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Abstract 

Deep tissue injury (DTI) is a disease, very common in hospitals and nursery houses with special 

incidence in patients with reduced mobility. DTI arises in the muscle layers adjacent to bony 

prominences because of sustained loading.  Cell death, in these areas, induces internal wounds that 

could become pressure ulcers. The effects of the sustained loading on muscle cells that cause them to 

die are still unknown. For this study a system was created to apply pressure and measure single cell 

deformation. So, a compression system was developed to be mounted on top of the microscope that 

allows a controlled compression to the cells. C2C12 myoblasts were chosen to be used as model for 

muscle cells to better understand the effects of cell deformation. To follow the evolution of cell’s 

morphology and cell viability two stained methods were tested: JC-1 staining method and Propidium 

Iodide (PI) staining method. The PI staining method is more suitable alongside with the use of C2C12 

cells with GFP expression. Two different compression forces were applied to the cells, 3N and 0.13N. 

When 3N was applied, the maximum increase in total cell area was 38% with total cell death after 45 

minutes. With 0.13N the maximum increase in total cell area was 11% with total cell death after 3h. 

Cells with no compression applied take more than 8 h to die. Thus, it can be concluded that cell 

deformation alone can cause cell death and that a relation between initial compression forces, cell 

deformation and cell death exists. Therefore physical deformation of muscle cells caused by 

compression can be the cause for formation of deep tissue injury. 

          
Introduction 

The most recent definition of pressure ulcers, which 

has been produced by an international 

collaboration of the National Pressure Ulcer 

Advisory Panel (NPUAP) and the European 

Pressure Ulcer Advisory Panel (EPUAP), highlights 

current understanding of the role of extrinsic factors 

in the development of pressure ulcers. [1, 2] “A 
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pressure ulcer is a localized injury to the skin 

and/or underlying tissue, usually over a bony 

prominence, as a result of pressure, or pressure in 

combination with shear. A number of contributing or 

co-founding factors are also associated with 

pressure ulcers; the significance of these factors 

has yet to be elucidated.” 

In alert patients, the effects of continuous pressure 

usually signal frequent small body movements to 

relieve the load and restore tissue perfusion. But 

patients who are unconscious, sedated, 

anaesthetized or paralyzed cannot sense or 

respond to these signals and do not move 

spontaneously. As a result, the skin and soft 

tissues are subjected to prolonged and unrelieved 

pressures. [3] 

Pressure ulcers are painful for patients and 

generally heal slowly, leading to considerably 

prolonged hospitalization periods. This leads not 

only to physical pain but also to social isolation for 

the patient which is an extra burden to their 

affected quality of life. Pressure ulcers have high 

incidence in hospitals and nursery homes and 

treatment costs and injury related costs take a big 

part of health budgets.  

Currently there are three theories for the 

pathogenesis of pressure ulcers: Ischemia and 

Ischemia-reperfusion, Interstitial fluid and lymph 

flow, Cellular deformation. We believe cellular 

deformation is the main cause for deep tissue 

injury. 

Deep pressure ulcers, necessarily involving deep 

tissue injury (DTI), arise in the muscle layers 

adjacent to bony prominences because of 

sustained loading. Although these ulcers can occur 

anywhere on the body, they are often located in the 

trochanteric, ischial, heel, and sacral areas [4]. 

These internal wounds are also known to 

deteriorate quickly, which differentiates them form 

stage I ulcers that can sometimes resolve to 

normalcy and do not necessarily deteriorate. These 

are the most dangerous type of pressure ulcers 

since their initial development is undetectable on 

the surface of the skin and when it’s detectable the 

wound is already in an advance stage and hard to 

treat. This makes deep pressure ulcers and DTI 

very hard to predict and prevent. 

From previous studies is known that soft tissues 

are highly sensitive to prolonged compressive 

loading, eventually leading to tissue breakdown in 

the form of pressure ulcers. [5, 6] Pressure ulcers 

can develop either superficially or from within the 

deep tissue depending on the nature of loading. 

Several studies have shown that skeletal muscle 

tissue is particularly susceptible for pressure ulcer 

development [5, 7]. 

Problem Formulation / Hypothesis 

As stated before the mechanisms that explain the 

effects of cell deformation on cell death are still 

poorly understood. The aim of this study is to 

provide tools and results that could help gaining 

knowledge in the subject. In order to reach this aim, 

the following objectives are formulated:  

- To design a system capable of applying 

pressure and measuring cell deformation 

- To evaluate different methods to assess 

viability of myoblasts in situ 

- To assess what are the effects of cell 

deformation on the viability of myoblasts 

 

Overall, this study is expected to establish and test 

a functional set up for cell deformation studies. It is 

also expected to assess cell deformation effects to 

help understand deep tissue injury formation for 

treatment and prevention purposes.  
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Figure 1 - design set-up, the cells are seeded in a well, a alginate disk 
is layered on top and a pressure indenter applied compression on 
cells. 

 

Materials and methods 

Gel Fabrication 

Brown algae alginic sodium salt, calcium carbonate 

(CaCO3), and D-glucono-δ-lactone (GDL) were 

from Sigma (St.Louis, MO). A Heppes Buffer 

Solution (HBS) was made with the following 

composition: NaCl - 145 nM, KCl - 5 mM, Heppes - 

10 mM and achieve a 7.5 pH with NaOH (1M).  

Calcium carbonate was dissolved in HBS and 

sonicated, for 7 mins with 0.25% amplitude and 

cycle 0.5 (Sonicator dr.hielscher UP 200s), to break 

the intermolecular interactions and thereby to 

increase the total surface area of the calcium 

source. 

Alginate (1.5% w/v) was mixed with the sonicated 

calcium solution and agitated for 1 h. The 

dispersion was autoclaved at 121ºC for 30 min 

ensuring sterility. A freshly GDL solution was sterile 

filtered into the dispersion to release the calcium 

ions. This way the ionically cross-linking process 

was obtained under controlled conditions. The 

solution was vortexed, to ensure a good mixture, 

and 2 ml was immediately poured into Ø35 mm 

sterile culture dishes. The procedure was 

performed in a sterile environment to avoid 

contamination and thereby enhancing the 

probability that cell deformation will be the actual 

cause of death in the cell compression experiment. 

The gelation took place in the incubator at 37ºC, for 

at least 24 h. 

The molar ratio of CaCO3 (60 mmol) to GDL was 

0.5 to maintain a neutral pH . The GDL had to be 

freshly made to avoid full hydrolysation [64]. 

Muscle cells model: C2C12 cells 

C2C12 cells were used as muscle cells model. The 

C2C12 cell line is a myoblast cell line derived from 

mice that is capable of becoming muscle fibers 

after differentiation. The C2C12 cells originated in 

1977 through the serial passage of myoblasts 

obtained from the thigh muscle of C3H mice. Yaffe 

and Saxel were the two scientists who isolated 

these cells and displayed their capacity to 

differentiate. This cell line is widely used as a 

muscle model and its mechanical and biological 

properties are well characterized. 

Cell Culture 

C2C12 murine skeletal muscle myoblasts 

(passages 15–30) were expanded on 75cm2 flasks. 

The growth medium is composed by DMEM, 4.5g/L 

Glucose w/ L-Glutamine,10% Fetal calf serum – 

FCS (Gibco, cat. no: 10270-106), 1% Penicillin 

10U/ml / Streptomycin 10 mg/ml (Invitrogen, Cat.no 

15140-122), 0.5% Gentamycin 10 mg/ml 

(Invitrogen, Cat.no. 15710-072). 

Cell passage was performed when cells reached 

about 70% confluence to avoid premature 

differentiation. Cells were platted on 35mm plates 

with an initial density of 1x105cells/cm2 and left in 

the incubator (35°C, 5% CO2) for 24h. 

Indenter system 

The indenter system was design to be possible to 

apply pressure on 2 plates at the same time and be 

able to move with the plates, simultaneously, under 

the microscope.  

JC-1 Staining 

A 10 μg/ml stain solution of JC-1 (5 mg/ml stock in 

DMSO (Molecular Probes T3168)) in HBS was 

prepared according to the number of plates to 

stain, the solution was mixed in vortex to ensure a 

uniform suspension of the stain. The cells were 

washed with PBS and then were incubated the 
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cells with the stain solution for 15 min at 37ºC. The 

cells were washed again with PBS and the cells are 

ready for observation. 

Propidium Iodide (PI) 

The cells were washed with PBS and stained with a 

HEPES medium solution with a PI concentration of 

10µg/ml. A solution of 1mg/ml from a 2,5mg/ml 

Propidium Iodide (Sigma4170) was prepared. From 

this solution it was taken 10µl for every 1 ml of 

HEPES medium left in the cells for the experiment. 

Unlike the JC-1 staining the PI staining solution is 

not washed and the dye is always present during 

the experiment. 

C2C12 cell transfection 

The C2C12 cells with GFP expression used in this 

thesis were selected from a cell line available in the 

laboratory cell bank from another project. 

The C2C12 cells were transfected by using a 

lentiviral-based protocol.  Lentiviral transduction of 

emerald green fluorescent protein (GFP) was 

performed using pLenti6.2-GW⁄EmGFP according 

to manual. Viral particles were produced in 293FT 

cells were obtained and supernatant harvested. To 

produce GFP-positive C2C12, the cells were 

seeded at 5000 cells/cm2 and incubated with 

supernatant containing lentiviral particles in the 

presence of 6 μg/ml Polybrene (Sigma, cat. 

no.H9268) for 24 h. Selection of positive cells was 

done by addition of 5 μg/ml Blasticidin and resulted 

in a homogenous cell population of stable GFP 

expression. 

Experiments/Acquiring images  

All experiments were made at room atmosphere 

and temperature (around 20ºC) with no control of 

CO2. In all the experiments, all images were taken 

aligned to the center of the tip of the indenter and 

with a 20x magnification 

 

 

 

Results and discussion 

Development of the indenter system 

One of the goals of this work was to improve the 

cell compression system. The indenter system is 

composed by a supporting metal structure, an 

elevation system that is controlled by computer and 

a pressure sensor linked to two metal 

indenters.(Figure 2) 

 

Figure 2 - Indenter system mounted on the microscope.   

The metal structure and the indenters were 

specifically made in the Aalborg University metal-

shop to fit the purposes of this study. The metal 

structure was projected to be mounted in the 

mobile support for the plates above the lens on the 

microscope and to be able to support the elevation 

device and the pressure sensor. The indenter is 

attached to the pressure sensor, it is half spherical 

with 2 cm of diameter. 

The elevation device is from PI.Micos®, an older 

version of Translation Stage VT-80. Controlled by 

computer using the micromanipulator Unisense 

Profix software, it has a resolution of 0.5 µm. (black 

device attached to the metal piece) 

The pressure sensor is a digital force Gauge by 

Sauter, model FH 5, with a capacity of 5N and a 

resolution of 0.001N. The pressure values are 

received and analyzed by computer with Sauter 

AFH 01 software. (white device attached to the 

elevation system) 
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The microscope used is an Olympus IX70 linked to 

a Carl Zeiss AxioCam MRm camera and to a 

Xenon short.arc lamp model N XBO 75 Microscope 

Lamp by LEJ. All the images presented in this work 

were taken with a 20X magnification. 

After successfully testing this system, it was used 

to perform the following experiments to test the 

other goals of this work. 

To retrieve information of cell behavior, morphology 

and viability it is necessary to choose the right 

staining method. Two dyes were chosen to be 

tested, JC-1 and Propidium Iodide. 

Assessment of viability stains:  

JC-1 Staining 

In this experiment cells were stained with JC-1 

according to the protocol described in the chapter 

Materials and Methods. After the final wash, cells 

were transferred to the microscope with 1ml of 

HEPES medium to avoid drying the cells and 

therefore their premature death. The membrane-

permeant JC-1 dye is widely used in apoptosis 

studies to monitor mitochondrial health. JC-1 is 

cationic carbocyanine dye that exhibits a potential-

dependent accumulation in mitochondria, indicated 

by a fluorescence emission shift from green (~529 

nm) to red (~590 nm). Consequently, mitochondrial 

depolarization which happens when cells start to 

die is indicated by a decrease in the red/green 

fluorescence intensity ratio. The potential-sensitive 

color shift is due to concentration-dependent 

formation of red fluorescent J-aggregates. 

Analyzing Figure 3 it is possible to see the 

accumulation of the JC-1 dye in mitochondria of the 

cells, by an increase of light intensity, in the 

beginning of the experiment immediately after 

staining. It is also possible to see a decrease of the 

dye intensity in the first three hours. The dye starts 

to bleach out of the cells due to the different 

concentrations between the interior of the cells and 

medium, making it difficult to follow the cells over 

time. Consequently, the JC-1 dye is not suited for 

the purpose of this study, thus, other alternative 

was to use Propidium iodide to stain the cells. 

 

Figure 3 - Viability assay of C2C12 cells stained with JC-1 followed 
over time under the microscope. Images were acquired with the red 
channel. 

C2C12 with GFP expression stained with 

Propidium Iodide (PI) 

The C2C12 cells with GFP expression were 

transfected and stained with PI as described in the 

chapter methods and materials, and were observed 

under the microscope. By looking at the Figure 4 it 

can be seen the morphology of the cell and their 

position because of the expression of the GFP. It is 

noticed that by staining the cells with PI it is also 

possible to see an increase in light intensity when a 

cell is dying with the green channel (23h), but for 

acquiring better images of the cell that are dying it 

was changed alternately between the green 

channel and the red channel. The green channel 

for the “live” and dead cells and the red channel for 

dead cells (when the PI binds to nucleic acids of 

dying cells).  By merging the two channels, Figure 4, 

it is possible to see the properties of both channels, 

cell morphology and cell viability. By looking at 

Figure 4, it is possible to see that the two cells that 

were dead since the beginning of the experiment 

changed their position, this occurs because cells 

lose their attachment properties when they die. This 

experiment was able to solve the problem of 

following the cells and see their change in 

morphology and viability. The next step is to test 

the effect of the gel on top of the cells. 
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Figure 4 - C2C12 cells with GFP expression stained with GFP followed 
over time. Merge channels 

Control experiments: 

Effect of large deformations 

In this experiment the C2C12 cells with GFP 

expression were stained with PI and a layer of gel 

was set on top of the cells. The elevation system 

descended slowly until the pressure sensor 

detected the first touch. After that the indenter 

system was set down 1000 µm. Images were taken 

at this time and after that every 15 mins. The 

indenter system was set down 1000 µm and 

reached a compression force of 3N and 

immediately after this peak the compression force 

decrease until 0.25N due to gel relaxation. In this 

experiment a peak of 3 N of compression force was 

reached by moving the indenter device 1000 μm. In 

Figure 5 the picture labeled “0h” it was taken before 

pressure was applied and the picture labeled “after 

1000 microm” was taken right after the peak of 

compression force 3N was achieved. By analyzing 

the Figure 5 it can be noticed that cells start to die 

immediately after the indenter reached the 1000 μm 

into the well. After 45 mins all the cells were dead. 

Comparing the pictures from 0 h with the one taken 

after 15 mins, it can be observed differences in cell 

morphology, cells spread increasing their area and 

some “fuse” with their neighbors. With time as cells 

start to die, they shrink and adopt a more round 

shape. It would be expected to find cell movement 

due to detachment like we notice on the 

experiments without compression applied but that 

does not seem to occur. It is possible that the 

compression made by the indenter device does not 

allow cell movement. Looking at the Figure 6 taken 

at the end of the experiment in another well that 

was running at the same time and conditions of the 

experiment but without compression, it can be seen 

that the rate of cellular death is much lower, with 

just a few cells dead after 45 mins unlike the well 

with compression. Comparing the morphology of 

the cells in the two situations, it is possible to see 

that when compression is applied the cells spread 

and close cells tend to “fuse” to each other with 

time. When no compression is applied to the cells 

they maintain their normal fibril like morphology. 

Analyzing the Figure 7, that represents the evolution 

of the percentage of dead C2C12 cells due to 

compression, it is possible to see that immediately 

after the compression was applied cells start dying, 

almost 50% of the cells died, and after 45 mins all 

cells were dead. The Figure 8 represents the 

percentage area increase over time as an indicator 

for cell deformation. The percentage of area 

increase was calculated by relating the total cells 

area at some time point, to the total cells area at 

time 0h, before pressure was applied. Analyzing 

Figure 8 it can be observed that after compression 

was applied the total cell area increased almost 

40%. After 15 mins the percentage of cell area 

increase was around 18%, showing that cells were 

still deformed comparing to the beginning when no 

compression was applied but the total area 

decreased comparing to the moment right after 

compression was applied. The same occur after 30 

mins showing a decrease in cell deformation. After 

45 mins de values of percentage of total cell area 

increase became negative, which means that the 

total cell area after 45 mins is inferior to the total 

cell area before compression was applied. Taking 

in account the Figure 7 and Figure 8, the decrease in 

cell deformation (total cell area) can be explained 

by cell death. When cells die usually they shrink 

and adopt a round morphology. In this experiment 

cells start do die immediately after compression, 

this way was not possible to see if cell deformation 

is constant with time despite the decrease of 

compression force caused by gel relaxation. So it 

can be concluded that cell deformation (40% area 
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increase) that arises from a compression force of 

3N is not bearable to the cell. So the next step is to 

apply a smaller compression force to the cells. 

 

Figure 5 - C2C12 cells with GFP expression stained with PI, with a 
layer of gel on top, followed over time after a initial 3 N compression 
force was applied. Merge channels 

 

Figure 6 - C2C12 cells with GFP expression stained with PI, with a 
layer of gel on top, followed over time without any compression 
force applied. Merge channels 

 

Figure 7 - evolution of percentage of dead cells over time after a 3N 
compression force was applied. This percentage was calculated by 
counting the dead cells at certain point in time and divide by the live 
cells in the beginning of the experience. 

 

Figure 8 - total cell area increase due to compression (3N) over time. 
The percentage of area increase calculated in every point is related 
to the initial total cell area before pressure was applied. These 
calculations were made using ImageJ  

Effect of moderate deformations 

The C2C12 cells with GFP expression were stained 

with PI, a layer of gel was settled on top and were 

observed under the microscope. The indenter 

system was set down until the pressure sensor 

indicate the first touch and after that it was set to go 

down more 200 µm. Pictures were taken every 15 

mins for the first hour and after that time every 30 

mins. Since most cells appeared dead after 3h, the 

experiment was stopped after 3.5h. After pulling up 

the pressure system, the gel did not show any 

physical alteration and there was still medium on 

the plate. In this experiment it was reached a 

compression force peak of 0.13N by descending 

the indenter system 200. The purpose of this 

experiment was to assess the effect of a small 

compression force along with time because, like 

stated before, after applying 3N of force cells died 

after 45 mins. Analyzing the Figure 9 we can 

observe the effect of compression on cell 

morphology. Comparing the pictures taken at 0h 

and after 200 μm compression, cells’ area 

increased and in some cases adopted a more 

rounded morphology. Apart from the two dead cells 

that are dead since the beginning of the trial, no 

other cells were dead until one hour and a half from 

the start. At two hours of the trial cells start to die 

and after three hours and a half all cells were dead. 

Comparing the image from the center of the 

indenter after 3.5h and the image from the same 

well but outside the range of the indenter (in Figure 

10) we can see the difference in cell death rate, in 
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the area outside the range no cells died after 3.5 h. 

The same thing can be notice in the picture taken 

from another well at the same conditions of the 

experiment but without compression (in Figure 10).  

In both pictures, outside the indenter area and the 

one in the other well, no cells were killed by 

compression but the cells on the picture outside the 

indenter area are affected by compression since 

they also display a big area and some are fused to 

each other. 

As expected comparing this experiment, where we 

use 0.13 N, with the previous one we made with a 

force compression of 3N, the cells took longer to 

die when less compression force was applied. By 

looking to Figure 11, it is notice that cells only start 

dying after 2 h of compression, 25% of the cells 

were death. Between the 2nd and 3th hour of 

compression all cells die. Analyzing Figure 12 it can 

be noticed that with a 0.13N compression force 

total cell area increase around 11%. In the first 1.5 

h the percentage of total cell area increase 

maintain around 11%, showing that despite the 

compression force applied to the cells is decreasing 

due to gel relaxation, the deformation impose to the 

cells maintains the same. As soon as cells start 

dying, after 2 h, the total cell area starts 

decreasing. This confirms the conclusions taken in 

the previous experiment. 

 

Figure 9 - C2C12 cells with GFP expression stained with PI, with a 
layer of gel on top, followed over time after a 0.13 N compression 
force was applied. Merge channels 

 

Figure 10 - C2C12 cells with GFP expression stained with PI, with a 
layer of gel on top, followed over time after without any 
compression force applied (left) and with pressure applied but 
outside the indenter area (right). Merge channels 

 

Figure 11 - evolution of percentage of dead cells over time after a 
0.13N compression force was applied. This percentage was 
calculated by counting the dead cells at certain point in time and 
divide by the live cells in the beginning of the experience. 

 

Figure 12 - total cell area increase due to compression (0.13N) over 
time. The percentage of area increase calculated in every point is 
related to the initial total cell area before pressure was applied. 
These calculations were made using ImageJ 

Conclusions 

This study was expected to develop and test a 

mechanical set up for cell deformation assays. For 

this purpose a device was created and mounted to 

the microscope. It was designed to be mounted on 

the movable platform above the microscope where 
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the wells are installed, this way it´s possible to 

apply pressure to the cells and visualize the whole 

area of the well to assess different responses of the 

cells regarding their relative position to the point of 

compression (indenter area). 

The elevation system and pressure sensor are 

computerized for a controlled and precise 

experiments. This system also allows using two 

indenters to apply the same compression force at 

the same time for duplicate experiments. For future 

experiments it will be possible to use different types 

of indenters with different formats or materials. It is 

also part of the set up for cell deformation a gel disk 

which the fabrication protocol and composition was 

design in a previous study from Aalborg 

biomedicine department. The gel is used to 

guarantee a homogeneous distribution of the 

compression force to cells and to be a contact 

interface between the metal indenter and the cells. 

To study the effects of cell deformation is 

necessary to determine the best methodology to 

assess cell death, morphology and position. JC-1 

staining proved not to be suitable for our purpose 

so it was chosen to be used C2C12 cells with GFP 

expression stained with Propidium Iodide. The GFP 

expression allows the visualization of the 

morphology and position of the live and dead cells 

(without distinction) and the Propidium Iodide 

highlight dead cells for viability assessment. 

Two assays with two different compression forces 

were done to test the compression system and to 

assess the effects of cell deformation. With a high 

compression force, 3N cells start to die immediately 

after the compression was applied and after 45 

mins all cells were dead. At 3N of compression 

force the total cell area increased till a maximum of 

38%. With a smaller compression force, 0,13N cells 

took longer to start dying, 1,5 h and only after 3 h 

all cells were dead. At this compression force cells 

displayed a maximum total cell area around 11%. 

This last experiment showed that despite gel 

relaxation, which results in a decreased in the 

compression force values, cell deformation (total 

cell area) was constant with time. This way, it´s 

possible to relate a certain cell death rate to a set 

cell deformation value.   

With this study it can be concluded that cell 

deformation alone can cause cell death, and that 

there is a relation between initial compression 

forces, cell deformation and cell death. Physical 

deformation of muscle cells caused by compression 

can be the cause for formation of deep tissue 

injury.  

Further experiments are necessary to establish a 

mathematical relation between cell deformation and 

cell death. To better understand formation of deep 

tissue injury, the effects shear forces should be 

also investigated. 
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