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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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