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Abstract 

  

The inability of the myocardium to regenerate after injury plus the inadequate 

number of available hearts for transplantation have drawn attention to the creation of 

functional tissue constructs for implantation within the injured heart. In addition, there is 

an increasing interest in developing in vitro models to study heart physiology and 

pathology as well as to evaluate drug efficacy. Formation of these in vitro models and 

tissue constructs requires highly specific conditions to mimic the normal environment of 

cells in the body. Firstly, in this study, plasma lithography patterning of elastomeric 

substrates is exploited for creating microtissues composed of neonatal cardiomyocytes, 

and investigating their development in different mechanical microenvironments. 

Immunofluorescence microscopy and force spectroscopy show that the size and shape of 

the cardiomyocyte clusters, as well as the sarcomere length, fiber alignment, and beating 

amplitude and frequency of the cardiomyocytes, are regulated by microenvironmental 

cues. Computational analysis reveals that the mechanical stress at the cluster-substrate 

interface strongly correlates with the aforementioned characteristics of the 

cardiomyocytes. Taken together, our results underscore a collective mechanoadaptation 

scheme in cardiac development. Secondly, a silicone substrate with tunable elasticity is 

characterized for biological studies. Uniaxial tensile testing and microindentation show 

that these substrates could cover the biological range of stiffness for normal and 

pathological conditions. Spectrophotometry demonstrates that the transmittance of these 

substrates is comparable to those of glass and Sylgard 184. Atomic force microscopy 

shows that the surface roughness of samples is lower than that of widely-used Sylgard 
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184. Contact angle measurements before and after exposure to air plasma indicate that 

these samples are compatible with plasma lithography patterning. Thirdly, a new 

technique for cell patterning is developed which utilizes selective plasma lithography to 

modify protein adhesion on the substrate. This approach is based on controlling the 

conformation of Pluronic F-127 layer adsorbed on the surface by modifying surface 

wettability. Contact angle measurements show that both PDMS and plastic petri dish are 

compatible with this technique. X-ray photoelectron spectroscopy and atomic force 

microscopy confirm the adsorption of PF-127 layers with controlled conformation. 

Fluorescent and bright-field microscopy demonstrate selective adhesion of proteins and 

attachment of cells merely on plasma-treated areas. Finally, micropillar arrays are 

employed to determine the effects of two proteins associated with regulation of thin 

filament length, i.e. Lmod2 and Tmod1, on contractile force generation at the cellular 

level. Our results demonstrate that the contractile force of single isolated Lmod2-KO 

cardiomyocytes decreases compared to the wildtype control. Transduction of Lmod2 in 

the knockout cardiomyocytes restores their contractile force to the level of their WT 

counterparts, verifying that the observed contractile dysfunction is specific to the loss of 

Lmod2. Our data demonstrate that overexpression of Tmod1 in cardiomyocytes decreases 

their contractile force compared to the WT cells and confirm the effects of Lmod2 

knockout on contractile force generation.  
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Chapter 1 

Background 
 

1.1. Motivation 

Heart disease is the leading cause of death for both men and women in the United 

States. Heart disease alone cost the United States about $204 billion in 2010 [1]. In 2013, 

611,105 American died from heart disease—that’s approximately 1 in every 4 deaths. 

Heart failure, a condition where the heart is not able to pump enough blood to meet the 

body’s need, represents more than 10% of these statistics [2].  

Cardiomyopathy refers to a diverse group of diseases in which the heart muscle 

becomes thick, enlarged, or rigid. Cardiomyopathy can be inherited or acquired—

developed due to another disease, condition, or factor. Two very common types of 

cardiomyopathy are dilated cardiomyopathy and hypertrophic cardiomyopathy. In case of 

dilated cardiomyopathy, the most common type of cardiomyopathy occurring mostly in 

adults 20 to 60, the heart muscle cells stretch and become thinner. As the heart chambers 

dilate, the heart muscle cannot contract normally. In hypertrophic cardiomyopathy, the 

heart muscle cells enlarge and cause the walls of the heart to thicken. This thickening 

could block blood flow out of the ventricle. Hypertrophic cardiomyopathy is very 

common (over 1 in 500 people) and while it affects people of any age [3], it is the most 

common cause of sudden cardiac arrest in young people, including athletes (36%) [4]. In 

general, as a result of cardiomyopathy, the heart cannot function normally and the heart 

muscle's ability to pump blood decreases, which can lead to irregular heartbeats and heart 

failure.  
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The current gold standard treatment for heart failure is heart transplantation. 

However, the inadequate number of available hearts as well as issues associated with the 

rejection of the transplanted organ substantially limit the application of this approach. 

Thus, the creation of functional tissue constructs for implantation within the injured heart 

is being considered as a promising regenerative approach for the treatment of cardiac 

dysfunctions [5-7]. In addition, as the muscular tissue of the heart is unable to regenerate 

after injury, there is an increasing interest in developing in vitro models to study heart 

physiology and pathology as well as to evaluate drug efficacy. Formation of these in vitro 

models and tissue constructs requires highly specific conditions that, to some extent, 

mimic the normal environment of cells in the body. Besides genetic configuration, 

microenvironment influences cellular morphology, structure, and function through a wide 

range of chemical and physical cues. Understanding how the mechanical 

microenvironment affects cardiac development, the capability of engineering these 

characteristics to attain particular conditions, and developing microengineered tools for 

measuring cellular function, are principle steps towards the creation of in vitro models 

and tissue constructs as well as the design of biomaterial interfaces and tissue scaffolds 

for regenerative medicine approaches. 

1.2. Cellular Microenvironment 

Cellular behavior is regulated by both internal and external factors. Transcription 

factors and gene regulatory networks, which define the genetic configuration of a cell, 

regulate the cell’s behavior internally. Besides, cellular microenvironment regulates the 

cell’s behavior externally [8-11]. Surrounding cells and extracellular matrix (ECM) 

interact with a cell through biochemical and biophysical signals. Cellular 
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microenvironment consists of a complex network of molecules with interrelated chemical 

and mechanical responsibilities. Cells use small soluble molecules, such as hormones and 

ions, as well as larger molecules, such as cytokines and growth factors, as signals to 

communicate with each other. In general, signaling molecules interact with the target cell 

either by entering through its membrane—active or passive transport—or binding to 

specific receptors on the surface of the cell. When the signals from the microenvironment 

are transferred to the cell’s interior, they trigger a signaling cascade, a chain of 

biochemical events, which transfers the signal from the cell’s surface to its nucleus. This 

process elicits a response in the cell by regulation of gene expression. Insoluble 

molecules, including an interdigitating network of proteins—such as collagen, laminin, 

and fibronectin—and polysaccharides in the spaces between them, form the extracellular 

matrix. ECM serves as a reservoir for many soluble signaling molecules. Soluble 

molecules such as transforming growth factor β and fibroblast growth factors bind to 

specific molecules in the ECM. The matrix also provides an environment to which cells 

can anchor and form tissues. Specialized cell junctions—clusters of surface proteins such 

as cadherins and immunoglobulin superfamily members—connect cells physically to 

each other in tissues. This direct physical contact provides a bidirectional communication 

mechanism between the neighboring cells [12-14]. Besides, multiprotein structures, often 

consisting of integrins, form focal adhesions that physically link the cytoskeleton of the 

cell to the extracellular matrix. These physical connections along with biochemical 

signaling pathways transduce critical signals from the extracellular matrix to the cells and 

mediate intercellular signaling [15-17].  
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Cellular microenvironment is a dynamic and inherently complex compartment and 

substantially influences cellular behavior through a wide range of biochemical and 

biophysical cues. From a biochemical point of view, cells require specific distributions of 

hormones, ions, cytokines, and growth factors—both temporally and spatially. 

Considering the different signaling range of proteins and controlling them in proper 

length scales as well as providing an appropriate local concentration of the factors in the 

microenvironment are of key importance for regenerating tissues [18]. In addition, 

previous studies demonstrate that mechanical properties of the microenvironment, such 

as substrate stiffness, modulate cardiomyocytes function [11, 19-21]. It is also shown that 

geometric confinements imposed by microenvironment on cells restricts their shape and 

size and regulate their function [22]. Moreover, data have also revealed structural 

changes in cardiomyocytes in response to their microenvironment [23, 24]. Therefore, 

understanding cell-microenvironment interactions and engineering platforms accordingly 

to mirror natural cellular microenvironment are essential for creating representative in 

vitro models to study heart physiology and pathology, evaluating drug efficacy, and 

creating tissue engineering constructs for regenerative medicine approaches.  

To mimic the influence of microenvironment on cellular behavior, numerous 

techniques have been developed for engineering cellular environment by controlling its 

biochemical or biophysical factors, or combinations of the two. One of the major 

techniques directly related to the current work is tuning the stiffness of biomaterials to 

direct cellular behavior. Biologically relevant stiffness is cell type dependent and could 

change with regards to pathological conditions [20, 25-27]. Numerous biomaterials have 

been developed for this purpose which can cover a wide range of stiffness values. 
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Hydrogels inspired by the natural extracellular matrix composition; such as collagen, 

fibrin, and matrigel (protein-based); or alginate, agarose, and chitosan (polysaccharide-

based); along with synthetic polymers such as polyacrylamide (PA) gel, polyethylene 

glycol, and polydimethylsiloxane (PDMS); are examples of materials widely used for 

biological applications. The other technique related to this work is controlling the 

geometry of a cell or the architecture of a cellular network. The key to control cellular 

positioning is the formation of well-defined cell-adhesive and -nonadhesive regions on 

the substrate. Several tools have been developed for doing so, including 

photolithographic patterning [28, 29], microcontact printing [30-32], plasma lithographic 

patterning [33-35], as well as cell printing methods such as laser printing [36, 37] and 

inkjet printing [38, 39]. Other techniques are also being employed for influencing cellular 

behavior through microenvironment such as creating micro- or nanoscale topographical 

features on the substrate [40-43], culturing cells on fibers [44], forming 3D scaffolds to 

host cells [45-47], and using microfluidic devices to control the gradient of local 

signaling chemokines [48-50]. In the following sections, cell adhesion substrates and 

surface patterning techniques, which are related to current work, will be discussed in 

further details. 

1.3. Cell Adhesion Substrates 

In addition to the chemical properties of the substrate they are adhered to, cells 

adapt to the micro- and nanoscale physical properties of their microenvironment, such as 

substrate stiffness, geometry, and deformation [11, 51, 52]. This process requires cells to 

sense the mechanical properties of the substrate and respond to it by translating these 

inputs into biochemical signals that regulate gene expression [15]. In this section, first, 
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the mechanism by which cells sense the substrate stiffness is briefly described. Then, 

different materials which are commonly used for cell culture are reviewed. 

Multiprotein structures predominantly consist of integrins form focal adhesions that 

physically link the cytoskeleton inside the cell to the extracellular matrix [12]. These 

physical connections along with the biochemical signaling pathways transduce the 

physical cues from the microenvironment to the cell [53]. Cells respond to the physical 

properties of the substrate by establishing a balance between the internal and external 

forces through dynamically changing the focal adhesions, cytoskeletal organization, and 

cell-cell junctions [54]. While the mechanotransductory mechanisms of this process are 

yet unknown and subject of investigation, emerging evidence demonstrates that substrate 

stiffness is a key regulator in many cellular responses, such as growth, differentiation, 

and organization [20, 52]. Controlling the cell-substrate interactions could be exploited to 

regulate cellular morphology and function. Therefore, understanding how mechanical 

microenvironment influences cellular behavior is fundamental for studying 

developmental, regenerative, and pathological conditions that are associated with changes 

in physical properties of ECM. This knowledge can also facilitate the design of 

biomaterial interfaces and tissue scaffolds for clinical translation and is an important step 

towards production of tissue engineering constructs for regenerative medicine 

approaches.  

Substrates which are commonly used for in vitro studies of cells’ behavior are 

polystyrene or glass dishes. One of the reasons behind this choice is their excellent 

optical transparency which makes them suitable for imaging. However, these substrates 

are rigid with elastic moduli in the order of GPa—several orders of magnitude higher 
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compared to the biological range of stiffness [55]. This large difference between the 

experimental and biological environments alters the cell’s response significantly as 

described. To overcome this issue, numerous natural and synthetic polymer-based 

substrates have been developed which can cover a wide range of stiffness. Natural 

materials are inspired by the composition of the extracellular matrix and could be broadly 

categorized into two groups: protein-based hydrogels—such as collagen, fibrin, and 

Matrigel—and polysaccharide-based hydrogels—such as alginate, agarose, chitosan (for 

review see [56, 57]). Most of these materials could be used for either 2D or 3D cultures.  

Collagen is the most abundant protein in the body (ca. 25%). There are 29 

identified types of collagen and most forms have fibrous structure. Type I collagen is the 

most common type in many tissues, thus, while type II and III could also be employed, 

type I collagen is the dominant type used for cell culture. Also, gelatin which has the 

same amino acid sequence with collagen but lacks its triple helical structure is widely 

used for cell culture, mainly because of its low cost. Fibrin is a fibrous protein which 

forms in the body as the main structural component for blood clotting. Due to its natural 

role in wound healing, fibrin is a useful material for studying this phenomenon in vitro 

(for review see [58]). Matrigel is an assortment of basement membrane proteins extracted 

from sarcoma tumor and contains mostly laminin, type IV collagen, and entactin as well 

as proteoglycans, and various growth factors. It has been shown that Matrigel has high 

potentials for the culture of stem cells, however, the exact mechanism by which it keeps 

stem cells in an undifferentiated state is not well understood [59]. Moreover, its exact 

composition is not determined and there are batch-to-batch differences in its mechanical 

and chemical properties which make Matrigel less than ideal for systematic studies of cell 
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behavior. Despite the advantages of these natural polymers for cell culture, tuning their 

stiffness is associated with changes in surface biochemistry, such as the concentration of 

protein within the gel, size of fibers, and density and distribution of adhesion ligands. 

Therefore, decoupling the effects of substrate stiffness from those caused by surface 

chemistry is complicated [60]. Moreover, these natural protein-based polymers are not 

suitable for long-term studies because of the issues linked to protein degradation. 

Polysaccharide-based hydrogels normally discourage protein adhesion or cell attachment 

and need to be modified in some fashion, for example with covalently bonding ECM 

proteins or adhesion peptides, to be compatible with cell culture [57]. 

To enhance the sub-optimal characteristics of the aforementioned natural 

hydrogels, such as relatively quick biodegradation, inconsistent batch-to-batch 

mechanical and chemical properties, and coupled changes of surface biochemistry and 

stiffness, a number of synthetic polymers have been developed. Polyacrylamide (PA) gel, 

polyethylene glycol (PEG), and polydimethylsiloxane (PDMS) are examples of synthetic 

materials widely used for biological applications. Similar to polysaccharide-based 

hydrogels, these synthetic polymers naturally do not encourage protein adhesion and 

could be modified for selective cell attachment. PA gels are the most commonly used 

synthetic polymer for studying cell-substrate interactions as their stiffness could be finely 

tuned. Fabrication of PA gels with tunable elasticity, their surface functionalization 

process, and their application for cell culture are all well-documented. However, while 

they have played an important role in studying the effects of substrate stiffness on cellular 

behavior in vitro, there are a number of drawbacks in their use; because of their 

cytotoxicity, PA gels are not suitable for long-term cell culture or in vivo studies [61]. On 
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the other hand, PEG is highly biocompatible which makes it advantageous for tissue 

engineering applications and long-term cell culture, both in vitro and in vivo. Also, as a 

hydrogel, it’s highly permeable to water-soluble molecules such as oxygen or nutrients 

which support cell survival [62]. PDMS which is a silicone elastomer is also commonly 

employed for biological studies. Like PEG, PDMS is also highly permeable to oxygen 

which is an advantage for cell culture in general. Sylgard 184 (Dow Corning) is the most 

commonly used form of PDMS. Its Young’s modulus for the standard mixing ratio of the 

curing agent to the base polymer (1:10) is ~2 MPa, still far from being biologically 

relevant [63]. Although its mechanical properties could be tuned by using different 

mixing ratios, the unused base polymer which is left in the substrate as a result of 

reducing curing agent could leach out and change surface properties after a few days. It 

should be noted that among the forenamed synthetic polymers, only PEG is suitable for 

3D culture. 

1.4. Surface Patterning Techniques 

In addition to the chemical properties of the microenvironment and substrate 

mechanical properties, cells also adapt to the geometric confinement exerted on them 

from their surroundings. Existing data show that the geometric confinement regulates a 

wide range of cellular behavior such as gene-expression, cellular differentiation, 

cytoskeletal structure, contractility, and cell’s interaction with surrounding cells [8-10, 

64, 65]. These observations expose a relationship between geometric confinement and 

cell morphology as well as a relationship between cellular shape and structure with 

cellular function. Studying the underlying mechanisms of the aforementioned interactions 

requires the ability to control the geometry of the cell or the architecture of the cellular 
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network. In addition, due to the strong dependence of cells’ behavior on their local 

microenvironment (as described before), developing patterning techniques to control cell-

cell contact and cell-ECM interactions are necessary for systematic in vitro cell biology 

studies. 

In the body, cell’s surface receptors link to the immobilized ligands in the ECM 

through the formation of focal adhesions. Manipulating different aspects of this 

mechanism could provide control over the cellular positioning. There are two broad 

approaches to achieving this goal: physical patterning and chemical modification of the 

substrate surface. In the first approach, topographical features are created on the 

substrate. These features should be of a length scale which either can contain cells 

(micrometer) or cells can sense (nano- to micrometer). The physical modifications 

involve changing the roughness of the surface or creating features such as wells, grooves 

or channels, pillars, or nanofibers (for review see [66]). In contrary, the general idea 

behind the chemical patterning is the creation of cell-adhesive areas with predefined 

shape and size in a non-adhesive background by modifying the chemical composition of 

the substrate surface at a cell compatible scale (nano- to micrometer). This approach 

involves selectively binding different proteins inspired by the natural composition of 

ECM such as collagen, laminin, and fibronectin; grafting cell adhesive molecules such as 

arginine-glycine-aspartate (RGD) peptide and aminosilane; and modifying surface charge 

or wettability (for review see [67]). The two aforementioned approaches are also further 

combined with each other or integrated with other techniques of controlling 

microenvironmental cues to create a closer representation of the natural multiple-stimuli 

environment of the cells inside the body. Despite the fundamental differences, the 
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majority of patterning techniques require fabrication of miniaturized features in micro- or 

nanometer scale in different steps of the procedure. Most of the developed techniques for 

such fabrication process are established on two main strategies, bottom-up and top-down 

methods, which were initially developed by microelectronics industry.  

In top-down fabrication, precision machining and lithography are used to create 

microstructures by cutting thin films or bulk materials—mechanically or chemically. The 

two lithographic techniques which are commonly used are photolithography and electron-

beam (e-beam) lithography. Photolithography uses light to transfer a predefined 

geometric pattern from a mask to a light-sensitive chemical (photoresist) on the substrate 

[68-71]. Exposure to light induces a chemical change in solubility of photoresist—in 

positive photoresist, exposed areas become soluble and in negative photoresist, exposed 

areas are rendered insoluble. This process allows selective removal of the soluble resist 

during development. Since photolithography uses light for pattern transfer, the resolution 

of this technique is limited by the wavelength of the beam used for exposure [72]. Due to 

the technical difficulties of using deep UV and soft x-ray as short wavelengths light 

sources, as well as the high cost and extremely time-consuming procedures of resolution 

enhancement, photolithography is mainly used for fabricating features in the range of a 

few micrometers to a few 100 micrometers [73]. To overcome this limitation, e-beam 

lithography is developed as a powerful tool for fabrication of submicron features. E-beam 

lithography uses a highly focused beam of electrons to directly draw well-defined 

patterns on an electron-sensitive chemical (resist) spin-coated on the substrate (for review 

see [74, 75]). The high resolution of electron optical systems which can reach 0.1 nm [76] 

is based on the short wavelength of electrons. However, the ultimate resolution of e-beam 
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lithography is limited to sub-10 nm by other factors such as development behavior of the 

resist (for review see [77-80]). Exposure to the electron beam changes the molecular 

structure and solubility of the resist. Then, during developing step, either the exposed or 

unexposed regions of the resist are selectively dissolved. This patterned resist could be 

further used as a mask for other fabrication techniques such as etching, and chemical or 

physical vapor deposition to transfer the pattern into a more stable medium. 

The bottom-up fabrication method is based on the creation of micro- or nanometer 

scale features from smaller building blocks, such as atoms, molecules, or nanoparticles. 

The spontaneous organization of these components into larger well-defined structures 

(self-assembly) is the most utilized method for this purpose (for review see [81, 82]). 

These building blocks form the final structure by arriving at energy equilibrium. At the 

molecular level, this process involves weak covalent bonds or noncovalent interactions 

such as hydrogen bonds, van der Waals, electrostatic, and hydrophobic interactions, and 

could result in the formation of structures with sub-nanometer resolution. In nature, self-

assembly is fundamental in many biological processes such as protein folding, DNA 

formation, and formation of the cell membrane. Another example of self-assembly is self-

assembled monolayers (SAMs)—an ordered assembly of molecules formed on a 

substrate. SAMs are prepared by the adsorption of building blocks with reactive ligands 

to the surface. This process could be achieved by either immersion of the substrate in a 

solution containing the components or exposure to its gas phase (for review see [83-85]). 

Despite their huge potentials, SAMs did not become popular for cell patterning until the 

development of soft lithography. Soft lithography is a technique that combines self-

assembly and replica molding to create relatively simple and low-cost patterns and 
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Figure 1.1. Schematic representation of soft lithography process. 

structures after fabrication of a master mold using photolithography. Soft lithography 

includes a set of methods which utilize a patterned elastomer, such as 

polydimethylsiloxane (PDMS), as the stamp, mold, or mask for microfabrication (Fig. 

1.1) 

 

 

  

Microcontact printing and plasma lithography patterning are two techniques 

developed for patterning cell adhesion surfaces based on soft lithography. In 

microcontact printing, elastomeric stamps are immersed in a protein solution; resulting in 

protein adsorption through nonspecific bindings. The stamp is subsequently brought into 

conformal contact with the substrate. The protein is printed on the substrate based on the 

relative hydrophilicity of the substrate compared to the stamp. The surrounding areas of 

the protein-printed region are rendered nonadhesive with immersion in Pluronic F-127 

(PF-127) [31, 32, 86]. Plasma lithography is used for patterning hydrophobic surfaces. In 

this method, the elastomeric structure is utilized to shield selective regions of the 
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Figure 1.3. Schematic representation of plasma lithography patterning technique. 

substrate during plasma treatment. The surface chemistry of the plasma-exposed regions 

of the substrate change and those areas become hydrophilic. 

 

 

 

 

1.5. Contractile Force Measurement 

The ability to measure the contractile force of cardiomyocytes at the cellular level 

is of key importance for studying heart physiology and pathology. There are a number of 

commercially available force transducers for this purpose. While being useful for many 

studies, these technologies are relatively expensive, their output could be influenced by 

methods used for cell attachment to the transducer, and they are not suitable for studying 

cell-substrate interactions. Two other major approaches are utilized at research 

laboratories for measuring the force exerted by the cells onto their environment; 

Figure 1.2. Schematic representation of microcontact printing. 
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continuous substrates and discrete arrays. In both methods, substrate deformation in 

response to cellular force is measured and force is mathematically derived based on the 

substrate design parameters [87, 88].  

The idea of using continuous substrates for force spectroscopy was introduced by 

forming a polymerized thin film on the surface of liquid silicone which would wrinkle in 

response to the traction force exerted on it by cells [89]. Many other materials have been 

employed since, such as polyacrylamide gels [90, 91] and non-wrinkling silicone 

elastomers [92, 93]. Continuous substrates can be easily integrated with patterning 

techniques for controlled studies. Using continuous substrates is straightforward on the 

fabrication front but requires extensive numerical analysis post data collection. In this 

approach, fluorescent beads are coated on or embedded in a deformable gel substrate. 

The displacements of the beads are tracked by fluorescence microscopy and the 

displacement field is calculated. The force field is derived from the displacement field by 

solving an ill-posed inverse problem. In this type of problem, a small noise or error in the 

displacement field could greatly amplify in the solution, resulting in the generation of 

out-of-bound traction values. Different techniques have been developed for addressing 

this issue [91, 94, 95].  

Using discrete arrays of micropillars requires sophisticated microfabrication 

techniques and instruments, and patterning cells on them is not straightforward. However, 

the data analysis is relatively undemanding. In this method, cells are cultured on top of an 

array of compliant vertical pillars [96-99]. The horizontal deflection of each pillar in 

response to cellular force is measured by light or fluorescent microscopy. The tip 
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displacement is converted to force using beam theory (Eq. 1.1). Each pillar is considered 

as a cantilever beam subjected to an end force, undergoing pure bending.       

δ3

3
L
EIF =                                                   (1.1) 

Where E is the modulus of elasticity of pillars’ material, I is the moment of inertia, and L 

is the height of the pillar. The underlying assumption here is that vertical deflection of the 

pillar is small compared to its horizontal deflection.  

1.6. Cardiac Muscle Cell 

Cardiac muscle tissue has a very particular responsibility, pumping blood 

throughout the body. Therefore, cardiac muscle cells have evolved for one highly 

specialized function, contractility. Each cell contains a bundle of myofibrils which is 

made of a repeating structure called sarcomere. The sarcomere is considered as the 

functional contractile unit of the striated muscle tissue. Sarcomere mainly consists of an 

orderly assembly of three protein filaments: thin (mostly filamentous actin), thick (mostly 

myosin), and titin. Sarcomeres are physically connected to the cell membrane 

(sarcolemma) through costameres—protein assemblies which are circumferentially 

aligned with the Z-line. Thus, shortening of the sarcomeres results in contraction of the 

muscle cell. As the end sarcomeres in adjacent cells are connected through intercalated 

disks, they form a synchronized contractile chain. 

The sarcomere structure is divided into different sections and is generally explained 

by bands, zones, and lines. Z-lines make up the boundaries of the sarcomere and function 

as the anchoring point for the actin filaments. On either side of the Z-line, there is a 

region composed of only actin filaments not overlapped by the myosin filaments, called 
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the I-band. Following the-I band is the A-band which spans the entire length of the 

myosin filaments and contains both actin and myosin filaments. The center of the A-

band, where the myosin filaments are not overlapped by the actin filaments, is called the 

H-zone. Within the H-zone is the M-line which marks the middle of the sarcomere and 

cross-connect the myosin filaments. During the sarcomere shortening, the length of the 

A-band does not change while the I-band and the H-zone become shorter. This action 

causes the Z-lines to move towards each other; hence, resulting in cell contraction. 

The process of sarcomere shortening is described by the sliding filament theory 

[100]. The thick and thin filaments slide past each other during contraction. The thick 

filament is composed of myosin II assembled into bipolar filaments; the myosin heads on 

each half of the thick filament have opposite orientations. The thin filament is composed 

of actin filaments assembled with their (+) end anchored to the Z-line; thus, in each 

sarcomere, two sets of actin have opposite orientations. The underlying molecular 

mechanism of the filament sliding process is the cyclic cross-bridging—attachment and 

detachment—between the myosin heads and the actin filaments. Driven by the chemical 

energy provided by the hydrolysis of adenosine triphosphate (ATP), the myosin head 

moves toward the (+) end of the actin filament. This interaction pulls the thin filaments 

toward the center of the thick filaments, resulting in sarcomere shortening—considering 

the assembly of the myofilaments (Figure 1.4).  

The structure of the sarcomere affects its function. Efficient contraction at the 

molecular level is based upon the optimal length and accurate overlap of the thin and 

thick filaments. A number of accessory proteins regulate and maintain the structure of the 

sarcomere. Actin filaments are formed by polymerization of the G-actin monomers in a 
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dynamic process of assembly and disassembly. This process is stabilized by capping 

proteins which specifically bind to the ends of the actin filament and block further 

polymerization or depolymerization. CapZ which is contained in the Z-line binds to the 

(+) end of the actin filament and tropomodulin binds to the (-) end [12]. On the other 

hand, the thick filaments have precisely determined structure [100]. They are held in the 

middle of the sarcomere by connection to titin. Titin, which also contributes to the elastic 

properties and force production of the sarcomere, is a giant protein with one end 

connected to the Z-line; it traverses half of the sarcomere to the M-line, where it 

interconnects with the neighboring titin filament through M-band proteins. 

 

 

 

 

 

 

 

Figure 1.4. Schematic representation of sarcomere structure. Sliding filament theory 

(left) relaxed and (right) contracted. 
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Chapter 2 

Methodology 
2  

2.1. Cell Culture 

Primary cultures of cardiomyocytes were isolated from 1-to-3-day-old neonatal rats 

[101]. This study was performed according to the AVMA Guidelines for the Euthanasia 

of Animals [102]. All animal procedures were approved by The Institutional Animal Care 

and Use Committee at the University of Arizona. Hearts were placed in cold ADS buffer 

to flush out the blood. The ventricles were minced, suspended in digestion solution (ADS 

buffer containing collagenase type 2 and pancreatin solution, prepared as described), and 

placed in orbital shaker at 230 rpm for 15 min at 37 °C. The supernatant was transferred 

to fetal bovine serum (FBS, HyClone) to inactivate the enzymes, and centrifuged at 

200×g for 5 min at 25 °C. The pellet was resuspended in FBS and incubated at 37 °C 

under 5% CO2. The digestion process was repeated five times as reported; cells were 

combined and centrifuged at 200×g for 5 min at 25 °C. The supernatant was discarded 

and cells were resuspended in 10 ml of DMEM with 1 g/l glucose (Gibco) containing 

10% (v/v) FBS (HyClone) and 1X penicillin-streptomycin (Gibco). To minimize the 

number of fibroblasts in culture, 1 µg/ml cytosine β-D-arabinofuranoside (Sigma) was 

added with every culture medium change. Myoblasts were cultured in high-glucose 

DMEM (Gibco) containing 50 U/ml penicillin and 50 μg/ml streptomycin (Gibco) and 

10% (v/v) FBS (HyClone). Cells were plated at 5.5 × 104/cm2 and cultured in growth 

media for 24 hr, allowing them to reach ca. 80% confluency. To induce differentiation, 
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cells were washed in PBS and further cultured in high-glucose DMEM containing 

antibiotics and 2% horse serum. 

2.2. Fabrication of Micropillar Arrays 

Fabrication of micropillar arrays and their application in force spectroscopy have 

been previously established [103-106]. In brief, a silicon wafer was cleaned using 

acetone, methanol, and isopropanol, and dried with a nitrogen jet. The wafer was then 

placed on a hot plate for 10 min at 125 oC for dehydration bake. SU-8 2015 negative 

epoxy photoresist (Micro Chem) was spin coated on the wafer at 2000 rpm for 30 s 

(Solitec) to prepare a 15-μm layer. The wafer was exposed to UV light (ABM mask 

aligner) through a chrome mask (Fineline Imaging), developed, and cleaned. 

Subsequently, a negative PDMS mold (Sylgard 184, Dow Corning) was cast using the 

master mold. The PDMS mold was then silanized with (tridecafluoro-1,1,2,2-

tetrahydrooctyl)-1-trichlorosilane (United Chemical) for 2 h in a vacuum desiccator [99, 

107, 108]. This process facilitated the following release of the micropillar array. The 

micropillar array was fabricated using the PDMS mold. To prepare the PDMS, a w/w 

mixing ratio of 1:9 (curing agent: base) was used and the solution was degassed for 3 min 

in a vacuum desiccator. Samples were heat cured for 2 h at 75 °C on a hot plate. To 

enhance the cellular attachment, micropillar arrays were plasma treated at 1000 mTorr for 

10 min (PDC-001, Harrick Plasma Cleaner) before cell seeding. Cell density was 

controlled using a PDMS barrier (Figure 2.1). 
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2.3. Contact Angle Measurement 

The surface wettability of different samples was determined by measuring the static 

contact angle between a water droplet and the surface, before and after plasma treatment. 

Briefly, a 2 µl droplet of DI water was placed on the surface and side images were 

Figure 2.1. Schematic diagram showing fabrication process of micropillar arrays. 
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captured using DinoCapture 2.0 software on a custom setup equipped with Dino-Lite Pro 

AM 413T (Dino-Lite) digital microscope camera. Plasma treatment of samples was 

performed for 10 min under a pressure of 1000 mTorr at high power (PDC-001, Harrick 

Plasma). Data were analyzed using ImageJ (NIH) Low Bond Axisymmetric Drop Shape 

Analysis plug-in [109]. For each sample, a total of 9 measurements (3 different batches, 3 

droplets each) were analyzed. 

2.4. Surface Roughness Measurement 

AFM images were collected on a scan area of 5 × 5 µm with a Cypher ES scanning 

probe microscope (Asylum Research) using AC mode in air. AC240TS probes (Olympus 

Corporation) were used for collecting data presented in chapter 4 and DNP-S10 probes 

(Bruker) were used for collecting data presented in chapter 5. Reported values are the 

average of root mean square (RMS) roughness calculated using Igor Pro 6.36/AR v12 

Software (Asylum Research). 

2.5. Collective Mechanoadaption in Cardiomyocyte Development 

2.5.1. Preparation of Elastic Substrates 

Primary cardiomyocytes were cultured on polydimethylsiloxane (PDMS, 

Sylgard184, Dow Corning) with tunable elasticity. The Young’s modulus of substrates 

was adjusted by the weight ratio of the curing agent to the base polymer. For this study, 

mixing ratios of 1:19, 1:9, and 1:4 (5, 10, and 20 %) were prepared with the respective 

Young’s moduli of 0.72, 2.1, and 2.63 MPa [110]. PDMS solution was prepared by 

mixing base and curing agent with the aforementioned ratios followed by degassing for 3 
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min in a vacuum desiccator. Samples were heat cured for 2 h at 75 °C. Cardiomyocytes 

plated on plasma treated plastic petri dish (2.78 GPa [111]) were used as the control. 

2.5.2. Preparation of Cellular Patterns 

Line patterns with widths of 15, 30, and 50 µm were used in this study (15 lines, 10 

mm long, and 150 µm spacing). The patterns were formed by the creation of selective 

hydrophilic regions using plasma lithography patterning [33-35]. In brief, a master mold 

of the pattern was fabricated by photolithography [112-114]. Then, a PDMS stamp was 

made by replica molding of the master and placed in conformal contact with the 

substrates to selectively shield chosen regions.  The substrates were exposed to air plasma 

(PDC-001, Harrick Plasma Cleaner) at 1000 mTorr for 10 min. A surface pattern formed 

as a result of selective surface functionalization on the plasma-exposed region. Substrates 

were placed under UV for 10 min before cell seeding. A PDMS barrier was utilized to 

keep the cell solution over the patterned region. The plates were incubated at 37 °C under 

5% CO2 for 3 h to allow cell attachment. The barrier was then removed and additional 

culture medium was added. 

2.5.3. Immunofluorescence Microscopy 

Cardiomyocytes were stained for F-actin and α-actinin as described [87]. In brief, 

cells were fixed with 4% w/v paraformaldehyde for 15 min and washed three times with 

PBS for 5 min. Fixed cells were permeabilized at room temperature in 0.2% v/v Triton 

X-100 for 20 min and blocked with 2% w/v bovine serum albumin plus 1% v/v normal 

donkey serum for 1 h at room temperature. The cells were incubated with Alexa Fluor 

555–conjugated Phalloidin (Invitrogen) for 45 min to stain F-actin. The cells were 
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incubated overnight at 4 °C with mouse monoclonal anti–α-actinin (Sigma, 1:200) 

primary antibody. The cells were then washed with PBS for 15 min and incubated with 

Alexa Fluor 488–conjugated goat anti-mouse IgG (Invitrogen, 1:1000) secondary 

antibody for 30 min. All solutions were prepared in 1X PBS. 

2.5.4. Microscopy and Quantitative Analysis 

Bright-field micrographs of patterned cells were acquired on a TE2000-U 

microscope (Nikon) with a CCD camera (SensiCam QE, Cooke Corp) using a 20x 

objective and a 1.5x optivar. Phase contrast and fluorescence images were captured on an 

Axiovert 135 (Zeiss) microscope with a CCD camera (Orca-ER, Hamamatsu) using 32x 

and 100x objectives. Sarcomere length was determined by measuring the distance 

between Z-disks from the fluorescence images. To analyze the beating properties of the 

patterned cardiomyocytes, including frequency and amplitude, as well as the contractile 

force of the cells on micropillar arrays, phase-contrast videos were captured (6 s at 30 

fps) on an Axiovert 135 (Zeiss) microscope with a CCD camera (DMK 41AU02, 

Imaging Source). The contractile force of the cells on micropillar arrays was determined 

based on the beam theory. The deflection of micropillars (center-to-center) was measured 

from phase-contrast videos and the result was converted into force as described [87]. 

Depending on the size, 3-14 pillars with the highest deflection were measured for each 

cluster. All image analyses were performed using ImageJ. 

2.5.5. Computational Analysis 

 The application of thermal strain as a computational indicative of cell contraction 

has been previously introduced [115]. Built on that concept, a three-dimensional finite 
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element model (ANSYS) was recruited here to analyze the stress distribution in the 

cardiomyocyte clusters (Figure 2.2).   

  

 

 

 

 

 

 

Following the experimental condition, three pattern widths, namely 15, 30, and 50 

µm, were studied alongside a non-confined control. The actual sizes of cardiomyocyte 

clusters (data from Table 3.1) were used, accordingly. The respective values of substrate 

stiffness for 5, 10, 20 % PDMS, and plastic petri dish (0.72, 2.1, 2.63 MPa, and, 2.78 

GPa) were considered in the simulations. A thermal strain resulting from a temperature 

 

Figure 2.2. Finite element model for computational analysis of mechanical stress at 

cluster-substrate interface. (A) Multicellular cluster on a patterned substrate. (B) Two-

layer model of cluster meshed with 4 µm elements. (Left) Before and (right) after 

contraction. 
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drop of 3 oC was administered to all models. For the sake of consistency, an element size 

of 4 µm was used to mesh the multicellular structure. First principal stress at the cluster-

substrate interface, normalized to the maximum amount of stress in the series of 

simulations, is reported. 

2.5.6. Statistics 

Statistical analyses were carried out by one-way ANOVA (Figures 3.2B, 3.2C, and 

3.7C, and Table 3.1) and two-way ANOVA (Figures 3.5 and 3.6), with respect to the 

nature of data, followed by Tukey’s post hoc test (GraphPad Prism 6). P<0.05 was 

regarded as statistically significant with NS for not significant, * for P < 0.05, ** for P < 

0.01, *** for P < 0.001, and **** for P < 0.0001. Modified Thompson Tau method was 

used to determine outliers.  Data are reported as mean ± SEM. 

2.6. Characterization of Silicone Substrates with Tunable Elasticity  

2.6.1. Preparation of Elastic Substrates 

A combination of Sylgard 527 and Sylgard 184 (Dow Corning) was used to make 

the samples. Each polymer was prepared separately as directed by the manufacturer. 

Sylgard 527 was prepared by mixing a 1:1 ratio (w/w) of parts A and B; Sylgard 184 was 

prepared by mixing a 10:1 ratio (w/w) of base and curing agent. Each solution was then 

degassed in a plasma chamber (PDC-001, Harrick Plasma). The two polymers were 

blended with different mixing ratios to prepare five samples; 0, 4, 8, 12, and 16% 

(Sylgard 184 mass concentration). Each mixture was degassed as described. All samples 

were heat cured for 48 h at 65 oC.  
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2.6.2. Uniaxial Tensile Test 

Samples were cut roughly 30 mm long to allow a 12.6 ± 1.4 mm gauge length with 

a width of 2.9 ± 0.8 mm and a thickness of 2.4 ± 0.6 mm. The uniaxial tensile test was 

performed at a stretch rate of 2.00 mm/min at room temperature using an ElectroForce 

LM1 TestBench (TA Instrument). The Young’s modulus of each sample was determined 

from the slope of the linear regression of the stress-strain curve from 0 to 10%. For each 

concentration, a total of 12 samples (4 different batches, 3 each) were analyzed. 

2.6.3. Microindentation Test 

Single probe indentation tests were performed using a custom-made instrument 

[116]. Samples were prepared as described before with a thickness of 8 mm. A flat punch 

intender with a diameter of 6.04 mm was used. Indentation test was performed at a rate of 

0.2 mm/s at room temperature. To ensure small strain, indentation depth was kept < 10% 

of the sample thickness. The loading portion of the force-displacement experimental 

curves was fitted with a straight line and analyzed with a custom MATLAB scripts using 

the Hertz model [117]. The contact stiffness was calculated from the slope of the fitted 

line. As the Young’s moduli of the samples are at least six orders of magnitude lower 

than that of the indenter, the deformation of the indenter was not considered in the 

equations. Reported values are the average of 9 measurements for each concentration (3 

areas on 3 independent samples).  

2.6.4. Spectrophotometry 

The optical transmission spectra were recorded (Cary 5E UV-Vis-NIR, Varian) for 

the wavelength range of 200-1200 nm at room temperature. Samples (2 mm thick) 
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prepared on microscope glass slides were used for this purpose. To exclude the 

instrument error, the transmission spectrum of air was obtained and used as the baseline 

for data analysis. It should be noted that the loss due to reflection was not considered in 

this study. 

2.6.5. Surface Modification for Cell Culture 

To prepare the substrates for cell adhesion studies, Sylgard 527 (0%) samples were 

exposed to air plasma (PDC-001, Harrick Plasma Cleaner) at 1000 mTorr for 10 min to 

create a hydrophilic surface [34, 118-120]. Samples were either used directly after the 

plasma treatment or were coated with ECM proteins including collagen type I (1 ml, 100 

μg/ml; Gibco), gelatin (1 ml, 0.1% in DMEM; BD Biosciences), or Matrigel (1 ml, 

diluted 1:20 in DMEM; BD Biosciences). Collagen coated samples were incubated for 1 

h at room temperature and gelatin and Matrigel-coated samples were incubated for 1 h at 

37 oC and 5% CO2. For all samples, the unbound material was aspirated and gel plates 

were rinsed three times with culture media before cell seeding (ca. 2.25 × 105 cells per 35 

mm plate).  

2.6.6. Force Spectroscopy 

EDC coupling was used to covalently bond carboxylated fluorescent beads to the 

surface of the substrates. Samples were plasma treated (PDC-001, Harrick Plasma 

Cleaner) at 1000 mTorr for 2 min; treated with (3-aminopropyl)trimethoxysilane (Sigma) 

in a vacuum desiccator for 2 hr; rinsed three times with DI water; and incubated with 1.5 

ml of the bead solution containing 0.2 μm carboxylate-modified red fluorescent beads 

(580/605, Molecular Probes) diluted 1:2000 in 100 μg/ml of N-(3-
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Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma) for 1 h at 

room temperature. The bead solution was then aspirated and gel plates were rinsed three 

times with 1X PBS. Finally, samples were coated with a thin layer of Matrigel to enhance 

cell attachment as described in the previous section. Videos were captured on an Eclipse 

Ti-E (Nikon) inverted microscope using an ORCA-Flash4.0 camera (Hamamatsu) and 

analyzed with ImageJ PIV plugin. 

2.6.7. Cell Patterning 

For patterning studies, the surface of 4% samples was shielded with a PDMS mask 

and exposed to air plasma for 10 min to make both exposed areas of the substrate and 

channels’ interior hydrophilic. Substrates, while having the mask in conformal contact, 

were incubated with Matrigel (diluted 1:1000) overnight at 37 oC and 5% CO2. The 

unbound material was aspirated and gel plates were rinsed three times with 1X PBS. 

Finally, the mask was peeled off and the substrate was treated with PF-127 for 30 min. 

Substrates were rinsed three times with culture media before cell seeding. In the modified 

approach, PDMS mask was first plasma treated for 2 min and treated with (3-

aminopropyl)trimethoxysilane (Sigma) for 2 h in a vacuum desiccator. Incubation time 

with ECM protein was decreased to 30 min. 

2.6.8. Statistics 

All statistical analyses were performed using GraphPad Prism (GraphPad 

Software). For comparison of multiple groups, one-way ANOVA (Figure 4.2, 4.5, 4.8, 

and 4.9) and Tukey’s post hoc test were used. P<0.05 was regarded as statistically 

significant with NS for not significant. Data are reported as mean ± SEM. 
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2.7. Modifying Extracellular Matrix Adhesion by Plasma Lithography 

2.7.1. Surface Modification 

PDMS (Sylgard184, Dow Corning) substrates were prepared by mixing a 10:1 ratio 

(w/w) of base and curing agent. Samples were degassed in a plasma chamber (PDC-001, 

Harrick Plasma), and heat cured for 2 h at 75 oC. Plasma lithography was used to modify 

the surface wettability of all samples. A mask with predefined pattern design was put in 

conformal contact with the substrates and exposed to air plasma for 10 min at 1000 

mTorr. Samples were submerged in a 0.25 % PF-127 solution (Sigma) for 1 h at room 

temperature. The Pluronic treated samples were washed 3 times with DI water, gently 

dried with an Argon jet, and submerged in 0.1% gelatin solution for 4 hr. For selective 

protein adhesion experiments, samples were incubated overnight with 0.05% Alexa 488-

conjugated fibrinogen in PBS (Invitrogen) instead of gelatin. 

2.7.2. Surface Chemistry Analysis 

Surface chemistry of PDMS samples with four different modifications (no 

treatment, plasma treatment, PF-127 coating, and plasma treatment followed by PF-127 

coating, performed as described in the previous section) was analyzed using x-ray 

photoelectron spectroscopy (165 Ultra Photoelectron Spectrometer, Kratos). All samples 

were immersed in DI water after the final step and dried with an Argon jet before testing. 

Survey spectra in 0 to 1200 eV range and high-resolution spectra of O 1s, C 1s, and Si 2p 

were obtained and the atomic concentrations of each element on the surface were 

calculated.  
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2.7.3. Coating Thickness Measurement  

Atomic force microscopy was used to evaluate the changes in the surface 

topography of the PDMS samples at each step of the modification process. Surface 

modifications were done as described earlier, except for the use of an extra fine 1500 

square Nickel mesh grid (Ted Pella), instead of a PDMS mask, to selectively shield the 

surface of PDMS samples from exposure to air plasma. AFM images were collected with 

a Cypher ES scanning probe microscope (Asylum Research) with DNP-S10 probes 

(Bruker) using AC mode in DI water on a scan area of 20 × 20 µm. A second order 

flatten was applied to all images before analysis using Igor Pro 6.36/AR v12 Software 

(Asylum Research). 

2.7.4. Microscopy  

Bright-field micrographs of patterned cells were captured on an Axiovert 135 

(Zeiss) microscope with a CCD camera (ORCA-ER, Hamamatsu) using 20x objective. 

Fluorescent images of microchannels in the mask and selective adhesion of fluorescent-

tagged fibrinogen were captured on an Eclipse Ti-E (Nikon) inverted microscope using 

an ORCA-Flash4.0 camera (Hamamatsu) with a 10x objective. In order to visualize the 

microchannels, PDMS mask was put in conformal contact with the substrate and a diluted 

fluorescent dye was pushed through before imaging. 

2.8. Force Spectroscopy in Lmod2-KO and Tmod1-OE Cardiomyocytes 

2.8.1. Microscopy and Quantitative Analysis 

Fabricated micropillars had an average height of 15.3 μm and an average diameter 

of 4.6 μm. To promote cell attachment, the micropillar arrays were coated with a thin 
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Figure 2.3. Schematic representation of force measurement using micropillar array 

layer of Matrigel (diluted 1:20 in DMEM; BD Biosciences) for 1 h at 37 °C and 5% CO2. 

The deflection of micropillars was quantified using ImageJ (NIH) from phase-contrast 

videos captured on an Axiovert 135 (Zeiss) with a 32x NA 0.4 objective and a 1.6x 

optovar using a FinePix S9000 digital camera (640 × 480 pixels at 30 frames/s, Fujifilm). 

For each cell, tip displacements for a minimum of three pillars with the highest deflection 

were measured. Based on the concept of beam theory, contractile force is related to the 

horizontal deflection of the pillars by F = (3πED4/64L3)δ, where F, E, D, L, and δ are the 

contractile force of cardiomyocytes, and Young’s modulus, diameter, height, and 

deflection of the pillar, respectively (Fig. 2.3).  

 

 

2.8.2. Statistics 

All statistical analyses were performed using GraphPad Prism (GraphPad 

Software). Data were analyzed to detect outliers using ROUT method with Q=1% and 

tested to see whether they come from a Gaussian distribution using D’Agostino-Pearson 

omnibus normality test. Statistical analyses were carried out by student t-test for 
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comparing two groups (Figure 6.2 and 6.6) and one-way ANOVA for more groups 

(Figures 6.4) followed by Dunn’s multiple comparison test. P<0.05 was regarded as 

statistically significant with NS for not significant, * for P < 0.05, ** for P < 0.01, *** for 

P < 0.001, and **** for P < 0.0001. Data are reported as mean ± SEM for data with 

Gaussian distribution (Figure 6.2) and as median ± SEM for data with non-Gaussian 

distribution (Figures 6.4 and 6.6). 
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Chapter 3 

Collective Mechanoadaptation in Cardiomyocyte 
Development 

3  

3.1. Introduction 

Mechanical forces play essential roles in cardiac development [121]. In response to 

a mechanical stimulus, cardiomyocytes dynamically change the cell-cell junctions, focal 

adhesions, and cytoskeletal organization to establish mechanical balance at the cell-cell 

and cell-extracellular matrix interfaces [122-124]. For instance, in response to the 

increase of hemodynamic afterload in cardiac hypertrophy, cardiomyocytes change their 

structure and shape. Cellular and fiber alignment in the heart tissue remodels and cells 

aspect ratio decreases as they widen. It is suggested that thickening of the ventricle is a 

compensatory response to reduce wall stress. This pathological condition is associated 

with increased stiffness of the extracellular matrix as well [125]. These mechanical 

factors are potential contributors that hamper the ability of the heart muscle to pump 

blood and lead to cardiac dysfunction.   

There is an increasing interest in developing in vitro models to study heart 

physiology and pathology as well as to evaluate drug efficacy. In addition, the creation of 

functional tissue constructs for implantation within the injured heart is a promising 

regenerative approach for the treatment of cardiac dysfunctions—as the muscular tissue 

of the heart is unable to regenerate after injury [5-7]. Understanding how the mechanical 

microenvironment affects cardiac development is a principle step toward the creation of 

proper tissue engineering models, and design of biomaterial interfaces and tissue 
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scaffolds for regenerative medicine. The substrate stiffness has been shown to modulate 

the development of cardiomyocytes [11, 19-21]. The geometric confinements imposed by 

the microenvironment on cells can also restrict their shape and size, and modulate their 

structure and function [22-24]. It is proposed that cardiomyocytes optimize their shape 

for contractility in response to matrix stiffness; an aspect ratio of 2 is shown to be 

functionally advantageous for single cardiomyocytes on stiff substrates [125]. However, 

these data were largely gathered by imposing predefined restrictions on size and shape of 

cells.  Furthermore, the cells were often studied in isolation, which did not capture the 

influence of cell-cell interaction on the cell response. The collective process by which 

coupled cardiomyocytes at the multicellular level adapt to the microenvironment during 

cardiac development remains poorly understood.  

In this chapter, using a combined experimental and computational approach, we 

investigate the collective response of coupled cardiomyocytes in controlled 

microenvironments. We fabricate polydimethylsiloxane (PDMS) substrates with tunable 

elasticity and use plasma lithography patterning to impose geometrical confinement on 

cells. This method creates patterns on elastic substrates by selectively functionalizing the 

surface of the substrate and does not need extracellular matrix coating [33-35]. The 

patterns are stable for over two months, which helps to avoid issues of protein 

degradation in other techniques—such as microcontact printing—in long-term 

developmental studies. By controlling substrate stiffness and pattern width 

independently, we measure the projected dimensions, cellular alignment, actin filament 

alignment, sarcomere length, beating amplitude, and beating frequency of developing 

cardiomyocytes. We apply cellular force spectroscopy and computational biomechanical 
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analysis to investigate the relationship between stress, morphology, and contractile 

behavior of the cardiomyocyte microtissues, as well as the interrelated roles of geometric 

confinement and substrate stiffness in the regulation of cardiomyocyte development. 

3.2. Plasma Lithography Patterning of Cardiomyocytes on Elasticity-Tunable 

Substrates 

To examine the applicability of plasma lithography for studying cardiac 

development, we patterned primary rat cardiomyocytes on substrates treated by air 

plasma. Given the inherently little to no proliferation rate of cardiomyocytes, the number 

of initially available cells is an important factor in the formation of multicellular 

structures. Thus, we first tested different seeding densities, ranging from 300 to 2000 

cells/mm2, to determine the appropriate condition for our study (1060 cells/mm2). For the 

range of 1000-1300 cells/mm2, enough cells attached to the patterned areas without 

forming any bridges between the neighboring pattern lines. At lower densities (e.g., 300 

and 650 cells/mm2), seeded cells barely contacted neighboring cells. At higher densities 

(e.g., 1700 and 2000 cells/mm2), cells overrode the pattern by connecting to cells seeded 

in neighboring pattern lines. Next, line patterns with varying widths (15, 30, and 50 µm) 

were created on PDMS substrates with different values of stiffness (0.72, 2.1, 2.63 MPa) 

and on plastic Petri dishes (Figure 3.1A). In all cases, cardiomyocytes attached to the 

substrate, spread, and aligned along the line patterns. Cardiomyocyte outgrowth was 

confined to the patterned regions and they did not invade neighboring patterns (Figure 

3.1B). Immunostaining for F-actin and α-actinin demonstrated that cardiomyocytes 

developed striated sarcomeres, characteristic of mature cardiac muscle (Figure 3.1C). The 

cardiomyocytes were stable in the patterns for the duration of the experiments in this 
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study (5 days). Cardiomyocytes aligned and elongated along the pattern, and organized 

into beating multicellular clusters (Figure 3.1D). These observations show that plasma 

lithography patterned PDMS substrates are capable of generating multicellular clusters 

for studying collective mechanoadaptation of cardiomyocytes. 

Figure 3.1. Plasma lithography patterning of cardiomyocytes. (A) Schematic illustration 

of surface patterning by plasma lithography. (B) Representative micrographs of 

cardiomyocytes in patterns with 15, 30, and 50 µm width as well as unpatterned control, 

3 days after plating. (C) Fluorescence image showing cultured cells develop striated 

sarcomeres, characteristic of mature cardiac muscle (green for α-actinin and red for F-

actin). (D) Phase-contrast image showing a beating cluster confined to a 30 µm line 

pattern. 
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3.3. Morphology and Structural Development of Multicellular Cardiomyocyte 

Clusters 

Cardiomyocytes collectively responded to the geometric confinement and substrate 

stiffness and organized into microtissues (Figure 3.2A). We first studied the morphology 

of the multicellular clusters. The projected dimensions of these clusters (as measured 

from the top view using phase contrast microscopy) strongly correlated with the pattern 

width (Table 3.1). Reducing the pattern width significantly decreased the projected area 

of the clusters (P<0.0001, Figure 3.2B). In 50 µm pattern, the cluster breadth (52±5) was 

approximately equal to the pattern width—cluster breadth to pattern width ratio (b/w) of 

~1. In smaller patterns, the clusters expanded beyond the pattern width in the vertical 

direction and developed into elliptical structures (Figure 3.3). For instance, the cluster 

breath to pattern width ratio (b/w) increased to ~2.1 in 15 µm patterns (Table 3.1). Shape 

factor (circularity index) of the patterned clusters was calculated from projected 

dimensions as 4π(area)/(perimeter)2 [27]. With this definition, the shape factor would be 

1 for a circular cell cluster and decreases for an elongated cluster. Aspect ratio, the cluster 

length over the cluster breath (l/b), was also calculated. Interestingly, regardless of the 

pattern width, all clusters displayed similar shape factor (~0.8) and aspect ratio (~2) 

(Figure 3.2C and Table 3.1). Analysis of the shape and size of the clusters did not show 

any substantial difference between different stiffness values (data not shown). These 

observations suggest that cardiomyocytes adapt to geometric confinement by modulating 

the morphology of the clusters. 
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Figure 3.2. Morphology of cardiomyocyte clusters on plasma lithography patterned 

elastic substrates. (A) Representative phase-contrast images of cardiomyocyte clusters 5 

days after plating. Scale bars, 50 µm. (B) Area and (C) shape factor of clusters, calculated 

from projected dimensions as 4π(area)/(perimeter)2. Data are shown as mean ± SEM.  NS 

not significant, ** P < 0.01, and **** P < 0.0001. 
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Table 3.1. Projected dimensions of clusters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess fiber and cellular alignment in the clusters, we stained cardiomyocytes 

with anti-α-actinin antibodies to mark Z-discs and fluorescent-phalloidin to mark F-actin 

(Figure 3.4A). The actin filaments in the unpatterned cardiomyocytes were randomly 

Figure 3.3. Schematic representation of (top) top view and (bottom) cross-sectional view 

of cardiomyocyte cluster self-organized on plasma lithography patterned substrates. 

61 

 



arranged in different orientations. Geometric confinement dramatically increased the 

fiber alignment in all patterned cells. The actin filaments in patterned cells (from 15 µm 

to 50 µm) were generally aligned (> 90%) along the pattern. We also studied cellular 

alignment (long axis of the cell) by measuring the angle between the cells and the pattern 

line (Figure 3.4B). Cells were considered aligned if this angle was within ±15°. In control 

cardiomyocytes, with no patterning, cells were arranged randomly (18% fell within the 

±15° alignment criteria). Geometric confinement increased the cellular alignment in 

comparison to control. Decreasing the pattern width from 50 µm to 15 µm markedly 

increased the percentage of aligned cells from 30% to 70%. This value, however, is 

significantly lower compared to fiber alignment (> 90%). Therefore, the data indicate 

cardiomyocytes in the cluster align the contractile unit, instead of the cell orientation, as a 

group collectively.   

To study the structural development of cardiomyocytes, we measured sarcomere 

length using immunofluorescence microscopy. Pattern width and substrate stiffness both 

significantly affected sarcomere length (P<0.001 and P<0.0001). 30 and 15 µm patterns 

significantly decreased sarcomere length in cells compared to that in unpatterned control 

cells (P<0.01 and P<0.001, Figure 3.5A). Also, higher substrate stiffness, in plastic petri 

dish compared to the PDMS substrates (5, 10, and 20%), significantly increased 

sarcomere length (Figure 3.5B). These results suggest that geometric confinement and 

substrate stiffness lead to collective structural changes in cardiomyocytes. 
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Figure 3.4. Fiber and cellular alignment in cardiomyocyte clusters. (A) Representative 

fluorescence micrographs of cardiomyocytes showing fiber alignment (green marks the 

Z-disks and red shows F-actin). Scale bars, 30 µm. (B) Cellular alignment in patterns 

with different widths. Percentage of cells aligned within ±15 degree of pattern direction 

(red dot lines) is presented for each graph. 

63 

 



3.4. Contractile Behavior of Cardiomyocyte Clusters 

To characterize the contractile behavior of cardiomyocyte clusters, we measured 

their beating amplitude and beating frequency. Both pattern width and substrate stiffness 

significantly affected the beating amplitude (P<0.0001). Geometric confinement 

decreased the beating amplitude of the cardiomyocytes in 15, 30, and 50 µm patterns 

compared to that of unpatterned control. Furthermore, decreasing the pattern width from 

50 to 15 µm significantly decreased the beating amplitude of the myocytes (Figure 3.6A). 

Regardless of geometric confinement, increasing substrate stiffness significantly 

increased the beating amplitude (Figure 3.6B). In addition, geometric confinement and 

substrate stiffness affected the beating frequency (P<0.0001). Geometric confinement 

significantly decreased the beating frequency of the myocytes in 15, 30, and 50 µm 

patterns compared to that of unpatterned control (P<0.0001, Figure 3.6C). Conversely, 

Figure 3.5. Sarcomere length in cardiomyocytes measured using immunofluorescence 

microscopy. Data are presented with regards to (A) pattern width and (B) substrate 

stiffness. Data are shown as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, and 

**** P < 0.0001. 
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the relatively high stiffness of the plastic petri dish in comparison with the PDMS 

substrates (5, 10, and 20%) significantly increased the beating frequency of the myocytes 

(P<0.0001, Figure 3.6D). These findings support the notion that cardiomyocytes’ 

function changes in response to microenvironmental cues, including geometric 

confinement and substrate stiffness. 

3.5. Force Spectroscopy 

We observed variations in the morphological and functional development of 

cardiomyocyte microtissues in response to the microenvironment. To elucidate the 

Figure 3.6. Contractile behavior of cardiomyocyte clusters. (A, B) Beating amplitude and 

(C, D) beating frequency of clusters with regards to (A, C) pattern width, and (B, D) 

substrate stiffness. Data are shown as mean ± SEM. ** P < 0.01, and **** P < 0.0001. 

65 

 



relationship between the morphology and contractility of the coupled cardiomyocytes, we 

employed micropillar arrays for cellular force spectroscopy [126, 127]. The deflection of 

independent micropillars aids to map the force distribution as it indicates the direction 

and magnitude of the contractile force in multiple locations. We measured the deflection 

of each micropillar from phase contrast videos and converted the pillar deflection into 

force as described [87]. First, we tested micropillar arrays with three different spacing 

(edge-to-edge) between the pillars (6.3, 8.3, and 10.3 µm). In all cases, micropillars were 

fabricated with a height/diameter ratio of 4 (h= 14.7 µm, D= 3.7 µm). Wide spacing 

limits cell spreading while narrow spacing physically limits pillars deflection and hence 

inhibits accurate force measurement. The array with 8.3 µm spacing provided sufficient 

room for pillars to deflect while supporting the growth and development of 

cardiomyocytes (Table 3.2), and thus was utilized for the rest of this study.   

We observed that the displacement of the pillars was pointing toward the center of 

the cell clusters and the contractile force was highest at the longitudinal ends of the 

clusters (Figure 3.7A). The tip displacement, and thus contractile force, generally 

correlated with the size of the clusters. A larger cell cluster generated a larger contractile 

force (P<0.0001, Figure 3.7B and 3.7C). The beating frequency did not display any 

correlation with the size of the clusters (data not shown). However, electrical field 

stimulation could be used to regulate the beating frequency and exclude any plausible 

correlation between beating frequency and other beating characteristics. These findings 

suggest that the contractile force of the cardiomyocytes is correlated with the cluster’s 

morphology.   
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Figure 3.7. Force spectroscopy of cardiomyocyte clusters. (A) Representative phase-

contrast images for a single contraction on micropillar arrays. Pink lines indicate the 

outline of measured area. Yellow and blue circles indicate original and deflected position 

of each micropillar. Red arrows represent direction and magnitude of contractile force. 

Yellow scale bars (top) indicate 20 µm and red scale bars (bottom) represent 200 nN. (B) 

Displacement of micropillars‘ tip (center-to-center) during contraction. (C) Contractile 

force for different size groups. Each data point is average displacement of highly 

deflected micropillars for each cluster. Data are shown as mean ± SEM. **** P < 0.0001. 
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Table 3.2. Force measurement with regards to micropillar spacing. 

 

 

 

 

 

 

3.6. Computational Analysis 

The interrelated effects of geometric confinement and substrate stiffness suggest 

that these factors potentially regulate cardiomyocyte development via the same 

mechanism. To investigate this possibility, we developed a finite element model and 

calculated the first principal stress at the cluster-substrate interface. The magnitude of the 

first principal stress had a basal value at the center of the cardiomyocyte cluster and 

increased towards the edge. The maximum value of the first principal stress was located 

at the corners of the clusters. Also, the first principal stress was larger at the longitudinal 

ends of the clusters (Figure 3.8A-C). These observations were in agreement with our 

force spectroscopy data. Moreover, the stress contours were normal to the orientation of 

the force vectors depicted by force spectroscopy. Importantly, our results indicate that the 

mechanical stress at the cluster-substrate interface in response to geometric confinement 

and substrate stiffness (Figure 3.8D and 3.8E) has an identical trend as the sarcomere 

length and beating amplitude and frequency. These observations support the notion that 

geometric confinement and substrate stiffness represent interrelated physical factors that 

modulate the morphology and function of the cardiomyocytes mechanically. 
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Figure 3.8. Computational analysis of mechanical stress. (A) Distribution of first 

principal stress at the cluster-substrate interface. (B) Maximum value of first principal 

stress is located at corners of the cluster. Also, first principal stress is highest at 

longitudinal ends of the cluster. (C) Representative graph showing magnitude of stress 

for long axis of the clusters. Magnitude of first principal stress has a basal value at center 

and increases towards edges of the clusters. Maximum first principal stress at cluster-

substrate interface with regards to (D) pattern width and (E) substrate stiffness. All values 

are normalized to maximum amount of stress in the series of simulations. 
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3.7. Discussion 

In this chapter, we demonstrated that plasma lithography patterned elastomeric 

substrates represent a suitable technique for studying collective mechanoadaptation in 

cardiomyocyte development. This technology provides independent control of substrate 

stiffness and geometric confinement simultaneously. By replacing protein patterns with 

stable surface functionalization created by plasma lithography, we avoided the 

suboptimal durability of protein patterns caused by degradation [6]. Using plasma 

lithography, we created line patterns rather than cellular islands with predefined shape 

and aspect ratio. This approach only confines the outgrowth of the cells in width and 

gives the cells an extra degree of freedom to remodel their shape. This is the first 

demonstration of exploiting the foregoing competencies of plasma lithography patterned 

elastomeric substrates to systematically study the mechanoadaptation of coupled 

cardiomyocytes. 

Our findings reveal that cardiomyocytes adapt collectively to geometric 

confinement. In response to the mechanical microenvironment, cardiomyocytes self-

organized into microtissues. Interestingly, the clusters were comparable in shape 

regardless of the pattern width: the aspect ratio was ~2 in all multicellular clusters. The 

aspect ratio of 2 is reported to be functionally advantageous for individual 

cardiomyocytes on stiff substrates [125]. On the other hand, individual cardiomyocytes 

are shown to remodel their shape to aspect ratios of ~5 and ~3 on 15 µm and 30 µm 

patterns, respectively [23]. In other words, we observed that individual cells remodeled 

their shape (elongated) in response to geometric confinement, specifically in narrow 

patterns (15 and 30 µm). Besides, cardiomyocytes collectively responded to substrate 
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stiffness and geometric confinement by remodeling the shape of the cluster as a unified 

structure, probably to reach to an optimum aspect ratio (~2, considering the high 

substrate stiffness in our study). Despite the use of stiff substrates in our study, these 

values roughly correspond to our observations for cells within the clusters. Furthermore, 

the increase of cluster breadth to pattern width ratio with geometric confinement suggests 

a multicellular response, which can lower the mechanical stress in the cardiomyocyte 

cluster. This notion agrees with the reported explanations for cell shape remodeling 

[128]. We also found a strong correlation between the alignment of the actin filament and 

the pattern [129]. The contractile unit of each individual cell in the cluster (instead of the 

cell orientation) aligned along with the pattern direction. These results suggest that 

cardiomyocytes collectively respond to geometric confinement by remodeling the shape 

of the cluster as a unified structure, possibly to optimize the contractility [125]. 

We also found that cardiomyocyte clusters collectively remodel their structure, and 

contractility in response to geometric confinement and substrate stiffness. The interplay 

of these factors suggests that the same mechanism regulates this adaptation process. Our 

data reveal a strong correlation between the cardiomyocyte characteristics and the 

mechanical stress at the cluster-substrate interface. Geometric confinement decreased the 

first principal stress and stiffer substrates increased it; this is an identical trend to our 

experimental data for sarcomere length and beating amplitude and frequency. The 

contractile force patterns also imply that mechanical force is transmitted intercellularly 

within the clusters, suggesting the development of a unified group in which 

cardiomyocytes act collectively in response to the microenvironment. These observations 
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support the notion that mechanical stress represents a mechanoregulatory factor for 

coordinating cardiomyocytes to adapt to the microenvironment collectively.   

3.8. Conclusions 

In this chapter, we exploited the advantages of plasma lithography patterning of 

elastomeric substrates to systematically study the collective adaptation of cardiomyocytes 

in response to the mechanical microenvironment. The results reveal that cardiomyocytes 

respond to geometric confinement and substrate stiffness by self-organizing into 

multicellular clusters and remodeling collectively. Our results underscore a collective 

mechanoadaptation scheme in cardiac development that integrates multiple mechanical 

cues in the cell microenvironment. The mechanoadaptation should be considered when 

creating in vitro models for studying the heart in normal and pathological conditions, as 

well as evaluating drug efficacy. Our findings may provide insights into the generation of 

functional tissue constructs for regenerative medicine approaches to cardiac dysfunction 

treatment. 
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Chapter 4 

Characterization of Silicone Substrates with Tunable 
Elasticity 

4  

4.1. Introduction 

Substrate stiffness is a key regulator of cellular behavior. Biologically relevant 

stiffness is cell type dependent and could change with regards to different pathological 

conditions [20, 25-27]. The stiffness of plastic and glass which are widely used for in 

vitro studies are several orders of magnitude higher compared to the biological range of 

stiffness [55]. This large difference between experimental and biological environments 

results in observation of aberrant behaviors in cells. Moreover, these materials are not 

tunable; thus, are not suitable for studies which include changes in substrate stiffness. To 

mimic cells natural microenvironment in the body, numerous alternative materials have 

been used which can cover a wide range of stiffness values—each with different pros and 

cons. For hydrogels inspired by the natural composition of the extracellular matrix, such 

as collagen and Matrigel, changing the stiffness is achieved by altering the concentration 

of protein within the gel. Since changes of substrate stiffness in this approach are 

interrelated with substantial changes in surface biochemistry, it is impossible to isolate 

the influence of substrate stiffness on cellular behavior [60]. To overcome this issue, 

different synthetic hydrogels have been developed, such as polyacrylamide (PA) gel and 

poly(ethylene glycol) (PEG), which unlike natural hydrogels allow the independent 

control of substrate stiffness. However, the Young’s moduli of these materials are highly 

dependent on fabrication and storage conditions and may change over time [130]. The 
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other biomaterial which has universal appeal is polydimethylsiloxane (PDMS). Sylgard 

184 (Dow Corning) is the most common commercially available form of PDMS used as a 

culture substrate. Its Young’s modulus for the standard mixing ratio of the curing agent to 

the base polymer (1:10) is ~2 MPa [63]. Although its mechanical properties could be 

tuned by using different mixing ratios, there is a considerable inconsistency between the 

reported values [131-133]. Moreover, the unused base polymer (left as a result of 

reducing curing agent) could leach out and change surface properties in long-term. 

In addition to controlling substrate stiffness, positioning cells on the substrate is 

often required for systematic studies in biology. The common patterning techniques—

microcontact printing and plasma lithography—depend on the wettability of the surface 

in some fashion. In microcontact printing, proteins are transferred from the stamp onto 

the surface due to the relatively higher hydrophilicity of the substrate compared to the 

stamp. In plasma lithography, desired areas on a hydrophobic surface are rendered 

hydrophilic to accommodate cells. Therefore, the nature of the substrate influences the 

applicability of different patterning methods. From this perspective, biomaterials could be 

categorized into two groups; hydrophobic and hydrophilic. Hydrogels are polymers 

which contain a large amount of water in their hydrophilic structure. As described, their 

structure and composition can be tailored to closely mimic the biological conditions [56]. 

However, their hydrophilic nature is not compatible with plasma lithography patterning. 

On the other hand, PDMS hydrophobicity makes it compatible with both plasma 

lithography and microcontact printing.  

In this chapter, we characterize a silicone substrate with tunable elasticity. The 

material of choice is the commercially available Sylgard 527 (Dow Corning) stiffened by 
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addition of different ratios of Sylgard 184—1:10 curing to base ratio. Using uniaxial 

tensile testing and microindentation, we show that this silicone substrate could cover the 

biological range of stiffness in both normal and pathological conditions. 

Spectrophotometry demonstrates that the transmittance of all samples is comparable to 

those of glass and Sylgard 184 which are commonly used. Also, atomic force microscopy 

(AFM) images show that the surface roughness of all samples is less than that of PDMS 

and could not be sensed by cells. Contact angle measurements before and after exposure 

to air plasma indicate that these samples are compatible with plasma lithography 

patterning. Besides, we show that this biomaterial could be used for force spectroscopy.  

4.2. Uniaxial Tensile Test 

Combinations of Sylgard 527 and Sylgard 184 with several mixing ratios were used 

to make elastomeric samples with tunable elasticity. The stress-strain curves were 

obtained using uniaxial tensile testing (Figure 4.1). The Young’s modulus of each sample 

was determined from the slope of the linear regression of the stress-strain curve from 0 to 

10%. Reported values are the average of 12 measurements for each concentration (3 

samples from 4 independent batches). Considering the changes of sample’s cross-section 

area (with the assumption of incompressibility), Cauchy stress was calculated as: 

0

1
A

ε)F( +
=σ                                                   (4.1) 

Where F is force, ε is strain, and A0 is the original cross-sectional area before stretch. 

Samples consist of both Sylgard 184 and Sylgard 527 (4% - 16%) covered a wide 

range of stiffness from ca. 18 kPa to ca. 135 kPa (Figure 4.2). Increase in Sylgard 184 

concentration resulted in a nonlinear increase in the samples stiffness. These data 
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nominate this mixture as a suitable elasticity-tunable substrate for biological studies. 

However, we were not able to prepare proper samples of pure Sylgard 527 for uniaxial 

tensile testing. Since this gel is very soft and sticky, samples deformed significantly upon 

handling and mounting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Representative stress-strain curve obtained by uniaxial tensile testing. Data 

are from 8% sample. 

Figure 4.2. Young’s modulus obtained by uniaxial tensile testing. Data are shown as 

mean ± SEM 
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Figure 4.3. Representative force-displacement curve obtained by microindentation. Data 

are from 8% sample. 

4.3. Microindentation Test 

The uniaxial tensile test provides valuable information on the bulk material 

properties. However, depending on the application, it might be necessary to obtain 

mechanical properties of the materials in smaller scales. Nanoindentation is a well-

documented approach for this purpose (for review see [134, 135]. Although this 

experimental technique and its related data analysis methods were originally developed 

for characterizing elastic and plastic properties of metals and ceramics [136], they are 

recently being employed for studying compliant materials as well (for review see [137-

139]). In this chapter, our goal is to characterize the samples for biological studies at the 

cellular level which are in microscale—larger than the scale of the surface properties 

obtained by nanoindentation. Therefore, to evaluate the mechanical properties of 

samples, we used a custom-built instrument with a flat punch to obtain force-

displacement curves through microindentation (Figure 4.3).  
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To calculate Young’s modulus with higher accuracy, we used a flat punch with a 

cylindrical shape to maintain a constant contact area between tip and surface—the contact 

area in other common tip shapes such as cone, pyramid, or sphere changes with the 

indentation depth. Determining the accurate area function for these intenders could be 

difficult. Although numerous methods have been presented to take changing contact area 

into account [140-144], these methods have a higher margin of error, particularly in 

compliant and sticky samples like those tested here. To ensure small strain, we kept 

indentation depth < 10% of the sample thickness. Reported values are the average of 9 

measurements for each concentration (3 areas on 3 independent samples).  

We developed custom MATLAB scripts to analyze data from the loading portion 

of the force-displacement curves using the Hertz model [117]. First, we fitted the 

experimental data with a straight line. The R-squared values for the majority of samples 

were > 0.99; for 0% samples, R-squared values were low due to the noise level (Table 

4.1). However, the 95% confidence bounds on the fitted coefficients (Figure 4.4A) and 

the random distribution of residuals around zero (Figure 4.4B) indicate that the linear 

regression model is acceptably precise for the loading data.  

 

Table 4.1. R-squared values for linear regression of microindentation data. 

 

Sample 1 Sample 2 Sample 3 

 

Area 1 Area 2 Area 3 Area 1 Area 2 Area 3 Area 1 Area 2 Area 3 

0% 0.4632 0.3216 0.3868 0.6727 0.6283 0.6998 0.1903 0.2539 0.2774 

4% 0.9605 0.9526 0.9574 0.997 0.9974 0.9975 0.9979 0.9979 0.9973 

8% 0.9986 0.9986 0.9984 0.9996 0.9995 0.9995 0.9997 0.9997 0.9996 

12% 0.9996 0.9997 0.9996 0.9997 0.9994 0.9997 0.9998 0.9996 0.9991 

16% 0.9998 0.9998 0.9998 0.9999 0.9999 0.9998 0.9999 0.9998 0.9999 
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After linear regression, we calculated Young’s modulus (E) as follows: 

δd
dFS =                                                     (4.2) 

A
SEr β

π
2

=                                                 (4.3) 

A 

B 

Figure 4.4. (A) Representative loading portion of the force-displacement curve obtained 

by microindentation for 0% sample. Solid blue line shows linear regression. Dashed blue 

lines mark 95% confidence bounds for linear regression. (B) Residual plot of linear 

regression. 
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Where S is the contact stiffness, Er is the reduced elastic modulus, β is tip shape constant 

(β=1 for a flat punch), A is the contact area, υ is Poisson’s ratio (υ=0.5 for PDMS [145]), 

and E is the Young’s modulus—the index i represents the indenter properties. In this 

case, since the indenter Young’s modulus is couple orders of magnitude higher than that 

of samples (GPa compared to kPa), the second term in equation (4.4) is negligible. 

ir
SE

2
75.0=                                                  (4.5) 

We measured the Young’s modulus of pure Sylgard 527 sample (0%) as 538 Pa. 

Addition of Sylgard 184 increased the stiffness of substrates nonlinearly. The Young’s 

modulus of samples with 4%, 8%, 12%, and 16% of Sylgard 184 was measured as 19.13, 

79.03, 162.1, and 296.16 kPa, respectively. 

 

 

 

 

 

 

 

Figure 4.5. Young’s modulus obtained by microindentation. Data are shown as mean ± 

SEM. Y-axis is split into two segments, 0-1 and 1-400 kPa, with different scales to 

enhance presentation of 0% data. 
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Figure 4.6. Transmission vs. wavelength (left) visible light (right) near infra-red. (Top) 

full range and (bottom) zoomed-in transmittance axis. 

4.4. Spectrophotometry 

Transparent substrates are essential for imaging purposes. To verify the 

compatibility of this polymer with light microscopy, we measured its transmittance. The 

optical transmission spectra were recorded for the wavelength range of 200-1200 nm at 

room temperature (Figure 4.6). To exclude the instrument error, the transmission 

spectrum of air was obtained and used as the baseline for data analysis. Our data indicate 

that none of the tested samples—with different mixing ratios—significantly absorbs light. 

The transmittance of all samples is comparable to those of glass and Sylgard 184 which 

are commonly used. The sharp changes in the zoomed-in graphs (Figure 4.6 Bottom) are 

due to filter changes in the measurement instrument. 
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4.5. AFM Characterization of the Surface 

Cells can sense and respond to the topography of their microenvironment [51]. 

Therefore, we checked the surface roughness of the gel samples to ensure that 

topographical features on the surface are smaller than that could be sensed by cells. AFM 

images were collected with scanning probe microscope using AC mode in the air on a 

scan area of 5 × 5 µm. A first-order flatten was applied to all images prior to calculating 

the root mean square (RMS) roughness (Figure 4.7). Moreover, since the studied material 

is a mixture of two polymers, AFM phase images were used to check the surface for 

phase separation (Figure 4.8).  

We did not observe any statistically significant difference between the surface 

roughness of Sylgard 527 (473 pm) and samples including 4%, 8%, and 12% Sylgard 184 

(526, 419, 559 pm, respectively). However, further increasing the percentage of Sylgard 

184 in the mixture increased the surface roughness significantly to 937 pm in 16% 

sample (P < 0.001). In addition, we analyzed the roughness of Sylgard 184 surface as the 

control. The calculated RMS roughness for Sylgard 184 was 1.09 nm (Figure 4.9). In 

summary, these analyses show that topographical features on the surface of all samples 

are substantially smaller compared to the commonly used Sylgard 184; and thus, these 

surfaces are suitable for cell culture applications. In addition, the phase differences in the 

mixed samples were < 2o and images did not show any distinguishable phase 

separation—indicating that the two polymers are completely miscible. 
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A- 0% 

C- 8% 

E- 16% 

B- 4% 

D- 12% 

F- 100% 

Figure 4.7. AFM images of samples with different Sylgard 184 concentration (A) 

Sylgard 527 (0%), (B) 4%, (C) 8%, (D) 12%, (E) 16%, and (F) Sylgard 184 (100%). 
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A- 0% 

C- 8% 

E- 16% 

B- 4% 

D- 12% 

F- 100% 

Figure 4.8. AFM phase images of samples with different Sylgard 184 concentration (A) 

Sylgard 527 (0%), (B) 4%, (C) 8%, (D) 12%, (E) 16%, and (F) Sylgard 184 (100%). No 

phase separation was observed in the mixed samples. 
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4.6. Contact Angle Measurement 

The surface energy of the substrate is a key regulator of protein adsorption and cell 

adhesion; critical steps for cell patterning. Surface energy comes into play in wetting 

phenomena—the ability of a liquid to maintain contact with a solid. The angle between 

the surface of the liquid and the outline of the contact surface is an inverse measure for 

wettability. Here, we measured the static contact angle of samples with different mixing 

ratios before and after plasma treatment using ImageJ (NIH) Low Bond Axisymmetric 

Drop Shape Analysis plug-in [109]. For each formulation, a total of 9 images (3 droplets 

on 3 samples from separate batches) were analyzed. The contact angle for all non-treated 

samples were ~100o, showing a high level of hydrophobicity; there was no significant 

Figure 4.9. Calculated RMS surface roughness of samples with different formulations. 

Data are shown as mean ± SEM. (&) and (#) are significantly different from 0%, 4%, 8%, 

and 12% as well as each other (P < 0.05). 
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difference between the contact angles of the samples with different formulations (Figure 

4.10). The measured values are in agreement with reported data for commonly used 

Sylgard 184 [146].  

 

 

 

 

 

 

 

We repeated the measurements after 10 min exposure to air plasma; the contact 

angle on all surfaces dropped significantly and the water droplet completely wetted the 

surface. Moreover, since the stability of geometric patterns is necessary for cellular 

studies, we measured the contact angle of the Sylgard 527 sample over a period of two 

weeks. After plasma treatment, samples were immediately immersed in DI water to avoid 

hydrophobic recovery. At each planned time point, samples were removed from DI water 

0% 12% 8% 4% 16% 

Figure 4.10. Static contact angle of samples with different formulations before plasma 

treatment. Blue food color is added to help with visibility of droplets. Data are shown as 

mean ± SEM. 
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and air dried before the measurement. All plasma treated samples kept their 

hydrophilicity. The water droplet completely wetted the surface at all tested time points 

and the static contact angle was below 5 degrees (Table 4.2). These results show that the 

mixture of Sylgard 527 and Sylgard 184 is originally hydrophobic and compatible with 

plasma lithography approach for patterning cellular positioning. 

Table 4.2. Static contact angle of DI water on plasma treated PDMS over time. 

 

 

 

4.7. Cardiomyocyte Attachment on Sylgard 527 

As the main focus of this dissertation is microengineering substrates for cardiac 

biology, we plated rat cardiomyocytes on Sylgard 527 (0%) substrates with different 

surface modifications including no-treatment, exposure to air plasma, and exposure to air 

plasma followed by collagen, gelatin, or matrigel coatings (Figure 4.11), and compared 

the results to plastic culture plate. Cells were prepared as described in Chapter 2 and 

images were captured 4 days after plating. A low cell seeding density (~2.25 × 105 cells 

per 35 mm plate) was used to facilitate comparison. 

Little to no cells attached to the non-treated Sylgard 527 sample. This observation 

agrees with the fact that highly hydrophobic surfaces such as that of PDMS (Sylgard 184) 

are not compatible with cell adhesion [147]. However, cells adhered, spread, and started 

beating on all treated samples.  
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4.8. Traction Force Microscopy 

Cardiomyocytes are evolved to carry out one particular function, i.e. contractility. 

Even after isolation from heart tissue, these cells maintain their contractile behavior [98]. 

A 

C 

E 

B 

D 

F 

Figure 4.11. Cell attachment after 4 days in culture (A-E) on Sylgard 527 with different 

surface treatments and (F) plastic culture plate. (A) Non-treated, (B) air-plasma-treated, 

(C) gelatin-coated, (D) collagen-coated, and (E) matrigel-coated. Magnification 10x. 
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However, as described before, cardiomyocytes contractility changes in response to 

different internal and external inputs. Therefore, the ability to measure the contractile 

force created by cardiomyocytes is often required in numerous avenues of cardiac 

research, such as basic cardiac biology, cardiac dysfunctions, regenerative medicine, and 

drug screening. Here, we investigate the applicability of this silicone substrate for 

measuring the contractile force of cardiomyocytes. To have all beads in one plane, we 

covalently bound carboxylated fluorescent beads to the surface of the substrate using 

EDC coupling (Figure 4.12).  

 

 

 

 

We tested 0% and 4% samples; contraction of cardiomyocytes moved the 

fluorescent beads attached on the substrate in both cases. The displacement map for 0% 

sample was obtained by tracking the fluorescent beads using ImageJ PIV plugin (Figure 

4.13). While this material could be tuned and utilized for traction force microscopy in 

other studies such as wound healing containing other cell types, here, we demonstrated 

Figure 4.12. Representative images showing fluorescent bead attachment on substrate 

surface. (A) 10x and (B) 40x magnification. 
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that this silicone substrate could be used to measure the contractile force of 

cardiomyocytes. 

  

 

 

 

4.9. Cell Patterning 

Aside from the choice of patterning method, many cell biology researchers, 

specifically those working with primary cells, tend to culture cells on ECM coated 

substrates. Using microchannels to guide a solution containing ECM protein to desired 

regions of the surface is an alternative method which avoids changes in protein 

conformation that happen during µCP. Here we used the 4% gel to test whether this 

approach is suitable for patterning cells on these silicone substrates. The first step was 

similar to the plasma lithography patterning—described in chapters 1 and 3 of this 

dissertation. A PDMS mask was put into conformal contact with the gel surface and they 

were exposed to air plasma for 10 min to make both substrate surface (exposed areas) and 

Figure 4.13. Representative images demonstrating applicability of silicone substrates for 

traction force microscopy. (A) Attached beads on the surface. (B) Displacement map as a 

result of cardiomyocytes contraction. 
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channels interior hydrophilic. Then, instead of removing the mask, the shielded substrate 

was incubated with Matrigel (diluted 1:1000). Finally, after aspiration of the unbound 

material, the mask was peeled off and the substrate was treated with PF-127 to render the 

uncoated areas non-adhesive for cells. 

Although cells attached and spread on the ECM coated areas, parts of the substrate 

which were shielded with PDMS mask were distorted (Figure 4.14). This issue is caused 

during the peel-off process due to the adhesion between the mask and the substrate 

surface. In an effort to solve this problem, we treated the mask with aminosilane before 

plasma lithography (to decrease adhesion between mask and surface) and also reduced 

the incubation time of the substrates with ECM solution (to decrease the contact time 

between mask and surface). While these changes enhanced the quality of the final surface 

to some extent and could be used in future studies, results were not ideal. A lesser amount 

of deformation was still observed in shielded areas of the substrate and more importantly, 

in some regions, patterns were not as sharp probably because of protein adsorption issues 

A B 

Figure 4.14. C2C12 cells patterned using (A) 100 µm (B) 200 µm microchannels on 

surface of the 4% sample. 
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due to the shorter incubation time (Figure 4.15). Therefore, modifying this approach or 

developing an alternative method to reduce the contact time or eliminate the peel-off 

process (e.g. making the mask out of a sacrificial material that could be dissolved) would 

be beneficial. 

  

 

 

 

 

 

 

 

 

 

 

A B 

Figure 4.15. C2C12 cells patterned using 200 µm microchannels on surface of 4% 

sample using silanized mask and with decreased incubation time in ECM protein 

solution. Representative images showing (A) not-well transferred and (B) completely 

transferred patterns. 
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Chapter 5 

Modifying Extracellular Matrix Adhesion by Plasma 
Lithography: a Method for Cell Patterning 

5  

5.1. Introduction 

Controlling the geometry of single cells or the architecture of cellular networks is 

often required for a wide range of studies including basic research on cell biology, cell-

based assays, tissue engineering, and drug screening. To address this need, numerous 

techniques have been developed to control cell positioning on the substrate. Microcontact 

printing (µCP) is one of the widely used patterning techniques in which, an elastomeric 

stamp is used to transfer an inked material (such as ECM protein) onto the surface [31, 

32]. While this method has revolutionized in vitro cell studies, it has some failure modes, 

such as lateral collapse, collapse, and sagging, which limits the stamp design. Moreover, 

during printing process (adsorption to the stamp and transfer to the substrate), proteins 

undergo structural rearrangements which are not well understood (for review see [30]). 

Therefore, alternative approaches that help to preserve natural protein structure during 

patterning would be advantageous. 

Here we describe a new technique for cell patterning by utilizing selective plasma 

lithography to modify protein adhesion on the substrate, indirectly (Figure 5.1). This 

approach is based on controlling the conformation of Pluronic F-127 (PF-127) layer 

adsorbed on the surface. PF-127 is a triblock copolymer which consists of two 

hydrophilic polyethylene oxide (PEO) blocks on the sides surrounding a hydrophobic 

polypropylene oxide (PPO) block in the center [148]. It is shown that the conformation of 
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Figure 5.1. Schematic illustration of cell patterning through modification of ECM protein 

adhesion by plasma lithography. (A) A PDMS mask is brought into conformal contact 

with hydrophobic substrate. (B) Selectively masked substrate is exposed to air plasma. 

(C) Plasma-treated areas on surface become hydrophilic. (D) Substrate is submerged in 

PF-127 solution. Pluronic layer adsorbs with brush conformation on non-treated areas 

and pancake conformation on plasma-treated areas. (E) The PF-127-treated substrate is 

submerged in ECM protein solution. Proteins only attach on plasma-treated areas covered 

by Pluronic layer with pancake conformation. (F) Cells selectively attach to plasma-

treated and protein-coated areas on surface. 

PF-127 depends on the hydrophilicity of the surface [149]. On a hydrophobic surface 

(contact angle > 80o), the hydrophobic PPO block anchors to the surface and the two 

hydrophilic PEO blocks extend into the medium (brush conformation). In this 

conformation, the Pluronic layer has high nonadhesive properties and inhibits protein 

adhesion and cell attachment to the surface. In contrast, on a hydrophilic surface (contact 

angle < 80o), the hydrophilic PEO blocks anchor to the surface and form a pancake 

conformation (Figure 5.2).  
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In this chapter, we first show that both PDMS and plastic petri dish are 

hydrophobic and the water contact angle on them is over the 80o threshold needed for the 

formation of brush conformation. Then we use selective plasma lithography for 

hydrophilization of predefined areas (suitable for adsorption of the Pluronic layer with 

pancake conformation—compatible with protein adhesion and cell attachment) on the 

surface of both substrates. X-ray photoelectron spectroscopy (XPS) and atomic force 

microscopy (AFM) confirm the adsorption of PF-127 layers with different conformations 

on areas with different hydrophilicity, as intended. Fluorescent and bright-field 

microscopy demonstrate selective adhesion of proteins and attachment of cells on plasma 

treated areas. 

Figure 5.2. Schematic representation of adsorbed Pluronic F-127 layer’s conformation on 

(A) hydrophobic (brush conformation) and (B) hydrophilic surfaces (pancake 

conformation). 
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5.2. Selective Plasma Lithography 

The key to controlling cell positioning is to selectively modify substrate surface 

into two regions: one which is compatible with and one which inhibits cell adhesion. In 

our proposed approach, this aim is achieved by controlling the conformation of the 

adsorbed PF-127 layer on the surface. The conformation of PF-127 depends on the 

surface wettability [149]. On hydrophobic surfaces with a contact angle of over 80o, the 

PF-127 layer would have brush conformation, which inhibits protein adsorption. On the 

contrary, on hydrophilic surfaces (contact angle < 80o), the PF-127 layer would form a 

pancake conformation, which doesn’t substantially influence protein adsorption and is 

compatible with cell adhesion. 

We used plasma lithography to modify surface wettability. A mask with predefined 

pattern design was put into conformal contact with the substrates. The idea here is that 

the areas shielded from plasma exposure would remain hydrophobic, and the rest of the 

surface which is exposed to air plasma—flowing through the openings in the stamp—

would become hydrophilic.  

To evaluate the applicability of selective plasma lithography for controlling PF-127 

conformation, we measured the static water contact angle before and after plasma 

treatment on two commonly used substrates for cell culture: polydimethylsiloxane 

(PDMS) and plastic petri dish. In brief, a 2 µl droplet of DI water was placed on the 

surface and side images were captured using DinoCapture 2.0 software on a custom setup 

equipped with Dino-Lite Pro AM 413T (Dino-Lite) digital microscope camera. For both 

PDMS and plastic petri dish the contact angle before treatment was above the 80o 

threshold, 108o and 92o, respectively. After 10 min exposure to air plasma, the contact 
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angle on both surfaces decreased to < 5o, significantly lower than the 80o threshold 

(Figure 5.3). This result supports our hypothesis that selective plasma lithography could 

be utilized to modify extracellular matrix protein adhesion and guide the attachment of 

cells.  

 

 

  

 

 

 

 

 

 

 

 

5.3. Surface Chemistry Analysis 

The surface chemistry changes as a result of plasma treatment and successful 

Pluronic F-127 adsorption. Therefore, to validate each step of the process, we analyzed 

surface chemistry of the PDMS samples with different surface functionalization by x-ray 

photoelectron spectroscopy (XPS) (Figure 5.4). Reported data are representative of three 

measurements. We detected carbon (C 1s), oxygen (O 1s), and silicon (Si 2p, and 2s) 

peaks in the XPS survey, which is in agreement with PDMS molecular structure as it 

mainly consists of repeated units of O−Si(CH3)2 (to review the details of molecular 
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120

PDMS Petri Dish

Non-treated Plasma Treated

Figure 5.3. Static water contact angle of PDMS and plastic petri dish (blue) before and 

(red) after plasma treatment. Black line marks the 80o threshold. Data are shown as mean 

± SEM. 
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structure and cross-linking process, see [150, 151]). Moreover, our result for untreated 

PDMS (Figure 5.4A) is in concert with previous reports and could serve to verify our 

measurements [152-154].  

 

 

 

 

 

 

As a result of plasma treatment, hydroxyl groups (OH) replace methyl groups 

(CH3). The developed silanol groups (Si(OH)) make the surface very hydrophilic—as 

demonstrated in the previous section with the significant decrease of the static contact 

angle of DI water. We analyzed the high-resolution spectrum for each of the main peaks 

observed in the survey, i.e. C 1s, O 1s, and Si 2p, to investigate their changes (Figure 5.5-

5.7). The atomic concentration was calculated from the integral of the intensities for each 

peak (Figure 5.8). 
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Figure 5.4. XPS survey of (A) untreated PDMS, (B) PDMS coated with PF-127, (C) 

plasma-treated PDMS, and (D) plasma-treated PDMS coated with PF-127. 

98 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

525 530 535 540 525 530 535 540

525 530 535 540525 530 535 540

A 

D C 

B 

278 283 288 293

278 283 288 293

B 

278 283 288 293

278 283 288 293

A 

C D 

Figure 5.5. O 1s peak in XPS spectrum of (A) untreated PDMS, (B) PDMS coated with 

PF-127, (C) plasma-treated PDMS, and (D) plasma-treated PDMS coated with PF-127. 

Figure 5.6. C 1s peak in XPS spectrum of (A) untreated PDMS, (B) PDMS coated with 

PF-127, (C) plasma-treated PDMS, and (D) plasma-treated PDMS coated with PF-127. 
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Figure 5.8. Atomic concentration on the surface of PDMS samples with different 

functionalization. 

Figure 5.7. Si 2p peak in XPS spectrum of (A) untreated PDMS, (B) PDMS coated with 

PF-127, (C) plasma-treated PDMS, and (D) plasma-treated PDMS coated with PF-127. 
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After plasma treatment, the carbon concentration decreased from 48.09% to 

47.80% and the oxygen concentration increased from 24.38% to 34.69% in the XPS 

spectrum. These changes indicate the formation of oxygen-containing groups (OH), at the 

cost of carbon-containing groups (CH3), as a result of air plasma treatment. Moreover, the 

C 1s spectrum of plasma treated PDMS (Figure 5.6C) had a dual peak; in addition to the 

284.61 eV Si-linked carbon peak, a second peak was observed at 286.31 eV which is 

identified as O-linked carbon [155]. Finally, after PF-127 coating, an increase was 

observed in the concentration of O-linked carbon in both treated and untreated PDMS 

samples which indicate that Pluronic F-127 molecules are adsorbed on the surface [156].  

5.4. Surface Roughness Measurement 

The x-ray photoelectron spectroscopy indicated chemical changes in the surface of 

PDMS samples after adsorption of PF-127. Here to investigate the conformation of the 

adsorbed Pluronic layer, we used atomic force microscopy (AFM) to measure the surface 

roughness of samples with different functionalization. AFM images were collected with 

scanning probe microscope using AC mode in DI water on a scan area of 5 × 5 µm 

(Figure 5.9). Reported values are the average of root mean square (RMS) roughness 

measured from 9 different samples (3 areas on 3 independent batches).  

RMS roughness of untreated PDMS was measured as 1.03 nm which corresponds 

to previous studies [157]. After plasma treatment, surface roughness significantly 

decreased to 0.37 nm. This change could be explained by the formation of an SiOx layer 

on the surface of PDMS after exposure to air plasma [158]. The surface roughness of PF-

127 coated untreated and plasma treated PDMS samples were significantly different. The 

surface roughness of untreated PDMS increased to 2.39 nm and the surface roughness of 
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plasma treated PDMS decreased to 0.25 nm after PF-127 deposition (Figure 5.10). 

Considering the structure of Pluronic tri-block copolymer described in the introduction 

section, these observations indicate that the adsorbed PF-127 has brush conformation—

which inhibits protein adhesion—on the hydrophobic areas and pancake conformation—

which does not substantially influence protein adhesion—on the hydrophilic areas of the 

substrate. Therefore, proteins and subsequently cells will only attach to predefined 

plasma treated areas. 
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Figure 5.9. AFM images of (A) untreated PDMS, (B) PDMS coated with PF-127, (C) 

plasma-treated PDMS, and (D) plasma-treated PDMS coated with PF-127. Reported data 

are representative of 9 measurements. 
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It should be noted that long exposure to plasma could form cracks on the surface of 

PDMS [159, 160]. During our experiments, we checked all plasma treated substrates and 

only observed the formation of cracks on the surface of one sample (figure 5.11). The 

complete dataset (before and after PF-127 coating) measured from that sample was 

excluded from the analysis. The effects of plasma treatment on PDMS surface depends 

on different factors such as the base to curing agent ratio, curing temperature, and curing 
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Figure 5.11. AFM image showing cracks formed on the surface of PDMS after of plasma 

treatment for 10 min. 

Figure 5.10. Calculated RMS surface roughness of PDMS samples with different 

functionalization. Data are shown as mean ± SEM. 
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time of the PDMS, as well as the power of plasma generator and length of plasma 

treatment. Therefore, the precise experimental condition should be considered during 

such surface modification.  

5.5. Selective Protein Adhesion and Cell Attachment 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. (A) Visualization of channels in the mask used for patterning. Red shows 

areas which let plasma flow through. Adhesion of fluorescent-tagged fibrinogen on the 

plasma-treated areas coated with Pluronic layer with pancake conformation on (B) PDMS 

and (C) plastic petri dish. 10X magnification. 
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To verify modification of the surface after selective plasma treatment and PF-127 

coating into two regions, one allowing protein adhesion and one inhibiting it, we coated 

the surface of PDMS and plastic petri dish with fluorescent-tagged fibrinogen. Besides, 

we used a fluorescent dye to visualize channels in the mask—which plasma flow through 

them and hydrophilize the surface. The results show that proteins selectively attached to 

the plasma treated areas coated with Pluronic layer with pancake conformation (Figure 

5.12). We also plated cells on the modified surfaces which were selectively plasma 

treated, coated with PF-127, and coated with ECM protein (gelatin in this case). PF-127 

with brush conformation inhibited cell attachment (similar to protein adhesion) and cells 

only seated on the plasma treated areas coated with Pluronic layer with pancake 

conformation (Figure 5.13).  

 

  

 

 

 

 

 

 

5.6. Coating Thickness Measurement 

Our AFM data further show the changes in the surface topography of the PDMS 

samples at each step of the process. We utilized an extra fine bar 1500 square mesh grid 

to selectively mask the surface of PDMS samples from exposure to air plasma. After 

50 µm 30 µm 20 µm 

Figure 5.13. Patterned C2C12 cells. 20X magnification. 
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plasma treatment for 10 min, the mesh grid was removed and samples were either tested 

immediately or submerged in a 0.25 % PF-127 solution for 1 h at room temperature. The 

Pluronic treated samples were next washed thoroughly with DI water and gently dried 

with an Argon jet. These samples were either directly tested or submerged in 0.1% 

gelatin solution for 4 hr. In all cases, AFM images were collected with scanning probe 

microscope using AC mode in DI water on a scan area of 20 × 20 µm (Figure 5.14).  

Our results show that plasma treatment for 10 min with specified experimental 

condition etches the surface of PDMS ca. 10 nm (Figure 5.14A)—unlike plastic petri dish 

which does not show any height difference between untreated and plasma treated areas in 

similar experimental condition [161]. Data also reveal the adsorption of the Pluronic 

layer with different conformations on untreated and plasma treated areas. After PF-127 

coating, the height difference increased to ca. 35 nm (Figure 5.14B). This observation 

estimates the difference between the thicknesses of adsorbed Pluronic layers in two 

conformations as ca. 25 nm. Finally, the height profile was inverted after protein 

adhesion. The protein-coated area protruded ca. 35 nm compared to the area covered with 

brush conformation PF-127 which inhibits protein adhesion (Figure 5.14C). It has been 

reported that Pluronic adsorption does not change after 30-60 min [145]. Therefore, the 

length of plasma exposure (in case of using PDMS) or submersion in ECM protein 

solution could be modified for desired topography. In the reported approach, since cells 

only attach to the protein-coated surface, they will not sense any substantial 

topographical features except at the boundaries of the patterned region, potentially. 
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Figure 5.14. AFM images showing changes in surface topography at each step of 

proposed approach. (Left) Selectively plasma treated PDMS (squares represent exposed 

area), (Center) after adsorption of PF-127, and (Right) after gelatin coating. 
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Chapter 6 

Changes in Cardiomyocytes Contractile Force in Response 
to Lmod2 Knockout and Tmod1 Overexpression 

6.  

6.1. Introduction 

As described earlier, the structure of the sarcomere affects its behavior. Efficient 

contraction of the heart is based upon the precise overlap of the thin and thick filaments 

at the molecular level. Therefore, accurate control of the filament length is critical for 

proper heart function. The thick filaments have precisely determined structure [100]. 

However, actin filaments are dynamic structures which are maintained and remodeled 

through a coordinated process: nucleation of new filaments, elongation of filaments by 

addition of monomers to their end, capping of filament ends to terminate further 

assembly or disassembly, and depolymerization of aged filaments which recycle 

monomers [162]. Any change in thin filament length could influence contractile force 

generated by cardiomyocytes. In this chapter, we study the effects of two proteins 

associated with regulation of thin filament length, namely Lmod2 and Tmod1, on the 

contractile force at the cellular level. 

6.2. Contractile Force of Lmod2-KO Cardiomyocytes 

In cardiac muscle, the (+) end of the thin filament is blocked by CapZ protein 

which is embedded in the Z-line. It is believed that capping protein tropomodulin 

(Tmods)—Tmod1 being the primary isoform in cardiomyocytes—is the predominant 

regulator of the thin filament length at its (-) end. However, identification of larger 

members of the Tmod family, the leiomodins (Lmods), raises the question of whether 
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they are also involved in regulation of thin filament length. In this family, Lmod1 is 

specifically expressed in smooth muscle cells [163] while Lmod2 and Lmod3 are 

expressed in striated muscles—cardiac and skeletal. It is shown that Lmod3 mainly 

function in skeletal muscles [164, 165] and Lmod2 is specifically expressed in cardiac 

muscles [162]. Data suggest that Lmod2 functions to elongate actin filaments in the heart 

[87]. It is reported that Lmod2-knockout mice have shorter thin filaments and display 

general myofibril disarray and hallmarks of dilated cardiomyopathy.  

To determine if the contractile dysfunction observed in the Lmod2 knockout (KO) 

heart extends to the cellular level, we measure the contractile force of single isolated 

cardiomyocytes. As described in the first chapter, numerous techniques have been 

developed and optimized for assessment of cellular forces using elastic substrates. The 

force calculation in continuous substrates such as polyacrylamide gels [90, 91] and 

silicone elastomers [92, 93] is computationally intensive. Furthermore, due to the lack of 

data in between the beads, deformation of the continuous surfaces cannot be fully 

described. Therefore, employment of micropillar arrays has been favored by many groups 

for quantifying the distribution of forces in subcellular level, when appropriate [99, 166]. 

In numerous cardiac biology studies, micropillars design parameters have been studied 

and modified for heart muscle cells [96-98].  

Since patterning cellular geometry was not a concern in this study, we chose the 

latter technique and plated neonatal cardiomyocytes on micropillar arrays. In all cases, 

the cardiomyocytes spread over and attached to the matrigel-coated micropillars. After 4-

5 days in culture, phase-contrast videos were captured and the deflections of micropillars 

were quantified. Force was derived from pillars deflection using beam theory. All 
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samples were blinded for unbiased analysis. We first measured and compared the 

contractile force of wildtype (WT) and Lmod2-KO cardiomyocytes. Data were analyzed 

to detect outliers using ROUT method with Q=1% and tested to see whether they come 

from a Gaussian distribution using D’Agostino-Pearson omnibus normality test with 

GraphPad Prism (Figure 6.1). Both wildtype and knockout data passed the normality test. 

Our data show that the Lmod2-KO cardiomyocytes show a significant ~20% reduction in 

contractile force compared to the WT cardiomyocytes—used as control (Figure 6.2).  

To verify that the observed contractile dysfunction is specific to the loss of Lmod2, 

we repeated the experiments and checked whether the transduction of Lmod2 is able to 

restore the contractile force in knockout cells. For this purpose, green fluorescent protein 

(GFP)-tagged Lmod2 was introduced in Lmod2-KO cells as described in [87]. To have a 

proper control and remove any likely changes in the contractile behavior of the cells due 

to the presence of GFP, both WT and Lmod2-KO cells were transduced with GFP. Data 

Figure 6.1. Histogram of contractile force in (left) WT and (right) Lmod2-KO 

cardiomyocytes. 
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were analyzed to detect outliers using ROUT method with Q=1% and then tested using 

D’Agostino-Pearson omnibus normality test with GraphPad Prism (Figure 6.3). 

 

 

 

 

 

 

 

 

Figure 6.2. Mean contractile force of (left) wildtype and (right) Lmod2 knockout 

cardiomyocytes. 

Figure 6.3. Histogram of measured contractile force in (left) WT+GFP, (center) 

KO+GFP, and (right) KO+GFP+Lmod2 cardiomyocytes. 
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While WT+GFP and KO+GFP passed the normality test, KO+GFP+Lmod2 data 

did not have a Gaussian distribution. Therefore, data were compared using nonparametric 

test. We observed the same trend of significant reduction (~23%) in contractile force of 

Lmod2-KO+GFP cardiomyocytes compared to WT+GFP cardiomyocytes. Our data also 

show that the transduction of GFP-Lmod2 in the knockout cardiomyocytes restores their 

contractile force to the level of the WT counterparts (Figure 6.4). 

 

 

 

 

 

 

 

 

 

6.3. Contractile Force of Tmod1-Overexpressed Cardiomyocytes 

Similar to the role of CapZ proteins at the (+) end of the actin filaments, 

tropomodulins control the actin filament polymerization and depolymerization by 

specifically capping their (-) end (described before, for review see [162, 167, 168]). In 

Figure 6.4. Median contractile force of (left) wildtype, (center) Lmod2 knockout, and 

(Right) rescued Lmod2 cardiomyocytes. 
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cardiomyocytes, in addition to Tmod1, Lmod2 is also able to associate with the pointed 

ends of the actin filaments. While Lmod2 does not cap the pointed end, it plays an 

opposite role to that of Tmod1 in regulating thin filament length, and can effectively 

antagonize the function of Tmod1 [169]. Therefore, due to their antagonistic relationship, 

we hypothesized that knockout of Lmod2 would have similar effects as overexpression of 

Tmod1 on contractile force generation.  

To investigate this notion, wildtype cardiomyocytes were transduced with either 

green fluorescent protein or GFP-tagged Tmod1. Data were analyzed to detect outliers 

using ROUT method with Q=1% and then tested to see whether they come from a 

Gaussian distribution using D’Agostino-Pearson omnibus normality test with GraphPad 

Prism (Figure 6.5). While WT+GFP passed the normality test, WT+GFP+Tmod1 data 

did not have a Gaussian distribution. Therefore, data were compared using nonparametric 

test. 

Figure 6.5. Histogram of measured contractile force in (left) WT+GFP and (right) 

WT+GFP+Tmod1 cardiomyocytes. 

113 

 



Our data demonstrate that Tmod1-overexpressed cardiomyocytes show a ~27% 

decrease in contractile force compared to the control GFP-tagged wildtype 

cardiomyocytes (Figure 6.6). Considering the antagonistic relationship of Tmod1 and 

Lmod2, this observation is in concert with our data for Lmod2 knockout cardiomyocytes 

in the previous section.  

 

 

 

 

 

 

 

 

As reported before, the data collected for the contractile force of KO+GFP+Lmod2 

and WT+GFP+Tmod1 had non-Gaussian distributions—unlike the rest of datasets for 

these experiments. This observation could be explained by the fact that during 

transduction, different amount of virus and consequently Lmod2 or Tmod1 enters each 

cell. Therefore, the level of Lmod2 rescue or Tmod1 overexpression is not equal for all 

Figure 6.6. Median contractile force of (left) wildtype and (Right) Tmod1-

overexpressed cardiomyocytes. 
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the cells in the experiments. This phenomenon could be identified by evaluating 

fluorescent intensity within each group since both Lmod2 and Tmod1 were tagged with 

green fluorescent protein (Figure 6.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Explanation of non-Gaussian distribution in contractile force of rescued 

Lmod2-knockout and Tmod1-overexpressed wildtype cardiomyocytes. Representative 

image showing two WT+GFP+Tmod1 cardiomyocytes with different levels of 

fluorescent intensity. 
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