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Abstract 

Recent studies have shown that cells not only respond to chemical signals such as growth factors or 

chemoattractants, but they are also capable of detecting mechanical stimuli and responding to them. The 

process during which these mechanical stimuli are detected and transferred to chemical signals, that cells 

can process, is called mechanotransduction. The mechanical stimuli that can affect cells can be either an 

external stimulus applied to cells, such as shear flow or cyclic compression and tension, or they can be 

linked to the mechanical properties of their substrates. One of the mechanical properties of a substrate that 

can affect cellular behavior is known to be stiffness, mostly measured by elastic modulus. Stiffness 

influences a wide variety of cellular behaviour such as cell shape, adhesion to substrate, proliferation, and 

differentiation.  

Anchorage dependent cells are in direct contact with their environment, which then leads to 

complicated interactions. These interactions can be both biological and mechanical. In the current 

research, the mechanical interactions are often called the “mechanical responses” of cells. For anchorage-

dependent migrating cells, mechanical responses can be the substrate deformations induced by the forces 

generated by cells also called cell traction forces. These mechanical responses can be studied in three 

levels of complexity. The first level is when cells are cultured on a 2D matrix and responses are also 

studied in 2D. The second level of complexity is when cells are cultured on a 2D matrix and the 

biological behaviour of cells, such as growth or migration, is studied in 2D, however, the mechanical 

responses of cells are studied in 3D, meaning that not only in plane deformation and forces are studied, 

but out of plane ones are also assessed. The third level of complexity is when cells are cultured inside a 

3D matrix and both biological responses and mechanical responses are studied in 3D.  

In the current research, the second level of complexity is chosen. After testing different types of 

materials, polyacrylamide (PAAm) was chosen as the model biomaterial. Following mechanical 

characterization of PAAm samples, substrates were prepared with three different elastic moduli. Both 

biological responses and mechanical responses of human corneal epithelial cells (HCECs) were studied. 

For biological responses, cell viability, activation, adhesion molecules, apoptosis and migration behaviour 

were studied. For mechanical responses, confocal microscopy in junction with image processing 

technique, digital volume correlation (DVC), was used to measure cell induced deformations.  

It was found that elastic modulus, as a mechanical stimulus, affects not only biological behaviour of 

cells, but also their mechanical behaviour. Decreasing elastic modulus led to significantly lower migration 

speed of HCECs, slightly higher number of apoptotic cells as well as significantly higher number of 

necrotic cells. Furthermore, while no significant changes in adhesion molecules occurred, dramatic 
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changes in cytoskeleton structure was seen on cells cultured on compliant matrices. Also, the DVC code 

was capable of detecting both in plane and out of plane deformations from confocal images. It was found 

that substrate elastic modulus can change the pattern of displacements on compliant substrate compared to 

stiff ones. Results of the present study suggest that the deformation pattern and magnitude does not 

change over the body of cells and that they are rather similar in the leading edge and trailing edge. 

Deformation under the nucleus was also assessed and for compliant and stiff substrates were present 

while no deformation was found under the cells cultured on medium stiffness substrates. It was also 

speculated that mechanical interaction of HCECs with their substrates can be more complicated than 

currently known and cells seem to be able to exert moments on their substrate as well as forces. 

Results presented in this thesis demonstrate that HCECs are sensitive to substrate stiffness and elastic 

modulus can affect their behaviour. Furthermore, considering the complexity of HCECs mechanical 

interaction with their substrates, it is critical to study both biology and mechanics for full comprehension 

of cellular interaction with the ocular environment. 
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Glossary of terms 

Angiogenesis: Formation of new blood vessels from existing ones is called angiogenesis. 

Cascade: A cascade is a series of consecutive reactions that product of one step is used at the following 

step. There are several different kinds of cascades such as coagulation cascade, and enzymatic cascade. In 

this thesis mainly signal transduction cascades are considered. Signal transduction cascade is the series of 

events that result in interpreting of a signal by cell, whether it is chemical, physical or mechanical. 

Chemoattractant: Chemotaxis is the process of cell migration as a result of a chemical signal. 

Chemoattractant is the chemical substance including chemotaxis. 

Chromatin: DNA and several other proteins make a complex that has genetic information in it. This 

complex is called chromatin and it exists in the cell nucleus. 

Cross-correlation: CC is a method for measuring similarity level of two sets of signals using 

mathematical equations.  

Cytosol: The liquid inside a cell is called cytosol. 

Durotaxis: The process of cell movement as a result of a mechanical stimulus is called durotaxis. 

Ectodomain: Proteins on the cell walls are sometimes extend from inside the cell all the way to the 

outside of the cell. The section of the protein that is outside is called ectodomain. 

Filopodia: Protrusions on the cell membrane that contain parallel fibers of actin filaments are called 

filopodia. Filopodia are mainly involved in exploring the environment during cell migration. 

Fourier transform: Fourier transform is a mathematical computation technique and an image processing 

tool that maps images from spatial domain to frequency domain. This mapping significantly decreases 

computational load.  

Growth factor: Growth factors are proteins that stimulate cells for higher growth rate, division and also 

differentiation. 

Kinase: A kinase is an enzyme that can transfer phosphate groups from one molecule to another [1]. 

Ligand: Generally speaking, ligand is a molecule that can bind to another one and make a large complex. 

This complex usually serves a specific purpose. In the present research, ligand usually refers to an ECM 

component. 

Lipid bilayer: Lipid bilayer is the cell wall that separates the inside and outside of a cell. 

Lamellipodia: Lamellipodia are flat protrusions on the cell surface during migration that contain network 

of actin filaments. They are mostly involved in directional migration. 
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Mechanotransduction: The process during which cells can detect mechanical stimuli and transfer it to 

chemical signals is called mechanotransduction. 

Morphogenesis: Formation of a multicellular organism is called morphogenesis. It is one of the 

fundamental processes during embryonic development. 

Phenotype: The collection of detectable characteristics of an organism makes that organism’s phenotype. 

For a specific cell type, any behaviour, such as biological, physical, mechanical and chemical contribute 

to that cell’s phenotype. 

Receptor: A protein that collects stimuli for cells is a receptor. It resides either inside the cell or on the 

surface.  Upon stimulus collection by a receptor, cell responds to it accordingly. 

Stem cell niche: The matrix that stem cells live in is called stem cell niche. Stem cells collect a large 

portion of the information they need from their niche. 

Transfection: The process of genetically introducing a protein into the cells, so that cells express a 

desired property, is called transfection. 

Voxel: A unit of 3D volume image, similar to pixel in 2D, is called voxel. 
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Chapter 1: Introduction 

 

 

 

In the human body, cells are either in contact with a solid three-dimensional (3D) substrate and/or 

interact with bodily fluids. Specifically, in a tissue, native cells live in a 3D substrate called the 

extracellular matrix (ECM). ECM not only provides structural support for cells, it also provides 

information to them. Cells collect this information and respond to it accordingly. The information can 

come from both the chemical constituents of the ECM and the physical and mechanical properties of this 

substrate.  

It has been recently shown that cells have the ability to detect mechanical stimuli and respond to them 

through a process called mechanotransduction [2]. A wide range of mechanical stimuli, including shear 

stress due to flow [3,4], tensile and compressive stresses [5], and even mechanical properties of the 

substrate cells live on\in [2], can affect cellular behaviour. Also, a broad variety of cellular behaviour, 

such as proliferation [6], differentiation [7], and also migration [8], can be affected by these mechanical 

stimuli. This broad variety of signal types and also cellular behaviour emphasizes the importance of 

mechanotransduction in regulating biological processes. In the present thesis, the main focus is on cell 

migration. 

As one of the vital processes in the human body, cell migration in the ECM has been the subject of 

numerous studies in the past. During migration, cells push and pull their substrate and, as a result, deform 

it and exert mechanical forces that are called cell traction forces. The idea of measuring these mechanical 
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responses, in single cell level, was started more than three decades ago when substrate wrinkling was 

assumed to be an indication of cell induced deformation [9]. Since then, technological advancements have 

allowed the development of many different methods to measure cell mechanical behaviour. One of the 

most common measurement methods is called cell traction force microscopy. In this method, cells are 

cultured on/in a flexible substrate and allowed to migrate over a certain period of time. During migration, 

cells induce deformation on the substrate and these deformations can be measured by microscopy 

techniques. One method for measuring these deformations is to load the flexible substrate with 

fluorescent microbeads. Displacements of these beads is then measured and considered cell-induced 

deformation [10]. Using the deformation and substrate mechanical properties, cell traction forces can then 

be calculated using constitutive equations governing the mechanical properties of the substrate [11].  

These measurements can be performed in three levels of complexity. The first and easiest level is when 

cells are migrating on a two-dimensional (2D) surface and cell responses (biological and mechanical) are 

also studied in 2D. In this case cell migration is occurring in 2D and deformation and force measurements 

are also in 2D. This is the most common and most studied level of investigation. The second level is when 

cells are cultured on a 2D substrate and therefore biological responses from cells results from 2D 

interactions, however, mechanical responses are measured in 3D. In this case not only in-plane 

deformation and forces are calculated, but also out-of-plane (third dimension) measurements are 

performed. The third complexity level and the most complicated one is when cells are embedded in a 3D 

matrix, and both biological and mechanical responses are measured in 3D as well. This is the most 

realistic case when compared to the behaviour of most cells in vivo. It is critical to note that both second 

and third levels are recent approaches and have not been fully investigated yet. The fact that cells are able 

to apply a force in 3D, even when they are cultured on a 2D surface, has been a recent finding [11–14]. 

Encapsulation of cells in a 3D matrix and measuring 3D responses, for a single cell, has only  started to 

emerge very recently [15].  

While the number of studies is still limited, the current research highlights the important role of 

mechanics in cellular behaviour. However, very little is known about the behaviour of different cell types 

and there is a significant need for developing more specific methods. Implementing various engineering 

techniques, along with knowledge of biological sciences, can lead to more efficient and comprehensive 

measurement methods. This can guide us to a better understanding of all aspects of cellular behaviour.  

In the present thesis, mechanical interactions of cells with their environment were studied. The effect of 

substrate stiffness, as a mechanical stimulus for cells and its influence on biological responses was 
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investigated as well as its influence on mechanical behaviour. For the experimental investigation, the 

second level of complexity was chosen. Furthermore, for the mechanical effect of cells on their substrate, 

cell-induced deformation by cells was measured using a recent method called digital volume correlation 

(DVC). This method enables us to estimate cell-induced displacements and strains in 3D while cells are 

cultured on a 2D surface of a substrate. 

1.1 Hypothesis 

The present thesis hypothesizes that mechanical interaction of cells with their environment can be 

investigated effectively through studying both biological and mechanical responses. Two main research 

questions and hypotheses were addressed in the present thesis: 

1. Research question: Do corneal epithelial cells respond to stiffness of their substrate? 

Hypothesis: Substrate stiffness is a mechanical stimulus and cells respond to it.  

2. Research question: Is studying biological behaviour of cells enough? 

Hypothesis: Studying mechanical responses of cells as well as biological responses can reveal 

further aspects of cellular behaviour.   

Implementing engineering techniques, using confocal microscopy paired with theoretical calculations 

by image processing methods, enable us to explore these new aspects of cellular behaviour.  

1.2 Objectives 

In this thesis, the 3D mechanical and biological responses of cells cultured on 2D surfaces were 

investigated. There were three main objectives: 

1. Choosing a suitable model substrate material that has controlled properties and permits cell 

viability, attachment and migration.  

2. For the chosen substrate and the selected cells, investigating the viability, growth, adhesion 

molecule expression, apoptosis and migration patterns as biological responses. 

3. Determining the cell-induced deformations as the mechanical response of cells using confocal 

microscopy and image processing techniques. 

1.3 Significance 

It is now well known that biological responses from cells are intertwined with the mechanics of the 

environment, but how mechanics affect biological behaviour is still unclear.  
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Investigating cellular behaviour from both biological and mechanical perspective is a rather new 

approach of understanding cellular behaviour. This understanding can be applied in clinical research to 

improve therapeutic strategies various processes and conditions such as wound healing or cancer. 

1.4 Thesis organization 

Following introduction to the present thesis in Chapter 1, Chapter 2 provides background information 

needed to understand the current research as well as reviewing the previous studies in this field. Chapter 3 

addresses the first objective of the thesis and various substrate materials are discussed. As the material is 

chosen, its characterization is also presented in this chapter.  

The Chapter 4 addresses the second objective and presents the results related to the biological response 

of cells in addition to a considerable discussion. Chapter 5 presents the study on the cell mechanical 

responses and thus addresses the third objective with an emphasis on the protocols used as well as 

significant discussion. Chapter 6 presents the conclusions of this thesis and outlines the contributions that 

thesis has made to the cell biomechanics field along with recommendations for future work.  
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Chapter 2: Background and Literature review 

 

 

 

The focus of this chapter is to describe some basic concepts needed for understanding the current 

research as well as reviewing the previous studies on the mechanical and biological interaction of cells. 

  

2.1 The Extracellular matrix (ECM) 

2.1.1 Introduction and Functions 

The extracellular matrix (ECM) is the substance that hosts all tissue cells in the body. Most of these 

tissue cells are anchorage dependent: in order to survive, they need to adhere to a surface; i.e. most of 

these cells cannot survive when suspended in a fluid. The ECM is the substrate that cells anchor on to 

perform their vital activities, such as migration, proliferation, and differentiation. However, this is only 

one of the ECM functions. Following are the roles of ECM in the human body:   

1. Structural and mechanical support: ECM provides a substrate and structural support that 

tissue cells need to perform their activities [16,17]. The ECM also gives its integrity to the tissue of 

different organs. Depending on the tissue and its specific functions, the ECM can have a variety of 

compositions and mechanical functions.  For example, in the articular cartilage, the ECM is rich in 

water, electrolytes, as well as collagen and proteoglycans. Through this unique structure, the 
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cartilage is then able to support lubrication in synovial joints, which also leads to its exceptional 

load bearing capacity [18,19]. At the same time, the ECM of bones is also composed of collagen 

and proteoglycans, but the presence of minerals such as hydroxyapatite and calcium phosphate 

(which represent about 50% of its volume and 75% of its weight) gives this tissue its distinctive 

strength and rigidity [18]. The ECM also has specific compositions in order to be the suitable 

substrate for different cell types such as endothelial cells in the lining of blood vessels that are 

exposed to blood shear flow. The ECM also supports the growth of nerves and lymphatic vessels 

and provide nutrients to tissue cells [20]. 

2. Controlling cellular behaviour through chemical composition: The ECM can also be a 

reservoir of many chemical signals that affect the biological behaviour of different cells [16,21], 

such as growth factors like transforming growth factor β (TGFβ) [22] and fibroblast growth factor 

(FGF), [23] as well as ECM associated proteins such as fibronectin [24] or tenascin [25]. The ECM 

not only provides the chemical factors to cells, but also affects the distribution and release of these 

factors and proteins [25].  

3. Controlling cellular behaviour through physical and mechanical properties
1
: The ECM, 

not only can influence cellular behaviour via its chemical components, but also its physical and 

mechanical properties affect cells [16]. The ECM is in a dynamic state as cells are constantly 

degrading and remodeling it, thus parameters such as microstructure and density are not constant. 

Furthermore, ECM properties can change due to various diseases. For example, during tumor 

formation, collagen crosslinking density is changed and this can affect ECM properties and 

therefore cell behaviour [26,27].  

2.1.2 Composition 

The ECM in different tissues is made up of similar components. However, the relative amount of these 

components can vary drastically [1]: the composition and the state of the ECM is tailored to the function 

of that specific tissue/organ.  

Generally, the ECM consists of a fibrous network of collagen molecules surrounded by a mixture of 

other proteins such as glycosaminoglycans, proteoglycans, and also other glycoproteins such as laminin, 

tenascin, and fibronectin [28]. These proteins are often large multi-domain molecules (100-1000 kDa 

                                                      
1 The effect of mechanical properties of ECM on cellular behavior will be discussed later in this chapter. 
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[28]), and have asymmetric shape. A few of the well-known molecules will be discussed in the following 

paragraphs.  

Collagen exists in the largest amount in the ECM. It represents about 25% of the total protein mass in 

mammalian bodies [1]. Collagen molecules have a triple helical structure in which three chains (called α 

chain) are twisted around each other. These molecules are long, stiff and make a fibrous structure when 

seen under a microscope [29]. 

Glycosaminoglycans (GAGs) are polysaccharide molecules that are much too stiff to bend and fold, so 

they occupy large volumes compared to their mass. Hyaluronic acid (or hyaluronan) is a well-known 

GAG molecule, which plays an important role in bearing compressive forces in joints [1]. It is also 

important in embryonic development. Usually, GAG molecules are covalently bonded to a core protein 

and form proteoglycans [1,28] to make exceptionally long molecules.  

Other components of the ECM are glycoproteins, which, similar to integrin molecules, are involved in 

cell adhesion to substrate [1]. One of these molecules is fibronectin that is actively involved in cell-matrix 

interactions [1,28].  

Another important component of the ECM is elastin. This molecule provides elasticity to tissues and its 

relative amount can change from a few percent in the skin to about 50% dry weight in the aorta [1] and 

almost 70% in some ligaments [30]. This elasticity gives the tissue the ability to go through cycles of 

repetitive deformations. Since this molecule is very hydrophobic, it is one of the most durable proteins in 

the body [30].   

2.1.3 ECM involvement in biological processes 

The ECM has important roles in mammalian cellular behaviour and plays a crucial role in many 

biological processes. Selected activities with ECM involvement are discussed here. It is essential to note 

that processes discussed here are complicated and most of them are intertwined with each other in a way 

that is impossible to separate them.  

The first cellular activity that is directly affected by the ECM is cell migration. Cell migration plays a 

crucial role in many physiological processes such as the immune system response, wound healing, 

inflammation, angiogenesis, embryonic development, and metastasis. Cell migration is a highly complex 

process in which several proteins get involved and different cascades are activated at subsequent time 

points. There are many different parameters that can affect the cell migration process (migration 

mechanism or speed). These parameters can be classified as matrix-associated factors and cell-associated 
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factors [31]. Matrix-associated factors are physical, chemical, and mechanical properties of the ECM: 

Dimensionality of ECM (2D vs. 3D), its density, microstructure and pore size, topography, composition, 

and also stiffness can influence cell migration [31]. At the same time, cell-associated factors such as cell 

type and function, cell-cell junctions (through cadherins, as the main component), and cell-matrix 

adhesions are the parameter that can change cell migration patterns [31]. In 3D, during cell migration, 

cells have to migrate through gaps and pores. Depending on the physical (pore size) and mechanical 

(stiffness) properties of matrix, cells either get deformed or start to remodel their matrix (either 

degrading1 or deforming) to find their path [32–34]. The other parameter that can affect cell migration is 

the strength of cell adhesion to matrix. There is an optimum for adhesion strength in terms of migration 

speed: very low as well as very high adhesion strengths are not favorable for cell migration [35]. 

Metastasis is another process that has close relation with ECM. During metastasis, cancer cells lose 

their adhesion, migrate through the ECM and invade healthy organs. They can also be transported to 

distant organs by nearby blood or lymph vessels [36–38].  

ECM properties and components can also directly affect angiogenesis (the process of new blood vessel 

formation) which is highly related to tumor growth. In this process, it is not only crucial for the ECM to 

provide the necessary molecules (such as growth factors and cytokines), it also needs to provide a 

substrate for blood vessels to form in [39–41]. It should be mentioned that not all the molecules provided 

by the ECM help the angiogenesis process, some of them can actually inhibit the process [39].  

Differentiation is another process that is affected by the ECM. Generally, two types of parameters can 

affect stem cell differentiation: “intrinsic” factors that are parameters from the cell itself and “extrinsic” 

factors that are from the environment around the cells [42]. Again, not only can the components of the 

ECM affect the differentiation, but the physical and mechanical properties of the ECM can affect this 

process [43]. Stem cells cultured on stiff substrate tend to differentiate to osteoblasts and cells on softer 

substrates tend to differentiate to chondrocytes [7]. Mechanical forces on the substrate can also influence 

stem cell differentiation [44]; for example, shear force on human bone marrow derived stem cells has 

been reported to induce chondrogenesis.  

Embryonic development [16], morphogenesis [45], and homeostasis are other biological processes that 

are controlled, to some extent, by the information delivered by the ECM.  

                                                      
1 Matrix degradation by cellular agents is called proteolysis. 
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2.1.4 ECM to cytoskeleton: Focal adhesions and integrins   

2.1.4.1 Cytoskeleton 

All eukaryotic cells have a skeleton that gives them shape as well as mechanical and supportive 

functions. This skeleton is called the cytoskeleton. There are three main types of filaments in the 

cytoskeleton [1]: intermediate filaments, microtubules and actin filaments. Actin filaments are flexible 

fibers made of actin monomer. The actin monomers are arranged in a way that the actin filaments form a 

“two-stranded α-helical” structure. These two filaments (protofilaments) can make linear structures, 2D 

grids or 3D networks. 

The cytoskeleton is a complex and dynamic structure in which filaments can disassemble and 

reassemble due to different chemical signals and mechanical stimuli. Besides the aforementioned 

filaments, there are many proteins in the cytoplasm that help the cell structure to be dynamic. These 

proteins are called motor proteins. The motor protein that can interact with the actin filaments also 

referred to as “stress fibers” is myosin [1]. Interaction of myosin with actin stress fibers in muscle cells 

causes the muscle contraction. In the last few decades, it has been shown that myosin interaction with 

actin fibers can also happen in non-muscle cells. Myosin is an elongated protein that consists of a long 

heavy chain (with two coiled α helices) and four light chains [1]. The light chains are arranged in a way 

that the two light chains are on each α helix of the heavy chains. Also, there is one N-terminus on each 

light chain heads, which plays an important role during interaction of myosin with actin. However, there 

is also another myosin molecule with just one head1, which is called Myosin I and the myosin with two 

heads is called Myosin II. During myosin II and actin filaments interaction, myosin II attaches to actin 

filament and starts to move along the fiber. The movement is accompanied by ATP hydrolysis and 

fabrication of ADP and requires attaching and detaching of myosin to the filament, thus generating force 

and contraction. Myosin activity can be controlled by myosin light chain kinase (MLCK) [1]. This kinase 

can change myosin conformation from bent to extended state through phosphorylation.  

2.1.4.2 Focal adhesions and integrins 

Cells are attached to the substrate at spots that are called focal adhesion. Focal adhesions are extremely 

complex, dynamic and sensitive structures that anchor cells to their supporting substrate. Abercrombie et 

al. [46] first detected focal adhesions by interference reflection microscopy (IRM) in 1971. They consist 

                                                      
1 This molecule has been specifically seen in amoeba. 
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of about 160 molecules with over 700 links between them [47]. Some of these molecules inherently 

belong to focal adhesions, while others are recruited in different processes at different time points [47]. 

Among them, integrins intrinsically belong to focal adhesion and play actually the main role in focal 

adhesions. 

Integrins are heterodimer molecules consisting of α and β subunits that non-covalently form the 

molecule [48]. To date, 18 different α subunits and 8 different β subunits have been identified and their 

combinations form  24 different integrins [48–50]. These molecules stretch from inside the cell, the 

cytoplasm, all the way to the outside of the cell, the ECM, “integrating” these two environments [51]. 

They were first identified as glycoprotein molecules linking actin filaments of the cell to the fibronectin 

component of the ECM and the name “integrin” was proposed back in 1986 [52]. Integrins can detect 

many different types of ligands: molecules dissolved in the ECM as well as the ones attached to the ECM 

[49]. The 24 possible pairs of α and β subunits lead to integrin molecules with different binding 

capabilities [53]. Therefore, specific integrins can bind to specific ECM components (ligands); for 

example, α3β1 and α5β1 bind to fibronectin [50,53] and α2β1 and α3β1 can bind to collagen and laminin 

[50]. Both α and β subunits of the integrin ectodomains have several sections and flexible links exist 

between these sections, giving the molecule exceptional properties. The α subunit has four main sections: 

calf 2, calf 1, thigh and seven bladed β-propeller [48] (Figure 2-1). Just 18 out of 24 integrins have an 

extra domain between second and third blade of the β-propeller (α-I domain) which distinguishes their 

structure and functions from the other integrin molecules [54]. The β leg, on the other hand, has seven 

sections and therefore is more flexible than the α leg [48] (Figure 2-1). The ligand-binding site exists 

between the α and β subunits. 
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Figure 2-1: Schematic of integrin structure in a) not activated b) activated state, adapted from [48,49,53,55]. 

Integrins can adopt three distinct conformations: inactive or bent (low affinity), medium affinity, 

extended or active (high affinity) [55–57]. Two models have been proposed for explaining the process of 

changing conformation: the switchblade model [58–61] and the deadbolt model [49]. In the inactive state, 

the integrin α chain is bent at the “knee” which is the link between calf-1 and the thigh and this bent 

covers and hides the β chain [53] (Figure 2-1a). The other flexible link in the α subunit is between the 

thigh and β-propeller [48,53]. During the activation process, the salt bridge between the two intercellular 

subunits breaks by binding of the talin protein to the β molecules at specific sites [48,62,63] (Figure 

2-1b). Since talin has both actin and integrin binding sites [64,65], it is one of the crucial molecules for 

communication between integrins and actin. In talin-deficient Drosophila Melanogaster1, integrins are 

not able to attach to the actin filaments [66]. Kindlin is another protein that can affect the activation 

process in the same manner as talin [67–69]. Following this separation, the bent in the integrin 

ectodomain extends. This extension can be accompanied by up to 800 change in the angle [58,70–72]. 

Following this “switchblade” extension, the ligand binding site gets exposed and the integrin molecule 

becomes capable of binding to ECM ligands [73]. Besides the extension, there is evidence that twisting 

                                                      
1 Commonly known as fruit fly or vinegar fly. 
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sections of the molecule relative to each other might also happen [73]. The activation process is highly 

dynamic and occurs very rapidly. 

The switchblade model can explain the switch between bent and extended states, while the deadbolt 

model describes more subtle changes in the conformation [48]. Another mechanism that controls 

integrin’s conformational change is the presence of three metallic cations: Mn2+, Mg2+ and Ca2+ [58,74]. It 

is believed that there are cation-binding sites at the interface of α and β subunits [49]. Depending on the 

presence and concentration of these ions, integrin conformation and therefore affinity can be affected. For 

example, the presence  of Mn2+ can promote integrin activation [71] and the ratio of Mg2+ to Ca2+ can 

change the ability of integrin β1 to bind to fibronectin [75]. 

Although these models are relatively consistent and can explain most of the observations, there are 

controversial findings as well. The switch from closed to open conformation is not necessarily needed for 

integrins to bind to their ligands. This was observed for αVβ3 both bound to soluble fibronectin in 

presence of Mn2+ [71] and also bound to the RGD sequence in bent conformation [76]. Furthermore, there 

is evidence that the inactive α5β1 integrin might have an extended molecular shape and not the bent 

conformation [77]. It is important to understand that the reactions are extremely specific and depend on 

the type of integrin, ligand as well as the cells (being primary or immortalized cells) involved in the 

process. 

Integrins play several roles in cells. They not only can be a key player in the inside-out signaling 

process, but they can also collect information from the outside environment and send it to the inside of the 

cell for processing the information. This is known to be the outside-in signaling duty of integrins. 

Therefore, integrins can contribute to many different signaling cascades [78]. 

Integrin clustering and activation on the cell surface is the first step in the focal adhesion formation 

process at the leading edge of the cell, following lamellipodium extension. Lamellipodia are flat 

protrusions containing network of actin filaments and are involved in cell migration. Ligand binding is 

accompanied by focal adhesion kinase (FAK) activation and engagement of several other adapter 

molecules [53]. Small “initial adhesions” form on the surface following ligand binding [53], which 

contain actin and talin [64]. Following engagement of vinculin [79], they might grow into dot-like 

structures called nascent focal adhesions or focal complexes. Focal complexes are small structures (about 

1 μm) [53,80] that mainly form under lamellipodia [81,82]. During lamellipodia extension, actin 

filaments form and this formation is followed by actin network movement toward the center of the cell. 

This movement is called “retrograde flow” [83]. At this leading edge, focal complex formation is believed 
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to be dependent on a the G-protein named Rac [84]. There are different possibilities that can explain Rac 

activity toward focal complex formation, one of which being through actin polymerization and reacting 

with the ARP2/3 complex [85]. 

Focal complexes can further mature into focal adhesions. During the maturation of focal complexes, 

several molecules get recruited one after the other in an orderly manner. For example, paxillin is known 

to be important in focal complexes but not focal adhesions [80,86,87] and zyxin is an important molecule 

in focal adhesions [88]. Stable focal adhesions have elongated shape and their survival depends on 

presence of mechanical forces. Integrins in these adhesions are bound to ECM ligands on one side and are 

attached to actin filament on the other side by the actin binding molecules talin, α-actinin [82], and 

vinculin [79,89]. The adapter protein talin is not only important in integrin activation [63] and also 

clustering, it also plays an important role in attaching the integrins to actin filaments [65,79,90]. In fact, it 

was reported that talin-deficient fibroblasts are not able for form focal adhesions and their lamellipodia 

are unstable [90]. The path to mature focal adhesion and the differences between focal complexes and 

focal adhesions is summarized in Figure 2-2. 

One of the important molecules involved in focal adhesion formation is the GTPase protein called Rho 

[85]. Rho can affect focal adhesion formation through two different pathways. It can bind to Dia1 and 

promote actin polymerization [91]; forces generated in the process can help focal adhesion growth. It can 

also activate Rho-associated kinases (ROCK) [92] and trigger myosin II contractility. There is evidence 

that these two pathways have to be active at the same time to affect actin filaments and focal adhesion 

[93,94]. 
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Figure 2-2: Path to mature focal adhesions formation. 

Focal complex maturation to focal adhesions also depends on the presence of mechanical forces. These 

mechanical forces can be either intracellular forces generated by myosin II activity on actin filaments or 

they can be externally applied. It was reported that by inhibiting Rho or ROCK activity (therefore 

disrupting force generation through blocking myosin II activity), focal adhesion formation was disrupted 

[95]. An interesting phenomenon with focal adhesions is that for cells with inhibited Rho or Rho-assisted 

kinase activity, focal adhesions can form again by applying external forces [95,96]. The same behaviour 

was seen in cells with blocked myosin activity [97]. It is also worth mentioning that focal adhesions can 

directly apply forces to their substrate as well because of their engagement with actin fibers and myosin 

activity.  

Focal adhesions are fairly well studied for cells cultured on 2D substrates. However, more ambiguities 

are present with 3D cultures. Even the existence of structures similar to focal adhesions is a matter of 

controversy in the literature [98]. Fraley et al. [99] has reported that molecules similar to those involved 

in 2D focal adhesions exist in cells cultured in 3D ECM. However, these exist mainly inside the 

cytoplasm and do not form focal adhesions. Fraley et al.also reported that, while focal adhesions do not 
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fully form in 3D cultures, these molecules still control cell migration. On the other hand, there are also 

reports indicating the existence of adhesion spots similar to focal adhesions that occur in 3D EDM [100–

103]. It has been suggested that this controversy stems from the visualization of  these structures [98,102]. 

It has also been reported that, like 2D substrates, 3D ECM properties, such as density, can provide 

information to cells and regulate their behavior [100,104]. 

2.2 The machinery of cell 

2.2.1 Mechanotransduction: where biology meets mechanics 

In the physiological environment, chemical signals from the ECM include signaling molecules, growth 

factors, or chemoattractants and can induce specific cell behaviour such as differentiation, proliferation, 

or directional migration1. Nowadays, it is well recognized that cells not only respond to chemical signals 

but also to mechanical stimuli. Cells can sense mechanical stimulus and convert it to chemical signals 

through a process called mechanotransduction.  

One source for mechanical stimuli can be the external forces applied to the cells. Depending on the 

function of the tissue, these forces can vary over a broad range of magnitudes and types: endothelial cells 

on the inner layer of blood vessels experience shear forces from blood flow [3,4]; during cardiac cycle, 

cells feel shear, compressive and tensile stresses [53]; in bone and cartilage, cells are under cyclic stresses 

of both tension and compression [105]; and forces in tendons can increase up to 9kN [106].  

In vitro, many strategies have been developed to externally apply force and mechanically stimulate 

cells: exposing cells to shear stress using liquid with specific flow rate [3,4], substrate stretching [5], 

utilizing microneedles [107], atomic force microscopy [108], optical tweezers [109], magnetic twisting 

cytometry [110], and magnetic tweezers [111]. Some of these methods apply a localized force and can 

help understanding the behaviour at the cellular level as opposed to the tissue level.  

The other source for mechanical stimulus for cells can be mechanical properties of the environment that 

they are cultured on/in. One of the mechanical properties of the substrate acting as a stimulus for cells is 

the stiffness of the substrate [6,8,112]. Recently for viscoelastic hydrogels, loss modulus was identified as 

an important mechanical property affecting cell behaviour [113]. The first study on response of cells to 

the mechanical properties of the substrate was performed by Pelham and Wang in late 90s [112], whereby 

polyacrylamide gels with tunable mechanical properties were used for mechanotransduction applications. 

                                                      
1 The directional migration of cells in response to chemoattractants is called chemotaxis. 
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It was shown that cells on stiffer substrates were more spread and elongated while cells cultured on softer 

substrates were more irregular in shape and less elongated [112]. It was also found that cells migrated 

faster on softer substrates (0.55 µm/min) compared to stiffer substrates (0.06 µm/min) [112]. Moreover, 

focal adhesions of cells on softer substrates were reported to be irregular and unstable compared to stiffer 

substrates on which focal adhesions were stable and elongated. This stability was believed to be due to the 

increase in tyrosine phosphorylation [112]. 

It is well established that cells cultured on a 2D substrate are more likely to migrate towards the stiff 

substrate. This behaviour was first named durotaxis by Lo et al. in 2000 [8]. Durotaxis also has been 

reported for cells migrating in 3D collagen matrices [114]. Recently, it has been reported that 

mesenchymal stem cells (MSCs) are able to detect different stiffness gradient patterns and respond to 

them differently [115]. In this study, regardless of the pattern, MSCs consistently moved towards the 

stiffer side. Evans et al. [6] reported that for polydimethylsiloxane (PDMS) substrates, cell attachment 

was unaffected by variation in substrate stiffness; however, cell spreading and proliferation were higher 

on stiffer substrates. Furthermore, stem cell differentiation has been shown to be affected by changing 

substrate stiffness, and cells cultured on stiffer substrates displayed osteogenic markers [6]. These results 

were in agreement with the behaviour of the preosteoblast cell line, MC3T3, cultured in 3D collagen 

glycosaminoglycans substrates [116]. Interestingly, cell stiffness can also be altered by substrate stiffness; 

increasing the substrate stiffness can increase the cell stiffness as measured by atomic force microscopy 

(AFM) [117–119]. Actomyosin light chain phosphorylation has been reported to regulate these 

mechanical changes in the cytoskeleton [120]. Cell stiffness can also be affected by metastatic capability 

in some cell lines. Coughlin and Fredberg reported that highly metastatic kidney cancer cells have higher 

stiffness compared to the ones with milder metastatic capability [121]. While studies have proven that 

fibroblasts proliferate more in collagen gels with higher stiffness [122], Miron-Mendoza et al. [123] 

found that for fibroblasts cultured in collagen gels, increasing stiffness with glutaraldehyde crosslinking 

did not affect cell spreading and migration. Substrate stiffness was shown to play an important role in 

tissue formation, where cells on the soft substrates tend to aggregate and form the tissue, whereas cells on 

stiff substrates start to move away from each other [124]. Furthermore, recently, McGrail et al. [125] 

showed that ovarian carcinoma cells show higher malignancy, including higher chemoresistance, when 

cultured on softer substrates. 

It is worth noting that cells not only respond to the mechanical properties of the substrate, they can also 

respond to ligand density tethered to the substrate [126,127] and also pattering on the surface of the 
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matrix [128,129]. Recently, research on mammary epithelial cells revealed that ligand density and 

stiffness together influence malignant phenotypes in cells [130]. It is worth mentioning that, there is an 

optimum level to stiffness sensitivity. Keeping the ligand density constant, cells on extremely soft 

substrates and also extremely stiff substrates have shown slow migration speeds. This was specifically 

reported for smooth muscle cells [131].  

2.2.2 Mechanotransduction mechanisms 

It is believed that mechanotransduction is an outside-in and inside-out signaling loop [2]. There is a 

systematic order of events that happen during this loop [53]. First, cells sense the stimulus. This step 

involves transferring this stimulus to the inside of cells for processing. This is the outside-in portion of the 

loop. The second step is the processing of this received information that occurs inside the cell. In the last 

step, cell behaves/responds according to the processed information, which is the inside-out signaling 

portion of the loop. 

There has been a significant amount of research and speculation on the mechanisms involved in this 

process. Depending on the cells involved and the type of mechanical stimulus, such as the load type, the 

mechanism can be different. Due to the complicated nature of the processes and pathways involved in 

mechanotransduction, not all the links are fully known; furthermore, intracellular mechanisms are often 

interconnected and complex. A few of the known mechanisms are briefly introduced below. 

2.2.2.1 Mechanotransduction through ion channels 

The cell lipid bilayer has the ability to transport many different kinds of molecules into the cytosol. 

Depending on the type of molecule, its size and charge, the lipid bilayer is more permeable to some 

molecules than others. In general, the smaller the molecule, and the more hydrophobic it is, the more 

permeability there is for that molecule [1]. For hydrophilic and large molecules and any molecules that 

the lipid bilayer is not permeable to, specific proteins exists on the lipid bilayer that either bind to the 

molecule or transport it in, or they “open channels” for them to pass into the cytosol [1]. Ions such as Na+, 

K+, Ca2+ or Cl- are transported through the membrane by these proteins. These proteins, called ion 

channels, are extremely selective, and they open and close very rapidly to let the ion into the cytosol [1]. 

Some of these ion channels are also known to be mechanosensitive [53]. 

There are two categories of mechanosensitive ion channels: stretch-sensitive ion channels and flow-

sensitive ion channels [53]. As mentioned earlier, one of the methods to externally apply a force to cells is 
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by applying a force to the substrate that cells are cultured on/in. As can be inferred from their name, 

stretch-sensitive ion channels are activated by stretching of the substrate [53] and the cell membrane 

becomes permeable to ions: K+, Ca2+ and Ba2+ stretch-sensitive channels have been reported in different 

types of cells [132–134]. This flux of ions with different charges inside and outside the cell can cause 

very small, yet effective, currents that allow the cells to react and respond to the mechanical stimulus.  

Ca2+ ion channels have also been shown to be important in cell response to change in the substrate 

stiffness [135]. The pathway in this case was related to myosin activity through Myosin Light Chain 

Kinase (MLCK) [136]. Flow-sensitive ion channel activation, such as Ca2+ [137], K+ [138], and Cl- [139], 

has been previously reported in different types of endothelial cells.   

2.2.2.2 Mechanotransduction through the cell membrane 

G-protein coupled receptors (GPCRs) are cell-surface proteins that are involved in many signaling 

cascades; for example our senses of smell, sight and, in some cases, taste depend in part on these 

membrane associated proteins [1]. There is a wide variety of GPCRs and more than 700 of them exist in 

humans [1].  Some of these signaling pathways can depend on more than one of these receptors; 

adrenaline interacts with 9 different GPCRs [1]. These molecules are believed to be involved in signaling 

cascades for mechanotransduction [53]. Generally, G-proteins can be activated through ligand binging 

[140]. When GPCRs are in active conformation, they can bind to ECM ligands. This binding triggers 

signaling cascades starting with activating G-proteins. It is worth noting that there is evidence that G-

proteins are involved with integrins and it is believed that the G-protein mediated pathways can be 

simultaneously active with the integrin-cytoskeleton mediated pathway [141]. 

There are also other ways that G-proteins can be activated. G-proteins can become activated within 

seconds of applied external forces, such as shear force [142] through these receptors. Although there are 

studies that report GPCRs are somewhat involved in the process [143], G-protein activation can happen 

even without ligand binding [144,145]. G-proteins also have the ability to become activated even without 

engagement of GCPRs. In this case, the cell membrane is directly involved in G-protein activation 

[146,147]. 

It is worth noting that besides membrane associated proteins, cell lipid bilayer properties, such as 

membrane fluidity [146,148], free volume [149], and polarity [53] can also be involved in 

mechanotransduction pathways.  
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2.2.2.3 Mechanotransduction through focal adhesion and cytoskeleton 

Generally, a few elements are involved in mechanotransduction process: the inside of cell, the 

cytoskeleton, the extracellular matrix, the molecule that connects these two, also, the stimulus from 

outside, and the molecules that process the information [53]. As mentioned before, focal adhesions are 

anchoring spots of cells to their substrate. Despite being very complicated, the main molecule involved in 

these structures is integrin. Integrins are bound to ECM ligands outside the cell and attached to actin 

filaments through adapter molecules inside the cell. So, not only do they connect and sense the stimuli, 

they can transfer cell responses as well [78].  

Numerous signaling molecules are involved in both sensing the mechanical stimuli and responding to 

it. For example, paxillin is one of these molecules that localizes in focal adhesion sites and interact with 

integrins [87]. The level of phosphorylation of these molecules determines their activity, which can 

change through stimuli received from ECM [53]. Forces generated in cells as a result of actin filament 

polymerization in lamellipodia are another parameter that can be changed by mechanical stimulus through 

MLC activity. Other molecules such as talin and kindlin, that affect integrin activation, can be another 

source for focal adhesion mechanosensitivity. p130CAS is another component of focal adhesions that can 

go through substantial conformational changes by mechanical force [150]. These conformational changes 

can expose binding sites that are naturally hidden. Rho and ROCK pathways are also reported to be 

involved in this process [95]. The Mitogen-activated protein (MAP) kinase pathway regulates integrin 

activation [151] and thus can be involved in mechanotransduction as well. It was also shown that for 

human mesenchymal stem cells, RhoA and its effector RhoA kinase (ROCK) control calcium ions 

fluctuation in cytoplasm, on substrate with different stiffnesses, and therefore, control stem cells 

behaviour [152]. 

Another source for changes in focal adhesion can be the forces that focal adhesion feels. As mentioned 

before, focal adhesion assembly (cell adhesion) is affected by forces applied to adhesion sites. These 

forces can be generated by the cell or the forces from the environment.  

As one of the cell cytoskeleton filaments, microtubules are also involved in mechanotransduction 

pathways. Like actin filaments, there are motor proteins that interact with microtubules to control 

filaments growth. CLIP-170 is the protein that interacts with microtubule filaments [53]. Microtubule 

filaments growing end are involved in lamellipodia during cell migration. The GTPase involved in 

reaction of proteins and microtubule filaments is called IQGAP1 [153]. This GTPase affects Rac1 

activity, and Rac1 can control the cell leading edge activity [153,154]. 
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2.2.2.4 Nuclear mechanotransduction 

In eukaryotic cells, the nucleus occupies about 10% of the cell volume [1]. It is separated from the 

cytosol by a membrane called nuclear envelope [1]. The nuclear envelope has two membranes: the inner 

membrane and the outer membrane. There is another layer inside the inner membrane called nuclear 

lamina. The nuclear lamina mechanically supports the nuclear envelope and is made of intermediate 

filaments [1,53]. There are holes at repeated intervals in the nuclear envelope called nuclear pores. These 

pores facilitate the transfer of molecules between nucleus and cytosol. 

There are two types of studies regarding mechanical properties investigation of cell nucleus [53]: the 

ones that study the cell nucleus in the natural state of cell and the others that measure properties of 

isolated nucleus. Nuclei isolation can be performed by either mechanical or chemical techniques [155]. 

Mechanical isolation is removing the parts of the cell using a micropipette while during chemical 

isolation the cytoplasm is chemically dissolved and the nucleus is left isolated. The results from these 

studies vary by cell type and measurement method but the universal result is that the cell nucleus is much 

stiffer than the cell [155–157]. It was also found that nuclear lamina can act as a load bearing layer that 

brings structural integrity to the nucleus [158]. At the same time, chromatin is believed to have viscous 

behaviour that “flows” under mechanical load [159]. When adherent cells are detached from their 

substrate, the nucleus changes shape and become rounder. There are two possibilities, either the nucleus is 

under stretch in an adherent cell or when floating, nucleus changes to a round shape due to hydrostatic 

pressure. In both cases, it can be concluded that nucleus is under constant mechanical loading [160,161]. 

It is worth noting that mechanical properties of cells are viscoelastic and highly nonlinear [162,163]. 

It is believed that the nucleus is connected to the cytoskeleton via protein complexes called linker of 

nucleus and cytoskeleton (LINC). These complexes contain proteins called SUN and nesprin and connect 

microtubules and actin filaments to nuclear lamina and lamina-associated proteins [164]. This will allow 

close connections between nucleus and cytoplasm components; for example, force transfer from 

microtubules to nucleus [165] or signal transfer from nucleus to cytoplasm. 

External forces applied to cells can mechanically deform the nucleus and changes its shape. Also, it is 

believed that the nucleus shows stiffening behaviour under mechanical load, meaning applying 

mechanical force, such as shear force, can increase the stiffness of the nucleus and decrease its height 

[166,167]. It was reported that 3T3 fibroblasts showed cytoskeleton reorganization and increased nucleus 

movement under shear [168]. Also, endothelial cells nuclei not only showed compressed and elongated 

shape under shear, they also showed higher stiffness. This was assumed to be due to structural remodeling 
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of the nucleus under shear and nucleus was suggested to be one of the “load-bearing organelles” of the 

cells [166]. At the same time, changes in the shape of cells and nuclei can affect cell phenotype [169,170]. 

There is also some evidence that the mechanical forces can directly affect gene transcription. As 

mentioned before, forces applied to cells can be transferred to the nucleus through cytoskeleton filaments 

such as microtubules. This force transfer can affect DNA conformation inside the cell [170]. Experiments 

on DNA show conformational changes upon force exertion [171]. Conformational changes of DNA can 

expose some gene transcription factor while hide other ones [170]. There is also another possibility that 

transferred forces can rearrange genes inside the nucleus [170]. This rearrangement can be due to changes 

in the nucleus shape.  

Nuclear transcription factor relocation is another mechanotransduction mechanism involving the 

nucleus. It has been reported that Yes-associated protein (YAP) and transcriptional coactivator with PDZ-

binding motif (TAZ), commonly referred to as YAP/TAZ, relocate from the cytoplasm to nucleus when 

cells are cultured in rigid substrates compared to soft ones [172]. YAP was also reported to affect cancer 

cells matrix remodeling [173]. 

2.2.3 Clinical relevance 

There is a wide range of diseases that can be caused by the inability of cells to properly regulate 

mechanotransduction pathways. These conditions might arise from cells not being able to detect 

mechanical stimuli or properly process the information collected from the ECM and forces exerted on 

them [174]. Changes in ECM condition, including mechanics, can be another reason for clinical 

conditions [174]. During metastasis, tumor cells need to squeeze through the ECM to invade healthy 

organ. Since the ECM mechanical properties can change in cancer [175], as a result of tissue stiffening, 

this affects cell behaviour through mechanotransduction pathways. Also, cancer cells themselves might 

have altered mechanical properties, which affects their behaviour and can influence the progression of 

disease [38,176,177]. Tissue stiffening can also occur during wound healing (after an injury while tissue 

scar is forming) [178] and fibrosis [179].  

Mechanotransduction has been shown to impact cardiovascular diseases as well [180]. For example, 

during cardiac cycle, there is a phase where muscles relax and ventricles are filled with blood. This phase 

is called the diastole. Diastolic heart failure is a cardiovascular condition that is accompanied by increased 

stiffness in the ventricular muscle [181]. At the same time, there is evidence that substrate stiffness affects 

cardiac myocytes [182] and cardiac fibroblasts [183] behaviour. Besides cancer and cardiovascular 
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conditions, to name a few, mechanotransduction can have effect on achalasia [174], liver [184] and 

kidney diseases [174,185], asthma [186,187], chronic back pain [174], and irritable bowel syndrome 

(IBS) [174].  

The visible path from these observations to achievable clinical therapies is yet to be determined, 

however, the influence of mechanotransduction in these conditions is undeniable. 

2.3 Mechanical interaction 

2.3.1 Cell migration mechanisms 

Involvement of cells with the ECM in native tissue, and their substrate in vitro, during migration is one 

of the instances where mechanical interaction plays a key role. Therefore, it is important to understand 

different cell migration modes. 

Cell migration can be divided into two main categories: collective cell migration and single cell 

migration. Each of these mechanisms is vital for specific processes, for example collective cell migration 

is one of the main mechanisms during embryonic morphogenesis [188] and single cell migration has been 

addressed as one of the processes during metastasis [36]. During metastasis, cancer cells lose their 

adhesion, migrate through tissue and invade the healthy organs. They can also be transported to distant 

organs by nearby blood or lymph vessels [36–38]. 

Single cell migration can occur by be either amoeboid or mesenchymal. Amoeboid migration is 

associated with movement of round or “blebby” cells that do not make mature stress fibers and focal 

adhesions during migration [31,189]. These cells usually migrate fast and lack formation of the 

pseudopodia during migration [31]. During mesenchymal cell migration, specialized cell-matrix 

adhesions and stress fibers are formed and cell shape is “fibroblast-like” during migration [31]. In 2D, 

that is when cells are cultured on a surface, three distinct stages can be recognized during mesenchymal 

cell migration: initially, the cell polarizes in response to a stimulus/signal, and protrusions called 

lamellipodia (more flat protrusions containing network of actin filaments) and filopodia (containing 

parallel fibers of actin filaments) are formed in the cell membrane. Lamellipodia are mostly involved in 

directional migration whereas filopodia role in migration cycle is exploring the environment around the 

cell1 [190]. Formation of these protrusions is usually driven by actin polymerization [190]. Actin 

polymerization happens on the cell surface through actin-related proteins or ARPs, which are generally 

                                                      
1 Lamellipodia and filopodia are usually called pseudopodia. 
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called ARP 2/3 complex. It should be mentioned that cell cytoplasm has relatively high concentration of 

actin monomers, which can be recruited for actin polymerization [1]. Profilin is the protein that binds to 

actin monomers and helps the monomers to attach to the growing actin polymer chain during 

polymerization [1]. In response to the signals from lamellipodia and filopodia, new adhesion sites (focal 

adhesions) are formed in the leading edge, and in the last step, the cell rear detaches from the substrate 

[31]. It is believed that migration in 2D surfaces is a cyclic process in which these three steps repeat 

[189]. 

However, it is not known whether the same exact mechanism can be extended to 3D matrices or not. It 

is reported that cells in 3D culture either not show distinct focal adhesions or the focal adhesions are small 

and have a very short life [191,192]. Fraley et al. [99] investigated both 2D and 3D migration of wild-

type HT1080 cells and found that pseudopodia that formed in 3D were neither similar to filopodia nor 

lamellipodia. These pseudopodia were long, thin, and long lasting, and cell speed was dependent on 

growth rate and number of protrusions. It was also shown that for the same cell line, 2D migration pattern 

did not correlate with 3D migration behaviour; in fact, the migration mechanism was found to be totally 

different in 3D [99]. Lobopodial migration is another mechanism cells might use for migration inside 3D 

substrates [193,194]. Petrie et al. [194] reported this mechanism and showed that lobopodia are “large, 

blunt, cylindrical protrusions”. They also claimed that switch between lamellipodia-dependent and 

lobopodia-independent migration mode occurs based on the degree of linear elastic behaviour of the ECM 

substrate [194]. In case of a linear elastic substrate, cells migrate by lobopodia dependent migration 

mechanism [194]. 

During cell migration in three dimensions, cells have to migrate through gaps and pores. Depending on 

the physical (pore size) and mechanical (stiffness) properties of matrix, cells either get deformed or start 

to remodel (either degrading or deforming) the matrix that they are in to find their path [32,33]. The way 

that cells respond to their matrix also depends on the migration mode that they follow. Cells that adopt 

mesenchymal mode of migration (such as fibroblasts) are able to proteolytically degrade the matrix. 

However, cells that migrate by amoeboid mode of migration (such as lymphocytes) move faster and do 

not degrade the matrix as much [195]. The other parameter that can affect cell migration is the adhesion 

strength. Migration speed and adhesion strength have a biphasic relation; very low adhesions strength as 

well as very high adhesion strength are not favorable for cell migration [35]. 
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2.3.2 Cell-induced deformation and traction forces 

Due to the anchorage dependency attribute of tissue cells, cells are in direct contact with their 

environment at focal adhesions. While cells are migrating, focal adhesions disassemble and reassemble to 

drag the cells forward. During this dynamic process, cells start to push and pull the substrate they have 

anchored on, which is associated with mechanical deformation and thus forces (l, as well as forces 

developed during the process). These mechanical forces are called cell traction forces. 

It is believed that cell traction forces are a result of myosin II activity and interaction of it as a motor 

protein with actin or "stress fibers" of cells that can be transmitted to the substrate via focal adhesions1. 

This hypothesis was studied using a myosin II inhibitor, which decreases the activity of this molecule by 

binding to it. Upon addition of myosin II blocker, deformation of substrate was decreased, indicating that 

myosin II activity is one of the origins of cell traction force generation [11,196]. Furthermore, upon 

inhibition of myosin light chain phosphatase (thus increasing myosin light chain phosphorylation) traction 

forces were shown to increase [196]. For endothelial cells during initial attachment and spreading, cell 

traction forces start to appear before actin stress fiber and focal adhesion formation [197]. 

 

Figure 2-3: Schematic showing a single migrating cell, as well as forces developed during the process. 

                                                      
1 More details about the mechanism were discussed in section 2.1.4.  
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Cell induced deformation and traction forces have mostly been studied in 2D; so, most of the studies 

have found in-plane forces. However, cells in the ECM are in a 3D matrix and are in contact with the 

surrounding matrix over their whole body, which shows the obligation of more accurately 3D cell traction 

force measurements. In a study done by Kraning-Rush et al. [176], the mechanism of cell traction force 

generation in 2D and 3D were studied for the metastatic breast adenocarcinoma cells, cultured on 

polyacrylamide gels, and also embedded in collagen type I. In this research, it was found that in 2D, 

inhibiting actin and microtubule polymerization, as well as stabilizing microtubules resulted in a decrease 

of cell traction forces exerted by cells on their substrate. Also, increasing myosin activity, by inhibiting 

myosin light chain phosphatase, increased the force. In 3D, collagen fiber reconfiguration was considered 

as the indicator of the change in cell behaviour, however, no forces were reported for the 3D study. It was 

found that the overall behaviour of cells and the role of microtubules and actin are similar in both 2D and 

3D [176]. 

Furthermore, studies have been done on the effect of metastatic capability of cells on cell migration and 

force generation. In contrast to defined regions of high traction forces on the edge of lamellipodium in 

normal cells, transformed cells show weak scattered regions of traction forces [177]. Investigating cell 

lines with different metastatic capability (but same origin) revealed that, although stress fibers are normal, 

the increasing metastatic capability increases traction forces. It was also shown that changing matrix from 

2D surface to 3D matrix have more effect on cells with higher metastatic capability [38].  

2.3.3 Measurement methods 

Although forces developed due to the collective migration of chick embryo fibroblasts were reported in 

1969 [198], cell induced deformation and traction force measurement of a single cell was not reported 

until 1980 [9]. Harris et al. [9] used a silicone membrane (which was set on a bed of liquid silicone) and 

cultured cells on that membrane. Wrinkles on the membrane were the indication of deformation on the 

surface and also forces that cells generated while moving. Forces were inaccurately quantified through 

implementation of microneedles with known "flexibility". This study was the precursor of the well-known 

method called cell traction force microscopy (CTFM). The fundamental drawback of this method was the 

chaotic nature of the wrinkles, which made it impossible to accurately calculate forces caused by cells. 

Thereafter, studies were performed to optimize the silicone system. More controlled properties were 

achieved through UV irradiation and the system was utilized for measuring forces during cell division of 

fibroblasts [199]. Moreover, Lee et al. [200] incorporated latex microbeads on the crosslinked surface and 



   

26 

  

deformation was quantified through bead displacement. It was reported by Lee et al. [200] that, although 

lamellar extension can be seen in the leading edge of an epithelial fish keratocyte, no cell traction force 

can be seen, suggesting that cell traction force is not needed in the leading edge for movement of this cell 

line. It was believed that force generation in these cells could be a result of the balance between actin 

cytoskeleton strength and cell-substrate adhesion. 

After introducing polyacrylamide gel with adjustable mechanical properties by Pelham and Wang 

[112], and also, developing new methods for fabricating novel substrates [201,202], several studies were 

performed to develop methods for accurate mechanical interaction measurements of both deformation and 

forces. These measurement methods can be divided into two main categories1 (Figure 2-4):  

1. Cell populated gel based techniques 

2. Microscopy based techniques 

 

Figure 2-4: Mechanical interaction measurement methods classification. 

1. Cell populated gel based techniques 

This method is for macroscopic measurement of 3D cell induced deformation and traction forces and 

the gel that is mainly used is collagen. In this method, collagen is mixed with cells and due to the fact that 

cells exert forces on the gel, the construct start to contract. One of the first studies that reported the 

contraction was done by Bell et al. [203] . By measuring the contraction of the construct, forces can be 

quantitatively calculated [204]. Incorporating 106 human skin fibroblasts into collagen type I caused 50 - 

80% contraction in 24 hours. Also, Sun et al. [205] reported that, for fibroblasts, 2×105 cells/ml can cause 

12% contraction after 24 hours. For measuring the forces, constructs were restrained at both ends and the 

                                                      
1 It should be mentioned that there are other classifications of CTF measurement methods available in literature [338]. 
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forces developed were measured and cell traction forces were reported as F/t, where F is the tension 

developed in the material and t is the time required to develop that tension, which was found to be 87 ± 16 

%. With the same method, Campbell et al. [206] reported more accurate forces  as 2nN per cell.  

2. Microscopy based techniques 

Microscopy based techniques are mainly called Cell Traction Force microscopy (CTFM). CTFM is a 

versatile method that can be used both for 2D and 3D deformation and force measurements. Generally, 

this method consists of the following steps: at first, a flexible substrate or a micropatterned surface is 

chosen, then, following cell culturing, cell-induced deformation is measured, and finally, traction forces 

are calculated from cell-induced deformation.  

Depending on the substrate or basically ``force sensor`` used, CTFM can be categorized into two main 

groups as follows (Figure 2-4): 

2. 1. Techniques that use micropatterned or micromachined substrates for cell culturing 

These methods are mostly used for 2D measurements. Micropatterned and micomachined substrates are 

usually fabricated through lithography techniques. The other method that has been used for fabricating a 

novel force sensor was moiré fringe fabrication [207]. These substrates are made of either pads that are 

connected to cantilever beams with known stiffness [208] or arrays of vertical beams that are called 

pillars [97,201,209–211]. In the case of pads, displacement of pads can be considered cell induced 

deformation and force can be calculated from these displacements (as a result of cell migration) and 

stiffness of cantilever beam [208]. In the case of pillars, it was reported that each pillar can be assumed as 

an ideal spring and force can be calculated with spring equations [202]. Moreover, there are other studies 

that assumed cell traction forces bend each pillar and force can be calculated through beam bending 

equations [196,201,209]. 

This technique has also been used to measure cell traction forces at each focal adhesion point in non-

migrating fibroblasts [97]. Forces were calculated by solving an ill-posed equation and it was reported 

that there is a linear relationship between the force on each focal adhesion and the size of that focal 

adhesion. Although forces change on different focal adhesions (the order of force is about 10 nN and the 

peak is at 30 nN), the stress on different focal adhesions with different sizes was almost constant and the 

magnitude was 5.5 ± 2 nm/µm2 [97]. For Madin-Darby canine kidney (MDCK) cells, maximum stress 

exerted by cells on a single pillar was 3.8 ± 0.1 nN/µm2 [201]. The average value, considering all pillars 

under the cell, was also reported to be 0.06 nN/µm2 [201]. Moreover, forces resulting from MDCK cell 
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sheets were also measured and it was found that cells in the subconfluent layer exerted more mechanical 

force than cells in a confluent layer [201]. 

It was also reported that migrating cells exert rearward forces on the leading edge and forward forces 

on the rear end [196,201]. Using PDMS pillars, relationship between fibronectin assembly and forces 

exerted by cells was studied and it was found that although the magnitude of force does not affect 

fibronectin fibril size, direction of traction force guide the direction of fibronectin assembly [196]. 

As it was mentioned earlier, micromachined substrates are mostly used for 2D cell traction force 

measurement and migration. However, recently, Doyle et al. [212] disclosed that cells cultured on a 

micropatterned one-dimensional lines on glass coverslip, start to migrate on the line and behave similarly 

to the cells cultured on 3D matrices. This can be the beginning of the development of new methods for 

understanding 3D mechanical interaction of cells with their environment. 

2. 2. Techniques that use flexible substrates for cell culturing 

The advantage of this method is that it can be used for both 2D and 3D mechanical interaction studies. 

In the first step, a biomaterial with specific properties is chosen and cells are cultured on a substrate or in 

a matrix. The second step, which is measuring deformation, is performed by incorporating fluorescent 

markers in the substrate material. When cells migrate, displacement of the markers is believed to be the 

deformation caused by cell traction force [10]. The third and final step is calculating the force field from 

the deformation field.  

In order for cells to deform the substrate, the substrate should have specific mechanical properties. One 

of the most common materials that is used for both 2D and 3D deformation and traction force 

measurement, is polyacrylamide gel. This material is fully elastic, incompressible, chemically neutral 

[112], and when coated with ECM proteins such as collagen I [112], or fibronectin [3], or even synthetic 

molecules such as arginine-glycine-aspartic acid-serine (RGDS) [35], acceptable cell attachment can be 

seen. The other material that can be used is Polydimethylsiloxane (PDMS) [213]. Since it is harder to 

control mechanical properties of PDMS, this material is mostly used for fabricating micropillars as the 

force sensor. Gelatin has also been reported for measuring traction forces of fish epithelial keratocytes 

[214]. Silicone gels were also recently utilized for neurons cells traction force studies [215]. 

Fluorescent marker tracking, for deformation measurement, is performed by analyzing micrographs of 

the substrate. Consecutive micrographs are needed for deformation measurement: a micrograph of the 

substrate while forces are exerted and a micrograph of the substrate in a relaxed state of substrate upon 
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removal of cells from it. There are two main techniques for tracking fluorescent markers; one is single 

particle tracking method [15,216–218], also known as particle tracking velocimetry (PTV) [13], during 

which individual beads are tracked to measure their displacements. The second method for displacement 

measurement is digital volume correlation (DVC) that is based on image processing techniques. This 

method has been also called particle image velocimetry (PIV) [177]. In this method, micrographs are 

divided to smaller subsets and displacements are measured by cross correlating these smaller volumes. It 

was also reported by Sabass et al. [219] that the combination of the two methods as well as utilization of 

two differently colored markers lead to a higher resolution deformation field. 

The last step, which is calculating force from the displacement, depends on the cell traction force 

measurement mode and the material that was used. For substrates like polyacrylamide and PDMS, in case 

of 2D cell traction force measurement, displacement and force can be related through the Fredholm 

integral equation of first kind. Also, fluorescent beads displacements are supposed to be much smaller 

than the thickness of the substrate, so the substrate can be considered as elastic half-space. In this 

technique, which is called inverse method [220], finding force from displacement is an ill-posed inverse 

integral problem. Due to complexity, an ill-posed problem is highly sensitive to noise, and does not have 

a unique and continuous solution [219]. It is noteworthy that all displacements and forces are measured in 

2D. Ill-posed problems can be solved with different regularization techniques, which is addition of an 

extra assumption to the problem to make it solvable. Fourier transform traction cytometry (FTTC), 

traction reconstruction with point forces (TRPF), and boundary element method (BEM) are a few 

methods that have been used for finding force from displacement [219]. In a research done by Sabass et 

al. [219], the above mentioned methods were compared, and it was found that, depending on the 

regularization method chosen for solving the equation, each of the methods has advantages and 

disadvantages. Finite element method was the other way of force calculation [221]. Linear elastic theory 

is probably the most used assumption for force calculations, however, recently, Toyjanova et al. [222] 

reported that using large deformation assumption leads to more accurate results, specifically, in Schwann 

cells. 

Another method for measuring cell traction forces from displacement is the forward method [220]. In 

the forward method, once discrete bead displacements are calculated, continuous displacement field is 

determined by interpolation. Differentiating this function leads to strain field computation and forces can 

be then calculated directly from the strain field.  
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Since 2009, studies have been performed on finding cell traction forces in 3D by cell traction force 

microscopy. Hur et al. [13] reported that for bovine aortic endothelial cells (BAEC) cultured on 

polyacrylamide gel coated with fibronectin, "the cell edge experiences an upward or pulling up force, 

whereas the cell nucleus experiences a downward or pushing down force". In this study, forces were 

calculated with a particle tracking algorithm and the software ABAQUS was used for solving FEM 

equations. It was found that the ratio of the force in the z direction to the force in x or y direction was 

~0.6, which showed that the vertical force was not negligible. Using Digital Volume Correlation (DVC) 

algorithm, Franck et al. [223] reported that, for 3T3 fibroblasts, the ratio of the force in the z direction to 

the force in x and y direction was  1.6 and ~ 5, respectively. Also, Delanoë-Ayari et al. [14] found that 

there is a linear relationship between normal force and in-plane forces for Dictyostelium Cells. 3D force 

magnitude and pattern has also been the subject of different studies. It has been reported that the trailing 

edge transfers the largest forces [11,14] and under the cell is also involved in force transmission to the 

substrate and at certain time points large displacements can be seen beneath the nucleus [11]. Also, Ayari 

and Rieu reported that cells push against the substrate under the nucleus and pull the substrate at the rear 

of the cell [14]. The same pattern (large forces in the leading edge) was also reported by the studies on 2D 

force pattern [10]. In this case, cells are moving because of the forces generated in the lamellipodium, and 

these forces drag the cell forward [10]. A very recent study by Legant et al. [15] reported that for fully 

spread cells, no forces can be seen under nucleus. It was also reported that at focal adhesions, cells are 

capable of exerting rotational moments. 3D forces were also shown to be present during cell division in 

3D matrices [224]. 

Recently, a new level of 3D cell traction force measurement has emerged, where CTFM is done on 

cells that are cultured inside a 3D flexible substrate, and forces are also measured in three dimensions 

[225,226]. Legant et al. [225] reported that similar to 2D surfaces, in 3D matrices, highest traction forces 

can be found at the tip of long and thin pseudopodia. In this study, 3D images taken with confocal 

microscope coupled with FEM were used for finding cell traction forces [225]. In this research, 

polyethylene glycol (PEG) based synthetic polymer was used as the biomaterial for cell encapsulation. 

This is the newest measurement method and the closest to native tissue mechanisms. 

In summary, based on these recent findings, traction force microscopy method can be divided into three 

different levels of complexity. The first level (2D method) is when cells are cultured on a 2D substrate 

and 2D deformations and forces are measured. The second level of complexity follows the finding of 3D 

forces that cells are able to apply while cultured on a 2D substrate (2.5 method [15]). The third level and 
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the most complicated one is when cells are cultured in 3D substrate and 3D responses are investigated. 

Although recent findings have revealed new information regarding mechanical responses of cells, there 

are still many more unanswered questions and ambiguities that need to be addressed. Creating more 

knowledge to further expand the field is necessary: studying different and new types of cells, further 

studying the behaviors, and understanding the underlying mechanisms are among the subjects that need 

further investigation. 

2.3.4 Concluding remarks 

Literature suggests that research on mechanical interaction of cells with their environment, specifically 

3D cell-induced deformation, is at the early stages of development and studies are trying to develop more 

accurate methods to measure mechanical responses of cells. These studies need to be expanded to also 

include various cell lines toward clinical implications. Simultaneous studying of biological and 

mechanical responses can further help the route to practical solutions, and since there is a lack of such 

comprehensive studies, more knowledge in area needs to be gained. 

In this thesis, the topic of mechanical interaction of cells with their substrate was approached from both 

the perspectives of biological responses from cells and the mechanical responses from them. Combining 

both approaches can lead to better understanding of mechanical interaction of cells with their surrounding 

and it can further broaden the knowledge in this area. 
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Chapter 3: Search for a suitable model substrate: investigating 

properties 

 

 

 

To study mechanical interaction of cells with their environment, choosing the right biomaterial, as the 

model environment, is the very first step in the experimental procedure. To use a material for this 

purpose, it has to have specific properties: 

1. Biocompatibility: Although biocompatibility has a broad definition, in the current 

application, cytotoxicity is one of the main concerns. A material that is not cytotoxic, which is 

desirable, is chemically inert in cell culture medium and does not contain or release any 

cytotoxic components. 

2. Suitable cell attachment: In the present research, all cell lines used are anchorage 

dependent cells; therefore, it is crucial to choose a material that provides a proper substrate for 

cells to attach to. In case of no cell attachment, it is crucial to be able to treat the surface of the 

substrate to allow the attachment to occur. 

3. Controlled mechanical properties: It is important to choose a material with properties 

comparable to native tissue. It is also crucial to consider that deformation induced by cells and 

forces exerted by them are extremely small, thus the material stiffness should be in the range 

that cells are able to deform. As an example, Swiss Albino 3T3 fibroblasts are able to deform 
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polyacrylamide gels with an elastic modulus up to 9 kPa [223]. NIH 3T3 fibroblasts have also 

been reported to deform PEG based 3D hydrogels with elastic modulus ranging 0.6-1 Pa [225]. 

In the current research, to find the right biomaterial, several options were studied. In this chapter 

selected ones are discussed. 

3.1 Poly (L-Lactic acid)1 

Poly (L-Lactic acid) is a synthetic polymer that is often used as a tissue engineering scaffold. There are 

several different methods for fabricating tissue engineering scaffolds with desired properties. The method 

chosen here is thermally induced phase separation (TIPS). Two different TIPS protocols were utilized to 

prepare PLLA with different microstructures: Fibrous (F-TIPS) and porous (P-TIPS). Mechanical 

properties were tested and cell viabilities in different microstructures were studied. 

3.1.1 Materials and methods  

3.1.1.1 Sample Preparation 

The 3 wt%, 5 wt%, and 7 wt% Poly(L-lactic acid) (PLLA; Resomer grade, Boehringer Ingelheim, 

Germany) samples were fabricated by both F-TIPS and P-TIPS methods:   

1. F-TIPS: PLLA was dissolved in Tetrahydrofuran (THF; Sigma Aldrich, Canada) at 60-700C. 

Samples were then placed in the freezer at -250C for two hours. Frozen samples were placed in water for 

the solvent to be exchanged with water, which is a non-solvent, for two days. Water was changed twice a 

day.  

2. P-TIPS: PLLA was dissolved in a mixture of 1,4-dioxane (Sigma Aldrich, Canada) and distilled 

water (the ratio of 1,4-dioxane to distilled water was 87/13 [227]) at 60-700C. The solution was poured in 

an aluminum mold to be immediately placed into liquid nitrogen. After samples were completely frozen 

in liquid nitrogen for two hours, samples were placed in ethanol for two days for the solvent to be 

replaced with ethanol which is a non-solvent in this method. Ethanol was changed twice a day.  

After the exchange process, samples of both groups were freeze-dried for another two days to make dry 

samples. 

                                                      
1 Results of this work were published as a journal paper [313]. The full journal paper with further details of experiments and 

results can be found in Appendix A. 
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3.1.1.2 SEM investigations 

To study PLLA samples prepared by different methods, freeze-dried samples were characterized using 

scanning electron microscopy (JSM-6460, JEOL, Japan) at 20 KV. For SEM observations, samples were 

fractured in liquid nitrogen and coated with a 10 nm layer of gold. 

3.1.1.3 Mechanical behaviour characterization: simple compression 

Stress-strain behaviour was investigated by simple compression test using a universal material testing 

machine (Texture analyser.xt Plus, Stable Micro Systems, New Jersey) with a 50 N load cell (Figure 3-1).  

 

Figure 3-1: Instrument used for simple compression test of PLLA samples. 

3.1.1.4 Cell culturing and viability measurements 

The MG63 cell line (human osteosarcoma fibroblast) (ATCC, Manassas, VA), derived from a 14 year 

old male, was maintained in MEM cell culturing medium (Minimum Essential Medium Eagle, ATCC, 

Manassas, VA) supplemented with 10 % fetal bovine serum (FBS), and 1 % penstrep (Invitrogen, 

Carlsbad, CA), which is a mixture of 5,000 units of penicillin (base) and 5,000 µg of streptomycin 
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(base)/ml, at 37 oC, 5 % CO2, and 95 % humidity incubator. Cell culture medium was changed every two 

to three days. 

Prior to cell culturing, all PLLA samples were sterilized by 70% Ethanol. In order to study cellular 

behaviour, cells were fluorescently stained with the LIVE/DEAD cell viability kit (Invitrogen, Carlsbad, 

CA) following manufacturer’s protocol and imaged by confocal microscope. 

3.1.1.5 Confocal microscopy 

Confocal microscopy was performed by taking images of fluorescently labeled cells with an inverted 

laser scanning confocal microscope (LSM 510 meta, Carl Zeiss, Germany) using an argon laser (488nm) 

and an HeNe laser (543nm). 

3.1.2 Results and discussion 

3.1.2.1 Microstructural investigation  

As shown in Figure 3-2, the microstructures resulting from F- and P-TIPS methods are significantly 

different. F-TIPS yielded fibrous structure that better resembles native ECM microstructure, whereas P-

TIPS produced foam like porous microstructure.  

Typical TIPS consists of the following major steps: dissolving PLLA in a suitable solvent, freezing the 

solution, exchanging the solvent with a non-solvent and finally drying the sample (mostly by freeze-

drying) [228]. During both F-TIPS [229,230] and P-TIPS [231–235] polymer solution goes through 

liquid-liquid phase separation, however, use of different solvents and cooling temperatures result in 

drastically different microstructures. The difference in final microstructures might have resulted from the 

different mechanisms of pore formation occurring during the fabrication process. Similar microstructures 

for both F- [229] and P-TIPS [227,233] methods have been previously reported. 
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Figure 3-2: SEM micrographs of typical structures fabricated by a) 5F-TIPS, and b) 5P-TIPS. 

3.1.2.2 Mechanical characterization of Poly(L-lactic acid) 

For the mechanical characterization of PLLA structures, the elastic modulus was measured by simple 

compression test and the results are presented in Table 3-1. It can be seen that P-TIPS samples generally 

have higher elastic modulus values than F-TIPS samples. In F-TIPS samples, which had a fibrous 

structure, deformation mechanism could be related to deformation, slipping and eventually breaking of 

fibers, whereas, in P-TIPS samples with a porous structure, pore walls deformed during mechanical 

loading. Since fiber diameters were smaller than pore wall thicknesses, fibrous structures were more 

flexible than porous structures. Moreover, fibers were loosely connected by flexible junctions as opposed 

to the pore walls rigidly interconnected together. Both methods led to structures with relatively large 

elastic moduli that were significantly higher than the appropriate range for cell traction force microscopy. 
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Table 3-1: Elastic moduli of PLLA samples with various concentrations, prepared by both F- and P-TIPS methods 

Polymer concentration 

(wt%) 
Fabrication method 

Elastic modulus 

Avg  std dev (kPa) 

3 

F-TIPS 202   75 

P-TIPS 1527  580 

5 

F-TIPS 780  97 

P-TIPS 6145  1338 

7 

F-TIPS 1204  51 

P-TIPS 7541  1166 

3.1.2.3 Cell viability assessment 

In order to see if cells can live within PLLA scaffolds, cells were cultured in structures and cell 

viability was assessed using the LIVE/DEAD cell viability kit (Invitrogen, Carlsbad, CA). Results are 

shown in Figure 3-3. The green staining identified live cells with high nonspecific esterase activity. The 

live cell dye can penetrate inside the cell and following interactions with estrases, calcein AM green 

fluorescent molecules allow the live cells to appear as green. On the other hand, dead cells with ruptured 

plasma membrane allowed penetration of ethidium homodimer (the dead cell dye) and appeared red. It 

can be seen that although dead cells can be found in the structures, majority of cells could survive inside 

both structures. 
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Figure 3-3: Fluorescently stained cells by Live\dead cell viability kit in a) 5F-TIPS, b) 5P-TIPS specimen. 

3.1.3 Concluding remarks 

TIPS can be used for fabrication of substrate with different microstructures. As a biodegradable and 

biocompatible polymer, cells can survive in different PLLA structures fabricated by F-TIPS and P-TIPS. 

However, the high elastic modulus limits the application of this material for investigating cellular 

mechanical interaction. 

3.2 Collagen 

As the main constituents of connective tissue, different types of collagen have been extensively used to 

study cell-ECM interactions over the years. This natural biogel was investigated to determine if it could 

fulfill the essential requirements of this study. 

3.2.1 Materials and methods 

3.2.1.1 Sample preparation 

3D collagen gels were prepared by diluting the high concentration type I rat tail collagen (BD 

Biosciences, NJ, USA) solution in 0.02N acetic acid. Dilution was done by addition of 1N sodium 

hydroxide, 10X PBS (VWR, PA, USA) and cell culturing grade water. Since collagen samples start to gel 

at room temperature, sample preparation was done aseptically on ice. Diluted collagen solution was 



   

39 

  

poured in a Teflon mold and incubated at 370C for 45 minutes. Stock solution concentrations ranged from 

8 to 11 mg/ml and the final samples concentrations ranged from 2.5 mg/ml to 5 mg/ml.  

For confocal microscopy samples, carboxylate-modified fluorescent microspheres (1μm diameter, 

excitation/emission wavelengths of 580/605 nm) were mixed with collagen solutions prior to gelation. 

Samples were placed in 35 mm glass bottom dishes (MatTek, Ashland, MA) (Figure 3-4) to perform 

microscopy. 

 

Figure 3-4: 35 mm glass bottom MatTek dishes used for confocal microscopy. 

3.2.1.2 Cell culturing, fluorescent staining, and transduction 

Swiss Albino 3T3 fibroblast cells were maintained at 37 0C, 5 % CO2, and 95 % humidity in complete 

growth medium, Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, CA, USA) supplemented 

with 10 % FBS (VWR, Radnor, PA) and 1 % penstrep (Invitrogen, Carlsbad, CA), which is a mixture of 

5,000 units of penicillin (base) and 5,000 µg of streptomycin (base)/ml.  

In order to image cells, calcein AM was used with excitation/emission of 495/515 nm. However, since 

calcein exits cell cytoplasm after 3-4 hours. In order to track cells during migration, cells were transduced 

overnight using CellLight® Actin-GFP, BacMam 2.0 (Invitrogen, CA, USA) to express green fluorescent 

protein (GFP) on actin filaments, following manufacturer’s protocol. Excitation/emission wavelengths of 

GFP are 485/520 nm.  

3.2.1.3 Mechanical behaviour characterization: viscoelastic properties 

The dynamic mechanical analyzer (Q800, TA instruments, New Castle, DE) (Figure 3-5a) was used to 

investigate viscoelastic properties of collagen samples. Tests were performed by submersion compression 
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clamp (Figure 3-5b) at 370C and complete cell culture medium (DMEM supplemented with 10 % FBS 

and 1 % penstrep) was used as the immersion medium. 

 
Figure 3-5: a) Dynamic mechanical analyzer b) Submersion compression clamp used for characterizing collagen 

samples. 

3.2.1.4 Confocal microscopy  

Inverted confocal laser scanning microscope (CLSM; Zeiss, LSM 510 meta) was used to both image 

collagen microstructure and to perform live cell imaging. The following objective lenses were utilized: 

10x/0.45 water immersion, 40x/1.2 water immersion, 63x/1.4 oil immersion. During time-lapse imaging, 

the confocal microscope was equipped with a micro-incubator (Biosciences Tools, CA, USA), so that the 

temperature was kept at 370C (Figure 3-6). Also CO2 (5%) and humidity (95%) were controlled to ensure 

the appropriate environment for cells.  
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Figure 3-6: Micro-incubator on the confocal microscope stage. 

Two confocal microscopy techniques were used to image cells: 

1. Confocal fluorescence microscopy (CFM): During CFM, in order to image cells, samples were 

illuminated by Argon laser with a wavelength of 488 nm and the emitted light (with wavelength 

of 515 or 520) was detected by the photomultiplier tube. HeNe laser with a wavelength of 543 nm 

was used for imaging fluorescent microspheres. 

2. Confocal reflectance microscopy (CRM): Collagen samples were illuminated by Argon laser with 

a wavelength of 488 nm and the photomultiplier tube detected the same wavelength. 

3.2.2 Results and discussion 

3.2.2.1 Mechanical characterization  

 In order to mechanically characterize collagen gels and study their viscoelastic properties, the dynamic 

compression test in a submersion compression clamp was performed using the dynamic mechanical 

analyzer (DMA). In this test, effect of amplitude (which shows the influence of strain) and frequency 

(which shows the influence of strain rate) as device parameters, and collagen concentration as sample 

property, were investigated. Depending on the test, either frequency or amplitude was kept constant to 

assess the effect of the other factor.  
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The first test investigated the effect of collagen concentration on storage (Figure 3-7a) and loss (Figure 

3-7a) moduli for sample concentrations of 2.5 mg/ml and 5 mg/ml. As expected, increasing collagen 

concentration led to an increase in storage and loss moduli of the gel. Thus, it was beneficial to keep the 

concentration as low as possible for the cells to easily deform the gel. On the other hand, since the 

collagen samples were generally weak, decreasing collagen concentration made handling of the samples 

more difficult. So, the optimum sample concentration was chosen to be 2.5 mg/ml. In this case, storage 

modulus was measured to be about 1 kPa. The similar trend has been reported for collagen samples in the 

literature [236]. 

It can also be seen from Figure 3-7 that increasing frequency led to negative loss modulus. Two reasons 

might have caused the negative modulus. One cycle of dynamic test consists of both loading and 

unloading. For higher frequencies, collagen sample did not have enough time to recover during 

unloading, so the sample might have lost contact with the platen, which is applying the force. Also, since 

the dynamic compression test was performed in cell culture medium, higher frequencies caused larger 

volume of liquid to move during the test. Therefore, the forces applied due to the movement of larger 

volume of liquid might have been detected as a sample response. 

 
Figure 3-7:  Effect of collagen concentration on a) storage, and b) loss moduli, amplitude = 50μm. 

In order to find out the suitable frequency for measuring mechanical properties of a sample with 

concentration of 2.5 mg/ml, effect of frequency on storage (Figure 3-8a) and loss (Figure 3-8b) moduli at 

two different amplitudes was investigated. According to these results, loss modulus had negative values 

for frequencies higher than ~ 0.5 Hz. Therefore, the final frequency was chosen to be 0.1 Hz. 
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Figure 3-8: Effect of frequency on a) storage and b) loss moduli, concentration = 2.5 mg/ml. 

With the frequency of 0.1 Hz, the effect of strain (amplitude) on storage and loss moduli was studied. 

Figure 3-9a shows the change of storage and loss moduli with strain. Also, Figure 3-9b is the stress strain 

curve of this sample. In this graph, stress was the maximum stress at each cycle of the test with the 

corresponding amplitude (strain). Also, tan δ, which is defined as the ratio of storage and loss modulus, 

was calculated to range from 0.07 to 0.09. 

 

Figure 3-9: a) Effect of amplitude (strain) on storage and loss modulus, b) stress strain curve, small strains, 

frequency = 0.1 Hz. 

In Figure 3-9, maximum strain was ~ 1.7% and in this range of strain, storage modulus change was not 

significant. However, increasing strain resulted in a different behaviour (Figure 3-10).  
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Figure 3-10: a) Effect of amplitude (strain) on storage and loss modulus, b) stress strain curve, large strains, 

frequency = 0.1 Hz. 

Collagen belongs to a group of polymers that are called semi-flexible polymers and can be described by 

polymer theory. According to polymer theory, filaments can be categorized into three groups based on 

two characteristic parameters: persistence length    and contour length    [237]. Persistence length is the 

characteristic mechanical property of a filament and is defined as “the typical length scale for decay of 

tangent-tangent correlation” [237]. If      , the filament is flexible; if      , the filament is rigid; and 

if the two lengths are comparable, the filament is semiflexible. Most biopolyemrs which are 

interconnected structure of filaments, such as collagen, actin, and fibrin, lie in this category [237,238]. 

This group of polymers has unique properties, such as negative normal stress in shear, and strain 

stiffening at moderate strains during shear [238]. There are different theories for explaining the strain 

stiffening: Storm et al. [237] described it by entropic behaviour of individual filament. Onck et al. [239] 

related this property to microstructural changes during the deformation. According to this theory, during 

shear, filaments start to rotate to the direction of deformation and change their mode of deformation from 

bending to stretching, and due to much higher mechanical properties of filaments in tension, polymer 

mechanical properties increases. It was also proven that filaments undulation can postpone the onset of 

stiffening. 

It can be seen in Figure 3-10a that storage modulus is decreasing in the range of ~ 3% to ~ 13% rather 

than increasing. This decrease is seen in Figure 3-10b as well, where a decrease is seen in stress-strain 

curve in the same strain range. This response can be explained by the Onck et al. [239] theory. During 

compression test, collagen filaments experience more undulation rather than stretching, so, the possibility 

of filaments going through bending mode of deformation as opposed to stretching mode of deformation 
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can be an expected phenomenon. The significant increase in storage modulus, strain stiffening, which is 

starting at ~ 14% strain, can also be attributed to microstructural changes. Increase in mechanical 

properties during compression test has been previously reported for trabecular bones, in which this 

increase was related to densification at larger strains [240].  

3.2.2.2 Confocal microscopy 

The basic confocal micrographs were images of cells. Figure 3-11 shows cell morphology at three 

different magnifications. These cells were cultured on a glass bottom dish (Figure 3-4) and were stained 

by calcein. Cell length was measured to be ~ 50μm. 

 
Figure 3-11: 3T3 fibroblast cells stained with calcein AM at a) 10x, b) 40x, and c) 63x objective lens magnification. 

3D images of cells cultured in collagen samples with two concentrations of 2.5 mg/ml (Figure 3-12a) 

and 5 mg/ml (Figure 3-12b) were also taken by confocal microscope. Each image consists of micrographs 

of cells taken at different planes and the final 3D image is formed by stacking the slices on the top of each 

other.  
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Figure 3-12: Cells cultured in collagen with different concentrations a) 2.5mg/ml, b) 5 mg/ml, stained with calcein 

and imaged by 40x, water immersion objective lens. 

When cells are cultured in a 3D matrix, whether migrating or not, they are in contact with their 

environment in all three dimensions. Whereas cells cultured on a 2D surface are in contact with the 

surrounding just on their basal plane. Thus, in order to perform their vital activities (such as migration), 

they change their morphology in a way that they can squeeze in the pores of the matrix. At the same time, 

they also try to adapt to their surrounding by remodeling or proteolysis of the matrix [32]. As shown in 

Figure 3-12 it can also be assumed that the single cell in the collagen matrix with higher concentration 

had a more elongated shape than the cells in a collagen with lower concentration.  

For simultaneous confocal microscopy of substrate and cells, two approaches were taken: 

1. The first approach is the conventional traction force microscopy method where fluorescent 

microbeads are added to substrate [10]. To do so, images of both beads (Figure 3-13a) and also cells and 

beads, simultaneously, (Figure 3-13b) were taken.  
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Figure 3-13: Confocal micrographs of  a) 1vol% of fluorescent microspheres in a matrix of collagen with 

concentration of 5 mg/ml, b) simultaneous imaging of 2.5 mg/ml collagen sample, containing 1vol% of fluorescent 

microspheres and cells stained by calcein. 

2. Another approach is by visualizing collagen fibers by CRM and simultaneous imaging of collagen 

fibers and cells. Figure 3-14a and b shows collagen fibers at two different magnifications. 

 
Figure 3-14: Confocal micrograph of collagen fiber in a sample with concentration of 2.5mg/ml collagen at 

magnification of a) 40x, b) 63x. 

An image of cells cultured in collagen is presented in Figure 3-15. In this image, collagen fiber 

realignment in the direction of cells, as an indication of matrix remodeling, can be seen (white arrows). 

Karning et al. [50] has previously reported similar results and believed that this matrix reorganization can 

be an indication of traction forces in the matrix. Thus, cells in collagen matrices have the ability to not 
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only deform the matrix and realign the fibers, they can also degrade the collagen fibers [241] or even 

deposit ECM to the matrix [242]. The versatile nature of interactions between cells with collagen makes it 

complicated to just isolate cell-induced deformations and cell traction forces. 

 
Figure 3-15: Confocal micrograph of cells in a collagen matrix, concentration = 2.5 mg/ml, 63x objective lens 

magnification. 

3.2.2.3 Time lapse imaging 

Time lapse imaging to study cell migration was the next step in the experimental studies. A typical time 

lapse imaging result can be seen in Figure 3-16. The main issue and the biggest problem with live cell 

imaging of collagen/cell constructs was the fact that no migration was seen for cells cultured in collagen 

matrices. This may have been a result of the high collagen concentration, however, concentrations lower 

than 2.5 mg/ml were extremely delicate and almost impossible to handle. So, this problem did not allow 

the use of collagen for cell migration studies. Phototoxicity, photobleaching, and microscope’s focus drift 

were also the other challenges involved in time lapse imaging in these experiments1. 

                                                      
1 These challenges will be discussed in detail in 5.2.3. 
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Figure 3-16: Time-lapse imaging of cells cultured in collagen with concentration of 2.5mg/ml. 

3.2.3 Concluding remarks 

Since collagen is a natural biopolymer, it had the potential to be a suitable option for studying cell 

mechanical interaction with their ECM. However, complicated mechanical behaviour and complexities 
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regarding time lapse imaging, including challenges with visualizing cell migration inside 3D collagen 

constructs, discouraged its use in the current research.  

3.3 Polyacrylamide (PAAm) 

Polyacrylamide is a synthetic polymer that was first used for mechanotransduction studies by Pelham 

and Wang in late 1990s [112]. It is fabricated through polymerization of acrylamide monomers by its 

crosslinker, bis-acrylamide (Figure 3-17). In this reaction, Tetramethylethylenediamine (TEMED) and 

ammonium persulfate are initiators that accelerate the polymerization process by increasing free radical 

formation rate.  

PAAm has many advantages for this particular application. Not only is it easy to manipulate for 

fabricating polymers with versatile properties, it also is optically clear, chemically inert, and shows linear 

elastic mechanical behaviour over a wide range of stresses [243].  

There is also a disadvantage to using PAAm in mechanotransduction studies. Recently, Trappmann et 

al. [244] showed that when elastic modulus of PAAm changes, porous structure on the surface of the 

membrane changes and this, in turn, affects ECM molecule tethering to the surface. They believed that 

the responses of cells could be due to this effect as opposed to changes in mechanical properties. It is 

worth mentioning that another recent study by Wen et al. [245] supports the idea that cells actually do 

sense the elastic modulus and that ECM molecule tethering is not the main parameter controlling cellular 

behaviour. The controversy over this aspect of PAAm substrate has not yet been resolved and this was 

considered a disadvantage of using this polymer in the current studies.  

 
Figure 3-17: Schematic showing polymerization reaction for PAAm fabrication, adapted from [243]. 
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3.3.1 Materials and methods 

3.3.1.1 Sample preparation 

PAAm samples were fabricated by mixing different concentrations of acrylamide (40% w/v, Bio-rad, 

CA, USA) and bis-acrylamide (2% w/v, Bio-rad, CA, USA) monomer solutions with ultra-pure water. All 

sample concentrations are listed in Table 3-2. To prepare samples for simple compression tests, monomer 

solution mixtures were poured in Teflon molds and polymerization was allowed to occur for 30 minutes.  

Table 3-2: PAAm sample concentrations 

Sample 
Concentrations (vol %) 

Acrylamide Bis-acrylamide TEMED APS 

10 - 0.01 10 0.01 

0.15 0.5 

12 - 0.01 12 0.01 

15 - 0.01 15 0.01 

10 - 0.1 10 0.1 

12 - 0.1 12 0.1 

15 - 0.1 15 0.1 

10 - 0.3 10 0.3 

12 - 0.3 12 0.3 

15 - 0.3 15 0.3 

3.3.1.2 Bulk mechanical characterization 

Simple compression test was performed to measure compression elastic modulus of bulk samples.  

Experiments were performed in water (Figure 3-1) with a strain rate of 0.5mm/s. Simple compression was 

also used for stress relaxation experiments. Samples were kept at constant load at 20% strain and stress 

responses were plotted over time. 

To calculate Poisson’s ratio, lateral deformation was measured by taking images of simple compression 

test at 10 frame per second (fps) with high resolution charged-coupled device (CCD) camera (10281008 

pixels) (STC-CL202A, SENTECH), through a camera link (NI PCIe-1427, National Instrument). Images 

were then processed using ImageJ (National Institute of Health (NIH), USA). 
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3.3.2 Results and discussion 

3.3.2.1 Simple compression test 

To investigate the effect of base polymer and crosslinker concentrations on mechanical behaviour of 

polymer, simple compression tests were performed on cylindrical samples and elastic modulus was 

calculated (Figure 3-18). Although the effect of crosslinker seems to be more substantial, it seems that 

increasing both base polymer (acrylamide) and crosslinker (bis-acrylamide) concentrations increased 

elastic modulus. This increase has been previously reported by Tse and Engler [246] as well. 

In these experiments, since compression test was performed in water, there was very low friction 

between indenter and the samples. Because of this low friction, lateral bulging of the test samples did not 

occur. 

 
Figure 3-18: Elastic modulus of PAAm samples fabricated by various base polymer (acrylamide) and crosslinker 

(bis-acrylamide) concentrations. 
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Figure 3-19 shows a typical stress strain curve for a 10-0.01 sample. As previously mentioned, 

compression tests were performed in water to avoid samples from drying out. The other advantage of 

aqueous medium for compression test was decreasing friction on the interface of the probe and sample. 

However, there was a disadvantage to this as well. Samples slid off after certain amount of strain. As 

highlighted in Figure 3-19, the small step, in the otherwise almost linear curve, is believed to occur due to 

this sliding and sample movement. 

 
Figure 3-19: Compressive stress strain curve of a 10-0.01 sample and sample sliding at larger strains (~ 35%). 

3.3.2.2 Stress relaxation 

When a load is applied to a material (  ) (Figure 3-20a), an elastic material shows an instantaneous 

strain response,   , (Figure 3-20b), which stays constant as long as the load is being applied. When it is 

unloaded, strain is released immediately. On the other hand, in a viscous fluid (Figure 3-20c), upon 

loading, strain increases with time, and after unloading strain does not decrease. A viscoelastic material 

shows both aspects; after loading, for small values of t, there is an immediate response for strain and as 

time t increases, strain gradually increases (Figure 3-20d). This means that if a viscoelastic material is 
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exposed to a constant stress, strain will increase with time. Furthermore, when unloading occurs, a large 

portion of stain (elastic part) is released instantaneously and then the rest of the strain decreases with time. 

Therefore, a phase difference exists between stress and strain. 

 
Figure 3-20: Different strain responses for different material, a) stress profile b) elastic material c) viscous fluid d) 

viscoelastic material, adapted from [247] 

Another phenomenon in viscoelastic materials is stress relaxation (Figure 3-21). When a viscoelastic 

material is under a constant strain, stress decreases with time. 

 
Figure 3-21: a) applied strain b) stress relaxation in a viscoelastic material, adapted from  [247]. 

To investigate whether PAAm samples show viscoelastic behaviour, a stress relaxation test was 

performed. In these tests, load was kept constant (at 20% strain) for extended periods of time and the 

response of samples were plotted against time (Figure 3-22).  
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Figure 3-22: Stress relaxation plot for a 15-0.01 sample. 

 

3.3.3 Concluding remarks 

PAAm was found to be a material that can be tailored to have different elastic moduli with minimal 

stress relaxation and thus mainly elastic rather than viscoelastic behaviour. This elastic behaviour 

provided a simple characterization of substrate stiffness which was convenient in the eventual study of the 

influence of substrate stiffness on cell migration, which was one of the goals of the present thesis. PAAm 

also fulfills the other requirements such as optical clarity and chemical inertness. Thus, PAAm was 

chosen as the substrate for the investigations in the rest of the present thesis.. 
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Chapter 4: Biological responses of human corneal epithelial cells 

 

 

 

 

Mechanotransduction studies have generally focused on stem cells to understand the role of 

environmental mechanical stimuli in differentiation and on fibroblasts in wound healing and scar 

formation. Little is currently known on how a mechanical stimulus affects corneal epithelial cells, which 

can be relevant to ocular diseases such as keratoconus (KC), where high enzyme activities result in a 

mechanically weaker cornea [248,249]. While some studies suggest that corneal epithelial cells have 

more elongated morphology in keratoconic corneas [250], it is not clear how the decrease in mechanical 

stability of the cornea during the disease can affect these cells.  

To thoroughly investigate mechanical interaction of corneal epithelial cells with their environment, 

both cellular biological responses1 and their mechanical responses induced by a mechanical stimulus were 

assessed. The mechanical stimulus chosen for this study was substrate stiffness (elastic modulus) and the 

mechanical impact of cells on their environment consisted of the deformation they produced on the 

substrate during migration. In the current chapter biological responses are discussed. 

To perform this study, human corneal epithelial cells (HCECs) were chosen and polyacrylamide 

(PAAm) substrates were used as substrates with varying elastic moduli. Pelham and Wang [112] first 

used polyacrylamide (PAAm) gels for mechanotransduction in late 1990s. Since then, PAAm gels have 

                                                      
1 A modified version of this chapter was published as a journal paper in Acta Biomaterialia [339].  



   

57 

  

been extensively studied and used in mechanobiology research [251–253] because of their optical clarity, 

chemical inertness, and wide range of mechanical properties.  

4.1 Materials and methods 

4.1.1 Sample preparation 

Several steps were involved in preparing PAAm membranes for cell culture and were adapted from 

Aratyn-Schaus et al. [254]: coverslip activation, membrane fabrication, surface functionalization, and 

ECM protein conjugation to the surface (Figure 4-1). 

 
Figure 4-1: Schematic showing different steps of PAAm sample preparation. 

4.1.1.1 Step 1: Coverslip activation 

In order to fabricate PAAm-coated coverslips (Figure 4-1), glass coverslips (No. 1, 22  22 mm, VWR, 

Radnor, PA, USA) were chemically activated to allow the polymer to covalently bond to them. 
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Coverslips were first rinsed with ethanol. After drying, they were immersed in 2% (3-aminopropyl) 

trimethoxysilane (APTMS) solution (Sigma-Aldrich Canada Co. Oakville, ON, Canada) in isopropanol 

for 10 minutes. After four washes in distilled water, coverslips were placed in 1% glutaraldehyde solution 

(Sigma-Aldrich Canada Co. Oakville, ON, Canada) in distilled water for 30 minutes. Coverslips were 

then washed three times with distilled water and air-dried before membrane fabrication.  

4.1.1.2 Step 2: Polyacrylamide (PAAm) membrane fabrication 

Membrane fabrication was started with mixing different concentration of acrylamide (40% w/v, Bio-

rad, Hercules, CA, USA) and bis-acrylamide (2% w/v, Bio-rad, Hercules, CA, USA) monomers and ultra-

pure water (Figure 4-1). Variation in elastic modulus was achieved through changing the concentration of 

acrylamide in the final specimen. The following samples concentrations were used in this study (all 

concentrations are vol%):  (1) compliant: 7% acrylamide – 0.01% bis-acrylamide, (2) medium: 10% 

acrylamide – 0.01% bis-acrylamide, (3) stiff: 15% acrylamide – 0.01% bis-acrylamide. To initiate the 

polymerization reaction, 10% ammonium persulfate (APS) (Bio-rad, Hercules, CA, USA) solution in 

water and tetramethylethylenediamine (TEMED) (Bio-rad, Hercules, CA, USA) were added to the 

monomer mixture. A small volume of each solution (15 µl) was placed on a microscope slide (VWR, 

Radnor, PA, USA) immediately following the addition of 10% APS solution and TEMED. An activated 

coverslip was placed on top of the drop so that the solution spread over the coverslip. These assemblies 

were left for 15-20 minutes (depending on concentration; lower concentration samples need more time for 

polymerization). Following polymerization, assemblies were left in ultra-pure water for 30 minutes before 

peeling the PAAm-coated coverslip from the microscope slide. To remove any unreacted monomer, all 

membranes were soaked in ultra-pure water overnight before surface functionalization. 

4.1.1.3 Step 3: Surface functionalization of membranes and ECM coupling to the surface 

In order to conjugate the ECM protein (in this study, collagen type I) to PAAm membranes, the surface 

of the samples was functionalized with a heterobifunctional crosslinker, sulfosuccinimidyl-6-(4'-azido-2'-

nitrophenylamino) hexanoate (sulfo-SANPAH). Sample surfaces were covered with 2mg/ml solutions of 

sulfo-SANPAH (Thermo Scientific, Rockford, IL, USA) in water and membranes were exposed to a UV 

light source for 10 minutes. Samples were then thoroughly washed with distilled water to clean the 

surface from excess sulfo-SANPAH. Following functionalization, membranes were incubated with 0.05 

mg/ml rat tail collagen type I (Sciencell, Carlsbad, CA, USA) solution at 37 °C for 45 minutes.  
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4.1.2 Atomic Force Microscopy 

Force spectroscopy method using atomic force microscope (AFM) (XE-100, Park Systems, Korea) was 

employed to measure the elastic modulus of the membranes as an indication of their stiffness. 

Measurements were performed in water, in contact mode, to prevent drying of the membranes. A 

spherical-tipped indenter (with a radius of less than 10 nm) was used, and a force-displacement curve was 

obtained for loading and unloading paths. Then, the Hertzian model was applied to the curve to determine 

the elastic modulus, based on the assumption that the material is purely elastic [255,256]. Since PAAm 

was known to exhibit essentially elastic behaviour [256] in the deformation range applied in the present 

study, this assumption was considered reasonable. 

4.1.3 Cell culture 

HPV-immortalized HCECs, kindly provided by Dr. Griffith, were maintained in an incubator with 

keratinocyte medium (KM) (Sciencell, Carlsbad, CA, USA) supplemented with keratinocyte growth 

supplement (KGS) (Sciencell, Carlsbad, CA, USA) and penstrep (Sciencell, Carlsbad, CA) at 37 °C, 5% 

CO2 and 95% humidity. Cell culture medium was replaced every 2 to 3 days. After the PAAm-coated 

coverslips had been prepared, functionalized and collagen-coated,       HCECs were seeded on these 

surfaces. Samples were kept in 6 well culture plates at 37 °C, 5% CO2 and 95% humidity. 

Swiss Albino 3T3 fibroblasts (used as control cells in some experiments) were kept in Dulbecco's 

modified Eagle’s medium (DMEM) supplemented with fetal bovine serum (FBS) and penstrep at 37 °C, 

5% CO2, and 95% humidity incubator. Cell culture medium was changed every two to three days. These 

fibroblasts were cultured on PAAm samples in the same manner as HCECs. 

4.1.4 MTT assay 

Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Biotium, Hayward, CA, 

USA), the HCECs viability and proliferation were determined when cells were cultured on the substrates 

with different elastic moduli. Following 48 h incubation of HCECs on various stiffness substrates, 

PAAm-coated coverslips were transferred to a new 6-well culture plate (BD Flacon, San Jose, CA, USA) 

to ensure that only cells on the samples were tested. Cells on both substrates and the initial culture plate 

wells were incubated overnight at 37 °C with 0.5 mg/ml MTT solution in warm KM/KGS cell culture 

medium. To dissolve formazan crystals, isopropanol was added and absorbance was read at 595 and 650 
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nm using a Microplate Photometer (Thermo Scientific, Hudosn, NH, USA). Cell viability on the 

substrates is reported as relative viability compared to cells cultured on tissue culture polystyrene (TCPS). 

4.1.5 Immunofluorescent staining of cytoskeleton structure 

Cytoskeleton structure was studied through immunofluorescent staining after 48 h incubation of cells 

on the substrates. Cells were fixed using 2% paraformaldehyde and permeabilized with -20 °C acetone. 

Actin filaments were then stained using Alexafluor-488 phalloidin (Invitrogen, Carlsbad, CA). Images 

were taken with an inverted laser scanning confocal microscope (LSM 510 meta, Carl Zeiss, Germany) 

using an argon laser (488 nm).  

4.1.6 Flow cytometry 

4.1.6.1 Membrane receptors 

Expression of the integrin-α3β1 and of the intercellular adhesion molecule-1 (ICAM-1) was studied by 

flow cytometry (BD FACSCalibur, BD Biosciences, San Jose, CA, USA). Following 48 h incubation, 

cells were detached from PAAm gels using TrypLE™ Express (Invitrogen, Grand Island, NY, USA). To 

ensure that just cells on the substrates were gathered, samples were transferred to a new culture plate 

before cell detachment. Cells were then washed and incubated with fluorescently-labeled antibodies 

against integrin-β1 (CD29), integrin-α3 (CD49c) and ICAM-1 (CD54) (BD Biosciences, Mississauga, ON, 

Canada) for 30 minutes at room temperature in the dark [257]. Samples were then diluted and fixed using 

1% paraformaldehyde (final concentration) and analyzed by flow cytometry within five days.  

4.1.6.2 Caspase 

Caspase mediated apoptosis was also studied by flow cytometry using a caspase detection kit 

(Immunochemistry Technologies, Bloomington, MN, USA). After 48 h incubation, cells were detached 

from the substrates using TrypLE™ Express (Invitrogen, Grand Island, NY, USA), washed, and then 

incubated with the polycaspase enzyme probe (FAM-VAD-FMK).  After one hour at 37 °C, cells were 

washed three times and propidium iodide (PI) was added immediately prior to flow cytometry analysis to 

differentiate apoptotic from necrotic cells following the manufacturer’s protocol. Apoptosis has been 

previously studied using flow cytometry [257–259]. 
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4.1.7 Time lapse imaging by optical microcopy for migration studies  

To study HCECs migration, cells were cultured both on the PAAm substrates and collagen-coated glass 

coverslips. As a positive control, to promote migration, TGFβ was also added to glass coverslip samples. 

Migration experiments were performed 48 h after cell seeding. Time lapse imaging was performed using 

a Nikon inverted optical microscope with a 40X objective lens. To provide an appropriate cell 

environment, a micro-incubator (Biosciences tools, San Diego, CA, USA) was mounted on the 

microscope stage to hold the temperature at 37 °C. For migration speed calculation, cells were imaged for 

at least 1 h and tracking was performed by ImageJ (US National Institute of Health, NIH) and MTrackJ 

plugin (www.imagescience.org/meijering/software/mtrackj/). To track cells, nucleus movement was 

measured at 10 minute intervals. 

4.1.8 Statistical Analysis 

Statistical analysis was performed using STATISTICA V8 (StatSoft, Tulsa, OK, USA). Analysis of 

variance (ANOVA), followed by a multiple pair-wise comparisons using the Fisher’s Least Significant 

Differene (LSD) test, was used to calculate statistical significance. The significance level was set at 0.05.  

All experiments were performed at least 3 times with different cell passages.  

4.2 Results and discussion 

4.2.1 Substrate elastic modulus 

To have clear results about the mechanical behaviour of the substrates, at the same scale as cells would 

potentially feel, the force-spectroscopy method using AFM was implemented to further measure the 

elastic moduli of PAAm substrates. AFM has been previously used for measuring PAAm stiffness [256]. 

The Hertzian model [255] was used to estimate the elastic moduli of PAAm substrates from force-

displacement data. The variations of elastic modulus with the change of acrylamide concentration are 

presented in Table 4-1. Consistent with previous reports [246], increasing acrylamide concentration 

increased the elastic modulus of PAAm.  
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Table 4-1: Elastic moduli of PAAm membranes with different acrylamide concentrations measured by AFM in 

contact mode. n = 3, Average ± standard deviation (SD). 

Sample 
Concentration 

(acrylamide – bis-acrylamide) 
Elastic modulus (kPa) 

Compliant 7% – 0.01% 1.3 ± 0.2 

Medium 10% – 0.01% 3.2 ± 0.3* 

Stiff 15% – 0.01% 9.2 ± 1.3*#  

* significantly different from compliant substrate, p < 0.01, # significantly different from the medium substrate, p 

<0.01. 

In the present study, the acrylamide concentration, and hence the elastic moduli of PAAm substrates 

were carefully selected to match with those of cornea layers. The cornea consists of different layers; each 

layer having its unique structure and properties. Elastic moduli of these different layers can vary widely 

from less than 5 kPa for the basement membrane to more than 60 kPa for the Descemet's membrane (at 

older ages) [260]. As mentioned previously, during keratoconus, corneal elasticity and therefore stiffness 

decreases [261]. The elastic modulus of the medium substrate was tuned to the low end of the overall 

elastic moduli of the corneal layers. Then, it was varied to be higher (stiff substrate) and lower (compliant 

substrate) to investigate the effect of elastic modulus on HCECs behaviour.  

4.2.2 Cell viability 

MTT assay was used to measure metabolic activity of HCECs as an indication for cell viability and 

proliferation. Since the PAAm substrates size was smaller than that of culture plate wells, some of the 

cells still grew on the bottom of the well despite our effort to mostly seed cells onto the substrates. This 

was taken into account and thus Figure 4-2 presents both the percentage of metabolically active cells on 

PAAm substrates and total active cells (substrates and wells combined). Viability is reported as a 

percentage relative to the viability of control cells whereby control cells were cultured in a 6-well culture 

plate (TCPS). The high percentage of viable cells on the substrates indicated that PAAm substrates were 

not toxic to cells and provided a suitable environment for proliferation. A small increase in viability 

seemed to occur for the stiff substrates compared with the compliant substrates but this increase was not 

statistically significant (p = 0.83). 
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Figure 4-2: Effect of substrate stiffness on cell viability over 48 h. HCEC viability was measured by MTT assay 

with substrates and culture wells assessed separately, n=4, average ± SD. 

4.2.3 Intercellular adhesion molecule-1 expression 

Intercellular adhesion molecule-1 (ICAM-1 or CD54) is a transmembrane adhesion molecule. It is not 

only related to cytoskeleton components [262], but also upregulated by pro-inflammatory cytokines in 

corneal epithelial cells [263], and therefore, can be used as an indication of cell activation and 

inflammatory marker. Although there was a slight upregulation, no significant changes in ICAM-1 

expression were found (Table 4-2). These results suggested that HCECs were not activated on the 

substrates and thus PAAm could be considered as an appropriate biomaterial to study the corneal cell 

response to change in elastic modulus. These results also suggested that changes in stiffness did not 

induce cell activation as measured by ICAM-1 expression.  
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Table 4-2: Effect of substrate stiffnes on ICAM-1 (CD54) expression. HCECs were cultured on the PAAm 

substrates having different elastic moduli. Following 48 h-interactions, cells were removed from the substrates and 

analysed by flow cytometry.  n=4, average ± SD. 

Sample 
ICAM-1 (CD54) expression 

(arbitrary fluorescent unit) 

TCPS 11.5    3.4 

Compliant 12.2   2.6 

Medium 12.0   3.5 

Stiff 11.9   3.4 

4.2.4 Apoptosis 

Apoptosis or programmed cell death is a multi-step process consisting of membrane blebbing, nuclear 

dissociation and at the end DNA fragmentation [264]. Apoptosis is one of the cell death mechanisms that 

the human body uses to control cell count in organs as well as their size. Apoptosis also serves as a 

defense mechanism in the removal of damaged cells [265]. In comparison, necrosis is considered to be 

accidental or inappropriate, and occurs under extremely unfavorable conditions such as serious injuries 

and diseases [266]. In the context of the cornea, apoptosis has been previously reported to occur for 

keratocytes1 in keratoconic corneas [267]. Apoptosis can occur by two different molecular pathways: 

intrinsic (or mitochondrial) and extrinsic (or death-receptor activated) [268]. Cysteine-aspartic proteases 

or caspases are enzymes that are key players in the apoptotic pathways [268,269]. They can both can start 

the disassembly process (be initiator) and help in progression of the process (be effector).  

                                                      
1 Keratocytes are fibroblast-like cells residing in corneal stroma. 



   

65 

  

 
Figure 4-3: Effect of substrate stiffness on (a) cell apoptosis and (b) necrosis, * p<0.05 compared to TCPS.  n = 4, 

average ± SD. 

In the present study, caspase-mediated apoptosis of HCECs cultured on the substrates with different 

elastic moduli (compliant, medium and stiff) was studied using flow cytometry to investigate whether 

changes in mechanical properties could induce apoptosis in these cells. Also, propidium iodide (PI) was 

used as a secondary marker to study cell death by necrosis. Figure 4-3 shows total number of cells that 

stained for apoptosis or necrosis. Further details on the caspase and PI positive cell population are 

provided in Table 4-3. Cell death (by both mechanisms of apoptosis and necrosis) increased in samples 

with lower elastic modulus. This increase was statistically significant for PI positive cells. On a stiff 

substrate, with stiffness characteristics approaching that of TCPS, the percentage of apoptotic cells 

decreased and approached that of the TCPS. 
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Table 4-3: Effect of substrate stiffness on percentage cell death and apoptosis. Following 48 h incubation of HCECs 

on substrates with different elastic moduli, cells were detached from substrates and percentage cell death and 

apoptosis were measured by  flow cytometry using the pan caspase marker, FITC-VAD-FMK for investigating 

apoptosis, while PI staining was used to assess necrosis, n=4, average ± SD. 

Sample 
Casp-/PI+ 

(necrosis) 

Casp+/PI- 

(early apoptosis) 

Casp+/PI+ 

(late apoptosis) 

TCPS 1.56+0.81 2.31+1.02 1.71+0.30 

Compliant 3.55+1.44 2.45+0.79 2.56+0.85 

Medium 3.89+2.85 2.54+1.04 2.46+1.01 

Stiff 3.24+1.60 1.95+0.74 1.91+0.48 

 

Apoptosis in corneal epithelial cells has been previously correlated to generation of reactive oxygen 

species (ROS) [270]. Higher oxidative damage due to ROS [271] and higher apoptosis are other features 

in keratoconic eyes [249]. To investigate ROS generation in HCECs cultured on substrates with different 

elastic modulus, dihydrodichlorofluorescein diacetate (DCF) expression was measured using flow 

cytometry. DCF has been previously used for measuring oxidative stress in cells [272]. No statistically 

significant changes were found among our samples (Table 4-4), suggesting that ROS may not be 

responsible for inducing apoptosis and that changes in elastic modulus of the substrate might be directly 

responsible for triggering the mechanism of  apoptosis in HCECs.  
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Table 4-4: Generation of reactive oxygen species (ROS) in HCECs was studied by investigating DCF expression of 

cells cultured on PAAm substrates with varying elastic modulus. HCECs were cultured on different PAAm 

substrates for 48 h and their DCF expression was measured by flow cytometry, n = 5 Average   SD. 

Sample DCF expression 

 (arbitrary fluorescent unit) 

TCPS 146   22 

Compliant 135   17 

Medium 145   21 

Stiff 153   30 

4.2.5 Cytoskeleton structure 

Cytoskeleton structure plays an important role in different cellular functions including cell shape, 

growth, division and also migration. It also allows cells to mechanically interact with their environment. 

Actin filaments, as one of the three main constituents of the cytoskeleton, are believed to act not only as a 

mediator in mechanotransduction, but also as direct mechanosensors [273].  

The cytoskeleton structure was studied by fluorescent staining of the actin filaments of cells cultured on 

membranes with different elastic moduli. Confocal microscopy revealed that actin filaments, and thus 

cytoskeleton structure, were affected by the elastic modulus of the substrate (Figure 4-4). HCECs, when 

cultured on compliant substrates, lacked visible actin filaments (Figure 4-4a-1 and Figure 4-4a-2); bright 

fluorescent spots (white arrows) and only sparse number of short filaments (Figure 4-4a-2), mostly 

gathered around the perimeter of cells and not in the cytoplasm. Increasing the elastic modulus to 3.2 kPa 

(medium substrate; Figure 4-4b) led to the formation of more filaments (white arrows). HCECs adherent 

to the stiff substrate (Figure 4-4c-1), exhibited highly visible, stretched and organized actin filaments. 

Figure 4-4c-2 further highlights the organized structure of the actin filaments (white arrows) seeded on 

the stiff substrate. 
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` 
Figure 4-4: Actin filaments of HCECs cultured on PAAm substrates with different stiffness: a-1) compliant; a-2) 

magnified view of the rectangle shown on a-1; b) medium; c-1) stiff; c-2) magnified view of the rectangular region 

in c-1. Images were taken with laser scanning confocal microscope (Zeiss) with a 40X objective lens. White arrows 

highlight the actin filament organization. These images are representative results from n = 2 to 3 experiments. 

Since cytoskeleton plays an important role in cell migration, actin filament disruption might adversely 

affect migration behaviour of HCECs on compliant substrate [274]. Actin filament buckling has been 

previously reported with fibroblasts cultured on compliant substrates [117]. While these characteristics 

were observed using 3T3 fibroblasts on the compliant PAAm substrate (see Figure 4-5a), actin filament 

buckling did not occur with HCECs. Both corneal and fibroblast immortalized cell lines responded to 
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mechanical cues but in significantly different manner. In 3T3 fibroblasts seeded on compliant PAAm 

substrate (Figure 4-5a), actin filaments formed but showed buckling (white arrows) but in HCECs seeded 

on compliant substrates (Figure 4-4a-1 and Figure 4-4a-2), there was a lack of filament formation. It’s is 

worth noting that, 3T3 fibroblasts on stiff substrates showed organized and stretched actin filaments 

(Figure 4-5b, white arrows) similar to HCECs cultured on stiff substrate (Figure 4-4c-1 and Figure 4-4c-

2). 

 
Figure 4-5: Actin filaments of 3T3 fibroblasts cultured on a) compliant (buckling of actin filaments can be seen on 

cells cultured on compliant PAAm matrix, white arrows) b) stiff PAAm substrate. Images were taken with laser 

scanning confocal microscope, 40X objective lens. White arrows highlight the actin filament organization. 

Reprinted from [275], with permission from ASME.  

4.2.6 Integrin expression 

In order to gain a better understanding of the effect of elastic modulus on cell adhesion, the integrin 

expression of HCECs seeded on PAAm substrates were also studied using flow cytometry. Integrin-α3 

and β1 are two important membrane receptors involved in epithelial cell adhesion and spreading [276]. In 

epithelial cells, integrin-α3 exclusively heterodimerizes with β1 and integrin-α3β1 plays an important role in 

cell migration during wound healing [277].  

Although preliminary studies indicated an upregulation in integrin-α3 [275], in the present study, 

seeding HCECs on substrates with different elastic moduli did not induce any statistically significant 

changes in integrin expression (Figure 4-6). While a small downregulation was observed with α3 and 1 

when comparing the compliant substrate with stiffer substrates (medium, stiff or TCPS), these differences 
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failed to reach statistical significance. Since increasing number of replicates of experiments was 

coincident with increasing cell passage, these would tend to indicate that changes in integrin expression 

may be more sensitive to cell passage than substrate stiffness.   

 
Figure 4-6: Effect of substrate stiffness on a) Integrin-α3 and b) Integrin-β1 expression of HCECs, n=9. 

It has been previously shown that integrin-ligand bond has the ability to change its state and switch 

from a “relaxed” to a “tensioned” state by external mechanical force [278]. Our results tend to suggest 

that increasing stiffness of the substrate may not upregulate or downregulate the integrin expression; 

however, higher stiffness can apply higher external force and possibly induce changes in integrin-ligand 

bind state. At the same time, it is known that integrin molecules connect ECM ligands to cell cytoskeleton 

filaments [279]. Therefore, while only subtle changes in integrin expression were observed, these changes 

may or may not be playing a role in the cytoskeleton structure changes observed by confocal microscopy 

(Figure 4-4). Further studies will be required to determine the exact mechanisms.  

4.2.7 HCECs migration 

One of the main duties of corneal epithelial cells is migration during wound healing in corneal 

epithelium [280,281]. At the same time, migration is one of the biological processes controlled by the 

cytoskeleton (more specifically actin). Since the HCECs cytoskeleton was disrupted after seeding and 

interacting with the compliant matrices (Figure 4-4a), we hypothesized that migration behaviour of cells 

also changed on compliant substrates. To investigate these changes, migration behaviour was studied, 

including the migration speed of cells cultured on substrates with different moduli. Figure 4-7 shows cells 
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migrating on a glass coverslip (+TGFβ) and demonstrates tracking scheme for migration speed 

calculation.  

 
Figure 4-7: Tracking scheme used for measuring HCECs migration speed. Cells in this figure are cultured on a glass 

coverslip and TGFβ was added to them for positive control.  

The migrating cells on various substrates were individually tracked using an optical microscope for at 

least an hour. The migration speed of cells on various substrates (Figure 4-8) showed that cells on 

medium and stiff substrate migrated with significantly higher speed than on compliant substrate (p < 

0.05).  



   

72 

  

 
Figure 4-8: Migration speed of HCECs cultured on PAAm substrates with different elastic moduli. Cells were 

cultured on substrates for 48 h before time lapse imaging experiments. n = 3 to 5 *significantly different from 

compliant substrate, p<0.05. 

It has been previously shown that migration speed of cells on a 2D substrate has a biphasic relationship 

with substrate stiffness [131], which means that there is an optimum stiffness where cells show maximum 

migration speed. This optimum stiffness was reported to depend on the ECM ligand density on the 

surface [131]. Therefore, depending on substrate stiffness, increasing elastic modulus might lead to 

increase [112] or decrease [282] in cell migration speed. In the current research, elastic modulus was 

changing from 1.3kPa to 9.2kPa (Table 4-1) and in this range, HCECs displayed an increase in cell 

migration speed when increasing substrate stiffness.  

The significant reduction in migration speed of cells cultured on compliant matrices is likely to be 

related to the impaired cytoskeleton structure and crumbled actin fibers. During cell migration, following 

cell polarization, protrusions called lamellipodia and filopodia are formed in the cell membrane. 

Lamellipodia are flat protrusions containing network of actin filaments whereas filopodia contain parallel 

fibers of actin filaments. Lamellipodia are mostly involved in directional migration while the role of 

filopodia is to explore the environment around the cell [190]. Formation of both protrusions is usually 
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driven by actin polymerization in a dynamic process [190]. Therefore, actin polymerization and filament 

formation plays a crucial role in migration.  

For the positive control, where transforming growth factor β (TGFβ) was added to cells cultured on 

collagen-coated glass coverslip, a migration speed of 0.79   0.39 μm/min was observed. It is believed 

that TGFβ affects different biological processes including cell migration [283,284]. Accordingly in our 

studies, TGFβ increased filopodia and lamellipodia activity in HCECs resulting in the observed higher 

exploratory behaviour of cells. The fact that such exploratory behaviour was not observed for cells 

migrating on the compliant substrates further confirmed the disrupted actin filaments observed in 

confocal microscopy. 

4.3 Concluding remarks 

This chapter presented results on the experiments regarding the cellular responses to elastic modulus as 

the mechanical stimulus. The substrates used were not toxic to cells and decreasing elastic modulus did 

not appear to induce activation (measured by ICAM-1 (CD54) expression of cells). However, a higher 

number of cells appear to undergo apoptosis and necrosis on the compliant substrates. While no 

statistically significant changes in integrin-α3β1 were found, cytoskeleton and cell migration was 

significantly affected on the compliant substrates. Cells on substrate with the lower elastic modulus had 

fewer visible actin filaments, which in turn appear to impair their migratory behaviour. Statistically 

significant decreased migration speed was found for HCECs on the compliant substrates. The current 

investigation demonstrated that corneal epithelial cells are sensitive to changes in substrate stiffness, 

which may have direct implications in keratoconus where lower collagen stiffness has been observed. 
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Chapter 5: Mechanical responses of human corneal epithelial cells 

 

 

 

 

Besides the expected biological behavior of cells, mechanical interaction of cells with their 

environment can also be observed. This includes the forces that they apply on their substrate and its 

resulting deformation. In the current research, this is classified as the “mechanical response” of the cells.  

As mentioned before, cells have dynamic interactions with their substrate, the ECM. Our focus in this 

thesis is on migrating anchorage-dependent cells. Traction force microscopy is the method of choice for 

studying the mechanical responses of cells. In the present study, cells were cultured on 2D 

polyacrylamide substrates with varying elastic modulus and 3D cell-induced displacements and strains 

were measured. To facilitate these measurements, the substrates were loaded with fluorescent microbeads. 

During cell spreading and also migration, cells exert forces and deform the substrate and this deformation 

can be visualized by imaging fluorescent microbeads using a confocal or fluorescent microscope. Images 

obtained from the microscopy study can then be processed to perform deformation measurements and 

using substrate elastic properties, forces may also be calculated.  

As previously explained, cell traction force measurement can be performed in three distinct levels of 

complexity. The first and easiest level is when cells are cultured on a 2D substrate and responses are 

measured in 2D as well. The second level of complexity is when cells are cultured on a 2D substrate but 
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3D responses are measured. The third and most complicated level is when cells are cultured inside a 3D 

matrix and 3D responses are also measured.  

In the current research, the second level of complexity is chosen for studying the mechanical 

interaction of cells with their environment. As a first step in assessing the mechanical response of cells, 

HCECs were cultured on polyacrylamide substrates and deformation (displacements and strains) patterns 

were studied. Laser scanning confocal microscope was used for bead tracking and digital volume 

correlation (DVC) was used for the image processing to obtain displacements.  

5.1 Materials and methods 

5.1.1 Time lapse imaging by confocal microscopy for mechanical measurements 

To measure cell induced deformation, PAAm substrates preparation and cell culturing methods were 

similar to sections 4.1.1 and 4.1.3 except that PAAm substrates were loaded with 10 vol% fluorescent 

microspheres (0.5 μm diameter, excitation/emission wavelengths of 580/605 nm; Invitrogen, Carlsbad, 

CA). Beads were directly added to the monomer mixtures and the solutions were vortexed for 10s for 

uniform distribution of the beads. Substrate thicknesses were kept between 30 μm to 70 μm, so that cells 

did not feel the rigid glass coverslip instead of PAAm substrates [223]. Cells were seeded on PAAm 

substrates and incubated for 48 h prior to confocal microcopy. 

To prepare samples for confocal microscopy, the bottom of 35 mm Petri dishes (Corning, NY, USA) 

were machined to create a 20 mm diameter hole. A ring of double sided adhesive sheet (Grace Bio-Labs, 

OR, USA) was fixed to the rim of the hole and PAAm coated coverslips (with cells) were then placed on 

top, so as to have the uncoated glass underside of the coverslip directly above the microscope objective 

lens (Figure 5-1).  

Live cell imaging was performed using an inverted laser scanning confocal microscope (LSM 510 

meta, Carl Zeiss, Germany) equipped with a micro-incubator (Biosciences tools, San Diego, CA, USA) to 

maintain the temperature at 37 °C (Figure 3-6). For the experiments, a 40x/1.3 oil objective lens was used. 

Migrating single cells were tracked and the 3D images of the substrates were taken every   30 minutes 

for at least 1.5 h. A cell was considered single if there were no other cells within a surrounding of 100 μm 

  100 μm square. Voxel sizes were kept at   0.2 μm  0.2 μm   0.2 μm. Reported results are from one to 

two cells per substrate.  



   

76 

  

 

Figure 5-1: Schematic showing sample preparation for live cell imaging performed by confocal microscopy. 

5.1.2 Confocal microscope 

The most important advantage of the confocal microscope over a conventional wide field microscope is 

its ability to take 3D images. Higher resolution is also another advantage of using the confocal 

microscope. In a conventional wide field microscope, the camera receives both in-focus and out-of-focus 

rays (Figure 5-2a), while in a confocal microscope, the out-of-focus rays are eliminated by a pinhole that 

is placed in front of photomultiplier (PMT) [285]. Only in-focus rays can reach the detector and, after 

optical sectioning,  series of point-by-point local images can be obtained and then assembled into a full 

3D image  [285] (Figure 5-2b). 
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Figure 5-2: Optical path for a) conventional wide field microscope b) confocal microscope. Adapted from [285]. 

Since the resolution can be increased by decreasing the field of view [286], the point-by-point 

formation of the image results in both higher resolution and 3D image acquisition in confocal 

microscopes. In order for the pinhole to eliminate the out-of-focus rays, it has to be at the focal plane that 

corresponds to the plane of the objective lens [285]. This is why this microscope is called con-focal (both 

the image and the sample are in focal planes). In the confocal microscope, instead of white light or lights 

with different wavelengths, lasers with specific wavelengths are used to increase coherency of the 

excitation light. Although scanning can be performed by either moving the laser beam on the sample or 

moving the sample under the stationary laser, the preferred method is the laser scanning microscope due 

to increased speed. Rotating mirrors move the laser across the sample and the light coming from the 

sample also hits the same mirror at the same angle, which eliminates the necessity of moving the pinhole. 

The heart of a confocal microscope is its objective lens. The objective lens both focuses excitation laser 

light and collects the emitted light from the sample. Objective lenses that are used in confocal 

microscopes are immersion lenses. Using immersion lens increases the numerical aperture (NA) of the 

objective lens which is defined as [285]: 

                  5-1 
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where n is the refractive index of the immersion medium and α is the angle of the ray relative to the optic 

axis. NA shows the resolving power of the lens, so, the higher the NA, the higher the resolving power of 

the lens. 

5.1.3 Digital volume correlation (DVC), basics1 and principles  

Digital volume correlation (DVC) is a 3D pattern recognition technique that is often used for measuring 

the full 3D deformation field of a matrix. It is an extension of digital image correlation (DIC) that is a 

signal processing technique for measuring surface deformations using digital images of the surface [287–

290]. In DIC, deformation measurement is performed by tracking multiple small regions in the images 

before and after deformation. These regions normally contain speckles that either originate from the 

natural texture of the material or are added to the surface intentionally for tracking purposes [287,289]. 

Sum-of-squared differences (SSD), optical flow [291], cross-correlation [292], and fast normalized cross-

correlation [293] are some of the tracking algorithms that have been used before.  

DVC follows the same concept as DIC to measure 3D displacements and strains, and since 

measurements are performed in 3D, it can successfully measure the internal strains as well as surface 

ones. In DVC, similar to DIC, measurements can be performed by tracking small regions (subsets) 

containing microbeads that were intentionally added to the samples. Tracking can also be done without 

addition of microbeads by just tracking the texture of the material, if it has enough features.  

For full-field measurements, two 3D images of the matrix, one before and one after the deformation are 

compared (Figure 5-3a). To do the comparison, a 3D grid, which can be as fine as one voxel, is placed on 

the stacks to divide them into smaller subsets (Figure 5-3b). Voxel is the unit of 3D volume image and is 

an equivalent of pixel in 2D images. Following grid formation, cross-correlation of corresponding subsets 

can result in deformation field [11,12,223].  

                                                      
1 This section explains the basics of DVC. The code used here is not developed by the present author. It has been developed and 

published previously [287,340]. Use of this code for the current set up with 3D confocal microscope images is studied here. 
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Figure 5-3: Schematic showing grid formation during the first steps of DVC. 

Cross-correlation is a mathematical technique used for measuring the similarity of two data sets [294]. 

The higher the cross-correlation value, the higher the degree of similarity. For continuous functions f and 

g, it is defined as [294]: 

 ( )   ( )  ∫   ( ) (   )  
 

  
       5-2 

where   denotes the cross-correlation between the two functions, * represents complex conjugate and α is 

a dummy variable of the integration. If g is the result of translation of f in one direction, then α measures 

the amount of translation [294]. 

Convolution is the other mathematical technique that is mostly used for modifying an image and it is 

defined as [294]:  

 ( )   ( )  ∫  ( ) (   )  
 

  
       5-3 

in which   denotes the convolution and α is again a dummy variable of the integration. 

Images are originally defined in a spatial domain and image transforms are techniques that map an 

image from one domain to another. The use of this transform leads to better resolution of a particular 

feature of picture or decreases the computational load [295]. Fourier transform is an image processing 
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tool that maps images from the spatial domain to the frequency domain. In this case, it can decrease 

computational load significantly [295]. It is defined as [296]: 

 ( )   ∫  ( )         
  

  
       5-4 

Also, the inverse Fourier transform is defined as [296]: 

 ( )   ∫  ( )        
  

  
       5-5 

Since images are discrete functions, discrete Fourier transform is defined as  

 ( )  ∑  ( ) 
      

    
          5-6 

for              . 

And thus, inverse Fourier transforms can also be defined in the same manner: 

 ( )    
 

 
 ∑  ( )  

     

    
          5-7 

The Fourier transform has many properties and which the Convolution theorem is one of the most 

important ones in digital image processing. It can be proven that1 if F(ω) is the Fourier transform of f(x) 

and G(ω) is the Fourier transform of g(x) [296] 

 ( ( )   ( ))   ( ) ( ) ⇒   ( )   ( )     [ ( ) ( )]   5-8 

According to the definitions of correlation and convolution, correlation of f(x) and g(x) is equal to 

convolution of f(x) and g(-x). Therefore, the convolution theorem can be written as: 

 ( ( )  ( ))    ( ) ( ) ⇒  ( )  ( )     [  ( ) ( )]   5-9 

In the current research, the algorithm chosen for running cross-correlation is fast normalized cross 

correlation (FNCC) [293]. A few modifications to the cross-correlation (Equation 4-2) can lead to more 

accurate and efficient computation [293].  

For further explanations of DVC, consider the following specifications: 

  (   ) is the intensity value of the image at point (   )  

  (   ) is the template that has to be matched to the image2 

  (   ) has the size of       and  (   ) has the size of       

                                                      
1 Proof of the theorem can be found in Appendix B. 
2 In our case,  (   ) is the second image and  (   ) is the subset chosen from  ( ), the first image. 
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 By moving  (   ) for   and   the best match can be found. In this case, the best match occurs 

when the correlation value is highest. To put this in the context of the current research, rigid 

body translation is assumed to be the only deformation present.  

The first step is the calculation of averages of each function over specific regions. For example, the 

average of  (   ) over the region of  (   ) is calculated and denoted by     (   ). Then, the average 

value of each function is subtracted from the original function so that the effect of illumination 

inconsistencies, such as abnormal bright or dark spots, on the images is eliminated. The correlation values 

calculated after this are independent of image contrast and brightness [297]. For the two images with 

discrete functions of  ( ) and  ( ), both having the size of N, cross-correlation can be written as [297]: 

   ∑ [ (   )      (   )][ (       )      ]        5-10 

To increase accuracy, the cross-correlation function can be normalized: 

    
∑ [ (   )     (   )][ (       )     ]   

[∑ [( (   )     (   ))
 
( (       )     )

 
]   ]
         5-11 

This function is called the normalized cross-correlation (NCC). The NCC value is 1 for identical 

signals and 0 for functions that do not have any similarity. Despite being accurate, evaluation of this 

function requires considerable computational load. To alleviate this to some extent, another algorithm 

called fast normalized cross-correlation was developed. Looking at the numerator of Equation 5-11: 

∑[ (   )      (   )][ (       )      ]

   

 

 ∑  (   ) (       )        ∑  (   )         5-12 

Note that     (   )∑ [ (       )      ]      [293].  

The denominator can also be simplified as: 

∑ ( (   )   
   (   )

)
 

    ∑   (   )    ∑  
   (   )
 

     ∑  (   ) 
   (   )    ∑   (   )    

 

    
(∑  (   )   )

 
    5-13 

 

To further simplify the computation, Lewis [293] suggested the FNCC algorithm. In this algorithm, 

pre-computing two sum tables of  (   ) and   (   ) can help in reducing the computational load. The 

two-sum tables are then defined as [297]: 

 (   )   (   )   (     )   (     )   (       )   5-14 
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  (   )    (   )    (     )    (     )    (       )   5-15 

Calculating these two-sum tables, although time consuming, decreases the computational load for 

finding numerator and denominator of Equation 4.11.  

It is crucial to note that all equations discussed here are for 2D images but 3D images are fabricated by 

stacking 2D images and so these equations can be easily expanded to cover them as well. 

The result from FNCC is discrete displacement field at the center of each subset [298]. To achieve a 

continuous displacement field, with acceptable sub-voxel accuracy, interpolation algorithms can be used. 

Both quadratic [12] and cubic interpolation [299] functions, paired with different minimization 

techniques, such as Gaussian-Newton, have been previously used [299]. 

In the current research, a quadratic interpolation function paired with the least squared solution was 

used to find the continuous displacement field [287]. This quadratic function can be written as1: 

 (   )                       
      

        5-16 

where   is the error that should be minimized. Function   is defined as: 

  (                     
      

   (   ))
 
    5-17 

and to write the least square solution and find the coefficients, L should be minimized with respect to all 

     coefficients: 

  

     
                    5-18 

It is worth noting that, here, the polynomial is fitted to the points with highest correlation value and 

maximum similarity. 

Strain calculations are performed based on the linear theory of elasticity and infinitesimal strains are 

found from displacement the based on the following equation: 

    
 

 
(
   

   
 
   

   
)          5-19 

5.1.4 Running DVC code 

The parameters involved in getting results from this code can be divided to two main groups:  

1. Processing parameters: The most accurate results from FNCC algorithm are obtained by careful 

selection of the processing parameters. Grid spacing (GS) is the first parameter that can affect results 

[300]. While extremely small GS increases the computational load, it is important that GS is small 

                                                      
1 This function can be categorized under linear regression models [341]. 
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enough so that no signal is lost and adequate spatial resolution exists [301,302]. In the current study, GS 

is generally kept at 5 pixels (  1 μm).  

Another parameter affecting the results is correlation size (CS), which is an indication for subset size. 

In Figure 5-41, assuming the grid spacing of 5 pixels, the green square shows a CS of 10. This green area 

moves over to the second image and correlation is performed over this area. CS is inversely related to 

noise level, meaning that smaller CS tends to increase noise level. At the same time, increasing CS 

increases computational load.  

 
Figure 5-4: Schematic showing CS. Grid spacing is 5 and the green square shows CS of 10. 

The final processing parameter affecting the results is search ratio (SR; a similar concept has been used 

before and named “overlapping” [302]). SR, as the name suggests, is an indication of the area where the 

subset size is moved over and searches for the highest correlation value. SR, combined with the initial 

subset size, or CS, determines the search window over the second image. In case large deformations are 

expected, such as a large focus drift or stage movements, search ratio was chosen higher. Figure 5-5 

shows two examples of SR values. Figure 5-5a shows one image of the 3D stack and the subset is the 

green square. When SR is 1 (Figure 5-5b), the search window (blue square) is the same as the subset size. 

When SR is 2 (Figure 5-5c), the search window is twice the size of subset. A SR of 2 is used in the 

current research because it has been previously used and yielded acceptable results [302]. 

                                                      
1 To make it easier to demonstrate the parameter values, just one 2D image of a 3D stack is shown. 
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Figure 5-5: Demonstration of SR, a) first 3D stack b) second 3D stack and search window when SR = 1, c) second 

3D stack and search window when SR = 2. 

The effect of three parameters (GS, CS and SR) on computational load and deformation features are 

summarized in Table 5-1. As mentioned, smaller GS increases computational load but increases the 

resolution of deformation field. At the same time, larger CS increases computational load and decreases 

noise level. It is important to keep in mind that very large CS can lead to loss of subtle patterns. Larger 

SR, and therefore larger search window, allows for detection of larger deformation range. 

Table 5-1: DVC processing parameters and their effect on computational load and various deformation features.  

Input parameter Computational load Deformation feature 

GS ↓ ↑ Resolution   ↑ 

CS ↑ ↑ Noise           ↓ 

SR ↑ ↑ Range         ↑ 

 

A flowchart of running DVC MATLAB code is depicted in Figure 5-6. Once the two images were 

loaded, DVC was run with initial settings of rough grid (large grid spacing), small CS and large SR to 

obtain an initial estimate of the measurements. It is important to note that sources of displacement on 

images are not all from cells. Due to the instability of the confocal microscope stage, not only the stage 

can move in the x and y direction, but large displacements in the z direction can also be detected by DVC 

because of the focus drift of the confocal microscope stage. It is important to estimate this initial 

displacement and enter it as estimated values to DVC. This allows DVC to detect the smaller 

deformations related to the cell interaction with the substrate. Once initial estimates were entered into 

DVC, the code was run again with a finer grid, larger CS and smaller SR. This step was repeated until a 
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balance between accuracy and computational load was reached. The main parameter that was changed 

was CS. Smaller CS can allow for better detection of delicate patterns that might be lost in case of large 

CS.  
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Figure 5-6: Flowchart for running DVC code. 
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2. Post processing parameters: Post processing parameters are involved with plotting the results. 

These parameters do not affect accuracy of the results, but rather affect the demonstration of the results.    

5.2 Results and discussion 

5.2.1 DVC verification 

In order to verify the DVC code and determine whether the code was being used properly, a cell free 

section of the substrate was chosen from the images and displacements and strains were measured1. It was 

important to choose an area that was quite far from the cell, so that cell deformation field did not affect 

the results. Figure 5-7 shows an image of a cell on a substrate. In this image, the square shows the cell-

free area used for DVC verification. In this case, the displacements measured are expected to be 

somewhat uniform, and may also provide information on the movement of the stage.  

 

Figure 5-7: Image of a cell on the surface of a PAAm substrate. A cell free area of the image (the square) was 

chosen for DVC validation. All measurements are in pixels. 

Results from DVC on all x (Figure 5-8a), y (Figure 5-8b), and z (Figure 5-8c) directions showed fairly 

uniform displacements. The variations on each image were smaller than one pixel (~ 0.2 m) in the x-

direction (Figure 5-8a) and the y-direction (Figure 5-8b) directions and about three pixels in the z 

direction (Figure 5-8c).  

                                                      
1 Further DVC verification using collagen samples is presented in Appendix C. 
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Although this experiment is not an accurate verification of the measurement and calculation system, it 

provides us with a point of comparison where no cell is present and deformation should be zero. It is also 

important to understand the experimental challenges and sources of error involved in the process. The 

before and after images have to be taken from the same exact spot, any interruption and slight movement 

of the stage can induce large errors. Therefore, any procedure for verification would be very difficult in 

our microscope and micro-incubator setup. 

 
Figure 5-8: Displacement results for verification of DVC code on a) x, b) y, c) z direction. Color bars indicate 

displacement values in pixels (1 pixel ~ 0.2 μm). For these results, GS = 2, CS = 20, and SR = 2, no smoothing was 

done, no initial estimate was given (Figure 5-6), and the color bars as chosen by MATLAB were not adjusted. 

It is also worth mentioning that DVC has been previously used for processing confocal microscope 

images where fluorescent microbeads were used as speckles for tracking deformation [12,303]. 

5.2.2 DVC results of migrating cells 

Following verification of the code, images gathered from time lapse imaging experiments were 

processed by DVC. The main goals of these investigations were to find displacements and, in some cases, 

strains induced by cells on the substrate. The displacements are a direct result of the forces applied by the 

cell on the substrate. In traction force microscopy, the published protocols suggest that cells should be 
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removed from the substrate so that deformation is released and strains and force measurements are 

performed by comparing images before and after deformation [11,15].  

In the current research, it was very difficult to detach the cells from the substrate mainly because it was 

challenging to access the sealed chamber while maintaining microscope stage stability. To compensate for 

the fact that there was not an “after” image, which is just an image of the substrate that included cell-free 

areas, images were divided to smaller sections. Although DVC was run on all sections, strain calculation 

was performed only on sections where a cell had migrated from and left the area, which could then be 

considered as a deformation-free area. Figure 5-9 shows images of a cell before and after migration for an 

hour. The section shown on Figure 5-9a and Figure 5-9b is one where the cell completely left the area, 

therefore, all displacements and strains were measured, while Figure 5-9c and Figure 5-9d shows the 

same cell before and after migration for an hour but the chosen section still contains the cell. Strains are 

not reported for these latter sections. 
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Figure 5-9: Images of a cell cultured on a medium substrate, a) before b) after images of the section used for both 

displacements and strains measurement, c) and d) show before and after images of the section used for just 

displacements measurement. On the two later images, cell did not completely leave the area. Duration of experiment 

was 90 minutes. 

5.2.2.1 Out of plane deformations 

Figure 5-10 shows the result of out of plane (z direction) displacement and out of plane (z direction) 

strain induced by the cell on the section shown in Figure 5-9a and Figure 5-9b. The cell not only exerted 

forces (and therefore induced displacement and strain) in the x and y directions, it also exerted forces in 
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the z direction as well. This is in agreement with recent reports [11,14,15,225]. The z-direction 

displacements were smaller than the in-plane ones and, thus, the color bar range was decreased to ensure 

that the patterns were visible. 

Correlation values for different grid points were also calculated and it was found that for most of the 

grid points, correlation value was above 0.9 which indicates that DVC can detect substrate deformation 

and results can be considered reliable. However, around the points where large displacements occur, 

correlation value could drop as low as 0.1. In this case, although the value of displacement is not reliable, 

the pattern may still provide some qualitative information. For example, the regions of high displacement 

can be identified, even if the actual deformation values are not known.  

It is worth mentioning that all results for migrating cells were obtained following the flowchart shown 

in Figure 5-6. The results from the initial estimate roughly calculates the movement of stage and when the 

movement of stage was entered as initial values for displacement, the pattern related to deformation 

induced by cells could be revealed more accurately. 
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Figure 5-10: a-1) Out of plane (z direction) displacement and b-1) Out of plane (z direction) strain induced by cells 

on a medium stiffness substrate (3.2 kPa). a-2 and b-2 show magnified view of z displacement and z strain contour 

plots, respectively. GS is 5, CS is 15 and SR is 2. Color bar on the left contour plot indicate displacement values in 

pixels (1 pixel = 0.19 μm). On the right contour plot, strain color bar shows the values of strain. Both contour plots, 

and contour plots overlaid on the image of the cell, are shown for more clear demonstration of results. 

Displacements and strains in x and y directions for this cell can be found in supplementary information in Appendix 

D (Figure D - 1). 

Although existence of forces in the z direction has been previously reported, the directions of these 

forces are still controversial. Franck et al. [11] has reported that a migrating fibroblast exerts upward 

pulling force in the trailing edge, while forces on the leading edge are downward pushing forces. 

However, Legant et al. [15] showed upward forces under the leading edge. Also, Delanoë-Ayari et al. 

[14] and Hur et al. [13] associated the push-pull behaviour to the cell nucleus. Our results (Figure 5-11) 

show similar trend to Franck et al. [11], where cells appear to “peel off” their trailing end from the 
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substrate, while the front is trying to “grab” the matrix. The process, both experimental and numerical, 

seems to be extremely sensitive to the cell lines used, and also the different substrates with different range 

of properties that can also directly affect cell responses and measurements. 
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Figure 5-11: Out of plane displacements for a cell cultured on a compliant substrate (1.3 kPa) on three overlapping 

regions. Possible coupled forces are indicated by white arrows. The red arrow shows migration direction. GS = 5, 

CS = 15 and SR = 2. Color bars indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and 

contour plots overlaid on the image of the cell are shown for more clear demonstration of results. 
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It is important to note that the direction of the red arrow in Figure 5-11 shows the general direction of 

cell movement (based on the migration of nucleus). Investigating the displacements more locally, close to 

the cell edges, indicates that cells cause paired regions of substantial local displacement. These 

displacements could represent a combination of a normal force in one direction and a moment (force 

couple) acting on the substrate at the cell boundaries. Figure 5-12 further illustrates how these moments 

might act both on the leading and the trailing edges. It was noted that at the leading edge of the cell, the 

two regions of local displacement are found to be negative (Figure 5-11) but since one is larger than the 

other this does not contradict the idea that some combination of normal force and moment are acting.  

When taking into consideration the accuracy of the displacement measurements and the limited number 

of samples, the idea proposed above that moments occur must be considered somewhat speculative at this 

time. However, Legant et al. [15] have recently reported similar “rotational moments” induced on a 

substrate by mouse embryonic fibroblasts. All these observations suggest that mechanical interactions of 

cells with their substrate may be more complicated in nature, but further investigation is needed to fully 

understand and quantify these interactions.  

 

Figure 5-12: Schematic showing displacements and moments induced by cells acting on the substrate. 

The depth of the deformations applied by cells was also assessed and it was found that these were 

rather large on compliant substrates (Figure 5-13). Our measurements indicated a depth of   2.8 μm to   

5 μm for different sections. This depth has been previously reported to be around 10 to 15 μm for 3T3 
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fibroblasts [11]. The difference between our measurements and Maskarinec et al [11] can be due to 

differences in cell type (HCECs vs. 3T3 fibroblasts) or in the elastic modulus of the substrate. 

 
Figure 5-13: Depth of deformation field for a cell cultured on a compliant substrate. Both 2D and 3D views of 

displacement in the z direction are shown in two different sections. GS = 5, CS = 15 and SR = 2. All axes units are 

pixel. Color bars indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and contour plots 

overlaid on the image of the cell are shown for more clear demonstration of results. Displacements in the x and y 

directions for another cell cultured on a compliant substrate can be found in Appendix D (Figure D - 2 and Figure D 

- 3, respectively). 
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5.2.2.2 Compliant vs. stiff substrate 

Displacements induced by cells on different substrates were measured and it was found that while cells 

could induce noticeable displacements on both surfaces, deformation by cells on compliant substrate 

appeared to be exerted over a larger area ( 75 μm2 on compliant substrate vs.   9 μm2 on stiff substrate). 

Figure 5-14 shows displacements induced by cells cultured on compliant and stiff substrates in the z 

direction. In 0, we speculated that integrin-ligand bond of cells cultured on stiff substrate was  in a 

“tensioned” state as opposed to a “relaxed” state of this bond for cells cultured on compliant substrates 

[278]. We also speculated that this relaxed state could cause a “crumbled” cytoskeleton (Figure 4-4) and 

lower migration speed (Figure 4-8). The relaxed state of this integrin-ligand bond on compliant matrices, 

and therefore the impaired cytoskeleton structure, could also lead to the inefficient force exertion in focal 

adhesion and cause the forces to be applied over larger areas. 

It has been previously reported that cells on stiffer substrates exert larger forces [304]. In the current 

thesis forces are not accurately calculated, but, the displacement directions and the areas they are applied 

over, can still give some indication of the forces applied by cells. Assuming this is true and taking into 

account that forces on the stiffer substrates are applied over smaller areas, it is likely that higher normal 

stresses are exerted on the stiffer substrates. 
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Figure 5-14: Out of plane (z direction) displacements induced by HCECs cultured on a compliant and a stiff 

substrate on three different sections. Displacements in the x and y directions for cells cultured on compliant and stiff 

substrates can be found in Appendix D (Figure D - 4 and Figure D - 5, respectively). Larger area over which the cell 

traction forces are exerted can be seen. Also, Figure D - 6 shows another cell cultured on compliant matrix and 

larger areas of force exertion can be seen on this image as well. Color bars indicate displacement values in pixels (1 

pixel = 0.19 μm). Red arrow shows migration direction. GS = 5, CS = 15 and SR = 2. Both contour plots and 

contour plots overlaid on the image of the cell are shown for more clear demonstration of results. 
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5.2.2.3 Deformation pattern underneath the cell 

It has been previously reported that the deformations that cells induce on the substrate have a pattern. 

Large forces in the leading edge of migrating cells were previously shown to exist [10,11]. However, in 

the present results, the displacement magnitudes were about the same in all x (Figure 5-15), y (Figure 

5-16) and z (Figure 5-17) directions. This could be due to the difference in cell line used (HCECs vs. 3T3 

fibroblasts) or calculation inaccuracies, which may arise from the fact that correlation values are typically 

small close to the areas where forces are detected. Assuming that cells exert traction forces at focal 

adhesions [305], localized deformations at these spots lead to large deformations that DVC might not be 

able to accurately follow. While patterns may be reliable, displacement magnitudes may not be accurate.  

 
Figure 5-15: Displacements in the x direction for comparison of magnitude and patterns in the leading and trailing 

edge of an HCEC cultured on a medium substrate. GS = 5, CS = 15 and SR = 2. Color bars indicate displacement 

values in pixels (1 pixel = 0.19 μm). Both contour plots and contour plots overlaid on the image of the cell are 

shown for more clear demonstration of results.  
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Figure 5-16: Displacements in the y direction for comparison of magnitude and patterns in the leading and trailing 

edge of an HCEC cultured on a medium substrate. GS = 5, CS = 15 and SR = 2. Color bars indicate displacement 

values in pixels (1 pixel = 0.19 μm). Both contour plots and contour plots overlaid on the image of the cell are 

shown for more clear demonstration of results. 
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Figure 5-17: Displacements in the z direction for comparison of magnitude and patterns in the leading and trailing 

edge of an HCEC cultured on a medium substrate. GS = 5, CS = 15 and SR = 2. Color bars indicate displacement 

values in pixels (1 pixel = 0.19 μm). Both contour plots and contour plots overlaid on the image of the cell are 

shown for more clear demonstration of results. 

Deformation under the nucleus is another matter that has been a subject of discussion before. Although 

2D studies confirmed that insignificant forces are present under the nucleus of migrating cells [35,201], 

earlier 3D force calculations have reported substantial forces under the nucleus [11,14,223]. Interestingly, 

Legant et al. [15] have recently shown that for fully spread cells, no displacements were detected under 

the nucleus. They also reported that, following initial adhesion formation and before full spreading of the 

cells, there were forces present under the nucleus but these forces did not exist for fully spread cells. They 

further speculated that forces were usually present when cells had a round morphology. Figure 5-18 

shows our results of displacements under the nucleus for the compliant, medium and stiff samples. While 

the cell on the medium substrate (Figure 5-18b) did not induce significant deformation under the nucleus, 

cells on the compliant (Figure 5-18a) and stiff (Figure 5-18c) substrates did indeed deform the substrate 
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under the nucleus. The medium substrate has an elastic modulus of 3.2 kPa, which is similar  to that of 

Legant et al. [15], who found no deformation under the nucleus. At the same time, the stiff substrate with 

9.2 kPa elastic modulus has closer properties to the research by Franck et al. [223] and Maskarinec et al. 

[11]. The different range of substrate properties and the fact that cells are capable of detecting and 

responding to these differences may be one of the sources responsible for these inconsistencies. It is also 

important to note that in the case of the compliant and stiff substrates, the nucleus did not fully move and 

leave the search window. The more consistent pattern seen on the substrates was that cells induced larger 

displacements around the perimeter of the cell rather than under nucleus.  
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Figure 5-18: Displacements induced by nucleus of single cell on a) compliant, b) medium, and c) stiff substrates. 

Two circles on the top row images show nucleus before and after migration of cells for an hour. GS = 5, CS = 15 

and SR = 2. Color bars indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and contour 

plots overlaid on the image of the cell are shown for more clear demonstration of results. 
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5.2.3 Experimental challenges  

Time lapse imaging is a delicate and time consuming process involving many parameters. In this 

section, a few of the challenges encountered during these experiments are discussed. 

1. Phototoxicity: It is believed that excited fluorophores can induce Reactive Oxygen 

Species (ROS) formation. As mentioned before, ROS are reactive molecules containing oxygen 

and can induce oxidative damage in cells [306]. Formation of these molecules during microscopy 

can be harmful to cells and lead to changes in cell cycle and even cell death (through apoptosis) 

[307]. To decrease phototoxicity during confocal microscopy, laser intensity was significantly 

reduced. This had to be balanced with the need to have an acceptable signal to noise (S/N) ratio 

when decreasing laser intensity. For example, Argon laser (with 488 nm wavelength and rather 

high energy levels) intensity was decreased to 2% while usually it is used at 50% and HeNe laser 

(with 543 nm wavelength and much lower energy levels, known as a “weak” laser) was used at 

15%. Keeping the HeNe laser at higher intensity was critical as it was used for imaging 

fluorescent microbeads. To further decrease the effect of phototoxicity, cells were not 

fluorescently-labelled, instead, phase contrast images of the cells were taken while the set up was 

switched to confocal microscopy for taking 3D stacks of the substrate loaded with fluorescent 

microbeads. 

2. Photobleaching: Diminishing fluorescent intensity after specific number of cycles of 

excitation emission is called photobleaching. It is believed that fluorescent molecules go through 

an irreversible change and start to lose their properties [308]. It has been reported that controlling 

excitation exposure can reduce this problem [307]. Decreasing laser intensity in our experiments 

not only helped with phototoxicity, it also helped with photobleaching. Furthermore, images of 

beads were taken at higher speeds to decrease the exposure as much as possible. Since fluorescent 

beads have a strong signal, decreasing laser intensity and increasing image acquisition speed were 

a feasible solution. 

3. Focus-drift: Focus drift in confocal microscopy can occur due to the microscope focus 

mechanism [309]. It is more prominent in systems equipped with a micro-incubator for controlled 

environment [310]. The micro-incubator, not only can add extra weight and thus can exacerbate 

the drift, but it can also cause thermal instability in the system due to higher temperature [311]. It 

has been suggested that even the environment of the microscope space (such as air conditioning 

units) can affect focus drift [312]. It has been recommended that in order to decrease the effect of 



   

105 

  

thermal instability, the micro-incubator should be installed on the microscope stage at least two 

hours prior to the imaging session to allow the microscope to equilibrate at 37 0C. 

5.3 Concluding remarks 

 The current study shows that our algorithm is capable of detecting out-of-plane displacements that 

result from out of plane forces as well as in plane displacements and forces. It was also found that the 

mechanical response of cells could be more complex than expected and that cells might be capable of 

exerting moments on the substrates. No changes in magnitude and pattern of displacements were found in 

the leading edge compared to the trailing edge of the cell. Deformation under the nucleus was seen for 

compliant and stiff substrates but not for cells cultured on the medium stiffness substrate. Cells on the 

compliant substrate induced displacements over larger areas when compared to cells cultured on the stiff 

substrates.  

It is important to note that observations are based on a maximum of two experiments. Therefore, the 

conclusions drawn require further investigation to extend the current work and to test the generality of the 

present findings.  
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Chapter 6: Conclusions and recommendations for future work 

 

 

 

As the title of this thesis indicates “Investigating some of the mechanical interactions of cells with their 

environment”, this work mainly focuses on the various aspects of cellular responses to mechanical 

stimuli. Specifically, elastic modulus was chosen as the mechanical stimulus affecting cellular behaviour 

and characterized responses were the cell biological responses, such as viability, expression of adhesion 

molecule, and migration behaviour, and the cell mechanical responses such as deformations induced on 

the substrate and strains and types of traction forces. Cell induced deformation as a result of 2D migration 

was the main mechanical response from cells studied in this research. Generally, interaction of cells with 

their environment, whether chemical, physical or biological, can be done in three levels. In the current 

research, the second level was chosen whereby cells were cultured on a 2D substrate and migrating cells 

on a flat surface were studied. While cell migration was occurring in two-dimensions and biological 

responses were assessed in two-dimensions, 3D mechanical response of cells was evaluated. 

The specific conclusions of the present thesis are given in the following section. 

6.1 Summary and Conclusions 

1. The first step in the present thesis was finding the proper biomaterial to be used as the model 

environment. This material required specific properties. Several different materials were tested 

and polyacrylamide (PAAm) was chosen as the most appropriate choice for this study. 
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2. One of the unique characteristics of PAAm was the ability to manipulate its mechanical 

properties by changing the chemical composition. PAAm samples with various chemical 

concentrations were fabricated. Mechanical behaviour was studied by a simple compression test. 

Specifically, compressive elastic modulus were measured and stress relaxation was investigated 

to provide a mechanical characterization of the substrates. 

3. Three PAAm concentrations were chosen for further study as model materials for cell culture and 

substrates were fabricated in a three-step process. Using atomic force microscopy (AFM) and 

nano-indentation, compressive elastic moduli for these substrates were further measured to 

provide information more relevant to what cells would feel when cultured on these substrates. 

Using these PAAm substrates, both biological and mechanical aspects of cellular behaviour were 

successfully studied.  

4. The biological responses studied on the different substrates were cell viability, cytoskeleton 

structure, adhesion molecule expression, apoptosis and migration behaviour. PAAm was found to 

be not cytotoxic for human corneal epithelial cells (HCECs) and it also did not activate cells as 

measured by expression of ICAM-1. 

5.  In the cell studies, while adhesion molecule (integrin-α3β1) expression did not change, HCECs 

cytoskeleton, specifically actin filaments, did not form properly on the compliant substrates. On 

the other hand, cells showed visible, prominent actin filaments on stiff substrates. HCECs 

migration was also affected by substrate elastic modulus. Cells on compliant substrates showed 

significantly lower migration speed, compared to the ones cultured on stiff substrate. All these 

results further emphasize that substrate elastic modulus, as mechanical stimulus, affects HCECs 

responses in a significant way and needs to be studied closely. 

6. To further investigate the mechanical responses of cells, confocal microscopy was used in 

conjunction with the image processing technique, digital volume correlation (DVC). Our 

measurements not only showed out of plane displacements, it also highlighted a new level of 

complexity regarding the cell mechanical responses during migration. It was found that cells may 

induce moments as well as forces on the substrates. The direction of forces and moments revealed 

that cells tend to grab the substrate in the leading edge and release it in the trailing edge. 
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7. Our measurements did not show any differences in terms of the magnitude of the displacement in 

the front and back of the migrating cells. It was also found that HCECs tend to exert cell traction 

forces around the edges as opposed to under the nucleus. 

8. Mechanical stimulus, specifically elastic modulus, can affect both biological and mechanical 

behaviour of HCECs. This effect can be substantial and can lead to visible changes observed with 

migration speed of cells, or it can lead to more subtle changes such as changes in the cell-induced 

deformation of the substrate. It is important to explore, study and understand these changes so as 

to develop more practical and clinical applications. 

6.2 Contributions 

Some studies in the more complex levels of cell-substrate interactions have been published recently but 

there are many more questions that need to be answered and more accurate methods need to be 

developed. The results from this thesis contributed knowledge to the cell biomechanics field, and more 

specifically, how different cell types can respond to mechanical stimuli. The specific contributions that 

this thesis has made to the cell biomechanics research field are as follows: 

1. Human corneal epithelial cells (HCECs) have been shown to detect substrate stiffness as 

mechanical stimulus and respond to it, both biologically and mechanically. 

2. The 3D deformation patterns, applied by HCECs, have been further established.  

3. Some evidence has been found to support the idea that cells can apply moments to a substrate as 

well as normal forces.  

The following two journal and one conference papers have been published from this research: 

1. Molladavoodi S, Gorbet M, Medley J, Kwon HJ. Investigation of microstructure, mechanical 

properties and cellular viability of poly(L-lactic acid) tissue engineering scaffolds prepared by 

different thermally induced phase separation protocols. J Mech Behav Biomed Mater 2013;17:186–

97. 

2. Molladavoodi S, Kwon HJ, Medley J, Gorbet M. Human corneal epithelial cell response to 

substrate stiffness. Acta Biomaterialia. 201; 11, 324-32. 

3. Molladavoodi S, Medley J, Gorbet M, Kwon HJ. Mechanotransduction in Corneal Epithelial Cells. 

Proc. ASME 2013 Int. Mech. Eng. Congr. Expo. IMECE2013, 2014, p. 1–5. 

The results from the current research also emphasize the role of mechanics in cellular behaviour and 

show the necessity of studying mechanical behaviour of cells as well as biological behaviour when 
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studying processes like migration speed. It also highlights how these two types of responses can be 

intricately tangled and studying both aspects in parallel can provide a better understanding towards more 

real world and clinical applications.  

6.3 Future work 

The current research emphasizes the importance of mechanics in cell biology and cellular behaviour. 

The following recommendations for future work can further help with understanding the mechanical 

interaction of cells with their environment: 

1. To get an even more complete picture of the processes, further experiments in biological responses 

of cells will help with better understanding the underlying mechanisms of how cells are capable of 

detecting mechanical stimuli.  

2. Since the DVC method used is independent of the cell type used here, using different cell lines, 

such as tumor and cancer cells, with the same protocols can help further gain knowledge on the 

effect of mechanical behaviour of cells in various contexts. 

3. Although the correlation algorithm used for image processing technique, DVC, is the most 

efficient and accurate one currently available, the code can still benefit from optimization. There 

are a few ways to increase accuracy of this code: 

a. Preprocessing of images to decrease noise level and thus increase accuracy.  

b. Using higher levels of interpolation.  

4. Accurate cell traction force calculation is the next step for characterizing mechanical behaviour of 

cells. Magnitude, direction and pattern of forces are the parameters that need to be studied. More 

accurate cell traction force magnitudes and directions can further reveal the complicated 

mechanical responses of cells and therefore moments applied by cells can be studied more 

effectively.  

5. The current study focuses on how cells interact with a surface of a substrate in 2D. However, 

rather than a substrate, to better mimic the in vivo situation, a 3D matrix is needed within which 

cells can both grow and move. The matrix must have specific controlled properties including a 

fibrous morphology. it would then potentially be possible to measure 3D displacements and 

strains.    
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6. To use a 3D matrix with a complex morphology, more complicated continuum mechanics theories 

are needed to relate displacements and strains to cell traction forces. 

7. It is important to also start translating these results to more clinical applications. The following 

suggestions can open up a way to the former: 

a. Depending on the cell type, it is important to implement more relevant biomaterial 

substrates and matrices. For example, in case of HCECs and the connection of their 

behaviour to keratoconus (KC), it is more relevant to use collagen as the material. This can 

lead to more applied results.  

b. Again, depending on the cell type and the condition they are related to, the effect of drug 

on cell behaviour, both mechanical and biological can lead to further optimization of 

therapeutic strategies. 
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Appendix A: Investigation of microstructure, mechanical properties 

and cellular viability of poly(L-lactic acid) tissue engineering scaffolds 

prepared by different thermally induced phase separation protocols 

 

Sara Molladavoodi, Maud Gorbet, John Medley, Hyock Ju Kwon 

Journal of the Mechanical Behavior of Biomedical Materials [313] 

 

Introduction 

Tissue engineering is an approach for repairing or replacing damaged tissue with new functional 

natural tissue. One type of tissue engineering involves the introduction of a cell-loaded synthetic scaffold. 

In this method, the cells initiate tissue growth and the synthetic scaffold provides structural support but 

gradually degrades while the new tissue grows and replaces it. Since the microstructure of ECM is fibrous 

[229], fabricating a fibrous-structured substrate to mimic the ECM has been considered important. The 

scaffold should also be fabricated from a biocompatible material so that the degradation products do not 

stimulate the immune system [314]. Furthermore, the scaffold should have a highly interconnected porous 

structure so that cells can grow tissue and nutrients and biological waste can flow through to support cell 

growth [315,316].  

One of the most difficult aspects of tissue engineering is the gradual transfer of load from the degrading 

scaffold to the newly grown natural tissue. Thus, the scaffold becomes a composite structure with 

changing properties and any optimization of the initial scaffold must consider this complexity [314]. The 

design of scaffolds for tissue engineering remains a challenging task involving much speculation, pilot 

studies and an overall iterative approach. It is important to have as much information as possible 

regarding the initial characteristics of the various material choices for the scaffold. 

Several methods have been reported for fabricating tissue engineering scaffolds such as porogen 

leaching [317–319], gas foaming [320], 3D printing [321], electrospinning [322,323], and phase 

separation [231,324,325]. Various types of polymers have been used as scaffold materials; these polymers 

can be either natural or synthetic. Although natural materials can provide a better cell attachment and 

function, synthetic materials have the advantage of permitting a better control over the properties of the 

scaffold. 
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Poly(lactic acid) (PLA) is one of the synthetic polymers that is used extensively in tissue engineering 

[232]. This polymer is one of the aliphatic polyesters with chiral molecule which has four isomers: 

poly(L-lactic acid), poly(D-lactic acid), poly(D,L-lactic acid), and meso-poly(lactic acid) [314]. The first 

of these, PLLA, is a biodegradable and biocompatible polymer that is approved by the US Food and Drug 

Administration (FDA) for clinical use [229].    

Generally, biodegradation of polymers can be caused either by enzymes present in the human body or 

by water through hydrolysis [314]. PLA is degraded by random hydrolysis of ester bonds and the main 

product is lactic acid which normally exists in the human body. The lactic acid formed in the body enters 

the tricarboxylic acid cycle and breaks down to water and carbon dioxide [326]. 

Phase separation is one of the methods used for fabricating PLA scaffolds. Phase separation, can 

happen by cooling the polymer solutions to low temperature [232] in a process known as thermally 

induced phase separation (TIPS). In TIPS, a uniform mixture of two elements (e.g. a solution) is 

quenched to a low temperature where the two components in the mixture are immiscible [227]. 

Immiscibility is the direct consequence of decreasing temperature and so thermal energy is the driving 

force during this process. Control over the microstructure and properties can be achieved by adjusting 

quenching temperature, solvent type, and polymer concentration [227,230]. Although TIPS is a more 

common method, phase separation can also be induced by addition of a non-solvent to reduce the 

miscibility of the polymer and solvent [232]. 

While there are several studies on how to perform TIPS, there is a lack of information regarding the 

relationship between these final properties (e.g. the final microstructure) and subsequent cell viability. In 

the present study, two different TIPS protocols were used to fabricate fibrous (F-TIPS) and porous (P-

TIPS) scaffolds from PLLA polymer. Mechanical properties were evaluated by both simple and cyclic 

compression tests. These tests were performed dry and also in the presence of water to determine its 

influence on mechanical properties. Furthermore, in order to explore the effect of microstructure and 

mechanical properties on cellular viability, human osteosarcoma fibroblasts were cultured in various 

scaffolds and cell viability was measured. The results of these cellular viability assays were confirmed by 

using live/dead staining observed by laser scanning confocal microscope. Finally, simple compression 

tests were performed following the incubation of specimens in cell culture medium to estimate the effect 

of scaffold biodegradation on mechanical properties.  
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Materials and methods 

Specimen Preparation 

PLLA specimens were fabricated by dissolving the Poly(L-lactic acid) (PLLA) in appropriate solvent 

for both F-TIPS and P-TIPS methods1. Resomer grade PLLA with inherent viscosity of 1.5 - 2 dl/g and 

molecular weight of 190,000 - 200,000 Daltons (Boehringer Ingelheim, Germany) was used in this study. 

As shown in Table A - 1 specimens were fabricated in concentrations of 3, 5 and 7 wt% of PLLA (where 

these values are the percent of the weight of the entire solution). Specimens had a simple cylindrical 

shape with 10 mm diameter and 10 mm height.  

Table A - 1: Summary of specimens used in this study 

Fabrication 

method 

PLLA concentration 

(wt%) 

Descriptive specimen 

name 

Water 

content 

F-TIPS 

3 3F-TIPS 
Wet 

Dry 

5 5F-TIPS 
Wet 

Dry 

7 7F-TIPS 
Wet 

Dry 

P-TIPS 

3 3P-TIPS 
Wet 

Dry 

5 5P-TIPS 
Wet 

Dry 

7 7P-TIPS 
Wet 

Dry 

 

F-TIPS method 

PLLA was dissolved in Tetrahydrofuran (THF) (Sigma Aldrich, Canada) at 50-60 oC. The solution was 

poured in a 100 mm Pyrex® glass petridish (Sigma-Aldrich, Canada) and then immediately placed in a 

freezer (Norlake Scientific, Hudson, WI) at -25 oC for two hours. Cooling was performed under 

conditions of natural convection. The frozen specimens were then punched from the PLLA frozen sheet 

and placed in deionized water for two days to allow the solvent to be replaced with water. The water was 

changed twice a day. After the exchange process, specimens were either freeze-dried for another two days 

to prepare the dry specimens or kept immersed in water to prepare the wet specimens. Protocol for this 

method was adopted from other studies [229,230,327]. 

                                                      
1 Method designation was based on the final microstructure and will be discussed further in the results and discussion section. 
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P-TIPS method 

PLLA was dissolved at 60-70 oC in a mixture of 1,4-dioxane (Sigma Aldrich, Canada) and distilled 

water (the ratio of 1,4-dioxane to distilled water was 87/13) [227]. The solutions were poured into 

aluminum molds and then immediately placed into liquid nitrogen. After the specimens had been in liquid 

nitrogen for two hours, they were placed in ethanol for two days to allow the solvent to be replaced with 

ethanol. The ethanol was changed twice a day. In the same way as for the F-TIPS, the specimens were 

either freeze-dried for another two days or immersed in deionized water to produce the dry or wet 

versions. Protocol for this method was adopted from other studies [227,233,234]. 

 

SEM investigations 

The microstructures of all freeze-dried specimens were investigated using a JSM-6460 (JEOL, Japan) 

scanning electron microscopy (SEM) at 20 kV. For SEM observations, all specimens (including the 

specimens after the compression test) were fractured in liquid nitrogen and coated with a 10 nm layer of 

gold. 

 

Pore size and fiber diameter measurements 

From the SEM micrographs, one hundred fiber diameters were estimated for each F-TIPS specimens 

and fifty pore sizes1 were estimated for each P-TIPS specimen. For each specimen, these data values were 

consolidated into their average plus or minus the standard deviation. 

 

Mechanical behaviour characterization 

In general, simple compression tests were used to characterize the mechanical behaviour of all the 

PLLA specimens. However, 5F-TIPS specimens were subjected to cyclic compression testing and simple 

compression testing after various times of biodegradation (incubation in cell culture medium).  

 

Simple Compression Test 

The effects of PLLA concentration, fabrication method, and presence of water in the specimens on the 

stress-strain behaviour were investigated by simple uniaxial compression tests (Figure A - 1). These tests 

were performed on three specimens of each type using a universal material testing machine (Texture 

analyser.xt Plus, Stable Micro Systems, New Jersey) with a 49.05 N (5 kgf) load cell. Dry specimens 

                                                      
1 Pore diameter was measured and reported as pore size. 



   

115 

  

were placed directly on a stiff flat aluminum substrate and compressed with an acrylic cylindrical indenter 

of larger diameter, whereas wet specimens were placed in a polycarbonate cubic container filled with 

deionized water. To evaluate the lateral deformation of specimen, images of the specimen were captured 

by a high resolution charged-coupled device (CCD) camera (10281008 pixels) (STC-CL202A, 

SENTECH), through a camera link (NI PCIe-1427, National Instrument). To help produce clear and high 

contrast images, an LED light panel was placed behind the specimen. The mechanical testing and image 

capture were synchronized by LabVIEW (V. 8.5) software (National Instruments, Austin , TX).  

 
Figure A - 1: Schematic of the layout for compression test. 

Upon confirming negligible specimen “bulging”, engineering stress and engineering strain were 

calculated as 

 0
A

F
 , 

0
L

L
     A-1 

where F  is compressive force measured by the load cell, 
0

A  initial cross-sectional area, L  change 

of specimen height, and 
0

L  initial specimen height. Specimens were loaded up to 20 % strain with a 
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cross-head speed of 0.2 mm/s, and then unloaded to zero load at the same speed while force, displacement 

and images were recorded. 

 

Cyclic Compression Test 

Cyclic compression tests were performed on 5F-TIPS specimens. The same test setup was used as for 

the simple compression tests (Figure A - 1). Tests were performed by repeating “loading-unloading-

recovery cycles” four times at a constant cross-head speed of 0.2 mm/s.  In the first cycle, the cross-head 

was moved downwards until 20% engineering strain was achieved, and then moved up until the load 

reached zero. Then, specimen recovery was allowed for 30 minutes. In the following cycles, the same 

specimen was compressed up to 80 % of its recovered height (20% engineering strain), and then the 

unloading-recovery cycles were repeated. Since permanent deformation took place after each cycle, 

starting position of the crosshead decreased. 

 

Cell Culture, viability assay, and microscopy 

In order to study the effect of microstructure on cell viability, MG63 cell line (human osteosarcoma 

fibroblast) (ATCC, Manassas, VA), derived from a 14 year old male was used in this study. Cells were 

maintained in MEM medium (Minimum Essential Medium Eagle, ATCC, Manassas, VA) supplemented 

with 10 % FBS, and 1 % penstrep at 37 oC, 5 % CO2, and 95 % humidity incubator. Cell culture medium 

was changed every two to three days. 

Prior to cell culturing, all the scaffolds were cut in half and left in 70% ethanol overnight and then 

placed in sterile phosphate buffer saline (PBS) (VWR, Radnor, PA) for another day (changing PBS 

several times to make sure that the ethanol had been removed from the scaffolds). Cell suspension was 

cultured on the top of the sterilized scaffolds. To make sure cells attached to the scaffold, the cell/scaffold 

construct was left in incubator at 37°C for 1.5 hours before adding the cell culture medium.  

Using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Biotium, Hayward, CA) 

assay, cellular viability was measured for all concentrations of specimens prepared by both methods, i.e. 

3F-TIPS, 5F-TIPS, 7F-TIPS, 3P-TIPS, 5P-TIPS, and 7P-TIPS. For each set, three specimens were used 

(n=3). Cell viability and proliferation were measured during a period of 8 days. On the day of the assay, 

scaffolds were transferred to a new cell culture plate (to ensure that only cells on the scaffolds were 

tested), and incubated with MTT solution in cell culture medium (0.5 mg/mL) for 3 hours at 37 °C. 

Enough MTT solution was added to fully cover the entire specimen. Then, isopropanol was added to 
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dissolve the formazan crystals and absorbance was read at 595 nm using a microplate photometer 

(Thermo Scientific, Hudosn, NH). Cell viability percentage was reported as relative viability compared to 

cells which were cultured in a well of a tissue-culture treated cell culture plate. 

To further confirm the viability of cells cultured on 5F-TIPS scaffolds, cells were stained with a 

Live\Dead Viability Kit for mamalian cells (Invitrogen, Carlsbad, CA) according to manufacturer’s 

protocol. This kit provides an assay to simultaneously visualize both live and dead cells. Cells were then 

imaged by an inverted laser scanning confocal microscope (LSM 510 meta, Carl Zeiss, Germany) using 

an argon laser (488nm) and an HeNe laser (543nm). 

 

Biodegradation 

To investigate the effect of biodegradation on mechanical properties of PLLA, 5F-TIPS specimens 

were incubated at 37 oC, 5 % CO2, and 95 % humidity condition in Dulbecco's Modified Eagle Medium 

(DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10 % FBS (VWR, Radnor, PA), and 1 % 

penstrep (mixture of 5,000 units of penicillin (base) and 5,000 µg of streptomycin (base)/ml) (Invitrogen, 

Carlsbad, CA). Over the period of two months, simple compression tests were performed on several 

different incubated specimens. During the first month, one specimen was tested each week. The last 

specimen was tested by the end of the second month.  

 

Statistical analysis 

To evaluate the significance of the differences, an analysis of variance (ANOVA) was performed 

followed by a multiple pair-wise comparisons using the Tukey HSD test using STATISTICA V8 

(StatSoft, Tulsa, OK). Significance level was considered to be 0.05. 

 

Results and discussion 

Microstructural investigations 

Typical SEM images of 3, 5 and 7 wt% specimens showed that microstructures resulting from F-TIPS 

and P-TIPS methods were significantly different (Figure A - 2). F-TIPS yielded fibrous structures that 

better resemble the natural ECM microstructure, whereas P-TIPS produced foam like porous 

microstructures. Similar morphological microstructures have been reported by others for F-TIPS 

[229,230] and P-TIPS [227].  
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Figure A - 2: SEM micrographs: a) 3F-TIPS, b) 3P-TIPS, c) 5F-TIPS, d) 5P-TIPS,e) 7F-TIPS, f) 7P-TIPS. 

As previously noted, TIPS consisted of the following major steps: i) dissolving PLLA in a suitable 

solvent, ii) freezing the solution, iii) exchanging the solvent with a non-solvent, and iv) finally drying the 

specimen (usually by freeze-drying) [228]. Phase separation of a polymer solution was described by Ma 

[328] as a self-assembly process. In this process, instead of short molecules aggregating into long chains, 

polymer’s long chains were reorganized. It has been reported that the polymer solution goes through 

liquid-liquid phase separation during synthesis by both F-TIPS [229,230] and P-TIPS [231–235] methods. 

However, the difference in structure is probably a result of the different mechanisms during phase 
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separation. Different cooling temperatures and solvents used in these two methods might be the main 

reason of different phase separation mechanisms.  

The microstructures of typical 5P-TIPS and 5F-TIPS specimens were viewed at higher magnification 

(Figure A - 3) to more clearly show the fibrous structure of the F-TIPS compared with the porous 

structures of the P-TIPS. 

 
Figure A - 3: PLLA (5 wt %) specimens prepared by a) F-TIPS, b) P-TIPS. 

From the SEM images, one hundred fiber diameters were measured on SEM images of the three 

polymer concentrations prepared by F-TIPS (Figure A - 4). It was found that there is a general trend of 

increasing fiber diameter with increasing polymer concentration. However, increasing polymer 

concentration from 3 to 5 wt% did not result in a significant increase in fiber diameter (p = 0.06). At the 

same time, a significant increase was detected when the concentration increased from 5 to 7 wt% (p 

<0.001). Similar results had been reported by others [229,230]. 
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Figure A - 4: Fiber diameters of F-TIPS specimens, *p < 0.001. 

Fifty pore size measurements were made on SEM images of the three polymer concentrations prepared 

by P-TIPS (Figure A - 5). The 3 wt% specimens had significantly larger pore sizes than the other two 

specimens that had higher polymer concentrations (p < 0.001). This might be attributed to the incomplete 

microstructure formation at this low concentration. Due to the scarcity of polymer chains, pores were 

formed locally and nonuniformly, as shown in Figure A - 2 which resulted in the large standard deviation 

of the pore sizes. Nonuniformly distributed pores for low polymer concentrations had been reported by 

Schugens et al. [329]. This was in contrast to the uniform and completely formed pores observed when 

PLLA concentrations were 5 or 7 wt%. Pore size increase was not statistically significant (p = 0.7) when 

the concentration went from 5 to 7 wt%. The increase in polymer concentration might have resulted in 

thicker pore walls which then subsequently increased mechanical properties of 7 wt% specimens. 
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Figure A - 5: Pore size of P-TIPS specimens, *p < 0.001.  

Pore size distribution across the surface of P-TIPS specimens was also investigated (Figure A - 6). 

Comparison between Figure A - 6a and Figure A - 6b indicates that the pores close to the wall of the mold 

were finer than the ones formed in the middle of the specimen. This might be attributed to the different 

cooling rates, which near the wall was higher than in the middle of the specimen. Hence, pores close to 

the mold wall formed faster than those in the middle. Note that the region with finer pore size is limited to 

the vicinity of the wall, which suggested that rapid cooling occurred locally. 
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Figure A - 6: PLLA (7 wt %) specimens prepared by P-TIPS, microstructure a) near the wall of the mold b) in the 

middle. 

 

Mechanical behaviour characterization 

 

Simple Compression Test 

Typical engineering stress-strain curves from loading and unloading cycles of compression test on 5F-

TIPS and 5P-TIPS are shown in Figure A - 7. The specimens exhibited some relatively small-scale 

viscoelastic behaviour but their response could be approximated by an elastic-plastic type representation 

with the following three regions: 1) linear elastic, 2) transition, and 3) plastic. A somewhat similar 

approach was reported by Park and Todo [330] for much stiffer PLLA scaffolds that had been designed 

for bone tissue engineering.  

 
Figure A - 7: Typical compression stress-strain curves of 5 wt% PLLA specimens fabricated by a) F-TIPS, b) P-

TIPS methods. 
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A typical stress-strain curve of the F-TIPS specimens (Figure A - 7a) demonstrated almost linear 

increase of stress with strain in region 1 below 4 % strain. Since no permanent strain was observed after 

unloading, the deformation behaviour in this region can be approximated as linear elastic with an elastic 

modulus designated as E1. 

Upon further loading and after a narrow transition (region 2), another approximately linear stress-strain 

relationship occurred in region 3 (Figure A - 7a). If the specimen was unloaded from this region, the 

stress-strain relationship followed an unloading path (as indicated by the arrow), that was almost linear 

with about the same slope as in Region 1, to leave the permanent deformation. Thus, this region can be 

regarded as plastic deformation region with a “plastic” modulus designated as E2. When the specimen was 

unloaded from 20 % strain, a permanent strain of about 13 % remained.  

A typical stress-strain curve for P-TIPS specimens (Figure A - 7b) showed slightly different 

deformation behaviour compared with the F-TIPS specimens. The same three regions could be identified 

but the moduli of the P-TIPS specimens were much higher. Also, permanent strain upon unloading from 

the 20 % strain deformation was reduced to about 8 %. 

For the three specimens of each type listed in Table A - 1 elastic moduli (E1) were determined for 

comparison purposes (Figure A - 8). Statistical analysis revealed that all the elastic moduli were 

significantly affected by fabrication method and polymer concentration but not existence of water. The 

elastic moduli of the P-TIPS specimens were significantly higher than those of F-TIPS specimens at the 

same concentration (p < 0.001) and the elastic moduli increased significantly with polymer concentration 

in both F-TIPS and P-TIPS specimens (p < 0.001) which agreed with other studies [229,316]. However, 

no significant differences were detected for the effect of wet or dry specimens (p = 0.076). Dry specimens 

did show the trend of having slightly higher elastic moduli than wet specimens. This might be attributed 

to a lubrication effect of water in F-TIPS specimens, resulting in decreased internal friction. During 

deformation of dry specimens, besides material resistance to deformation, additional force had to be 

applied to overcome the friction caused by fiber rotation and slip in F-TIPS specimens and pore wall 

deformation in P-TIPS specimens (as will be discussed further in the next sections). 
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Figure A - 8: Elastic moduli of wet and dry PLLA specimens fabricated by F- TIPS and P-TIPS methods, n=3.  

 

Microstructural deformation 

The differences of elastic moduli between F-TIPS and P-TIPS specimens could be attributed to 

differences in microstructural deformation mechanism. As shown in Figure A - 2 the F-TIPS specimens 

had fibrous structures that were easier to deform in compression than the more solid porous-structured P-

TIPS specimens because fiber diameters were smaller and more flexible than pore wall thicknesses. 

Furthermore, fibers were loosely connected by flexible junctions as opposed to pore walls rigidly 

interconnected together. As a result, the elastic moduli of F-TIPS specimens were less than 15 % of those 

of the same type of P-TIPS specimens (Table A - 2).  
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Table A - 2: Elastic and plastic moduli of various PLLA specimens, n=3 

Polymer 

conc. 

(wt%) 

Fabrication 

method 

Dry/W

et 

Elastic modulus 

E1 

Avg  Std Dev 

(kPa) 

Plastic modulus 

E2 

Avg  Std Dev 

(kPa) 

3 

F-TIPS 
Wet 202   75 30  5.2 

Dry 245  17 38 8.3 

P-TIPS 
Wet 1527  580 210  35 

Dry 2824  538 325  43 

5 

F-TIPS 
Wet 780  97 75  14 

Dry 822  108 90  15 

P-TIPS 
Wet 6145  1338 1050  214 

Dry 6710  1533 1220  186 

7 

F-TIPS 
Wet 1204  51 147  28 

Dry 1717  166 180  19 

P-TIPS 
Wet 7541  1166 1430  168 

Dry 8048  1180 905  106 

 

The plastic moduli of the specimens were also listed in Table A - 2. The relationships between the 

plastic moduli and the microstructure were examined more rigorously by also considering SEM 

micrographs.  

The change of microstructure caused by plastic deformation was investigated using the SEM 

micrographs taken from the surface of the PLLA specimens after compression test. The compression test 

was performed with the same setup shown in Figure A - 1. A typical SEM micrograph of a F-TIPS 

specimen after plastic deformation in the simple compression test (Figure A - 9) revealed that, even 

though overall structure looked similar to the undeformed structure, broken fibers were present (as 

highlighted within the circles) which had not been previously observed in any of the uncompressed 

specimens. Therefore, fiber breakage was likely to be a microstructural feature of the plastic deformation. 

Also, as shown in Figure A - 9, there were junctions of entangled fibers that must have helped holding the 
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F-TIPS specimen together [331]. Since these junctions were relatively loose, it was considered likely that 

fiber disentanglements, slip and rotation occurred in the junctions during compression. Thus, in addition 

to fiber deformation, it was likely that microstructural damage, such as junction disentanglement, also 

contributed to permanent deformation of the F-TIPS specimens.  

 

Figure A - 9: SEM micrograph from surface of a 3F-TIPS specimen after simple compression test. Circles highlight 

areas of broken fibers.  

Similar microstructural damage after deformation was not found in porous structured P-TIPS 

specimens (Figure A - 10). However, compared to uncompressed specimens (shown in Figure A - 2), 

deformed as well as collapsed pores were observed (deformed pores were highlighted within circles). 

Thus, the microstructural mechanism of plastic deformation in porous P-TIPS specimens was likely to be 

buckling and rupture of wall structure. Since this wall buckling and rupture process require higher forces 

than the plastic deformation mechanism in fibrous structure, the plastic moduli (E2) of porous P-TIPS 

specimens was higher than that of the fibrous F-TIPS specimens as shown in Table A - 2. 
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Figure A - 10: SEM micrograph from surface of a 5P-TIPS specimen after simple compression test. Circles 

highlight areas of deformed pores. 

Lateral Deformation 

The calculation of stress for all of the compression testing (Equation A-1) depended on the uniaxial 

compression of the specimens. This meant that any bulging of the specimens at the midpoint of their 

height in the lateral direction would indicate that the ends contacting the test machine had been 

constrained by friction. Fortunately, this did not occur and there was also very little lateral deformation of 

any kind (Figure A - 11). Thus, the use of Equation A-1 to calculate stress was justified. 
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Figure A - 11: Variation of diameter of a typical 5F-TIPS specimen during compression test: (a) zero strain (b) at 

20% strain. 

In order to qualitatively assess the lateral deformation, Poisson’s ratio of different specimens was 

calculated from the images taken by the CCD camera by 

long

lat
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Where   is Poisson’s ratio, 
lat



 

lateral strain, 
long

  longitudinal strain, 
0

D  initial specimen diameter, 

D  final specimen diameter, 
0

L  initial specimen height and L  final specimen height (Figure A - 11). 

Poisson’s ratio would have a value of 0.5 if the volume remained constant and the lateral strain was 

small [332] but for these scaffolds, since little lateral deformation occurred, Poisson’s ratio was very 

small. Poisson’s ratio, calculated from Equation A-2 to A-4, varied from 0.05 to 0.15 for different 

specimens. 

 

 

 

Cyclic Compression Test 
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If a material were to be used as a tissue scaffold, repeated loadings at various amplitudes would be 

applied and this might cause a change in mechanical properties. Stress-strain curves from the cyclic 

compression tests of a typical 5F-TIPS specimen is presented for strain based on the initial height (Figure 

A - 12).  

 
Figure A - 12: Cyclic stress-strain curve for a typical 5F-TIPS specimen. 

The shapes of stress-strain curves from successive cycles were similar and they each had elastic, 

transition and plastic regions. However, elastic moduli decreased as the cyclic loading was repeatedly 

applied and permanent plastic deformation accumulated. This might be attributed to the microstructural 

damage caused by plastic deformation that was discussed in the previous section. After loading was 

removed, this microstructural damage remained and thus the fibrous scaffold lost part of its resistance to 

deformation, which caused a reduction in elastic modulus.  

A particularly notable feature in Figure A - 12 was the so-called “memory effect” as described in 

conventional plasticity theory [333]. When an elastic-plastic material was loaded higher than its yield 

strength to be plastically deformed, then unloaded and reloaded again, a small loop would be formed (as 

shown by arrows in Figure A - 12). After this, the stress-strain path would rejoin the original path and 
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proceed as if the small loop had never occurred. The stress-strain curves of PLLA from multiple cycles as 

shown in Figure A - 12 clearly demonstrated this memory effect.  

A curve from the origin that passes through the upper portion of each curve, (solid trend line in Figure 

A - 12) may be used to characterize the cyclic stress-strain behaviour. In an ideal material, this cyclic 

stress-strain curve would be the same as that found in a simple compression test. This did indeed occur in 

the present study (Figure A - 12). Therefore, for a fibrous PLLA scaffold, the stress-strain curve 

determined from a simple compression test can provide insight into the cyclic stress-strain behaviour. 

 

Cell Viability Analysis 

Cellular viability is one of the crucial factors that has to be evaluated for tissue engineering scaffolds. 

In the present study, human osteosarcoma fibroblasts were cultured on the scaffolds prepared by both F-

TIPS and P-TIPS methods and MTT assay was used to study cell viability and proliferation. This assay 

gives an indication of metabolically active cells compared to the control, which is based on the reduction 

of the yellow tetrazolium salt to purple formazan precipitate in mitochondria of active cells. Since during 

MTT assay, the MTT containing solution covers the entire specimen, measured cell viability percentage is 

an indication of cells both on the surface of scaffold and inside it. 

Since microstructure of natural extracellular matrix (ECM) had been reported as fibrous [229], it was 

expected that specimens with fibrous structure would better support cell growth. However, the results 

(Figure A - 13) show the opposite trend. Cell viability was more persistent and remained higher during an 

8 day period for P-TIPS specimens with porous structure (Figure A - 13b and Figure A - 2b, d and f) but 

there was a drop from 90% to about 50% in cell viability for F-TIPS specimens with fibrous structure 

(Figure A - 13a and Figure A - 2a, c, and e). For P-TIPS specimens, increasing optical densities (OD) 

were observed (data not shown) and thus are an indication of cell proliferation [334]. However, for F-

TIPS specimens, OD started to decrease after day 5 suggesting that cells were not proliferating and were 

also dying as compared to day 5. Microstructure was found to have a significant effect on cell viability (p 

< 0.001).  
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Figure A - 13: Human osteosarcoma fibroblast viability results from MTT assay for a) F-TIPS specimens b) P-TIPS 

specimens. 

It is well-known that mechanical properties of the substrate can affect cell behaviour [2,6,112,122]. 

Also, the effect of interconnectivity, pore size and microstructure on cell viability had been previously 

reported and emphasized [316,335,336]. The fibrous microstructure (of F-TIPS specimens) and its 

associated lower elastic modulus might be the reason for lower cell viability in F-TIPS specimens. The 

microstructure of F-TIPS specimens consisted of entangled fibers with much smaller pore size. Therefore, 

although there was more viability at day 2 for F-TIPS specimens, the cells then stopped proliferating. Tu 

et al. [316] has also seen the effect of interconnectivity on Mouse 3T3 fibroblast cells. In this study, it was 

found that after 4 weeks, cell viability was higher for scaffolds with higher interconnectivity [316]. 

However, Hu et al. [327] found that when the similar protocol for fabricating PLLA scaffolds was used, 

MC-3T3 fibroblastic cells had proliferated in fibrous PLLA specimens for up to 7 days. This difference in 

response might be a consequence of using different cell lines or perhaps because of subtle differences in 

their microstructure compared with that of the present study. We have also tested Swiss Albino 3T3 

fibroblast cells and obtained the similar results (data not shown).  

Cell viability was further investigated using the Live\Dead Viability Kit for mamalian cells with a 

confocal microscope for a 5P-TIPS and a 5F-TIPS specimen. For this test, human osteosarcoma cells 

were cultured in the scaffolds and then labelled and imaged on day 3. Calcein AM labels live cells in 

green and Ethidium Homodimer labels dead cells in red.  

As shown in Figure A - 14 simultaneous imaging of live and dead cells revealed that although dead 

cells were observed in the structure, a majority of cells were alive (green stain), which confirmed the 

viability status of cells cultured in the P-TIPS scaffolds. It can also be seen that on day 3, more viable 

cells can be seen in the F-TIPS scaffold. However, according to MTT assay results, beyond day 5 cell 
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proliferation rate is reduced in the F-TIPS structure. Based on the results of these two tests, P-TIPS 

scaffolds are anticipated to show better long-term cell viability under unloaded conditions. 

 
Figure A - 14: Confocal micrographs of human osteosarcoma cells in a) 5F-TIPS, b) 5P-TIPS specimen, live cells 

are green and dead cells are red, (10X). 

Biodegradation  

Biodegradation of mechanical properties is one of the essential characteristics to be considered for the 

application as a tissue engineering scaffold. The stress-strain curves from a simple compression test for a 

typical 5F-TIPS specimen, after various amounts of biodegradation in cell culture medium were plotted 

after being normalized with maximum stress before biodegradation (Figure A - 15). Three observations 

can be made from the curves. i) The Elastic modulus remained constant until the third week, after which a 

significant decrease was observed. After 2 months, the elastic modulus was only around 10% of the initial 

value (9.5 kPa initially vs. 1.0 kPa after 2 months). ii) The transition zone strain decreased until the third 

week but then increased drastically while the corresponding stress levels decreased. After 2 months, the 

transition from elastic to plastic deformation was so “smooth” that it was difficult to identify. iii) Stress 

level in the plastic region had decreased with the biodegradation time, while the plastic modulus showed 

little change. 
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Figure A - 15: Stress-strain curves of a typical 5F-TIPS specimen during biodegradation. 

Observations i) and ii) suggested that biodegradation mechanisms had a significant impact on 

mechanical properties after the third week. In fibrous structured PLLA, microstructural integrity was 

maintained by the fibers connected by junction entanglement; so both fibers and junctions sustained the 

material strength. Kim et al. [337] reported that fibers in electrospun PLLA based scaffolds were melted 

by the biodegradation process. As a result, fibers were losing volume and thus strength in the culture 

medium. This might be a reason for continual reduction of the transition zone stress and strain for the first 

three weeks of the study. On the other hand, biodegradation at the junctions might progress at a much 

slower rate because entanglements and friction between fibers would be relatively insensitive to the fiber 

size reduction. However, eventually junction biodegradation would start which would cause a drop in the 

elastic modulus.  

The loss of microstructural integrity might also be involved in observation (iii) since microstructural 

damage such as fiber breakage and junction disentanglement would continue to occur in the plastic region 

with the increase of strain. Therefore, the deformation behaviour in plastic region was not changed much 

by biodegradation, except that it occurred at a reduced stress level. This is supported by the consistent 

permanent strains of about 10% that were left after unloading, regardless of biodegradation time.  
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Conclusions 

The present study provides more insight into mechanical properties and biocompatibility of PLLA 

scaffolds. PLLA specimens were successfully fabricated by two different TIPS methods. It was found that 

liquid-liquid TIPS can result in two distinct fibrous (F-TIPS) and porous (P-TIPS) microstructures. The 

viscoelastic behaviour of the PLLA was minimal and thus a relatively simple elastic-plastic representation 

for the mechanical behaviour was possible. The differences in microstructures affected the mechanical 

properties; specimens fabricated by F-TIPS method tended to have lower elastic moduli than the 

specimens prepared by P-TIPS. Both elastic and plastic moduli increased substantially with polymer 

concentration but the presence of water made little difference. A memory effect in plastic deformation 

region was found from the cyclic compression test, and the cyclic stress-strain curve was almost identical 

to that obtained from a simple compression test. Although it was expected to see higher cell viability in F-

TIPS specimens (due to its fibrous microstructure), higher cell viability was observed in the P-TIPS 

specimens. However, the cell viability tests were not cultured under loaded conditions and thus might not 

represent many in vivo situations. Biodegradation decreased elastic modulus and generally altered the 

shape of the stress strain curve. In order to understand the effect of microstructure on cell viability in 

detail, a more systematic study is needed which will be further developed in the future. 
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Appendix B: Convolution theorem proof 

    ( )     ( ( ) ( ))  
 

 
∑  ( ) ( ) 

     

    
    

 
 

 
∑ ∑  ( ) 

      

    
    ( ) 

     

    
      

 ∑
 

 
 ( )∑  ( ) 

    (   )

    
   

   
      

 ∑  ( )
 

 
∑  ( ) 

    (   )

    
   

   
    

 ∑  ( ) (   )   ( )   ( )   
         

 

  



   

136 

  

Appendix C: DVC verification 

In order to further verify DVC code, two experiments were performed using collagen samples, prepared 

as described in 3.2.1.1:  

1. The first test was pure translation. In this test, collagen sample was placed on a glass bottom dish 

(Figure 3-4) and two confocal micrographs of collage fibers were taken before and after moving 

microscope stage in y direction. CRM was the method of choice for imaging collagen fibers. 

2. The second test was simultaneous simple compression test and confocal microscopy. In this test a 

motorized linear stage (Zaber Technologies Inc, BC, Canada) (Figure C - 1a) with control over 

the probe displacement was used and three-dimensional micrographs of collagen fibers, with 

CRM technique, were taken before and after deformation. In this experiment, collagen sample 

was placed on a glass bottom dish (Figure 3-4) on the microscope stage and the probe of the 

linear stage was moved down for 200 μm and compressed the sample (Figure C - 1b).   

 
Figure C - 1: a) Motorized linear stage used for compression test DVC b) Linear stage setup on confocal microscope 

stage. 

Figure C - 2 shows displacement results from pure translation test. It can be seen that the y 

displacement has been detected and displacements in y and z direction are negligible. 
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Figure C - 2: a) x, b) y and c) z displacements measured from 3D confocal images of collagen fibers for verifying 

DVC by pure translation experiment. All values are in pixels (1 pixel = 0.5 μm). 

In simple compression test, 3D confocal micrographs taken from before and after compression test 

were analyzed by DVC and displacements were calculated (Figure C - 3). It can be seen that DVC can 

detect larger displacement and strain in z direction compared to the ones in x and y directions.  
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Figure C - 3: Displacements and strains measured from 3D confocal microscope images of collagen fibers for 

verifying DVC by simultaneous compression and microscopy experiment. All values are in pixels (1 pixel = 0.5 

μm).  

Here, the displacement induced on the sample is 200 μm, having the original height of the sample 

which was 5 mm, total strain induced on the sample can be calculated: 

   
  

  
 
   

    
      

 Also, from z displacement measured by DVC (Figure C - 3), average strain on the sample can be 

calculated: 

   
  

  
 
   

   
       

This 5.8 % of strain is comparable to the z strain measured by DVC (Figure C - 3). At the same time, 

both these strains are rather larger than the total strain of the sample. Here, CRM directly images the 

collagen microstructure and DVC measures deformations based on inherent microstructural features of 

the sample. This microstructure is inconsistent and complicated network of fibers which can vary from 

spot to spot and local higher strain measurements are expected. 

Also, the cubic section of collagen sample that was imaged and processed by DVC during simple 

compression test is close to the bottom of the sample where the sample touches the dish (Figure C - 4). 

Therefore, it is confined and cannot deform freely. Thus, as expected, the maximum displacement on the 
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upper surface of this section is smaller than the displacement induced on the sample and decreases close 

to the bottom of the dish. 

 
Figure C - 4: Schematic of simultaneous compression and microscopy experiment setup for verifying DVC. 
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Appendix D: Supplementary information for Chapter 5 

 
Figure D - 1: Displacements and strains in the x and y directions for a cell seeded on a medium substrate, before and 

after migration for an hour. Supplementary information to Figure 5-10. GS = 5, CS = 15 and SR = 2. Color bars 

indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and contour plots overlaid on the 

image of the cell are shown for more clear demonstration of results. 
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Figure D - 2: Displacements in the x direction for a cell seeded on a compliant substrate, before and after migration 

for 90 minutes. Supplementary information to Figure 5-13. GS = 5, CS = 15 and SR = 2. Red arrow shows migration 

direction. Red arrow shows migration direction. Color bars indicate displacement values in pixels (1 pixel = 0.19 

μm). Both contour plots and contour plots overlaid on the image of the cell are shown for more clear demonstration 

of results. 
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Figure D - 3: Displacements in y direction for a cell seeded on a compliant substrate, before and after migration for 

90 minutes. Supplementary information to Figure 5-13. GS = 5, CS = 15 and SR = 2. Red arrow shows migration 

direction. Red arrow shows migration direction. Color bars indicate displacement values in pixels (1 pixel = 0.19 

μm). Both contour plots and contour plots overlaid on the image of the cell are shown for more clear demonstration 

of results. 
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Figure D - 4: In plane displacements (x and y directions) of a cell cultured on a compliant substrate, before and after 

migration for an hour. Supplementary information to Figure 5-14. GS = 5, CS = 15 and SR = 2. Red arrow shows 

migration direction. Color bars indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and 

contour plots overlaid on the image of the cell are shown for more clear demonstration of results. 
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Figure D - 5: In plane displacements (x and y directions) of a cell cultured on a stiff substrate, before and after 

migration for an hour. Supplementary information to Figure 5-14. GS = 5, CS = 15 and SR = 2. Red arrow shows 

migration direction. Color bars indicate displacement values in pixels (1 pixel = 0.19 μm). Both contour plots and 

contour plots overlaid on the image of the cell are shown for more clear demonstration of results. 
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Figure D - 6: Displacements and strains in x and y directions for a cell seeded on a soft substrate, before and after 

migration for 90 minutes. Supplementary information to Figure 5-14. GS = 5, CS = 15 and SR = 2. Red arrow shows 

migration direction. . Red arrow shows migration direction. Color bars indicate displacement values in pixels (1 

pixel = 0.19 μm). Both contour plots and contour plots overlaid on the image of the cell are shown for more clear 

demonstration of results. 
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