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Abstract 

Inter-individual variability in muscle responses to mechanical stress during exercise is poorly 

understood. Therefore, new cell culture scaffolds are needed to gain deeper insights into the 

cellular mechanisms underlying the influence of mechanical stress on human myogenic 

progenitor cells behavior. To this end, we propose the first in vitro model involving uniaxial 

mechanical stress applied to aligned human primary muscle-derived cells, employing a 

biocompatible organic-inorganic photostructurable hybrid material (OIPHM) covalently 

attached to a stretchable PDMS support. Using a laser printing technique with an additive 

photolithographic process, we optimally micropatterned the PDMS support to create 

longitudinal microgrooves, achieving well-aligned muscle fibers without significantly 

affecting their diameter. This support was biofunctionalized with peptide sequences from the 

ECM, which interact with cellular adhesion receptors and prevent myotube detachment 

induced by stretching. X-ray photoelectron spectroscopy (XPS) of biofunctionalized PDMS 

with RGD-derived peptide deposition revealed a significant increase in nitrogen compared to 

silicon, associated with the presence of a 380 nm thick layer measured by atomic force 

microscopy (AFM). Upon cell culture, we observed that functionalization with an RGD 

peptide had a beneficial impact on cell fusion rate and myotube area compared to bare PDMS. 

At the initiation of the stretching protocol, we observed a three-fold rapid and transient 

increase in RNA expression for the mechanosensitive ion channel protein piezo and a 

decrease in the ratio of nuclei expressing myogenin relative to the total nuclei count (43 ± 

16% vs. 6 ± 6%, p < 0.01). Compared to day 0 of differentiation, stretching the myotubes 

induced MHC and Titin colocalization (0.66 ± 0.13 vs. 0.93 ± 0.05, p < 0.01), favoring 

sarcomere organization and maturation. In this study, we propose and validate an optimized 

protocol for culturing human primary muscle-derived cells, allowing standardized uniaxial 

mechanical stress with a biocompatible OIPHM covalently linked to PDMS biofunctionalized 

with an ECM-derived peptide, to better characterize the behavior of myogenic progenitor cells 

under mechanical stress in future studies.  

 

 

 

 

  



Introduction 
 

 

Many pathological conditions (e.g., myopathies, cancer, diabetes) and non-pathological 

conditions (e.g., sedentary lifestyle, bed rest, immobilization, space flight) lead to a loss of 

muscle mass and consequent reduction in functional capacity and life expectancy.1,2 Regular 

physical activity remains the most effective preventive measure,3 with mechanical stimuli 

induced by exercise being essential for maintaining skeletal muscle balance.4 Indeed, 

stretching protocols on muscle fiber cultures, mimicking in vitro the physiological conditions 

experienced during exercise, promote maturation and contractile function.5–7 However, there 

is significant variability in how individuals' muscles respond to exercise training and the 

cellular mechanisms underlying this variability are poorly understood. To specifically 

evaluate the myogenic progenitor response to mechanical stress induced by exercise it is 

necessary to develop new scaffolds for cell culture that allow fine-tuned, homogeneous 

stretching of aligned human myotubes, derived from skeletal muscle biopsies. 

 

Indeed, when myotubes are cultivated directly on bare surfaces, as is usually the case on Petri 

dishes, they tend to arrange randomly, leading to varying mechanical stress levels across 

different fibers. This causes random cell fusions that can result in aberrant proliferation and 

differentiation. 

 

Considering that myotube alignment in culture leads to more advanced fiber 

differentiation,8,9 several techniques, including hydrogel anchoring,10,11 3D 

bioprinting,12,13 microcontact printing14,15 or electrospinning,16,17 have been developed to 

achieve aligned myotubes.  

 

 

Thanks to these advancements, organs-on-chips have become promising alternatives to 

traditional two dimensional (2D) cell or animal model for biological research or drug 

screening.18 Furthermore, for treating functional tissue loss, the musculoskeletal system or 

liver are considered potential candidates for exogenous vascularized muscle or liver-on-chip 

transplantation.19–21 

 

In regard to muscle applications, while these techniques have demonstrated efficacy in 

obtaining aligned muscle fibers, none is sufficiently expandable to withstand the range of 

tension necessary for mechanistic research purposes to model in vitro mechanical stretching 

induced by exercise.22 Indeed, during exercise, the variations in stretch imposed on a muscle 

fiber can range from simple stimulation beneficial for muscle growth to the induction of 

lesions with higher tension ranges, as observed, for example, in athletes with exercise-induced 

damage.23 

 

Polydimethylsiloxane (PDMS), also known as silicone, exhibits interesting mechanical 

properties for stretching myotubes in cell culture and commercial devices specifically 

designed for stretching muscle fibers in culture use it. However, PDMS must be micro-

patterned to force cultured myogenic progenitors to differentiate along a longitudinal axis. 

The surface geometry of PDMS can be modified using micro molding,24 laser ablation,25 or 

micro-wrinkling.26 

 

 

 



However, micro-wrinkling is poorly reproducible, and the laser ablation process is complex to 

master. Even though the use of micro-molding27–29 is largely preferred, it requires repeated 

master mold fabrication for each new geometry. Therefore, we are always reliant on 

manufacturing technologies that are expensive due to the necessity of creating a master mold, 

and unsuitable for rapid prototyping. 

 

This last point is very important, and our objective is to propose a new tool that easily allows 

the modification of mechanical stress input and the guidance of muscle fibers, facilitating the 

comparison, even simultaneously, of responses to a range of mechanical constraints in human 

primary myoblast-derived myotubes. Additionally, replication problems necessarily arise over 

time due to master wear. 

 

A promising alternative considered in our study is laser printing using an additive 

photolithographic process, requiring the deposit of a photostructurable polymer such as SU-8 

resin on PDMS. SU-8 resin is commonly used in many biomedical applications, including 

scaffolds for cell culture and cell encapsulation.30,31 However, SU-8 has poor adhesion on 

PDMS, even after oxidation with O2 or air plasma, resulting in a high risk of detachment 

when stretching.32 

 

Considering that plasma processes generate hydrophilic Si–OH groups on the PDMS surface, 

we firstly hypothesized that preparing a biocompatible organic–inorganic photostructurable 

hybrid material (OIPHM) on plasma treated PDMS via the sol–gel process would 

significantly increase adhesion to PDMS through covalent siloxane bonds.33 

 

Hybrid materials have been extensively studied for several years, including for medical 

applications.34 There are primarily two processes for photocrosslinking the organic part of 

OIPHM: free radical or cationic photoinitiators. The first process typically uses methacrylates 

or acrylate groups. 

 

The main issue with free radicals, especially in coating processes, is the inhibition caused by 

the presence of oxygen. Consequently, the polymerization process is incomplete, and the final 

properties are not maximized.35 

 

Moreover, despite the presence of the inorganic part, low adherence on silicon and silica has 

been reported.36 For several years, we have developed a synthesis based on a new generation 

of organic–inorganic materials, where the organic part is photopolymerized using a cationic 

method, which is known to be insensitive to oxygen.33,37 Epoxy groups are good candidates 

because of their low shrinkage during polymerization and their good adherence to various 

substrates.38 We chose 2-(3,4- epoxycyclohexylethyltrimethoxysilane) (EETMOS) due to its 

very high reactivity and high conversion rate.39 

 

The primary benefit of this technique lies in its capacity to generate diverse patterns with 

varying widths and heights of the microgrooves, facilitating the identification of optimal 

dimensions to obtain perfectly aligned and well differentiated muscles fibers. Indeed, the 

specific attributes of micropatterning that enable the cultivation of well-aligned muscle fibers 

without notably influencing their diameter remain unidentified. 

 

Additionally, even micropatterned, PDMS must also be biofunctionalized to enhance cell 

adherence. Oxidizing the surface using O2 or air plasma is unsatisfactory due to its reversible 

nature after a brief period,40,41 leading to potential cell or myotube detachment during 



stretching protocols. Hydrogel coating is commonly used to biofunctionalize PDMS,42 but 

despite covalent binding with O2 plasma pretreatment, adhesion is variable, with poor 

mechanical stress transmission to muscle fibers in the hydrogel. 

 

In this study, we propose covalent binding of a peptide from the ECM, interacting with 

cellular adhesion receptors, such as sequences like RGD or YIGSR43,44 or IKVAV,45 as a 

promising alternative. Considering the successful use of these peptides in various cells,46,47 

we hypothesize that a micropatterned PDMS biofunctionalized with RGD sequences will 

enhance myoblast adhesion, ensuring optimal adherence of myotubes during stretch protocols. 

This scaffold could optimally evaluate the stretch-induced behaviors of myogenic progenitors. 

 

Thus, the first objective of the present study is to propose, for the first time to our knowledge, 

a micro-patterning technique and bio functionalization of PDMS surfaces based on UV 

additive photolithography of hybrid precursor EETMOS (2-(3,4-

epoxycyclohexylethyltrimethoxysilane)) followed by the deposition of a hybrid RGD-derived 

peptide. 

 

Considering that the height and width of the guide grooves can be easily modulated with this 

technique, our second objective is to determine the optimal dimensions to generate well-

differentiated and aligned myotubes derived from human primary muscle cells. Finally, the 

last objective of this study is to propose the first in vitro model involving uniaxial mechanical 

stress applied to human primary muscle-derived cells, employing biocompatible organic– 

inorganic photostructurable hybrid material (OIPHM). The specificity of our model would be, 

for future studies focused on the behavior of myogenic progenitors induced by mechanical 

stress, to be able to apply a wide range of tensions enabling the modeling of mechanical 

stretching induced by exercise, ranging from simple beneficial stimulation for muscle growth 

to the induction of pathological lesion processes. 

 

 

Materials & methods 
 

 

Extendable scaffold for cell culture 

 

 

EETMol sol synthesis. [2-(3,4-Epoxycyclohexylethyltrimethoxysilane)] (EETMOS) and 1 

methoxy-2-propanol (Dowanol®) were purchased from Sigma-Aldrich. Hydrochloric acid 

(0.1 N) was purchased from Honeywell International Inc. Omnirad CPTX and Omnicat 

250 were purchased from IGM resins. The sol synthesis protocol is described in a patent48 

and a previous study.33 Briefly, EETMOS was mixed in 99% pure ethanol (0.8 m/m of 

EETMOS). A 1/10 EETMOS/water molar ratio was used to initiate the hydrolysis reaction. A 

0.1 N aqueous hydrochloric acid solution was added dropwise into the EETMOS/ethanol 

solution under acidic conditions to favor hydrolysis over condensation. The solution was 

closed and stirred for 4 hours at 60 °C. This solution was then concentrated at 60 °C using a 

rotavapor, gradually reducing the pressure to reach a 75% wt concentration. This step serves 

two objectives: (1) to eliminate residual water that could interfere with epoxy polymerization 

and (2) to increase viscosity for achieving the desired deposit thickness on the silicon 

membranes. 

 

 



In parallel, Omnirad CPTX and Omnicat 250 were solubilized in Dowanol® to reach a 1.5% 

w/w and 5% w/w ratio with EETMOS, respectively. Omnirad CPTX, a thioxanthone 

derivative, has a peak absorption at 375 nm and produces a radical compound upon excitation, 

which activates Omnicat 250, a cationic photoinitiator. This combination is necessary because 

Omnicat 250 absorbs light most effectively at 250 nm, not aligning with the UV laser used in 

our process. The solution was stirred in an ultrasound bath for 30 minutes at 50 °C, then 

stirred for 4 hours. Post sol concentration, 30% wt of this solution was mixed with Dowanol® 

(35% w/w with EETMOS) to obtain a yellow viscous mixture. This sol (EETMol) can be 

stored at −15 °C for several weeks. 

 

Plasma activation and film deposition 

 

Silicone bare membranes were obtained from Flexel International (Burlington, NC, USA). 

They were treated with a Diener electronic plasma system using 100% oxygen flow at 0.6 

mbar, a 13.56 MHz excitation frequency, and a power of 80 W for 3 minutes. The silicone 

membrane was homogeneously covered with EETMol using a spin coater from Suss 

Microtech, rotating at 3250 rpm for 20 seconds (acceleration 1000 rpm s−1, deceleration 500 

rpm s−1). This setting was optimized to obtain an 8–10 μm thick film, hypothesizing that such 

microstructure thickness could guide myotube development without restraining their 

transverse diameter. Indeed, Xu et al.49 previously showed that even a 400 nm deep 

nanostructure is sufficient to align myotubes. The film was then pre-baked for 5 minutes at 50 

°C. 

 

Micropatterning and microscopic characterization 

 

To rapidly optimize micropatterning geometry, a maskless photolithographic process using 

laser writing technology was chosen. The Dilase 650 (KLOÉ France) equipped with a 375nm 

laser with 100 mW max intensity (spot diameter: 2 μm) was used. A network of parallel lines 

with the desired width and spacing was sketched using KLOÉ SA software. After the drawing 

process, the substrates underwent a “post-exposure bake” for 15 minutes at 80 °C to promote 

epoxy polymerization and crosslinking of the insolated resin parts. The membranes were then 

washed in an isopropanol bath, dissolving the non-polymerized areas and revealing the 

parallel microgrooves. Finally, the microstructured membranes were heated at 130 °C for 3 

hours to improve adhesion and complete polymerizations of the organic and inorganic parts of 

EETMol. These microstructured membranes can be stored at room temperature indefinitely. 

The samples were observed with a VHX 7000 digital microscope (Keyence) to verify that the 

height, spacing, and width of the microgrooves met expectations. Mechanical properties were 

obtained using an ultra-nanoindenter system (UNHT from Anton Paar) on 10 measurements. 

The mean Young's Modulus value is 5.27 ± 0.03 GPa and the mean Hardness value is 324 ± 2 

MPa with 95% confidence (Student's t-distribution). 

 

Biofunctionalization with silylated peptides 

 
The syntheses of bis-silylated RGD and RAD peptides were carried out following a methodology 

previously described by our group,50 detailed in ESI† (Fig. C and Materials and methods). Briefly, 

peptides were synthesized via standard solid-phase peptide synthesis (SPPS) using the Fmoc/tBu 

strategy on a 2Cl chlorotrityl PS resin. After cleavage with a trifluoroacetic acid (TFA) cocktail, the 

primary amine group of the N-terminus and the primary amine of the C-terminal lysine side chain of 

each peptide were reacted with isocyanatopropyl triethoxysilane (ICPTES) in dimethylformamide 

(DMF) in the presence of diisopropylethylamine (DIEA). Notably, using one equivalent of ICPTES 

per amino function allowed selective reaction with the primary amine, leaving the serine alcohol side 



chain unreacted. Hybrid peptides were isolated by precipitation in diethyl ether and stored under 

vacuum. The peptides were weighed and solubilized in a 1% aqueous solution of TFA/ ethanol (15/85) 

to obtain concentrations of 1, 10, and 20 mg mL−1 (0.97, 9.7, and 19.3 mmol L−1, respectively). The 

silicone membranes (micropatterned or not) were activated by plasma treatment (100% O2; 0.6 mbar; 

13.56 Hz; 80 W; 1 min) to generate silanol groups on the surface. These groups reacted with the 

hybrid peptides, forming siloxane (Si–O–Si) covalent bonds during the dip-coating process (up and 

down speed of 5 cm min−1). The peptide-functionalized membranes were then left at 50 °C for 24 

hours to accelerate the condensation process between the hybrid peptides and the silicone. 

Noncovalently attached peptides were removed by washing in a water/ethanol solution (30/70). Due to 

the covalent nature of the grafting, these membranes were stable in air or in solution at neutral pH and 

could be stored for weeks.51 To verify the efficiency of the biofunctionalization process of our PDMS 

membranes with silylated peptides, X-ray photoelectron spectroscopy (XPS) and atomic force 

microscopy (AFM) analyses were performed. 

 

 

-XPS analysis. 

 

 XPS analyses were performed using a Thermo Fisher Alpha 110 photoelectron spectrometer, 

equipped with a non-monochromated AlKα radiation source (hν = 1486.6 eV) and a 300 W electron 

beam power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 90° 

under ultra-high vacuum conditions (≤10−9 mbar). Spectra were acquired with a 100 eV pass energy 

for the survey scan and a 20 eV pass energy for the C 1s, O 1s, S 2p, and N 1s regions. Binding 

energies were calibrated against the C 1s (C–C) binding energy at 284.8 eV, and element peak 

intensities were corrected by Scofield factors.52 The peak areas were determined after subtraction of a 

Shirley background. Spectra were fitted using Casa XPS v.2.3.15 software (Casa Software Ltd, U.K.) 

with a Gaussian/ Lorentzian ratio of 70/30. 

 

 

AFM analysis.  

 

The surface morphology of the biofunctionalized PDMS membranes was characterized using an 

atomic force microscope Step 700 (Anton Paar GmbH, Austria) operating in air under ambient 

conditions. Measurements were carried out in tapping mode on a scan area fixed at 20 μm × 20 μm. 

 

Primary cultures of human myoblasts.  

 

Quadriceps muscle biopsies were performed at the Centre Hospitalier Universitaire Montpellier on 

healthy adults (AFM-BTR “Banque de tissus pour la recherche”). Briefly, myoblasts from biopsies 

were purified following the protocol optimized in our laboratory53 and frozen until use. After an 

ethanol wash of the substrates, 105 cells were seeded on micropatterned membranes of varying sizes 

in DMEM/F12 (Dulbecco's modified Eagle medium/nutrient mixture F-12) with 10% fetal calf serum 

(FCS), 0.1% Ultroser G, and 0.1% human basic FGF (growth medium) at 37 °C in 95% humidified air 

with 5% CO2. After 3 days of proliferation, confluent myoblasts were cultured for differentiation in 

DMEM high glucose with 5% FCS for 4 days. A similar protocol was used on bare membranes to 

serve as a reference. 

 

 

Immunofluorescence.  

 

Myotubes obtained from primary cultures were fixed in 2% paraformaldehyde (Electron Microscopy 

Sciences, Ayguesvives, France) in PBS (phosphate buffer saline) and permeabilized with PBS + 

0.25% Triton X-100 at room temperature. Cells were then incubated with mouse monoclonal anti-

troponin T (1/200; Sigma-Aldrich) or mouse monoclonal anti-α-actinin (1 : 200; Sigma-Aldrich). 

Secondary antibody was goat anti-mouse Alexa Fluor® 647 (1 : 100; Thermo Fisher Scientific). 

Nuclei were revealed by DAPI staining. Images were taken with a Zeiss epifluorescence and LSM800 



confocal microscope and then analyzed with ImageJ software. DAPI and troponin-T-positive cells 

were analyzed using Fiji software to obtain the number of nuclei and the total myotube area per image, 

normalized to the total image area to compare all conditions. The fusion index was calculated as the 

ratio of the number of nuclei in troponin-T positive cells with ≥3 nuclei to the total number of nuclei. 

To measure the diameter of the myotubes, straight lines were drawn perpendicular to each myotube on 

troponin-T-positive cells. When a consistent difference in diameter was observed on one myotube, 

multiple lines were drawn to assess the mean diameter. For each myotube, the length of each line and 

its deviation from the longitudinal axis of the microstructures were also measured. 

 

 
 

 



Stretching protocol. 

 

 Primary human myoblasts were seeded on biofunctionalized microstructured PDMS membranes until 

confluence. The culture medium was changed to induce differentiation and, 2 days later, the 

membranes with the differentiated myotubes were meticulously transferred into the uniaxial MCT6 

stretching apparatus (CellScale, Waterloo, Canada). The stretching program consisted of a 1 hour 

stimulation followed by a 2 hour rest, repeated once per day for two days. The stretching amplitude 

was set at 0.2 mm, approximately 10% of the medium myotube length measured by 

immunofluorescence, and the frequency was set at 1 Hz. 

 

 

RNA expression.  

 

The impact of our stretch on myogenic progenitor cells differentiation was evaluated with RNA 

expression measurement for piezo, a protein related to mechanotransduction pathways, myogenic 

regulatory factors, and sarcomeric organization. For longitudinal analysis,  muscle fibers subjected to 

the stretching protocol were removed at 6 different time points and frozen in “RNA later” solution 

(Life Technologies). Results were compared with unstretched fibers. Tissues were then dissociated in 

RLT buffer using a fast prep homogenizer (MP Biomedicals). 

 

Reverse transcription reactions were performed on 500 ng total RNA using a reverse 

transcription Takara Kit (Takara Bio Europe), and real-time quantitative PCR was performed 

with the Lightcycler 480 II real-time PCR instrument (Roche). Primer pairs were generated 

using the NCBI primer design application and were designed to span an exon–exon junction. 

Forward and reverse primer sequences (presented in ESI† Materials and methods) were used 

at specific annealing temperatures. Data on gene expression were normalized according to 

RPLP0 housekeeping gene expression. 

 

 

Sarcomere protein organization assessment and colocalization.  

 

We evaluated the impact of our stretching protocol on sarcomere organization by 

immunofluorescence. Muscle fibers were stained with titin and MHC1 antibodies to assess the 

level of colocalization of these two main sarcomeric proteins with the Zeiss LSM 800. All cell 

conditions at different time points of the stretching protocol were observed with the same 

microscope settings (laser intensity, pinhole). We used the Coloc 2 module from Fiji, a plugin 

for colocalization analysis, which performs pixel intensity correlation methods of Pearson, 

Manders, Costes, Li, and more, for scatterplots, analysis, automatic thresholding, and 

statistical significance testing. The point spread function (PSF) was set at 3, and the 

randomization cost at 20. We used Spearman's rank correlation as a colocalization marker. 

For fluorescence intensity, we used the red, green, and blue (RGB) profiler from Fiji. 

 

 

Statistics.  

 

Statistical significance was determined using the t-Student test where p < 0.05 (*) was 

considered significant. Two-way ANOVA was used to compare kinetic RNA expression 

between stretched and unstretched groups. P < 0.05 (*) was considered significant, and each 

time point corresponded to an experiment repeated in duplicate. Error bars represent the 

standard deviation of the mean. A Kolmogorov–Smirnov test was performed for the analysis 

of myotube deviation from the mean orientation axis. 

 



 

Results & discussion 
 

 

Biocompatibility of EETMol micropatterns 

 

 

EETMol, which exhibits high adhesion to PDMS, appears to be a promising alternative to 

SU-8 for providing a structurable layer with UV additive photolithography. However, it has 

never been tested for cell culture. In the first step, as shown in ESI† Fig. A, we demonstrated 

that EETMol, compared to SU-8, is not cytotoxic for human primary cell cultures and has 

similar biocompatibility. The EETMol solution contains silanol groups (Si–OH) (Fig. 1A, left 

panel). When deposited, these groups allow both adhesion to the oxidized PDMS membrane, 

thanks to the formation of siloxane covalent bonds (Si–O–Si) through the sol–gel process 

(water condensation reaction), and an increase in the mechanical properties of the 

microstructures due to the mineral nature of the siloxane bond (Fig. 1A, right panel). 

Additionally, the 

 

EETMol solution contains epoxy rings (Fig. 1B, left panel). After deposition, these rings are 

locally polymerized under UV irradiation to form ether bonds and build microstructures (Fig. 

1A, right panel). EETMol microstructures on the PDMS membranes were imaged with a 

digital microscope. A 3D representation of the line network was obtained after topographical 

analysis by optical profilometry, as shown in Fig. 1B. The analysis confirmed the precision of 

the microstructures, although the curve shape showed small height variations between 8 to 

9.5μm. This variation was due to the film deposition, which was not always entirely 

homogeneous across the whole area of the membrane. 

 

Interestingly, we observed with confocal microscopy, as shown in Fig. 1C and D, that the 

myotubes expanded horizontally, following the longitudinal axis of the microstructure. They 

attached to the wall rather than remaining centrally within the grooves. This “edge effect”, 

previously described,54 could be attributed to the presence of adhesion sites that mimic the 

microenvironment observed in vivo. Indeed, extracellular matrices that interact with 

myogenic progenitors produce patterns of mechanical constraint, forcing them to proliferate 

and differentiate in regions of concentrated growth along the longitudinal axis.55 Before any 

stretching protocol, we also observed the presence of α-actinin staining, which indicates the 

initiation of maturation marked by the presence of striated myotubes (Fig. 1C). 

 

 

Influence of the grooves spacing and height on cell fusion rate, myotube diameter, and 

alignment 

 

It is widely acknowledged that surface topography significantly influences myotube 

differentiation and alignment.8,9 Therefore, our aim was to determine the optimal dimensions 

for micropatterns to achieve a 2D culture of myotubes that are aligned and tightly organized 

along a single axis, resembling the in vivo configuration. To achieve this goal, we modified 

the microstructure pattern with photolithography to create four samples with varying spacing 

between the micropattern edges: 25 μm, 50 μm, 75μm, and 100 μm, while maintaining a 

height of 8 μm. These dimensions were chosen based on the average diameter of myotubes 

obtained in vitro from muscle biopsy.56 A fifth sample, consisting of a bare PDMS 

membrane, served as a negative control. All samples were coated with a 3 μm Matrigel® 



layer to facilitate myoblast adhesion to the scaffold. Myoblasts were seeded in each culture 

condition at a consistent density (refer to the methodology section). 

 

To validate the quality of muscle fiber alignment, we quantified the myotube mean orientation 

deviation as a function of micropattern spacing (Fig. 2). This outcome is illustrated in Fig. 2A, 

showing the presence of non-aligned myotubes up to 30° with 100 μm edge spacing compared 

to 50 μm spacing. As quantified in Fig. 2B, we observed an increase in non-aligned myotubes 

with increasing edge spacing. Interestingly, our results showed that the cell fusion rate and 

myotube area were proportional to the pattern spacing (Fig. 2C and D). 

 

 
 

After 3 days of cell differentiation, we compared the effect of the spacing on the cell fusion 

index (Fig. 3A), myotube area (Fig. 3B), and mean diameter (Fig. 3C). Compared to the bare 

PDMS membrane, we observed a statistically significant increase in the cell fusion index for 

all micropatterned supports, reaching the highest rate with a 25 μm spacing between the 

micropattern edges (52 ± 4% vs. 79 ± 2%, P < 0.05) (Fig. 3A). As shown in Fig. 3B, we 

obtained similar results regarding the myotube area, with almost three times higher values 

compared to control for 25 μm spacing (531 741 ± 69 580 vs. 1 372 138 ± 114 760 μm2, P < 

0.05). Moreover, we did not observe a statistical effect of micropattern height on myotube 

area, cell fusion index, or mean diameter (Fig. 3D and ESI† Fig. B). 

 

 



 

 
 

Our results indicate that micropatterning enhances both the cell fusion rate and myotube area, 

with a beneficial reduction in the distance between the edges of the micropatterns. This 

underscores the influence of topographic constraints on myotube differentiation, as previously 

observed.9,55 Mechanical inputs induced by reducing the distance between the edges are 

converted into signaling events that elicit biological responses through mechanically activated 

(MA) ion channels, which include a large family of ion channels.57 However, compared to 

the bare PDMS, except for the smallest spacing between the micropattern edges (25 μm), we 

observed that micropatterned supports have no effect on the mean diameter of myotubes. 

Indeed, for a spacing of 25 μm, corresponding to the highest level of topographic constraints, 

the mean myotube diameter was statistically lower compared to the bare PDMS (19.3 ± 0.7 

μm vs. 27.3 ± 2.8 μm, P < 0.05). Our results highlight the importance of an optimal balance 

between the mechanical inputs necessary to stimulate muscle fiber maturation and the 

necessary space between the microgrooves for fiber growth. 

 

Based on our results, a 25 μm spacing between the edges appears optimal for fiber 

differentiation. However, this small gap stimulates muscle fiber growth on the longitudinal 

axis at the expense of transverse diameter. Therefore, we propose a 75 μm spacing as an 

optimal balance between increasing the transverse myotube diameter while maintaining well-

aligned fibers along a single longitudinal axis. These results show for the first time, to our 

knowledge, that topographic constraints can induce mechanical inputs, guiding the alignment 

and maturation of human primary myoblast-derived myotubes. 

 

 

 

 

 



 

Biofunctionalization of the optimal micropatterned support for stretching protocol 

 

 

To avoid any myoblast-derived myotube detachment during the stretching protocol, 

biofunctionalization of the microstructured PDMS is necessary. To this end, we decided to 

covalently attach the RGD peptide sequence, present in the ECM,43 to our PDMS membrane 

to increase cell adhesion. A control peptide was synthesized where glycine from the RGD 

motif was replaced with alanine, preventing the recognition of the sequence by integrins. 

Functionalization of the microstructured PDMS with the RAD peptide served as a negative 

control in the biofunctionalization test. 

 

Triethoxysilane groups were introduced on the RGD or RAD sequence to allow the formation 

of siloxane bonds with the microstructured PDMS via the sol–gel process. We previously 

described the functionalization of biomaterials with a mono-silylated peptide sequence.50 

Here, we synthesized bis-silylated peptides to form a covalent 3D network on the PDMS 

surface (ESI† Fig. C). 

 

To verify the grafting of the peptides to the PDMS surface, XPS analyses were conducted on 

five distinct samples: bare PDMS, three samples functionalized with the RGD peptide at 

varying concentrations (1 mg mL−1, 10 mg mL−1, and 20 mg mL−1), and one sample with 

RAD peptide at 10 mg mL−1. As shown in ESI† Fig. D, in all five samples, the trio of carbon 

(C 1s), silicon (Si 2p), and oxygen (O 1s) characteristic of PDMS is present. Nitrogen (N 1s) 

appears only in the biofunctionalized samples. Interestingly, when the RGD peptide 

concentration exceeds 1 mg mL−1, the presence of nitrogen increases while that of silicon 

decreases, indicating the formation of a peptide layer. 

 

We measured the thickness of the RGD peptide coating on PDMS with AFM analysis. As 

shown in Fig. 4A, we observed a layer of 150 nm with a 10 mg mL−1 RGD peptide solution 

and a layer of 380 nm with 20 mg mL−1, in favor of a covalent 3D network on the PDMS 

surface with bis-silylated peptides. 

 

Finally, we evaluated the impact of PDMS biofunctionalization with RGD peptide at different 

concentrations on myogenic progenitor cells' behavior following 3 days of proliferation and 3 

days of differentiation, using the same methodology as previously described. As shown in 

Fig. 4B, compared to bare PDMS, the RGD peptide has a beneficial impact on cell fusion rate 

and myotube area, with an optimal effect at the highest peptide dose (20 mg mL−1). This 

result suggests a higher number of accessible adhesion sites on PDMS for the myotubes, 

resulting in more advanced differentiation. 

 

XPS and AFM analyses confirmed the functionalization of the PDMS with the bis-silylated 

RAD control peptide (ESI† Fig. D and E). However, as expected, the RAD peptide did not 

impact the differentiation of the myotubes (ESI† Fig. F), demonstrating that the beneficial 

effect observed with the RGD peptide is specific to the peptide sequence. 

 

To better evaluate the interest of adhesive peptides such as RGD, we compared the effect of 

four different culture conditions of myogenic progenitor cells (bare PDMS, microstructured 

bare PDMS, microstructured PDMS with RGD, and microstructured PDMS with RGD and 

Matrigel) following 3 days of proliferation and 3 days of differentiation on cell fusion index 

and myotube area. The results presented in ESI† Fig. G show that microstructuring by itself 



and coatings have a beneficial effect on myotube differentiation compared to bare PDMS. 

However, there was no significant difference between RGD and RGD + Matrigel on 

microstructured PDMS. These results indicate that RGD coating is as effective as Matrigel in 

promoting myotube maturation. 

 

Moreover, to test the stability of the coating over the time, we evaluated the effect of a 18 

month old PDMS coated with bisylated peptide on myotube differentiation in comparison to 

bare PDMS (Ctr). As showed in the Fig. H in ESI,† we found that the coating still favors cell 

attachment and myotube differentiation attested by a significant increase of cell fusion index, 

myotube area and nuclear number in coated PDMS condition. The RGD on the PDMS is 

therefore stable over time. 

 

 
 

 

Our results showed that matrigel could be successfully replaced by covalent binding of 

biopolymers or peptides from the ECM, which have the main advantage to interact with  

cellular adhesion receptors and prevent myotube detachment induced by stretching. 

Moreover, most in vitro cell cultures use coatings with collagen and Matrigel matrices derived 

from animals, particularly mice and rats. In addition to ethical concerns, the use of animal 

matrices does not allow for standardization of experiments (technical constraints) and is more 

susceptible to damage by stretching protocols. These synthetic alternatives could enhance cell 

adhesion to the support, resistance to stretching mimicking exercise, and repeatability of the 

experiments. 

 

 

 

 

 



 

 

 

Stretch-induced behaviors of human myogenic progenitors 

 

Mechanical stress promotes the proliferation, differentiation, and maturation of myogenic 

progenitors, allowing for the maintenance of skeletal muscle balance.4,5 Thus, we aimed to 

verify whether our in vivo model of unidirectional mechanical stress would result in aligned 

and well differentiated human myotubes. The first step was to establish a well-defined 

mechanical stimulation protocol regarding the stretching amplitude of the muscle fiber as a 

percentage of its initial length, duration, and timing of initiation. Each of these parameters has 

been independently investigated in previous studies and has demonstrated an influence on 

myotube differentiation.58,59 However, in vitro mechanical stress protocols to enhance 

myotube maturation are not standardized, and none have been evaluated on human aligned 

myotubes so far. The protocol consisted of two stretching cycles initiated 48 h (J3) and 72 h 

(J4) after the differentiation period. Each cycle, lasting 4 hours, consisted of two periods of 

one-hour stretching separated by 2 hours without any stretch (Fig. 5A). This protocol resulted 

from several tests and adjustments (data not shown) to optimize the proliferation and 

differentiation of our human myogenic progenitors. The stretching amplitude was set at 

0.2mm, corresponding to 10–15% of the average myotube length, a range commonly used to 

induce myotube differentiation in numerous previous studies.5,6,58–67 

 

To confirm that myotubes experienced mechanical stress and responded accordingly, we 

monitored the impact of stretching by measuring RNA expression of piezo, a 

mechanosensitive protein on the cell membrane involved in transmitting mechanical stretch to 

induce cellular responses related to myogenic progenitor differentiation.57,68 Five specific 

time points were selected for analysis: the first at confluence (J1) when differentiation was 

induced, the second after 24 hours (J2), the third at J3, just after 1 hour of stretching (49 h 

time point), the fourth also at J3, just after the first stretching cycle (54 h time point), and the 

last at J4, after the second stretching cycle (79 h time point). Results were compared with 

unstretched controls. In line with previous observations,68,69 we observed a three-fold rapid 

and transient increase in myotube piezo RNA expression immediately after 1 hour of 



stretching (49 h time point), followed by a rapid decrease below the unstretched condition 

level at 54 h and 79 h time points (Fig. 5B). 

 

 
 

 



To verify whether our stretching model could activate human myotube differentiation, we 

evaluated, at 54 h, just after the first stretching cycle, compared to unstretched myotubes, the 

number of nuclei expressing MyoG, a crucial transcriptional myogenic regulatory factor for 

skeletal muscle determination and terminal differentiation,70 relative to the total nuclei count. 

We observed that stretched myotubes had a significantly lower ratio of nuclei expressing this 

transcription factor compared to total nuclei (6 ± 6% vs. 43 ± 16%, p < 0.01) (Fig. 5C and D), 

illustrating the termination of the differentiation program induced by mechanical stress, a 

process that occurred earlier than in the unstretched control group. 

 

To attest to the beneficial impact of our longitudinal stretching protocol on human myotube 

maturation at the protein level, we compared stretched myotubes stained with Titin and 

MHC1 antibodies after one cycle to unstretched conditions by immunofluorescence. As 

illustrated in Fig. 6A, the stretching condition showed improved sarcomere organization with 

well-defined striation, corroborating results from previous studies on murine myoblast cell 

lines.71,72 Sarcomere organization was characterized by quantifying MHC I and Titin 

expression along the longitudinal myotube axis (Fig. 6B). We observed a sinusoidal variation 

in the density of these two proteins, perfectly colocalized as expected in a mature sarcomere, 

an aspect not found without stretching. 

 
 

Conclusion 
 

Stretching techniques without the use of PDMS, such as hydrogels, 3D-bioprinting, or 

electrospinning, have already been developed to achieve aligned myotubes with advanced 

fiber differentiation. These approaches are considered potential exogenous muscle grafts for 

muscle loss treatment. 

 

However, for mechanistic research focused on muscular response to mechanical stress, these 

methods do not allow for the application of a sufficiently wide range of stretch intensity. 

Exercise-induced mechanical stress is a double edged sword. While it is crucial for obtaining 

well differentiated fibers, it can also adversely affect myoblast differentiation, leading to the 

suppression of gene expressions related to muscle transcription factors such as Myog and 

MyoD.66,73 In humans, there is significant interindividual variability in the muscular 

response to exercise induced damage, and substantial literature exists on polymorphisms of 

genes encoding key proteins in the muscle–tendon unit, which have implications for recovery 

from strenuous exercise, especially in elite athletes.23,74,75 Our tool could be useful for 

further research in this area. 

 

Indeed, in this study, we proposed an optimized protocol for human primary muscle-derived 

cells culture, enabling standardized uniaxial mechanical stress with a biocompatible organic–
inorganic photostructurable hybrid material (OIPHM). 

 

This new tool allows for easy modification of mechanical stress input and guidance of muscle 

fibers, facilitating the comparison, even simultaneously during the same observation, of 

responses to a range of mechanical constraints in human primary myoblast-derived myotubes 

without the need for expensive and time-consuming manufacturing technologies previously 

used,27–29 such as creating a master mold, which are unsuitable for rapid prototyping. 

 

 

 



With this approach were able to identify easily the most efficient dimensions of the PDMS 

microstructure regarding the height and width of the longitudinal guide grooves to generate 

well-differentiated and aligned human myotubes. PDMS, being a flexible and robust polymer, 

is perfectly suitable for modeling a variety of stretching protocols that reproduce 

physiological mechanical stress. Moreover, proposing a model of stretch on muscle fibers 

aligned in two dimensions on an easily mobilizable scaffold such as PDMS is particularly 

suitable for real-time observations under fluorescence microscopy, to evaluate different key 

aspect of stretch-induced behaviors of myogenic progenitors such as sarcomere compliance or 

calcium homeostasis.  

 

The stretching protocol proposed in this study effectively stimulates human myotube growth 

and maturation, providing a valuable tool for future investigations into the variability among 

individuals in their muscle response to exercise-induced mechanical stress. This model will 

enable the comparison of cellular mechanisms involved in stretch induced behaviors of 

myogenic progenitors from individuals with varying levels of muscular atrophy due to the 

same pathology. 

 

This model will be also particularly useful in future studies evaluating muscle fiber resistance 

to mechanical stress-induced injuries, a hallmark of congenital myopathies with deletion in 

the region of titin76 or dystrophin deficiency.77 
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Supplementary Materials and methods 

 

 

Peptides synthesis: 

 

All solvents and reagents were used as supplied. Anhydrous DMF was used and purchased 

from Acros.NMR solvents were obtained from Eurisotop. Isocyanatopropyl triethoxysilane 

was obtained from TCI Europe. All amino acid derivatives and HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxid hexa fluoro ----

phosphate  were purchased from Iris Biotech GmbH (Marktredwitz, Germany). 2.2-Cl-

Chlorotrityl resin and Fmoc-L-Lys(Boc)-wang (loading 0.66 mmol/g) were acquired from Iris 

Biotech GmbH (Marktredwitz, Germany). Solvents were purchased from Carlo Erba reagents 

(Val de Reuil, France). Trifluoroacetic acid, 99% extra pure, was obtained from Acros 

Organics (New Jersey, USA). Other chemicals were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). Fmoc aminoacid were dissolved in DMF at 0.5 M concentration. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Synthesis of RGD peptide: H-(βAla)4-Gly-Arg-Gly-Asp-Ser-Pro-Lys-OH, 3 TFA 

 

 

 
 

 

Synthesis by SPPS was made on a multipep1 CEM synthesizer using the Fmoc-L-

Lys(boc)wang (loading 0.66 mmol/g, 5x151mg = 5x0.1mmol) resin in DMF. Coupling 

reactions were performed using a mixture of a Fmoc amino acid solution (0.5M in DMF, 4eq) 

/ DIEA solution (1.2M in NMP, 8eq) / HATU solution (0.5M in DMF, 4eq) for 20 minutes 

twice following by a capping step (5 minutes with 2mL of an acetic anhydride/DMF solution 

5/95 v/v). The Fmoc removal steps were realized using a piperidine/DMF 20/80 v/v solution 

(5 mL) for 1 minute and performed twice. All washings were done with DMF twice (5 mL) 

after coupling steps and thrice (5 mL) after deprotection steps. Just before the cleavage, the 

resin was washed with DCM twice (2 mL). The peptide was cleaved from the resin with a 

mixture of TFA/TIS/H2O (94/3/3, v/v/v) for 30 minutes, concentrated under reduced 

pressure, recovered by precipitation in diethyl ether, then taken up in ACN/H2O 50/50 v/v 

mixture and freeze-dried. The crude peptide was solubilized in H2O with 1‰ TFA and 

purified in two injections by RP-preparative HPLC. The purification was performed on the 

Gilson system. Eluents were H2O 1‰ TFA (A) and acetonitrile 1‰ TFA (B). The 

purification gradient started with 5 minutes at 5% of B, then increased from 5 to 20% of B in 

15 min. Collected fractions were concentrated and freeze-dried to yield 431.9 mg of the RGD 

peptide as a TFA salt (white powder) with 86 % yield. 

 

 



 
 

 
 

 

 

 

 

 

 

 

 



Synthesis of the bis-silylated RGD peptide (EtO)3Si-(CH2)3NHCO-(βAla)4-Gly-Arg-

Gly-Asp-Ser-Pro- Lys((EtO)3Si-(CH2)3NHCO)-OH by bis-silylation of the RGD 

peptide. 

 

 
 

The RGD peptide (0.300 g, 0.3 mmol, 1eq) was solubilized in anhydrous DMF (8 mL). DIEA 

(522 μL, 3 mmol, 10eq) and ICPTES (284 μL, 0.6 mmol, 4eq) were added under stirring and 

inert atmosphere (argon). The solution was stirred at RT for 4h. The hybrid peptide was 

precipitated by addition of diethyl ether and the obtained white solid was washed 3 times with 

diethyl ether and vacuum dried. 340 mg of the bis-silylated RGD peptide were obtained (86% 

yield). This bis-silylated peptide was kept under inert atmosphere at -4°C and used in the 15 

days following its preparation to avoid unwanted premature condensation 

 

 
 

 


