
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T15:00:34Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Experimental and computational investigation of adhesion
junction mechanosensation

Author(s) Griffin, Fiona

Publication
Date 2017-02-28

Item record http://hdl.handle.net/10379/6507

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


Experimental and Computational 

Investigation of Adhesion Junction 

Mechanosensation 
 

 

Fiona E. Griffin B.E. (2011) 

 

 

 
 

A thesis submitted to the National University of Ireland as fulfilment of the 

requirements for the degree of Doctor of Philosophy 

 

February 2017 

 

Department of Biomedical Engineering 

College of Engineering and Informatics 

National University of Ireland, Galway 

 

Supervisors of Research:  Dr. Laoise M. McNamara 

Dr. Patrick J. McGarry 

  



ii 
 

  



iii 
 

Abstract 

Bone is an adaptive tissue that remodels in response to the mechanical loads placed 

upon it during normal daily activity. This remodelling process is vital to maintaining the 

mechanical integrity, mass and structure of bone throughout life and is facilitated by 

the cells which reside within bone, such as mesenchymal stem cells (MSCs) and bone 

producing osteoblasts. Both of these cell types are widely known to regulate their 

mechanical properties and gene expression in response to their mechanical 

environment, a phenomenon known as mechanosensitivity. Adhesion junctions are a 

class of mechanosensors, which form a direct connection between the cytoskeletons of 

neighboring cells, and thereby transmit forces generated by cytoskeletal contraction 

and can transduce mechanical stimulus into a cellular biochemical or mechanical 

response. The importance of adhesion junctions for mechanosensation and 

mechanotransduction by osteoblasts remains unclear, in particular it is not known 

whether adhesion junctions facilitate an osteogenic response under applied loading. 

The objectives of this Thesis are (a) to investigate the importance of adhesion junctions 

in transducing FSS stimulation into an osteogenic response in vitro, (b) computationally 

predicting the forces experienced at cell-cell contacts during FSS stimulation and (c) to 

investigate the influence of N-cadherin and OB-cadherin adhesion junctions in dictating 

the viscoelastic properties of MSCs. 

  

The first study of this thesis investigates the role of adhesion junction 

mechanosensation in the osteogenic response of pre-osteoblast MC3T3-E1 cells to 

oscillatory and pulsatile FSS. The work presented in this chapter revealed that 

interference with adhesion junction formation prior to application of oscillatory fluid 

shear stress results in a significantly reduced biochemical response (PGE2, Cox-2 and 

Runx2), but did not significantly reduce stress fibre formation with FSS. Pulsatile fluid 

flow did not cause significantly higher production of PGE2, or significantly higher stress 

fibre formation for control samples. 

 

The second study of this thesis investigates the mechanical response of two contacting 

cells subjected to FFS in a parallel plate bioreactor. To this end, A) a global 
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computational fluid dynamics (CFD) model of the entire flow system was constructed to 

compute the fluid velocity and pressure in the channel region of the bioreactor, and B) 

fluid shear stress, pressure and cellular contractility were applied to deformable 

contacting cells in a local fluid structure interaction (FSI) model. Simulations revealed 

that oscillating FFS within the bioreactor results in alternating tensile and compressive 

normal contact stress at the cell-cell interface. This work presents a mechanical 

indication as to why cells respond differently to steady and oscillatory fluid flow 

regimes in parallel plate bioreactors. 

 

Chapter six of this thesis investigates the role of N-cadherin and OB-cadherin adhesion 

junctions in dictating the viscoelastic material properties of MSC spheres 

(mesenspheres) during osteogenesis. This study demonstrated that at day 2, silencing 

of OB-cadherin adhesion junctions results in significantly higher instantaneous and long 

term Young’s moduli, viscosity and stress fibre formation in comparison to N-cadherin 

silenced and scrambled siRNA treated mesenspheres. Additionally, there is significantly 

higher viscosity, instantaneous and long term Young's moduli for scrambled siRNA 

treated mesenspheres between days 2 and 7, whereas this effect is not observed for 

either OB-cadherin or N-cadherin silenced groups. These results demonstrate that OB-

cadherin and N-cadherin adhesion junctions play different roles in influencing the 

viscoelastic material properties of mesenchymal stem cells differently and this is likely 

due to their connectivity to the cytoskeleton. 

  

Taken together, the work presented in this thesis provides a novel insight into the role 

of adhesion junctions in sensing and dictating the mechanical environment of 

osteoblasts and mesenchymal stem cells. Mechanical stimulation is vital to the 

maintenance of healthy bone throughout life and the results of this thesis provide an 

insight into the adhesion junction related mechanisms through which cells within bone 

sense external mechanical stimulus but also dictate their mechanical environment.   
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Chapter 1:  
Introduction 

_______________________________________________________________________ 

 

1.1 Bone Mechanobiology and Mechanosensing 

 

Throughout life, the skeleton protects and supports the organs of the body and 

facilitates movement in co-ordination with muscles. Bone formation can occur via two 

different processes; intramembranous ossification forms irregular non-long bones such 

as the skull, the mandible and the clavicles, or endochondral ossification that forms 

the long bones of the body, such as the femur, the tibia, the rib cage and the fingers. 

Bone is an adaptive tissue that remodels in response to the mechanical loads placed 

on it during normal daily activity. One example of this is the well-known loss of bone 

mineral density in astronauts after long-duration missions in gravitationally unloaded 

space stations (Vico et al. 2000; Lang et al. 2004). This remodelling process is vital to 

maintaining the mechanical integrity, mass and structure of bone throughout life. A 

number of cells reside within bone, which work in harmony to regulate bone turnover 

during the bone remodelling process; namely mesenchymal stem cells (MSCs), 

osteoblasts, osteocytes and bone lining cells. A complex communication system of 

genes and proteins expressed by these cells act to co-ordinate bone remodelling 

(Kirkham and Cartmell 2007). In addition to this communication network, MSCs, 

osteoblasts and osteocytes have been shown to be sensitive to mechanical stimulus in 

the form of shear stress, strain, hydrostatic pressure or substrate mechanical 

properties (Mehrotra et al. 2006; Kim et al. 2007; Mullen et al. 2015; Zeng et al. 2015). 

MSCs can respond to their mechanical environment by differentiating into osteoblasts, 

while osteoblasts and osteocytes can express factors that influence the formation or 

resorption of bone. The response of osteogenic cells to mechanical stimulus has led to 

an emerging area of research, seeking to uncover the mechanisms through which 

these cells sense and respond to their mechanical environment, known as 
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mechanobiology. By improving the understanding of the factors that govern the 

formation and resorption of bone under mechanical loading, such as MSC and 

osteoblast mechanosensation and mechanotransduction, new and improved 

osteogenic tissue engineering strategies for treating bone diseases such as 

osteoporosis could be developed to target these mechanisms. 

 The production of new bone is governed by bone forming osteoblast cells, 

which are derived from mesenchymal stem cells (MSCs) of the bone marrow. MSCs are 

multi-potent, self-renewing progenitor cells that can differentiate into osteogenic cells 

(Owen 1985). Osteoblasts are characterised by their ability to form bone by secreting 

new collagenous bone matrix, which they subsequently mineralise. Alkaline 

phosphatase (ALP) and prostaglandin E2 (PGE2) expression are two hallmarks of mature 

osteoblasts  (Hui et al. 1993) and these cells secrete a number of other proteins that 

facilitate cell binding to the bone matrix, and promote mineralisation. 

 Osteogenic cells are widely known to be responsive to their mechanical 

environment and regulate their mechanical properties, and the expression of 

osteogenic proteins and genes in response to different mechanical stimuli. One 

example of this is the change in mechanical properties of MSCs and osteoblasts in 

response to the variation in mechanical properties of the substrate they are adhered 

to. Bone cells cultured on substrates of high stiffness are known to alter their stiffness 

and differentiation relative to those cultured on softer substrates (Takai et al. 2005; 

Leong et al. 2010; Mullen et al. 2015). Externally applied mechanical stimulation such 

as applied strain, fluid shear stress and hydrostatic pressure also influences the 

osteogenesis of MSCs and osteoblasts. Such stimulation can alter cellular mechanical 

properties, induce formation of actin stress fibres and influence stress fibre alignment, 

influence osteogenic differentiation and up-regulate the expression of osteogenic 

proteins and genes such as PGE2 and cyclooxygenase-2 (Cox-2) (Smalt et al. 1997; Chen 

et al. 2000; Bakker et al. 2003a; Mai et al. 2013). Oscillatory fluid shear stress is 

thought to imitate the movement of interstitial fluid flow within bone during normal 

daily activities, as the bone is compressed and decompressed by applied loads. 

Application of fluid shear stress in vitro has proved to illicit a larger-fold increase in 

osteogenic responses than the application of strain or hydrostatic pressure alone 

(Owan et al. 1997; Gardinier et al. 2009). 
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 The phenomenon of cellular mechanical or biochemical responses to 

mechanical stimuli is known as mechanosensitivity and there are a number of cellular 

structures thought to translate mechanical stimulus into a cellular response. 

Specifically, cadherins connect the cytoskeletons of adjacent cells, integrins connect 

the cell to extra-cellular substrates such as extra-cellular matrix in vivo or cell culture 

substrates in vitro (e.g. glass, tissue culture plastic), and primary cilia protrude out 

from the cell membrane. The cytoskeleton forms the backbone of the cell and 

connects cadherins, integrins and primary cilia to each other and to the nucleus (Ando 

and Yamamoto 2013). It should also be noted that gap junctions, which facilitate the 

movement of molecules and ions between the cytoplasm of adjacent cells, are also 

sensitive to mechanical stimulation (Salameh and Dhein 2013). Each of these 

mechanisms has been proposed to play a role in the response of osteogenic cells to 

mechanical stimulus. Indeed, specific osteogenic responses to fluid shear stress 

stimulation such as significantly higher PGE2, Cox-2, Runt-related transcription factor 2 

(Runx2) or osteopontin expression can be inhibited when integrins (Lee et al. 2008b; 

Haugh et al. 2015), the cytoskeleton (Arnsdorf et al. 2009b; Higuchi et al. 2009), 

primary cilia (Malone et al. 2007b; Delaine-Smith et al. 2014) or gap junctions 

(Saunders et al. 2001; Jekir and Donahue 2009) are down-regulated. However, only 

limited data is available on the role of adhesion junctions in the response to fluid flow 

stimulation. One of the most compelling indications that adhesion junctions are 

important for mechanosensation of fluid shear stress is the significantly higher 

translocation of β-catenin into the nucleus of osteoblasts and MSCs with stimulation 

(Norvell et al. 2004a; Arnsdorf et al. 2009a). β-catenin is a canonical Wnt signalling 

protein that is sequestered at adhesion junctions during static conditions. Canonical 

Wnt signalling influences the significantly higher Runx2 expression of MSCs in response 

to fluid shear stress, the levels of Cox-2 in static conditions and mineralisation in vivo 

(Norvell et al. 2004a; Rodda and McMahon 2006; Arnsdorf et al. 2009a). However, the 

influence of adhesion junctions on the significantly higher Cox-2, Runx2 and PGE2 

expression with fluid flow stimulation are still unclear. 

 Cadherins form a complex, known as an adhesion junction (AJ), which 

mechanically links the cytoskeletons of adjacent cells (Ganz et al. 2006). Adhesion 

junctions are transmembrane glycoproteins and the cadherin is the extracellular 
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component of this junction. The intramembranous section of the adhesion junctions 

links the junction to the cytoskeleton via a network of accessory proteins such as β-

catenin and vinculin. Adhesion junctions play important roles in the formation and 

maintenance of a wide variety of tissues and organs (Yagi and Takeichi 2000), including 

bone (Castro et al. 2004; Haÿ et al. 2009). MC3T3-E1 cells, seeded at high density to 

enable adhesion junction formation, had significantly higher expression of osteogenic 

transcription factors osterix, osteomodulin and osteoglycin in comparison to cells 

seeded at low density (Guntur et al. 2012). Osterix, osteomodulin and osteoglycin are 

important genes for bone formation and the expression of osterix was reduced when 

an N-cadherin blocking antibody was used (Guntur et al. 2012). There are a wide 

variety of cadherins and the expression of particular cadherins depends on the cell 

type. N-cadherin and OB-cadherin are the main cadherin types expressed by MSCs and 

osteoblasts (Cheng et al. 1998a; Haÿ et al. 2000; Kawaguchi et al. 2001). Adhesion 

junctions influence the osteogenic differentiation of mesenchymal stem cells in a 

manner dependent on the specific cadherin incorporated in the junction (Kii et al. 

2004b). For example, N-cadherin is important for the osteogenic differentiation of 

osteoblasts (Ferrari et al. 2000) but N-cadherin over-expression results in significantly 

lower osteogenesis of MSCs and osteoblasts (Haÿ et al. 2009; Xu et al. 2013). It has also 

been shown that teratomas originating from cells over-expressing OB-cadherin 

preferentially form bone and cartilage tissue (Kawaguchi et al. 2001). However, MSCs 

are known to be sensitive to their mechanical environment and it remains unknown 

what these two cadherin types contribute to the mechanical properties of MSCs during 

osteogenic differentiation. 

 Experimental techniques commonly applied to assess the mechanosensing 

roles of adhesion complexes such as integrins and cadherins can be divided into two 

main categories; adhesion functions and adhesion mechanics. The first category looks 

at the role of adhesion complexes in the biological response of osteogenic cells during 

the application of a mechanical stimulus such as fluid shear stress, strain or changing 

mechanical environment. As previously discussed, such research has revealed the 

involvement of integrins, primary cilia, gap junctions and the cytoskeleton in the 

osteogenic response to fluid shear stress stimulation. However, beyond the 

translocation of β-catenin into the nucleus with application of fluid flow, (Norvell et al. 
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2004a; Arnsdorf et al. 2009a), the influence of cadherins on the osteogenic response to 

fluid flow is still unclear. Therefore, the first research hypothesis of this thesis is “The 

osteogenic response of pre-osteoblasts to fluid shear stress is inhibited by a reduction 

in adhesion junctions.” 

 Previous computational models have investigated the forces experienced by 

single cells in parallel plate bioreactors during fluid shear stress stimulation (McGarry 

et al. 2005a; Vaughan et al. 2013b). These models have demonstrated the importance 

of the pressure within the chambers for stimulating cells (Vaughan et al. 2013b) and 

compared the deformation caused by fluid shear stress to that caused by strain 

(McGarry et al. 2005a). However, computational models of parallel plate chambers 

have not investigated the forces experienced at cell-cell contacts, or the role of the 

cytoskeleton in generating these forces. The cytoskeleton is of vital importance to 

cellular mechanics. This highly dynamic structure is one of the main factors influencing 

the mechanical properties of cells (Lee et al. 2012). Adhesion junctions require the 

tension generated by the cytoskeleton in order to form and maintain the structure 

(Hong et al. 2013), but previous parallel plate models report high levels of pressure 

within the system that could influence the forces experienced at cell-cell contacts. 

Therefore, the second research hypothesis of this thesis is “Fluid shear stress stimulus 

results in pressure dependent compression and tension of cell-cell contacts.” 

 Experimental techniques to assess adhesion junction mechanosensing also 

investigate adhesion mechanics. These studies look at the mechanics of cell adhesion 

structures by testing how much force is required to break the adhesive bonds (Pittet et 

al. 2008), or by observing how much force is transmitted through these bonds by 

various cell types in varying mechanical environments (Ganz et al. 2006; Ladoux et al. 

2010; Liu et al. 2010b; Chopra et al. 2011). Experiments of this type have shown that 

significant forces (300 nN) can be transmitted through cadherins (Chopra et al. 2011). 

Interestingly, OB-cadherin bonds can resist greater forces (95±20 pN) than N-cadherin 

bonds (44±19 pN) before rupturing (Pittet et al. 2008). The use of anti-VE-cadherin 

antibody to reduce cell-cell adhesion caused significantly higher endothelial cell 

mechanical properties (Stroka and Aranda-Espinoza 2011). Additionally, thicker stress 

fibres form in myogenic cells adhered to a stiff (95 kPa) N-cadherin coated gel 

substrate, in comparison to softer gels (10 kPa) (Ladoux et al. 2010). Taken together, 
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these show that adhesion junctions can transmit significant forces and influence the 

mechanical properties of cells and stress fibre formation in response to the mechanical 

environment. However, it is not clear if the removal of adhesion junctions (N-cadherin 

or OB-cadherin) from osteoblasts or MSCs causes significant changes in the mechanical 

properties or cytoskeleton stress fibre formation in 3D aggregate culture. Due to the 

variation in forces transmitted through cadherins, and the altered cadherin expression 

depending on cell type, the exact contribution of these structures to osteogenic 

cellular mechanics is still unclear. In culture systems of aggregated MSCs grown in 

minimal contact with extracellular substrates, cadherins could feasibly be the primary 

means of mechanosensation. Therefore, the third research hypothesis of this thesis is 

"Adhesion junctions can regulate the mechanical properties of mesenchymal stem cell 

aggregates.  

 

1.2 Objectives and Hypothesis 

The global objective of this thesis is to further the understanding of the importance of 

adhesion junctions in sensing and responding to, or dictating their mechanical 

environment, in the context of osteogenic differentiation of pre-osteoblasts and 

mesenchymal stem cells. The first specific objective of this thesis is to determine the 

role of adhesion junctions in the osteogenic response of pre-osteoblasts to applied 

fluid shear stress stimulus. The second specific objective of this thesis is to characterise 

the mechanical stimulus received by the adhesion junctions during application of fluid 

shear stress. The third specific objective of this thesis is to investigate the influence of 

specific adhesion junctions on the mechanical properties of mesenchymal stem cells as 

they undergo osteogenic differentiation. To address each of these specific objectives, 

three hypotheses have been defined, each of which will underpin the research of 

Chapters 4 - 6 of this thesis. 

 

Hypothesis 1: The osteogenic response of pre-osteoblasts to fluid shear stress is  

  inhibited by a reduction in adhesion junctions. 

 

Hypothesis 2: Fluid shear stress stimulus results in pressure dependent compression 

and tension of cell-cell contacts. 
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Hypothesis 3:  Adhesion junctions can regulate the mechanical properties of  

  mesenchymal stem cell aggregates. 

 

A parallel plate flow chamber with oscillatory fluid flow parameters applied to induce 

an osteogenic response will be used in conjunction with in vitro cell culture of the pre-

osteoblast cell line MC3T3-E1 to investigate the influence of adhesion junctions in the 

osteogenic response of these cells to oscillatory fluid shear stress stimulation 

(Hypothesis 1). Fluid-structure interaction computational modelling will be employed 

to assess the stress-state generated at cell-cell contacts due to the contractility of the 

cell body and the application of oscillatory fluid shear stress (Hypothesis 2). Finally, 

mechanical testing of spherical aggregates of C57BL/6 Mouse MSCs grown in an in 

vitro suspension cell culture system will be conducted using a parallel plate 

compression testing system to assess the changing mechanical properties of the 

aggregates when N-cadherin or OB-cadherin adhesion junctions are down-regulated 

(Hypothesis 3). An improved understanding of the role of adhesion junctions in 

sensing, responding to, and dictating their mechanical environment will inform the 

development of improved strategies in bone tissue engineering, and may also 

influence the development of novel treatments for osteogenic disease. 

 

1.3 Thesis Structure 

This thesis comprises the work completed for the duration of the candidates’ PhD 

studies. Chapter 2 presents a review of relevant literature, detailing an in-depth 

introduction to the structure and function of bone, bone adaptation, bone porosity 

and fluid flow, bone cells and mechanosensation, cytoskeleton and adhesion junction 

mechanobiology, and a summary of computational modelling of cell mechanics in 

vitro. Chapter 3 details the theory behind the computational fluid-structure interaction 

modelling used in the work presented in Chapter 5. Chapter 4 investigates the effect of 

impaired formation of adhesion junctions on the osteogenic response of pre-

osteoblast MC3T3-E1 cells to applied fluid shear stress stimulation to test Hypothesis 

1. Chapter 5 details the computational fluid-structure interaction simulations of 

idealised cells exposed to oscillatory fluid shear stress to test Hypothesis 2. Chapter 6 
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investigates the changing viscoelastic material properties of C57BL/6 Mouse MSC 

aggregates undergoing osteogenic differentiation when N-cadherin or OB-cadherin 

adhesion junctions are down-regulated to test Hypothesis 3. Finally, Chapter 7 

summarises the main findings of the thesis, placing these findings in the context of the 

wider field of cell mechanobiology, and discusses recommendations for future 

research in the field. 
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Chapter 2:  
Literature Review 

_______________________________________________________________________ 

 

2.1 Bone 

Bone is a unique, mineralised connective tissue that serves a variety of functions in the 

body. Bone provides shape, mechanical support and protection for the body and is of 

vital importance in facilitating movement via the contractions of muscles, tendons and 

ligaments, which form attachments between bones. Throughout life, bone is 

constantly remodelled in order to withstand the stresses placed on it by everyday 

activities (Frost 1973). Bone maintenance is an intricate balance between bone 

formation and resorption, which allows bone to adapt itself to changing forces or to 

repair itself after damage. An imbalance between bone resorption and formation can 

lead to a net decrease in bone mass, decreased bone strength and a significantly 

higher risk of bone fracture that is characteristic of osteoporosis (Lanyon and Skerry 

2001).  

 

2.1.1 Structure of Bone 

Bone tissue can be divided into two distinct types; known as cortical or trabecular 

bone (Figure 2.1). Cortical bone forms a dense (470 - 640 mg/cm3) outer shell of 

compact, stiff bone that is the main source of mechanical strength for the bone 

(Lehtinen et al. 2004; Augat and Schorlemmer 2006). A highly porous network is found 

within the shell of cortical bone, composed of supporting struts that form the mesh-

like trabecular bone (density 180 - 290 mg/cm3) (Goldstein et al. 1993). Bone marrow 

can be found within the cortical shell and between the trabeculae and is composed of 

a variety of cells such as mesenchymal stem cells and fat cells. 
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Figure 2.1: Cross section of the proximal femur showing cortical and trabecular bone. 

Public domain image via Wikimedia Commons (Wikipedia). 

Bone is a hierarchical tissue that is organised into functional units of multiple scales 

(Figure 2.2). Approximately 65% of bone is composed of nano-scale mineral 

hydroxyapatite crystals (Fratzl et al. 2004), while 35% of bone is composed of organic 

molecules such as collagen type 1, osteopontin and osteocalcin (Miller and Parker 

1984). The mineralised collagen fibrils form lamellae that can organise into either 

strut-like trabeculae, in trabecular bone, or form a relatively thick shell composed of 

numerous osteons in cortical bone. In the dense cortical bone, the lamellae form 

concentrically around a vascular Haversian canal. The Haversian canal contains blood 

vessels, nerves and lymphatics (Datta et al. 2008) that nourish and maintain the cells of 

the cortical bone, thus providing a hospitable environment for cells (Pavalko et al. 

2003b; Tarbell et al. 2005). Trabeculae have a similar concentric organisation of 

lamellae but these smaller functional units lack a Haversian canal. The trabeculae are 

primarily aligned in the direction of applied stress (Waarsing et al. 2006). This 

hierarchical organisation produces a tissue with a high strength-to-weight ratio, which 

is optimised to bear the variety of everyday loads (Hart 2001; Currey 2014). Within the 

lamellae are small cavities called lacunae. Each lacuna contains a single bone cell called 

an osteocyte that is connected to other osteocytes through a network of small 

channels in the lamellae known as canaliculi. 

 

Trabecular  
Bone 

Cortical  
Bone 
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Figure 2.2: Diagram of the hierarchal structure of bone. a) Hydroxyapatite crystals are 

a component of the mineralised collagen fibrils. b) Collagen fibrils form oriented sheets 
of lamellar bone. c) Lamellar bone at varying orientations encircles a Haversian canal in 

osteons and also forms trabeculae. e) Trabeculae and Osteons forms cortical and 
trabecular bone (Vaughan et al. 2012). 

2.1.2 Bone Formation and Remodelling 

Bone can form via two different processes; endochondral ossification and 

intramembranous ossification. Endochondral ossification is the process where long 

bones of the body are formed, such as the femur, the tibia, the rib cage and the 

fingers, while intramembranous ossification forms irregular non-long bones such as 

the skull, the mandible and the clavicles and also plays an important role in bone 

fracture healing. The primary difference between these two bone formation processes 

is the formation of a cartilage template that occurs during endochondral ossification 

(McNamara et al. 2011). The cartilage template is formed when mesenchymal stem 

cells (MSCs) differentiate into chondroblasts and secrete cartilage. This template is 

later vascularised and mineralised to form mature bone. During intramembranous 

ossification, no cartilage template is formed. Instead, pre-osteoblasts differentiate into 

osteoblasts, which then secrete osteoid, an unmineralised organic matrix primarily 

consisting of type I collagen fibrils, upon which the osteoblasts adhere and 

mineralisation of the osteoid occurs. Intramembranous ossification is the predominant 

bone forming process during primary bone healing. Primary bone healing happens 

when bone heals without the formation of a fracture callus and occurs at sites of low 

strain magnitudes, small displacements between bone fragments, and either small 

gaps or direct contact between bone fragments (Sfeir et al. 2005; Rüedi et al. 2007). 
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Bone remodelling occurs throughout life and involves the resorption of old bone by 

osteoclast cells and the secretion of new bone by osteoblast cells (Figure 2.3). The 

process of bone remodelling requires osteoblast and osteoclast cells to work closely 

together in a unique, temporary functional grouping, known as a basic multicellular 

unit (BMU) (Parfitt 1994). In cortical bone, BMUs tunnel through the bone, while in 

trabecular bone the BMUs travel across the surface of the trabeculae. 

 

 
Figure 2.3: The bone remodelling process involves cells of two different lineages, 

hematopoietic and mesenchymal, differentiating and acting in concert. Osteoclasts 
resorb old bone and osteoblasts secrete new bone. Image from (Imai et al. 2013) 

2.1.3 Bone Porosity and Fluid Flow 

In vivo, mechanical stimulation regulates bone mass, with increased stimulation from 

exercise resulting in increased bone formation (Woo et al. 1981; Rico et al. 1994). The 

strain induced deformation experienced by bone during mechanical loading leads to 

the flow of interstitial fluid through the lacuno-canalicular network (Seliger 1970; 

Burger and Klein-Nulend 1999; Steck et al. 2000; Verbruggen et al. 2014). During 

normal loading conditions (walking, running etc.), fluid flow in bone is derived from 

plasma leaking from venous sinusoids in the bone marrow. When the load is applied, 

plasma is driven radially outward by a relatively steady transmural pressure gradient 

that exists between the vascular system and the lymphatic drainage system at the 

periosteal surface (Anderson 1960; Otter et al. 1990). It is thought that this fluid flow 
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within bone is an important regulator of bone growth as various studies have 

demonstrated the up-regulation of bone growth (osteogenesis) when cells of the 

osteogenic lineage are stimulated with fluid flow (Pavalko et al. 2003a; Malone et al. 

2007c; Ponik et al. 2007; Haugh et al. 2015). Computational studies have predicted 

that the magnitude of wall shear stress on surface of osteocyte processes is 0.8 – 3.0 

Pa (Weinbaum et al. 1994; Zeng et al. 1994; Verbruggen et al. 2014). Recent 

experimental studies have shown that there are projections of the extracellular matrix 

into the pericellular space around the canaliculi (McNamara et al. 2009a). 

Computational studies have suggested that such ECM projections into the pericellular 

space amplify the strain stimulus to the osteocyte (Anderson and Tate 2008; 

Verbruggen et al. 2012) and amplify the wall shear stress on the surface of the 

osteocyte processes (Joukar et al. 2016). Additionally, theoretical studies have also 

suggested that ECM projections amplify the strain stimulus (Han et al. 2004; Wang et 

al. 2008). 

 

2.2 Bone Cells 

Bone tissues are populated by numerous cell types that work together to maintain 

bone throughout life. These cells originate from two stem cell lineages; the 

mesenchymal lineage and the hematopoietic lineage.  

 

2.2.1 Mesenchymal Stem Cells 

Mesenchymal stem cells (MSCs) are self-renewing, multipotent progenitor stem cells 

that can be found in bone marrow (Dennis et al. 2002; Sarugaser et al. 2009). MSCs are 

often identified by their ability to adhere to plastic substrates or by expression of 

surface markers such as CD105, CD34, CD45 and CD14 (Dominici et al. 2006; Kaiser et 

al. 2007). MSCs can differentiate into osteogenic, chondrogenic or adipogenic cell 

types (Figure 2.4). Each of these cell types have a specific function; osteogenic cells 

(osteoblasts and osteocytes) produce bone, chondrogenic cells produce cartilage, 

while adipogenic cells maintain energy homeostasis by storing or releasing energy as 

required. When MSCs differentiate osteogenically, they change into osteoblast cells 

(Owen 1985).  
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Figure 2.4: Mesenchymal Stem Cells (MSCs) self-renewal, proliferation and potential 
differentiation pathways that MSCs can undergo to produce cells of various specific 

lineages (Firth and Yuan 2012). 

 In vitro, MSC differentiation into osteoblasts is usually induced by addition of β-

glycerol, ascorbic acid and dexamethasone (DEX) (Bellows et al. 1987; Jaiswal et al. 

1997) to the culture media. The main genes controlling MSC differentiation into 

osteoblasts are Runt-related transcription factor 2 (Runx2), also known as Core-binding 

factor alph 1 (Cbfa1), cyclooxygenase-2 (Cox-2), Osterix and activating transcription 

factor 4 (ATF4) (Ducy et al. 1997; Nakashima et al. 2002; Zhang et al. 2002; Komori 

2006; Saito et al. 2011). Runx2/Cbfa1 controls the expression of a variety of osteoblast-

associated genes and proteins such as osteocalcin, alkaline phosphatase (ALP), bone 

sialoprotein and collagen type 1 (Ducy et al. 1997). Cox-2 is known to play a rate 

limited role in the production of prostaglandin E2 (PGE2). Cox-2 negative mice have 

significantly lower bone mass (Okada et al. 2000) and have also demonstrated 
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significantly lower levels of Runx2 and osterix than control mice that can be 

significantly higher with addition of PGE2 (Zhang et al. 2002).  

 

2.3.2 Osteoblast 

Osteoblasts are bone producing cells that are characterised by their ability to form 

bone, their cuboidal, mononuclear morphology (Aubin et al. 1995; Aubin 1998) and a 

highly developed actin cytoskeleton (Figure 2.5). The clonal osteoblast-like cell line 

MC3T3-E1 is derived from new-born mouse calvaria (Sudo et al. 1983).  

 
Figure 2.5: MC3T3 pre-osteoblast cells immunofluorescently stained for the nucleus 

(blue - DAPI), the cytoskeleton (red - TRICT Phalloidin). 

Osteoblasts play a multifaceted role in maintaining the mechanical integrity of bone; 

osteoblasts deposit new bone matrix and play a role in regulating the function of 

osteoclast cells that resorb bone (Gori et al. 2000). Mature osteoblasts have high ALP 

and PGE2 expression (Hui et al. 1993) and secrete proteins including collagen Type 1, 

osteocalcin and osteonectin that form the vast majority of the bone matrix (Franceschi 

and Iyer 1992; Crockett et al. 2011). PGE2 is involved in the regulation of bone 

remodelling (Igarashi et al. 1994; Thorsen et al. 1996) and ALP promotes mineralisation 

by binding to pyrophosphate, a mineralisation inhibitor (Golub and Boesze-Battaglia 

2007). Other components of the bone matrix secreted by osteoblasts are osteopontin, 

bone sialoprotein and fibronectin, which facilitate cell attachment to the bone matrix 
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(Carvalho et al. 1998; Bellows et al. 1999). Subsequent to bone matrix deposition, 

mature osteoblasts deposit hydroxyapatite to mineralise this matrix (Boskey 1996). 

 

2.3.3 Osteocyte 

As osteoblasts secrete bone matrix, some cells become trapped in the matrix. These 

cells terminally differentiate into osteocyte cells (Frost 1960) and form up to 90% of 

adult bone cells (Tate et al. 2004). Osteocyte cells are present throughout bone and 

form a network of interconnected cells by the extension of long thin dendritic 

processes between cells. Dendrites extend through thin channels within the bone 

known as canaliculi. The interconnected network of osteocytes has given rise to the 

thought that osteocytes act as mechanosensors, which signal to osteoblasts and 

osteoclasts where and when to form or resorb bone (Pavalko et al. 2003b; Tarbell et al. 

2005; Burra et al. 2010b). 

 

2.3.4 Osteoclast 

Osteoclasts are bone resorbing cells that differentiate from hematopoietic stem cells 

(Suda et al. 1992). In vivo, mononuclear macrophages of the hematopoietic lineage 

require contact with osteoblasts to mature into multinucleated osteoclasts (Udagawa 

et al. 1990). Osteoclastogenesis can be induced in vitro with exposure to macrophage 

colony stimulating factor (M-CSF) and receptor for activation of nuclear factor kappa B 

ligand (RANKL) (Lacey et al. 1998). The activity of osteoclast cells is regulated by 

osteoblasts, who synthesise a decoy protein osteoprotegerin (OPG) that can bind to 

RANKL and inhibit osteoclast differentiation and activity (Udagawa et al. 2000) (Figure 

2.6). Mature osteoclasts form a complex ruffled membrane on the cell surface in 

contact with the bone to be resorbed. The resorption zone under the ruffled 

membrane is sealed off from the surrounding tissue by a ring of actin (Silver et al. 

1988). To resorb bone, the osteoclasts acidify the isolated extracellular matrix to 

dissolve the inorganic components (Silver et al. 1988). Subsequently, the organic 

component of the bone is enzymatically degraded (Li et al. 1999). 
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Figure 2.6: RANKL and OPG are both produced by osteoblast cells. RANKL activates 

osteoclasts and initiates bone resorption, but OPG is a decoy receptor for RANKL that 
inhibits osteoclast activity. (Lewiecki 2011) 

2.3 Cell Mechanics and Mechanobiology 

Cells are composed of a variety of substructures which contribute to the mechanical 

properties of each individual cell. The main components that influence the mechanical 

properties of cells are the cell membrane, the cytoplasm, the nucleus, and the actin 

cytoskeleton. The cell membrane encompasses the entire cell and isolates the 

contents of the cell from the extracellular environment. All vertebrate cells are 

enclosed by a membrane (Jamieson and Robinson 2014). Within the cell membrane is 

an aqueous, liquid-like structure with proteins and organelles known as the cytoplasm. 

The viscous liquid phase of the cytoplasm is the cytosol, and the non-liquid phase is 

composed of proteins whose total concentration of macromolecules (proteins, lipids, 

sugars and nucleic acids) has been estimated at up to 400 mg/mL (Guigas et al. 2007) 

and occupying 5 - 40% of the cytoplasm volume (Ellis and Minton 2003). The cytoplasm 

influences cellular nano-scale mechanical properties due to the large volume of 

macromolecules (Guigas et al. 2007). The nucleus is isolated from the rest of the cell by 

the nuclear membrane (a phospholipid bilayer) (Lodish et al. 2000). The nucleus 

contains chromatin (DNA and other proteins) and the nucleolus that produces RNA 

(Van Lommel 2003). The common image of the nucleus is a compartment of densely 
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packed chromatin (Backman et al. 2000) and this is supported by early studies of 

differential light scattering from spherical Chinese hamster ovary cells and HeLa cells 

(Brunsting and Mullaney 1974). However, it must be noted that more recent studies 

have shown that refractive index (Guigas et al. 2007; Gnutt et al. 2015; Schürmann et 

al. 2016) and dry mass (Schürmann et al. 2016) of nuclei was lower than that of the 

cytoplasm. Finally, a dynamic meshwork of proteins known as the cytoskeleton forms a 

filamentous system of "ropes, cables and poles" in the cell. The cytoskeleton gives 

rigidity and shape to the cell and determines to a large extent the mechanical 

properties of the cell (Lee et al. 2012). This structure is discussed in detail in Section 

2.4. 

 Investigations into cell mechanical properties, typically using atomic force 

microscopy (Takai et al. 2005; Darling et al. 2008; Docheva et al. 2008; Sugawara et al. 

2008; Mullen et al. 2014a), micropipette aspiration (Haider and Guilak 2002; Zhao et 

al. 2009; Yu et al. 2010) or magnetic beads (Bausch et al. 1998), have provided 

mechanical data (i.e. Young's Modulus, Poisson's Ratio) for the nucleus and cytoplasm. 

Commonly used techniques to measure the mechanical properties of individual cells 

can be seen in Figure 2.7. The nucleus has a higher Young's modulus (Tseng et al. 2004) 

than the cell cytoplasm (3.7 kPa) (Domke et al. 2000). 

 

. 
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Figure 2.7: Schematics of commonly used techniques to test the mechanical properties 

of individual cells (Lee et al. 2011). 

The reported elastic Young's modulus of the osteoblast cytoplasm measured in the 

above studies varies from 0.5 to 18 kPa. The Young's modulus of the nucleus has been 

estimated at between 5.1 kPa and 8 kPa by parallel plate compression testing of the 

nucleus and then fitting the resulting force and deformation data to a finite element 

model (Caille et al. 2002). However, other studies have shown that the nucleus is three 

to four times stiffer in chondrocytes (Guilak et al. 2000) and nine times stiffer in 

endothelial cells than the cytoplasm (Maniotis et al. 1997). The measured Young's 

modulus of osteoblasts and MSCs can depend on cell morphology, with spread cells 

having a higher Young's modulus than spherical cells (Darling et al. 2008).  

 

2.3.1 Mechanosensation 

The Young's modulus of the osteoblast cytoplasm is significantly influenced by the 

substrate that the cell adheres to, with cells on stiffer substrates having a higher 

Young's modulus than cells on softer substrates (Domke et al. 2000; Takai et al. 2005; 
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Mullen et al. 2014a). This change in cell mechanical properties with respect to 

substrate stiffness demonstrates that cells are sensitive to their mechanical 

environment, a phenomenon known as mechanosensitivity. Osteogenic cells are now 

widely known to be responsive to mechanical stimuli, including substrate stiffness and 

fluid flow, and these cells can alter their mechanics, metabolism, gene expression 

profiles and morphology in response to applied mechanical stimuli. Cell 

mechanobiology is the study of the response of cells to their mechanical environment. 

There are a variety of cellular structures that may translate mechanical stimulus into a 

cellular response; adhesion junctions (Leckband et al. 2011), the cytoskeleton 

(Arnsdorf et al. 2009b; Higuchi et al. 2009), integrins (Pavalko et al. 1998; Lee et al. 

2008b; Haugh et al. 2015), and primary cilia (Malone et al. 2007b; Delaine-Smith et al. 

2014) or gap junctions (Saunders et al. 2001; Jekir and Donahue 2009). Adhesion 

junctions are discussed in detail in Section 2.5, and the cytoskeleton is discussed in 

detail in Section 2.4. 

 
Figure 2.8: Schematic of structures that are involved in mechanosensation (Ando and 

Yamamoto 2013). Cadherins connect cells to one another. The cytoskeleton may 
transmit forces experienced at other mechanosensors, or directly sense stimulation 

itself. Integrins connect cells to extracellular matrix or substrates. Primary cilia extend 
out from the surface of the cell and the deflection of primary cilia has been implicated 

in changes in ion concentrations (e.g. Ca2+) within cells. 

 Integrins are transmembrane proteins, which form focal adhesions that 

connect the cells to their extracellular environment, and allow cells to adhere to 

substrates such as extracellular matrix, plastic, glass and even metals. Integrin 

attachment proteins such as αvβ3 are essential for mechanosensation and 

mechanotransduction in response to fluid flow in osteocytes (Lee et al. 2008a; Haugh 
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et al. 2015). These focal adhesions function to sense their mechanical environment via 

the unfolding of specific proteins (e.g. talin, vinculin) in response to physiological 

loading, thus exposing more binding sites for other focal adhesion associated proteins 

and initiating signalling cascades that influence gene expression (Sawada et al. 2006; 

Del Rio et al. 2009; Golji et al. 2011).  Vinculin and talin are two of several proteins 

thought to anchor the cytoskeleton to the cell membrane at points of cell-cell and cell-

substrate attachment (Gilmore and Burridge 1996). 

 Primary cilia are microtubule based structures that originate in the centrisome 

of the cell, protrude outward from the surface of the cell and can be deflected by fluid 

flow (Wheatley et al. 1996). MC3T3-E1 osteogenic and bone resorbing responses to 

dynamic fluid flow require intact primary cilia (Malone et al. 2007b). The influx of Ca2+ 

in response to fluid flow is dependent on primary cilia in kidney epithelial cells 

(Praetorius and Spring 2001; Praetorius and Spring 2003; Liu et al. 2005), but the 

dependence on primary cilia is contentious in osteogenic cells. It was first reported as 

Ca2+ independent in MC3T3-E1 osteoblasts and MLO-Y4 osteocytes (Malone et al. 

2007b) but more recently it was shown that fluid flow induces Ca2+ increases in 

osteocyte primary cilia which depend on both intracellular Ca2+ release and 

extracellular Ca2+ entry (Lee et al. 2015). 

 The molecular structures that mediate cell-cell adhesion can be divided into 

three subfamilies; adhesion junctions (AJs), tight junctions and gap junctions (Matter 

and Balda 2003; Stains and Civitelli 2005; Meşe et al. 2007). Adhesion junctions (AJs) 

connect the cytoskeletons of adjacent cells via extracellular cadherins, and will be 

described in further detail in Section 2.5. 

 

2.4 The Cytoskeleton 

The cytoskeleton forms the backbone of the eukaryotic cell, providing the mechanical 

integrity to support cell shape, influences the mechanical properties of the cell (Lee et 

al. 2012), spatially organises the contents of the cell and has the capacity to generate 

force that is vital for cell motility and cell-cell and cell-substrate mechanosensitivity. 

The three main components of the cytoskeleton are microtubules (Ø 25 nm), actin 

filaments (sometimes called microfilaments or F-actin) (Ø 10 nm) and a group of 

polymers collectively called intermediate filaments (Ø 7 nm) (Bershadsky and Vasiliev 
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2012). These components can be classified both by their size and relative flexibility 

(Figure 2.9). The protein actin is one of the key cytoskeletal filaments in cells (Dos 

Remedios et al. 2003) and a variety of actin binding proteins work in concert to 

regulate the kinetics of actin filaments (Vale and Kreis 1999).  

 
Figure 2.9 Schematic and fluorescent images of the three major components of the 

cytoskeleton. The flexibility of the three components can be used to identify them and 
is calculated based on their persistence length (LP) in comparison to their contour 

length (L). Image from Steve Pawlizak, Diploma Thesis, 2009 and (Käs et al. 1996). The 
persistence length is the distance that the polymer is when it is in naturally straight 

configuration. 

The mechanics of the cytoskeleton are not as rigid as their name might suggest due to 

the highly dynamic, adaptive nature of the cytoskeleton. The main molecular 

mechanism responsible for the rapid reorganisation of the cytoskeleton fibres is the 

polymerisation of protein subunits by globular actin monomers (G-actin) to form 

fibres, and then later depolymerisation of fibres. The RhoA/ROCK and Rac1 signalling 

pathways play an important role in the development and regulation of contractile 

stress fibres. Rho-associated protein kinase (ROCK) is activated when Ras homolog 

gene family, member A (RhoA) binds to it. ROCK indirectly inhibits the 

depolymerisation of actin filaments (Maekawa et al. 1999), promotes actomyosin 

contraction (Kimura et al. 1996), is required to form punctate adhesions (Vaezi et al. 

2002) and significantly influences the osteogenic differentiation of MSCs (McBeath et 

al. 2004). Tseng et al. contributed the spontaneous osteogenesis of MSCs to 

significantly higher in cytoskeletal tension and actomyosin contraction (Tseng et al. 

2012). Ras-related C3 botulinum toxin substrate 1 (Rac1), is a small (~21 kDa) member 
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of the Rac subfamily of the Rho family of GTPases which regulates the cell cycle, cell-

cell adhesion and cytoskeletal reorganization and motility (through the actin network) 

(Chae et al. 2008; Jung et al. 2011; Zheng and Kim 2013) by interacting with 

downstream proteins to suppress the local formation of contractile actin (Burridge and 

Wennerberg 2004). 

 As previously mentioned, the functions of the cytoskeleton are numerous. For 

example, cytoskeletal function in cell motility can vary from cell contraction to cilia or 

flagella beating. The interaction of actin filaments with myosin forms the basis of many 

types of motility. When actin and myosin interact, ATP is consumed and actin filaments 

can move. The ATP dependent mutual sliding of actin and myosin filaments, which is 

the cornerstone of cytoskeletal contraction, was first proposed by (Huxley and 

Niedergerke 1954; Huxley and Hanson 1954) independently. Stress fibres are a specific 

type of contractile F-actin bundle, which are characterised by repeating units of 

myosin-II motor proteins and α-actinin (Peterson et al. 2004) (Figure 2.10B). Stress 

fibres are known to form in response to their mechanical environment and can often 

be seen in osteogenic cells on stiff substrates like plastic or glass. The mechanical 

properties of the cytoplasm are greatly influenced by the cytoskeleton and there is a 

2.6 - 3.2 fold decrease in Young's Modulus when actin polymerisation is inhibited using 

Cytochalasin D (Goddette and Frieden 1986; Rotsch and Radmacher 2000). Inhibition 

of microtubules with Colchicine did not alter the apparent elastic modulus of myocytes 

measured using atomic force microscopy (Collinsworth et al. 2002). Other studies have 

shown that inhibition of microtubule formation results in significantly higher 

actomyosin contractility, traction force magnitude, and cortical elasticity (Danowski 

1989; Kolodney and Elson 1995; Ezratty et al. 2005; Rape et al. 2011; Al-Rekabi et al. 

2014). The Young’s moduli of fibroblasts with and without vimentin intermediate 

filaments are substrate stiffness dependent, and fibroblasts without vimentin have a 

lower Young’s modulus during AFM indentation than those with vimentin across a 

range of indentation depths (500 – 1000 nm). 
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Figure 2.10: (A) Non-aligned Cortical networks form below the plasma membrane and 

carry tension loads in multiple directions. (B) Stress fibres form from bundled actin 
filaments, shown here associated with filaments of myosin, and generate tension 

against cell adhesions to the extracellular matrix (Fletcher and Mullins 2010).  

 

2.5 Adhesion Junctions 

Adhesion junctions (AJs) are transmembrane glycoproteins that form a connection 

between cytoskeletons of adjacent cells (Figure 2.11). They have an extracellular 

component called a cadherin, a small transmembrane component and an 

intramembranous (cytoplasmic) section composed of a network of accessory proteins 

through which the AJ connects to the actin cytoskeleton (Nelson and Nusse 2004). It is 

believed that these junctions act to transmit forces between cells (Ganz et al. 2006; Ng 

et al. 2012). 

 

A B 
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Figure 2.11: The Cadherin Adhesion Complex (Paredes et al. 2007). Classical cadherins 
(blue), which mediate calcium-dependent (red) intercellular adhesion, are composed 
of an extracellular domain, a transmembrane domain and a cytoplasmic domain. This 

last domain is comprised of a juxtamembrane domain (JMD), which binds p120-
catenin, and a catenin-binding domain (CBD), which binds β-catenin, which in turn 

binds α-catenin. Both α-catenin, α-actinin and vinculin establish a direct link between 
the cadherin-catenin complex and the actin cytoskeleton (yellow).  

Interaction between AJs and the cytoskeleton stabilises the AJ and is associated with 

increased strength of AJ bonds (Pittet et al. 2008; Hong et al. 2013). However, there is 

debate on the exact mechanisms through which the AJ is connected to the 

cytoskeleton, and the importance of various intramembranous proteins to this 

connection. One such protein is vinculin, which is involved in connecting the 

cytoskeleton to the cell membrane at points of cell-cell and cell-substrate attachment 

(Geiger et al. 1980). Huveneers et al. recently showed that vinculin is not required for 

the formation of AJs in primary human umbilical vein endothelial cells (HUVECs) 

(Huveneers et al. 2012). Initiation of cell-cell contact occurs at the cadherin complex 

when spatiotemporal activity of Rac1 induces polymerisation of actin filaments (Ehrlich 

et al. 2002; Yamada and Nelson 2007). Rac1 increases with osteogenic differentiation 

(Gao et al. 2010). RhoA activity at cell-cell contact sites mediates actomyosin-

dependent expansion of the adhesion zone (Yamada and Nelson 2007; Daneshjou et 

al. 2015). ROCK is activated when RhoA binds to it. ROCK indirectly inhibits the 

depolymerisation of actin filaments (Maekawa et al. 1999), promotes actomyosin 

contraction (Kimura et al. 1996), is required to form punctate adhesions (Vaezi et al. 

2002). 
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2.5.1 Cadherins 

Adhesion junctions are believed to initiate contact between cells through pairing of 

cadherins on adjacent cells (Gumbiner 2005). Cadherins are a family of glycoproteins 

that can be identified by their characteristic extracellular cadherin repeats (EC) (Nollet 

et al. 2000). Cadherins bond to one another in a homophilic, Ca2+-dependent fashion 

(Stains and Civitelli 2005), as shown in Figure 2.11. Cadherins can be divided into six 

subfamilies; type 1 classical cadherins, type 2 atypical cadherins, desmosomal 

cadherins, flamingo cadherins, proto-cadherins and several ungrouped members. Type 

1 and Type 2 cadherins have well established roles in cell-cell adhesion (Takeichi 1990). 

Cadherins are expressed in almost all tissues (Takeichi 1995) and play important roles 

in the formation and maintenance of a wide variety of tissues and organs (Yagi and 

Takeichi 2000). It is because of the diverse roles played by cadherins that altered 

cadherin expression has been linked to a variety of diseases including metastatic 

cancer (Van Roy 2014), Crohn's disease (Muise et al. 2009) and diabetes related 

complications (Navaratna et al. 2007). 

 

There are multiple types of cadherins and these are typically named after the tissue 

where they were initially first observed (Table 2.1). Most tissues express more than 

one cadherin (Suzuki et al. 1991; Tanihara et al. 1994). The cadherins expressed on the 

surface of a cell differ depending on both cell lineage and differentiation stage within a 

lineage (Kawaguchi et al. 2001). The predominantly homophilic bonding of cadherins 

means that, for example, N-cadherin will preferentially bond to N-cadherin. 
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Symbol Name Tissue Origin of Name Cadherin 
Type 

CDH1 E-cadherin Epithelial 1 

CDH2 N-cadherin Neural 1 

CDH3 P-cadherin Placental 1 

CDH4 R-cadherin Retinal 1 

CDH5 VE-cadherin Vascular Endothelial 2 

CDH6 K-cadherin Kidney 2 

CDH11 OB-cadherin Osteoblast 2 

CDH12 N-cadherin 2 - 2 

CDH13 T-cadherin 
H-cadherin Heart - 

CDH15 M-cadherin Myotubule 1 

CDH17 LI-cadherin Liver-Intestine - 

Table 2.1: Details of some of the Type 1 and Type 2 Cadherins as documented by 
HUGO Gene Nomenclature Committee (HGNC), a committee of the Human Genome 

Organisation. 

 

Mesenchymal and osteoblast stem cells express mainly N-cadherin and OB-cadherin 

AJs (Cheng et al. 1998a; Haÿ et al. 2000; Kawaguchi et al. 2001). Osteoprogenitor cells 

also express low levels of P-cadherin, K-cadherin (Kawaguchi et al. 2001) and E-

cadherin (Haÿ et al. 2000). N-cadherin has been found in all stages of osteogenic 

differentiation (Ferrari et al. 2000; Shin et al. 2000). The expression levels of N-

cadherin mRNA levels remain constant during osteogenic differentiation of MSCs while 

the level of OB-cadherin mRNA increases (Shin et al. 2000). This expression of mRNA 

translates into an increase in both N-cadherin and OB-cadherin proteins with 

osteogenic differentiation (Shin et al. 2000). 

 The presence of N-cadherin was linked to significantly higher expression of 

osteoblast transcription factors osterix, osteomodulin and osteoglycin (Guntur et al. 

2012). Osterix is vitally important for bone formation, inhibits the major gene for 

chondrogenesis (Sox9), and is activated by phosphorylation of p38 MAPK (Nakashima 

et al. 2002; Nakashima and de Crombrugghe 2003; Ortuño et al. 2010). Mouse models 

without the osterix gene display a complete lack of ossification (Nakashima et al. 2002; 

Huang et al. 2004). It is thought that osterix is either independent or downstream of 
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Runx2 (Lee et al. 2003). Osteomodulin regulates the diameter and alters the shape of 

collagen fibrils (Tashima et al. 2015). Osteoglycin has been indicated to enhance bone 

formation in osteoblasts (Tanaka et al. 2012). N-cadherin is important for osteoblast 

differentiation as it is necessary for the significantly higher ALP expression and 

mineralisation in response to bone morphogenetic protein (BMP-2) (Ferrari et al. 

2000). Additionally blocking of N-cadherin has been linked to deactivation of PI3K 

signalling (Guntur et al. 2012). Active PI3K signalling leads to osteogenic differentiation 

of MC3T3-EIs. PI3Ks are intracellular phosphorylating signal transducing enzymes 

whose absence or down-regulation is linked to tumorigenesis (Cully et al. 2006). 

Additionally, the presence of OB-cadherin and N-cadherin in teratomas generated 

bone and cartilage preferentially (Kii et al. 2004b). L cells (gut endocrine which do not 

express cadherins) double transfected with OB-cadherin and N-cadherin expressed 

elevated levels of ALP but single transfected (OB-cadherin or N-cadherin) L cells did not 

illicit a response (Kii et al. 2004b). C2C12 (mouse myoblasts that express N-cadherin) 

expressed elevated levels of ALP when transfected with OB-cadherin (Kii et al. 2004b). 

These results demonstrate that OB-cadherin influences the differentiation of 

mesenchymal stem cells in a different manner than N-cadherin. N-cadherin over-

expression in bone marrow MSCs resulted in significantly lower ALP activity, and 

significantly lower OPN, OCN, Runx2 and BMP-2 expression in comparison to controls 

(Xu et al. 2013). In addition, N-cadherin over-expression resulted in significantly lower 

ectopic bone formation. Reducing N-cadherin caused significantly higher ALP 

expression.  

 As mentioned previously, the cadherin family of adhesion proteins can be 

identified by their extracellular cadherin repeats (EC). Cadherins are composed of five 

connected domains (EC1-5) (Nelson and Nusse 2004) and the most distal EC1 domain 

of each cadherin is capable of connection to the EC1 domains on cadherins of adjacent 

cells (a trans-dimer). Additionally, there is emerging evidence that other regions of the 

cadherin may have a functional role in cadherin adhesion, particularly for cis-dimer 

formation between the EC3 domains of cadherins on the same cell (Figure 2.12) (Zhu 

et al. 2003; Stains and Civitelli 2005).  
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Figure 2.12: Initial cadherin formation occurs between adjacent cells (trans) at the 
most distal EC1 domain. Subsequently, slower lateral oligomerisation of the EC3 

domain occurs with the formation of cis-dimers between cadherins on the same cell. 
Image adapted from (Niessen et al. 2011). 

Cadherin binding is highly transient and in a steady state structure the AJ will 

continuously gain and lose cadherins (Troyanovsky et al. 2007; Hong et al. 2010). This 

rapid decoupling of cadherin bonds is thought to occur via reconfiguration of the 

adhesive bond between cadherins from the principal adhesive 'strand swap' type to an 

unstable X dimer type (Figure 2.13) (Hong et al. 2011). It is hypothesised that this 

transition could be controlled by intercellular traction forces (Hong et al. 2011). When 

AJs have formed, tension pulls the cadherins so that only the most distal section of the 

EC1 domain can touch but less tension allows more of the EC1 domain to come into 

contact and the X-dimer to form (Hong et al. 2011). 

EC1 EC3 
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Figure 2.13: Diagram depicting the hypothetical mechano-regulation of the cadherin 
dimerization states (Hong et al. 2011). A) In solution cadherin dimers are unregulated 
by traction forces and can switch between unstable x dimers and stable strand swap 
dimers. B) In cell-cell junctions the binding mode of the dimer is regulated by traction 

forces. 

2.5.2 Intercellular Protein β-catenin 

The cytoskeletons of adjacent cells are connected by AJs via a variety of proteins in the 

intramembranous section of the AJ, some of which bind to the actin cytoskeleton 

(Overduin et al. 1995; Shapiro et al. 1995; Stains and Civitelli 2005). β-catenin is one 

such intramembranous protein and was first observed at AJs in osteogenic cell lines 

(Cheng et al. 1998b) and later observed in the cytoplasm and nucleus of osteoblasts 

(Monaghan et al. 2001). β-catenin was later discovered to be essential for the 

osteogenic differentiation of mouse MSCs (Day et al. 2005). However, conflicting data 

exists with regards to how necessary β-catenin is for the formation of AJs. Studies have 

shown that cadherins and β-catenin have a 1:1 binding affinity (Miyake et al. 2006; 

Maki et al. 2015), that the cytoplasmic tail of the cadherin becomes structured on 

binding to β-catenin (Roura et al. 1999; Huber et al. 2001; Murase et al. 2002) and 

subsequently recruits α-catenin (Bajpai et al. 2008). α-catenin is one of the 

intramembranous proteins that binds to the actin cytoskeleton. Other studies have 

shown that β-catenin may only be necessary to recruit α-catenin by demonstrating 

that a cadherin-α-catenin fusion protein can form a junction without β-catenin 

(Pacquelet and Rørth 2005). Interesting, plakoglobin (also called γ-catenin - another 

intercellular protein linking the AJ to the cytoskeleton) can functionally compensate for 
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the loss of β-catenin, as E-cadherin expression was only significantly lower when both 

β-catenin and plakoglobin were depleted (Fukunaga et al. 2005; Lyashenko et al. 

2011). 

 β-catenin is an important component of the canonical Wnt signalling pathway 

(Westendorf et al. 2004). Canonical Wnt signalling heavily influences the maintenance 

and development of bone by effecting cell differentiation, proliferation, migration, 

polarity and gene expression (Moon et al. 2002). Canonical Wnt signalling influences 

Cox-2 and Runx2 gene expression, and osteoblast mineralisation (Norvell et al. 2004a; 

Rodda and McMahon 2006; Arnsdorf et al. 2009a). Down-regulation of canonical Wnt 

signalling encourages MSC renewal, while an up-regulation of canonical Wnt signalling 

encourages osteogenic differentiation of MSCs (Bennett et al. 2005; Gregory et al. 

2005; Jackson et al. 2005). The canonical Wnt signalling pathway has multiple 

regulatory mechanisms, including adhesion junction sequestering of β-catenin, 

degradation of cytoplasmic β-catenin when canonical Wnt signalling is not active, and 

conformation changes in β-catenin and other receptors during active canonical Wnt 

signalling (Nusse 2012). These steps all act in concert to regulate canonical Wnt 

signalling. This pathway can be divided into two different states (Nusse 2012); inactive 

signalling and active signalling (Figure 2.14). 
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Figure 2.14: Canonical Wnt signalling pathway showing E-Cadherin/β-

catenin/plakoglobin interactions (Tian et al. 2011). 

This pathway is in the inactive state when Wnt signalling is absent (Figure 2.14 Left 

Panel). In the absence of Wnt signalling, Wnt target genes are repressed (Cavallo et al. 

1998; Roose et al. 1998). Wnt target genes are numerous but some of the most 

relevant targets are Runx2/Cbfa1 (Dong et al. 2006), RANK ligand (RANKL) (Spencer et 

al. 2006), osteoprotegerin (OPG) (Glass Ii et al. 2005) and Cox-2 (Haertel-Wiesmann et 

al. 2000). Osteoblasts synthesise both OPG and RANKL. RANKL binds to osteoclasts and 

is a key factor in osteoclast activation. OPG is a decoy protein that can bind to RANKL 

and inhibit osteoclast differentiation and activity (Udagawa et al. 2000). β-catenin 

levels in the cytoplasm are kept low via phosphorylation by the protein kinases 

glycogen synthase kinase 3 (GSK3) and CK1 (Aberle et al. 1997; Zeng et al. 2005).  
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 Active state Wnt signalling rearranges these complexes (Figure 2.14-Right 

Panel). Wnt ligands bind to a complex that includes GSK3 (Fiedler et al. 2011). This 

sequestering of GSK3 leads to significantly lower phosphorylation of β-catenin. Stable, 

unphosphorylated β-catenin can translocate into the nucleus, where it targets genes 

such as Runx2/Cbfa1, RANKL and OPG (Behrens et al. 1996; Molenaar et al. 1996).  

 Cell-cell adhesion and canonical Wnt signalling are not mutually exclusive 

pathways and can affect each other. The quantity of AJs formed on the cell membrane 

influences the levels of free β-catenin in the cytoplasm that can become involved in 

canonical Wnt signalling (Fagotto and Gumbiner 1994; Tufan and Tuan 2001). 

Additionally, the presence of OB-cadherin coincides with significantly lower 

phosphorylated β-catenin in the cytoplasm (Di Benedetto et al. 2010) and significantly 

higher binding of β-catenin to N-cadherin (Kii et al. 2004a). Interestingly, MC3T3-E1 

cells over-expressing N-cadherin after stable transfection with a flag-tagged N-

cadherin siRNA were found to have significantly lower ALP production and significantly 

lower Runx2 and Cox-2 expression (Haÿ et al. 2009). This inhibitory function of over-

expressed N-cadherin was attributed to N-cadherin forming a complex with Axin and 

low-density lipoprotein receptor-related protein 5 (LRP5) that increased β-catenin 

degradation. 

 

2.5.3 Adhesion Junction Mechanosensation 

Adhesion junctions are sensitive to their mechanical environment and respond to it by 

altering their junction size or cell mechanical properties via the cytoskeleton (Ladoux 

et al. 2010; Liu et al. 2010b; Chopra et al. 2011). Investigations into AJ 

mechanosensation, using polyacrylamide gels coated with N-cadherin particles, 

showed that myogenic C2 cells on stiff substrates (95 kPa) form an actin cytoskeleton 

network, and β-catenin was recruited at the cell-substrate interface (Ladoux et al. 

2010). However in softer substrates (10 kPa), no actin cytoskeleton network formed, 

and β-catenin was not recruited at the cell-substrate interface (Ladoux et al. 2010). 

Another study used traction force microscopy to track beads within polyacrylamide 

gels of varying stiffness, with an N-cadherin particle coating on the surface of the gel. 

For gels of 5 and 10 kPa stiffness, neonatal ventricular rat myocytes formed actin stress 

fibres and the traction force exerted on N-cadherin coated gels was approximately 300 
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nN (Chopra et al. 2011). The myocyte elastic modulus measured using atomic force 

microscopy (AFM) testing significantly increased (2000 Pa, 8000 Pa, and 1600 Pa) as gel 

stiffness increased (0.3 kPa, 10 kPa, 30 kPa) (Chopra et al. 2011). 

 Similar to the behaviour of cell-substrate contacts (focal adhesion), the size of 

cell-cell adhesion junctions is influenced by the tugging force applied to the junction 

(Liu et al. 2010b). The rate of cadherin turnover during steady state is influenced by 

the local tension acting on the junction and that higher tension leads to quicker 

cadherin-cadherin bond turnover (de Beco et al. 2015).  

 Adhesion junction mechanosensation may be facilitated through the 

intramembranous accessory proteins such as β-catenin, α-catenin and vinculin that 

connect adhesion junctions to the cytoskeleton (Yonemura et al. 2010; Huveneers et 

al. 2012). However, it should be noted that most investigations into adhesion junction 

mechanosensation have been limited to one or two cells interacting with one another 

or extracellular constructs.  

 

2.5.4 Adhesion Junctions and Cell Mechanics 

The formation of AJs requires tension generated by the cytoskeleton (Miyake et al. 

2006; Hong et al. 2011; Hong et al. 2013). The ability of an AJ to resist rupture due to 

tension depends on the specific cadherin in the AJ. Mechanical testing using atomic 

force microscopy with cadherin coated cantilever tips has shown that OB-cadherin can 

resist approximately two-fold higher tensile forces (95±20 pN) than N-cadherin AJs 

(44±19 pN) in fibroblast cells before rupture (Pittet et al. 2008).  

 Cadherins have been observed to influence the Young's modulus of endothelial 

cells. When monolayers of human umbilical vein endothelial cells (HUVECs) are treated 

with VE-cadherin antibody, the Young's modulus is significantly higher both at the cell 

body (approximately, control 750 Pa and treated 900 Pa), and at the cell periphery 

(approximately, control 1000 Pa, treated 1200 Pa) (Stroka and Aranda-Espinoza 2011). 

As previously mentioned the mechanics of different cadherin types vary, therefore it is 

feasible that the contribution of different cadherins to different cell types will also vary 

but this has not yet been established. 
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2.5.5 Mechanical Relationship between Adhesion Junction and Integrins 

 Early studies investigating MC3T3-E1 AJs found that the cadherin levels were 

significantly higher with confluency (Luegmayr et al. 2000). The significantly higher 

cadherin levels were visualised via immunofluorescent staining of OB-cadherin, N-

cadherin and Pan-cadherin in MC3T3-E1 cells. Additional studies have shown using 

flow cytometry that N-cadherin expression is higher in confluent cells than non-

confluent cells (Ko et al. 2001). Further study has been carried out to assess if cadherin 

expression levels are related to cell-substrate binding. Integrins are transmembrane 

structures that mediate cell-substrate adhesion (Hynes 2004). Emerging evidence 

indicates cross-talk between integrins and cadherins during cell adhesion, cell 

contraction and motility (Figure 2.15 and Figure 2.16) (Weber et al. 2011).  

 Traction force microscopy has been used to compare the forces transduced 

through cell-cell (cadherin) and cell-ECM (integrin) adhesions using single cells (Ganz et 

al. 2006) or cell pairs (Maruthamuthu et al. 2011). The average C2 myogenic cell 

traction forces exerted by cadherins (0-50 nN) on N-cadherin coated micro-force 

sensor array (μFSA) were seen to be approximately half of that exerted by cell-ECM (0-

100 nN) contacts on μFSA coated with fibronectin (Ganz et al. 2006). An alternative 

study looked at the traction forces generated by two Madin-Darby canine kidney 

(MDCK) cells in contact on a collagen-coated polyacrylamide gel (Maruthamuthu et al. 

2011). For a cell pair to remain stationary, the sum of the traction forces exerted by 

the cell in any particular direction must sum to zero. This study saw that, when each 

cell in a cell pair was considered separately, there was an imbalance in the traction 

forces exerted on the gel. It was deduced that this imbalance reflects the force exerted 

at the cell-cell contact between the neighbouring cells. Individual cells in a cell pair had 

approximately equal unbalanced traction forces. Total cell-cell tugging forces varied 

from approximately 25 to 200 nN, while total cell-ECM traction forces varied from 

approximately 60 to 400 nN. 
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Figure 2.15: (A) Cell–cell force as a function of the total traction force exerted per cell. 
(B) Histogram of the ratio of the cell–cell force to the total traction force exerted per 

cell, mean ± SD = 0.47 ± 0.07 (Maruthamuthu et al. 2011). 

 Attachment of human hepatocellular carcinoma (HCC) cell line, KYN-2, to a 

substrate results in significantly lower immunofluorescent signal of E-cadherin and β-

catenin at the cell membrane (Genda et al. 2000). De Rooij showed that during HGF 

induced cell scattering of MDCK cells (de Rooij et al. 2005). Time lapse imaging of HGF 

treated cells suggest that increased integrin adhesion causes increased cell-cell tension 

and pulls cells apart, resulting in cell scattering (de Rooij et al. 2005). Similar findings 

emerged in a more recent study, which found that as integrin binding area to micro-

printed fibronectin patterns increased (<150 μm to >300 μm), a corresponding 

decrease in the Young's modulus (2 min incubation, 450 Pa for <150 μm, 100 Pa for 

>300 μm) of the bond between the cell and an E-cadherin coated microbead was 

observed for a S180 mouse sarcoma clone stably transfected to produce E-cadherin 

(Al-Kilani et al. 2011). However, this cross-talk may not yet be fully understood as 

another study showed that during dual-micropipette aspiration, the separation force 

(approx. 40nN) of S180 clones stably transfected to produce E-cadherin  increase when 

the cells were cultured with fibronectin coated micro-beads before testing (approx. 70 

nN) (Martinez-Rico et al. 2010). This increase was dependent on the size of the cell-

fibronectin attachment area, with larger beads (15 μm) or increased number of smaller 

beads (1, 2 or 3 10 μm beads) resulting in greater cell-cell separation force during 

micropipette testing. 
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Figure 2.16: Diagram of signalling molecules integrating signalling between cell-cell 

adhesions (Cadherins) and cell-ECM adhesion (Integrins) (Weber et al. 2011). 

2.5.6 Adhesion Junctions in 3D Tissues 

Adhesion junctions serve a variety of functions in 3D tissues, such as cell sorting, cell-

cell communication, collective cell migration and transmission of mechanical forces 

between cells. Adhesion junctions provide a mechanism for cells to recognise 

neighbouring cells and organise themselves within tissues and organs (Niessen et al. 

2011). Cell-cell recognition plays an important role during embryonic development 

when cells are moving, differentiating and grouping into homogenous cell structures 

(Townes and Holtfreter 1955; Schäfer et al. 2014). The variation in cadherin 

expression, depending on the specific differentiation pathway, has been observed to 

help the cells sort into homogenous groups (Figure 2.17) (Gumbiner 1996; Dady et al. 

2012).  
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Figure 2.17: Immunostaining for E-cadherin (E-cad), N-cadherin (N-cad) on cross-

sections through the neural plate of stage-HH4 chick embryo. Cell nuclei (blue) are 
stained with DAPI, m: mesoderm, np: neural plate (Dady et al. 2012). 

It has been demonstrated that cells expressing the same cadherins are able to form 

aggregates in vitro (Nose et al. 1988; Steinberg and Takeichi 1994). However, it is not 

just the type of cadherin that is expressed that influences cell sorting. It has been 

shown that cells will sort into groups of cells expressing similar quantities of a 

particular cadherin (Figure 2.18) (Steinberg and Takeichi 1994; Duguay et al. 2003). 

Further to this, adhesion junctions may contribute to the sorting of osteogenic 

precursors by providing them with molecular targets in the form of cadherins for 

migration towards the bone surface (Tsutsumimoto et al. 1999; Luegmayr et al. 2000; 

Lemonnier et al. 2001).  
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Figure 2.18: L cells expressing E- (green) or P- (red) cadherin sort out according to 

cadherin expression levels. A) P-cadherin expressing L cells expressing more cadherins 
than E-cadherin cells organise so that the P-cadherin cells segregate internally. B) 

Expression levels of P-cadherin or E-cadherin were the same and cells do not 
segregate. C) E-cadherin cells induced to have greater cadherin expression than P-

cadherin expressing cells. E-cadherin cells segregate internally (Duguay et al. 2003). 

In addition to providing molecular targets for migration, AJs play an important role in 

the collective migration of cells as groups, sheets or strands (Li et al. 2012a; Ng et al. 

2012). This is evident in embryogenesis, during the process of intercalation when cells 

in a sheet rearrange themselves so as to elongate in one direction and narrow in the 

perpendicular direction (Keller 2002; Kim et al. 2010). 

 AJs facilitate cell-cell communication in a manner closely linked with the 

formation of gap junctions between embryonic myocytes (Luo and Radice 2003). N-

cadherin down-regulation results in significantly lower movement of a fluorescent dye 

between neighbouring NIH3T3 fibroblasts (Wei et al. 2005) and significantly less AJ 

binding proteins β-catenin and plakoglobin leads to gap junction remodelling in mouse 

myocytes (Swope et al. 2012). Formation of AJs can also lead to the assembly of tight 

junctions, which forms a gateway for the select passage of ions and solutes (Tunggal et 

al. 2005; Taddei et al. 2008). Together, these studies indicate that AJs play a role 

beyond their own mechanical and biochemical roles and aid in intercellular movement 

of molecules.  

 Despite the knowledge that AJs are important for cell grouping and biochemical 

communication, there is very limited data to date on the role that AJs play in the 

mechanics of groups of cells. Previously discussed traction force and laser-tweezer 

experiments show that AJs can transmit forces between cells, but the implication of 
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this in terms of dictating the mechanical environment within cell aggregates and the 

specific influence of different cadherin types on this environment remain unclear. 

 

2.5.7 Adhesion Junctions and Cytoskeleton Relationship 

Increasing evidence is emerging indicating a close relationship between AJ formation 

and actin stress fibres formation. These structures have a reciprocal relationship both 

mechanically and biochemically. The formation of AJs is influenced mechanically by the 

cytoskeleton. The cytoskeleton stabilises the junctions by generating intracellular 

tension through actin stress fibre formation and aids clustering by limiting the degrees 

of freedom of movement of individual cadherin bonds (Hong et al. 2013).  

 AJ formation has been shown to be important for stress fibre formation both 

biochemically and by forming a structural basis for fibre formation. Sites of active 

polymerisation, identified by free barbed ends of actin filaments, can be found at 

adhesion junctions (Vasioukhin et al. 2000; Tao et al. 2007). However, cell confluency, 

cadherin engagement and cytoskeletal interaction with AJ intracellular proteins has 

been shown to cause a marked reduction in the activity of RhoA molecules that bind to 

ROCK (Maekawa et al. 1999; Anastasiadis et al. 2000; Noren et al. 2001; Noren et al. 

2003). As mentioned in Section 2.4, ROCK indirectly inhibits the depolymerisation of 

actin filaments. The regulatory mechanisms surrounding the AJ-cytoskeleton interface 

are complex and also include regulation of Rac1 activity by cadherin engagement 

(Nakagawa et al. 2001; Ehrlich et al. 2002; Liu et al. 2006) and by cell adhesion 

(Wozniak et al. 2003; Pattabiraman and Rao 2010). Rac1 suppresses formation of 

stress fibres and is an important gene for cytoskeleton remodelling (Castets et al. 

2005). Additionally, it has been shown that Rac1 activity can downregulate Rho activity 

(Sander et al. 1999a). 

 

2.6 The role of Mechanical stimulation in Osteogenesis 

Bone is a mechanically sensitive structure that responds to a variety of mechanical 

stimuli, such as substrate strain, extracellular matrix (ECM) stiffness, hydraulic pressure 

and fluid shear stress. Substrate strain experiments mimic the deformation that occurs 

in bone in vivo, during normal loading conditions. This stimulus increases ECM 

production and induces osteoblast differentiation (Guo et al. 2012; Zeng et al. 2015). 
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ECM stiffness has been shown to have a significant influence on the differentiation of 

osteoblasts (Mullen et al. 2015). However, it has been found that fluid shear stress has 

a greater effect on osteoblast osteopontin expression than substrate strain (Owan et 

al. 1997). Osteopontin is a secreted adhesive glycophosphoprotein, which plays a role 

in cell adhesion, migration and survival (Standal et al. 2004; Kirkham and Cartmell 

2007). Similarly, it has been found that fluid shear stress produces larger fold increases 

in ATP release and Cox-2 expression than cyclic hydraulic pressure (Gardinier et al. 

2009). ATP release mediates the release of intracellular stores of calcium (Chen et al. 

2000; Katz et al. 2006). Cox-2 plays a role in early bone formation in response to 

mechanical stimulus, particularly by contributing to prostaglandin production 

(Wadhwa et al. 2002; Bakker et al. 2003a). 

 

2.6.1 Fluid Flow 

One of the most widely used methods to investigate osteogenic cell mechanobiology is 

the application of fluid shear stress (FSS). This method provides clinical relevance as it 

imitates the flow of fluid within the bone laculo-canalicular network  (Weinbaum et al. 

1994). FSS is the tangential force generated by the velocity gradient in laminar fluid 

flow (Figure 2.19).  

 
Figure 2.19 Diagram showing wall shear stress acting on cells adhered to a substrate. 

(h: chamber height, b: chamber width) (Eibl et al. 2008). 
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In general, application of fluid flow stimulation to MSCs, osteoblasts or osteocytes has 

a positive effect on the osteogenesis of these cells. Fluid flow stimulation can increase 

markers for early osteogenesis like ALP and PGE2 expression (Kapur et al. 2003; Vance 

et al. 2005; Delaine-Smith et al. 2012), significantly higher expression of genes 

associated with osteogenesis like Cox-2 (Wadhwa et al. 2002; Bakker et al. 2003a), 

Runx2 (Mehrotra et al. 2006) and bone morphogenetic protein-2 (BMP-2) (Yourek et 

al. 2010), as well as influencing the formation of actin stress fibres and alignment of 

these fibres to the direction of fluid flow. As discussed in Section 2.2, PGE2 is involved 

in the regulation of bone remodelling (Igarashi et al. 1994; Thorsen et al. 1996), ALP 

promotes mineralisation (Golub and Boesze-Battaglia 2007), Runx2 controls the 

expression of a variety of osteoblast-associated genes and proteins (Ducy et al. 1997) 

and Cox-2 is known to play a rate-limited role in the production of prostaglandin 

(Kirkham and Cartmell 2007). 

 FSS is applied to cells using a variety of methods. The most commonly used 

methods are parallel plate bioreactors, spinning disk bioreactors, stirring flasks and 3D 

perfusion bioreactors (Jossen et al. 2014). Each of these bioreactors has different fluid 

or mechanical motion that imparts a defined stimulus on the cells within each system. 

Parallel plate bioreactors are often used to investigate osteogenesis in response to 

applied fluid shear stress as this mode of stimulation mimics fluid flow within bone 

(Weinbaum et al. 1994). Parallel plate bioreactors function by forcing a fluid between 

two parallel plates that are very close together. Fluid flow through the chamber 

applies a controllable wall shear stress to the cells located on one plate of the 

bioreactor. Parallel plate bioreactors are flexible in terms of the flow regime which 

they can apply to the cells, as the exact flow regime and wall shear stress imparted on 

the cells can be controlled by the pumping system.  

 The most studied fluid flow regimes used to investigate the role of FSS for MSC 

and osteoblast osteogenesis are steady state laminar, pulsatile fluid flow and 

oscillatory fluid flow (Jacobs et al. 1998; Malone et al. 2007c; Arnsdorf et al. 2009a; 

Kamel et al. 2010; Liu et al. 2010a). The specific flow regime used can influence the 

responses elicited from the cells and this is explained in more detail below.  

 Oscillatory fluid flow is of particular clinical relevance as this modality of 

stimulation imitates the dynamic oscillatory fluid flow that occurs in the lacuno-
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canalicular network during walking (Weinbaum et al. 1994). During walking, the 

spatially varying deformation of bone occurs due to applied loads. This deformation 

results in pressure gradients within the bone that are resolved via the movement of 

fluid within the Haversian canals and lacuno-canalicular network. When the load is 

removed, the fluid movement is reversed due to the reversal of the pressure gradient. 

This dynamically changing pressure gradient within loaded bone produces an 

oscillatory fluid flow pattern (Knothe Tate et al. 1998).  

 An array of studies have demonstrated that PGE2 expression is significantly 

higher when pre-osteoblast cells are stimulated with oscillatory fluid flow (Saunders et 

al. 2001; Donahue et al. 2003; Saunders et al. 2003; Malone et al. 2007b). Additionally, 

the expression of osteopontin and Cox-2 mRNA by pre-osteoblasts is significantly 

higher with oscillatory fluid flow stimulation (Chen et al. 2000; You et al. 2001). 

Pulsatile fluid flow (PFSS) can also produce significantly higher PGE2 expression, but in 

a more limited capacity depending on cell type and shear stress applied (Klein-Nulend 

et al. 1995; McGarry et al. 2005b; Kamel et al. 2010). Some studies show that PGE2 

expression cumulatively increased in FSS media under the application of 0.7 Pa shear 

stress using PFSS (Klein-Nulend et al. 1995), whereas other work showed that pre-

osteoblasts can only increase PGE2 expression in response to high shear stress (1.6 - 

2.4 Pa) PFSS and not low shear stress (0.2 - 0.8 Pa) (Figure 2.20) (Kamel et al. 2010). 

Additionally, some studies have reported no significantly higher PGE2 expression with 

PFSS application (McGarry et al. 2005b). Laminar fluid flow has been shown to increase 

the formation of actin stress fibres, induce alignment of the cytoskeleton with the 

direction of flow, increase MC3T3 PGE2 production and expression of Runx2 and Cox-2 

(Smalt et al. 1997; Norvell et al. 2004b; Mehrotra et al. 2006; Malone et al. 2007c).  
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Figure 2.20: PGE2 accumulation in the fluid flow media during the application of 

various levels of pulsatile fluid flow shear stress to MLO-Y4 osteocyte cells (Panel A) 
and to 2T3 osteoblastic cells (Panel B). All time points in the MLO-Y4 are significantly 

different compared to static controls at p < 0.05 (Kamel et al. 2010). 

 

2.6.2 Cytoskeleton Response to Fluid Flow 

MC3T3-E1 pre-osteoblast cells in static conditions display a cytoskeleton with actin 

filaments orientated at random (Figure 2.21). Fluid shear stress application can cause 

the actin cytoskeleton to remodel in a manner that is dependent on the stimulus 

applied. Steady, unidirectional fluid flow induces shear stresses that cause the actin 

filaments to bundle into thicker fibres, and these can orientate with the long axis of 

the cell (Jaasma et al. 2007; Malone et al. 2007c) or aligned in the direction of flow 

(Ponik et al. 2007). However, oscillatory fluid flow causes less mature stress fibres to 

form without strong alignment in the direction of fluid flow (Ponik et al. 2007). Cells 

exposed to oscillatory fluid flow gradually form more mature stress fibres when 

stimulated for longer periods (24 hrs). 
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Figure 2.21:  Stress fibre organisation visualised by rhodamine phalloidin staining of F-
actin. MC3T3-E1 osteoblasts were subjected to static or flow conditions for 1, 5, or 24 
hr. (U-flow: unidirectional flow. O-Flow: oscillatory flow) Arrows indicate the direction 
of fluid flow relative to the images. Cells in static culture formed fewer stress fibres. U-
flow induced formation of organised stress fibres at all time points. Actin reorganised 

into a few stress fibres in response to 1 and 5 hr of O-flow. 24 hr of O-flow induced 
formation of organised stress fibres in MC3T3-E1 osteoblasts. (Ponik et al. 2007) 

It has been shown that intracellular calcium has a significant effect on stress fibre 

formation and Cox-2 production in response to FSS (Chen et al. 2000). When FSS is 

applied, calcium production is upregulated and the cytoskeletal response depends on 

this calcium (Chen et al. 2000). Chen et al. (2000) also demonstrated by blocking 

membrane calcium ion channels that the cytoskeletal response requires the release of 

intracellular calcium, but not the transport of calcium into the cell. However, 

extracellular Ca2+ influx during FSS is seen to be important for F-actin cytoskeleton 

realignment and morphological changes in response to fluid flow (Liu et al. 2010a) in a 

system where 1.6 - 1.9 Pa of FSS was applied and the controls were seen to align to the 

flow direction. Calcium (both extracellular and intracellular) appears to play a role in 

ERK1/2 activation (Liu et al. 2008), which is important for Runx2 phosphorylation. 

 Studies have looked at the role of various components of the actin cytoskeleton 

in the FSS-induced osteogenic differentiation of MSCs. It was found that destruction of 
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microtubules for 5 days had no effect on the ALP activity of MSCs (Pablo Rodríguez et 

al. 2004) but the inhibition of actin filaments using Cytochalasin D caused an increase 

in ALP activity (Higuchi et al. 2009). 

 

2.6.3 Adhesion Junction Response to Fluid Flow 

The quantity of N-cadherin and OB-cadherin adhesion junctions does not change with 

application of FSS to MC3T3-E1 pre-osteoblasts (Norvell et al. 2004a), as seen by 

immunoblot analysis. However, the location of adhesion junctions can change when 

FSS is applied as the cell remodels to the changing mechanical environment (Noria et 

al. 1999). Immunofluorescent observations have shown that when porcine aortic 

endothelial cells are stimulated with FSS, cytoskeletal stress fibres form and punctate 

adhesion junctions can be seen at the end of fibres where they insert into the cell 

membrane. This is in contrast to the presentation of predominantly linear arrays of 

adhesion junctions along the cell-cell contact boundaries of static endothelial cells 

(Noria et al. 1999). In vitro experimentation has shown that osteoblast adhesion 

junctions respond biochemically to FSS by decreasing β-catenin sequestration at the 

AJs (Ferraro et al. 2004; Norvell et al. 2004a). β-catenin is an important osteogenic 

signalling molecule in the Wnt signalling pathway (Moon et al. 2002; Westendorf et al. 

2004). Application of FSS causes a significantly lower presence of β-catenin at the AJs 

and significantly higher β-catenin translocation into the nucleus (Norvell et al. 2004a) 

and this is likely responsible for some of the osteoblast osteogenic responses to FSS. 

However, it has not yet been established if the presence of AJs in osteoblasts 

influences osteogenic responses to fluid flow stimulation such as significantly higher in 

Cox-2, PGE2 and Runx2. 

 

2.7 Finite Element Analysis of Osteogenic Cells under Fluid Flow 

Finite Element (FE) analysis is a mathematical method that divides a 2D or 3D structure 

into a finite number of elements and nodes and can be used to calculate a variety of 

parameters including stresses and strains of the structure. FE analysis methods have 

recently advanced significantly and are increasingly being applied to the study of cell 

biomechanics and fluid dynamics. Advances in commercially available FE analysis 

software have made it possible to model complex 3D cells in addition to modelling cell 
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substructures and a wide variety of solid and fluid mechanical environments 

influencing the cells. Computational modelling of cells exposed to fluid shear stress 

provides empirical data detailing the stresses imparted to the cells by the stimulus, 

thus giving detailed information about stress location and magnitude. Chapter 3 of this 

thesis provides further detail on FE analysis. 

 

2.7.1 Structural Modelling of Osteogenic Cells 

Cells are highly complex units with irregular, dynamic morphologies and numerous 

substructures. Usually, most cell substructures are excluded due to their negligible 

influence on cell mechanical properties and high computational expense. Cells have 

been modelled with complexities varying from simple isotropic linear elastic solids 

(Mijailovich et al. 2002; Ladjal et al. 2009) to complex viscoelastic solids with actively 

remodelling cytoskeletons (Reynolds et al. 2014) and mechanically sensitive adhesive 

structures (Ronan et al. 2015).  Many models of cells use approximate, idealised 

morphologies, often based on brightfield or immunofluorescent imaging of cells 

(McGarry and Prendergast 2004). However, recent advances in this field include 

modelling of highly detailed realistic models of in vitro and ex vivo cells (Slomka and 

Gefen 2010; Verbruggen et al. 2012).  

 Linear elastic, isotropic material models of cells have been applied to compute 

the stresses and strains generated in cells undergoing various stimuli (atomic force 

microscopy (AFM) indentation, fluid shear stress, substrate strain) to help understand 

the deformations and stresses caused by each modality of stimulation (Charras and 

Horton 2002; McGarry et al. 2005a; Dailey et al. 2009; Ladjal et al. 2009). By modelling 

AFM experiments using linear elastic material properties, factors contributing to the 

mechanical properties of the cell, such as cell contractility and cell spread area, can be 

investigated (Vichare et al. 2012). More recently, linear elastic material models have 

been used to ascertain the stress distributions within cells resulting from interaction 

with extracellular structures or stimulus both in 2D in vitro simulations (Figure 2.22) 

(Mullen et al. 2014a), in idealised 2D simulations (Khayyeri et al. 2015) and in realistic 

3D simulations (Verbruggen et al. 2012). 

 



48 
 

 

Figure 2.22: A spread cell attached to substrates of Young's modulus 600, 1800 or 
10,000 Pa through realistic focal adhesion location. Stress concentrations were 

observed at the adhesion sites. (Mullen et al. 2014a) 

 However, the response of cells to mechanical stimuli is time dependant (A-

Hassan et al. 1998; Darling et al. 2008; Pravincumar et al. 2012) and non-linear (Wang 

et al. 1993; Ohashi et al. 2001; Ohayon et al. 2004) and cells can change their 

mechanical properties as they differentiate (Bongiorno et al. 2014). Viscoelastic 

Maxwell material models have been used to determine the stress and strain induced in 

a single cell or a cell monolayer by the pulling of a magnetised microbead (Karcher et 

al. 2003). Viscoelastic material models have been used to investigate the mechanical 

properties of chondrocytes (Nguyen et al. 2010) and osteocytes (Qiu et al. 2014). The 

changing mechanical properties of chondrocytes and endothelial cells during cell 

spreading has been investigated using viscoelastic material models (McGarry 2009). In 

some circumstances, when they are undergoing large deformations, it is also accurate 
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to model cells as hyperelastic structures. Hyperelastic material models have been 

applied to capture the deformation during micropipette aspiration or parallel plate 

compression, when cells undergo non-linear large deformations (Caille et al. 2002; Sen 

et al. 2009; Jafari Bidhendi and Korhonen 2012). Neo-Hookean viscoelastic models 

have also been used to characterise the erythrocyte cytoskeleton during modelling of 

laser tweezer induced cell deformation (Klöppel and Wall 2011). 

 The viscoelastic material model for cells does not completely capture the 

response of cells to mechanical stimuli (Reynolds et al. 2014), as the cytoskeleton has a 

dynamic influence on cell mechanical properties. A variety of methods have been used 

to model the cytoskeleton to attempt to accurately account for the contribution of this 

structure. The least computationally expensive method is the use of thermal 

contraction to generate a pre-stress within the cytoplasm of the cell and this has been 

used to investigate whole-cell stress and strain in response to applied deformation 

(AFM testing, scaffold strain) (Stops et al. 2008; Vichare et al. 2012) or mechanical 

environment (substrate stiffness) (Mullen et al. 2014a). Pre-positioned stress fibres 

have been modelled as linearly elastic cables supporting only tensile loads and 

discretised using non-compression bearing truss elements. The stress fibres had 

different mechanical properties to the rest of the cytoplasm (Milner et al. 2012) and 

were pre-strained so as to put the fibres in tension (Mohrdieck et al. 2005). Milner et 

al. (2012) assigned localised cytoplasmic mechanical properties, based on 

measurements taken at an array of locations and used this model to investigate 

localised increases in cell stress in response to cyclic strain. This method has also been 

used to investigate cell rounding (Jean et al. 2005). Models using pre-positioned stress 

fibres have revealed the importance of cytoskeleton interaction with cell adhesion 

sites for stress propagation through the cytoskeleton network (Paul et al. 2008). A 

further improvement to this method was the inclusion of both tensile and compressive 

'cytoskeleton' elements to represent the compressive microtubule and tensile actin 

components of the cytoskeleton (McGarry et al. 2005a).  

 In recent years, modelling of the cytoskeleton has developed greatly with the 

introduction of active cytoskeleton material models (Deshpande et al. 2006; Besser 

and Schwarz 2007; Vernerey and Farsad 2011). The 3D model developed by 

Deshpande is entirely predictive; the distribution, formation and contractility of the 
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stress fibres are dynamically governed by cell signalling and tension. Implementation 

of this material model has accurately modelled the generation of cell traction forces on 

micropillars due to cell contractility (McGarry et al. 2009). Further advances to this 

model have been implemented in 3D to investigate the role of the cytoskeleton during 

cell spreading and parallel plate compression (Ronan et al. 2012), during AFM 

compression (Weafer et al. 2013; Reynolds and McGarry 2015), during cyclic strain 

application (Dowling et al. 2013), during shear force application (Dowling et al. 2012) 

and during micropipette aspiration (Reynolds et al. 2014). The interplay between the 

cytoskeleton and cell-substrate and cell-cell interactions is now also being investigated 

using this active cytoskeleton model (Ronan et al. 2014; Ronan et al. 2015). The work 

of (Besser and Safran 2006) has developed a predictive model for force-induced 

growth of focal adhesions, and another study by this research group predicted using a 

mechanosensitive material model that focal adhesion size can be tuned by the 

mechanical properties of substrate matrix (Nicolas and Safran 2006). Another 

predictive model by (Kaunas and Hsu 2009) assumed that when stress fibres were 

stretched beyond a critical length, they would dissociate. A 2D model developed by 

Vernerey and Farsad is a mechano-sensitive multiphasic predictive model, 

incorporating a mixture fluid, solute and solvent, and the transport of fluid and 

momomers within the cell via convection/diffusion (Vernerey and Farsad 2011). This 

model can capture the dependency of cell contractility, facilitated by stress fibres, on 

the mechanical environment of the cell (Vernerey and Farsad 2011). Obbink-Huizer 

developed a model that predicted the orientation of stress fibres to the direction of 

substrate strain and have a dependence on substrate material properties (Obbink-

Huizer et al. 2014). In vitro studies of actin cytoskeleton remodelling have shown that 

strains of 15% are required for widespread actin re-organisation to occur, therefore, 

for applications with small strains it may not be necessary to include an active 

cytoskeleton model (Costa et al. 2002). 

 

2.7.2 Parallel Plate Bioreactor Fluid Flow Analysis 

Computational investigations into the stresses experienced by cells in parallel plate 

flow chambers require analysis of the flow regime within the bioreactor system. It has 

been shown that the stimulus applied to cells within parallel plate flow chambers 
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varies with chamber design and varies spatially within each chamber (Anderson et al. 

2006; Vaughan et al. 2013b). The works of Anderson (2006) and Vaughan (2013) have 

demonstrated that for any study investigating the forces imparted to cells within a 

bioreactor, it is necessary to investigate the flow patterns and pressure fluctuations 

specific to each bioreactor system, to ascertain the forces being imparted on the cells. 

To date, the fluid pressure and velocity generated within an entire bioreactor system 

(parallel plate flow chamber and tubing) during oscillatory fluid flow has not been 

computationally modelled. 

 

2.7.3 Fluid-Structure Interaction Modelling of In Vitro Experiments 

During stimulation of cells in a parallel plate flow chambers, the mechanical stimulus is 

applied to the cells via movement of a fluid. This movement creates a force vector in 

the direction of flow, tangential to the surface of the cells. As such, fluid-structure 

interaction (FSI) modelling is the most appropriate form of analysis to capture the 

forces generated by the fluid and apply these forces to the solid cells. The theory 

behind this type of modelling is described in detail in Chapter 3. Fluid-structure 

interaction models have shown that the strains experienced by idealised single Neo-

Hookean hyperelastic cells within parallel plate flow chambers have a greater 

dependence on the pressure within the system than the applied shear stress (Vaughan 

et al. 2013b). Other studies have investigated the stress and deformation generated in 

a single linear elastic cell incorporating a constitutive cytoskeleton model under 

laminar FSS stimulation (McGarry et al. 2005a). FSI models have more recently also 

been used to determine osteocyte viscoelastic properties by recording cell 

deformation during steady laminar FSS and then assigning cell viscoelastic properties 

to accurately model the observed in vitro cellular deformation (Qiu et al. 2014). 

However, these models have all investigated single cells and have not accounted for 

intercellular forces in cell morphology and mechanics. 

 FSI computational investigations into the stresses experienced by 

mechanosensitive structures such as integrins and primary cilia during FSS have 

demonstrated the heightened stress-states of these structures during stimulation 

(Rydholm et al. 2010; Verbruggen et al. 2012; Vaughan et al. 2013a; Vaughan et al. 

2014; Khayyeri et al. 2015), which correlates with in vitro osteogenic responses to FSS. 
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Additionally, a recently published study using a realistic 3D model of an individual MSC 

found that peak stresses localised at the interface between the nucleus and the 

cytoplasm (Vaez Ghaemi et al. 2015) for low levels of FSS (0.006 - 0.03 Pa). However, 

the stresses generated at cell-cell contacts during fluid shear stress stimulated in a 

parallel plate flow chamber have yet to be modelled.  

 

2.8 Summary 

A detailed overview of the structure of bone including its hierarchical composition and 

function has been presented here in Chapter 2. Particular attention has been given to 

the osteogenic cells that form and remodel bone and detail has been provided on 

mechanisms of interest, specifically adhesion junctions and the cytoskeleton, that are 

involved in the activities of these cells. To summarise, the adaptive response of bone is 

mediated by the osteogenic cells that live in the marrow cavity (mesenchymal stem 

cells), on the surface of the bone (osteoblasts), or within the bone (osteocytes). These 

cells sense the forces placed on the bone via the flow of fluid within the bone cavities 

and can respond to this stimulus by signalling for new bone to be produced or old 

bone to be resorbed. Currently, only limited data is available on the role of adhesion 

junctions and the cytoskeleton in osteogenic cell mechanosensation of mechanical 

stimuli. An increased understanding of these processes is important to the 

development of improved medical techniques to repair or replace damaged bone. 

Literature referenced in this chapter details the influence of fluid flow on osteogenic 

cells and explores the limited available data on the role of cell-cell adhesion junctions 

and the cytoskeleton in sensing mechanical stimulus. 

 

In Chapter 4, the influence of adhesion junctions on the osteogenic response of pre-

osteoblast MC3T3-E1 cells to fluid shear stress stimulation is investigated using a 

parallel plate bioreactor. Chapter 5 uses a combination of fluid-structure interaction 

modelling and cell culture techniques to investigate the forces experienced at cell-cell 

contacts between osteoblasts during oscillatory fluid shear stress stimulation, and 

relates these forces to the in vitro cytoskeletal and biochemical response. Chapter 6 

investigates the mechanical role of N-cadherin and OB-cadherin adhesion junctions 
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during the osteogenic differentiation of 3D aggregates of C57BL/6 MSCs by down-

regulating specific cadherins. 
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Chapter 3: 
Theory 

_______________________________________________________________________ 

 

3.1 Introduction 

This chapter presents the theoretical basis for the computational modelling techniques 

used in Chapter 5, in addition to presenting an overview of constitutive models used in 

later chapters. Firstly, in Section 3.2 an overview of continuum mechanics is provided. 

This is followed by the theoretical framework and governing equations for the finite 

element method. Section 3.3 presents an overview of computational fluid dynamics 

techniques. Section 3.4 outlines a standard methodology for coupling of finite element 

and fluid dynamics computational techniques in the form of fluid-solid interaction 

modelling. This technique is used in Chapter 5 to investigate the deformation of cells 

due to applied fluid flow in a parallel plate bioreactor.  

 

3.2 Finite Element Analysis 

3.2.1 Fundamental Theory of Continuum Mechanics 

Finite element analysis of biological cells subjected to external loading requires the 

consideration of large deformation kinematics. This describes the deformation of a 

body from a reference configuration into a deformed or current configuration, as 

shown in Figure 3.23. The locations of a point on a 2D body in the reference and 

deformed configurations are represented with position vectors x and y respectively. 

Equation 3.1 gives the displacement vector, u, and equation 3.2 gives the velocity 

vector, v. 

 

𝒖(𝑥, 𝑡) = 𝒚(𝑥, 𝑡) − 𝒙 (3.1) 

 

𝒗(𝒙, 𝑡) =
∂𝒖
∂𝑡  (3.2) 
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Figure 3.23 Diagram of finite deformation kinematics, showing the displacement and 

deformation of a reference configuration where u is the displacement vector of a point 
defined by vectors x and y. 

 

The deformation occurring between the reference and current configurations is 

calculated by relating the distance between a point in the deformed volume and a 

point in the reference volume (Figure 3.23) according to equation 3.3: 

 

𝑭𝒅𝒅𝒅 =
𝑑𝒚
𝑑𝒙

 (3.3) 

 

where Fdef is the deformation gradient tensor and dx and dy are the distance between 

the points in the reference and deformed configurations respectively. The spatial velocity 

gradient (𝑳) is calculated by equation 3.4: 

 

𝑳 =
𝑑𝒗
𝑑𝒚

= 𝑑𝑭𝒅𝒅𝒅.𝑭𝒅𝒅𝒅−1 (3.4) 

 

The symmetric rate of deformation tensor (𝑫) can be calculated from the spatial 

velocity gradient (𝑳) according to equation 3.5. 
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𝑫 = 𝑠𝑠𝑠(𝑳) =
1
2

(𝑳 + 𝑳𝑇) (3.5) 

 

Lastly, the symmetric rate of deformation tensor (𝑫) can be integrated with respect to 

time to give the logarithmic strain tensor (𝜺) according to equation 3.6.  

 

𝜺(𝑡) = � 𝑫𝑑𝑡
𝑡

0
 (3.6) 

 

3.1.1.2 Material Constitutive Theory - Elasticity 

The linear elastic constitutive model is given as: 

 

𝝈 = 𝑪𝑒𝑒𝜺 (3.7) 

 

where σ is the 3D Cauchy stress tensor, Cel is a fourth order stiffness tensor and 𝜺 is the 

strain tensor. Equation 3.8 shows the 3D Cauchy stress tensor and equation 3.9 shows 

the three dimensional strain tensor. 

 

𝜎𝑖𝑖 = �
𝜎11 𝜎12 𝜎13
𝜎21 𝜎22 𝜎23
𝜎31 𝜎32 𝜎33

� (3.8) 

 

𝜀𝑖𝑖 = �
𝜀11 𝜀12 𝜀13
𝜀21 𝜀22 𝜀23
𝜀31 𝜀32 𝜀33

� (3.9) 

 

The elastic material model utilised in Chapter 5 considers the material to be isotropic 

and linear. Therefore, the deformation can be defined in terms of just two constants; 

the bulk modulus (K) and the shear modulus (G). These can be calculated using the 

Young's modulus (𝐸) and the Poisson's ratio (𝜐) according to equations 3.10 and 3.11. 

 

𝐾 =
𝐸

3(1 − 2𝜐) (3.10) 
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𝐺 =
𝐸

2(1 + 𝜐) (3.11) 

 

 

3.2.2 Finite Element Method 

The finite element method (FEM) is applied in commercially available FE codes such as 

the ANSYS Structural software package used in this thesis. The first step in finite 

element (FE) analysis is the division of the structure of interest into subdivisions, 

known as elements. The elements are interconnected to adjacent element at nodes. 

The number and type of elements in the mesh are chosen so that the variable 

distribution throughout the whole structure can be adequately approximated. The 

distribution across each element can be predefined by a polynomial (e.g. linear or 

quadratic) or a trigonometric function. The element type used in the structural analysis 

in this thesis is three dimensional quadratic tetrahedral elements (Figure 3.24). 

 
Figure 3.24 A 10 node quadratic tetrahedral element. 

The shape functions (N𝑖) for this element are listed below (Equation 3.12). The choice 

of the shape function (N𝑖) is important as this function is used to interpolate the 

solution between the discrete values obtained at the mesh nodes (1 → i). Shape 

functions must satisfy the criteria that 𝑁𝑖 = 1 at node i and 𝑁𝑖 = 0 at all other nodes. 

 

𝑁1 = 𝜉1(2𝜉1 − 1) (3.12 a) 

𝑁2 = 𝜉2(2𝜉2 − 1) (3.12 b) 
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𝑁3 = 𝜉3(2𝜉3 − 1) (3.12 c) 

𝑁4 = 𝜉4(2𝜉4 − 1) (3.12 d) 

𝑁5 = 4𝜉1𝜉2 (3.12 e) 

𝑁6 = 4𝜉2𝜉3 (3.12 f) 

𝑁7 = 4𝜉1𝜉3 (3.12 g) 

𝑁8 = 4𝜉1𝜉4 (3.12 h) 

𝑁9 = 4𝜉2𝜉4 (3.12 i) 

𝑁10 = 4𝜉3𝜉4 (3.12 j) 

 

where 𝜉1, 𝜉2, 𝜉3, and 𝜉4 are the transformation co-ordinates. Considering the 

tetrahedral element shown in Figure 3.24, the element geometry is described by 3.13, 

and the displacement interpolation is defined by 3.14. These equations describe the 

position (𝑥, 𝑠, 𝑧) and displacement (𝑢𝑥, 𝑢𝑦, 𝑢𝑧) of any point within the element with 

respect to the nodes (1 – 10).  

 

�
𝑥
𝑠
𝑧
� = �

𝑥1 … 𝑥10
𝑠1 … 𝑠10
𝑧1 … 𝑧10

� �
𝑁1
…
𝑁10

� (3.13) 

�
𝑢𝑥
𝑢𝑦
𝑢𝑧
� = �

𝑢𝑥1 … 𝑢𝑥10
𝑢𝑦1 … 𝑢𝑦10
𝑢𝑧1 … 𝑢𝑧10

� �
𝑁1
…
𝑁10

� (3.14) 

 

Once a structure has been discretised, the governing equations for each 

element in the mesh are calculated and then assembled to give the system equations 

(Fagan 1992).  Quantities such as the strain tensor 𝜺 can be expressed as: 

 

𝜺 = 𝑩𝒖 (3.15) 

 

where 𝑩 is a 3D matrix of spatial gradient of the shape function (N𝑖) as calculated in 

Equation 3.16, and 𝒖 is a nodal displacement vector. 
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𝜺 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑁𝑥1 0 0

0 𝑁𝑦1 0
0 0 𝑁𝑧1

…
…
…

𝑁𝑥𝑖 0 0
0 𝑁𝑦𝑖 0
0 0 𝑁𝑧𝑖

𝑁𝑥1 𝑁𝑦1 0
0 𝑁𝑦1 𝑁𝑧1
𝑁𝑥1 0 𝑁𝑧1

…
…
…

𝑁𝑥𝑖 𝑁𝑦𝑖 0
0 𝑁𝑦𝑖 𝑁𝑧𝑖
𝑁𝑥𝑖 0 𝑁𝑧𝑖⎦

⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝑢𝑥1
𝑢𝑠1
𝑢𝑧1
⋮
𝑢𝑥𝑥
𝑢𝑠𝑥
𝑢𝑧𝑥 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

= 𝑩𝒖 (3.16) 

 

N𝑥𝑖, N𝑦𝑖 and N𝑧𝑖 are the derivatives of the shape function N𝑖 with respect to x, y and z. 

These are calculated as: 

 

∂N𝑥
∂x =

∂N𝑥
∂ξ

∂ξ
∂x +

∂N𝑥
∂η

∂η
∂x +

∂N𝑥
∂µ

∂µ
∂x (3.17 a) 

∂N𝑥
∂y =

∂N𝑥
∂ξ

∂ξ
∂y +

∂N𝑥
∂η

∂η
∂y +

∂N𝑥
∂µ

∂µ
∂y (3.17 b) 

∂N𝑥
∂z =

∂N𝑥
∂ξ

∂ξ
∂z +

∂N𝑥
∂η

∂η
∂z +

∂N𝑥
∂µ

∂µ
∂z (3.17 c) 

 

where ξ, η and µ are the local co-ordinates of the reference element. The stress generated 

in an element is given by: 

 

𝝈 = 𝑫𝜺 = 𝑫𝑩𝒖 (3.18) 

 

Where 𝑫 is the stiffness matrix relating element stress to element strain. The potential 

energy (Π) for the entire system can be calculated as: 

 

Π = Λ −𝑊 =
1
2
�𝝈𝑇𝜺 𝑑𝑑
𝑉

−  �𝑼𝑇𝑭 𝑑𝑑
𝑉

 (3.19) 

 

where Λ is the strain energy and W is the work done by external loads. Introducing 

shape function transformation (equations 3.16 and 3.18) to equation 3.19 gives: 

 

Π = Λ −𝑊 =
1
2
�(𝑫𝑩𝒖)𝑇𝑩𝒖 𝑑𝑑
𝑉

−  �(𝑵𝒖)𝑇𝑭 𝑑𝑑
𝑉

 (3.20) 
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This can be rearranged as: 

 

where the element stiffness matrix, K, and element force vector, F are defined according 

to Equations 3.22 and 3.23. 

 

 

Finally, equation 3.24 is derived from the principle of minimum potential energy. 

 

 

To provide information of the behaviour of a discretized structure, the individual 

stiffness matrices of each element are computationally combined. 

 

  

Π =
1
2
𝑼𝑇𝑲𝑼− 𝑼𝑻𝑭 (3.21) 

𝑲 = �𝑩𝑻𝑫𝑩 𝑑𝑑
𝑽

 (3.22) 

𝑭 = �𝑵𝑻𝑭 𝑑𝑑
𝑽

 (3.23) 

∂Π
∂u = 0 = 𝑲𝑼− 𝑭 (3.24) 



61 
 

3.2.3 Cell Contraction 

Cytoskeletal actin-myosin contraction of cells cultured in vitro has been demonstrated 

to apply stresses to deformable substrates (Ganz et al. 2006; Maruthamuthu et al. 

2011). The resistance of the substrate to deformation caused by the cell contraction 

generates isometric stress within the cell. The cellular stress generated by contraction 

was modelled in Chapter 5 of this thesis so as to better understand the change in 

stress at cell-cell contacts when fluid shear stress is applied. 

 To simulate cell contraction, a thermal contraction coefficient (C) was assigned 

to the cytoplasm material properties. C is the percentage change in volume relative to 

a change in temperature and is defined in Equation 3.25, 

 

𝐶 =
1
𝑑
𝛿𝑑
𝛿𝛿

 (3.25) 

  

where C is the volumetric coefficient of thermal expansion, V is the undeformed 

volume and T is temperature. For a linear elastic isotropic material, the material has a 

single co-efficient of thermal expansion and the shear components of C are zero. The 

thermal strain tensor (𝜺th) generated by cell contraction relates to the total strain 

tensor (𝜺) in Section 3.2 and the linear elastic strain tensor (𝜺el) as follows: 

 

𝜺 = 𝜺𝑒𝑒 + 𝜺𝑡ℎ = 𝑪𝑒𝑒−1𝝈 + 𝑪ΔT (3.26) 

 

where Cel is a fourth order stiffness tensor as in equation 3.7. 

 

3.3 Computational Fluid Dynamics 

The computational simulations in Chapter 5 are based on the fluid-structure 

interaction (FSI) framework. The FSI framework is a two-way coupling of the structural 

and fluid dynamics solvers. This section elaborates on the theoretical background of 

computational fluid dynamics (CFD), as a basis for the FSI analysis discussed in Section 

3.4. 
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3.3.1 Mass Conservation Principle and Continuity Equation 

Fluid flow is governed by four basic conservation laws that describe the conservation 

of mass, linear momentum, angular momentum and energy. These conservation laws 

result in a set of partial differential equations called the governing equations of the 

fluid. The mass conservation principle states that the rate of increase of mass in a fluid 

element is equal to the net rate of flow of mass into a fluid element. Figure 3.25 shows 

a control volume (dx, dy, dz) in which flow through each side of the element is 

approximately one dimensional, where ρ denotes density and t denotes a point in time 

and u denotes velocity. Since the control volume is infinitesimally small, one can 

assume that the fluid properties are uniform and constant within the control volume.  

 
Figure 3.25 Element Cartesian fixed control volume showing the inlet and outlet mass 

flows on the x faces (White 2008). 

 

Figure 3.25 shows the mass flows on the faces with normals parallel to the x-axis, but 

mass flow terms occur on all six faces. According to the continuum concept, where all 

fluid properties are considered to be uniformly varying functions of time and position, 

then if ρu is the mass flow on the left face of the element, the right face will have a 

slightly different mass flow denoted by ρu + (δρu/δx)dx. When this is applied to all six 

faces, the following equation is obtained: 

 

−
𝛿𝛿
𝛿𝑡
𝑑𝑥 𝑑𝑠 𝑑𝑧 =

𝛿
𝛿𝑥

(𝛿𝑢) 𝑑𝑥 𝑑𝑠 𝑑𝑧 +
𝛿
𝛿𝑠

(𝛿𝜌) 𝑑𝑥 𝑑𝑠 𝑑𝑧 +
𝛿
𝛿𝑧

(𝛿𝜌) 𝑑𝑥 𝑑𝑠 𝑑𝑧 (3.27) 
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where dx/dt = u, dy/dt = v and dz/dt = w, where u, v and w are velocities. The 

continuity equation is therefore given as:  

 

𝛿𝛿
𝛿𝑡

+
𝛿
𝛿𝑥

(𝛿𝑢)  +
𝛿
𝛿𝑠

(𝛿𝜌) +
𝛿
𝛿𝑧

(𝛿𝜌) = 0 (3.28) 

 

The continuity equation can also be expressed as: 

 

𝛿𝛿
𝛿𝑡

+ ∇ ∙ 𝛿𝑽 = 0 (3.29) 

 

where V is the velocity vector and ∇ is the vector gradient operator: 

 

∇= 𝒊
𝛿
𝛿𝑥

+ 𝒋
𝛿
𝛿𝑠

+ 𝒌
𝛿
𝛿𝑧

 (3.30) 

 

The analysis done in this thesis involved liquids that are modelled as incompressible 

fluids, which negates the first term of equations 3.28 and 3.29 as there is no change of 

density with respect to time. Thus, the continuity equation becomes: 

 

𝛿𝑢
𝛿𝑥

+
𝛿𝜌
𝛿𝑠

+
𝛿𝜌
𝛿𝑧

= ∇ ∙ 𝑽 = 0 (3.31) 

 

3.3.2 Newton's Second Law and Momentum Equation 

Newton's second law states that the rate of change of momentum of a fluid particle is 

equal to the sum of the forces acting on a particle. Using the same infinitesimally small 

control volume as in Section 3.3.1, the net force on the control volume can be 

calculated using: 

�𝐹 =
𝛿
𝛿𝑡

(𝛿𝑽)𝑑𝑥𝑑𝑠𝑑𝑧 + �(�̇�𝑖𝑑𝑖)𝑜𝑜𝑡 −�(�̇�𝑖𝑑𝑖)𝑖𝑖 (3.32) 

 

where �̇� is mass flow. The inlet moment flux on the x face is ρuV dydz, and the outlet 

moment flux is [ρuV + (δρuV/δx)]dydz, where V is the velocity vector field. Summing 

these terms for all 6 faces, gives: 
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�𝐹 =𝑑𝑥 𝑑𝑠 𝑑𝑧 �
𝛿
𝛿𝑡

(𝛿𝑽) +
𝛿
𝛿𝑥

(𝛿𝑢𝐕)  +
𝛿
𝛿𝑠

(𝛿𝜌𝐕) +
𝛿
𝛿𝑧

(𝛿𝜌𝐕)� (3.33) 

 

The term in brackets can be split up as follows: 

 

𝛿
𝛿𝑡

(𝛿𝑽) +
𝛿
𝛿𝑥

(𝛿𝑢𝐕)  +
𝛿
𝛿𝑠

(𝛿𝜌𝐕) +
𝛿
𝛿𝑧

(𝛿𝜌𝐕)

= 𝑽 �
𝛿𝛿
𝛿𝑡

+ ∇ ∙ (𝛿𝑽)� + 𝛿 �
𝛿𝐕
𝛿𝑡

+ 𝑢
𝛿𝐕
𝛿𝑥

+ 𝜌
𝛿𝐕
𝛿𝑠

+ 𝜌
𝛿𝐕
𝛿𝑧
� 

(3.34) 

 

The term in square brackets is the equation of continuity and this vanished. The term 

in round brackets is dV/dt, the total acceleration of a particle that instantaneously 

occupies the control volume: 

 

𝛿𝐕
𝛿𝑡

+ �𝑢
𝛿𝐕
𝛿𝑥

+ 𝜌
𝛿𝐕
𝛿𝑠

+ 𝜌
𝛿𝐕
𝛿𝑧
� =

𝑑𝑽
𝑑𝑡

 (3.35) 

 

The term 𝛿𝐕/ 𝛿𝑡 is the local acceleration and this term vanished if the flow is steady, 

i.e. independent of time. The three terms in brackets are called the convective 

acceleration. Convective acceleration arises when a particle moves through regions of 

spatially varying velocity. Thus, equation 3.33 can be simplified to: 

 

�𝐹 =𝛿 
𝑑𝐕
𝑑𝑡

𝑑𝑥 𝑑𝑠 𝑑𝑧  (3.36) 

 

The net forces are of two types, body forces such as gravity, and surface forces. The 

surface forces (σij) (Figure 3.26 and equation 3.37) are due to stresses on the sides of 

the control volume in the form of hydrostatic pressure p or shear stresses τij that arise 

from motion with velocity gradients. 
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Figure 3.26 Notation for stresses on a volume element (White 2008). 

 

𝜎𝑖𝑖 = � 
−𝑝 + 𝜏𝑥𝑥 𝜏𝑦𝑥 𝜏𝑧𝑥
𝜏𝑥𝑦 −𝑝 + 𝜏𝑦𝑦 𝜏𝑧𝑦
𝜏𝑥𝑧 𝜏𝑦𝑧 −𝑝 + 𝜏𝑧𝑧

� (3.37) 

 

It is not these forces, but their gradients that cause a net force on the differential 

control surface. Using the x-faces as an example once more, the leftward forces on the 

left face are balanced by the rightward forces on the right face, leaving only the net 

rightward force (δσxx/δx) on the right face. Summing the forces in the x-direction for all 

six faces gives: 

 

𝑑𝐹𝑥,𝑠𝑜𝑠𝑠 = � 
𝛿
𝛿𝑥

(𝜎𝑥𝑥)  +
𝛿
𝛿𝑠

�𝜎𝑦𝑥� +
𝛿
𝛿𝑧

(𝜎𝑧𝑥)� 𝑑𝑥 𝑑𝑠 𝑑𝑧 (3.38) 

 

Using equation 3.49, and splitting up the equation into pressure plus viscous stresses, 

gives: 

𝑑𝐹𝑥
𝑑𝑑

= −
𝛿𝑝
𝛿𝑥

+
𝛿
𝛿𝑥

(𝜏𝑥𝑥)  +
𝛿
𝛿𝑠

�𝜏𝑦𝑥� +
𝛿
𝛿𝑧

(𝜏𝑧𝑥) (3.39) 

 

where dV = dx dy dz. The forces on the y and z directions on the control volume 

surface can be derived in a similar manner. By multiplying the x, y and z forces by 
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Cartesian vectors i, j and k respectively, and then summing these forces, one can 

obtain the following expression for the net vector surface force: 

 

�
𝑑𝑭
𝑑𝑑
�
𝑠𝑜𝑠𝑠

= −∇p + �
𝑑𝑭
𝑑𝑑
�
𝑣𝑖𝑠𝑣𝑜𝑜𝑠

= −∇p + ∇ ∙ 𝜏𝑖𝑖 (3.40) 

 

where the viscous stress tensor (𝜏𝑖𝑖) is: 

  

𝜏𝑖𝑖 = �
𝜏𝑥𝑥 𝜏𝑦𝑥 𝜏𝑧𝑥
𝜏𝑥𝑦 𝜏𝑦𝑦 𝜏𝑧𝑦
𝜏𝑥𝑧 𝜏𝑦𝑧 𝜏𝑧𝑧

� (3.41) 

 

Body forces are due to external fields. In this thesis, the only body force considered is 

the force of gravity. The gravity force on the differential mass within the control 

volume is: 

𝑑𝑭𝑔𝑠𝑔𝑣 = 𝛿𝒈 𝑑𝑥 𝑑𝑠 𝑑𝑧 (3.42) 

 

where g has an orientation with respect to the coordinate system. Substituting the 

surface forces (Eq. 3.40) and body forces (Eq. 3.42) back into equation 3.36, the basic 

momentum equation for an infinitesimal element is obtained: 

 

𝛿𝒈 − ∇p + ∇ ∙ 𝜏𝑖𝑖 = 𝛿
𝑑𝑽
𝑑𝑡

 (3.43) 

 

 

3.3.3 Finite Volume Method 

Commercially available software packages, such as ANSYS 2011 used in this thesis, use 

the finite volume method to solve the governing equations of the fluid under various 

boundary conditions. The fundamental and first step of this method is to discretise the 

fluid domain using a mesh that divides the domain of interest into smaller regions 

called control volumes. All solution variables and fluid properties, such as mass and 

momentum, are stored at the node at the centre of each control volume. The control 
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volume (Figure 3.27) is defined by lines joining the centres of the element rims and the 

element centres on the node of interest. 

 
Figure 3.27 Control volume definition. A control volume (grey shaded area) is 

constructed around each node (white circle) by defining lines that join the centres of 
the element rims and the element centres. The borders of the control volume are the 

control surface (Samir et al. 2012). 

 

The governing equations for fluid flow can be described with the general transport 

equation as follows (Versteeg and Malalasekera 2007): 

 

𝑑
𝑑𝑡

(𝛿𝜌) + ∇ ∙ (𝛿𝜌𝑢) = ∇ ∙ (Γ ∇𝜌) + 𝑆𝜙 (3.44) 

 

where the variable φ can be replaced by any scalar quantity, Γ is the diffusion 

coefficient and Sφ is the source term of φ per unit volume per unit time. This last term 

serves to include the overall effect of body forces on the unit volume. The left-hand 

side of the equation contains the rate of change term and the convective term, while 

the diffusive term and source term are on the right-hand side of the equation. This 

equation can be integrated over the control volume and Gauss' divergence theorem is 

applied to give: 

 

𝑑
𝑑𝑡
� 𝛿𝜌𝑑𝑑
𝐶𝑉

+ �𝑛 (𝛿𝜌𝑢)𝑑𝑑
𝐴

= �𝑛 (Γ ∇𝜌)𝑑𝑑
𝐴

+ � 𝑆𝜙𝑑𝑑
𝐶𝑉

 (3.45) 

 

where n is the outward pointing unit vector of the volume boundary surface (A). The 

volume integrals represent source or accumulated terms, while the surface integrals 

represent the summation of the fluxes. Equation 3.40 is the general transport equation 
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converted into a system of algebraic equations which can be solved iteratively 

(Versteeg and Malalasekera 2007). 

 

3.4 Fluid-Structure Interaction Modelling 

Chapter 5 of this thesis investigates the stresses and strains experienced by idealised 

biological cells during stimulation with fluid shear stress in a parallel plate bioreactor. 

Computational fluid dynamics simulations typically analyse fluid flow in domains 

defined by rigid undeformable boundaries.  However, in this thesis the interaction of 

solid deformable cells with the surrounding fluid (media) requires fluid-structure 

interaction (FSI) modelling whereby a coupling between the deformable solid domain 

and the contacting fluid domain is implemented. Commercially available FSI solvers 

use either a monolithic approach or a partitioned approach. The FSI simulations 

detailed in this thesis used the partitioned approach, as described below. 

 

 

3.4.1 Partitioned FSI Approach 

In the partitioned FSI approach, the fluid and solid problems are solved separately: the 

fluid flow does not change while the structural solution is calculated, and vice versa. 

With this approach, the FSI modelling software alternates between two distinct solvers 

that solve the governing equations for the fluid or the solid. The partitioned approach 

is described in Figure 3.28 where Sf and SS denote the solutions of the fluid and solid 

domains respectively, at times tn and tn+1.  

 

 
Figure 3.28 The partitioned approach flow process diagram, where Sf and SS denote the 

solutions of the fluid and solid domains respectively, at times tn and tn+1. 
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The partitioned approach allows for transmission of forces from a fluid domain onto 

the solid domain as boundary conditions, and then transmits force and deformation 

data from the solid domain back to the fluid domain as updated boundary conditions. 

These forces are transmitted through a designated interface surface (a boundary 

between the fluid and solid). The transmission of forces between domains via the 

interface surface continues in an iterative fashion until the entire model reaches 

convergence. The interface between the two solvers is defined as the coupling, and 

can be implemented as a one-way or two-way coupling. Two-way coupling was used in 

the FSI simulations in this thesis and is described in Section 3.4.2. 

 

3.4.2 Two-way Coupling 

Two-way coupling is necessary for problems wherein the motion of the fluid influences 

the solid, and the reaction of the solid influence the fluid flow (Benra et al. 2011). The 

flow process diagram for a strong two-way coupling is shown in Figure 3.29. Within 

one time step of a transient simulation, the solution for the flow field reaches 

convergence and then the forces from the fluid mesh are interpolated onto the surface 

mesh of the structure. Then, the structural solver computes the structural solution, 

including displacement of the solid. These displacements are then interpolated back 

onto the fluid mesh, leading to deformation of this mesh. For a strong two-way 

coupling, these stages are repeated until the normalized change in forces at the fluid-

solid interface between successive iterations fall below a pre-defined convergence 

amount, set to 1% of the final value in the simulations in this thesis, and the time step 

ends. For weak two-way coupling, the convergence at the interface surface is not 

considered and a new time step is launched automatically. Strong two-way coupling is 

applied in the fluid-structure interaction modelling performed in Chapter 5 of this 

thesis. 
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Figure 3.29 Flow process diagram of the two-way coupling procedure (Benra et al. 
2011). Red lines indicate iterations within a solver, green lines indicate a change in 

time-step. 

 

3.5 Parallel Plate Compression Testing 

Chapter 6 of this thesis required the measurement of viscoelastic material properties 

of mesenchymal stem cell spheroids (mesenspheres) with or without N-cadherin or 

OB-cadherin adhesion junctions. To this end, creep testing was performed using a 

parallel plate compression testing system (Microsquisher). The basic principle of creep 

testing is that the material is subjected to a constant tensile or compressive load, at a 

constant temperature, for a prolonged period of time, and deformation of the material 

is measured in real time. The force-displacement data from the compressive creep test 

was then fitted to a standard linear solid (SLS) material model to ascertain the material 

instantaneous Young's modulus (E0), relaxed Young's modulus (E∞) and viscosity (μ). 

 

3.5.1 The Standard Linear Solid (SLS) material model 

The SLS material model (Figure 3.30) consists of a spring element and a dashpot 

element in series, and in parallel with another spring element (Crawford and Crawford 

1998; Athanasiou and Natoli 2008). The spring elements allow for an instantaneous 

response to applied stress, while the dashpot element allows for a time-dependent 

response to applied stress. 
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Figure 3.30 Diagram of the Standard Linear Solid (SLS) material model showing the 
arrangement of the spring and dashpot elements of this configuration of the model 

(Crawford and Crawford 1998). 

 

Equilibrium of forces in this model yields: 

 

𝜎1 = 𝜎3 (3.46 a) 

𝜎 = 𝜎1 + 𝜎2 (3.46 b) 

𝜀 = 𝜀2 = 𝜀1 + 𝜀3 (3.46 c) 

 

Where σ is total stress and ε is total deformation. Based on these relations, the 

governing equation for the SLS model can be derived and written as follows: 

 

𝜇(𝐸1 + 𝐸2)𝜀̇ + 𝐸1𝐸2𝜀 − 𝐸1 + 𝜇�̇� = 0 (3.47) 

 

For a creep test, the applied stress is kept constant. Therefore, �̇� = 0. Equation 3.47 

becomes: 

 

𝜇(𝐸1 + 𝐸2)𝜀̇ + 𝐸1𝐸2𝜀 − 𝐸1 = 0 (3.48) 

 

The solution (equation 3.49) for this differential equation is obtained when strain is 

defined according to equation 3.410. 

 

σ3 ε3  μ 

σ1 ε1  E1 

σ2 ε2  E2 
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𝜀(𝑡) =
𝜎0
𝐸2

−
𝜎0𝐸1

𝐸2(𝐸1 + 𝐸2) 𝑒
−𝑡𝐸1𝐸2

𝜇(𝐸1+𝐸2)�  

 

(3.49) 

 

𝜀 =
𝜎0

(𝐸1 + 𝐸2) (3.50) 

 

Using the correspondence principal, the general elastic and viscoelastic solutions can 

be combined in the Laplace domain to obtain an equation describing the modulus of 

rigidity (G) (Equation 3.51), as described by (Darling et al. 2006). 

 

�̅�(𝑠) =
1
2
𝐸∞(1 + 𝜏𝜎𝑆)

(1 + 𝜏𝜀𝑆)  (3.51) 

 

The modulus of rigidity is related to the Young’s modulus (𝐸𝑌) through: 

 

𝐺 =
𝐸𝑌

2(1 + 𝜐) (3.52) 

 

Combining these, the Young’s modulus can be written as (3.53 a) in the Laplace 

domain, and (3.53 b) in the time domain for an incompressible material (𝜐 = 0.5). 

 

𝐸�(𝑠) = 2(1 + 𝜐)�̅�(𝑠) = (1 + 𝜐) �
𝐸∞(1 + 𝜏𝜎𝑆)

(1 + 𝜏𝜀𝑆) � (3.53 a) 

𝐸𝑌 = 𝐸2 = (1 + 𝜐)𝐸𝑅 =
3
2
𝐸∞ (3.53 b) 

 

For the SLS model, instantaneous Young's modulus (E0) and relaxed Young's modulus 

(𝐸∞) are defined according to the following equations: 

 

𝐸0 = 𝐸1 + 𝐸2,   𝑎𝑛𝑑  𝐸∞ =
2
3
𝐸2 (3.54) 
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 Rearranging, equation 3.49 becomes equation 3.52 wherein τσ is the creep time 

constant. Viscosity (μ) can then be calculated according to equation 3.56. 

 

𝜀(𝑡) =
2𝜎0
3𝐸∞

�1 + �
𝐸∞
𝐸0

− 1� 𝑒
−𝑡 𝜏𝜎� � 

 

(3.55) 

𝜇 = 𝜏𝜎
𝐸∞
𝐸0

(𝐸0 − 𝐸∞) (3.56) 

 

In order to fit the force-displacement data to the SLS model, equation 3.49 can also be 

written as: 

 

𝑢(𝑡) =
2𝜎0𝐷0
3𝐸∞

�1 + �
𝐸∞
𝐸0

− 1� 𝑒
−𝑡 𝜏𝜎� � (3.57) 

 

Whereby u(t) is displacement at time t, and D0 is initial mesensphere horizontal 

diameter and σ0 is the nominal stress, calculated as force normalised to initial 

mesensphere cross section area. 

 

3.6 Summary 

The theory outlined in sections 3.2, 3.3 and 3.4 of this chapter formed the basis of the 

computational simulations of the stress and strains experienced by osteoblasts in a 

parallel plate bioreactor during oscillatory fluid flow using an FSI approach in Chapter 

5. The theory developed in section 3.5 was used in Chapter 6 to experimentally 

investigate the viscoelastic material properties of mesenchymal stem cells with and 

without N-cadherin or OB-cadherin adhesion junctions. 
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Chapter 4:  
Adhesion junctions play a role in osteoblast 

mechanotransduction of oscillatory fluid 
shear stress 

_______________________________________________________________________ 

 

4.1 Introduction 

The growth and development of bone from birth provides an adult skeleton that is 

mechanically adapted for the activities of daily life. Bone remodelling replaces aged or 

damaged bone tissue in order to maintain bone strength throughout life. Bone mass 

and size are also adapted in response to changes in the mechanical loads placed on our 

bones. Osteocytes are widely accepted to play an important role in sensing mechanical 

stresses in bone (Carter and Caler 1985; Cowin et al. 1991; Lanyon 1993; Mullender et 

al. 1994; Mullender and Huiskes 1995; Prendergast and Huiskes 1996; Mullender and 

Huiskes 1997; Huiskes et al. 2000; Smit and Burger 2000; Burger et al. 2003), along 

with bone-lining cells and osteoblasts at the bone surface (Chambers et al. 1993; 

Mullender and Huiskes 1997) and thereby govern bone remodelling and adaptation 

processes. Bone cell protein complexes, known as mechanosensors, act to monitor the 

mechanical environment and communicate the need for adaptation by producing 

specific biochemical signals to initiate an adaptive response when the mechanical 

environment is not favourable, a process known as mechanotransduction. Certain 

mechanosensory organelles have been identified in bone tissue and cells, in particular 

integrin receptors, primary cilia, adhesion junctions and gap junctions (Thi et al. 2003; 

Malone et al. 2007a; Wang et al. 2007; McNamara et al. 2009b; Burra et al. 2010a; 

Litzenberger et al. 2010; Haugh et al. 2015), and have thus been proposed to facilitate 

mechanosensation in bone tissue. Recent in vitro studies have provided an 

understanding of the role of integrins (Martinez-Rico et al. 2010; Haugh et al. 2015) 

and primary cilia (Malone et al. 2007b; Kwon et al. 2010; Hoey et al. 2012a; Delaine-

Smith et al. 2014) for mechanosensation during osteogenesis of bone cells. It has also 
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been demonstrated that gap junctions play a pivotal role in osteogenic signalling 

between osteocyte and osteoblast cells (Jeansonne et al. 1979; Doty 1981; Zhang et al. 

1997; Huo et al. 2008; Nakahama 2010). However, the role of cell-cell contact via 

adhesion junctions during osteogenesis is still unclear. 

 Adhesion junctions are transmembrane junctions that allow cell-cell adhesion 

via extracellular glycoproteins known as cadherins. Cadherins form a connection 

between the cytoskeleton of adjacent cells by bonding with cadherins on the adjacent 

cells in a homophilic, calcium dependant manner (Overduin et al. 1995; Shapiro et al. 

1995; Stains and Civitelli 2005). N-cadherin adhesion junctions have been found in all 

stages of osteogenic differentiation (Ferrari et al. 2000; Shin et al. 2000) and are one of 

the most prevalent cadherins expressed in bone (Cheng et al. 1998a; Haÿ et al. 2000). 

In static conditions the presence of N-cadherin adhesion junctions in osteoblasts 

(MC3T3-E1s) has been linked to significantly higher expression of important osteogenic 

transcription factors Osterix, Osteomodulin and Osteoglycin (Guntur et al. 2012). 

Additionally, blocking of N-cadherin in osteoblasts during static conditions results in a 

significantly lower Runt-related transcription factor 2 (Runx2) gene expression (Haÿ et 

al. 2000). Runx2, also known as Core-binding factor alpha 1 (Cbfa1), controls the 

expression of osteoblast-associated genes and proteins such as collagen I (Kern et al. 

2001), osteocalcin (Ducy et al. 1997), osteopontin (Harada et al. 1999) and bone 

sialoprotein (Javed et al. 2001; Otto et al. 2003). 

 It is only in the past decade that the active mechanosensing role of adhesion 

junctions has begun to come to light (Leckband et al. 2011). Adhesion junction 

mechanosensation is evident by the cell stiffening when shear forces are applied 

directly to E-cadherin (Liu and McGrath 2007) and in the failure of the endothelial cell 

cytoskeleton to align to the direction of fluid flow after 16 hrs when VE-cadherin is 

silenced (Tzima et al. 2005). More recent studies have even measured the traction 

forces exerted at intercellular junctions using traction force microscopy on deformable 

gels and pillars (Ganz et al. 2006; Liu et al. 2010b; Maruthamuthu et al. 2011). The 

intracellular domain of the adhesion junction is connected to the cytoskeleton through 

a series of intracellular accessory proteins (Nelson and Nusse 2004), in particular β-

catenin, which is an important osteogenic signalling molecule due to its pivotal role in 
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the canonical Wnt signalling process (Moon et al. 2002; He et al. 2004; Logan and 

Nusse 2004; Westendorf et al. 2004). Canonical Wnt signalling influences 

cyclooxygenase 2 (Cox-2) and Runx2 gene expression and osteoblast mineralisation 

(Norvell et al. 2004a; Rodda and McMahon 2006; Arnsdorf et al. 2009a). Cox-2 plays a 

role in early bone formation in response to mechanical stimulus by contributing to 

prostaglandin production (Wadhwa et al. 2002; Bakker et al. 2003a). The application of 

fluid shear stress (FSS) stimulation to osteoblasts has been shown to result in 

significantly lower N-cadherin associated β-catenin and significantly higher β-catenin 

nuclear translocation but there was no change in overall levels of N-cadherin or β-

catenin (Norvell et al. 2004a). The significantly lower association of N-cadherin and β-

catenin with FSS stimulation demonstrates the mechanotransduction role of adhesion 

junctions. Moreover the molecular composition of adhesion junctions and the 

mechanical connection of adhesion junctions to the actin cytoskeleton give these 

junctions a unique platform from which to greatly influence osteogenesis (Yonemura 

et al. 2010; Huveneers and de Rooij 2013).  

 Osteoblasts are commonly known to upregulate their expression of Cox-2, 

Runx2 and prostaglandin E2 (PGE2) in response to FSS  (Wadhwa et al. 2002; Bakker et 

al. 2003a; Kapur et al. 2003; Mehrotra et al. 2006; Malone et al. 2007b; Jaasma and 

O'Brien 2008; Gardinier et al. 2009). PGE2 is involved in a variety of processes, 

including the regulation of bone remodelling (Igarashi et al. 1994; Thorsen et al. 1996), 

the regulation of mucosal protection of the gut, gastrointestinal secretion and motility 

(Dey et al. 2006), regulating inflammatory responses (Portanova et al. 1996), and in 

immunology (Yao et al. 2009). Studies investigating the response of osetoblasts to FSS 

have used a variety of fluid flow regimes, including steady, pulsatile and oscillatory 

fluid flow (OFSS). Comparison of all three regimes revealed that pulsatile and 

oscillatory fluid shear stress stimulation yielded higher Cox-2 and PGE2 responses than 

steady fluid flow (Jaasma and O'Brien 2008). Oscillatory fluid shear stress (OFSS) is of 

particular clinical relevance as this flow regime imitates the dynamic oscillatory fluid 

flow that occurs in the lacuno-canalicular network during walking (Weinbaum et al. 

1994). However it is not yet known whether adhesion junctions influence the Cox-2, 

Runx2 or PGE2 response to OFSS or PFSS stimulation in pre-osteoblast (MC3T3-E1) 

cells. 
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 This study seeks to enhance understanding of the role of N-cadherin adhesion 

junctions in the mechanotransduction of fluid shear stress in osteogenic cells. The 

specific objectives are to quantify and compare PGE2 production, Runx2 and Cox-2 

mRNA expression and cytoskeletal organisation in response to fluid shear stress when 

adhesion junction formation is inhibited. Additionally, the effect of oscillatory and 

pulsatile fluid shear stress stimulation on PGE2 production and stress fibre formation 

are compared, with and without adhesion junctions. This knowledge will increase our 

understanding of the mechanism by which osteoblasts respond to FSS and specifically 

elucidate whether adhesion junctions play a role in cytoskeleton reorganisation in 

osteoblast like cells under applied mechanical stimulation. 
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4.2 Materials and Methods 

4.2.1 Cell Culture and Treatment 

MC3T3-EIs were cultured in expansion media consisting of α-minimum essential 

medium (α-MEM) supplemented with 10 % FBS, 2 mM L-glutamine, 100 U/mL 

penicillin and 100 µg/mL streptomycin (all Sigma-Aldrich). Cells were maintained in a 

humidified atmosphere at 37oC and 5 % CO2. Cells were subcultured onto glass slides 

at a seeding density of 15,000 cells/cm2 48 hrs prior to fluid flow application so that 

they were 80-90% confluent during stimulation. Adhesion Junction Inhibited groups 

were treated with expansion media supplemented with 0.25mg/ml EGTA (Sigma-

Aldrich) for three hours to chelate extracellular Ca2+ (Guntur et al. 2012), which 

prevents the formation of AJs (Figure 4.30B). Control groups were fed with expansion 

media three hours prior to stimulation. 

 

 
Figure 4.31: (A) Schematic of the adhesion junction complex. Red arrows indicate the direction 

of the forces generated by the cytoskeletal fibres (B) Schematic of the experimental groups 
comprised of two treatment groups with either no mechanical stimulation (static) or 

mechanically stimulated by fluid shear stress. (C) Parallel plate bioreactor configurations. 1) 
Syringe Pump, 2) inlet tubing, 3) Parallel Plate flow chamber, 4) Outlet tubing, 5) Fluid 

Reservoir. (D) Schematic of the fluid flow field within the parallel plate bioreactor. 
 



79 
 

4.2.2 Fluid Shear Stress Stimulation 

Oscillatory fluid shear stress (OFSS) of maximum ±1 Pa at 0.5 Hz, or pulsatile fluid shear 

stress (PFSS) of maximum 1 Pa were applied for one hour directly after treatment. A 

frequency of 0.5 Hz was chosen as bending of rat tibia at frequencies below 0.5 Hz had 

no effect on bone formation in the tibia (Turner et al. 1994), and higher frequencies of 

1.0 or 2.0 Hz produced a significantly lower in the calcium responsiveness of 

osteoblasts (Jacobs et al. 1998). Fluid shear stress (FSS) of 1 Pa is estimated to be 

representative of physiological loading conditions in bone (Weinbaum et al. 1994). 

OFSS was applied using a NE-1600 Syringe Pump (New Era Pump Systems, 

Farmingdale, NY) and 50 mL syringe (BD) in series with peristaltic pump tubing and a 

parallel plate flow chamber (Figure 4.30C), which was custom built (Appendix 1) based 

on the design of (Lane et al. 2012) (Figure 4.30). The NE-1600 syringe pump with a 50 

mL syringe used in this experiment has been validated for application of oscillatory 

fluid flows as low as 0.5-2.0 mL/min at a range of frequencies (0.5 to 2.0 Hz) by laser 

Doppler velocimetry (Jaasma and O'Brien 2008). PFSS was applied using a Masterflex 

peristaltic pump in series with peristaltic pump tubing and a parallel plate flow 

chamber. The fluid in the bioreactor systems was MC3T3-E1 expansion media 

described above. Static samples were placed in the bioreactor incubator in 5mL of 

fresh media for the duration of FSS stimulation. Samples for biochemical assays were 

incubated in 1 ml of expansion media for two hours after FSS stimulation and then 

media samples and cell lysate were collected. Samples for immunofluorescent staining 

were fixed directly after one hour FSS stimulation (or static control) using 4% 

Paraformaldehyde. 

 

4.2.3 Immunofluorescent Staining and Confocal Microscopy  

Subsequent to fixation, cell membranes were permeabilised using 0.1% Triton-X 

(Sigma X100) in PBS and blocked using 1% Goat serum (Sigma) in PBS. Subsequent to 

blocking, all washes and fluorescent dye dilutions were carried out using 0.1% Goat 

serum in PBS. For immunofluorescent staining, samples were incubated in 1:200 

polyclonal N-cadherin rabbit anti-mouse primary antibody (Santa Cruz, sc-7939), 1:200 

Alexa Fluor 488 goat anti-rabbit secondary antibody (Jackson Immuno), 1:1000 TRITC 

Phalloidin (Sigma) and Fluoroshield mounting media with DAPI (Sigma). 
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4.2.4 Image Analysis 

Two samples from each group and ten images from each sample were analysed. 

Fluorescent N-cadherin staining (488 nm wavelength) was isolated and thresholded 

using Image-J software. To quantify membrane-associated N-cadherin, cytoplasmic 

and nuclear staining were manually removed and images were analysed to identify 

membrane associated N-cadherin clusters (Figure 4.31). This was necessary and 

appropriate because N-cadherin is produced and transported in these areas but it is 

not functioning, i.e. not yet connected to the cytoskeleton or to cadherins on 

neighbouring cells. For analysis of cadherin in the entire cell body, cytoplasmic and 

nuclear staining were not removed. N-cadherin clusters were counted using the 

Particle analysis function for particles > 0.5 µm2. Cytoskeletal stress fibres were 

identified in the 564 nm wavelength channel using the threshold function. The area of 

the resulting particles were quantified using the analyse particles function. Total cell 

area per image was found by reducing the image threshold of the 564nm channel to 

visualise total cell body and using the analyse particles function. 
 

 
Figure 4.32: Immunofluorescent image analysis methodology. (A) 3 colour immunofluorescent 
image of the cytoskeleton (red), N-cadherin (green) and the nucleus (blue) for a control static 
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sample. (B) N-cadherin immunofluorescent staining alone. (C) N-cadherin immunofluorescent 
staining was thresholded to removed background noise. (D) N-cadherin staining at the cell-cell 
contacts was judged by eye based on 3-colour immunofluorescent images. Staining not on this 

contact border was manually removed. 
 

4.2.5 PGE2 Assay 

PGE2 production was analysed using a Prostaglandin E2 Enzyme Immunoassay (EIA) 

Monoclonal kit (Cayman Biosciences). 50 μL of the samples/standards were added to 

appropriate wells in a 96 well plate. 100 μL of EIA buffer/media was added to wells 

assigned for non-specific binding (NSB) controls. 50 μL of EIA buffer was added to the 

maximum binding (B0) wells. 50 μL of Prostaglandin E2 AchE Tracer was added to each 

well, except the total activity (TA) and blank (Blk) wells and 50 µL of Prostaglandin E2 

Monoclonal Antibody was added to each well, except the NSB, TA and Blk wells. The 

plate was covered with an adhesive plate seal and stored at 4°C for 18 hours. Each well 

was washed 5 times with 200 µL Wash Buffer. 200 µL of Ellman's Reagent was added 

to each well, and 5 µL of Prostaglandin E2 AchE Tracer was added to the TA wells. The 

plate was incubated at room temperature for 90 mins. Absorbance was measured at 

room temperature using a BioTek Synergy HT at absorbance 405 nm. Specific PGE2 

activity was quantified against a standard curve of 1000 - 7.8 pg/ml 

 

4.2.6 DNA Content 

DNA content was analysed using a Quant-iT(TM) PicoGreen(R) dsDNA Assay Kit (Life 

Technologies P11496) according to the manufacturer's instructions in a black 96 well 

plate. Briefly, samples were subjected to three cycles of freeze-lysis in deionized water 

(ddH2O). Each cycle involved freezing at - 80oC for 1 hr and thawing at room 

temperature for 1 hr. After the first thaw, cells were scraped from the slides and place 

in 1.5ml Eppendorf tubes before the second freeze. After freeze-thaw lysis samples 

were vortexed and spun briefly using a desktop centrifuge. DNA content was measured 

at an emission of 520 nm and excitation of 480 nm using a BioTek Synergy HT. Specific 

DNA content was quantified against a standard curve of 0 - 300 ng DNA/well. 
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4.2.7 RNA isolation and RT-PCR 

RT-PCR was used to analyse the relative expression of Cox-2 and Runx2, with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the house-keeping reference 

gene. Stimulated and static control samples were harvested directly after the one hour 

FSS application. RNA was extracted from the samples by lysing in 1 mL of Tri-reagent 

reagent (Sigma-Aldrich), followed by chloroform extraction. RNA was purified using 

Qiagen RNeasy columns following the manufacturer’s instructions (Qiagen). RNA yield 

and purity were assessed using a nanodrop spectrophotometer (ND-1000, Thermo 

Scientific), with 260/280 ratios of > 1.8 for all samples. cDNA was synthesised using an 

ENZA RNA isolation kit (Omega Bio-tek). RT-PCR was then carried out on the resultant 

cDNA using a Taqman RT-PCR master mix kit (Applied Biosystems) and a 

StepOnePlusTM RT-PCR system (Applied Biosystems). Taqman primers for Cox-2 

(Mm00478374_m1), Runx2 (Mm00501584_m1), and GAPDH (Mm99999915_g1) were 

obtained from Applied Biosystems. RT-PCR data was analysed using the comparative 2-

ΔΔCt method as described previously (Livak and Schmittgen 2001), with the static 

untreated control samples used as the calibrator. 

 

4.2.8 Statistical Analysis 

The results are presented as mean ± standard deviation. Statistical analysis of acquired 

data was carried out using a two-way analysis of variance (ANOVA) with treatment 

group and stimulation as the two independent variables, to test if there is an 

interaction between these two independent variables. This was followed by pairwise 

multiple comparison procedures (Tukey test). Significance for all analysis is declared at 

p≤0.05. 
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4.3 Results 

4.3.1 EGTA treatment reduces membrane associated N-cadherin immunofluorescence 

Immunofluorescent image analysis revealed that EGTA treatment, to inhibit AJ 

formation on the membrane, resulted in significantly lower (p<0.001) membrane 

associated N-cadherin fluorescence in AJ inhibited static samples in comparison to 

control static samples (Figure 4.32, Figure 4.33B). EGTA treatment did not cause 

significantly lower N-cadherin fluorescence for the entire cell body, demonstrating that 

N-cadherin was still present but was not forming functional adhesion junctions on the 

contacting membranes of adjacent cells (Figure 4.33A). 

 

 
Figure 4.33: Representative images of N-cadherin (green) and the nucleus (blue) for Control 
and adhesion junction (AJ) inhibited samples directly after 1 hr static (A) or oscillatory fluid 
flow stimulated (B) conditions. Two slides from separate experiments, and 10 images from 
each slide were analysed yielding n=20. 
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4.3.2 N-cadherin adhesion junction immunofluorescence is lower with FSS 

When control samples were exposed to OFSS, total N-cadherin (Figure 4.33A) was 5-

fold lower (p<0.001) and membrane associated N-cadherin was 6-fold lower (p<0.001) 

than control static samples (Figure 4.33B). For AJ inhibited samples, OFSS stimulation 

caused 2-fold lower fluorescence (p<0.001) of total N-cadherin in comparison to AJ 

inhibited static samples (Figure 4.33A). Membrane associated N-cadherin was not 

significantly different between static and OFSS stimulated for AJ inhibited samples. 

Due to AJ inhibition, membrane associated N-cadherin in static AJ inhibited samples 

was already significantly lower in comparison to control static levels. Thus, because 

there is less membrane associate N-cadherin before OFSS application, AJ inhibition 

abrogated the normal decrease in N-cadherin adhesion junction immunofluorescence 

associated with OFSS.  

 

 
Figure 4.34: (A) Total N-cadherin quantification quantified a percentage of total cell area, 
divided by the number of nuclei per image. a, b: p<0.001 indicates significantly lower than 

Control and AJ Inhibited static groups. (B) Membrane associated N-cadherin particle 
quantification from immunofluorescent images. Membrane associated particles are quantified 
a percentage of total cell area, divided by the number of nuclei per image. c: p<0.001 indicates 

significantly lower than Control static. (C) Total DNA (μg) per sample for control and AJ 
Inhibited samples under static and oscillatory fluid flow stimulated conditions. Significance is 

declared at p <0.05. 10 images were analysed per slide, and two slides per group, yielding 
n=20. 

 

4.3.3 AJ Inhibition does not prevent greater stress fibre formation in response to OFSS 

Immunofluorescent image quantification of the cytoskeleton for control samples 

revealed significantly greater (p<0.001) stress fibre formation with OFSS stimulation in 

comparison to control static samples (Figure 4.34A, B). AJ inhibition did not cause a 
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significant change in stress fibre formation for static samples in comparison to control 

static samples (Figure 4.34B). AJ inhibited samples also showed significantly greater 

(p<0.02) stress fibre formation with application of OFSS in comparison to static control 

and static AJ inhibited samples. 

 PFSS stimulation of control samples caused significantly lower stress fibre 

formation (p=0.014) in comparison to control static samples. AJ inhibition for static 

samples did not cause a significant difference in stress fibre formation in comparison 

to control static samples (p=0.185) or AJ inhibited PFSS samples (p=0.317). However, 

AJ inhibited PFSS samples showed significantly more stress fibre formation than 

control PFSS (p=0.032).  

 

 
Figure 4.35: (A) Immunofluorescent staining of the cytoskeleton (red), nucleus (blue) and N-
cadherin (green) for control and AJ inhibited samples directly after 1 hr static or oscillatory 
fluid shear stress (OFSS) stimulated conditions. (B) Percentage condensed actin fibre area 
(μm2) per total cell area (μm2) for static and oscillatory fluid shear stress (OFSS) stimulated 
samples. a: p<0.001 vs. control and AJ inhibited static groups, b: p<0.02 vs. control and AJ 
inhibited static groups. (C) Percentage condensed actin fibre area (μm2) per total cell area 

(μm2) for static and pulsatile fluid shear stress (PFSS) stimulated samples. c: p<0.03 vs. control 
static and AJ inhibited flow. Significance is declared at p <0.05. 10 images were analysed per 

slide, and two slides per group, yielding n=20. 
 

4.3.4 Effect of AJs on Osteogenesis 

Prostaglandin E2 (PGE2) production was significantly higher (p=0.014) in samples 

stimulated with OFSS (Figure 4.35A), but not PFSS (Figure 4.35B), than control static 
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samples. For AJ inhibited samples, there was no significant difference in PGE2 

production for OFSS or PFSS stimulated samples in comparison to AJ inhibited static 

samples (Figure 4.35A, B).  

 Cox-2 gene expression in control samples was also significantly upregulated 

(p=0.009) after OFSS stimulation in comparison to control static samples (Figure 

4.36A). However, AJ inhibited static samples did not exhibit any difference in Cox-2 

expression in comparison to control static samples. The higher expression of Cox-2 in 

AJ inhibited samples with OFSS stimulation was not statistically significant (p=0.213).  

OFSS stimulation of control samples caused significant higher (p<0.015) Runx2 

expression in comparison to static control samples (Figure 4.36B). For static conditions, 

AJ inhibition did not significantly change Runx2 expression in comparison to control 

samples. However, AJ Inhibition rendered the Runx2 response to OFSS insignificant in 

comparison to control (p=0.442) and AJ inhibited (p=0.386) static samples.  

 
Figure 4.36: Adhesion junction inhibition removes PGE2 the response of MC3T3-E1 cells to fluid 

shear stress. (A) PGE2 release normalised to μg DNA content for cells stimulated with 
oscillatory fluid shear stress (OFSS). a: p=0.031 vs. control static (B) PGE2 release normalised to 

μg DNA content for cells stimulated with pulsatile fluid shear stress (PFSS). 
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Figure 4.37: Adhesion junction inhibition inhibits the Cox-2 and Runx2 gene expression 
responses of MC3T3-E1 cells to oscillatory fluid shear stress (OFSS). Fold change in Cox-2 (A) 
and Runx2 (B) expression normalised to GapDH expression and Control Static levels. a: p<0.009 
vs. Control and AJ Inhibited static. b: p<0.015 vs. Control and AJ Inhibited static. Statistical 
significance is declared at p≤0.05, with n=6 samples per group. 
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4.4 Discussion 

This study demonstrates the important mechanotransduction role that Adhesion 

Junctions (AJs) play in the response of MC3T3-E1 pre-osteoblasts to the application of 

oscillatory fluid shear stress (OFSS) in a parallel plate bioreactor. The results presented 

in this chapter show that inhibition of AJ formation disrupted the expression of PGE2, 

Cox-2 and Runx2, but not stress fibre formation, in response to the application of 

OFSS. Pulsatile fluid shear stress (PFSS) did not cause higher PGE2 expression or stress 

fibre formation in control samples in comparison to static samples. These results 

indicate that adhesion junctions play an important role in the biochemical response of 

MC3T3-E1 pre-osteoblast cells to OFSS, but do not significantly influence stress fibre 

formation.  

  A limitation of this study is the use of EGTA, an extracellular calcium and 

magnesium chelator, to hinder the formation of adhesion junctions. Previous studies 

have used EGTA to demonstrate that E-cadherin (Pece et al. 1999) and N-cadherin 

(Guntur et al. 2012) can regulate PI3-K and Akt survival pathways, and also to study 

how p35–Cdk5 regulates N-cadherin AJ formation (Kwon et al. 2000), and how OB-

cadherin AJ formation induces VEGF-D expression (Orlandini and Oliviero 2001). 

However, extracellular calcium is not restricted in governing cell behaviour through 

adhesion junctions alone, as gap junction and primary cilia mediated communication 

are also governed by extracellular Ca2+ (Quist et al. 2000; Ebihara et al. 2003; Nauli et 

al. 2003). However, the concentration of EGTA used here (0.25 mg/ml) lowers the 

extracellular Ca2+ concentration from 1.64 mM to 1.58 mM (Keramidas et al. 1999), but 

a larger decreased of 1.8 mM to 1.6 mM is required to open the epithelial gap 

junctions (Quist et al. 2000; Ebihara et al. 2003). Moreover, extracellular Ca2+ governs 

primary cilia communication in kidney epithelial cells (Nauli et al. 2003), but not in 

osteoblasts or osteocytes (Malone et al. 2007b). Extracellular calcium can also be 

chelated using 1,2-bis-(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA). 1 

mM of EGTA or BAPTA chelates 1 mM of Ca2+. Cytoskeleton remodelling in response to 

fluid shear stress (FSS) can occur without influx of extracellular Ca2+ and is prevented 

by blockers of intracellular Ca2+ release (Chen et al. 2000). However, large decreases in 

extracellular Ca2+ (e.g. 0.55mM Ca2+ media treated with 1.5 mM EGTA (Liu et al. 

2010a)) could prevent cytoskeletal remodelling, while smaller decreased (e.g. 1.64 mM 
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Ca2+ media treated with 90 μM of BAPTA (Malone et al. 2007b),) did not. In light of 

this, calcium containing media was used during FSS stimulation to prevent potential 

EGTA interference with the cytoskeleton remodelling process. Osteoblast adhesion to 

glass substrates does not involve Ca2+ (Curties 1964) but does involve Mg2+ (Zreiqat et 

al. 2002). EGTA was chosen as a calcium chelating agent as it has a lower affinity for 

Mg2+ than EDTA (Sanui and Pace 1967). The parallel plate flow chamber is an 

experimental set-up that simplifies the complex 3D environment of fluid movement 

within bone and could limit the extrapolation of in vitro results to in vivo conditions. 

This commonly used methodology reduces the number of experimental variables and 

allows investigation of the response of any adherent cell type to specific, controllable 

fluid flow regimes. The fluid flow regime was chosen to apply 1 Pa shear stress, as is 

estimated to be representative of physiological loading conditions in bone (Weinbaum 

et al. 1994), in an oscillatory or pulsatile pattern to imitate fluid flow caused by cyclic 

loading of bone due to everyday movement, such as walking. It has been shown that 

during short (90s) exposure to pulsatile FSS resulted in a higher Ca2+ response in a 

heterogeneous population of primary bone cells treated with 2% FBS in HEPES-

buffered Hanks' balanced salt solution (HBSS) than cells treated with 10% FBS in HBSS . 

Additionally, in static conditions, FBS levels (0-10%) resulted in higher PGE2 expression 

in a dose dependent manner (Noguchi et al. 2001). 5-10% FBS causes significantly 

higher PGE2 expression than 0-1% FBS in epithelial cells (Noguchi et al. 2001). 

 MC3T3-E1s are a well-established model of pre-osteoblasts that have been 

used extensively in the study of osteoblast mechanobiology (Chen et al. 2000; 

Saunders et al. 2003; Malone et al. 2007c; Young et al. 2009). Osteoblast monolayers 

are known to respond to the application of FSS applied using this method, with higher 

PGE2 expression, Runx2 and Cox-2 mRNA expression in comparison to static samples 

all reported (Norvell et al. 2004b; Ponik et al. 2007; Kamel et al. 2010; Mai et al. 2013). 

PGE2 is critical to bone anabolic response to loading, and is upregulated during in vivo 

bone loading (Thorsen et al.). PGE2 is synthesised via Cox-2 enzymes (Berenbaum 

2000; Funk 2001). Runx2 gene expression influences the production of collagen I (Kern 

et al. 2001), osteocalcin (Ducy et al. 1997), osteopontin (Harada et al. 1999) and bone 

sialoprotein (Javed et al. 2001; Otto et al. 2003). Similar to previous studies (Norvell et 

al. 2004b; Ponik et al. 2007; Kamel et al. 2010; Mai et al. 2013), higher PGE2 expression 
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for oscillatory FSS stimulated control samples was observed in comparison to static 

samples. However, PGE2 expression was not higher in PFSS stimulated samples in 

comparison to static samples, suggesting that PFSS is not as stimulatory as OFSS. In this 

study, PFSS applied a range of 0 to +1 Pa WSS, while OFSS applied a range of ±1 Pa 

WSS. Although the WSS range is larger for OFSS, the absolute value of WSS is 0-1 Pa, 

and the sign (±) indicates direction of fluid flow resulting from the change in pressure 

gradient within the chamber. The work presented here compared OFSS and PFSS 

which have different mean and amplitude of WSS. Another study compared OFSS (2 ± 

4 Pa) to PFSS (4 ± 2 Pa) stimulation of bovine aortic endothelial cells and found that 

OFSS, with it’s lower mean WSS and larger pulse amplitude, resulted in a higher 

average intracellular free Ca2+ concentration than PFSS (Helmlinger et al. 1995). 

Previous studies have demonstrated that a larger amplitude (0.7 Pa) of the pulses 

around the same mean (0.7 Pa) during PFSS results in significantly higher nitric oxide 

expression than lower amplitude pulses (0.31) (Bacabac et al. 2005). This is not 

surprising as others have shown that PFSS stimulation of osteoblasts either does not 

cause significantly higher PGE2 production, or requires high shear stress (1.6 Pa as 

opposed to 0.8 Pa) for two hours to cause significant higher in PGE2 (McGarry et al. 

2005b; Kamel et al. 2010). The work of Jacobs et al. showed that PFSS (0 - 2 Pa, 0.5 – 2 

Hz) resulted in higher intracellular Ca2+ ions than OFSS (±2 Pa, 0.5 – 2 Hz), but it should 

be noted that this experiment was performed in PBS buffer with 2% FBS (Jacobs et al. 

1998). Other work showing higher osteoblast PGE2 production in response to PFSS 

used a pulse frequency of 5 Hz (WSS of 0.6 ± 0.3 Pa) (Bakker et al. 2003a; Bakker et al. 

2003b) or 3 Hz (WSS of 0.6 ± 0.5 Pa) (Nauman et al. 2001). The work presented here 

did not investigate pulse amplitude as a factor and such investigation could help 

explain the differences in osteoblast PGE2 response to PFSS. Additionally, for control 

samples Cox-2 and Runx2 mRNA expression was higher with OFSS in comparison to 

static samples, which has also been shown by (You et al. 2001; Xu et al. 2012) although 

some studies note that Runx2 expression in pre-osteoblasts was not higher with OFSS 

in comparison to static samples (Barron et al. 2010; Case et al. 2011). 

  Previous studies have provided an advanced understanding of the role of other 

mechanosensing mechanisms such as integrins, primary cilia and gap junctions in 

facilitating this response (Saunders et al. 2001; Malone et al. 2007b). Integrin inhibition 
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caused significantly lower Cox-2 gene expression, and PGE2 production in osteocytes in 

comparison to non-inhibited samples (Haugh et al. 2015) and primary cilia inhibition 

caused significantly lower Cox-2 gene expression in comparison to non-inhibited 

samples (Malone et al. 2007b). However the role of AJs for sensing and transducing 

extracellular mechanical signals into a cellular response remained unclear. The work 

presented in this chapter shows that adhesion junctions play a role in the ability of 

osteoblasts to sense and respond to OFSS. When AJ formation was inhibited, Cox-2 

was no longer significantly higher in comparison to control or AJ inhibited static levels. 

Downstream from Cox-2, PGE2 production was no longer higher in comparison to 

control or AJ inhibited static samples. Runx2 gene expression also followed this trend; 

AJ inhibited samples did not have significantly higher Runx2 expression in response to 

oscillatory FSS, when compared to control and AJ inhibited static samples. This finding 

is supported by previous work with mesenchymal stem cells, which has shown that 

silencing of β-catenin inhibited the normal elevated expression of Runx2 in response to 

OFSS in comparison to static samples (Arnsdorf et al. 2009a). Together these results 

reveal that AJs play an important role in the mechanosensation of FSS by osteoblastic 

cells in vitro. 

 AJs are dynamic structures that can disassemble and reassemble at another 

location on the cell membrane. It has recently been elegantly demonstrated that 

adhesion junction intercellular binding to F-actin stabilises the extracellular clusters of 

cadherins, limits the movement of cadherins and  enhances AJ cluster formation 

(Adams et al. 1998; Mège et al. 2006; Thoumine et al. 2006; Hong et al. 2013). Previous 

work has demonstrated that interference with cytoskeleton microtubules and 

microfilaments and integrins inhibits the stress fibre formation response of MC3T3-E1s 

to FSS stimulation (Pavalko et al. 1998; Norvell et al. 2004b). The results presented in 

this chapter show that AJ inhibition of a monolayer of MC3T3-E1s did not cause a 

significant change in stress fibre formation in static conditions, indicating that AJs are 

not a dominant factor in stress fibre formation on glass substrates. Stress fibre 

formation was higher (p<0.001) in control OFSS stimulated samples in comparison to 

control static samples. However, the cells had the opposite response to pulsatile FSS, 

with stress fibre formation decreasing between static and stimulated control groups 

(p=0.014). Other studies have also demonstrated significantly more stress fibre 
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formation with OFSS (Ponik et al. 2007; Yang et al. 2010). In contrast to the results 

presented in this chapter, other studies have shown significantly more stress fibre 

formation in response to PFSS (McGarry et al. 2005b; Li et al. 2012b). The work of Li et 

al. used a higher shear stress of 1.2 Pa (1.25 Hz) for time points up to 120 mins, and 

the work of McGarry et al. used a lower PFSS of 0.39 Pa (3 Hz) or 0.64 Pa (5 Hz) for 10 

min. The difference in cytoskeletal response to pulsatile or oscillatory FSS could be due 

to differences in calcium influx with FSS; the significantly higher calcium concentration 

within osteoblasts during stimulation is greater for OFSS than PFSS or steady FSS (Roy 

et al. 2014). This is in part due to the opening of a stretch activated ion channel, 

transient receptor potential (TRP) cation channel, subfamily M, member 7 (TRPM7) 

(Roy et al. 2014). FSS caused local and transient increases in Ca2+ of 3 - 3.5 fold 

(oscillatory) or 2.25 - 2.75 fold (pulsatile) higher than baseline, unstimulated levels 

(Roy et al. 2014). Computational modelling of OFSS in this bioreactor system also 

revealed that due to the fluctuation between positive and negative hydrostatic 

pressure within the bioreactor flow chamber, cell-cell contacts alternate between 

compressed and stretched (Chapter 5). Unidirectional flow generates a positive 

hydrostatic pressure, and so only compresses the cell-cell contacts. 

This study has important implications for our understanding of the role of AJs in 

MC3T3-E1 osteogenesis and mechanosensing. Genome wide association studies have 

identified β-catenin, an intracellular component of AJs, as a Wnt related gene likely 

associated with osteoporosis (Estrada et al. 2012). Indeed, OB-cadherin gene 

expression in primary marrow stromal cells and osteoblastic cells was 9-fold higher in 

mature rabbits than in old rabbits (Goomer et al. 1998). Treatment with oestrogen, a 

critical hormone for the maintenance of bone formation, for four months led to higher 

N-cadherin gene expression in postmenopausal women in comparison to women not 

treated with oestrogen (Mödder et al. 2011). The results presented in this chapter 

show that AJs, particularly N-cadherin AJs, are important for transducing 

mechanosensation into a cellular response and these structures could be a promising 

target in the treatment of osteoporosis.  
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4.5 Conclusions 

Mechanical loading is a key regulator of bone formation. It is believed that the 

movement of fluid within the bone is one of the main modalities of force application to 

osteoblasts. These cells respond to fluid shear stress by up-regulating the production 

of osteogenic proteins and genes. The results presented in this chapter demonstrate 

that interference with adhesion junction formation prior to application of oscillatory 

fluid shear stress results in a significantly reduced biochemical response (PGE2, Cox-2 

and Runx2) but did not significantly reduce stress fibre formation with FSS. Pulsatile 

fluid flow stimulation of control samples did not cause significantly higher production 

of PGE2, or higher stress fibre formation in comparison to static samples. A better 

understanding of mechanotransduction in osteoblasts may lead to the development of 

novel treatments for bone diseases where bone production is decreased due to 

compromised osteoblast mechanosensitivity. 
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Chapter 5: 

Computational Investigation into the Forces 

generated at Cell-Cell Adhesion Junctions by 

Fluid Shear Stress and Hydrostatic Pressure 
_______________________________________________________________________ 

 

5.1. Introduction 

Mechanical forces play an important role in the growth, organisation, differentiation 

and function of living cells and tissues. It is well established that mechanical loading is 

critical for the maintenance of structural integrity of bone (MacKelvie et al. 2003). The 

current challenge is to understand the mechanisms by which bone cells sense and 

respond to applied loads. A hypothesis was proposed by Cowin et al. (1991) wherein 

macro-scale physiological loading of bone will result in fluid flow within the canalicular 

network, resulting in application of a wall shear stress on osteocytes. Several studies 

have been performed in which bone producing cells (osteoblasts) are subjected to fluid 

flow stimulus (FFS) in a parallel plate bioreactor (Liu et al. 2008; Kamel et al. 2010). A 

parallel plate bioreactor is a piece of equipment designed with a flow chamber of 

height of the order of 100 - 500 µm. Typically, cells are seeded onto a glass slide that 

sits flush with the bottom plate and a laminar flow of cell culture media is induced over 

the plate (and cells) at a flow rate, calculated to apply a specific wall shear stress to the 

adherent cells (Malone et al. 2007c). Several studies report significantly higher 

expression of osteogenic proteins and genes as a result of such FFS. Specifically, higher 

expression of osteogenic genes (Cox-2 (Norvell et al. 2004b), Runx2, (Case et al. 2011) 

and osteopontin (You et al. 2001)) are reported. Additionally, osteoblasts respond to 

FFS with higher expression of osteogenic protein markers such as Prostaglandin E2 

(Smalt et al. 1997), and with translocation of β-catenin, an important osteogenic 

signalling molecule, into the nucleus (Norvell et al. 2004a). However, the detailed 

mechanisms underlying such mechanotransduction are not yet fully understood. 
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A variety of fluid flow regimes are commonly applied to cells in vitro (Malone et 

al. 2007c; Arnsdorf et al. 2009a; Kamel et al. 2010; Liu et al. 2010a). These include 

oscillatory (Malone et al. 2007c; Arnsdorf et al. 2009a), pulsatile (Kamel et al. 2010; Liu 

et al. 2010a) and steady (Jacobs et al. 1998; Jaasma and O'Brien 2008; Case et al. 2011) 

state fluid flow regimes. A range of applied wall shear stress has been reported in the 

literature ranging from 0.2 to 2.4 Pa for parallel plate bioreactors (Donahue et al. 2003; 

Lee et al. 2008b; Kamel et al. 2010) and 0.029 to 0.22 Pa for rocker systems (Delaine-

Smith et al. 2014; Tucker et al. 2014). To generate fluid flow within the bioreactor, a 

pressure gradient is generated and fluid flows from the area of high pressure to the 

area of low pressure. However, oscillatory fluid flow is an unsteady flow regime 

wherein the pressure gradient within the bioreactor changes over time. Of particular 

interest to this work is the changing pressure gradient within the chamber, as the 

implications of this on the stresses generated in cells has not been previously 

investigated. Fluid-structure interaction models of single cells in a parallel-plate flow 

system have decoupled hydrostatic pressure and wall shear stress and demonstrated 

that increasing hydrostatic pressure (81 – 243 Pa) caused increased cellular equivalent 

elastic strain, but increased wall shear stress (0.5 – 2 Pa) did not (Vaughan et al. 

2013b). However, previous fluid-structure interaction modelling of cells in parallel 

plate systems have only investigated steady, unidirectional fluid flow (Anderson et al. 

2005; McGarry et al. 2005a; Vaughan et al. 2013b; Qiu et al. 2014).  

The ability of osteoblasts to sense mechanical stimulus and respond by 

transducing the mechanical stimulus into biochemical responses is known as 

mechanosensation (Papachroni et al. 2009). It has been proposed that 

mechanosensation is mediated by three main mechanisms; integrins, primary cilia and 

adhesions junctions. Each of these three mechanisms has an emerging body of in vitro 

evidence indicating their individual importance and contribution to osteogenesis in 

response to the application of FFS in a parallel-plate bioreactor (Ferraro et al. 2004; 

Norvell et al. 2004a; Lee et al. 2008a; Leckband et al. 2011; Hoey et al. 2012b) or 

rocker systems (Delaine-Smith et al. 2014). Computational investigations into the 

stresses experienced by integrins and primary cilia during FFS have demonstrated the 

heightened stress-states of these structures (Rydholm et al. 2010; Verbruggen et al. 

2012; Vaughan et al. 2013a) that correlates with osteogenic responses to FFS. 
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However, computational modelling has not yet shown if adhesion junctions experience 

a heightened stress state during application of FFS. 

Adhesion junctions are transmembrane structures that facilitate cell-cell 

contact and connect the cytoskeletons of adjacent cells. The cytoskeleton plays an 

important role in the formation and stability of cell-cell junctions by generating 

intercellular tension through actin stress fibre formation (Hong et al. 2013; Buckley et 

al. 2014). Experimentation using cyclic strain has shown that a strain of 0.01 results in 

higher intracellular Ca2+ (Harell et al. 1976; You et al. 2000) and higher prostaglandin 

E2 synthesis (Somjen et al. 1980; Binderman et al. 1984; Binderman et al. 1988), both 

responses indicative of osteogenesis. Given that intercellular tension is needed for 

stable adhesion junction formation, a computational model examining the stresses and 

strains experienced at cell-cell contacts during FFS, when contractility is incorporated 

in the cell, could give helpful insight into the forces experienced at adhesion junctions 

that correlate with an osteogenic response. The specific objective of this study is to 

determine the role of FFS in the development of intercellular forces at cell-cell 

contacts using fluid-structure interaction models. 
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5.2. Methods 

5.2.1 Static Structural Analysis: Cell Parametric Studies 

Cells are assumed to behave as homogenous, isotropic solids. The cell cytoplasm has a 

Young's Modulus of 3.7 kPa (Domke et al. 2000) and a Poisson's ratio of 0.4. To model 

the pre-strain generated by the cytoskeleton the cell cytoplasm undergoes volumetric 

contraction via an instantaneous volumetric coefficient of contractility (C) applied 

using an arbitrary negative temperature change of 1oC. Chapter 3: Theory, Section 

3.2.3 details the theory behind C, and the following equation is used to calculate the 

thermal strain. 

 

𝜺𝑡ℎ = 𝑪ΔT (5.1) 

 

This method has been used in previous methodology to computationally simulate 

active cellular contractility (Stops et al. 2008; Mullen et al. 2014b). C was determined 

as described below. The nucleus has a Young's Modulus of four times that of the 

cytoplasm, as the nucleus has been shown to be significantly stiffer than the cytoplasm 

and modelled as such previously (Tseng et al. 2004; Vaughan et al. 2013b) and a 

Poisson's ratio of 0.4. The cell geometries have ellipsoidal nuclei (major axis 20 μm, 

minor axis 10 μm), cell base length of 100 μm, width of 80 μm and maximum height of 

16.1 μm, based on cell dimensions observed in vitro and as shown in Figure 5.37. 
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Figure 5.38: Side profiles of idealised cell geometries used to parametrically test the 

influence of cell-cell contact height on substrate stresses during cell contraction. A) 3D 
View of a cell and nucleus on a PA gel substrate. The red arrows denote planes of 

symmetry to model a cell pair. B) Side profile of a cell on PA gel substrate. h denotes 
cell-cell contact height; d denotes gel depth. Cells with sequentially decreasing h 

values of B) 14.4 C) 10.5 μm, D) 7 μm and E) 3.5 μm were analysed. F) Stress vectors 
(left) and heat map of traction stress (right) results of Madin-Darby canine kidney cell 

pairs from the work of (Maruthamuthu et al. 2011). 

 

To ascertain an estimate of cellular contractility, the previously described cell 

geometry with varying cell-cell contact height (h) is modelled on polyacrylamide (PA) 

gel substrates of varying depth (d). These models systematically analyse the effects of 

cell-cell contact height, PA gel depth and cell contractility on the stress patterns 

generated in the gel. Four idealised cells were considered (Figure 5.37, B-E) wherein 

the height (h) of the cell-cell contacting surface of paired cells was decreased 

sequentially (h = 14.4, 10.5, 7 and 3.5 μm). The PA gel depth (d) was varied as 

indicated in Figure 5.37B. To find the most suitable magnitude of contractility, the 

coefficient of contractility is varied (C=0.01, 0.02, 0.025, 0.03) and computed PA gel 

deformation is compared to the traction forces generated by Madin–Darby canine 

kidney (MDCK) G II cells on a PA gel during in vitro experiments (Maruthamuthu et al. 

2011). The PA gel has a Young's Modulus of 8400 Pa and Poisson's ratio of 0.4 
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(Maruthamuthu et al. 2011). A model of two adhered cells is constructed, as shown in 

Figure 5.37. The cells are rigidly adhered to one another through a contact surface 

(marked ‘s’ in Figure 5.37A) in the YZ plane in the undeformed configuration.  The base 

of each cell is assumed to be rigidly adhered to the PA gel substrate.  

 

5.2.2 Multi-scale Bioreactor Model 

A multilevel methodology () is used to (i) simulate the fluid flow within the bioreactor 

and (ii) simulate the localised cellular deformation as a result of such fluid flow. A 

global Computational Fluid Dynamics (CFD) model is developed to characterise the 

fluid velocities and pressures within the entire parallel-plate system. Subsequently, a 

local Fluid-Solid Interaction (FSI) model, with fluid flow boundary conditions informed 

directly by the global CFD simulations, is used to compute the stress state in the two 

contacting cells. The height of the cell-cell contact of the cell pair, and the cell 

contractility, are informed by the static structural simulations. 

 

 
Figure 5.39 Flow chart detailing multilevel methodology used in this chapter. 

 

5.2.2.1 Global CFD Parallel Plate Flow Chamber Model 

A global CFD model of the parallel plate bioreactor designed by (Lane et al. 2012) and 

used in Chapter 4 of this thesis (Figure 5.39) is developed. The tubing has an internal 

diameter of 3.5 mm and the flow chamber has a height of 200 μm, width of 17.46 mm 

and length of 144.09 mm. The inlet and outlet tubing are 17 mm long each. The flow 

field (Figure 5.39C) within the bioreactor is designated as all areas through which the 

fluid flows from the tubing inlet, through the flow chamber and through the tubing 
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leading to the outlet. For steady, laminar, fully developed fluid flow between two 

parallel plates the wall shear stress on the bottom plate of the channel can be 

expressed in terms of the volumetric flow rate using the following relationship (Chung 

et al. 2003; Bacabac et al. 2005): 

 

𝜏𝑤 =
6𝑄𝜇
𝑏ℎ2

 ( 5.2 ) 

 

where τw is wall shear stress, Q is flow rate, μ is fluid viscosity, b is chamber width and 

h is chamber height. Pressure of 1 atm is applied at the outlet. A 1 Hz oscillatory fluid 

velocity of 0.01714 m/s is assigned as an inlet condition. These inlet and outlet 

conditions are assigned to generate an oscillatory flow within the chamber with a 

maximum wall shear stress of 1 Pa. No slip boundary conditions are applied to the 

walls of the bioreactor and cell culture media is modelled as a Newtonian fluid and 

assigned the density of water (998 kgm-3) and a dynamic viscosity of μ = 8.99 x 10-4 

kg/ms. The Reynolds number for the flow system is calculated as follows: 

 

𝑅𝑒 =
𝛿𝜈𝑚𝐷ℎ
𝜇

 ( 5.3 ) 

 

where ρ is density, νm is mean velocity and Dh is hydraulic diameter of the chamber 

where Dh=2h (White 2008). A Reynolds number of 16.46 computed using Equation. 5.3 

indicates that flow within the chamber falls well within the laminar region (Re<1400). 

The commercially available software ANSYS CFX is used to compute pressures and 

velocities within the system. Local pressures and velocities in the fluid domain were 

resolved using a convergence criteria of 1 x 10-4. The fluid domain is discretised into 

6.5 x 106 tetrahedral elements. Due to the relatively small height of the flow chamber, 

significant refinement of the mesh is required in this region to adequately resolve the 

fluid velocities near the boundaries walls. 
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Figure 5.40: A) Parallel plate bioreactor set-up. B) PGE2 results showing higher PGE2 
expression from MC3T3-E1 cells after 1 hr exposure to 1 Pa Oscillatory fluid shear 

stress from Chapter 4. Statistical significance is declared at p≤0.05. a=0.014. C) Global 
model fluid domain detailing the location of the central point in the parallel plate 

channel where fluid velocity and pressure are recorded for use in the Local models. 

 

5.2.2.2 Local Fluid-Solid Interaction Model 

The local fluid structure interaction (FSI) model (Figure 5.40 A) is used to determine 

the stress state in two contacting cells due to fluid flow in the bioreactor. A two-way 

FSI is implemented through bi-directional coupling of the ANSYS CFX solver to the 

ANSYS Structural finite element solver (Figure 5.40 B) (Vaughan et al. 2013b). To 

facilitate this coupled two-way analysis, a fluid-solid interface boundary between the 

fluid and the solid domain is assigned on the upper cell membrane of both cells. This 

functions by first solving the fluid domain Navier-Stokes equations of momentum and 

continuity and then mapping the resulting fluid stress tensor to the solid domain as a 

boundary condition on the fluid-solid interface. The resulting deformation of the solid 

domain is then relayed back to the fluid domain as boundary conditions for the next 

iteration until a converged solution is achieved. 
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Figure 5.41: A) Schematic of local model boundary conditions with two contacting cells 

in the flow field. U is fluid velocity and P is fluid pressure. B) Schematic of Fluid-Solid 
interaction models. The cell bodies formed the Solid Domain and were fixed to a rigid 
surface via a cell-surface adhesion surface. The top surface of the cells was designated 
as the Fluid-Solid interface where forces were transmitted between the Fluid and Solid 

domains. The contact plane between the two cells formed the cell-cell adhesion 
surface. Fluid flow between the two rigid surfaces forms a parabolic flow profile with 

fluid velocity (u) at a maximum in the centre of the fluid domain (y = 0) and at zero 
against the walls due to the no-slip boundary condition applied here. Chamber height 

(H), fluid viscosity (μ) and fluid pressure (P) influence the flow profile. 

 

5.2.2.2.1 Fluid Domain 

The local model fluid domain consists of a flow field of dimensions 2000 x 700 x 200 

μm (Figure 5.40 A). Boundary conditions are prescribed using flow conditions 

computed at the centre of the flow chamber by the global model.  A transient 

(oscillatory) flow velocity boundary condition is applied uniformly on the inlet 
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boundary surface. An entrance length (Le) of 307 μm is required for the flow to 

become fully developed, as calculated via Equation. 5.4 (White 2008). 

 

𝐿𝑒 = 𝐷ℎ  𝑥 0.06 𝑥 𝑅𝑒 ( 5.4 ) 

 

A transient (oscillatory) hydrostatic pressure is applied at the outlet boundary surface. 

A maximum wall shear stress of 1 Pa is computed under such boundary conditions. In 

addition to the aforementioned transient boundary conditions (determined by the 

global model), a steady fluid flow regime is also considered by implementing the 

maximum pressure and maximum velocity from the global model at the local outlet 

and inlet boundary surfaces, respectively. No-slip boundary conditions are applied at 

all surfaces (with the exception of the inlet and outlet surfaces) (Figure 5.40). The 

model is discretised into 390 x 103 tetrahedral elements with a higher mesh density 

near the fluid-cell interface so as to more accurately calculate stresses and 

deformations in this area. 

 

5.2.2.2.2 Solid Domain 

Cell geometries and dimensions are shown in Figure 5.37. Each cell geometry contains 

an ellipsoidal nucleus (major axis 20 μm, minor axis 10 μm). Cell material properties 

were the same as described in Section 5.2.1 with a thermal contractility coefficient of 

0.025. The contact surfaces between adjoining cells are either fully bonded 

(representing cell-cell bonding via adhesion junctions), or set as a frictionless contact 

(representing impaired cell-cell bonding). For FSI models, cell pairs are rigidly adhered 

to a substrate rather than the PA gel (Figure 5.40 B) while upper cell surfaces are 

assigned as an interface area between the static structural analysis and the fluid 

dynamics analysis as is described in Section 5.2.2.2. The combined cell pairs are 

discretised into 44,200 tetrahedral elements.   
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5.3. Results 

5.3.1 Parametric Studies: Determination of cell-cell contact height and cell 

contractility co-efficient 

The 14.4 µm cell-cell contact height produces the lowest maximum principal stress in 

the PA gel adjacent to the cell-cell contact (Figure 5.41). Lower cell-cell contact heights 

of 3, 7.5 and 10.5 µm produce larger maximum principal stresses in this region of the 

PA gel. Lower stress in the PA gel adjacent to the cell-cell contact gives the best 

approximation of the stresses generated by a cell pair, while higher stress in this area 

produce stress patterns more representative of single cells observed in vitro 

(Maruthamuthu et al. 2011). An appropriate value for cell contractility is found to be 

0.025 (Figure 5.42) as this value generated maximum principle stresses in the PA gel 

that were in the same range as the traction forces exerted by cell pairs on a PA gel in 

vitro (Maruthamuthu et al. 2011). The thickness of the PA gels investigated (10, 20 and 

40 μm) does not significantly affect the stresses experienced in the cells or the gels.  

 
Figure 5.42: The height of the cell-cell contact height has negligible influence on 

maximum principal stress in the PA gel, and relates linearly to the cell-cell tugging 
force. (A) Contour plots of maximum principal stress in the PA gel with cells of varying 

cell-cell contact height (h) when a value of 0.025 is used for cellular contractility. 
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Figure 5.43: Contour plots of maximum principal stress used to investigate different 
values of contractility coefficient C. C=0.025 gives the best approximation of the in 

vitro stresses generated by the contracting cell in the work of (Maruthamuthu et al. 
2011). 

 

5.3.2 Global model CFD analysis of flow field within bioreactor 

A pressure drop of 970 Pa is computed over the distance from the chamber inlet to the 

chamber outlet (L=144.09 mm) resulting in a pressure gradient of 6.7 Pa/mm. The wall 

shear stress on the upper and lower walls of the fluid flow chamber is the same along 

the length of the chamber at any given time point. Pressure in the in vitro bioreactor 

system was measured, during application of the flow rate calculated to apply 1 Pa of 

WSS was applied. The measured pressure varied from 600 – 800 Pa, with the higher 

pressure experienced when the screws holding the parallel plates together were 

tightened. The transient hydrodynamic pressure and fluid velocity computed at a point 

in the centre of the flow chamber (shown in Figure 5.43A and 5.6C) are used as 

boundary conditions for the inlet and outlet of the local models, respectively.  
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Figure 5.44: Contour plots of A) the pressure and B) the fluid velocity in the Global 
model for oscillatory fluid flow at t=0.24 s. Inset for each Global model is the Local 
model pressure or velocity at t=0.24 s. The local model outlet and inlet boundary 

conditions are prescribed by the pressure (C) and the velocity (D) values respectively, 
taken from the centre of the Global model channel during oscillatory fluid flow. The 
maximum pressure and velocity during the forward oscillation are used to prescribe 

steady fluid flow. 

 

5.3.3 Tensile and compressive stresses at cell-cell contact area during FSI simulations 

Figure 5.44A shows the maximum principal stress (𝜎𝑚𝑔𝑥) at the cell-cell contact surface 

(CS) and Figure 5.44B shows the volume averaged maximum principal strain over the 

whole cell body in the local cell model during one full fluid flow oscillation, with 

(C=0.025) or without (C=0.000) cell contractility. When the fluid is at rest (t=0.00, 0.50, 

1.00: v = 0.000 m/s, P = 0 Pa), peak values of 𝜎𝑚𝑔𝑥 = 140 𝑃𝑎 occur when a 

contractility of C=0.025 is implemented. In one full oscillation, the CS for C=0.000 cells 

experience a change in 𝜎𝑚𝑔𝑥 that oscillates from -315 to +480 Pa while C=0.025 cells 

experience an oscillation in 𝜎𝑚𝑔𝑥 from -170 to +480 Pa. 
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Figure 5.45: Oscillatory fluid velocity and pressure cause large changes in (A) maximum 

principal stress (σ) at the cell-cell contact surface. Cell contractility results in less 
compressive stress at t=0.24s, but the tensile stress at t=0.76 is similar with (C=0.025) 

or without (C=0.000) contractility. Also shown is σ due to steady fluid flow at max 
forward pressure and velocity. The (B) volume averaged maximum principal strain 
(ε)across the entire cell remains relatively stable for contractile cells but fluctuates 

from near zero to highs of 0.06 for non-contractile cells. Also shown is ε due to steady 
fluid flow at max forward pressure and velocity. (C) Graph of % volume fraction within 

specific strain (ε) thresholds at approximately zero (t=0.00), minimum (t=0.24) and 
maximum (t=0.76) flow chamber pressures. (D) Contour plots showing that bonding of 

the cell-cell contact surfaces prevents these surfaces from separating during the 
reverse half of the fluid oscillation, resulting in lower strains. The red arrow indicates 

fluid flow direction. 
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During the first half of each oscillating flow cycle, fluid is being pushed into the 

chamber and a compressive maximum principal stress is computed at the contact 

surfaces (𝜎𝑚𝑔𝑥 < 0). The inclusion of contractility partly counteracts the compressive 

stresses generated by fluid flow (the contractility tends to pull the surfaces apart 

whereas the fluid tends to compress the surfaces together).  Figure 5.44C shows the 

percentage volume fraction of computed maximum principal strains in the cell 

cytoplasm. With contractility, the volume averaged maximum principal strain in the 

cell due to negative hydrostatic pressure is 0.028. As expected, an applied contractility 

of C=0.025 to the cytoplasm results in a volume averaged strain of 0.024 over the 

entire cell. Recalling that this level of contractility has been calibrated using 

experimental traction force microscopy data (Figure 5.42), this result suggests that the 

negative hydrostatic pressure loading in the bioreactor contributes only ~14.3% of the 

total cell strain. The volume averaged maximum principal strain in the non-contractile 

cell body due to negative hydrostatic pressure is 0.055. Due to the implementation of 

contractility, greater than 92% of the contractile osteoblast volumes (all time points) 

were above ε=0.01 (Figure 5.44C) the strain value thought to elicit an osteogenic 

response (Harell et al. 1976; Somjen et al. 1980; Binderman et al. 1984; Binderman et 

al. 1988; You et al. 2000). In contrast, computed strains due to fluid flow in non-

contractile cells are only above this threshold during negative hydrostatic pressure 

application.  

During the second half of the oscillation, when fluid is being pulled from the 

chamber, a tensile stress (𝜎𝑚𝑔𝑥 > 0) is computed at the CS.  In consideration of strains 

in the entire cell body at t=0.76, 100% of the cell volume experienced >0.01 (C=0.025 

and C=0.000) and the maximum principal strain (ε) experienced by the cells was 0.07 

(C=0.025) and 0.12 (C=0.000). When the CS was assigned as a frictionless contact 

rather than a bonded surface to assess the influence of the CS on strains in the cell 

body (Figure 5.44D), maximum ε at t=0.76 increased to 0.41 (C=0.025) and 0.32 

(C=0.000), and 91% (C=0.025) and 90% (C=0.000) of the cell volume experienced ε 

>0.01. The strains experienced in the first half of the cycle due to positive pressure 

remain the same as in bonded cell pairs, but with application of positive pressure, the 

cell surfaces assigned as frictionless contact are pulled apart. 
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As discussed, contractility of C=0.025 applies a volume averaged strain of 0.024 

to the cell body before any externally applied mechanical stimulus was implemented. 

To ascertain if the FFS applied additional strain that could be considered to stimulate 

an osteogenic response (ε=0.01), strain over a threshold of ε=0.035 was also 

investigated (Figure 5.44C). At all time-points, 0.4 - 0.5 % of the total cell volume is 

above ε=0.035 for C0.025 cells, while 0% and 95 % of C0.000 total cell volume is above 

ε=0.035 at t=0.24 and t=0.76, respectively. 

 

5.4. Discussion 

Adhesion junctions (AJs) at cell-cell contact surfaces have been shown to play a role in 

osteoblast sensing and response to fluid flow stimulation (FFS) (Norvell et al. 2004a). 

However, the magnitude of contact stress/traction at the cell-cell interface during FFS 

has not previously been analysed. The current study considers the mechanical 

response of two contacting cells subjected to FFS in a parallel plate bioreactor. To this 

end, A) a global computational fluid dynamics (CFD) model of the entire flow system 

was constructed to compute the fluid velocity and pressure in the channel region of 

the bioreactor, and B) fluid shear stress, pressure and cellular contractility were 

applied to deformable contacting cells in a local fluid structure interaction (FSI) model. 

Simulations reveal that oscillating FFS within the bioreactor results in alternating 

tensile and compressive normal contact stress at the cell-cell interface. This work 

presents a mechanical indication as to why cells respond differently to steady and 

oscillatory fluid flow regimes (Jaasma et al. 2007; Jaasma and O'Brien 2008; Case et al. 

2011) in parallel plate bioreactors. 

Previous studies have used thermal contraction to model cytoskeletal 

contraction (Stops et al. 2008; Mullen et al. 2014a) but the implemented coefficient of 

contractility was not calibrated based on in vitro experimental results as it is in the 

work presented here. However, the use of a coefficient of thermal expansion to model 

cell contractility is a limitation of this study. This method is a non-physiological based 

model for contractility as it (i) does not capture strain rate effects (e.g. the Hill curve), 

(ii) does not capture the anisotropic, direction dependent contractility due to 

alignment of stress fibres within cells and (iii) does not capture stress fibre remodelling 

due to changes in the local stress state of the cell due to applied FFS.  A more refined 
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method of modelling the contractile actin cytoskeleton is to use the active 

cytoskeleton model developed by (Deshpande et al. 2006; Deshpande et al. 2008). This 

active model was utilised (Ronan et al. 2015) to explain the in vitro experimental 

observations (Liu et al. 2010b) that cell-cell junction tugging forces increase with cell-

cell junction size but that traction forces exerted on micro-post arrays are independent 

of junction size. The coefficient of thermal contractility used in the work presented 

here did not produce a linear relationship between junction size and tugging force 

(Figure 5.41). An additional limitation of this study is the idealised cell models used. 

The idealised cell geometries used were based on cell geometries observed in vitro and 

the results of the contact height analysis informed the cell geometry used for the FSI 

analysis. The idealised cell models employed linear elastic material properties. 

However, the implementation of a homogeneous isotropic material model is a 

limitation of this work as previous studies have demonstrated that cell behaviour 

cannot be captured by elastic, hyperelastic or viscoelastic material laws (McGarry and 

McHugh 2008; Dowling et al. 2012; Reynolds et al. 2014; Reynolds and McGarry 2015). 

Such passive material models are capable of simulating non-contractile cells in which 

the actin cytoskeleton is disrupted (Reynolds and McGarry 2015). 

The values found for fluid pressure are in the same range as those measured by 

(Huesa et al. 2010) in a similar parallel plate bioreactor experimental study. A key point 

of the work presented here is that the method used to generate the pressure gradient 

that drives the fluid flow within the chamber has a significant influence on the stress 

and strain state of the cells. When fluid is pushed into the chamber, as happens during 

the first half of the oscillation, or during unidirectional steady or pulsatile fluid flow, 

the cells within the chamber experience compressive hydrostatic pressure. When fluid 

is pulled from the chamber, as occurs during the second half of the fluid oscillation, 

cells experience a negative pressure, effectively resulting in an increase in maximum 

principal strain throughout the cell cytoplasm, and an increase in tension in the 

adhesion junctions between the cells. This work shows that cell location within the 

bioreactor is an important contributing factor to the hydrostatic pressure experienced; 

a cell situated at the end of the chamber nearest the syringe is predicted to experience 

a ±1000 Pa pressure fluctuation, while a cell situated at the end of the chamber near 

the reservoir is predicted to experience ±0 Pa pressure fluctuation. Therefore, in an 
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oscillating flow parallel plate bioreactor, the ratio of cell stress or cell-cell tension as a 

direct result of fluid pressure to that as a result of wall shear stress generated by fluid 

flow is highly dependent on the position of the cell in the bioreactor and also on the 

time-point during the oscillatory flow cycle. In vitro experimentation has shown the 

significant influence of pressure on osteogenesis; oscillating pressure (1 ± 0.1 kPa) with 

no fluid flow can elicit the same translocation of β-catenin into the nucleus as 

oscillatory or pulsatile FFS (Huesa et al. 2010). β-catenin is an important part of the 

canonical Wnt signalling process that regulates osteogenic genes. In vitro 

measurements of hydrostatic pressure in this bioreactor showed values varying from 

600 – 800 Pa when a flow rate calculated to impart 1 Pa of WSS was applied. The 

variation in pressure had a dependence on the tightness of the screws holding the 

parallel plates together, as pressure increased when the screws were tightened. In the 

experimental set-up in Chapter 4, o-rings are used to seal the bioreactor flow chamber. 

Tightening the screws would further compresses the o-rings and reduce the height of 

the bioreactor flow chamber. The screws in the in vitro work presented in Chapter 4 

were tightened by hand and so the tightness of the screws was not regulated. Better 

regulation of screw tightness could reduce variation in maximum hydrostatic pressure 

and improve repeatability of in vitro experiments, such as PGE2 expression in response 

to oscillatory FSS (Figure 5.39 B). 

Substrate unidirectional normal strains greater than 0.01 produce higher 

Prostaglandin E2 (PGE2) or calcium influx, both positive osteogenic responses (Harell et 

al. 1976; Binderman et al. 1984; Binderman et al. 1988; You et al. 2000) but applied 

unidirectional strain at lower levels (ε: 0.0005 - 0.005) does not produce higher PGE2 

production (Smalt et al. 1997). In the work presented here, the cell volume averaged 

maximum principal strain is primarily due to internal cell contractility (calibrated using 

the experimental data of (Maruthamuthu et al. 2011), with hydrostatic pressure and 

fluid flow providing secondary effects (up to ~14.3% of the total maximum principal 

strain. When contractility is not implemented however, the cell volume experiences a 

volume averaged maximum principal strain of approximately ε=0.000 for the first 0.5s, 

and then a heightened strain of ε=0.055 (t=0.076 s). Taken together, these two results 

indicate that the contractile pre-strain applies a strain above the ε=0.01 threshold, but 

shields the cells from experiencing higher strain, or indeed any notable fluctuations in 
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strain due to the fluid flow. In vitro osteocyte deformation during steady FFS was 

computationally modelled using a viscoelastic material model (Qiu et al. 2014) and 

found instantaneous strains in the cell body of up to 0.107, similar to the maximum 

strain found in the work presented here of ε=0.12 (C=0.000 at t=0.76). However, it 

should be noted that the work presented by Qiu et al. (2014) did not model the 

nucleus and cytoplasm with separate material properties, instead modelling the cell 

body as one continuous material. Previous computational studies of confocal image-

derived osteocytes (Verbruggen et al. 2012) have shown that 1% of the osteocyte 

volume experienced strains greater than 0.01 when a 3D cube of extracellular matrix 

surrounding the cells is loaded with ε=0.003. ε=0.003 was assigned to simulate forces 

experienced during vigorous physiological activity (Burr et al. 1996). The FFS examined 

in the work presented here caused over 95% of the contractile or non-contractile cell 

volume to be over ε=0.01 at t=0.76.  

Applied tension, usually from contractility of the cytoskeleton, helps AJs to 

form and strengthen (Peng et al. 2010; Buckley et al. 2014; Leerberg et al. 2014). This 

research has computationally demonstrated that hydrostatic pressure fluctuation 

during oscillating fluid flow in a parallel plate bioreactor causes a change in the cell-cell 

normal contact stress from tensile to compressive. Previous in vitro studies have 

observed contradictory results on the influence of FFS on intercellular force; the 

application of steady laminar FFS reduced (Conway et al. 2013; Steward et al. 2015) or 

hightened (Ting et al. 2012) the intercellular tension in endothelial cells. These 

differences could be due to differences in method used to calculate intercellular force 

as Conway et al. used FRET measurement to calculate tension at cell-cell contacts, 

Steward used gel displacements to calculate gel stress and intracellular tension and 

Ting used micro-post deflection to calculate intercellular forces, or due to differences 

in cell types (Steward et al. 2015). The analysis presented in this chapter suggests that 

steady, laminar fluid flow in a parallel plate system generates a compressive pressure 

in the flow chamber. This pressure competes with the stress at the cell-cell contact 

surface (CS) resulting in a net decrease, in agreement with the observations of 

(Conway et al. 2013; Steward et al. 2015). This work also shows that the presence of 

cell-cell contacts reduces the maximum strains experienced in the cell. When the CS is 

assigned as a frictionless contact, rather than as a bonded surface, the cells separated 
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when exposed to negative pressures and experienced two-fold higher strains in the cell 

body. This is in agreement with in vitro observations of cell-separation when the 

formation of adhesion junctions is inhibited by chelating extracellular calcium 

(Schnittler et al. 1997). 

It is well established that cytoskeleton stress fibres will re-orientate first to the 

long access of the cell, and then to the direction of fluid flow in osteoblasts and 

endothelial cell monolayers, (Levesque and Nerem 1985; Girard and Nerem 1995; 

Malek and Izumo 1996; Jaasma et al. 2007). This realignment happens within 1 hr 

when steady, unidirectional fluid flow is applied, but it takes longer for this to occur 

with oscillatory fluid flow (Malone et al. 2007c; Ponik et al. 2007). It has also been 

observed that a reduction in intracellular tension in osteoblasts can induce the 

disassembly of actin stress fibres (Sato et al. 2006). The work presented here shows 

the differences in mechanical stimulation applied to cells by steady or oscillatory FFS, 

but an active material model (Deshpande et al. 2006; Deshpande et al. 2008) is 

required to investigate the influence of these forces on the cytoskeleton stress fibres. 

 

5.5. Conclusions 

The results of the current study provide insight into the stimulus imparted on cells 

within a parallel plate bioreactor during oscillatory fluid flow. Oscillatory fluid flow 

causes fluctuations in chamber pressure of ±1000 Pa, and imparts either compressive 

or tensile stresses on cells in the chamber, depending on the time-point of the 

oscillating flow cycle. Cell contractility applies a tension at cell-cell contacts which 

competes with the compressive hydrostatic pressure and shields the cell-cell contacts 

from more extreme compression, but does not alter the maximum tensile stress 

experienced at the cell-cell contact.  
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Chapter 6: 

The Role of Adhesion Junctions in the 

Biomechanical Behaviour and Osteogenic 

Differentiation of 3D MSC spheroids 
_______________________________________________________________________ 

 

6.1 Introduction 

Mesenchymal stem cells (MSCs) have emerged as an attractive cell source for 

osteogenic tissue engineering and regenerative medicine treatments for bone defects 

resulting from disease or trauma. The exploitation of MSCs for treatment of bone 

disease requires further study of regulating factors, such as the biochemical and 

mechanical environment, which influence the osteogenic differentiation of MSCs. In 

vitro, MSCs are commonly cultured in monolayers or on biomaterial scaffolds for the 

purposes of large scale expansion, to study their biology and investigate how they 

respond to extracellular biochemical and mechanical stimulation  (Simmons et al. 

2003; Luu et al. 2007; Mani et al. 2008; Wang et al. 2010; Fujita et al. 2014). Both of 

these culture methods rely on cell-substrate interactions, which strongly influence the 

biology and mechanics of the MSCs (Engler et al. 2006; Huebsch et al. 2010). 

Suspension culture approaches, such as scaffold-free MSC spheroids (mesenspheres) 

(Wang et al. 2009; Baraniak and McDevitt 2012; Cook et al. 2012; Kabiri et al. 2012) 

offer an environment dominated by the biophysical behaviour of the cells rather than 

extracellular substrates. These studies have demonstrated that MSCs grown in 

mesenspheres have preserved multi-lineage potential (Baraniak and McDevitt 2012), 

improved differentiation efficiency (Wang et al. 2009), and exhibit enhanced 

osteogenic gene expression and matrix composition in comparison to MSCs grown in 

2D culture (Kabiri et al. 2012). 

Stem cell differentiation in vivo is strongly regulated by both intrinsic and 

extrinsic signalling within the stem cell microenvironment, including cell-cell 
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interactions, factors secreted by cells, and cellular interactions with extracellular 

structures (Watt and Hogan 2000; Yin and Li 2006). During intramembranous 

ossification, one of the two essential processes by which bone is formed during foetal 

development, MSCs condense into areas of closely contacting cells (Thompson et al. 

1989). These MSCs are connected via transmembrane adhesion junctions, comprised 

of extracellular glycoproteins known as cadherins, which facilitate cell-cell adhesion 

(Oberlender and Tuan 1994). Cadherins form a connection between the cytoskeleton 

of adjacent cells by bonding with cadherins on neighbouring cells (Overduin et al. 

1995; Shapiro et al. 1995; Stains and Civitelli 2005). The condensed cell aggregates 

then begin to differentiate, form a membrane known as the periosteum and begin to 

produce a rudimentary bone matrix within this membrane (Gilbert 2000; Hall and 

Miyake 2000; Karaplis 2002; Kanczler and Oreffo 2008). In light of the close-contact 

established during MSC condensation, which initiates intramembranous ossification, 

mesenspheres offer a comparable environment to elicit osteogenic differentiation of 

MSCs along the intramembranous pathway. 

The mechanical behaviour of MSCs is dictated by the cytoskeleton and is 

significantly influenced by cytoskeletal realignment and stress fibre formation 

(Titushkin and Cho 2007). Adhesion junctions are mechanosensitive structures that 

play an important role in the biomechanical behaviour of cells due to their 

involvement in the transmission of forces generated by the cytoskeleton (Ganz et al. 

2006; Ladoux et al. 2010; Yonemura et al. 2010; Chopra et al. 2011; Maruthamuthu et 

al. 2011; Huveneers et al. 2012). Adhesion junctions also regulate the expression of 

osteogenic transcription factors in a manner related to the mechanical environment of 

the cells (Nelson and Nusse 2004; Guntur et al. 2012). However the mechanisms by 

which MSCs cultured as 3D mesenspheres sense and respond to their environment are 

still unclear as investigations into cell mechanosensation have typically been carried 

out in 2D culture systems (Ladoux et al. 2010; Chopra et al. 2011; Maruthamuthu et al. 

2011). 

N-cadherin and OB-cadherin are the main cadherins expressed by MSCs and 

osteoblasts (Kawaguchi et al. 2001; Hsu and Huang 2013). N-cadherin expression 

significantly lowers with osteogenic differentiation of MSCs whereas OB-cadherin 

expression increases (Kawaguchi et al. 2001; Hsu and Huang 2013). During in vitro 
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culture, the expression level of N-cadherin is higher in MSCs grown in 3D spheroids in 

comparison to those grown in 2D (Hsu and Huang 2013). The extracellular mechanical 

environment and exogenous stimulation can induce a phenotypic shift towards 

osteogenic differentiation (Engler et al. 2004; Mullen et al. 2013; Tan et al. 2014). 

Within 3D spheroids, mechanical cues are primarily in the form of cell-cell contraction, 

mediated by adhesion junctions, and as such adhesion junctions are likely to play an 

important role in the osteogenic differentiation of mesenspheres. However the precise 

role of N- and OB-cadherin on the biomechanical behaviour of mesenspheres remains 

unknown.  

This study tested the hypothesis that adhesion junctions play an important role 

in dictating the mesensphere mechanical environment. The primary objective was to 

investigate the influence of N-cadherin and OB-cadherin adhesion junctions and stress 

fibre formation in the mechanical behaviour of mesenspheres during osteogenesis. 

The suspension culture system used provides a useful method to investigate cadherin 

mechanobiology in the absence of the confounding factor of cell-substrate interaction. 

This investigation was carried out by silencing N-cadherin or OB-cadherin adhesion 

junctions with siRNA and measuring mesensphere viscoelastic properties using a 

parallel plate micro-cantilever system. Additionally changes in cell morphology were 

examined to ascertain the role of N-cadherin, OB-cadherin and the cytoskeleton on 

mesensphere biomechanics. 

 

6.2 Methods 

6.2.1 Mesensphere Formation and Culture 

C57BL/6 mouse mesenchymal stem cell (MSC) monolayers (CliniSciences) were 

expanded in MSC expansion media (IMDM (Gibco, Grand Island, NY) supplemented 

with 10% foetal bovine serum (Hyclone, South Logan, UT), 10% horse serum (Hyclone) 

and 2 mM L-glutamine (Corning, Oneonta, NY)). Cells were maintained in a humidified 

incubator at 37oC and 5 % CO2. MSCs were dissociated from adherent culture with 

0.25% Trypsin (Corning). MSC spheroids (Mesenspheres) were formed using a forced 

aggregation technique (Zimmermann and McDevitt 2014) whereby cells are 

centrifuged (200 rcf) into 400 µm diameter 3% agarose (Fisher, Grand Island, NY) 

microwells (Aggrewell™ StemCell Technologies INC, Tukwila, WA). MSCs were seeded 
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(3 x 106) into 6000 microwells, yielding mesenspheres of approximately 500 cells 

(Figure 6.45A). After 12 hrs of spheroid formation in microwells, mesenspheres were 

transferred to 100 mm bacteriological grade petri dishes (approximately 1500 

mesenspheres per petri dish) and cultured in suspension in 10 mL osteogenic 

supplemented media (MSC expansion media without FBS, supplemented with 100 nM 

Dexamethasone, 50 µg/ml Ascorbic Acid, 10 mM β-glycerol Phosphate (all Sigma, St. 

Louis, MO)) on a rotary orbital shaker platform at 65 rpm, similar to previously 

described methods for culture of embryonic stem cell spheroids (Kinney et al. 2012). 

Media was exchanged every 3-4 days. 

 

 
Figure 6.46: (A) Bright field images of mesensphere formation and at days 1, 2, 7 and 
14. Mesensphere of approximately 500 cells is formed in each microwell. (B) Western 
Blot of untreated control MSCs, scrambled siRNA (80 nM) and N-cadherin siRNA (80 
nM). (C) Western Blot of untreated control MSCs, OB-cadherin siRNA (80 nM), and 

scrambled siRNA (80 nM). Western blots shown are representative of western blots of 
mesenspheres from two separate experiments. Groups: Cont: untreated control, 

Scram : scrambled siRNA, -N : N-cadherin siRNA, -OB : OB-cadherin siRNA. 

 

6.2.2 siRNA Treatment 

The small interfering RNA (siRNA) oligonucleotides for N-cadherin (sc-35999), OB-

cadherin (sc-36114) and a scrambled control (sc-37007) were obtained from Santa 
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Cruz, Dallas, TX. MSC monolayers at 80-90 % confluency in 150 mm bacteriological 

petri dishes were washed three times with 10 mL PBS and then treated with 80 nM 

siRNA and 128 µL Lipofectamine 2000 (Invitrogen, Grand Island, NY) in 8 mL of Opti-

MEM (Gibco) for 20 hrs prior to mesensphere formation. Knockdown efficiency of 

siRNA for cadherin protein expression was assessed by Western Blot and compared to 

untreated cells and cells treated with non-specific scrambled siRNA (Figure 6.45B, C). 

 

6.2.3 Western Blot 

Mesenspheres were lysed using CelLytic™ M cell lysis reagent (Sigma) for 15 minutes 

at room temperature and then centrifuged (12000 g) for 15 minutes to pellet cell 

debris. Supernatant was transferred to chilled microcentrifuge tubes and stored at -20 
0C. A Coommassie Plus protein assay (Thermo Scientific) was performed to quantify 

total protein. 50 µg of protein was diluted with 20% 5X loading buffer (1.25 mL 0.5M 

Tris-HCl, pH 6.8, 1 g SDS (Fisher), 5 mL glycerol (VWR), 5 mg Bromophenol Blue 

(Sigma), 1.25 mL βME (Sigma), deionised water) and heated to 95 0C for 5 minutes. Cell 

lysates were run on 12 % Mini-PROTEAN® TGX™ gels (Bio-Rad) with 5 µL SeeBlue® 

Plus2 Prestain (Invitrogen), blotted, and proteins were probed with 1:1000 N-cadherin 

(sc-7939, Santa Cruz) or 1:1000 OB-cadherin (ab151302, Abcam, Cambridge, MA) 

primary antibody, and a horseradish peroxide (HRP) conjugated secondary antibody 

(1:1000) (Santa Cruz) and then detected by chemiluminescent (ECL) substrate. 

 

6.2.4 Mesensphere Mechanical Testing Methods 

A parallel plate testing system (Microsquisher, CellScale) was used to measure the 

micro-scale mechanical properties of mesenspheres from non-siRNA treated (control) 

groups and N-cadherin (-N), OB-cadherin (-OB) and a scrambled control (Scram) siRNA 

treatment groups at days 2, 7 and 14. This system calculates force via the 

measurement of beam deflection in response to user defined displacements. All 

samples were tested in a phosphate buffered saline (PBS) (Corning) fluid bath. 

Mesenspheres were loaded onto a glass platform and compressed by cantilever beams 

made of Tungsten (Young’s Modulus = 411 GPa). The diameter of the cantilever beams 

varied from 152.4 µm to 304.8 µm, depending on the relative stiffness of the 

mesenspheres. 
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 Creep tests were performed to determine the viscoelastic properties of 

mesenspheres, with the time dependent deformation of the sample being measured 

under a constant applied force (Figure 6.46). The magnitude of force for the creep test 

was chosen as the average force corresponding to approximately 40% decrease in 

mesensphere height. This was determined based on constant strain rate analysis of 

stress versus vertical strain in n = 6 samples for each time point and condition before 

commencing creep testing. Steady state deformed configuration was identified from 

creep test results (Kinney et al. 2014). A minimum of 19 distinct, randomly chosen 

mesenspheres were creep tested for each time point and condition. The mesensphere 

is assumed to behave as a homogeneous, isotropic, incompressible standard linear 

solid (SLS) viscoelastic material. The theory behind the SLS material model is outlined 

in the Theory chapter. The nominal axial creep strain at time t, is given as ε(t)= u(t)/ H0, 

where u(t) is the change in height of the mesensphere and H0, the initial undeformed 

mesensphere height (diameter). σo is the applied stress, and was normalised to D0, the 

initial mesensphere horizontal diameter. The instantaneous modulus, Eo, the long term 

modulus, E∞, and viscosity, μ, are determined by fitting Eqn. 1 to experimental creep 

curves for each individual sample using the nonlinear least squares fit procedure. 

 

𝜀(𝑡) =
2𝜎0
3𝐸∞

�1 + �
𝐸∞
𝐸0

− 1� exp �−𝑡𝐸∞(𝐸0 − 𝐸∞)
𝜇𝐸0� �� 

(Eqn. 1) 
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Figure 6.47: (A) Schematic of testing equipment including cantilever for force 

application (red arrow) and measurement, mesensphere and glass prism. Dotted arrow 

indicates motion tracking of cantilever displacement during compression of 

mesensphere. The mesensphere is placed on a glass prism and then a constant force is 

applied for the duration of the test. (B) Nominal creep strain (ε) calculated as tip 

displacement normalised to initial mesensphere height. Data from testing of n=19 

samples of day 2 Scrambled siRNA treated mesenspheres. (C) Nominal creep strain (ε) 

for n=19 day 2 Scrambled siRNA treated mesenspheres.  The grey borders denote 

standard deviation of the data. Inset are representative brightfield images showing the 

initial compression of the mesensphere by the cantilever at 0, 0.4, 2 seconds and the 

mesensphere in compression at the end of the test (121 seconds). 

 

6.2.5 Histological and Immunofluorescent Staining 

4% paraformaldehyde was used to fix mesenspheres at room temperature for 30 

minutes. Mesenspheres were rinsed with PBS, embedded within Histogel (Thermo 

Scientific), and then processed through a series of ethanol and xylene rinses before 

paraffin embedding. Mesenspheres embedded within paraffin were sectioned at a 

thickness of 10 µm and then mounted on SuperFrost Plus slides (Fisher). Prior to 

staining, mesensphere sections were deparaffinised using a series of ethanol and 
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xylene rinses. Histological staining was done using Gills’ III Modified Hemotoxylin and 

1% Eosin Y, Alcoholic Solution (Harleco, Cork, Ireland). For immunofluorescent staining, 

cell membranes were first permeabilised using 0.1% Triton-X (Sigma) in PBS and 

blocked using 1% Donkey serum (Sigma) in PBS. For immunofluorescent staining, 

samples were incubated 1:1000 Phalloidin TRITC (P1951, Sigma) and Fluoroshield 

mounting media with DAPI (F6057, Sigma). 

 

6.2.6 Immunofluorescent Image Analysis 

ImageJ software (Fiji) was used to quantify the variation in the actin cytoskeleton 

between treatment groups (n = 6 aggregates per group). To analyse the cytoskeleton 

fluorescence, the raw Phalloidin TRITC channel was separated from the nucleur 

staining channel (DAPI), and then thresholded to remove nonspecific background 

staining. The percentage of the mesensphere cross-sectional area that was above the 

threshold was recorded. 

 

6.2.7 Statistical Analysis 

For creep testing results, statistics were performed using Minitab on n = 19 individual 

mesenspheres for each group. Statistical tests between treatment group and time 

point were carried out using Kruskal-Wallis non-parametric test between individual 

groups when data was non-normally distributed or had unequal variance. A Levene's 

test for equal variance was conducted on each group to test for variance. Statistical 

significance was declared at p ≤ 0.05. To analyse the correlation between mesensphere 

diameter and viscosity or Young's moduli, a Pearson's Correlation coefficient (r) for 

each treatment group and time point was calculated. r ranges from -1 for a perfect 

negative linear relationship to +1 for a perfect positive linear relationship between two 

variables. Correlation was considered significant if r≤-0.6 or r≥0.6 and if p≤0.05. The 

band in each box plot represents the data median, and the cross represents the mean. 

Boxplot whiskers extend to data points that are less than 1.5 x Interquartile Range 

from the 1st/3rd quartile. 
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6.3 Results 

6.3.1 Osteogenic differentiation causes higher mesensphere viscosity and long term 

Young's modulus 

The maximum force applied during constant strain rate compression of mesenspheres 

until 40% reduction in mesensphere height is shown in Figure 6.47. The viscosity (µ), 

instantaneous Young's modulus (E0) and long term Young's modulus (E∞) of non-siRNA 

treated mesenspheres (Cont) was higher with osteogenic differentiation between days 

2, 7 and 14 (Figure 6.48). This was demonstrated by significantly higher viscous 

resistance to deformation at day 14 in comparison to day 2 and day 7 (p<0.001). 

Significantly higher E∞ at day 14 in comparison to days 2 and 7 (p<0.001) was observed 

(Figure 6.48). Significantly higher E0 at day 14 in comparison to days 2 and 7 (p<0.001) 

was also observed (Figure 6.48).  

 

 
Figure 6.48 Compression force required to decrease mesensphere height by 40% 

during constant strain rate tests. 
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Figure 6.49: Scrambled siRNA treatment causes reduced mesensphere viscosity (μ), 

long term Young's modulus (E∞) and instantaneous Young’s modulus (E0). Box Plots of 
(A) Viscosity (μ), (B) Long Term Young's Modulus (E∞), and (C) instantaneous Young’s 

modulus (E0) for untreated cells (Cont) and scrambled siRNA treated cells (Scram). For 
each group/timepoint, n=19 from at least two experiments. Significance is declared at 
p < 0.05. For comparison between time points: For (A) C: a vs. days 2 & 7 Cont, D: a vs. 
days 7 & 14 Scram. (B) A: a vs. days 2 Scram, B: a vs. days 2 & 7 Cont & day 14 Scram, 
C: a vs. days 2 & 7 Scram. (C) A: a vs. days 7 & 14 Scram, B: b vs. days 2 & 7 Cont, C: c 

vs. day 7 Cont. Groups: Scram : scrambled siRNA, -OB : OB-cadherin siRNA, -N : N-
cadherin siRNA. 
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6.3.2 Scrambled siRNA treatment lowers mesensphere viscosity and long term Young's 

modulus 

Control mesenspheres had significantly higher µ and E∞ than scrambled siRNA treated 

mesenspheres (Scram) at day 14 (p=0.001, p<0.001 respectively) (Figure 6.48). 

Scrambled mesenspheres had significantly higher µ, E0 and E∞ than Control at day 7 

(p=0.006, p=0.016, p=0.006 respectively). Together, these results indicate a significant 

effect of siRNA treatment on the mesensphere viscoelastic behaviour. Mean and 

standard deviation values of µ, E0 and E∞ are detailed in Table 6.2. 

 

Table 6.2: Summary table of viscoelastic material constants for Osteogenic control 
(Control), scrambled siRNA (Scram), OB-cadherin siRNA (-OB), N-cadherin siRNA (-N) 

treatment groups at days 2, 7 and 14. 

    
Short term Young’s 
Modulus (E0) (Pa)  

Long term Young’s 
Modulus (E∞) (Pa)  

Viscosity (μ)  
(MPa.s)  

  Day Mean St. Dev. Mean St. Dev. Mean St. Dev. 
Cont 

2 

3060 664 1576 312 6.03E+05 3.29E+05 
Scram 2690 789 1422 315 5.32E+05 4.12E+05 

-OB 3910 576 1839 346 1.09E+06 4.17E+05 
-N 2610 845 1518 364 5.22E+05 4.62E+05 

Cont 

7 

3870 2300 1801 715 1.33E+06 1.48E+06 
Scram 5130 1920 2198 556 2.04E+06 1.17E+06 

-OB 5090 3730 2116 671 2.03E+06 2.52E+06 
-N 3140 1380 1555 444 8.12E+05 8.59E+05 

Cont 

14 

8640 8860 2552 851 3.76E+06 4.49E+06 
Scram 5320 1750 1817 313 1.63E+06 7.99E+05 

-OB 5790 1450 2046 257 1.80E+06 5.29E+05 
-N 5300 1680 1978 417 1.69E+06 1.09E+06 
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6.3.3 Mesensphere viscosity and long term Young's modulus are higher with OB-

cadherin siRNA treatment 

The effects of the siRNA silencing of N-cadherin (-N) and OB-cadherin (-OB) on 

mesensphere µ, E0 and E∞ were most apparent at day 2. At day 2 the µ, E0 and E∞ 

(Figure 6.49) of -OB mesenspheres were significantly higher in comparison to 

scrambled (p<0.001, p<0.001, p<0.001 respectively) and -N mesenspheres (p<0.001, 

p<0.001, p<0.01 respectively). -N showed significantly lower µ, E0 and E∞ than 

scrambled and -OB mesenspheres at day 7 (p<0.012, p<0.01, p<0.002 respectively). By 

day 14, there was no significant difference between µ, E0 and E∞ for Scram, -N and -OB 

mesenspheres.  

 Mesenspheres from all groups displayed significantly higher µ (all p<0.001), E0 

(all p<0.001) and E∞ (all p<0.004) between days 2 and 14 (Figure 6.48, Figure 6.49).  
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Figure 6.50: -OB mesensphere viscosity (μ), instantaneous Young's modulus (E0) and 

long term Young's modulus (E∞) are higher than Scram and -N at day 2. Box-plots of (A) 
μ, (B) E∞, and (C) E0 comparing between treatment groups during each time point or 
comparing between time points within each group for day 2, day 7, and day 14. For 

each group/timepoint, n=19 from at least two experiments. Significance is declared at 
p < 0.05. a: p<0.001, b: p<0.01, c: p<0.02, d: p<0.05. For comparison between time 

points: (A) A: a vs. days 7 & 14 Scram, B: d vs. day 2 & 7 –OB, C: b vs. days 2 & 7 –N. (B) 
A: a vs days 2 Scram, B: d vs day 2 & 7 Scram, C: d vs day 2 –OB, D: b vs days 2 & 7 –N. 

(C) A: a vs days 7 & 14 Scram, B: b vs days 2 & 7 –OB, C: a vs days 2 & 7 –N. Groups: 
Scram : scrambled siRNA, -OB : OB-cadherin siRNA, -N : N-cadherin siRNA. 
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6.3.4 OB-cadherin silencing causes higher stress fibre formation 

Silencing of OB-cadherin resulted in significantly higher immunofluorescent intensity of 

the cytoskeletal network of mesenspheres in comparison to scrambled (-OB vs. Scram, 

day 2: p<0.0001, day 7: p=0.003) and -N (-OB vs. -N, day 2: p=0.017, day 14: p=0.020) 

mesenspheres (Figure 6.50A, C). At all time points, -N stress fibre formation did not 

significantly differ from Scram. This indicates that OB-cadherin may have more 

influence on stress fibre formation than N-cadherin adhesion junctions. H & E staining 

demonstrated no discernible difference in cellular morphology between mesenspheres 

of different groups or time points at days 2, 7 or 14 (Figure 6.50B). 
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Figure 6.51: (A) Immunofluorescent images of mesenspheres at day 2, 7 and 14. The 
nucleus (blue) is stained with DAPI and the cytoskeleton (red) is stained with TRITC 

Phalloidin. The white dashed line in the central panel encloses the mesensphere area 
analysed for fluorescence intensity in that image. (B) H&E staining of mesenspheres at 

day 2, 7 and 14. (C) Boxplots of Day 2 cytoskeletal fluorescence showing % intensity 
above the threshold value. n=6 samples for each group and time point. (D) Horizontal 

diameter of mesenspheres at day 2 measured before mechanical testing. Groups: 
scrambled siRNA (Scram), OB-cadherin siRNA (-OB), N-cadherin siRNA (-N). Kruskal-
Wallis non-parametric tests were performed and significance is declared at p < 0.05. 
For (C) a<0.002 vs. day 2 (Scram, –N). b=0.003 vs. day 7 Scram. c=0.023 vs. days 2 & 7 

Scram.  d<0.02 vs. 7 (-OB) and day 14 (-N). 

 

6.3.5 Mesensphere size effects of siRNA treatment 

Treatment of MSCs with siRNA resulted in a larger maximum diameter (D0) of -N 

mesenspheres (D0 = 380 μm) than -OB (D0 = 223 μm) and Scram (D0 = 259 μm) at day 2 

(Figure 6.50D). Larger -N mesenspheres could be indicative of impaired initial 
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compaction of the cells, suggesting a role for N-cadherin in initial mesensphere 

formation. At days 2, 7 and 14, there was a strong negative correlation between 

mesensphere horizontal diameter and µ, E0 or E∞ for Scram mesenspheres (Table 6.3), 

i.e., larger mesenspheres showed less viscous resistance to deformation. -OB 

mesenspheres had a significant negative correlation at day 2 for µ and E∞ and day 7 E0 

and E∞, Untreated mesenspheres had a negative correlation between horizontal 

diameter and µ, E0 or E∞ at day 7. -N mesenspheres displayed a positive correlation 

between horizontal diameter and µ but a negative correlation with µ, E0 or E∞ at day 

14. . 

 

Table 6.3: Pearson’s Correlation Coefficient (r) and correlation significance (p) for the 
correlation between mesensphere diameter and viscosity (μ), Long term Young’s 

Modulus (E∞), and instantaneous Young’s Modulus (E0). Groups: Osteogenic control 
(Control), scrambled siRNA (Scram), OB-cadherin siRNA (-OB), N-cadherin siRNA (-N). 

 

Viscosity (μ) (Pa.s)  
Long term Young's 
Modulus (E∞) (Pa) 

Short term Young's 
Modulus (E0) (Pa) 

D2  D7  D14  D2  D7  D14  D2  D7  D14  

Control  r   -0.582 
-

0.717  -0.484  
-

0.514  
-

0.605  -0.581  
-

0.699  
-

0.776 -0.464  
p  0.009  0.001  0.036 0.024 0.006  0.009 0.001 0.000  0.046 

Scram  r  -0.710  
-

0.788  -0.933  
-

0.860 
-

0.707  -0.940  
-

0.880  
-

0.786  -0.938  
P  0.001  0.001 0.001 0.001  0.001  0.001 0.001  0.001  0.001 

-OB  r  -0.666  
-

0.576  -0.221  
-

0.563  
-

0.713  -0.097  
-

0.829 0.626  -0.226  
P  0.002  0.010 0.363 0.012  0.001 0.693  0.001  0.004  0.353 

-N  r  0.633  0.040  -0.907  0.230  0.020 -0.811  0.445  
-

0.085  -0.916  
P  0.004  0.872  0.001 0.343  0.936  0.001  0.056  0.728 0.001  
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Figure 52 Graphs showing the relationship between Day 2 mesensphere diameter and 
mesensphere A) short term modulus (E0), B) long term modulus (E∞) and C) viscosity 

(µ). 
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6.4 Discussion 

The overall goal of this study was to investigate the role of adhesion junctions and 

cytoskeleton stress fibre formation in the mechanical behaviour of mesenspheres 

undergoing osteogenic differentiation. Mesensphere mechanical behaviour and 

morphology were analysed at days 2, 7 and 14 to investigate the contribution of N-

cadherin or OB-cadherin adhesion junctions and the cytoskeleton to the mechanics of 

the mesensphere. It was found that silencing of N-cadherin (-N) or OB-cadherin (-OB) 

expression yielded different effects on the mesenspheres. When OB-cadherin was 

silenced, the viscosity (µ), initial Young's modulus (E0), long term Young's modulus (E∞) 

and actin stress fibre formation of the mesenspheres was higher in comparison to -N 

mesenspheres and mesenspheres treated with a scrambled siRNA (Scram) at day 2. 

Additionally, µ, E0 and E∞ were higher for Scram mesenspheres between days 2 and 7, 

whereas this effect was not observed in -OB and -N treated groups. Taken together, 

these results indicate that N-cadherin and OB-cadherin both influence mesensphere 

biomechanics but play different roles and this is likely due to their connectivity to the 

cytoskeleton.  

 A potential limitation of this study is the compacted arrangement of cells in a 

mesensphere, which might lead to diffusion difficulties for nutrients and molecules 

through 3D constructs due the size of the construct (Sachlos and Auguste 2008). 

However mesenspheres of 300, 600 or 1000 cells grown in a similar orbital suspension 

system did not exhibit evidence of necrotic core formation through 14 days of culture 

(Baraniak and McDevitt 2012). Secondly, the results presented here demonstrate that 

mesenspheres treated with scrambled siRNA had a higher µ, E0 and E∞ than untreated 

cells at day 7, and lower at day 14. However, previous work using a scrambled siRNA 

on fibroblasts demonstrated a lower Young's modulus than control cells (Lee et al. 

2012). In the work presented here mesenspheres treated with N-cadherin or OB-

cadherin siRNA were compared to those treated with scrambled siRNA, rather than 

untreated cells, so as to account for any change in µ, E0 and E∞ resulting from siRNA 

treatment alone. The assumption of small deformations used in the Standard Linear 

Solid (SLS) material model used to calculate the material properties of the 

mesenspheres creates a possible limitation. Mesenspheres experienced strains up to 

approximately 70%. However, previous studies have demonstrated that the 
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infinitesimal strain assumption may still be accurate for a viscoelastic halfspace model 

under micropipette aspiration (cellular strains of greater than 30% were generated) 

(Haider and Guilak 2002). The parallel plate compression testing system used here is 

advantageous as it allows for the measurement of the creep strain of a composite 

material consisting of >500 cells. In comparison, testing of single cells (e.g. Atomic 

Force Microscopy (AFM)) will result in a high level of variability between samples, and 

the assumption of a homogeneous isotropic material cannot be justified when 

choosing a model to interpret single cell data (Reynolds and McGarry 2015; Weafer et 

al. 2015). 

Creep testing of spherical aggregates of embryonic stem cells (EBs) has been 

performed using the same parallel plate compression testing system (Kinney et al. 

2014). The long term Young's modulus of EBs was 0.21 kPa after 14 days of 

mesenchymal differentiation (Kinney et al. 2014). The results presented in the current 

paper for control mesenspheres at day 2 reveal that the E∞ (1.58 ± 0.31 kPa) is 

approximately three-fold higher than the E∞ for spherical, unspread MSCs (0.47 ± 0.52 

kPa) as measured using AFM testing of single cells (Darling et al. 2008). Interestingly, 

the control mesensphere E∞ was approximately 0.7 that of spread MSCs (2.27 ± 1.9 

kPa). In contrast to unspread cells, spread cells exhibit highly developed stress fibres. A 

previous study by (Ronan et al. 2012) demonstrates that the compression resistance of 

the cell is heightened by the contractile stress fibre network. While cells in 

mesenspheres do not exhibit the extensive stress fibre network reported for cells 

spread on stiff substrates, mesenspheres do possess some stress fibres due to the 

mechanical stimulus generated between neighbouring cells that is transmitted via cell-

cell adhesions. 

 Previous work has shown that the elastic modulus of MSCs is significantly 

influenced by the cytoskeleton (Titushkin and Cho 2007). Adhesion junctions transmit 

mechanical forces such as cytoskeletal tension between cells (Ganz et al. 2006; 

Maruthamuthu et al. 2011) and are strengthened and stabilised by interaction with the 

cytoskeleton (Pittet et al. 2008; Liu et al. 2010b; Hong et al. 2013; Ronan et al. 2015). 

The results presented in this chapter demonstrate that the cytoskeleton/adhesion 

junction relationship is reciprocal; adhesion junctions also influence stress fibre 

formation and mesensphere mechanical behaviour. Specifically, the results presented 
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in this chapter show for the first time that higher stress fibre formation, µ, E0 and E∞ 

occur when OB-cadherin expression is inhibited in mesenspheres. Interestingly, the 

higher µ, E0 and E∞ between days 2 and 7 for Scram mesenspheres does not coincide 

with higher stress fibre formation, perhaps suggesting that the gradual increase in µ, E0 

and E∞ from Day 2 to Day 14 for mesenspheres within each treatment group is not 

generated by more cytoskeleton stress fibres. The higher µ, E0 and E∞ could be due to 

the gradual secretion of collagen and osteogenic proteins and minerals as the cells 

undergo osteogenic differentiation. Scram and -OB mesenspheres showed a trend of 

less stress fibre formation between days 2 and 7, but significant higher formation only 

occurred between days 7 and 14. -N mesenspheres showed gradually higher stress 

fibre formation, but no significant difference between time points. The different 

influences on stress fibre formation, µ, E0 and E∞ could indicate that N-cadherin 

interacts differently than OB-cadherin, either via biochemical or mechanosensory 

means, with stress fibre regulatory pathways. Alternatively, the higher stress fibre 

formation in OB-cadherin inhibited mesenspheres may compensate for less passive 

tension previously facilitated through OB-cadherin. 
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Chapter 7: 

Discussion 
_______________________________________________________________________ 

7.1. Introduction 

This chapter summarises the main findings of this PhD thesis, drawing together the 

insight obtained from the computational and experimental studies performed to 

provide a greater understanding of the role of adhesion junctions in mechanobiology, 

with a particular focus on osteogenesis of osteoblast and mesenchymal stem cells. The 

results of the individual research chapters of this thesis are summarised in Section 7.2, 

and are graphically represented in Figure 7.1. Section 7.3 discusses how the results 

presented in this thesis build upon the current understanding of this topic from studies 

conducted by other researchers prior to this thesis. The key results of this thesis are 

discussed in the context of other relevant publications, and the implications of these 

findings for the field of cell mechanobiology and adhesion junction mechanosensation 

and bone diseases such as osteoporosis and metastatic cancer are explored. Section 

7.4 details recommendations for future work and Section 7.5 contains concluding 

remarks. 

 

7.2. Main Findings of the Thesis 

The research described in this thesis has focused on deriving an understanding of the 

role of adhesion junctions for (1) osteogenic mechanotransduction of fluid shear stress 

stimulation of bone cells and (2) dictating material properties of mesenchymal stem 

cells undergoing osteogenic differentiation. In particular, the results of this thesis 

sought to determine whether adhesion junction mechanosensation is a contributing 

factor to fluid shear stress stimulated osteogenesis, and whether adhesion junctions 

influence the mechanical properties of 3D cellular aggregates undergoing 

osteogenesis. A combination of computational work and in vitro experimentation was 

used to (1) ascertain the stimulus applied to osteoblasts during fluid shear stress 

stimulation, and (2) understand the contribution of adhesion junctions to the resulting 

biochemical response, particularly focused on osteogenic differentiation. Moreover, a 
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3D, spherical cellular aggregate culture system was used to investigate the influence of 

adhesion junctions on the viscoelastic mechanical properties of mesenchymal stem 

cells undergoing osteogenesis. The key contributions of each hypothesis are 

summarised below. 

 

Hypothesis 1: The osteogenic response of pre-osteoblasts to fluid shear stress is 

inhibited by a reduction in adhesion junctions.. 

The first study of this thesis, presented in Chapter 4, used in vitro cell culture methods 

to demonstrate that adhesion junction mechanotransduction is required for the 

osteogenic response of osteoblasts to oscillatory fluid shear stress (OFSS) in a parallel 

plate flow chamber. The normal response of osteoblasts to OFSS is higher PGE2 

production and upregulate Cox-2 gene expression (Chen et al. 2000; Saunders et al. 

2001; Donahue et al. 2003; Saunders et al. 2003; Malone et al. 2007b), as is reported in 

this thesis. Higher Runx2 gene expression was also observed in response to OFSS. 

Chapter 4 of this thesis demonstrated that MC3T3-E1 respond differently to oscillatory 

(OFSS) or pulsatile (PFSS) fluid shear stress with regard to their stress fibre formation 

and PGE2 expression. The results of this study showed that upon inhibition of adhesion 

junction formation in MC3T3-E1 cells, using EGTA as a pre-treatment before FSS 

application, there was not significantly higher PGE2 production, or upregulation of Cox-

2 or Runx2 expression following 1 Pa of oscillatory FSS stimulation for 1 hour. This 

study also showed using immunofluorescent image analysis that OFSS caused 

significantly more stress fibre formation for control samples, and this heightened 

stress fibre formation with OFSS stimulation was not inhibited by AJ inhibition. As such, 

the results of this study provide evidence to support Hypothesis 1; “The osteogenic 

response of pre-osteoblasts to fluid shear stress is inhibited by a reduction in adhesion 

junctions.”.  

 

Hypothesis 2: Fluid shear stress stimulus results in pressure dependent compression 

and tension of cell-cell contacts. 

The second study of this thesis, presented in Chapter 5, employed fluid-structure 

interaction (FSI) modelling to determine the contributions of hydrostatic pressure and 

cell contractility to the stresses experienced at cell-cell contacts between adjacent cells 
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during application of oscillatory FSS or steady FSS in a parallel plate bioreactor. A 

global computational fluid dynamics (CFD) model was developed to characterise the 

oscillating fluid flow within the entire bioreactor system, and the fluctuations in 

pressure and fluid velocity at a central point in the FSS chamber were predicted. The 

velocity and pressure results were then used as inlet and outlet boundary condition, 

respectively, for a local FSI model of cells pairs within a parallel plate bioreactor, and 

the stresses experienced at the cell-cell contact surface of osteoblasts within this 

complex multiphysics system were determined. The results of this study predicted that 

oscillatory FSS resulted in sinusoidal oscillations in hydrostatic pressure within the flow 

chamber from a positive to a negative pressure (±1000 Pa) with each oscillation of the 

fluid flow. The positive pressure compresses cell-cell contacts (approx. -300 Pa), while 

the negative pressure applies tension to the cell-cell contacts (approx. 450 Pa). 

Thermal contractility that was calibrated against in vitro stress patterns generated by 

contractile canine kidney cells on a PA gel (Maruthamuthu et al. 2011), was used to 

represent the contractile cell cytoskeleton. Cell contractility produced tensile stress 

(approx. 140 Pa) at the cell-cell contacts. With application of oscillatory FSS, the 

compressive stress arising from the negative hydrostatic pressure competed with the 

tensile stress caused by cell contraction and put the cell-cell contact into net 

compressive stress (approximately -170 Pa). Application of steady FSS generated only a 

positive pressure (1000 Pa) within the bioreactor chamber and applied only 

compressive stress to the cell-cell contacts. Tension is required to maintain adhesion 

junction stability (Hong et al. 2011; Hong et al. 2013) so the change from tension to 

compression due to hydrostatic pressure creates an unfavourable mechanical 

environment for adhesion junction formation or maintenance. The PFSS profile used to 

stimulate cells in Chapter 4, as well as steady FSS, both employ a positive hydrostatic 

pressure at one end of the fluid flow chamber, and atmospheric pressure is at the 

other end to create unidirectional flow. Positive hydrostatic pressure only results in 

compression at the cell-cell contact area. Together, these two studies show the in vitro 

difference in cellular response to different FSS regimes (Chapter 4), and the difference 

in cell stress and strain in response to different FSS regimes (Chapter 5). The results of 

this study provide evidence to support Hypothesis 2; “Fluid shear stress stimulus 
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results in pressure dependent compression and tension of cell-cell contacts.” and shed 

light on the different stimulus applied by different fluid flow regimes. 

 

Hypothesis 3:  Adhesion junctions can regulate the mechanical properties of 

mesenchymal stem cell aggregates. 

The third study of this thesis, presented in Chapter 6, used a 3D suspension culture 

technique to investigate cell biomechanics without the confounding factor of cell-

substrate interaction. Specific adhesion junctions, namely OB-cadherin or N-cadherin, 

were silenced and their individual contributions to MSC viscoelastic properties were 

investigated by performing creep testing. The results of the study demonstrated that 

OB-cadherin and N-cadherin play different roles on the viscoelastic material properties 

of mesenchymal stem cells (MSCs) undergoing osteogenic differentiation. Specifically it 

was shown that viscoelastic material properties (viscosity, instantaneous and long 

term Young's moduli) were higher with culture in osteogenic differentiation media up 

to 14 days when no cadherins were silence in MSCs. However, at day 2 OB-cadherin 

silencing resulted in significantly higher instantaneous and long term Young's moduli, 

and viscosity of the MSC aggregates, in comparison to MSC aggregates treated with a 

scrambled control, or N-cadherin silenced MSCs. By day 14, there was no significant 

difference in the viscoelastic material properties between any treatment groups. 

Furthermore, immunofluorescent image analysis revealed that OB-cadherin silencing 

resulted in significantly more stress fibre formation at all time points in comparison to 

control MSCs and this likely contributes to the differences in viscoelastic material 

properties between these groups. The results presented in this study provide evidence 

to support Hypothesis 3; “Adhesion junctions can regulate the mechanical properties 

of mesenchymal stem cell aggregates”, and illustrate the different mechanical and 

structural responses to removal of OB-cadherin or N-cadherin. 
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Figure 7.53 Graphical Representation of the work done as part of this PhD thesis, in the 

context of previous studies. 

 

7.2.1 Thesis Summary 

The unifying theme of this thesis is to understand the role of adhesion junctions in 

sensing or generating the mechanical environment of osteogenic stem cells. Chapter 4 

explores pre-osteoblast adhesion junction mechanosensation of fluid shear stress, 

Chapter 5 characterises the stimulus imparted to the cells during the experiments of 

Chapter 4, and Chapter 6 explores the influence of adhesion junctions of the 

viscoelastic material properties of mesenchymal stem cells during osteogenesis. 

 

 

7.3. Insight into adhesion junction mechanobiology 

As discussed in Chapters 2, 4 and 5 of this thesis, the phenomenon of osteoblast 

mechanosensitivity to FSS is well documented and the cellular responses following FSS 

stimulation include significantly higher transcription of osteogenic genes (e.g. Cox-2, 
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Runx2) (Wadhwa et al. 2002; Bakker et al. 2003a; Mehrotra et al. 2006) and 

significantly higher expression of proteins associated with osteogenesis (PGE2) (Kapur 

et al. 2003; Vance et al. 2005). Previous studies in the area of osteoblast 

mechanosensation have investigated the potential mechanosensing mechanisms 

responsible for the transcription of mechanical stimulus into a cellular response. It has 

been previously demonstrated that integrins are important mechanosensors of FSS in 

osteoblasts (Pavalko et al. 1998; Lee et al. 2008a) and osteocytes (Litzenberger et al. 

2010; Haugh et al. 2015). These studies have shown that integrin mechanosensation is 

a contributing factor to Cox-2 gene expression (Lee et al. 2008a) and of production of 

PGE2 (Litzenberger et al. 2010; Haugh et al. 2015). Similarly, primary cilia are important 

mechanosensors of FSS in osteoblasts (Malone et al. 2007b; Delaine-Smith et al. 2014), 

osteocytes (Wheatley et al. 1996; Malone et al. 2007b; Kwon et al. 2010) and MSCs 

(Hoey et al. 2012b). It was demonstrated that primary cilia mechanotransduction 

promotes bone production in vivo in response to mechanical loading (Chen et al. 

2016), is independent of Ca2+ flux in osteocytes (Malone et al. 2007b) and contributes 

to the higher Cox-2 gene expression in response to FSS (Kwon et al. 2010; Hoey et al. 

2012b). Additionally, it has been shown that FSS activates gap junction hemichannels 

(Cheng et al. 2001a; Genetos et al. 2007; Huo et al. 2008; Ishihara et al. 2013). These 

studies have documented the importance of these structures in sensing the 

mechanical environment and transducing this into a cellular response. In particular, it 

has been shown that inhibition of integrins caused a reduction in Cox-2 (Pavalko et al. 

1998; Haugh et al. 2015) gene expression and PGE2 production (Ponik and Pavalko 

2004; Haugh et al. 2015) in response to FSS stimulation, indicating that integrins play 

an important role in mechanosensation for osteogenesis. Similarly, the removal of 

primary cilia caused significantly lower Cox-2 and bone morphogenetic protein 2 

(BMP2) gene expression (Malone et al. 2007b; Hoey et al. 2012b) in response to FSS. 

 

7.3.1. Adhesion Junction Mechanotransduction of Oscillatory FSS 

The ability of adhesion junctions to transduce FSS stimulation, within a parallel plate 

bioreactor, into canonical Wnt signalling has been previously documented (Norvell et 

al. 2004a; Arnsdorf et al. 2009a). Recent experiments have established the importance 
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of AJs in osteogenesis of osteoblast and MSC cells grown under static conditions. 

Specifically, when AJs are decreased in static conditions using either EGTA, N-cadherin 

antibody or decreased confluency, the expression of osteogenic genes osterix, 

osteomodulin and osteoglycin is significantly lower than control samples (Guntur et al. 

2012). In static conditions, adhesion junctions sequester β-catenin in the junction 

(Norvell et al. 2004a; Arnsdorf et al. 2009a). β-catenin is an important signalling 

molecule in the canonical Wnt signalling pathway (Moon et al. 2002; Westendorf et al. 

2004) as free β-catenin in the cytosol can translocate into the nucleus and upregulate 

osteogenic gene expression. Initial investigations into the role of AJs in the 

mechanotransduction of FSS demonstrated that β-catenin is released from the 

adhesion junction when FSS is applied to osteoblasts (Norvell et al. 2004a) and MSCs 

(Arnsdorf et al. 2009a). When adhesion junction formation is inhibited, there are 

reduced stores of sequestered β-catenin that can be released in response to FSS 

(Fagotto and Gumbiner 1994; Tufan and Tuan 2001). However, whether adhesion 

junctions play a role in osteogenic differentiation of pre-osteoblasts under mechanical 

stimulation had not previously been investigated. Adding to previous work showing 

that adhesion junctions sequester β-catenin and release this β-catenin in response to 

FSS, the work presented here showed that inhibition of adhesion junction formation 

resulted in no significantly higher PGE2 production, or Cox-2 and Runx2 gene 

expression in response to oscillatory FSS. 

 

7.3.2. Cytoskeletal response to FSS 

Stress fibres form in response to their mechanical environment and, in static 

conditions, stress fibres can be seen orientated at random when cells such as 

osteoblasts and osteocytes adhere to glass substrates (Jaasma et al. 2007; Malone et 

al. 2007c; Ponik et al. 2007). A variety of previous studies have shown that under fluid 

flow stimulus the cytoskeleton reorganises and forms thick stress fibres that align to 

the long axes of the cell or with the direction of flow (Jaasma et al. 2007; Malone et al. 

2007c; Ponik et al. 2007). In the work presented in Chapter 4, it was shown that a 

reduction in adhesion junction, by means of EGTA treatment, did not inhibit stress 

fibre formation in response to OFSS stimulation. A previous study demonstrated using 
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immunofluorescent staining that adhesion junctions and cytoskeletal stress fibres in 

endothelial cells re-organise in response to steady FSS; in static conditions both 

junctions and fibres are mainly dispersed along the cell-cell boundary but the adhesion 

junctions reorganise into punctate clusters of adhesion junctions at which stress fibres 

(now spanning the length of the cell) are seen to terminate when steady 1.5 Pa FSS is 

applied (Noria et al. 1999). 

 

7.3.3. Computational Insights into stimulation of cells using FSS 

Previous studies and have shown that adhesion junctions play a role in osteoblast 

sensing and responding to FSS stimulation, and Chapter 4 furthered the understanding 

of how adhesion junctions direct osteogenic differentiation of osteoblast-like cells 

under mechanical stimulation. However, the precise mechanical stimulation (forces, 

stresses) exerted on these junctions during FSS stimulation remained poorly 

understood. In vitro studies have shown that the Cox-2 gene expression, PGE2 

production and cytoskeletal response of osteoblasts and osteocytes exposed to FSS is 

dependent on the fluid flow regime (Ponik et al. 2007; Jaasma and O'Brien 2008; 

Kamel et al. 2010). However, the difference in the mechanical forces applied to cell-cell 

contacts exposed to different FSS regimes had not previously been investigated. To 

address this, Chapter 5 of this thesis characterised the fluid pressures and velocities 

generated by oscillatory or steady FSS, within the specific bioreactor design used in 

Chapter 4 of this thesis.  Bioreactor design and location of a cell within the chamber 

significantly influences the stresses applied to cells by steady FSS (Anderson et al. 

2006; Vaughan et al. 2013b). Previous computational investigations into the stresses 

experienced by cells in a fluid flow regime have primarily focused on deriving the 

mechanical stimulation under the application of steady fluid flow (Anderson et al. 

2005; McGarry et al. 2005a; Vaughan et al. 2013b; Qiu et al. 2014). Such models have 

captured important considerations for bioreactor design, such as revealing that 

hydrostatic pressure is more dominant than applied wall shear stress for generating 

stresses in a cell body (Vaughan et al. 2013b). Another study combined in vitro live 

imaging of osteocytes during steady FSS stimulation with computational modelling to 

determine the viscoelastic material properties of osteocytes based on cell deformation 
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seen in vitro (Qiu et al. 2014).  The work presented in Chapter 5 of this thesis predicted 

that oscillatory FSS with peak shear stress of 1 Pa within the in-house bioreactor 

alternates between generating a positive and a negative pressure (±1000 Pa) at the 

chamber inlet nearest to the syringe pump. This study predicted that positive pressure 

in the chamber puts the cell-cell contact surface into compression of -170 Pa for cells 

with contractility, and -315 Pa for cells without contractility. Negative pressure puts 

the cell-cell contact surface into tension of 480 Pa with or without contractility 

implemented. This fluctuation between compression and tension at the cell-cell 

contact surface is not seen in steady FSS, where cells remain in compression once FSS 

is applied. The switch from tension to compression is an important consideration for 

adhesion junctions as tension is required to maintain adhesion junction stability (Hong 

et al. 2011; Hong et al. 2013). This work provides a means of further understanding the 

mechanical stimulation of cells and their adhesion junctions, using different fluid flow 

regimes in parallel plate bioreactors. 

 

Computational models of cells undergoing FSS stimulation have previously focused on 

predicting the strains generated in single cells attached to a substrate (Rydholm et al. 

2010; Verbruggen et al. 2012; Vaughan et al. 2013a; Qiu et al. 2014; Vaughan et al. 

2014; Khayyeri et al. 2015). These studies have provided insightful results showing that 

localised areas of high strain occur at mechanosensing mechanisms such as cell-

substrate attachments (integrins) (Verbruggen et al. 2012; Vaughan et al. 2013b; Qiu 

et al. 2014; Vaughan et al. 2014) and at the base of the protruding primary cilia 

(Vaughan et al. 2014; Khayyeri et al. 2015). The work presented in Chapter 5 of this 

thesis shows that AJs experience large fluctuations in strain from 0 - 5.6%, depending 

on fluid flow regime and time during oscillatory FSS. In Chapter 5 of this thesis, cell 

thermal contractility was implemented to represent cytoskeletal contraction and 

resulted in 2-3% strain during the fluid oscillation. Adhesion junction 

mechanotransduction of mechanical stimulus into an osteogenic response is facilitated 

by β-catenin. β-catenin is a folded molecule and the unfolding of β-catenin gradually 

reveals binding sites on the β-catenin domains that interact with other proteins in the 

cytoplasm and lead to β-catenin translocation into the nucleus (Roura et al. 1999; 

Murase et al. 2002; Lilien and Balsamo 2005; Valbuena et al. 2012). Application of 5-50 
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pN of tensile force using an AFM system results in an increase in β-catenin length of up 

to 12 nm (Valbuena et al. 2012; Maki et al. 2015). The maximum length extension seen 

before rupture was ~25 nm, but the theoretical full length of unfolded β-catenin is 

~304 nm (Maki et al. 2015).  The mechanics of such protein unfolding are not simply 

described as a percentage strain of the molecule as the exact length of folded β-

catenin at the AJ is unclear, but it could be inferred that β-catenin will rupture when 

experiencing small length increases relative to the maximum unfolded length. 

Additionally, unfolding of β-catenin increases the number of exposed binding sites up 

until protein rupture. The strains computed in the cell cytoplasm in Chapter 5 (0 – 

5.6%) could be in the same range as the increase in β-catenin protein length, but this 

requires further investigation. In another computational study, Charras et al. 2002 

varied Poissons ratio or Young’s modulus of endothelial cells undergoing multiple 

stimulatory methods, including 5 Pa FSS and 5 Pa hydrostatic pressure application 

(Charras and Horton 2002). This study showed that an increased Young’s modulus 

resulted in decreased linear elastic strain due to hydrostatic pressure and FSS. 

Additionally, increased Poisson’s ratio resulted in decreased linear elastic strain during 

hydrostatic pressure application. This work, and the work presented in this thesis both 

predicted decreased cell deformation due to FSS or hydrostatic pressure with 

increased contractility or elastic modulus. Other computational works have shown that 

the contractile cytoskeletal network increases the compression resistance of cells 

(Ronan et al. 2012). When contractility and FSS were simulated in Chapter 5, over 90% 

of the cell volume experiences stimulation strain of over 1% throughout the entire 

fluid flow oscillation.  When contractility is not implemented in the model, 90% of the 

cell volume was below 1% strain in the first half of the oscillation when positive 

pressure was applied, but above 3.5% when peak negative pressure was applied in the 

latter half of the oscillation.  

  

7.3.4. Insight into the role of adhesion junctions in dictating MSC viscoelastic 

material properties 

The studies in Chapter 6 of this thesis sought to investigate the influence of adhesion 

junctions on the viscoelastic material properties of MSC aggregates undergoing 
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osteogenic differentiation. This study builds upon previous research in the areas of cell 

biomechanics and mechanobiology by drawing upon a modern 3D tissue engineering 

technique wherein stem cells are cultured in suspended spherical aggregates. Previous 

experimental research has shown, using atomic force microscopy and cytochalasin D 

to disassemble stress fibres, that the elastic modulus of MSCs is significantly influenced 

by the cytoskeleton (Titushkin and Cho 2007). The cytoskeleton increases the 

cytoplasm elastic modulus by forming contractile stress fibres (Rotsch and Radmacher 

2000) that can be observed during in vitro culture to terminate at cell-substrate or cell-

cell contact points. The mechanical forces generated by cytoskeletal tension can be 

transmitted between adjacent cells via adhesion junctions (Ganz et al. 2006; 

Maruthamuthu et al. 2011). Indeed, adhesion junctions can respond to changes in 

their mechanical environment; application of tugging forces (20-60 nN) to the 

adhesion junction results in increased junction size (20-70 µm2) (Liu et al. 2010b). This 

equates to tensile stress of approximately 1000 Pa at the cell-cell junction. Stresses of 

half magnitude were seen in the computational model, but alternated between tensile 

and compressive with each oscillation. Previous research into adhesion junction 

mechanics has shown that OB-cadherin can resist two-fold higher forces (95±20 pN) 

than N-cadherin adhesion junctions (44±19 pN)  (Pittet et al. 2008). These works, when 

considered together, indicate that specific cadherin expression may be a significant 

factor in the MSC mechanical properties. Indeed, it was observed that silencing OB-

cadherin, the stronger cadherin, resulted in significantly more stress fibres within the 

cell, which perhaps occurred to compensate for the loss in cell-cell tension previously 

transmitted through OB-cadherin. Chapter 6 of this thesis contributed to the body of 

work investigating the mechanical function and significance of adhesion junctions. This 

research showed for the first time that higher stress fibre formation, viscosity, 

instantaneous Young's modulus and long term Young's modulus occur when OB-

cadherin expression is inhibited in mesenspheres.  

  

The test methods used to assess viscoelastic material properties of MSCs have 

predominantly tested single cells using atomic force microscopy (Takai et al. 2005; 

Darling et al. 2008; Docheva et al. 2008; Sugawara et al. 2008; Mullen et al. 2014a), 

micropipette aspiration (Haider and Guilak 2002; Zhao et al. 2009; Yu et al. 2010) or 
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magnetic beads (Bausch et al. 1998). Mechanical testing at a single cell level will result 

in a high level of variability between tested samples due to the spatial variation in 

properties within the substructures of the cell (nucleus, cytoplasm). As such, the 

assumption of a homogeneous isotropic material cannot be justified when choosing a 

model to interpret single cell data (Reynolds and McGarry 2015; Weafer et al. 2015). 

The parallel plate compression testing system used in Chapter 6 was advantageous as 

it allowed for the measurement of the creep strain of a composite cellular aggregate 

consisting of >500 cells. The mesensphere long term Young’s modulus measured at day 

2 (1.58 ± 0.31 kPa) was approximately three-fold higher than spherical, unspread MSCs 

(0.47 ± 0.52 kPa) and was approximately 0.7 that of spread MSCs (2.27 ± 1.9 kPa) as 

measured using AFM testing of single cells (Darling et al. 2008). In contrast to unspread 

cells, spread cells exhibit highly developed stress fibres. Additionally, mesensphere 

viscosity at day 2 (1.5 x 105 Pa.s) was much higher than the viscosity of bone marrow 

(approx. 20 - 100 Pa.s) (Metzger et al. 2014; Jansen et al. 2015) where MSCs often 

reside in vivo. 

 

7.3.5. Adhesion junctions in bone diseases 

Almost all mammalian cells express a repertoire of cadherins that vary depending on 

the cell type. Altered cadherin expression has been linked to a variety of diseases 

including metastatic cancer (Van Roy 2014), Crohn's disease (Muise et al. 2009) and 

diabetes related complications (Navaratna et al. 2007). Emerging research has sought 

to understand whether cadherins are possible treatment targets for specific diseases. 

For example, P-cadherin deficiency results in skin, retinal and limb defects (Kjær et al. 

2005; Shimomura et al. 2008) and M-cadherin deficiency is associated with mild to 

severe intellectual disability (Bhalla et al. 2008). Of particular relevance to this thesis is 

the role of N-cadherin in bone disease such as osteoporosis. Osteoporosis is an age-

related disease of the bone that usually presents in older patients. Early studies 

looking at mechanosensitivity showed that osteoblasts derived from the periosteal 

surface responded to 3000 µstrain, while cells derived from the haversian system 

required higher strains of 10,000 µstrain to illicit a significant response (Jones et al. 

1991). In female patients with osteoporosis, there is a significantly more bone turn-
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over (both formation and resorption) at the cortico-endosteal envelope, but not the 

trabecular surface (Brown et al. 1987) in comparison to non-osteoporotic women. 

Computational studies have sought to investigate how osteoporosis might change the 

mechanical environment experienced by bone cells, and such studies have shown 

increased shear stresses (Birmingham et al. 2013) and cell strain (Vaughan et al. 2015) 

in the bone marrow around trabeculae for models with reduced bone mass. N-

cadherin adhesion junctions are influential to the tissue development of the 

periosteum (Evans et al. 2013) and can be linked to osteoporosis as they control 

osteoblast differentiation and bone mass in vitro and in vivo via canonical Wnt 

signalling (Haÿ et al. 2009; Di Benedetto et al. 2010). Adhesion junctions can sequester 

β-catenin, an important molecule for canonical Wnt signalling, in the adhesion junction 

complex and  genome wide association studies have identified β-catenin as a gene 

likely associated with osteoporosis (Haÿ et al. 2009; Di Benedetto et al. 2010; Estrada 

et al. 2012). Additionally, N-cadherin plays a complex role in maintaining the 

hematopoietic stem cell (HSC) population; HSCs are maintained in a quiescent state in 

the MSC niche via attachment to N-cadherin positive osteoblasts on the endosteal 

surface of bone (Zhang et al. 2003; Xie et al. 2009). HSCs differentiate into an array of 

myeloid and lymphoid cells that together make up the cells of the blood system 

(Barron et al. 2010; Xu et al. 2012). Over-expression of osteoblast N-cadherin inhibits 

the division of HSCs, while knock-down of HSC N-cadherin reduced the adhesion of 

HSCs onto the bone surfaces (Hosokawa et al. 2010). HSC transplants have been used 

as a treatment for cancer and immune system disorders (Cheng et al. 2001a; Ishihara 

et al. 2013), and an increased understanding of the factors influencing the 

maintenance of a healthy HSC population could help in the development of improved 

treatment options. 

 

Alterations in cadherin expression have also been implicated in tumorigenesis 

(Wheelock and Johnson 2003; Nakajima et al. 2004). For example, an increase in OB-

cadherin expression promotes the metastasis of prostate cancer cells in bone (Chu et 

al. 2008). Synthetic peptides of the His-Ala-Val (HAV) sequence bind to the first 

extracellular domains of classical cadherins and inhibit cell-cell adhesion (Blaschuk et 

al. 1990; Williams et al. 2000). Metastasis, the spread of cancer to another part of the 
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body not directly connected to the original cancer, greatly decreases life expectancy 

(Chen et al. 2016) but treatment with N-cadherin blocking peptide resulted in 

significant reductions in pancreatic tumour growth and lung metastasis (Shintani et al. 

2008). Another study showed that when prostate cancer cells were injected into the 

heart of a mouse, silencing of OB-cadherin results in significantly lower metastasis to 

bone but not to other organs (Chu et al. 2008). In aggressive human breast cancers 

(MDA-MB-231) OB-cadherin is found at elevated levels (Pishvaian et al. 1999) and 

promotes metastases of the cancer cells to bone (Tamura et al. 2008). Furthermore, a 

preclinical study showed that treating highly metastatic prostate cancer cells (PC3-

mm2) with anti-OB-cadherin monoclonal antibody prevented bone metastases in a 

mouse model (Lee et al. 2013). Metastases can also be correlated with the material 

properties of the cells; cell’s with a higher Young’s modulus result in less metastasis 

(Swaminathan et al. 2011; Watanabe et al. 2012). The work presented in Chapter 6 

showed that siRNA silencing of OB-cadherin caused significantly higher viscoelastic 

material properties of MSCs in comparison to scrambled siRNA treated MSCs – thus 

showing that cadherins can significantly influence the material properties of a cell. The 

work detailed in Chapter 6 links OB-cadherin expression and the cell material 

properties, there-in relating the silencing of OB-cadherin with both significantly lower 

bone metastasis (Chu et al. 2008) with significantly higher viscoelastic material 

properties (Chapter 6) and supports the results of (Swaminathan et al. 2011; 

Watanabe et al. 2012). 

 

7.4. Future Work 

7.4.1. Adhesion Junctions and Osteogenesis 

The work completed in Chapter 4 of this thesis investigated the osteogenic response of 

MC3T3-EI pre-osteoblasts to FSS when adhesion junctions were inhibited. The specific 

response investigated was the significantly higher Cox-2, Runx2 gene expression and 

PGE2 production. However, there are a number of other osteogenic markers that could 

be investigated to further understand the role of adhesion junctions for osteogenic 

differentiation of bone cells, namely Osteopontin, Osteocalcin and Osterix gene 

expression. Osteopontin mRNA expression in osteoblasts is significantly higher with 
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FSS stimulation in comparison to static controls (Toma et al. 1997). In static conditions, 

a dominant negative cadherin in murine calvaria cells can inhibit BMP-2-induced 

expression of osteopontin (Cheng et al. 2000). Indeed it has also been shown that 

osteopontin expression increases in response to integrin attachment to fibronectin 

(Carvalho et al. 1998) or over-expression of αvβ3 (Cheng et al. 2001b). In control 

conditions, osteopontin levels increase with FSS, but this does not occur when primary 

cilia are inhibited (Malone et al. 2007b). Osteocalcin expression is significantly lower 

with over-expression of αvβ3 (Cheng et al. 2001b). Osterix is vitally important for 

osteogenesis (Nakashima et al. 2002; Nakashima and de Crombrugghe 2003; Ortuño et 

al. 2010), and the osterix expression levels in MSCs from osteoporotic bone increased 

when the MSCs were transfected with integrin α2 (Valbuena et al. 2012). 

 

The work performed in Chapter 4 of this thesis used calcium chelation (EGTA) to 

prevent the formation of adhesion junctions. However, this treatment did not target 

specific cadherins. N-cadherin has been previously linked to an increase in the 

expression of osteoblast transcription factors Osterix, Osteomodulin and Osteoglycin 

(Guntur et al. 2012) and the presence of both N-cadherin and OB-cadherin results in 

higher ALP expression in comparison to either cadherin alone (Kii et al. 2004b). 

Through the use of siRNA specific to either N-cadherin or OB-cadherin, as were used in 

Chapter 6, the influence of these two cadherins in the MC3T3-EI osteogenic response 

to FSS could be investigated to see if their roles are distinctly different, or 

complimentary. EGTA was used in this study as it is a temporary treatment that 

allowed investigation of the short-term response to FSS of osteoblasts without pre-

formed adhesion junctions. The use of siRNA treatment would prevent adhesion 

junction formation of a specific cadherin type for a longer period of time before, 

during and after FSS application. 

 

7.4.2. Computational Modelling of Osteoblasts during Oscillatory FSS 

In Chapter 5, a simple linear elastic material was used to model an osteoblast pair. 

Computational models employing complex material models to characterise the cell 

body, such as viscoelastic (Qiu et al. 2014), hyper-elastic (McGarry and McHugh 2008) 
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and “active” material models (Dowling et al. 2012; Reynolds et al. 2014; Reynolds and 

McGarry 2015), have predominantly been implemented in simulations of static 

conditions or steady FSS. A recent publication has modelled an osteocyte undergoing 

steady FSS as a viscoelastic material (Qiu et al. 2014).  “Active” material models that 

predict stress fibre formation and orientation in response to mechanical environment 

have recently been developed (Deshpande et al. 2006; Deshpande et al. 2008). This 

active model has shown strong results for predicting cytoskeleton stress fibre 

formation and cell deformation under applied loads and in static conditions (Dowling 

et al. 2012; Ronan et al. 2012; Dowling et al. 2013; Weafer et al. 2013; Reynolds et al. 

2014; Reynolds and McGarry 2015; Ronan et al. 2015). Implementing an active 

material model to cells undergoing oscillatory FSS could shed further light on the 

response of the cytoskeleton to the fluctuating hydrostatic pressure generated during 

oscillatory FSS. 

 

7.4.3. Influence of OB-cadherin or N-cadherin on Cytoskeletal gene expression 

The different influences of OB- and N-cadherin on stress fibre formation and 

mesensphere µ, E0 and E∞ could indicate that N-cadherin interacts differently with 

stress fibre regulatory pathways than OB-cadherin, either via biochemical or 

mechanosensory means. Adhesion junction formation has been associated with two 

pathways that influence the formation and stability of stress fibres. RhoA activity is 

markedly reduced by cadherin engagement (Anastasiadis et al. 2000; Noren et al. 

2001; Noren et al. 2003). RhoA indirectly inhibits the depolymerisation of actin 

filaments (Maekawa et al. 1999), promotes actomyosin contraction (Kimura et al. 

1996) and significantly increases the osteogenic differentiation of MSCs (McBeath et 

al. 2004). Additionally, Rac1 can be induced by cadherin engagement (Nakagawa et al. 

2001; Ehrlich et al. 2002; Liu et al. 2006). Rac1 is an important protein for cytoskeleton 

remodelling (Castets et al. 2005) and suppresses the formation of contractile actin 

(Sander et al. 1999b; Burridge and Wennerberg 2004). These pathways could be 

responsible for the significantly higher actin stress fibre formation in response to the 

inhibition of OB-cadherin. Additionally, the canonical Wnt signalling pathway could 

also play a role in the changes in mesensphere mechanics due to the down-regulation 
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of N- or OB-cadherin. The ablation of either cadherin results in significantly lower β-

catenin abundance (Di Benedetto et al. 2010) and the presence of OB-cadherin 

coincides with significantly higher binding of β-catenin to N-cadherin (Kii et al. 2004a). 

Canonical Wnt signalling is important because it influences both MSC renewal and 

differentiation. Downregulation of canonical Wnt signalling encourages MSC renewal, 

while an upregulation of canonical Wnt signalling encourages osteogenic 

differentiation of MSCs through upregulation of Runx2, Cox-2 and Osterix (Norvell et 

al. 2004a; Bennett et al. 2005; Gregory et al. 2005; Jackson et al. 2005; Rodda and 

McMahon 2006; Arnsdorf et al. 2009a). The results presented here show that in 

addition to previous reports of the complementary roles of cadherins in osteogenic 

signalling processes, N- and OB-cadherins also play different roles in influencing the 

mechanical environment in mesenspheres undergoing osteogenesis. However, the 

changes in Rhoa/ROCK signalling and canonical Wnt signalling with N- or OB-cadherin 

silencing in mesenspheres requires further investigation to reveal changes to these 

signalling pathways due to specific cadherin silencing. 

 

7.5 Conclusion 

In conclusion, this thesis has presented experimental and computation studies 

performed throughout the course of the authors PhD studies to investigate the 

importance of adhesion junctions in cell mechanobiology and mechanosensation of 

mechanical stimulation, in the context of osteogenic differentiation of pre-osteoblasts 

and mesenchymal stem cells. In vitro cell culture methods were used to investigate the 

importance of adhesion junctions for the osteogenic response of pre-osteoblasts to 

fluid shear stress (FSS) in a parallel plate bioreactor. Computational methods were 

used to characterise the stresses and strains transmitted to pre-osteoblasts during 

steady and oscillatory FSS stimulation. Together, these two studies provided evidence 

of the up-regulated osteogenic response (PGE2 production, Cox-2 and Runx2 gene 

expression) of MC3T3-E1s exposed to oscillatory FSS in a specific parallel plate 

bioreactor, and then computationally predicted the mechanical stimulus and resulting 

cellular stresses and strains that might explain this response, using a fluid structure 

interaction model of an idealised, contractile pair of osteoblasts. The work in this 

thesis showed that the osteogenic response of MC3T3-E1s to oscillatory FSS is 
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inhibited when adhesion junction formation is prevented. The thesis computationally 

characterised the difference in the stress-state of the cell with and without cell-cell 

attachment at a contact surface. This thesis also showed that N-cadherin and OB-

cadherin adhesion junctions have different influences on the viscoelastic material 

properties of MSCs undergoing osteogenic differentiation, and thus provided a novel 

insight into the mechanical contribution of specific cadherins. This work also showed 

the influence of specific cadherins on the stress fibre formation of MSCs in a 3D 

suspension cultured spheroid (mesensphere), wherein the confounding factor of cell-

substrate interactions is removed. The results from this thesis provide a novel insight 

into the role of adhesion junctions in cell mechanobiology and mechanosensation of 

mechanical stimulation. Understanding of adhesion junction mechanobiology with 

respect to osteogenesis is fundamental to the development of treatments for bone 

disease where altered cadherin expression and adhesion junction function are 

implicated. 
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