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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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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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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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