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ABSTRACT 

Engineering functional blood vessels play an important role in both tissue 

regeneration and wound healing. However, engineered blood vessel equivalent 

remains to be far from clinical realization due to the difficulty in reconstituting the 

complex three-layer capillary histology. Among all major challenges, the 

elucidation on the intricate mechanisms involved in tissue morphogenesis of 

functional blood vessels engineering in vivo significantly hinders the development 

of engineered blood vessel equivalent in vitro. Thus the search for a highly 

biocompatible material for vascular tissue culture is inevitable in the design of 

artificial blood vessel.  During the past several decades, novel biomaterial scaffold 

for cell attachment and culture have been developed for applications in tissue 

engineering, biosensing and regeneration medicine. 

In order to engineer functional blood vessels, it is essential to recapitulate the 

characteristics of the tunica media consisted of vascular smooth muscle cells 

(SMCs) which is known to be critical for triggering vasoconstriction and 

vasodilatation in circulatory system. To simulate the physiological functions of 

blood vessel, the establishment of hyperplasticity of SMCs in vitro has been 

focused in several previous studies to produce viable synthetic SMCs in the initial 

stage and develop into quiescent contractile SMCs with highly aligned orientation 

by the use of microchannel arrays. However, the mechanism of such hyperplastic 

transformation occurring inside a microchannel to produce highly regulated 

orientation and phenotype of SMCs sheet remained to be elucidated.  

Complex mechanotransduction between cells and the surrounding 

microenvironment such as the neighboring cells, the extracellular matrix (ECM) 

and biomaterial scaffold, plays an important role in the regulation of various 
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physiological processes. Among these interactions, cell traction force (CTF) is a 

crucial representative parameter in cellular functions. The conventional traction 

force assay for single cell measurement was extended herein for applications in 

three dimensional cell aggregates. Generally, the cooperative multiple cell-cell and 

cell-microwall interactions were accessed quantitatively by the newly developed 

assay with the aid of finite element modeling. Therefore, the main objective of my 

thesis is to develop different types of micropatterned cell culture platforms for 

carrying new cell-microenvironment mechanotransduction study in-vitro. At the 

same time, conventional cell traction force microscopy (CTFM) has been further 

developed for executing biophysical study of collective SMCs grown in the 

micropatterned scaffolds as mentioned above. 

In tissue regeneration, the geometrical and mechanical properties of the 

microenvironment surrounding cells play an important role in cell physiology 

including migration, proliferation, differentiation and apoptosis. To mimic 

physiological conditions in-vivo, micropatterning of cells by applying soft 

lithography provides new possibilities for conducting experimental studies on cell 

mechanotransduction. In my thesis, I have designed and developed several types of 

biomaterial scaffolds with various unique features such as parallel discontinuous 

microwalls, concentric microwalls and bifurcate microgrooves by applying 

microfabrication technology and soft lithography. First of all, such microfabricated 

arrays were coated by polyacrylamide gel with embedded fluorescence microbeads 

in order to probe the mechanotransduction of multi-cell system such as smooth 

muscle cell layer. Secondly, atomic force microscopy in combination with 

regression analysis was applied to measure the elastic modulus of polyacrylamide 

gel coating on the microfabricated arrays. In the first part of my thesis, a novel 
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microfabricated array of discontinuous microwall was developed for stimulating the 

formation of highly aligned layer of SMCs.  At the same time, the cell shape, 

density and alignment orientation of SMCs during cell alignment and cell layer 

formation were probed with CTFM. Secondly, the collective mechanotransduction 

of vascular tissue during circumferential alignment was studied with the use 

concentric micro-walls and CTFM. Finally, the morphological switch and 

orientated adaptation process of SMCs within the bifurcate microgrooves were 

monitored to reveal the influences of different bifurcation angles on the 

mechanotransduction of SMC layer. 

In the first part of my thesis, our results from discontinuous microwalls 

showed that the traction forces of highly aligned cells lying in the middle region 

between the two opposing microwalls were significantly lower than those lying 

adjacent to the microwalls. Moreover, the spatial distributions of von Mises stress 

during the cell alignment process were dependent on the collective cell layer 

orientation. In the second part of my work, it was found that the 

mechanotransduction of SMC layer grown between the circular microwalls was 

significantly altered compared to the SMC layer grown on a flat or planar substrate. 

The results indicated the presence of an optimal region for formation of 

circumferentially aligned SMC layer verified by both quantitative analysis and 

biomechanical study. Besides, the distributions of traction forces and von Mises 

stresses during cell alignment were affected by the cellular mechanotransduction 

from the extracellular physical constraints and cell-cell interactions. In the last part 

of my thesis, the relatively low stress zone occurred around 90° bifurcation 

provided a novel explanation for the early localization and development of 

atherosclerosis.  
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In order to verify our previous postulation on the change of cytoskeleton 

structure of SMCs due to the formation of collective cell sheet and establish the 

biological differences between microwall-constrained SMCs and control SMCs, the 

2D nano-LC-MS/MS and real time quantitative polymerase chain reaction (RT-

qPCR) analyses were carried in addition to our biophysical studies. The online 2D 

LC-MS/MS analysis verified the modulation of focal adhesion formation under the 

influence of parallel microwalls through the regulation in the expression of three 

key cytoskeletal proteins. The real time quantitative polymerase chain reaction (RT-

qPCR) analysis of actin further revealed the relation between the monolayer-

generated traction forces and the direction of circumferential aligned actin 

filaments. Also, the immunofluorescence staining of SMC sheet demonstrated that 

the collective mechanotransduction induced by 3D topographic cues was correlated 

with the variation of actin and vinculin expression. 
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Chapter 1 Introduction 

1.1 Background 

Cell morphogenesis, which is a fundamental process in the developmental 

biology, plays an important role in the pattern formation of higher organisms. The 

cellular signaling during the cell morphogenesis has emerged as a crucial part for 

tissue engineering. Over the past decades, various advances in the developmental 

biology have been achieved from the tools in chemical and molecular sciences, 

including the morphogenetic signaling and ECM molecular interactions [1]. 

However, the study of the mechanical cues underlying between cells and their 

surroundings is lacked. On the other hand, a variety of synthetic biomaterials are 

developed in the form of 3D scaffold for tissue regeneration. The contact guidance 

conducted by the biomaterials may provide mechanical stimulus and facilitate the 

cellular activities such as cell adhesion, cell proliferation and cell migration.   

Vascular smooth muscle locates at the middle layer of the blood vessel known 

as tunica media and forms the wall of blood vessels. Because of the phenotype 

hyperplasticity, the principle functions of SMC in mature mammals are 

proliferation and contraction. It is well known that SMCs with the expression of 

contractile phenotype are quiescent, while SMCs with the expression of synthetic 

phenotype tend to differentiate and proliferate. In order to engineer functional blood 

vessels, controlling the change from synthetic to contractile phenotype of SMCs 

becomes a key challenge and the confluence-triggered switch of SMC phenotypes 

within 3D microchannels has been recently reported [2-4].  The studies showed that 

the elongation of vascular SMCs not only ensure the vasoactivity in cardiovascular 

tissue engineering, but also express larger amount of contractile proteins. To 
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investigate the collective biomechanical behaviors of SMCs in tissue engineering 

systems, we have further modified the 3D scaffold and developed different 

micropatterned scaffolds, which are more convenient for the biophysical and 

biomechanical study. 

Among several mechanical interactions between cells and their surroundings, 

cell traction force (CTF) plays a critical role in cellular functions of anchorage-

dependent cells.  CTF is known to be generated by the cytoskeleton, regulated by 

the intracellular proteins and transmitted to the ECM via focal adhesion. While 

previous study has been focused on the measurement of the cell traction force of a 

single cell, the understanding in the collective mechanotransduction of multiple 

cells is currently lacked. In the thesis, we developed an optimum experimental 

platform for the biophysical and mechanical study of collective cellular 

mechanotransduction.  At the same time, we integrated the novel platform as 

mentioned above with cell traction force microscopy (CTFM) to investigate the 

traction forces of confluent SMC layer exerted on the soft substrate.  In addition, we 

monitored the dynamic alignment and morphological transformation of SMC by 

real-time cell imaging and quantitative analysis. Furthermore, because of the 

contact guidance provided by the 3D microwalls, the influences of mechanical 

signals during the process of cellular assembly were systemically elucidated. 

 

1.2 Objective and Scope 

The overall objective of my PhD project is to develop different 

micropatterned scaffolds to characterize the biophysical study of collective SMCs 

from parallel alignment, to circumferential alignment and branched distribution. 

The developed models in this thesis are expected not only to facilitate the collective 
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mechanotransduction underlying in-vivo-like micropatterned SMC sheets, but also 

to provide a fundamental bio-mechanistic understanding for the development of 

novel tissue engineered platforms.  

1). To develop 3D experimental platform that regulates the orientation and 

phenotypes of SMCs and enables real-time collective cell traction force assessment. 

In healthy blood vessel, SMCs are in the contractile state and are well aligned long 

the vessel wall. When SMC are cultured in vitro, SMCs must attach to the substrate 

and spread randomly in the synthetic phenotype in order to survive and grow. It is 

well known that both microchannels and discontinuous microwalls can facilitate the 

switch from synthetic to contractile phenotype of SMCs [4]. However, the 

morphological shift rate and cell alignment percentage are varied according to 

different scaffolds. As primary SMCs are larger and harder to be cultured than cell 

line-derived SMCs, microwalls will be used to replace microchannels for parallel-

aligned cell sheets for a better cell-cell communication, which can simulate the 

confluence and facilitate the phenotype switch. For circumferential alignment and 

bifurcating structures, in-depth microwalls will be applied.  

2). To quantify the morphological changes of SMCs and alignment of cell sheet 

over the period of functional SMCs sheet formation. 

After recording the process of functional SMCs sheet formation, we want to 

quantify the cell density and morphological changes by combining the phase 

contrast images with MetaMorph software. Besides, the degree of collective SMCs 

orientation will be determined by calculating the alignment percentage (parallel and 

circumferential alignments) and orientation-specific adaptations (bifurcations).  

3). To develop a novel CTFM assay for the collective cell traction force 

measurement under the contact guidance of 3D scaffolds. 
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5). To provide a new possible explanation for the early localization and 

development of atherosclerosis according to the biomechanistic study of SMC 

layers. 

Atherosclerotic plaques do not develop randomly within the arterial tree, but 

preferentially at arterial curvatures, branches and bifurcations where the blood flow 

is disturbed [6]. Together with the micropatterned techniques, collective CTFM 

assay will be applied to reveal possible connections between different bifurcating 

SMC layers and atherosclerosis lesions. 

6). To verify the findings on the change of cytoskeletal structures of SMC layers due 

to different micropatterned constraints via biological methods.   

At the cellular and molecular levels, immunofluorescence staining, online 2D LC-

MS/MS analysis and RT-qPCR assay will be further used to provide further support 

for the monolayer-generated traction forces and demonstrate different gene 

expression levels. 

 

1.3 Outline 

This thesis is divided into six parts. In Chapter 1, the background of 

biophysical study is provided and the objectives and outline of this thesis are 

introduced. Chapter 2 provides a detailed description of cell mechanotransduction 

in 3D systems. In Chapter 3, the optimal experimental platform for 

mechanotransduction study of cell sheet is fabricated and characterized. And the 

collective CTFM assay is newly developed and applied for the study of biophysical 

effects of discontinuous microwalls on the mechanotransduction of SMC layer 

undergoing parallel alignment. Chapter 4 further extends the application of 

collective CTFM assay to the biomechanistic of SMC layer during circumferential 
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alignment in circular micropatterns. In addition, the immunofluorescence staining 

and RT-qPCR analysis are used together to verify the cytoskeletal changes. Chapter 

5 focuses on the role of bifurcation angles on collective SMC biomechanics and 

atherosclerosis development. The expression levels of specific genes are also 

measured to provide biological support for atherosclerotic localization. In the last 

chapter, overall conclusions are made and possible future work is discussed.  
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been molecularly engineered with ordered filaments which form microporous 

structure such as that found in native ECM for 3D cell culture system [47, 48]. 

Recently, one self-assembling oligopeptide (SAP) designed with specific cell 

adhesion, cell differentiation and bone marrow homing motifs has been successfully 

developed into nanofiber scaffolds for the functional maintenance of mouse adult 

neural stem cells in 3D environment.  SAP gels contain high concentration of 

peptides by using standard solid phase synthesis method and cells are embedded 

inside the matrices. To date, the SAP gels have been further extended into tunable 

properties such as nano-scale architecture and biological functionality with for 

various applications in tissue engineering such as vascular graft [49, 50]. In spite of 

the recent advances in the natural material fabrication, the quantitative correlation 

between scaffold structure and cellular responses for the design of an appropriate 

3D scaffold for tissue regeneration remains to be elucidated. In general, a 3D 

biomaterial scaffold should mimic the physical microenvironment and biochemical 

cues of native ECM as much as possible. Therefore a better understanding of cell-

scaffold interaction and cell behavior in the 3D environment will facilitate the 

design of highly tailored biomaterial scaffold for tissue regeneration.  

 

2.2 Cell - Microenvironment Biomechanics 

It is known that the elasticity of substrate directly imposes control on the 

contact mechanics of cells while microfabrication technologies such as 

micropatterning provides the geometric control of cell morphology on the opposing 

biomaterial scaffold. Regardless of the scaffold geometry, the elasticity of the 

scaffold material ranges from soft to rigid. Simultaneously, cells including 

fibroblasts, SMCs and others respond differently to the substrate with various range 
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of elasticity through intricate mechanotransduction and cytoskeleton organization 

[51]. In a recent study, it has been shown that the cell spreading and motility is 

reduced and increased, respectively, on flexible polyacrylamide gel substrate [48].   

Moreover, cells have demonstrated preferential migration from soft region to stiff 

region on a polyacrylamide gel substrate but not from stiff to soft region on the 

same substrate [52, 53].  

The communication between cells and apposing ECM or biomaterial scaffold 

is driven by the intricate mechanotransduction through the active reorganization of 

internal cytoskeletal elements in the cytoplasm [54]. In general, cell-ECM 

interaction is strengthened by the formation of focal adhesions (FAs), which are 

dynamic protein complexes and are formed from specific transmembrane proteins, 

known as integrins. At the same time, the increase of ECM stiffness has been 

shown to enhance cell motility as cells exert higher contractile forces towards stiffer 

substrate during cell adhesion and migration. The geometry of the sub-region 

functionalized with adhesive islands can be precisely engineered with the use of 

microcontact printing techniques, which are instrumental for studying the influence 

of physical constrains to the regulation of cellular functions on model substrate. 

Several studies have shown that cell adhesion is not only determined by the integrin 

binding with ligand, but also related to the biochemical signaling pathway and 

structural deformation of intracellular organelles of adherent cells. It has been 

revealed that both the formation of focal adhesion and the emergence of actin stress 

fibers of adherent cells are dependent on the ECM stiffness. Moreover, the optimal 

value of substrate stiffness for supporting maximal migration is correlated with the 

concentration of ECM ligands covalently attached to the substrate [55].  
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New advances in the development of model systems to study the 

mechanotransduction of cells at the cell-substrate interfaces have been recently 

established. In the first report, the elastic distortion and wrinkling of silicone 

substrate induced by the adherent cells through cytoskeleton remodeling during cell 

locomotion can be easily observed via optical microscope [56] and can be further 

quantified through the variation of substrate elasticity [57, 58]. Thereafter, Balaban 

et al. has combined the transparent micropatterned elastomer and focal adhesion 

characterization through the expression of green-fluorescent protein (GFP) labeled 

vinculin in adherent cells for elucidating the relationship between the assembly 

dynamics of focal adhesions and the alteration of cell traction forces [55]. The 

method as mentioned above hinges on the use of a non-wrinkling substrate with 

micropatterns composed of dots or lines for the determination of cell-induced 

surface deformation.  

Recently, Tan et al developed a microfabricated array of elastomeric 

microposts, each deformable structure independently measures the mechanical 

interactions at a specific area between adherent cells and apposing substrates [59]. 

With the use of micropost as the mechanical probe, the spatial deformation map 

caused by the cell traction forces across the entire substrate can be quantitatively 

measured [60]. By changing the height of micropost, a series of micro-post arrays 

reported with a range of substrate rigidity further demonstrates the influence of 

microscale geometry and elasticity on cell morphology, focal adhesion organization 

and cell contractility [61]. By combining micropost array technology with super-

resolution cell imaging, the precision map of cellular traction force with a detection 

precision of 500 pN and the nanoscale architecture of individual force-bearing focal 

adhesions have been simultaneously measured [62]. Moreover, the micropost array 
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has been developed to measure the real-time stiffness of entire cells through the 

integration with a cell stretching device, which enables the quantitative study on the 

force-sensing mechanisms of live cells and provide better understanding of real-

time mechanotransduction [63, 64]. For all the silicone-based substrata used in 

micropost technology, the surface coating of extracellular matrix (ECM) proteins is 

essential to create a more physiological environment for cell adhesion. In addition 

to the PDMS based microarrays, polymeric hydrogels are also used in micropost 

array fabrication [65]. First of all, the hydrogel monomers such as hydroxyethyl 

methacrylate were mixed with photoinitiator and followed by replica molding and 

UV exposure to transform into partially polymerized precursor solutions. Secondly, 

photo-crosslinking of the partially polymerized precursor solutions with ethylene 

glycol dimethacrylate leads to the formation of stable hydrogel micropost array. 

Moreover, the stability and surface clustering of a range of high-aspect-ratio 

hydrogel microarrays under capillary forces have been studied by controlling the 

geometry and elastic moduli of these microposts [66].  

Another widely reported substratum for studying cell-substrate mechanics is 

polyacrylamide-based hydrogel, a microporous material that has been proven to be 

an ideal experimental system for various cell types due to its tunable chemical and 

mechanical properties [5, 67]. Firstly, polyacrylamide-based hydrogel can be 

engineered with precise mechanical properties, e.g., it can be easily tuned from 

extremely soft to stiff material with distinct elastic modulus by adjusting the 

concentration ratio of acrylamide and bis-acrylamide during the course of 

polymerization. Secondly, the polyacrylamide-based hydrogel can be loaded with 

fluorescently labeled microbeads, which serve as position markers throughout the 

entire 3D hydrogel matrix.  More importantly, polyacrylamide-based hydrogel can 
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be linearly deformed in response to the applied forces and can be fully recovered to 

its original state upon the removal of force. Thirdly, the low thickness and 

transparent nature of polyacrylamide-based hydrogel ensures the detection of small 

displacements of the fluorescent beads as mentioned above. Furthermore, the gels 

are naturally non-adhesive for mammalian cells unless specific ECM molecules are 

(type I collagen) covalently linked onto the surface. The embedded fluorescent 

microbeads actually serve as position markers for the detection of local deformation 

across the entire region of interest of the hydrogel under microscopy monitoring 

[68]. 

In addition to the planar flexible substrata, the microelectromechanical 

systems (MEMS) were applied on polysilicon device for the installation of force 

transducers in cell mechanics study [69]. By measuring the deflections of 

micrometer-sized pads connected to the cantilever, the cell contraction force was 

measured [70]. A substrate composed of close-packed standing cantilevers has been 

designed with different cantilever geometry and spatial arrangement for probing the 

local mechanical forces at cell adhesion contact [71].  When it comes to the 

geometry control of adherent cells, both planar substrate and ECM can be modified 

by using 3D microfabrication techniques as mentioned above. In addition to 

micropatterned substrate, the spatial organization of focal adhesions for cells in 3D 

microenvironment remains to be elucidated. It is known that cell spreading and 

migration within 3D microenvironment hugely depends on the topological 

properties [72] and mechanical stiffness [73-75] of surrounding ECM. The stiffness 

of 3D collagen matrix has been engineered under same collagen density to study its 

sole influence of matrix stiffness on cell behavior; the study showed that endothelial 

cell spreading is enhanced by the increase of matrix stiffness [76]. When cells are 
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partially or completely embedded in a 3D matrix, the cellular responses are quite 

different from those observed in 2D culture dish, e.g., FAs become smaller, 

diffusively distributed and hard to be detected in the cell cytoplasm [77, 78]. 

Moreover, cell adhesive traction forces in 3D matrix are influenced by the sparse 

distribution of focal adhesion molecules as cells tend to pull instead of push their 

surrounding matrix and the matrix traction always concentrate at the end of 

membrane protrusions at the pulling tail of the cells [79].  

 

2.3 Mechanotransduction and Cell Traction Force 

Mechanotransduction that generally occurs at the cell-ECM interface and cell-

cell contact, is the transmission of mechanical forces to biochemical cues and vice 

versa for the regulation of cell behavior.  Mechanical stresses are present in the 

microenvironment surrounding cells, whether they are generated from the external 

applied forces or internal traction forces produced by the cytoskeleton, have been 

intensely studied because of their important role in maintaining homeostasis in 

tissues in vivo. Although the involvement of cell traction force on cellular signaling 

and function has been recently revealed, the mechanism of mechanotransduction in 

3D systems still remains unclear. In physiological environment, both cells and 

subcellular organelles can sense mechanical stresses from various sources such as 

shear stress of flowing blood, mechanical stress from the surrounding ECM, 

contractile forces from adjacent cells [80]. There are significant differences between 

external and cell-generated forces, which can be characterize from the differences 

in magnitudes, directions and distribution. However, certain indications on the 

existence of tight coupling between external applied and cell-generated forces have 

been revealed [81, 82].  Recent study has shown that the intracellular organelles 
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which perform mechanotransduction directs cellular responses towards the 

mechanical stress induced from blood flow [83].   Inside blood vessel, the blood 

pressure and shear stress induced by flowing blood act as the external forces 

towards endothelial cells (Figure 2.1(a)), while the mechanotransduction takes place 

at both cell-cell junctions and cell-matrix contacts (Figure 2.1(b)). Here, we discuss 

the mechanotransduction process via the pathways of contact formation.  

 

Figure 2.1. (a) Schematic illustration of endothelial cells that form the interior 

surface of blood vessels. (b) The cell-cell junctions and cell-substrate tractions 
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predominately conducted by many backward cells instead of the leading cells [97]. 

Compared to individual cells, the maximal-traction forces and stresses at the edge 

of the monolayer are higher [98]. The cell-matrix tractions, together with cell-cell 

interactions, drive the collective cell migration. 

It is believed that physical interactions as well as chemical cues are essential 

in the mechanotransduction process. According to our knowledge, the mechanical 

properties in different tissues and organs vary a lot in vivo. As these changes are 

related to the cellular cytoskeleton and ECM composition, extensive studies have 

been focused on fabricating substrate stiffness and micropatterning substrate 

structure for a deep understanding of mechanochemical transduction [51]. The 

features of individual cells and matrices play an important role in the biomechanics 

study, while the organization of groups of cells and their surrounding microenviron-

ments provide significant cues for tissue mechanotransduction. Cells apply traction 

forces on the microenvironment, and at the same time make cellular responses to 

the mechanosensing from the surroundings (Figure 2.1(c)). Through CTF 

measurement under various conditions, the cell-signaling pathway in many 

physiological and pathological events can be reflected and tracked. Besides, as the 

fundamental forces in the mechanotransduction process, CTF measurement makes 

the biomimetic study of morphogenesis in vitro possible. It is believed that the deep 

understanding of the complex driving force underlying the cell-ECM interactions is 

a key factor in the success of tissue regeneration. 

2.3.2 Cell-Cell Contacts 

Another important mechanosensing type is via cell-cell contacts, which 

contain adherens junctions, gap junctions and tight junctions. In addition to promote 

cell-cell adhesions, these junctions act as the bridge to transmit intracellular signals 
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To understand the principles and mechanisms involved in the processes as 

mentioned above remains a tremendous challenge, because the mechanical stresses 

are difficult to be experimentally measured. Traction force, as one of the most 

significant mechanical properties, is recently used as an ideal model for analyzing 

the complex mechanotransduction of multiple cells [114-116]. 

 

2.4 Cell Traction Force Measurement 

Mechanotransduction, which is an emerging research area, requires extensive 

knowledge from many other subjects. A variety of methods have been developed to 

measure CTFs of both individual cells and collective cells during the past few years 

[117], including cell-populated collagen gel (CPCG) [118], thin silicone 

membrane[56],  force sensor array  and improved micropost force sensor [59]. 

Currently, the most reliable and comprehensive method recently used in the 

measurement of CTF is CTFM assay, which was developed by Dembo and Wang in 

1999 [119].  

In CTFM assay, PDMS, a suitable stretchable matrix to facilitate the study of 

overlying cell populations, was chosen as the platform. Chemically, the properties 

of PDMS can be adjusted by the polymerized ratios. Biologically, the transparent 

biocompatible surface can be used to develop more physiologically substrates for 

appropriate cell culture. Mechanically, the flexibility of substrate material and the 

ability to create features on the micron and submicron size scale can be easily 

micropatterned. However, PDMS is inherently hydrophobic, which requires further 

treatment for the conjunction of microbeads-embedded hydrogen gel.   

In CTFM, the fluorescent microbeads embedded in the substrate serve as 

markers to record and track the deformation caused by CTFs. By taking a pair of 
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intracellular forces, including aligned SMC layer with contractile morphology 

[131], endothelial cell sheet under both static and shear flow conditions [132]. 

Recent studies have shown that the spatial distribution of traction forces exerted by 

cohesive cell colonies is significantly localized at the periphery of the colony [96]. 

In other words, collective cell traction forces are strongly influenced by the shape of 

the adhesive island. For better understanding of collective cell activities, novel 

CTFM has been developed to show the dynamic traction domains and the 

compressions among cell clusters [133]. To quantify the cell-generated mechanical 

stress in situ within living tissues, a newly technique with 3D microdroplet has been 

developed for the study of both individual living cells and groups of cells [134]. 

After obtaining the shape deformations of the droplets microinjected among cells in 

the tissue, the anisotropic stresses generated by epithelial cell colonies can be 

quantified via fluorescent imaging and computerized analysis. 

Although the 3D CTFM attracts much attention, the techniques are still 

immature and not widely used. Several challenges, including the fabrication and 

understanding of the 3D matrix, the techniques of high resolution 3D imaging, and 

the necessity for complex computation algorithms, need more efforts to conquer 

them. In addition, these methods mentioned above to measure the collective cell 

traction field are limited by both the disadvantages of CTFM and the multiple-cell 

behaviors. Considering that multiple-cell sheet instead of individual cells evolve in 

most physiological processes, there is an essential need to develop the measurement 

methods for 3D traction forces that resulted from collective cells. 
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Chapter 3 Collective Cell Traction Force Analysis on 

Aligned Smooth Muscle Cell Sheet between Three 

Dimensional Microwalls 

3.1 Introduction 

In tissue engineering, the mechanical properties of the external 

microenvironment surrounding cells play an important role in cell physiology, 

including migration, morphogenesis, proliferation, differentiation and apoptosis [7, 

8, 52, 91, 135-137]. For example, the formations of focal adhesion and stress fibers 

in adherent cells are dependent on the stiffness of extracellular matrix (ECM) [138-

141]. Also, the optimal ECM stiffness for mediating strong cell adhesion is affected 

by the concentration of immobilized adhesive ligands on ECM surface [55]. 

Generally, the elasticity of substrate dictates the responses of cells including 

fibroblasts, smooth muscle cells (SMCs), etc., through the cytoskeleton 

organization [51]. Mechanical stresses generated from the external 

microenvironment or cell cytoskeleton (e.g., cell traction force) in cell signaling 

play important roles in regulating many biological functions [139]. To date, the 

effect of cell traction force on cell migration, proliferation and metastatic potential 

has been demonstrated in two-dimensional (2D) model systems [2]. Moreover, 

recent studies have demonstrated significant coupling between external and cell-

generated forces at the single cell level [81, 82]. In our recent study, cell traction 

forces (CTF) which are generated by the actomyosin interactions and actin 

polymerization has been shown to transmit to ECM via focal adhesions on 2D 

hydrogel [86, 88]. Such CTF investigations in 2D system have so far paved the way 

for carrying quantitative analysis of cell morphogenesis in vitro. 
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conducts the loading forces exerted by actomyosin cytoskeleton at the cell-cell 

adherent junctions in epithelial cell sheet [148]. Interestingly, collective cells grown 

under 2D geometrical constraints can form different modes of collective migration 

under the cell-cell interactions [149]. The elucidation on the mechanisms of 3D 

collective mechanotransduction remains a tremendous challenge because the 

mechanical stresses of cell sheet are difficult to be quantified with existing physical 

models. 

Recent advances in the development of 2D model systems for studying cell-

substrate mechanics of single cells have been reported by several groups [59, 97, 

98, 119, 150]. Among various biomaterials, polyacrylamide-based hydrogel (PAG) 

which can be engineered with variable chemical and mechanical properties has been 

proven to be an ideal experimental system for such study [5]. It has been first 

shown that the stiffness of PAG regulates cell motility through the alteration of 

contractile forces exerted by cells to surrounding gel medium [51, 151]. At the same 

time, the geometric cue imposed on adherent cells from external microenvironment 

has a significant impact on cellular functions [21]. Thus micropatterning of cells on 

the flat 2D PAG surface has been exploited over the past two decades for 

controlling the geometry and position of mammalian cells. For instance, 2D 

micropatterned substrate has been used to investigate the cell shape index (CSI) and 

proliferation rate of single smooth muscle cells (SMCs) [152]. More recently, 3D 

architecture of microchannel has been used to control SMC morphology and 

phenotypes [2]. SMC-generated CTF is regulated by the Rho-kinase/ROCK, which 

affects the mitogen-induced DNA synthesis [89] and the assembly of focal 

adhesions [90]. It is believed that mechanical homeostasis as well as chemical cues 

is essential in the mechanotransduction of tissues [91]. In order to elucidate the 
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mechanochemical transduction of the actual cardiovascular system, the 

measurement of CTF of SMC sheet or layer will be necessary. The experimental 

and numerical data, particularly in terms of fabricating artificial arteries or aortas, 

are key to well control of the in vivo cell growth and tissue formation. Even in the 

surgical phase, the understanding of CTF of SMC sheet would add another 

guarantee for safe transplant [153]. 

Various experimental methods including cell-populated collagen gel (CPCG) 

[118], thin silicone membrane [56] and force sensor array  have been developed to 

probe selected parameters involved in mechanotransduction of both individual cells 

and cell layer during the past few decades.  More recently, the arguably most 

acceptable method for quantifying mechanotransduction at the cell-substrate 

interface is CTF microscopy (CTFM) developed by Dembo and Wang [119]. There 

are another two other types of CTFM which are modified from the original versions 

as reported by Butler et al. [86] and Yang et al.. All CTFM methods as mentioned 

above rely on the correlation computation of traction force with the use of Fourier 

transform. As a result, all conventional CTFM methods suffer from the same 

limitation in achieving high accuracy in the calculation of microbead displacement 

before/after cell detachment. Generally, 3D microenvironment is the predominant in 

vivo culture systems for most vascular cells and tissues. For instance, both cells and 

cellular organelles sense 3D mechanical forces such as shear stress of 

hydrodynamic blood flow, mechanical loading from surrounding ECM and 

contractile forces exerted by adjacent cells [80]. Among various cells and tissues, 

SMC functions and fate are highly subjected to the mechanotransduction between 

cells and surrounding 3D microenvironment. Mechanical stresses produced from 

the surrounding physiologically microenvironment, such as ECM, neighbouring 
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cells and so on, can influence the collective SMCs proliferation and morphogenesis, 

which eventually contribute to the vasoactivity of blood vessel. Until now, a 

mechanistic understanding on the mechanotransduction of SMC layer in 3D 

experimental systems which mimics the tunica media of blood vessels still remains 

to be elucidated. This shortage ushers the cooperation of numerical simulation to 

analyze the mechanical deformation and stresses on substrate induced by cultured 

cells. 

CTFM is the most reliable approach for studying cell layer-ECM 

mechanotransduction if a 3D model system incorporated with the PAG-microbead 

layer would be developed. In this study, we developed new traction force 

microscopy assay modified from the conventional CTFM to probe the collective 

CTF of SMC layer between two adjacent microwalls [5]. We first capitalized on our 

soft lithography approach in fabricating 3D microstructures with microwall features 

in PDMS as the precursor of the 3D microenvironment for probing 

mechanotransduction of collective cell sheet [4]. Afterwards, a thin layer of PAG 

which contained well dispersed florescent microbeads was coated on the PDMS 

microwalls. To measure the elastic modulus of the PAG layer, atomic force 

microscopy in combination with regression analysis was applied. Then the dynamic 

process of cell alignment was probed by real-time cell imaging and quantitative 

analysis during the formation of functional SMC sheet. The cooperative mechanical 

forces of SMC layer were accessed by our recently developed finite element 

analysis [154]. We demonstrated that the mechanotransduction of collective cells 

are affected by the topographic cues provided by the microwalls. At the same time, 

both the cell-cell contact and cell-microwall contact influenced the cell 

proliferation, cytoskeleton remodeling, focal adhesion, cell alignment and protein 
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PDMS micropatterned scaffold and then coating with a thin layer of fluorescent 

microbeads embedded PAG.  

 

Figure 3.1. Schematic illustration about fabrication process of PDMS 

micropatterned scaffold coated with a thin layer of fluorescent microbeads 

embedded PAG.  
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3.2.6 Estimation of Mechanical Properties of Collective CTF 

The results obtained from the quantitative PIV process on the displacements 

of microbeads are input as boundary conditions for the subsequent finite element 

analysis. The finite element method (FEM) was implemented by ANSYS®11 to 

determine the formation and stress of PAG substrate. 

3.2.7 Characterization of Elastic Mechanical Properties of Substrate 

Atomic force microscopy (AFM, Asylum research, model MFP-3D) was used 

to measure the mechanical properties of PAG layer in physiological condition [160, 

161]. The contact mode was chosen for the indentation of PAG layer. The AFM 

probe is a silicon nitride cantilever (Sharpened Microlevers, Crest Technologies) 

with spring constant of 8.6 mN/m. Calibration was carefully carried out for the 

unloaded cantilever probe every time before the test in order to reduce the thermally 

deviation. By controlling the velocity and indentation depth, the displacement of the 

AFM cantilever tip during the course of indentation in the z-direction and 

its deflection of cantilever were recorded as the x-axis and y-axis of the force curve, 

respectively. The parameters shown in the picture (Figure 3.2) are depicted in the 

graph [154, 162].  

 

Figure 3.2. Schematic illustrations of the AFM indentation. 
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3.3 Results and Discussions 

3.3.1 PDMS Microwalls for CTF Measurement  

The polymerizations of PDMS were conducted by mixing of silicone base and 

curing agent (Sylgard 184 kit). The depth of microwalls used herein was confirmed 

as 60 µm [4]. In order to measure the CTF exerted on a deformable substrate, the 

PDMS microwall substrate were evenly coated with a thin layer of PAG with 

optimized stiffness. The thickness of PAG was around 10 µm. At the same time, the 

PAG layer was embedded with 0.2 µm fluorescent microbeads for tracking the 

displacement of gel micro-domain in the CTFM assay. First, phase contrast image 

demonstrated the successful formation of rather clear PAG layer without any 

detectable particulate on the surface of PDMS microwalls (Figure 3.3(a)). The 

excellent optical quality facilitates the microscopy monitoring of cellular processes 

and immunofluorescence staining. Secondly, the distribution of fluorescent 

microbeads dispersed in the PAG layer was uniform as confirmed with fluorescence 

microscopy (Figure 3.3(b)). Figure 3.3(c) showed the scanning electron microscopy 

(SEM) images of the discontinuous PDMS microwalls coated with a thin layer of 

PAG. Compared to the smooth surface of PDMS (Figure 3(d)), the result indicated 

the uniform distribution of PAG layer which was composed of closely packed 

meshwork [67]. Moreover, the microstructure of PAG coating is supported by the 

cross-linked topographic feature on the SEM image under high magnification 

(Figure 3.3(e)). 
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Figure 3.3. Micropatterned PDMS coated with a layer of PAG. (a, b) Phase contrast 

images and fluorescent images of PDMS microwall were taken under 20X and 40X 

magnifications. The microbeads were uniformly distributed in the PAG layer. (c, d) 

SEM images of the PDMS-PAG substrate and only PDMS microwalls to show the 




































































































































































































