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Development of cell damage in engineered 

skeletal muscle tissue
Debby Gawlitta, Cees W.J. Oomens, Frank P.T. Baaijens, Carlijn V.C. Bouten

Department of Biomedical Engineering, Technical University Eindhoven, Eindhoven, The Netherlands

real-time monitoring of cell death development in the 
muscle construct3. A green-fluorescent probe was applied 
for marking active cell death (apoptotic nuclei), whereas 
finalized cell death (necrotic nuclei) was indicated by red 
fluorescence (fig.2). Three-dimensional scanned volumes 
were acquired from the confocal imaging, which were 
projected to 2D images before further quantification.

Results
Three experiments were performed (all 22 hrs) with the 
described model system: 1) no oxygen was provided to the 
construct, 2) 40% tissue compression, and 3) a control 
experiment was conducted in uncompressed tissue at 
normoxia. The projected images of cell viability after 22 
hours are shown in figures 3(a-c). 

Figure 3 2D Projections of cell viability for control (a), compression 
(b), and anoxia (c) studies in engineered muscle, after 22 hours. 
Bar denotes 200µm. (d) The graphs show the increases in pixels  
(in thousands) positive for cell death (red or green) in time for all 
three studies.

Compression resulted in more necrotic (fig. 3b) cell death 
compared to the control (fig. 3a) or anoxic experiments (fig. 
3c). Anoxia induced a strong green fluorescent signal, 
which was not observed in the other experiments. Staining 
of cytoplasm (cell interior) besides staining of the nucleus 
contributed to this signal. 

Conclusions
The developed model system can provide insight in cell 
survival during compression and/or anoxia of skeletal 
muscle tissue. 
A different course of cell death development was observed 
for cells under anoxia and cells under 40% compression. 
In future, experiments will be performed at different 
mechanical loading conditions and levels of anoxia to gain 
more insight in the processes involved in development of 
cell death under compression. 
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Introduction
The most adhered hypothesis for the development of (deep) 
pressure ulcers is that local ischemia (no blood flow) 
initiates tissue breakdown. Another, more recent hypothesis 
is that cellular deformation due to tissue compression 
causes tissue degeneration.
A model system has been developed to monitor in real time 
the relative contributions of ischemia and compression in 
the development of pressure ulcers in engineered muscle 
tissue. 

Material and methods
Engineering of skeletal muscle Engineered skeletal 
muscle tissue was molded from C2C12 (murine muscle) 
cells1,2 in a collagen I gel (fig.1). After gelling in growth 
medium, the medium was changed to differentiation 
medium to initiate maturation of the cells into muscle fibers. 

Figure 1 Left: Macroscopic change of the gel appearance from the 
moment of molding (d0), to day 1 (d1) and day 2 (d2). Right: Actin
(red) and myosin (green) in differentiated construct.

Compression and ischemia For imposing compression 
and ischemia on the engineered muscle a compression 
device (fig. 2) was assembled consisting of an indenter for 
tissue compression in an incubator chamber. To simulate 
ischemia, the oxygen level in the incubation chamber is 
adjustable between anoxic (no oxygen) and normoxic
(normal oxygen) conditions. Temperature (37°C) and 
humidity (100%) can also be controlled. The tissue is located 
on a glass window for monitoring cell death with a 
microscope.

Figure 2 Left: The schematic shows the incubation chamber with the 
indenter and the path of the gas flow. The microscope objective can 
scan the tissue from below. Center: The view through the glass 
bottom showing the muscle tissue and the glass indenter above it. 
Right: Green and red cell nuclei marking dying and dead cells, 
respectively.

Cell death monitoring A protocol was developed for          
.
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