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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 stainings 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. 
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Resumo 

Lesões profundas são uma doença muito comum em pacientes com mobilidade reduzida em hospitais e 

casa de repouso. Estas lesões surgem em tecido muscular junto de zonas de ossos proeminentes 

provocadas por acumulação de pressão. As causas para o aparecimento destas lesões ainda não se 

encontram bem conhecidas. Para este estudo foi criado e desenvolvido um sistema para pressionar 

células e medir os seus efeitos. Este sistem foi montado num microscópio para permitir a visualização 

das células. Células C2C12 mioblastos foram escolhidos para servir de modelo para células musculares. 

Para seguir a evolução da morfologia e a viabilidade das células foram testados dois corantes celulares 

diferentes: JC-1 e Iodeto de Propídio (PI). A utilização do PI juntamente com células C2C12 com 

expressão de GFP provou ser a mais apropriada. Foram aplicadas nas células, duas forças de 

compressão de valores diferentes: 3N e 0,13N. Quando pressionadas com 3N a area total das células 

aumentou para um maximo de 38% e todas as células se encontravam mortas ao fim de 45 minutos. 

Quando a força de compressão foi de 0,13N a area total das células aumentou para um maximo de 11% 

e todas as células de encontravam mortas passadas 3h. As células quando não pressionadas demoram 

mais de 8h a morrer. Pode-se assim concluir que a deformação das células é causa de morte celular e 

que existe uma relação entre a força de compressão inicial, a deformação celular e morte celular. Desta 

forma pode-se afirmar que a deformação fisica das células causada por compressão pode ser a causa de 

lesões profundas que levam a formação de ulceras de pressão. 
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1 Introduction 

1.1 Pressure Ulcer – Definition 

The most recent definition of pressure ulcers, which has been proposed 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 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. 

However, 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. 

 

1.1.1 Pressure ulcer classification 

To classify the types of injury, the NPUAP redefined the stages of pressure ulcers in 2007, including the 

original 4 stages and adding 2 stages on deep tissue injury and unstageable pressure ulcers. 

Category/Stage I: Non-blanchable erythema 

Intact skin with non-blanchable redness of a localized area usually over a bony prominence. Darkly 

pigmented skin may not have visible blanching; its color may differ from the surrounding area. The area 

may be painful, firm, soft, warmer or cooler as compared to adjacent tissue. Category I may be difficult to 

detect in individuals with dark skin tones. It may indicate “at risk” persons. 

Blanching/Blanchable - An erythematous lesion that loses all redness when pressed is termed 

"blanchable." Blanchable lesions are due to vascular dilatation.  Non-blanchable, erythematous lesions 

are due to the presence of red blood cells outside of blood vessels (extravasation). 
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Category/Stage II: Partial thickness 

Partial thickness loss of dermis presenting as a shallow open ulcer with a red pink wound bed, without 

slough. It may also present as an intact or open/ruptured serum-filled or sero-sanginous filled blister. It 

presents as a shiny or dry shallow ulcer without slough or bruising. (Bruising indicates deep tissue injury) 

Category/Stage III: Full thickness skin loss 

Full thickness tissue loss. Subcutaneous fat may be visible but bone, tendon or muscle are not exposed. 

Slough may be present but does not obscure the depth of tissue loss. It may include undermining and 

tunneling. The depth of a Category/Stage III pressure ulcer varies by anatomical location. The bridge of 

the nose, ear, occiput and malleolus do not have (adipose) subcutaneous tissue and Category/Stage III 

ulcers can be shallow. In contrast, areas of significant adiposity can develop extremely deep 

Category/Stage III pressure ulcers. Bone/tendon is not visible or directly palpable. 

Category/Stage IV: Full thickness tissue loss 

Full thickness tissue loss with exposed bone, tendon or muscle. Slough or eschar may be present. It often 

includes undermining and tunneling. The depth of a Category/Stage IV pressure ulcer varies by 

anatomical location. The bridge of the nose, ear, occiput and malleolus do not have (adipose) 

subcutaneous tissue and these ulcers can be shallow. Category/Stage IV ulcers can extend into muscle 

and/or supporting structures (e.g., fascia, tendon or joint capsule) making osteomyelitis (infection and 

inflammation of the bone or bone marrow) or osteitis (bone inflammation) likely to occur. Exposed 

bone/muscle is visible or directly palpable. 

Additional Categories/Stages for the USA 

Unstageable/Unclassified: Full thickness skin or tissue loss – depth unknown 

Full thickness tissue loss in which actual depth of the ulcer is completely obscured by slough (yellow, tan, 

gray, green or brown) and/or eschar (tan, brown or black) in the wound bed. Until enough slough and/or 

eschar are removed to expose the base of the wound, the true depth cannot be determined; but it will 

be either a Category/Stage III or IV. Stable (dry, adherent, intact without erythema or fluctuance) eschar 

on the heels serves as “the body’s natural (biological) cover” and should not be removed. 

Suspected Deep Tissue Injury – depth unknown 

Purple or maroon localized area of discolored intact skin or blood-filled blister due to damage of 

underlying soft tissue from pressure and/or shear. The area may be preceded by tissue that is painful, 

firm, mushy, boggy, warmer or cooler as compared to adjacent tissue. Deep tissue injury may be difficult 

to detect in individuals with dark skin tones. Its evolution may include a thin blister over a dark wound bed. 

http://en.wikipedia.org/wiki/Infection
http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Bone
http://en.wikipedia.org/wiki/Bone_marrow
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The wound may further evolve and become covered by thin eschar. Its evolution may be rapid exposing 

additional layers of tissue even with optimal treatment. 

Added to the injury more than half (51%) of long-term care-facility patients with pressure ulcers have 

methicillin-resistant Staphylococcus aureus (MRSA) infection which make the treatment of the wounds 

more difficult. 

Furthermore, pressure ulcers are correlated with >2-fold rates of increased mortality, independent of the 

source of the ulcer [4, 5]. 

 

1.2 Pressure Ulcer incidence 

The prevalence of pressure ulcers in the United States is estimated to be 1.3 million to 3 million [6]. The 

incidence of pressure ulcers is estimated to be 5% to 10% among hospitalized patients [7-11], 13% 

among those in nursing homes [9], and up to 39% among people with spinal-cord injuries [12, 13]. 

Recent prevalence studies in the Netherlands have shown that 18.4% of all patients in university hospitals 

develop pressure ulcers, in general hospitals 22.3%, in nursing homes 33.4%, in rest homes 14.6% and in 

home care 20.5% [14]. Incidence figures in two large hospitals in the Netherlands were found to be 6.3% 

in the first week of admission, although in this latter figure only stage II to IV ulcers were recorded [15]. 

 

In 2007 Vanderwee and colleagues [16] reported a pilot pressure ulcer prevalence survey conducted 

across 26 hospitals in Belgium, Italy, Portugal, Sweden and the UK. The survey included 5947 patients 

with 1078 (18.3%) having pressure ulcers. By country, the proportion of patients surveyed who had 

pressure ulcers varied – Italy (8.3%), Portugal (12.5%), Belgium (21.0%), UK (21.9%), Sweden (22.9%). 

 

Pressures ulcers can cause pain and loss in economic productivity, and also can be very expensive for 

patients as well for the hospitals [17]. 

Pressure ulcers are the source of numerous complications, which result in long-term, frequent, and/or 

multiple hospital admissions. A new pressure ulcer is estimated to increase a patient´s hospital stay by 

nearly a factor of 5 [18]. 

Patients with pressure ulcers generally have significantly poorer physical function, are less able to perform 

self-care and get less mobile [19]. 

Pressure ulcers are a reality in everyday life at the hospitals and are a significant problem in patient 

treatment. 
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1.3 Social-economic consequences of Pressure Ulcers 

In Table 1 it can be seen the economic implications related to pressure ulcers treatment. 

 

Table 1 -Costs related to treatment and management of pressure ulcers 

Costs related to treatment and management of pressure ulcers [20] 

Wound dressings 

Management of bacterial colonization and systemic infection (eg, blood cultures) 

Care by health professionals 

Diagnostic procedures (eg, x-rays) 

Therapeutic procedures 

Medications (analgesics, antibiotics) 

Treatment of secondary infections (eg, renal failure, pneumonia) 

Lawyer fees 

Delayed treatment 

 

Pressure ulcers are the second most common cause for hospital re-admissions, with treatment costs that 

range from $20,000 USD to $70,000 USD per wound [21]. 

In addition, costs of treating the associated complications in a single hospital stay from a pressure ulcer 

often $200,000 USD per patient (this occurs in select cases in which the ulcer is not recognized initially 

and complications from the wound develop) [22]. 

These costs related to pressure ulcers place a tremendous financial burden on the healthcare system. An 

assessment of cost-of-illness of pressure ulcers in the Netherlands ranged from a low of $362 million USD 

to a high of $2.8 billion USD , which accounted for approximately 1% of the total Dutch healthcare budget 

[23]. 

A study of 30 patients with 45 pressures ulcers reported the mean cost of treatment, including long-term 

care and hospital costs, at $2,731 USD per ulcer. When hospital costs were excluded, the mean cost of 

treatment was calculated at $489 USD per ulcer [24]. 

Posnett and Franks [25] considered the UK national cost of pressure ulcers to the NHS to be between 

£1,760 million and £2,640 million each year, making pressure ulcers the single most costly chronic wound 

to the Health Service. 
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These figures clearly indicate that pressure ulcers present a serious economic problem. 

Apart from the economical factor there are social issues for people with this pathology. Since most of 

these injuries occur in the lower back area most people feel uncomfortable to talk about it and show it to 

the doctor. Like stated before this injuries can become very limitative for the person carrying them not 

allowing a normal social and working live. 

To be able to reduce the prevalence of pressure ulcers, it is essential to improve and expand our 

knowledge of the etiology in terms of both basic science and clinical experience. 

 

1.4 Pathogenesis of pressure damage 

Currently there are three theories for the pathogenesis of pressure ulcers: Ischemia and Ischemia-

reperfusion, Interstitial fluid and lymph flow, Cellular deformation. 

Skin that has been subjected to potentially damaging levels of pressure initially appears pale from 

reduced blood flow and inadequate oxygenation (ischemia). When the pressure is relieved, the skin 

quickly becomes red due to a physiological response called reactive hyperaemia (increase in organ blood 

flow). If the ischemia has been sufficiently short lived, blood flow and skin natural color will eventually 

return to normal. 

More prolonged ischemia can cause blood cells to aggregate and block capillaries, perpetuating the 

ischemia. Capillary walls can also become damaged, allowing red blood cells and fluid to leak into the 

interstitial space. This process results in the non-blanchable erythema, skin discoloration and induration 

that are seen with Category/Stage I pressure ulcers. Continued ischemia results in necrosis of the skin 

and underlying tissue, and the superficial and deeper tissue breakdown seen with higher category/stage 

pressure ulcers. 

Apart from local ischemia, other mechanisms are likely to be involved which either directly induce cellular 

damage or increase the vulnerability of the cells. Reddy [36], hypothesized that occlusion of the lymphatic 

systems leads to accumulation of metabolic waste products which leads to cell damage. Another theory 

relates to reperfusion damage after loading of the tissue. Finally, it was proposed that sustained cell 

deformation forms an additional mechanism for cell damage eventually leading to pressure ulcers. These 

theories are outlined in Figure 1. 

These theories focus on different functional units of the tissue namely the vessels, interstitium and the 

cell. [26, 27, 28]. 
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Testing all of these theories involves examining the effects of loading, using a range of complementary 

model systems with increasing complexity and length scales, each incorporating one or more functional 

tissue units. 

 

1.4.1 Ischemia 

Compression and shear forces may cause capillary closure, which leads to hypoxia, eventually resulting in 

necrosis. Landis (1930) measured the pressure in an open arterial capillary in the finger, and found that it 

was 4.26 kPa (32 mmHg). Since then, this pressure has been used as the capillary closing pressure, 

which is often cited in the literature [30, 26]. External pressures above this capillary closing pressure were 

thought to produce ischemia of the skin, and when applied for an extended period of time, to cause 

pressure ulcers. However it is known now that the pressure inside capillaries is different in distinct parts of 

the body and depends on the general condition of the patient. 

 

Moreover, self-regulation of blood vessels prevents them to occlude when a constant high external 

pressure is exerted, at least when it is below the diastolic pressure [31]. In a review by Deoor T, focused 

on skeletal muscle ischemia and reperfusion, it is reported that skeletal muscle is tolerant to ischemia up 

to 4 h, while skin changes are still reversible after up to 24 h of ischemia. This is in agreement with the 

fact that muscle tissue is metabolically more active than skin tissue. Moreover, higher pressures are 

needed to stop the blood perfusion in muscle than in skin tissue, but still, muscle tissue is more 

susceptible to develop pressure ulcers at a certain pressure level than skin tissue [26]. 

 

Figure 1 - Proposed sequence of events during tissue compression [29]. 
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1.4.2 Ischemia-reperfusion injury 

Upon relieving the pressure, reperfusion should occur. However, due to the disturbed energy supply 

during ischemia, calcium ions may have accumulated intracellularly because of impaired functioning of ion 

pumps. This may lead to irreversible contraction of endothelial smooth muscle cells, which makes 

reperfusion impossible [32]. However reperfusion itself is also known to have deleterious effects. It is 

thought to produce more oxygen free radicals than can be scavenged, which causes oxidative stress in 

the tissue. This in turn stimulates endothelial cells to recruit leukocytes, causing inflammation.  

There are numerous hypotheses regarding the subsequent pathways of reperfusion injury, among which 

are endothelial cell swelling associated with the recruitment of monocytes and macrophages, reduction in 

arteriolar diameter, permeability changes in postcapillary venules due to leukocyte adhesion, and 

increased flow reduction in the microcirculation [33]. The various mechanisms through which reperfusion 

may induce injury are investigated in several diferent studies. Among these are up-regulated collagen 

degrading enzymes, recruited leukocytes producing high levels of oxygen free radicals [34], elevated 

intracellular calcium levels, mediation through neutrophils and the complement membrane attack 

complex22 and reduction of radical scavenging enzymes. 

 

During the reperfusion period, the usual buffering of oxygen free radicals is diminished, and their 

production is elevated due to inammation. As a result, they damage the vascular endothelium, which 

attracts platelets and granulocytes, and stimulates stasis of blood flow and thrombosis, leading to a further 

decrease in blood flow. 

These phenomena may contribute to the development of tissue necrosis. Another observation by Houwing 

et al. [35] was histological damage more distal to the pressure application area in addition to directly under 

this area. This spreading of the damage followed the same pattern as the arterial blood supply, indicating 

further that tissue (re-)perfusion plays an important role in the aetiology of pressure ulcers. If the ischemia-

reperfusion injury is indeed an important contributor to muscle damage, the question arises why frequent 

turning of patients seems to help in preventing the development of pressure ulcers. 
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1.4.3 Interstitial fluid and lymph flow 

Normal cell functioning depends on normal metabolism, a sufficient supply of nutrients through the blood, 

and elimination of waste products essentially through the lymph. 

Any disturbance of this metabolic equilibrium stresses the cell, and may eventually lead to cell damage 

and death. The fact that pressures higher than the capillary closing pressure do not always produce 

pressure ulcers, made Reddy [36] suggest that in addition to a disturbed microcirculation, lymph 

circulation and interstitial transport processes also play an important role. His hypothesis on the role of 

lymphatics in pressure ulcer formation is that tissue pressure can damage or directly block the lymphatics, 

leading to impaired absorption of lymph from the interstitium. Hormone release in response to capillary 

occlusion may also result in impaired lymph flow, due to dysfunction of the lymphatic smooth muscles. 

The consequence of an inhibited lymph flow is accumulation of metabolic waste products, proteins and 

enzymes, which leads to tissue necrosis. This author cites results of Miller and Seale [37] who found that 

the lymphatic clearance of a radioactive particle was inhibited when the externally applied pressure 

exceeded 8-9.3 kPa (60-70 mmHg). 

Ryan (1990) also mentions the lymphatics as a system that is very sensitive to pressure and shear, and 

that may cause lymphoedema when it cannot function properly. This edema leads to a higher interstitial 

pressure, which worsens the damage. 

However, the relative contribution of the impaired lymph flow to the aetiology of pressure ulcers that start 

in muscle tissue, is questionable since only 5% of the blood flow in skeletal muscle is filtrated, so the 

volume flow of lymph is really very small compared to that of blood [38]. Nevertheless, if this lymph flow is 

an important way through which skeletal muscle has to get rid of its waste products, it can be relevant if it 

is impaired in the development of pressure ulcers. 

 

1.4.4 Cellular deformation 

It has been suggested that cell deformation is an important aetiologic factor in the development of 

pressure ulcers [37, 38]. It triggers local membrane stresses, volume changes and cytoskeletal 

reorganization, which may be involved in cell damage. 
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1.5 Deep Tissue Injury 
 

In this thesis the main focus is to study the initial development of deep tissue injury (DTI) that lead to deep 

pressure ulcer. 

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 [39]. 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 is 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  [26, 40]. 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 

[26, 41]. Muscle tissue, the most vascularized tissue layer between the bone and skin during sitting and 

the tissue the highest metabolic demand, is reported to have the lowest tolerance to mechanical 

compression [26]. 

 

1.6 Skeletal muscle 

Skeletal muscle is constituted by muscle fibers and connective tissue. The fibers are composed of many 

myofibrils, which are repeated units of sarcomeres. The specific arrangement of actin- and myosin 

filaments that constitute these sarcomeres, gives skeletal muscle its characteristic cross-striated 

appearance. The muscle fibers contain multiple peripheral nuclei from the individual cells that are fused to 

form the fiber. The diameter of these fibers ranges from 10 to 100 m, and they can span the whole length 

of the muscle or part of it, with a length of up to 30 cm10. The individual fibers are separated from each 

other by a thin layer of connective tissue, the endomysium. Bundles of muscle fibers, fascicles, are 

surrounded by the perimysium, and the total muscle is surrounded by the epimysium, a thick connective 

tissue layer. 
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Skeletal muscle structure: The entire muscle is surrounded by the epimysium which continues as 

perimysium covering the fascicles, and finally as endomysium which surrounds the individual muscle 

fibers as illustrated at Figure 2. 

 

 

 

 

 

 

 

 

 

 

 
Generally, one artery enters a skeletal muscle near its central part, and one or more veins exit there. 

There are several capillaries that supply the fibers with nutrients and oxygen. 

 

The satellite cells (muscle stem/progenitor cells), that reside between the cell and basal membrane, are 

responsible for regenerative capacity of skeletal muscles. These satellite cells can repair either total 

muscle total muscle fibers or just damaged parts of existing muscle fibers [42]. 

As stated before, several theories have been proposed, to explain how compressive tissue straining leads 

to local cell damage. 

Figure 2 - Skeletal muscle structure [42] 



11 
 

2 State of the art of cell deformation effect´s  

By the middle of the 20
th
 century, duration of pressure was suspected to be a factor in pressure ulcer 

development [43, 44], but quantitative data were missing until Kosiak started to publish his experiments in 

1959. These involved loading tissues with known pressures for specific durations in albino rats. 

Histological examination was used to assess tissue viability [45, 28]. 

Kosiak reported a relationship between amount of pressure, duration of application and the development 

of tissue damage in canine and rat experiments. This author stated that, “microscopic pathologic changes 

were noted in tissues subjected to as little as 60mmHg for only one hour” [45]. 

Many studies have been performed using animal models which have attempted to determine the threshold 

values for external loads, different methodologies and animal models existed for these studies. The 

results of these studies have concluded that there is an inverse relationship between the magnitude and 

duration of the load in that both high pressure for short periods and low pressure for long periods both 

cause ulceration [46]. 

Criticisms of these studies can be made on several fronts due to poor explanations of the methodology 

used, the lack of statistical analysis and oversights in the interpretation of results. The literature 

demonstrates, however, that both time and pressure magnitude are important factors and once thresholds 

for each are exceeded, tissue damage will result. 

In the 1970s, Reswick and Rogers published guidelines based on human observations that depicted non-

injurious and injurious levels and lengths of exposure to particular interface pressures [47]. 

Although consistent with Kosiak´s work, the curves at the extremes of the timescale were based on 

extrapolation rather than data [48, 49]. 
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Reswick and Rogers (1975) proposed the curve shown above (Figure 3) to define harmful postures. 

There are some things to take in account. Firstly an assumption is made that 30-35mmHg is the threshold 

above which tissue ischemia occurs. However, pressure is not the only force affecting tissues in human 

subjects. 

Shear and tissue distortion may also affect the vasculature sufficiently to cause ischemia, thus there 

should not be reliance upon use of interface pressures as measures of effectiveness. 

In addition to the reasons above, interface pressure recordings taken in both patients and volunteers must 

be interpreted with great caution since they are difficult to measure and subject to error. Reswick and 

Rogers do acknowledge that their pressure/time curve should only serve as a guideline as it was 

developed from “much experience” and “relatively few controlled measurements”. 

Recently, it has been proposed that the Reswick and Rogers curve be modified to reflect more recent 

animal studies and clinical experiments that high pressures can cause pressure damage within a relatively 

short time, but that lower pressures can be applied for long periods without damage occurring [50, 51, 52]. 

To summarize the main conclusions from animals experiments are: 

1. There is an inverse relationship between tissue damage and external load magnitude and 

duration [28, 41, 26, 47]. Thus both a large load magnitude applied for short periods of times and 

smaller loads applied for prolonged times result in tissue damage (Figure 4). 

 
 

Figure 3 - Reswick and Rogers' curve [62] 
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It should be realized that the data summarized in line 3 in Figure 4 originate from diferent situations, and 

few controlled experiments. But the observed areas and measurements were all over bony prominences. 

Another experimental allowable-pressure versus time curve was made by [26], who observed the skin of 

swines for ulcerations (line 1 in Figure 4).  

 

2. Reported threshold values for load magnitude and duration vary considerably in literature (Figure 

4). The large variation in the threshold values may be partly explained by the diversity in 

laboratory animals, loading methods and regions of load application. 

 

3. Skeletal muscle tissue is more sensitive to damage than skin tissue [40], and the most severe 

pathological changes occur in deep muscle layers [46]. 

 

4. Skeletal muscle tissue degeneration starts at the cellular level, characterized by disintegration of 

contractile proteins, followed by inflammatory reactions [28, 40, 30]. Thereby, initial cell damage is 

highly localized, showing irregular patterns of living and dead cells [37]. 

 

It is difficult to translate research findings on healthy animals into the clinical setting where patients with 

multiple pathologies are generally exposed to repetitive and different kinds of pressure that aggravated by 

friction and shear forces [53, 54]. The soft tissue layers of animals, particularly the skin, differ to those of 

human soft tissue [37, 26]. 

Figure 4 - Pressure ulcer risk curves. Pressure/time combinations 

above the curve will lead to tissue breakdown [61]. 
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Virtually all the early animal studies state their results in a qualitative manner and do not list any 

quantitative results, additionally no statistical analyses have been undertaken. Thus it is with great 

skepticism that any relationships can be proven. 

Although animal models are efficient for studying the pathobiology of DTI affecting muscle tissue, they 

generally do not allow correlation of the pathobiology with the internal mechanical conditions in human 

tissues that lead to ulcer formation (eg, distributions of muscle tissue deformations and mechanical 

stresses). 

For the study of these internal mechanical conditions, computer modeling using the Finite Element (FE) 

method of stress analysis, is a very powerful approach [55-57]. Computer simulation, allow many 

experiments at a substantially lower cost than any human or animal studies. Unlike real-world 

experiments, numerical experiments allow isolation of each factor affecting the mechanical conditions 

leading to ulceration, for example, the curvature of the ischial tuberosities, the thickness of the muscle 

layer, the stiffness of each tissue involved, and the stiffness and thickness of wheelchair cushions or bed 

mattresses. 

Providing an accurate evaluation of local muscle loading from interface pressure measurements alone is 

extremely difficult. That is because of the complicated internal tissue loading patterns, which were 

manifested in anatomically realistic models, [58, 59] and in models that represent for example the 

anatomy of the human buttock using a relatively simple geometry (eg, an axisymmetric rigid half-cylinder 

or half-sphere to represent the ischium) [60,61]. 

The use of such computer simulations to study the mechanical conditions at the microstructural levels of 

skeletal muscle subjected to bone compression in DTI requires knowledge of the tolerance of individual 

cells or cell cultures to continuously delivered deformation and stress [56]. That is why it is important to 

establish a well-defined protocol for apply and measure cell deformation by pressure. 

In vitro skeletal muscle models may provide a complementary method for studying mechanisms for cell 

damage. In addition, they are useful to establish relationships between cell damage as a function of time 

and magnitude of loading. 

Most of the studies assessing the effect of pressure on cells, have used specially designed setups to 

apply pressure and measure deformation and viability with confocal microscopy. 

Experiments on single cells [30] and tissue-engineered muscle constructs [56] demonstrated that 

deformation itself affects cell viability. Gawlitta et al. [29] investigated the separate contributions of 

different aspects of compression to damage in an in vitro set-up. They found that deformation was, in the 

short term, more damaging to the cells than hypoxia. 
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So far there is no way to measure the risk of pressure ulcer and DTI development with precision, despite 

the advances on computer models. 

Hospitals and health professionals develop prevention guidelines to prevent pressure ulcers. These 

guidelines focus on five points: risk assessment, skin care, nutrition, mechanical loading and support 

surfaces, education. (National Pressure Ulcer Advisory Panel). Most of the topics on Mechanical loading 

and support surfaces focus on relief and redistribute the pressure points on the body by changing 

positions, create movement and choosing devices and materials to correct posture and decrease pressure 

problems. 

 

2.1 Background 

In Aalborg biomedicine laboratory a previous study on the subject was done by Tea Jung Rasmussen for 

her master thesis entitled “3D deformation design study of Myoblasts Cells”. It was found the right protocol 

and composition for the gel disk that is described in the Material and Methods section. The gel was 

designed to have some desired mechanical properties. The main focus in this thesis was to create a 

numerical and computer model with data from the mechanical properties of the gel and cells to predicted 

and quantify the axisymmetric strain distribution at the cells location. This way a numerical analysis was 

made, using the finite element (FE) method, to visualize the strain patterns in the gel when it is loaded. 

The model is applied to determine the maximum shear strains throughout the gel.  
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3 Aim of the thesis 

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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4 Materials and Methods 

4.1 Alginate 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 minutes 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 hour. The dispersion 

was autoclaved at 121ºC for 30 minutes 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 hours. 

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]. 

 

4.2 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. 

 

4.3 Cell Culture 

C2C12 murine skeletal muscle myoblasts (passages 15–30) were expanded on 75cm
2
 flasks. The growth 

medium is composed by DMEM, 4.5g/L Glucose w/ L-Glutamine,10% Fetal calf serum – FCS (Gibco, cat. 
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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 1x10
5
cells/cm

2
 and left in the incubator (37°C, 

5% CO2) for 24 hours. 

 

4.4 Indenter system 

The indenter system was design to be possible to apply pressure on two plates at the same time and be 

able to move, simultaneously, with the plates under the microscope. 

 

4.5 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 cells with the stain 

solution for 15 minutes at 37ºC. 

The cells were washed again with PBS and the cells are ready for observation. 

 

4.6 Propidium Iodide (PI) Staining 

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. 

 

4.7 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-
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Figure 5 - Microscopic image of the bottom of the tip of the indenter. 20x magnification. 

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 hours. Selection of 

positive cells was done by addition of 5 μg/ml Blasticidin and resulted in a homogenous cell population of 

stable GFP expression. 

 

4.8 Experiments/Acquiring images  

All experiments were made at room atmosphere and temperature (around 20ºC) with no control of CO2. 

In the following experiments all images were taken aligned to the center of the tip of the indenter and with 

a 20x magnification as can be seen in Figure 5. 
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5 Results and discussion 

5.1 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. 

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 and 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.  

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.  

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. 
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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 morphology and viability it was necessary to choose the right staining method. 

Two dyes were chosen to be tested, JC-1 and Propidium Iodide.  

 

  

Figure 6– Indenter system, detailed. Figure 7 - Indenter system mounted on the 

microscope.   
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Figure 8 - Viability assay of C2C12 cells stained with JC-1 followed over time under the microscope. Images were 

acquired with the red channel. 

5.2 Assessment of viability stains 

5.2.1 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.  
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Analyzing Figure 8 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. 
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Figure 9 - C2C12 cells stained with Propidium Iodide, images taken through bright field microscopy. 

5.2.2 Propidium iodide Staining 

Propidium iodide (PI) binds to DNA by intercalating between the bases with little or no sequence 

preference and with a stoichiometry of one dye per 4–5 base pairs of DNA. PI also binds to RNA. Once 

the dye is bound to nucleic acids, its fluorescence is enhanced 20- to 30-fold. The PI is not permeable to 

live cells so it will be only able to bind to the nucleic acids as soon as cell die and cell membrane loses its 

integrity. 
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Figure 10 - C2C12 cells stained with Propidium Iodide, obtained through the red channel. Since PI is membrane 

impermeable it only enters the cells when they start dying, so the white spots highlighted in the images represent 

dead cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyzing Figure 10, is noticed that in the beginning (0h) there were already two cells dead. In the first 6 

hours of the trial no other cells died. The trial was interrupted and the next picture was taken after 24 

hours from the beginning. After this time it is noticed that a lot of cells died and their morphology changed 

from elongated cells to small and round cells.  

It can be noticed in Figure 9 that the culture and staining method does not compromised the cells viability 

for that period of time and that this viability assay is valid, since one is interested on following cell behavior 

under compression for the first 8hours. 

An advantage of using the PI is that the dye, unlike the JC-1 staining, is not washed and is present in 

medium during the entire experiment, this way bleaching problems are solved. 

The position of the cells and their morphology was only possible to assess using the white light above the 

microscope since, as stated before, PI only evidence cells that are dying. This can become limited once 
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the indenter system is set on top of the wells, not allowing the light illumination above the cells. One way 

to solve this issue is to use white light under the wells but the tip of the indenter would also reflect the light 

and could create background problems when acquiring images. To solve this limitation it can be used 

another dye in combination with the PI or make use of a line of C2C12 cells transfected with GFP.  
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5.2.3 C2C12 with GFP expression 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 - C2C12 cells with GFP expression stained with GFP followed over time. Green channel 
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By looking at  Figure 11 acquired with the green channel 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). However 

for acquiring better images of the cells 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 13) it is possible to see the properties of both channels, cell 

morphology and cell viability. 

 

 

 

 

Figure 12 - C2C12 cells with GFP expression stained with GFP followed over time. Red channel 
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Figure 13 - C2C12 cells with GFP expression stained with GFP followed over time. Merge channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By looking at Figure 12 and Figure 13, 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 14 - C2C12 cells with GFP expression stained with PI, with a layer of gel on top, followed over time. Green 

channel 

5.3 Control experiments 

5.3.1 Assessing the effects of the alginate gel in cells  

In this experiment , modified C2C12 with GFP expression stained with Propidium iodide were used to 

track the cells that died. 

The gel was laid down on top of the cells. Before it was transferred to the wells, the gel was washed with 

HEPES medium to be sure that the gel was not acid since this would kill the cells, and to remove any 

component of the gel mixture that did not dissolve or gelify. 
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Figure 15 - C2C12 cells with GFP expression stained with PI, with a layer of gel on top, followed over time. 

Green channel 
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This experiment was set to see what is the effect of the gel on cells’ viability and morphology. The 

purpose of the gel is to make sure the compression forces applied to the cells through the gel are 

homogeneous and to serve as contact interface between the metal indenter and the cells since the tip of 

the metal indenters has some micro irregularities. 

As it can be seen in Figure 15, at time “0h”, there were two dead cells and for the duration of the 

experiment no more cells died. Comparing the live images, (Figure 14) from this experiment and the one 

made with just the C2C12 cells with GFP expression stained with PI (Figure 11), there was no change in 

cell normal morphology. 

Like previously stated in the chapter of materials and methods, gels were washed with medium before 

they were used. When used without washing, the gels are acid, turning the medium from a reddish color 

to a yellow color and killing the cells. By washing the cells they become neutral, reagents are washed 

away, and the gel absorb some medium preventing absorption of medium during the microscope assay. 

Figure 16 - C2C12 cells with GFP expression stained with PI, with a layer of gel on top, followed over time. Merge 

channels 
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By looking at Figure 15 some dead cells move from their original position. Like it was stated in the 

previous experiment, this occurs because cells lose their attachment properties when they die. This way 

we can state that the compression caused only by the gel do not affect cell movement and detachment. 
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Figure 17 - evolution of compression force apply to the cells over time. Various movements with 

different lengths. 

5.3.2 Understanding the behavior of the gel and cells under compression 

In this experiment the cells were stained with PI and put under the microscope. The purpose of this 

experiment was to understand the functioning of the indenter system and to have a general idea of the 

cells and gel response to compression. Several compression steps were taken with different lengths. 

The pressure sensor was set to take pressure points every 1 second. Pictures of the cells were taken 

before the indenter touch the cells and as soon as the sensor start to sense pressure. Each peak of 

compression force on Figure 17 corresponds to a movement by the indenter system. The first peak of 

compression force (-0,05N) was considered the first step. The first two peaks correspond to two steps of 

100 μm. The six peaks until 3500 seconds are related to 50 μm step each. From that time point all the 

steps (10) are 25μm long, with the exception at 5400 seconds when two simultaneous steps were taken. 

After 65000 seconds the indenter was pulled up and ended the experiment. All this indenter movements 

are represented in Figure 17. This experiment was performed to test and understand the performance and 

limitations of the mounted pressure system. 
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Figure 18 - C2C12 cells with GFP expression stained with PI, with a layer of gel on top, followed over time 

with different compression forces applied. Merge channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyzing Figure 17 that shows the evolution of the force sense by the pressure sensor with time, which 

can be correlated to the force applied to the gel and therefore to the cells, it can be noticed that every time 

the indenter device descends on the well and compresses the cells the values of force transmitted to the 

computer are negative (compression forces are negative and distension forces are positive). Every time 

pressure was applied, after the values of force reach a peak, the values start immediately to increase 

which correspond to a decreasing in a compression force. This can be due to gel relaxation that leads to 

gel deformation. 

By looking at Figure 18 it can be observed that after 30 minutes cells start to die and after 2 hours most of 

the cells were dead. This did not happen when the cells were not compressed as it can be seen by the 



39 
 

experiment made with the gel on top of the cells with no compression applied. By comparing the images 

between times 0 hours and 1800 seconds it is noticed a change in cells’ morphology, total cell area 

increase by 24,4% (cells spread) and some of them seemed to be fusing.  
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5.3.3 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 minutes.  

 

 

The indenter system was set down 1000 µm and reached a compression force of 3N as it can be seen in 

Figure 19 and immediately after this peak the compression force decrease until 0.25N due to gel 

relaxation. 

 

 

 

 

 

Figure 19 - evolution of compression force apply to the cells over time. A single 1000 µm movement. 
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In Figure 20 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 Figure 20 it can be noticed that cells start to die immediately after the indenter reached the 

1000 μm into the well. After 45 minutes all the cells were dead. Comparing the pictures from “0h” with the 

one taken after 15 minutes, 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.  

 

 

 

 

 

 

 

Figure 20 - 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 
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Looking at Figure 21 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 minutes 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. 
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Figure 21 - 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 22 – 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. 
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Analyzing Figure 22, that represents the evolution of the percentage of dead C2C12 cells due to 

compression, it is possible to see that immediately after compression was applied, cells start dying, almost 

50% of the cells died, and after 45 minutes all cells were dead. 

Figure 23 represents the percentage of 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 0 hours, before pressure was applied. Analyzing Figure 23 it can be observed that after 

compression was applied the total cell area increased almost 40%. After 15 minutes 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 minutes showing a decrease in cell deformation. After 

45 minutes de values of percentage of total cell area increase became negative, which means that the 

total cell area after 45 minutes is inferior to the total cell area before compression was applied. 

Taking in account Figure 22 and Figure 23, 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 increase) that arises from a compression force of 

3N is not bearable to cells. So the next step is to apply a smaller compression force to the cells. 
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Figure 23 - 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  
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5.3.4 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 minutes for the first hour and after that time 

every 30 minutes. 

Since most cells appeared dead after 3hours, the experiment was stopped after 3.5 hours. 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 , a compression force peak of 0.13N was reached by descending the indenter system 

200 μm as it can be seen in Figure 24. 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 minutes.  

 

 

Figure 24 - evolution of compression force apply to the cells over time. A single 200 µm movement. 
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Analyzing Figure 25 it can be observed 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. 

 

 

 

 

 

 

 

 

 

Figure 25 - 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 
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Figure 26 - 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 

 

 

 

 

 

 

 

 

 

 

Comparing the image from the center of the indenter after 3.5 hours and the image from the same well but 

outside the range of the indenter (in Figure 26) we can see the difference in cell death rate, in the area 

outside the range no cells died after 3.5 hours. The same thing can be noticed in the picture taken from 

another well at the same conditions of the experiment but without compression (in figure 26).  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. 
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Figure 27 - 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 28 - 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 
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By looking at Figure 27, it is notice that cells only start dying after 2 hours of compression, 25% of the 

cells were death. Between the second and third hour of compression all cells died. Analyzing Figure 28 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.  
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6 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 the wells are installed, this way it is 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 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. A gel disk which the fabrication protocol and composition was design in a 

previous study from Aalborg biomedicine department is also part of the set up for cell deformation. 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 C2C12 cells 

with GFP expression stained with Propidium Iodide were chosen. 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 performed 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 minutes all cells were dead. At 3N of compression force 

the total cell area increased until a maximum of 38%. With a smaller compression force, 0,13N cells took 

longer to start dying, 1,5 hours and only after 3 hours all cells were dead. At this compression force cells 

displayed a maximum total cell area increase 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 is 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 of shear forces should be also 

investigated. 
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