were fixed in formalin and then parafilm-embedded. Sections were cut 10 

µm thick and mounted on glass slides. Deparaffinization and antigen retrieval were done as 

reported previously [25]. Briefly, this consisted of two washes in xylene for 15 minutes, one 

wash in 100% ethanol for 10 minutes, three-minute washes in 96 % and 70 % ethanol, and 

a wash in demineralized water. Heat- induced antigen retrieval was done in 0.1 M Tris-HCL 

(0.05 % Tween-20 (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany)) pH 9 at 80 ˚C 

overnight. After cooling down for 20 minutes, slides were washed with demi water and PBS 

and used for staining (as described above).  

Immunofluorescence imaging was done using fluorescence microscopy with a Zeiss 

AxioObserver.Z1 TissueFAXS microscope (TissueGnostics, Vienna, Austria). The micrographs 

obtained by the TissueFAXS analyses were organized using ImageJ (FIJI). Confocal imaging 

was done using a confocal laser scanning inverted microscope (Leica SP8 DMI 6000) with 

fully motorized objective nosepiece and fluorescence filter cube change. (Leica 

Microsystems GmbH, Wetzlar, Germany). Live confocal imaging was done using a two-

photon confocal laser-scanning microscope coupled with a Chameleon Vision compact OPO 

two-photon laser together with the Zeiss 7MP. Inverted microscope Zeiss LSM 780 NLO 

(Axio Observer.Z1) (ZEISS Germany). Micrographs were processed using Imaris Software (3D 

rendering basic) (© Oxford Instruments 2019).  

Images obtained with the TissueFAXS microscope were used to measure the protein 

intensity percentage change. The images were obtained with the same microscope settings 

for each of the materials: TCP and PDMS (directional topography and flat) and compared 
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accordingly by using ImageJ. First, 8-bit images were captured by channel splitting. Then, 

auto threshold Otsu dark was used to identify the areas of intensity and as a result, the 

mean gray value and the area of the protein was obtained. The mean gray value multiplied 

by area gave as a result the integrated density. Percentage change relative to the myotubes 

was calculated using the integrated density of ASCs or ECs minus the integrated density of 

the myotubes, divided by the average of both values and finally multiplied by 100. Thus, a 

positive value means that either ASCs or ECs have a higher percentage change than 

myotubes. The percentage change relative to the myotubes was calculated to identify if 

myotubes were ECM producers compared to ASCs, which has been characterized as a cell 

type with high deposition of ECM proteins [26], and ECs which needs complementary 

components for differentiation such as Matrigel.  

Statistical analysis 

Shapiro-Wilk normality test was applied to the ΔCt values before applying one-way-ANOVA 

and Tukey’s multiple comparison test. The change in gene expression after two days of 

culture per substrate was evaluated with a paired t-test. GraphPad Prism 7.04 (GraphPad 

Software, Inc. San Diego, US) was used for the statistics analysis.  

 

RESULTS 
 

The directional topography made by plasma surface oxidation of PDMS showed sinusoidal 

features of 10.3 ± 0.2 µm wavelength and 3.4 ± 0.1 µm of amplitude (Fig. 2 a). The 

topography of aligned myotubes was measured by AFM to uncover the topography 

influence of the substrate on the structure of the myotube surface. AFM analyses of 

differentiated myoblasts showed that these covered both the TCP and the PDMS 

topography (Fig. 2 b-d). Myotube alignment can be observed once compared with the flat 

TCP surface (Fig. 2 b). Myotube topography resulted in nanotopography at the cell surface 

with aligned protruding dents of approximately 300 to 900 nm in width and 10 to 100 nm 

in height parallel to the length of the myotubes (Fig. 2 c and d). Also, microtopography was 

observed corresponding to the myotube diameters, 1 µm to 2 µm in amplitude and 20 µm 

to 60 µm in diameter, at the intersection with neighboring myotubes (Fig. 2 c).  
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Figure 2: Atomic Force Microscopy showed that aligned myotubes had aligned surface topography at 

the nano and micro level. AFM was done on three-days-old myotubes. Images represent myotube 

topography from the micro to nanoscale a. Contact mode AFM of PDMS topography with sinusoidal 

features of 10.3 ± 0.2 µm wavelength and 3.4 ± 0.1 µm of amplitude. b. Myotubes cultured on TCP. 

Scan size 75 um of myotubes in TCP and its correspondent 3D image. c. Myotubes on directional 

topography and its correspondent 3D image. Scan size 65 µm. d. Myotubes on directional topography. 

Scan size 19 µm. Arrow is showing the indentations of dents of approximately 300 to 900 nm of width 

and 10 to 100 nm of height. 3D image corresponding to the AFM micrograph.  

Myotubes and ECs attached to the directional topography (Fig. 3) while adhering poorly to 

flat PDMS and readily detached within five days, which was marginally prevented by prior 

coating with gelatin [12]. In this case, myotubes were able to continue proliferating, albeit 

as aggregates, for eight days (Fig. 3 b). ECs attached and proliferated on both flat and 

structured PDMS after two days. Directional topography caused cells to align (Fig. 3 c). After 

five days on flat PDMS, ECs had detached and formed aggregates whereas the ECs on the 

directional topography remain aligned (Fig. 3 d). 
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Figure 3: Topography influences cell alignment and attachment of ECs. Life cell imaging micrographs 

of control monocultures of myotubes after five (a) and eight days (b) of differentiation and ECs after 

2 days (c)  and 5 days (d) in culture the different surfaces, TCP, flat and directional topography 

(indicated with yellow line). Time points correspond to the timeline of the co-culture, which had three-

day old preformed myotubes. Thus, five-day old myotubes and two-day old ECs correspond to the 

second day of co-culture. Myotubes are EGFP-tagged (green) and ECs are dTomato-tagged (red). Scale 

bars are 400 µm. 

In co-cultures, endothelial cells attached and followed the myotubes directionality 

irrespective of the underlying substrate after two days of co-culture (Fig. 4 a). Although ECs 

adhered and proliferated (Fig. 4 b) on top of the myotubes on all surfaces, no visible 

sprouting was observed during the follow up time. Flat PDMS showed myotube 

differentiation and subsequent detachment as we previously observed [12]. 
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Figure 4. Life cell imaging of co-cultures. Endothelial cells (red, dTomato) aligned following the 

myotube (green, EGFP) directionality. Micrographs of co-cultures after 2 days (a) and 5 days (b) on 

resp. flat tissue culture polystyrene (TCPs), flat PDMS and PDMS with directional topography 

(indicated with yellow line). Note that flat PDMS poorly supports adhesion and maintenance of either 

myotubes or endothelial cells. Scale bars are 400 µm.  

Besides adhering to the myotubes, ECs had an elongated tube-shape morphology following 

the myotubes’ directionality as shown by confocal laser scanning microscopy (Fig. 5 a and 

b). The cross section of ECs showed tube-like structures with diameters ranging between 5 

µm and 20 µm. In addition, fibronectin, an instructive protein for vessel formation and 

stabilization, was expressed in co-cultured myotubes with ECs surrounding these cells. 

Interestingly, fibronectin was most strongly expressed at the contact points between 

myotubes and ECs (Fig. 5 b). 

We assessed gene expression of myotubes, ECs, and their co-cultures, in order to explore 

the influence of the topography. We determined the expression of genes linked to the 

vasculogenesis. Thus, we measured the gene expression of ANGPT1, ANGPT2, PECAM1, 

PDGFB and VEGFA (Fig. 5 c-g). PECAM1 expression in the co-culture showed a decreased 

expression between the flat substrates after two-days of co-culture and the TCP after five-

day co-culture (One-way ANOVA p= 0.0432. Tukey’s multiple comparison test). Also, VEGFA 

had a decrease in gene expression in ECs depending on the substrate. After five days of 

culture, ECs on TCP showed higher gene expression than those on the directional 

topography (One-way ANOVA p= 0.0404. Tukey’s multiple comparison test).  

Considering the gene expression changes over time for each substrate and cell type, there 

was a decreased gene expression between two days of co-culture and five-days of co-
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culture for ANGPT1 and ANGPT2 (paired t-test p=0.0106 and p=0.0063). Expression of 

ANGPT1 decreased over time for myotubes (paired t-test p=0.0007). PDGFB expression 

decreased over time for ECs (paired t-test p=0.0334) and in the co-culture PDGFB increased 

expression after five days of co-culture (paired t-test p=0.0154). VEGFA remain unchanged.  

Because the stability of the blood vessels depends on support by mural cells, we 

investigated the gene expression of pericyte activity stabilizer gene CSGP4, pericyte 

development gene PDGFRB, and intercellular cell junction gene CDH5. Results showed that 

the blood vessel maturation was subtle. No pericytic gene activity was detected in the co-

cultures (Supplementary information fig. 1).  

 

Figure 5: Early steps of vasculogenesis observed by endothelial tube formation. a. Life image of co-

culture after five days on pre-formed myotubes. GFP+ myotubes, DAPI, and dTom+ ECs b. Fibronectin 

production was increased on the interface between ECs and myotubes. Left micrograph corresponds 

to the co-culture of myotubes (green) and ECs (red), nuclei (blue) and FN (yellow). Right micrograph 

shows ECs (red) and FN (yellow). Bottom, cross section showing primitive tube-like structure of ECs. 

c, d, e, f, g. qPCR of angiogenic growth factors.  

Additionally, protein production and organization of the myoblasts and myotubes was 

assessed on TCP to identify the ECM proteins promoting the attachment of endothelial cells 

and the tube-like structures. Myoblasts and myotubes showed a similar behavior in protein 

deposition on TCP (Fig. 6 a and b). Fibronectin was poorly expressed in myoblasts and in 

myotubes. Basal lamina proteins collagen type IV and laminin were present in and deposited 
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by myoblasts and myotubes. Myotubes had more extracellular protein deposition around 

myotubes whereas myoblasts had only intracellular protein expression. Constructive, 

interstitial matrix, fibrous protein collagen type I was lowly expressed by myoblasts and 

myotubes while it was deposited in a patchy pattern. Collagen III was highly expressed in 

both cases (myoblast and myotubes). Similarly, collagen IV and laminin, were present in the 

cytoplasm of myoblasts and deposited around myotubes. Thus, muscle stem cells appear to 

accumulate these ECM proteins in an intracytoplasmic manner while these are deposited 

upon differentiation to myotubes. 

 
Figure 6: Two-day-old Myoblasts and three-day differentiated myotubes had similar basement 

membrane protein deposition on TCP. a. EGFP+ myoblasts (green), DAPI nuclei (blue), red color 

corresponds to the protein of interest (collagen I, III, and IV, fibronectin, and laminin). Zoomed-in 

micrographs left to right correspond to DAPI, myoblast EGFP+ and the merge picture. b. Non-tag 

three-day old differentiated myotubes stained for myosin heavy chain (green), nuclei (blue, DAPI) and 

red color corresponds to the protein of interest (collagen I, III, and IV, fibronectin, and laminin). 

Zoomed-in micrographs left to right correspond to DAPI, MHY1 and the merge picture. Large 

micrographs depict an area of 1 mm by 1 mm. Scale bars are 200 µm and for the zoom-in, scale bars 

are 50 µm. 

 

The ECM was deposited following the directionality of the myotubes irrespective of the 

substrate. Thus, in the case of myotube alignment due to topography, the deposition of the 

extracellular components also followed the aligned directionality. The myotube deposited 

laminin, fibronectin, and collagens mainly parallel to the myotubes with occasional 

perpendicular fibers creating a mesh-like structure (Fig. 7 a and b, and supplementary 

information fig. 2 a). The co-culture with ECs did not influence this pattern of ECM 

deposition irrespective of substrate (Fig. 7). However, the areas where ECs and myotubes 

were in contact had a higher deposition of ECM proteins. Fibronectin and collagen I were 
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lowly expressed but their deposition patterns followed the cells’ directionality. Collagens III 

and IV showed deposition patterns similar to fibronectin and collagen I. Laminin deposition 

was similar too yet more abundant than the other ECM components while it covered the 

entire surface of all the substrates.  

Expression analyses of genes for ECM components corroborated the protein expression 

data results for LAMA1 (Fig. 7 c). Myotube monocultures and co-cultures with ECs showed 

LAMA1 expression increased by two-fold change (paired t-test p= 0.0307 and p= 0.0410) 

between the two-day co-culture (five-day-old myotubes) and five-day co-culture (seven-

day-old myotubes). The myotube monoculture showed low gene expression of FN1 after 

five days of differentiation (two days of co-culture). Expression of FN1 and COL4A1 was 

below detection level in myotubes (Fig. 7 d and e). FN1 expression was only detected on 

seven-day-old myotubes on flat PDMS and TCP. This low gene expression was also reflected 

in the co-cultures. COL4A1 expression was undetectable in the myotube monocultures (Fig. 

7 d) while this protein had been deposited as shown by immunofluorescence (Fig. 7 a, 

Supplementary information fig. 2 a). ECs and their co-culture with myotubes showed a 

decreased COL4A1 expression from two days to five days of co-culture (paired t-test 

p=0.0052 and p=0.0159 respectively). Maturation of myotubes was not affected by the co-

cultures (Supplementary information fig. 2 b) as shown by expression of MYH1 and MYH2. 

However, in myotube monocultures MYH2 expression decreased from five-day old 

myotubes to seven-day myotubes (paired t-test p=0.0260). 
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Figure 7: ECM deposition follows the cell’s directionality irrespectevely of the substrates. a. Top: 

Micrographs (1 by 1 mm) of five-day-old myotubes in TCP; middle: myotubes on wrinkled PDMS; 

bottom: two-day co-culture (five-day-old myotubes and two-day old ECs). Scale bars are 200 µm. b. 
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Cartoon depicting the directionality of the topography of the micrographs and the pattern of the 

protein’s deposition. c. Myotube monocultures and co-cultures with ECs showed LAMA1 expression 

increased by two-fold change (paired t-test p= 0.0307 and p= 0.0410) between the two-day co-culture 

(five-day old myotubes) and five-day co-culture (seven-day old myotubes). d. Gene expression of FN1 

e. ECs and their co-culture with myotubes showed a decreased of COL4A1 expression over time from 

two days of culture to five days of co-culture (paired t-test p=0.0052 and p=0.0159 respectively). ΔCt 

was calculated subtracting the value of the gene of interest minus the value of the reference gene 

HPRT. Data points represent each independent experiment (n=4). If expression was below the 

detection limit, data points are lacking in the graphs.  

Monocultures of ECs and ASCs (positive control for deposition of ECM proteins [26]) on the 

flat control (PDMS), TCP, and the directional topography (Fig. 8) showed that topography 

also influenced their alignment. ASCs and ECs deposited proteins in an aligned manner 

following the cells’ directionality on the topography like the myotubes (Fig. 8, 

Supplementary information fig. 3).  

The ECM expression of the different ECM components was compared to the myotubes (Fig. 

8 b) to identify cell type-specific deposition patterns. The deposition of ECM by ECs or ASCs 

on a flat and stiff substrate (TCP) was reduced compared to myotubes in most cases. Except 

for ASCs, which had a deposition of collagen type I with a near 50% increase and fibronectin 

with a 30% increase. On the other hand, collagen type I deposition by ECs on TCP was 

reduced by almost 50% compared to myotubes. On the directional topographies, ECs and 

ASCs deposited less of all ECM proteins compared to myotubes except for fibronectin by 

ASCs. Fibronectin is relevant in early angiogenesis and was 20 % less deposited by ECs than 

by myotubes, while ASCs deposited almost 15 % more than myotubes under similar 

substrate conditions. For the deposition of the basal lamina component, laminin deposition 

was around 30 % lower for ECs and ASCs compared to myotubes.  

On the flat PDMS control, the different monocultures of myotubes, ASCs, ECs, and the co-

culture (myotubes plus ECs) attached poorly to the surface (Supplementary information fig. 

4). The cells detached within two days and formed aggregates. However, these aggregates 

also produced ECM proteins that negatively affected our fluorescence densitometric 

readings. Thus, ECM deposition on flat PDMS was unreliable and unusable as control for 

comparisons. These results showed once more the positive influence of the directional 

topography on cell attachment.  
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Figure 8: Percentage difference relative to myotubes expression. a. deposition of matrix protein of 

monocultures of ASCs and ECs on TCP and PDMS directional topographical surfaces after two days in 

culture. Scale bars are 150 µm. b. Quantified fractions of deposited ECM protein, negative means 

lower deposition by ECs or ASCs, positive means lower deposition by myotubes. All depositions were 

compared to five-day old myotubes (normalized with integrated density of the myotubes on TCP and 

directional topography).  
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Myotube monocultures had a different fibronectin deposition pattern than the co-cultures 

in which fibronectin was mostly deposited on top of the myotube surface and in the 

surroundings of the ECs (Fig. 9 a and b). Laminin surrounded the myotubes and its 

deposition was similar for both the myotube monoculture and the co-culture (Fig. 9 c and 

d). Monocultured myotubes showed a distinct punctuated peripheral deposition of collagen 

IV (Fig. 9 e). Also, collagen IV was deposited basally and apically by myotubes. The co-culture 

of ECs and myotubes showed a more homogeneous collagen IV deposition with higher 

punctuated deposits at contacts between ECs and myotubes (Fig. 9 f). Myotube 

monocultures had deposited collagen III surrounding them but apically, the deposition was 

higher (Fig. 9 g). The co-culture of ECs and myotubes showed comparable deposition 

patterns of collagen III as myotube mono-cultures (Fig. 9 h). Finally, collagen I deposition 

was similar in both the monoculture of myotubes and co-culture of ECs and myotubes, but 

in co-cultures, collagen I deposits were more intense at contact points of ECs on the 

myotube surface (Fig. 9 i and j). 
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(Previous page) Figure 9: Extracellular matrix protein deposition by myotubes (left column) and co-

cultured ECs and myotubes (right column). On the left column (myotubes monoculture) the left panel 

(a, c, e, g and i) shows the EGFP+ myotubes (green), the nuclei (DAPI, blue), and the protein of interest 

(Alexa Fluor 594 (red)). The right panel shows the gray image of the protein of interest. Below, the z-

stack panels of the protein of interest (gray) and the merged micrograph. On the right column (co-

cultures, b, d, f, h and j) the left panel shows the EGFP+ myotubes (green), the nuclei (DAPI, blue), 

dTom+ ECs (red) and the protein of interest (Alexa fluor 647 (yellow)). a. Monoculture of myotubes 

with almost negligible deposition of fibronectin expression. b. Co-culture with fibronectin surrounding 

ECs. c. Monoculture of myotubes surrounded by laminin. d. Co-culture with laminin expression 

surrounding both cell types. e. Monoculture of myotubes with dot-like peripheral deposition of 

collagen IV. f. Co-culture with collagen IV homogeneous deposition and more where ECs and 

myotubes are in contact. g. Monoculture of myotubes with collagen III on top of few myotubes and 

surrounding them. h. Co-culture with collagen III on top of the cells and surrounding few ECs and one 

myotube. i. Monoculture of myotubes with collagen I expression mostly on the surface of the 

myotubes. j. Co-culture showing collagen I expression on top of the myotubes and more in the cell-

cell interactions. 

After characterizing the deposition of the different ECM components by the myotubes and 

the co-culture with ECs on our directional topography substrate, we wanted to compare its 

similarity with real muscle tissue, the localization of the vasculature and the ECM 

organization. Therefore, we used a mature ocular muscle sample to compare fibronectin, 

collagens I, III and IV (Supplementary information fig. 5).  

In mature ocular muscle few vessels were surrounding or traversing the human myotubes, 

as shown by CD31 and MYH1 staining (Supplementary information fig. 6). Most of the 

vasculature was found in the interstitial tissue (Supplementary information fig. 6 a and b). 

MYH1 showed moderate expression and variability across individual fibers as depicted by 

the difference of the intensity in green (immunofluorescence staining) or brown (DAB 

staining) (Supplementary information fig. 6 a-c). 

Fibronectin and collagen I were located in the interstitial tissue of the myotubes (Fig. 10). 

Small capillaries connected the myotubes as shown by the arrow on the fibronectin panel 

(Fig. 10) but larger vessels were in the interstitial connective tissue rich in fibronectin and 

collagen I. The basal lamina constituent collagen IV covered the periphery of the myotubes 

and was abundantly present around vessel walls (Supplementary information fig. 7). 

Perilipin and Picro Sirus Red staining confirmed that the interstitial tissue was not adipose 

tissue surrounding the muscle fibers but collagen fibers and fibronectin (Supplementary 

information fig. 8 and 9). Collagen III was also present in the interstitial tissue 

(Supplementary information fig 5).  
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(Previous page) Figure 10: Localization of ECM proteins in human tissue. Left column is fibronectin, 

middle is column collagen IV and right column is collagen I. Blue is for DAPI, red is for endocan (EC 

marker), yellow is the protein of interest and green is phalloidin (cytoskeleton). Scale bars are 50 µm. 

 

DISCUSSION 
 

In this study we showed that a topographical system with aligned myotubes can sustain 

adhesion and proliferation of endothelial cells through deposition of organized basal 

membrane proteins such as collagen IV and laminin, and constructive ECM proteins such as 

collagens I and III. Vessel instructive formation protein, fibronectin, was deposited by 

myotubes to a lesser extent then a professional mesenchymal tissue remodeling control 

(ASCs), but showed to be aligned following the directionality of the topography. Fibronectin 

alignment by topography has been reported for C2C12 murine myoblasts in a 

nanotopography system [27]. Also, topographical systems have been created by ECM 

proteins guiding the cell alignment of skeletal muscle cells [8, 9, 16]. Other substrates have 

been used for the co-culture and alignment of myoblasts and ECs [15, 16]. However, to our 

knowledge an investigation of the ECM proteins secreted by aligned myotubes, and in co-

culture with ECs in a topographical system, has not yet been described.   

We observed an effect over time for some genes indifferently of the material and 

topography. Genes related with vasculogenesis, ANG2 and PECAM1, were downregulated 

over time in the co-cultures. PDGFB was downregulated by the ECs and in co-culture it was 

upregulated. Increase of expression of the ligand PDGFB in the co-culture means that the 

cell-cell interactions are leading to a pre-vascularization process where remaining satellite 

cells are being activated mimicking an injury process and endothelial cells express this 

marker to recruit pericytes [28]. We only detected that the gene expression was affected 

by the topography on day five of culture of ECs, where the VEGFA expression was 

downregulated in the directional topography compared to TCP. ECs on the topography had 

different cell spreading and morphology. In the PDMS directional topography, ECs aligned 

and proliferated whereas in the flat PDMS, ECs firstly formed honeycomb-like structure, 

which later formed aggregates.  

Our system produces lower amounts of fibronectin as a monoculture as compared to the 

co-cultures i.e. influenced by cell-cell interactions. Virtually no published data exist on the 

deposition and function of fibronectin by human myoblasts or myotubes. This is relevant 

because in a clinical perspective, studies with e.g., murine C2C12 myoblasts rat L6E9 

myoblasts or otherwise mammalian or avian myoblasts showed that these differ from their 

human counterparts in many aspects. Almost four decades ago, others showed that the in 

vitro the rate of fibronectin biosynthesis was about  five-fold lower in primary chicken 

muscle cells than chicken fibroblasts [29]. More recently, fibronectin was shown to be 

deposited locally by primary murine myotubes to facilitate peripheral arrangement of nuclei 
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in the myotubes’ syncytium. In addition, in vitro muscle cells require a supportive system to 

develop the necessary ECM for the muscular function and maintenance [30]. Skeletal 

muscle myotubes need the cells residing in the surroundings. These cells are satellite cells, 

fibroblasts, myofibroblasts, adipose cells, and fibro/adipogenic progenitor cells (FAP) [31]. 

Therefore, myotubes need cell-cell contact in order to remodel the matrix [32], and perhaps 

fibroblasts are needed in our system because they are the skeletal muscle assemblers of 

collagens [30]. In addition, constant matrix remodeling was depicted by our gene expression 

results where fibronectin was not expressed in some experiments.  

Previous studies have shown that C2C12 murine myoblasts deposit various ECM 

constituents such as collagens I and IV, and fibronectin on etched glass [33]. This fibronectin 

deposition had already occurred after 3.5 hours of culture, and the distribution of the 

proteins followed the directionality of the cells. In our system, we also observed that 

fibronectin was deposited following cells’ directionality and that more fibronectin was 

deposited at the interface of myotubes and ECs. Fibronectin is found on the interstitial ECM 

[34, 35] which was confirmed with the evaluation of the human muscle sample where we 

saw that most of the endothelial cell population was in the interstitial tissue with large 

amounts of collagen I and fibronectin. Additionally, from this human muscle sample, 

collagen IV was found surrounding vessels and myotubes’ sarcomeres. In our system, the 

lack of deposition of adequate amounts of fibronectin likely hampered the development of 

adhered ECs to mature sprouting networks. Of note, this is not a limitation of the use of 

HPMECs, because the topographical substrates by themselves warranted spontaneous 

sprouting (data not shown). Our data appear to conflict with Nagamori et al who reported 

that embryonic endothelial cells (HUVEC) readily formed sprouting networks on myoblast 

sheets produced by detachment from thermoresponsive flat substrates [36]. However, in 

their system the use of gelatin to transfer sheets may have facilitated adherence and 

sprouting of the ECs, while in our system the ECs had to rely on myotube-deposited ECM. 

Future studies besides proving a platform for myotube alignment, also need to provide a 

matrix to sustain endothelization surrounding the myotubes mimicking the natural muscle.  

Our results show that both protein constituents of the basal membrane i.e., collagen IV and 

laminin were deposited more by myoblasts than ECs or even the professional connective 

tissue cell type i.e., ASCs. This likely explains the efficient adhesion of ECs to pre-

differentiated myotubes. Fibronectin, which is a guiding and instructive ECM component 

for vascularization, was more deposited in myotubes than ECs. However, ASCs deposited 

more fibronectin than myotubes, which might show that in our system additional facilitating 

cells such as stromal or pericytic cells are in demand. We showed before that fibronectin 

deposited by ASCs augments cell function such as survival and maturation of another 

myoblast type i.e., cardiomyocytes [26]. Moreover, we showed that ASCs support formation 

of vascular endothelial networks in a NOTCH2-dependent fashion [18]. Both ASCs and 

myoblasts are mesenchymal stem cells, yet both myoblasts and myotubes did not harbor 

pericytic capacity. We surmise that the low deposition of fibronectin is an underlying cause.  
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Our findings indicate that there is more cell attachment in the directional topography. Cells 

detached from the flat PDMS, and in the directional topography there was an increase in 

the deposition of laminin. High expression of laminin enhances the proliferation and 

differentiation properties of the cells [2]. Laminin gene expression increased in myotubes 

and co-culture overtime whereas collagen IV gene expression decreased in ECs and the co-

culture. Laminin was expressed by myotubes in vitro on the cellular sarcomere. Native 

muscle remodeling maintains the basal membrane components laminin and collagen IV 

until the new muscle cells are formed [37] showing that for regeneration of human skeletal 

muscle ECM architecture is needed.   

Although 3D systems are being investigated as the best option for tissue engineering of 

skeletal muscle and vascularization, the role of the cells’ natural ECM has not been 

addressed in vitro nor the influence of cell alignment on the cell-deposited matrix. Usually, 

these 3D systems are composed of one main component e.g., fibrin, but the cellular matrix 

deposition has been poorly investigated. Most recently it was found that autologous 

collagen I deposition in the co-culture of BAMs could be tuned by decreasing the 

concentration of fibrin [17]. However, the sprouting behavior decreased once, increasing 

the amount of collagen I in the system. In natural muscle, we found that a large majority of 

vessels are in the interstitial tissue, which is full of collagen I and fibronectin. Interstitial 

connective tissue needs to provide a space for regeneration and tissue growth. For that 

reason the 3D systems with fibrin/collagen I plus Matrigel have been more successful in 

maintaining cells in culture than systems with only collagen I [38–40] but, our system could 

provide a platform to study the role of the cells’ natural ECM the influence of directional 

topography.  

Further studies elucidating the ECM properties of different human muscle aging and 

development need to be considered to engineer more personalized skeletal muscle tissue. 

Additionally, contractile forces are very important for the skeletal muscle functioning and 

matrix formation. A dynamic in vitro system needs to be implemented to evaluate the ECM 

architecture and deposition by myotubes to create an interstitial like structure that allows 

vasculature formation. 

 

CONCLUSIONS 
 

We conclude that aligned myotubes support the first phase of vascularization by providing 

relevant ECM components e.g., laminin but require accessory cells such as pericytes to 

complete the vascularization process in vitro for muscle regeneration. 
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SUPPLEMENTARY INFORMATION 
 

SI Table 1.  Primary antibodies used 

SI Table 2.  Secondary antibodies used 

SI1:  pericytic phenotype of myotubes 

SI2:  Myotube maturity in co-cultures 

SI3:  Monocultures on the different substrates 

SI4:  Protein expression by Myotubes on different substrates 

SI5:  Immuno-peroxidase of human ocular muscle 

SI6:  Endothelial cell distribution in mature human skeletal muscle 

SI7:  Immunofluorescent imaging of cross-sections of human muscle 

SI8:  Perilipin and Picro Sirus Red stainings of humane muscle 

SI9:  Fibronecting in human muscle 
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SI Table 1. Primary antibodies used 

 

Protein Primary antibody DAB Immunofluorescnce 

CD31 ab28364 1:100 1:50 

Endocan MEP08 LIA-0901 1:100 1:100 

MHC1 DHB MF-20 1:20 1:20 

Fibronectin ab6584 1:100 1:100 

Laminin ab11575 1:100 1:100 

Collagen IV ab6586 1:100 1:100 

Collagen I ab34710 1:100 1:100 

Collagen III ab7778 1:100 N/A 

Perilipin-A ab3526 1:100 N/A 

 

SI Table 2. Secondary antibodies used 

 

Secondary antibodies 
immunofluorescence 

  

Alexa Fluor 488 A21202 Life Technologies 1:300 

Alexa Fluor 555 A31572 1:300 

Alexa Fluor 594 A21207 1:300 

Alexa Fluor 594 A21203 1:300 

Alexa Fluor 647 A31573 1:300 

Phalloidin 488 A12379 1:200 

Secondary antibodies DAB   

Immunoglobulins/HRP  P0048 Dako 1:100 

Immunoglobulins/HRP  P0260 Dako 1:100 
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Supplementary information figure 2: Myotubes did not harbor a pericytic phenotype in monoculture. 

a. Life image of the co-culture after five days. GFP+ myptubes, nuclei (DAPI, blue), and dTom+ ECs. 

b,c,d, e RT-qPCR of two pericytic genes (CSPG4 and PDGFRB) and one endothelial specific intercellular 

adhesion gene (CDH5).  
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Supplementary information figure 2: Myotube maturity was maintained in the co-cultures with and 

endothelial cells showed low expression of MHC2. a. Three-day-old myotubes in TCP (top) and 

wrinkled PDMS (bottom). Nuclei (DAPI), Myosin heavy chain 1 (green) and collagen IV (red) were 

immunofluorescent labelled. Micrographs are 2 by 2 mm. Scale bars are 500 µm. Scale bar is 50 um  

b. RT-qPCR data of  expression of myosin heavy chain 2 in myotubes, ECs and co-culture after two and 

five days on TCP, flat and wrinkled PDMS.  
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Supplementary information figure 3:  Monocultures on the different substrates. Merged 

micrographs of figures 7a. and 8a. Scale bar is 200 µm. Cell cultures on TCP and directional topography. 

Myotubes and ECs are EGFP+ (green), ASCs’ cytoskeleton was stained with phalloidin-FITC (green), 

nuclei were stained with DAPI (blue), and protein of interest is red.  
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(Previous page) Supplementary information figure 4:  The directional topography positively 

influences cell attachment and organization of the myotubes’ protein deposition. a. Two-day co-

culture on flat PDMS. b. Two-day co-culture on the TCP. c. Two-day co-culture on the directional 

topography. ECs were dTom+ (red), myotubes were EGFP+ (green), nuclei were stained for DAPI 

(blue), protein of interested was stained with Alexa Fluor 647 and visualized with Cy5 filter (yellow). 

Scale bars are 200 µm. 

 

 

 
Supplementary information figure 5: Immuno-peroxidase of human muscle ocular sample  (3,3′-

Diaminobenzidine, DAB) for fibronectin, laminin, collagens type IV, III, and I. Scale bars are 50 µm.  
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(Previous page) Supplementary information figure 6: Endothelial distribution in mature human 

skeletal muscle. a. Confocal image of human tissue. MHC and CD31 scale bars are 50 µm and for the 

zoom-in image, 20 µm. b. DAB staining of CD31, endocan, and MHC1. c. overview of human tissue 

staining CD31 and MHC. Blue DAPI, red CD31, and green MHC1.  

 

 
Supplementary information figure 7: DAPI, endocan, phalloidin and collagen IV immunofluorescence 

staining of human muscle sample. a. Longitudinal section. zoom- in of capillary b. Cross section of the 

muscle. Zoom-in of capillary. Scale bar 50 um. Scale bar zoom-In 20 µm  
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(Previous page) Supplementary information figure 8: Perilipin (a) and Picro Sirus Red stainings (b). 

Scale bars are 50 µm. 

 

 
Supplementary information Figure 9: Human muscle fibronectin. Scale bar 20 µm 
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General discussion 

Topographic cues are present throughout the entire extracellular matrix (ECM) of the body. 

Identification of the topographical characteristics of each specific cellular 

microenvironment can help the design and construction of substrates for individual tissues. 

Directional topography guides cell alignment and is an ideal approach for mimicking tissues 

that require cell orientation such as skeletal muscle tissue. The aim of this thesis was to 

elucidate the optimum topography for human myoblast proliferation, fusion, and 

differentiation. Additionally, the goal was to explore the influences of topography and 

topography-aligned differentiated myoblasts -myotubes- in combination with endothelial 

cells to trigger capillary network formation (Fig. 1).  

 

Figure 1: Thesis summary. 

 

Myoblasts fused, matured, and aligned independently of the directional topography 

feature sizes 

In chapter 2, we hypothesized that primary human myoblasts adhere to and proliferate in 

a preferred topographical surface, while also promoting fusion, maturation, and alignment 

of myotubes. We detected that maturity and alignment of myotubes was achieved in our 
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2D directional topography gradient independently of the size of the topography features 

(range that was tested was wavelength (λ)= 1520 nm and amplitude (A) = 176 nm to λ = 

9934 nm and A = 2168 nm). The formed aligned myotubes displayed spontaneous 

contraction, the nuclei were pushed to the sides, and myosin heavy chain was expressed, 

all signs of myotube maturation. We were able to create myotubes of 66 ± 59 μm in 

diameter which resembled the 100 µm diameter myotubes of human skeletal muscle 

reported in the literature [1]. However, care needs to be made in generalizing the size of 

human myofibers because of differences among muscle types.  

Flat and nano-sized directional topography affected the differentiation of the myoblasts by 

delaying myotube formation at these regions. This behavior has been also reported for 

similar dimensions and geometry topography [2] where features of 800 nm wavelength and 

200 nm amplitude had delayed alignment, which was still achieved upon reaching cell 

confluency, similar to our results.  

Alignment and maturation of myotubes on all the directional topography features studied 

in chapter 2 shows that for creating myoblast alignment and fusion, myotubes do not need 

to be constrained, as reported by systems using large depths/amplitudes of 40 µm [3] and 

50 µm [4]. Thus, our directional topographic gradient showed that the topography 

dimension we used helped the fusion processes, alignment, and cell-cell communication.  

Directional topography strongly influences adhesion and spreading of myotubes and 

endothelial cells 

In chapter 2 it was found that the cell culture life was limited since the monolayer 

detachment from the PDMS surfaces occurred after a week of cell culture. This detachment 

behavior was also shown to be different from the flat control compared to topographical 

substrates where cells remained longer attached. In Chapter 4, a gelatin-coating was 

implemented, and the culture life was only increased to 11 days, but cell alignment was not 

affected.  

In chapter 3, we hypothesized that human pulmonary microvascular endothelial cells 

respond differently, by aligning or sprouting, depending on various directional topography 

features. Thus, chapter 3  showed how only topographic cues can guide distinct 

phenotypical responses in endothelial cells. On a substrate with both flat and directional 

topography, ECs aggregate on the flat, migrate as aggregated clusters, and if the aggregate 

reaches the directional topography, break into single cells where they stay attached and 

proliferate. Therefore, the behavior of both cell types, myotubes and ECs, is directed by 

directional topography, which in the case of ECs, inhibits sprouting network formation even 

with the instructive coating of ASCs on large directional topography dimensions 
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(wavelengths ranging from 4.8 µm to 9.9 µm and amplitudes ranging from 1015 nm to 2169 

nm).  

Collective migration of endothelial cell aggregates affected by directional topography  

Chapter 3 showed how endothelial cells aggregate, and then migrate around the substrate; 

merging with other aggregates was common but not mandatory. Another notable 

observation was that the cellular aggregates had leader cells that guided their movement, 

which suggests that there is some degree of cellular communication inside the aggregate. 

However, the interesting observed phenomenon was the contact guidance of aggregates. 

The collective cell migration of the spherical aggregate was impaired by the directional 

topography. Topography was able to break up the aggregate into single cells. Thus, we 

proved that collective migration is not only influenced by haptotactic and chemotactic 

processes but also by topotactic cues.  

ECs have been reported to create simultaneous sprouts under the influence of collagen I 

and fibronectin [5]. However, in this thesis, we show that the aggregation of the ECs was 

affected by the coating used. In the case of the gelatin coating, ECs formed sprouting 

networks on the flat surface. However, these sprouting networks were unstable and instead 

of forming tubes with hollow lumens, formed spherical aggregates. We did not observe the 

formation of sprouting networks using the fibronectin coating, but instead we noticed a cell 

monolayer, which collapsed and later aggregated. These different results suggest that the 

first stage before aggregation on the fibronectin coating does not happen by a leader cell, 

as observed in the gelatin coating, but though a lack of ECM, e.g. not enough ECM to adhere 

to the surface. Thus, by changing the coating of the substrate, we changed the affinity for 

the substrate. However, on the directional topography, the topographic effect was 

stronger, and ECs behaved the same with both coatings.  

Cell aggregates can behave as a viscous liquid when there is a high affinity for the substrate 

and a high number of cadherin bonds [6]. On the ECs’ aggregates, the cadherin bonds seem 

strong and remained attached to each other in the case of both coatings. CDH5 (VE-

cadherin) has high gene-expression on human pulmonary ECs after five days of culture but 

is not significantly different between the materials used as shown in chapter 3. This suggests 

that the cell-cell bonds remain the same, but the cell-substrate bonds were the ones 

affected. Further experimentation on untangling the role of CDH5 in cell aggregation and 

its relationship with topography needs to be done. Additionally, in order to test if what we 

are observing is part of the process of collective regenerative sprouting produced by 

topography, follow up experiments regulating NOTCH pathway, which is related with direct 

arterial and venous endothelial cell sprouting angiogenesis [7, 8], and vascular endothelial 

growth factor (VEGF)  to prevent protrusions and tip stalk cells are needed. 
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Are aligned myotubes capable of sustaining endothelial cell sprouting? 

A first approach to evaluate the potential of human myoblasts as pericytes was to co-culture 

endothelial cells (HUVECs) with myoblasts for a week. As a result of this co-culture, we 

found that myotube maturation was impaired since myotubes were not formed (Fig. 2 a). A 

second approach to evaluate the potential of human myoblasts as endothelial cell sprouting 

factor was to culture endothelial cells on a monolayer of myoblasts for a week. The Incucyte 

microscope was used to evaluate the process every two hours (Supportive video 1) (Fig. 2 

b). We found that the sprouting network of ECs was impaired even at different 

concentrations of ECs (20x103 and 40x103 cells per cm2). 

Therefore, in chapter 4, we hypothesized that muscle stem cells and their derived myotubes 

support adhesion and sprouting of endothelial cells. Aligned myotubes facilitated the 

adhesion of ECs and were co-aligned on their surface during a week of co-culture. However, 

capillary networks were not visible on top of the myotubes, but early steps of 

vasculogenesis were observed by endothelial tube formation. Myotubes were able to 

support EC survival but they lacked fibronectin to stimulate EC tubular formation [5]. 

Moreover, myotubes presented high deposition of laminin. Laminin has been proven to 

influence the morphology of ECs in a 3D environment by causing cell elongation and helping 

the regulation of cell migration [9]. Thus, the myotube topography not only aligns 

endothelial cells, but provides a laminin-rich environment to facilitate EC migration and 

stabilization. To further contribute to capillary morphogenesis, we need to provide 

fibronectin sources alongside the aligned myotubes.  

Hence, we need to consider the importance of the inflammatory mediators and the 

processes occurring when there is muscle injury [10, 11]. Cells other than satellite cells are 

involved in the creation of new muscle tissue e.g. fibroblasts [12]. Part of the involvement 

is not only chemotactic signals, but matrix remodeling of the ECM [13]. Thus, accessory cells 

such as pericytes are needed to complete the vascularization process in vitro for muscle 

regeneration. 
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Figure 2. a. HUVEC monoculture. Scale bar 200 µm. Myotube monoculture. Scale bar 400 µm. Co-

culture. Scale bar 200 µm. Co-culture 400 µm. Red is CD31, green desmin and blue DAPI. b.  Incucyte 

experiment. No vascularization on top of myoblasts 

 

The investigation of the ECM proteins secreted by aligned myotubes and in co-culture with 

ECs in a topographical system described in chapter 4 is just a first step in understanding how 

in vitro cells can behave. However, one of the experiments that were not implemented in 

those chapters showed how material and architecture influences the ECM turnover of 

myotubes in vitro in just a few days (Fig. 3). Here we show how fibronectin increased and 

laminin decreased on myotubes from three days to five days in age on the directional 

topography. However, the results presented in chapter 4 indicated an increase of laminin 

from five-day-old myotubes to seven-day-old myotubes. Therefore, cell maturity and pool 

of quiescent myoblasts may be influencing the ECM turnover in a matter of hours or days. 

Thus, ECM proteins secreted by cells in vitro need to be characterized in order to design a 

better system for supporting a vascularization process. One of the solutions is to 

supplement the in vitro microenvironment with other ECM proteins and properties to 

resemble those of the natural cellular environment, for example, by translating the 

directional topography to an ECM-based scaffold.  
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Figure 3. Three-day old myotubes on glass and directional topography PDMS have different 

fibronectin and laminin deposition over a period of two days. a. Micrographs of three-day-old and 

five-day-old myotubes showing their fibronectin expression on two different substrates: glass and 

directional topography (PDMS). Blue is DAPI, EGFP correspond to myotubes, and red is fibronectin 

expression. b. Micrographs of three-day-old and five-day-old myotubes showing their laminin 

expression on two different substrates: glass and directional topography (PDMS). Blue is DAPI, EGFP 

correspond to myotubes, and red is laminin expression. c. Fibronectin deposition increased from 

three-day-old myotube to five-day old myotube on the glass substrate (33%) and on the directional 

topography PDMS (12 %). d. Laminin deposition increased from three-day-old myotube to five-day 

old myotube on the glass substrate (76%) whereas decreased from three-day-old myotube to five-day 

old myotube on the directional topography (15%).  

 

Future perspectives 
 

We identified that myotubes can provide ECM molecules in vitro that are influenced by the 

cell’s response to the material and topography. We need to translate our topographic 

system to a scaffold that resembles the native ECM more closely. The use of ECM-derived 

materials with topography should be a potential next step to consider. Therefore, for tissue 

engineering purposes, our system provides aligned myotubes that produce enough ECM 

molecules to sustain ECs. However, we want to provide an extra boost to compensate for 
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the lack of fibronectin to encourage EC sprouting network formation. This extra boost could 

be supplied by adding ASCs or by using a coating derived from ECM of native skeletal 

muscle. Hydrogels derived from ECM could also support skeletal muscle formation by 

providing the translation of the directional topography to a suitable material as presented 

by Zhou et al. with the translation of the directional topography into poly (2-hydroxyethyl 

methacrylate) pHEMA by imprinting lithography [14]. In addition, when using the PDMS 

surface, we need to make our system suitable for controlled detaching of cultured cell layers 

in order to cell-stack layers of pre-vascularized skeletal muscle. It is essential to promote 

neuromuscular junctions. Implementing “exercise” into the system with mechanical and 

electrophysiological impulses would further enhance the skeletal muscle formation.  

Regarding the ECs’ response to directional topography and flat substrates, topography 

could be used as a boundary condition for the control of the aggregates (organoids). 

Organoid vascularization in vitro could be achieved with the mixed topography created in 

chapter 3. One of the main drawbacks of organoids is the lack of control in the aggregate 

formation leading to different sizes and architectures [15]. Organoids rely on the self-

instructive nature of cells produced by different growth factors and the environment 

provided by animal-product ECM such as collagens and Matrigel. Initial cell density and 

geometry where cells are cultured become important to try to define the self-assembly 

dimensions [15]. As a result, the shape and geometries of the organoids lack reproducibility. 

Therefore, this system could be used as a new aggregation technique using a 2D system and 

a novel way to control the vascularization processes of organoids.  

The topography gradient technology allows the study of the different cellular responses to 

topotactic cues. As shown in this thesis, topographic cue responses depend on cell type. 

Thus, the use of high‐throughput cell screening directional topography [16] can be used as 

a system for characterizing cells’ (from distinct parts of the body) responses to different 

topographies. Compiling information of various cells’ topographical responses could help to 

build a library of how topography influences cell types according to their native tissue 

morphology. Thus, topographical information of each cell microenvironment of our body 

could be used to personalize the design of substrates for tissue engineering and 

regenerative medicine.  

 

Concluding remarks 
 

In this thesis we considered a range of directional topographic features to evaluate the 

response to alignment and study differentiation of human myoblasts and ECs in prelude to 

engineering pre-vascularized skeletal muscle. Our main finding is that topography-guided 
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myoblast fusion and differentiation affected the cells’ ECM composition. Additionally, 

human pulmonary microvascular cells are greatly affected by topography, where distinct 

responses are visible due to micron-sized topography vs. flat/nano topography. We found 

that topotactic cues trigger a plethora of cellular behaviors that need to be further 

investigated since these vary among different cell types and origin.  

In conclusion, our findings elucidate the importance of topography for the development of 

in vitro tissues. Topography was shown to overrule chemical triggers, making topotactic 

cues lead the response of endothelial cells and myoblasts in our system, but that does not 

automatically mean that it is always the case. However, topography-mediated stimuli 

clearly affect cellular response with highly unexpected but interesting behaviors which need 

to be carefully considered in more detail when striving for complex tissue formation or the 

study of cellular responses.  
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Muscle loss or impairment may result from trauma or conditions such as facial palsy. 

Solutions available to compensate this loss of tissue include revision surgery, which is 

autografting of a patient’s own muscle (flap transplant). However, an ideal solution is to 

provide a newly formed functional muscle, thereby omitting the need to take healthy tissue 

from the patient. The technology that allows the construction of this newly formed 

engineered muscle is called tissue engineering. Tissue engineering consists of providing a 

scaffold for cells to build a new tissue. Scaffolds provide structural support as well as 

architecture for the tissue generation. The (bio)chemical composition and physical nature 

of scaffolds dictate cell behavior. A major part of their physical nature comprises the surface 

characteristics which include topography, which is investigated in this thesis. Scaffolds are 

made using different materials – natural, synthetic, or a combination of these. Ideally, using 

the patient’s own cells will avoid immunological rejection of the implanted tissue construct.  

Engineering a specific tissue requires mimicking the appropriate morphology of the 

targeted body part to establish the correct properties and function related to this tissue. In 

the case of skeletal muscle tissue, it is necessary to acknowledge its shape/geometry and 

components. Skeletal muscle consists of parallelly (linearly) aligned myofibers surrounded 

by vessels and held together by the architecture and topography of the extracellular matrix 

(ECM) The ECM is a supportive scaffold for cells because it regulates cellular proliferation 

and growth, differentiation, migration, maturation, and homeostasis. Surrounding the cells 

is the thin basal membrane, composed of collagen IV, laminin, and proteoglycans. Beyond 

the basal membrane is the interstitial matrix comprising fibrillar proteins such as collagen 

type I and III that yield strength, and which are embedded in a water-retaining gel of 

negatively charged polysaccharides (glycosaminoglycans and proteoglycans). This gel also 

binds regulatory growth factors essential for muscle homeostasis and function.  

Alignment of cells is possible using linearly aligned topography. Cells sense topography and 

guide their cytoskeleton to follow the shape on the substrate. Sinusoidal topographical 

substrates can be generated using shielded surface oxidation with air plasma. The shielding 

surface oxidation allows the creation of topography gradients with variability of wavelength 

and amplitude within the same substrate. Our group has been using this topographical 

system and has shown that directional gradients are versatile screening platforms that can 

be used to determine the alignment response of different cell types. In this thesis we 

describe the implementation of this topographical system to engineer skeletal muscle.  

In chapter 2 we investigated the optimum alignment of human myoblasts (muscle stem 

cells) and hypothesized that myoblasts have a preferred directional topography to 

proliferate, fuse, and mature to myotubes. We used a directional topographical gradient 

using polydimethylsiloxane-based (PDMS) substrate containing an aligned topography 

gradient with sinusoidal features ranging from wavelength (λ) = 1520 nm and amplitude (A) 
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=  176 nm to λ = 9934 nm and A = 2168 nm. As a result of the alignment, the human myoblast 

differentiated and contracted spontaneously irrespective of topography size. Besides, the 

myotubes formed resembled the native muscle by organizing their nuclei to the periphery 

and having an average diameter of 66 ± 59 µm. In addition, we observed that the 

differentiation process was inhibited or delayed by the smallest topography in our gradient 

or by flat surfaces. Thus, choosing the optimal surface topography proved essential for 

efficient alignment and differentiation of muscle stem cells. This chapter revealed the 

importance of alignment for myotube functionality.  

Skeletal muscle tissue has surrounding vessels. In fact, the microvascular network is 

extensively branched to support every myotube with no less than four capillaries for 

efficient exchange of gases, nutrients, and waste products. Therefore, it was necessary to 

evaluate endothelial cell alignment and sprouting in our topographical system to pursue the 

vascularization of our aligned myotubes. In Chapter 3, the endothelial cell alignment and 

sprouting response to different topographical features is described. We speculated that a 

variety of topographies influence sprouting network formation and alignment of 

endothelial cells and we found that indeed topography is a major trigger for this type of cell. 

Endothelial cells aligned on micron-sized topography (wavelengths ranging from 4.8 µm to 

9.9 µm and amplitudes ranging from 1015 nm to 2169 nm) while nano-sized topography 

and flat PDMS surfaces caused endothelial cells to create sprouting networks that formed 

aggregates. We observed that these aggregates were able to migrate and disintegrate into 

single cells upon contact with the larger directional topography. In addition, endothelial cell 

sprouting networks were stabilized on an instructive adipose tissue-derived stromal cell 

(ASC) monolayer. In earlier research, we showed that ASC monolayers act to support 

vascular networks. 

After determining the influence of the topographical features in both cell types – myoblasts 

and endothelial cells – it was pertinent to combine both cell types in our system to target 

pre-vascularized skeletal muscle tissue. Thus, in chapter 4 we evaluated the sprouting 

capabilities of endothelial cells on top of aligned myotubes in the topography. As a result, 

we demonstrated that the aligned myotubes produced a network of collagen fibers and 

laminin that supported the early stages of endothelial sprouting.  

Chapter 5 provides a discussion about our findings: that human myoblast proliferation, 

fusion, and differentiation take place within the topographic parameters we evaluated 

irrespective of their size. However, there is a preference for larger features because the 

small ones caused detachment. Additionally, we showed that topography and topography-

aligned differentiated myoblasts – myotubes – can trigger capillary network formation but 

require accessory cells such as pericytes (ASC) to complete the vascularization process in 

vitro for muscle engineering. In conclusion, our results explain how topography plays a 

significant role in the development of in vitro tissues. Topography overruled chemical 
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triggers by leading the response of endothelial cells and myoblasts in our system.  However, 

further research on these responses is needed, as they vary between cell types and origin. 
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Verlies van spier of spierfunctie kan voortkomen vanuit trauma of aandoeningen zoals 

gelaatsverlamming. De huidige oplossingen om dit verlies te compenseren zijn bijvoorbeeld 

revisie chirurgie waarbij een gezonde spier van de patiënt elders uit het lichaam wordt 

gebruikt om functie te herstellen. Echter, dit is niet ideale oplossing, beter zou zijn om 

nieuwe functionele spier te maken zodat er geen gezond weefsel gebruikt hoeft te worden. 

De technologische strategie die het mogelijk maakt nieuw spier te ontwikkelen is tissue 

engineering (letterlijk: weefselbouw). Tissue engineering bestaat uit het instrueren van 

cellen met behulp van onder andere materialen die fungeren als basisconstructie, de steiger 

dan wel stellage. De steiger zorgt voor stevigheid en vorm van het weefsel. Daarnaast zijn 

de (bio)chemische eigenschappen van groot belang en de fysisch-chemische eigenschappen 

van de steiger om de cellen te kunnen dirigeren. Een belangrijke eigenschap van de steiger 

is de oppervlaktestructuur waarmee de cellen in aanraking komen. Dit wordt onderzocht in 

dit proefschrift. De steigers die gebruikt worden voor tissue engineering worden gemaakt 

uit verschillende natuurlijke of synthetische materialen of een combinatie hiervan. Idealiter 

worden cellen gebruikt van de patiënt waarvoor het weefsel gemaakt wordt zodat  afstoting 

van het weefsel wordt voorkomen. 

Het vervaardigen van een specifiek weefsel vereist dat de morfologie van dat weefsel zo 

goed mogelijk wordt nagebootst opdat de weefseleigenschappen en functie zo 

natuurgetrouw mogelijk laten zijn. In het geval van skeletspier is het nodig de interne 

structuur en componenten in acht te nemen. Skeletspier bestaat uit parallel georiënteerde 

langwerpige multikernige cellen (myofibers) die omgeven zijn door bloedvaten en worden 

bijeengehouden door het extracellulaire matrix. De extracellulaire matrix is de 

ondersteunende steiger, die naast vorm (architectuur) ook cellen instrueert met betrekking 

tot deling, groei, differentiatie, migratie, ontwikkeling en homeostase. Rondom de cellen is 

een dun membraan (basaalmembraan) aanwezig bestaande uit collageen IV, laminine en 

proteoglycanen. Voorbij het basaalmembraan zit het interstitium, een tussenmatrix, 

bestaande uit eiwitfibers van o.m. collageen I en III die zorgen voor de sterkte. De matrix 

bevindt zich in een sterk gehydrateerde gel substantie bestaande uit negatief geladen 

polysaccharides (glycosaminoglycanen en proteoglycanen). Deze gel bindt regulerende 

groeifactoren die essentieel zijn voor skeletspier homeostase en functie. 

De uitlijning van cellen is mogelijk door gebruik te maken van topografie die lineair is 

uitgelijnd. Cellen voelen deze topografie en geeft de cellen de instructie om het cytoskelet 

de topografie te laten volgen. De uitgelijnde sinusvormige topografie kan worden 

gegenereerd door het oppervlak te oxideren lucht plasma . Door gebruik te maken van een 

lokale afscherming voor oxidatie kan een gradiënt worden gemaakt van de topografie waar 

de golflengte en amplitude van de sinusvormige topografie geleidelijk varieert over het 

oppervlak. Onze groep heeft dit systeem al veelvuldig gebruikt en heeft laten zien dat de 

uitgelijnde topografie gradiënten een krachtige manier is om uitlijning te bepalen en te 
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bewerkstelligen van verschillende type cellen. In dit proefschrift beschrijven de toepassing 

van de structuren op het vervaardigen van skeletspier. 

In hoofdstuk 2 is de optimale uitlijning van humane myoblasten onderzocht en de 

hypothese die getoetst werd was dat myoblasten een voorkeur hebben voor een specifiek 

uitgelijnde topografie om te delen, fuseren en ontwikkelen tot myotubes. Hiervoor is de 

topografie gradiënt gebruikt op basis van een siliconen substraat (polydimethylsiloxaan, 

PDMS) waarbij de uitgelijnde topografie met sinusstructuur aan het oppervlak gaandeweg 

verandert van golflengte (λ) = 1,520 nm en amplitude (A) = 176 nm tot λ =  9,934 nm en A = 

2,168 nm. We toonden aan dat humane myoblasten differentiëren en spontaan 

contraheren, onafhankelijk van de aangeboden sinusvormige topografie dimensies. De 

gevormde myotubes leken sterk op de weefselstructuur van natuurlijk skeletspier met hun 

kernen in een perifere positie. De myotubes hadden een gemiddelde diameter van 66 ± 59 

µm. Tevens observeerden we dat het differentiatieproces vertraagd werd door de kleinere 

topografieën dan wel door de afwezigheid van de uitgelijnde topografieën (vlak). Het kiezen 

van een optimale oppervlaktestructuur (topografie) blijkt essentieel voor efficiënte 

uitlijning en differentiatie van de spier stamcellen. Dit hoofdstuk geeft aan hoe belangrijk 

de uitlijning is voor de myotube functionaliteit. 

Rondom skeletspierweefsel cellen bevinden zich bloedvaten. Het netwerk van 

microbloedvaten is een zeer vertakt netwerk om iedere myotube te ondersteunen met 

tenminste vier capillairen om efficiënte uitwisseling van gassen, voedingsstoffen en 

afvalstoffen mogelijk te maken. Daarom was het nodig om ook de effecten van de 

topografie op endotheelcellen te onderzoeken en de uitlijning hiervan dan wel het vormen 

van beginnende vaatstructuren in kaart te brengen om zo een stap richting gevasculariseerd 

spierweefsel te zetten. In hoofdstuk 3 is de endotheelcel uitlijning en vaatvorming als 

reactie op de topografieën uiteengezet. We speculeerden dat verschillende topografieën 

invloed zou hebben op de uitlijning en vaatvorming van de endotheelcellen en vonden dat 

dit inderdaad een zeer sterke stimulus is voor dit celtype. Endotheelcellen lijnden uit op 

siliconen microtopografieën (golflengtes van 4.8 µm tot 9.9 µm en amplitudes van 1015 nm 

tot 2169 nm) terwijl op nanotopografieën en vlakke siliconensubstraten de endotheelcellen 

beginnende netwerkstructuren en aggregaten vormden. Deze aggregaten migreerden en 

bij de overgang van vlak naar microfotografieën vielen deze aggregaten uit elkaar. Tevens 

hebben we laten zien dat op deze oppervlakken de netwerkvorming van endotheelcellen 

gestabiliseerd wordt door de aanwezigheid van een instructieve cellaag bestaande uit 

stromale cellen (ASC) uit vetweefsel. Uit eerder werk was ook gebleken dat de aanwezigheid 

van ASCs een positief effect hadden op het vormen van vasculaire netwerken. 

Na het onderzoeken van de invloeden van de topografieën op beide celtypen – myoblasten 

en endotheelcellen – was het belangrijk om de cellen te combineren en te proberen om een 

gevasculariseerd skeletspierweefsel te genereren. In hoofdstuk 4 hebben we het 

vascularisatieproces vanuit endotheelcellen geëvalueerd bovenop en tezamen met 
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uitgelijnde myotubes op de topografieën. Het resultaat is dat de uitgelijnde myotubes een 

netwerk van collageen en laminine fibers produceren die de vroege vasculaire 

netwerkvorming vanuit endotheelcellen ondersteund. 

Hoofdstuk 5 geeft de discussie weer over onze bevindingen dat humane myoblast celdeling, 

fusie en differentiatie plaatsvindt op de topografieën die we hebben onderzocht en dat dit 

gebeurt ongeacht de topografiedimensies. Hoewel alle topografieën de ontwikkeling 

stimuleerden, bestond er een voorkeur voor microstructuren omdat celaanhechting op 

nanostructuren minder stabiel was. Verder hebben we laten zien dat topografie en 

topografie-gestructureerde myoblasten – myotubes – capillairvorming kunnen sturen maar 

dat hiervoor hulpcellen voor nodig zijn zoals pericyten (ASC) om het vascularisatieproces 

volledig te maken in vervaardigd skeletspierweefsel. In conclusie, onze resultaten 

illustreren het grote belang van topografie op de ontwikkeling van in vitro vervaardigde 

weefsels. Topografie geeft een sterkere stimulans dan chemische stimulatie en topografie 

bleef leidend in de reactie van endotheelcellen en myoblasten. Verder onderzoek zal 

moeten uitwijzen hoe sterk de invloeden daadwerkelijk zijn omdat dit sterk kan variëren 

tussen celtypes maar ook de bron van de cellen. 
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