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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. 
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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). 



Topography-mediated myotube and endothelial alignment, differentiation, and extracellular matrix 
organization for skeletal muscle engineering. 

98 

 

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 

 

 

 

 



General Discussion 

124 

 

  


	Chapter 4



