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Abstract 
The focus of this thesis was to accurately investigate how mechanical loading influences cellular functions 

of cartilage. The knee joint is one of the most complex organs in our bodies, and is also one the most 

susceptible to injury. Traumatic injuries to the knee joint can cause pain, instability, and misalignment 

that alter joint loading patterns. This in turn can cause a cascade of events that leads to the development 

of osteoarthritis. Therefore, there has been considerable research dedicated to understanding the onset 

and development of this disease. Research studies have tried to simulate in vivo joint loading in vitro by 

using mechanical devices to apply various loads on 3D chondrocyte (cartilage cells) seeded in hydrogel 

culture models, and then using gene expression techniques to identify the biochemical changes that may 

occur as a response of the loading.  

However, these in vitro models have often not been validated, and the mechanical devices used to apply 

mechanical loads do not simulate physiological joint loading. This has therefore led to the development 

of a precise multiaxial-loading device that can mimic physiological joint loading. In addition, a 3D 

hydrogel construct was also developed to withstand these mechanical loads.  

To validate our in vitro model, we first had to validate the hydrogels, which are inherently 

inhomogeneous. A strain distribution technique was first developed to determine the strain distribution 

of dynamic compression through different regions or zones of our hydrogel construct. Then, these 

construct strains were correlated with the cellular-shape change and angle of rotation of the cells 

subjected to dynamic compression, tension and shear loads in the different zones of the constructs to 

improve our understanding of how mechanical loads affect chondrocytes. Finally, gene expression 

techniques were used to determine the effects of applying different loading modes (compression, tension, 

shear, and a combination of the three) using our device, on chondrocyte mechanobiology. Two loading 

regimes, physiological and injurious loading were used. Our results showed that more physiological 

loading regimes promoted cartilage homeostasis, rather than increased anabolic activities, closely 

imitating the behaviour of in vivo chondrocytes. 

The system developed in this research has been the closest device capable of fully mimicking in vivo 

conditions in health and disease. Work here has significantly enhanced knowledge of chondrocyte 

mechanobiology. Continued work using the device and techniques developed in this work will advance 

towards clinical understanding of disease progression and treatment. 
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1 Research Overview 
This thesis addresses the lack of understanding of how the cells of the cartilage respond to mechanical 

strain during health and disease. There have been many studies that have investigated the application of 

mechanical loads on in vitro cartilage models. However, these studies have not been able to include all 

the mechanical strains that are present during joint loading. To our knowledge, this study is the first to 

present a system capable of fully mimicking in vivo conditions of cartilage.  

The knee is one of the most important, yet complicated joints in the body. It is responsible for bearing 

enormous loads, providing flexible movement, and is continuously subjected to mechanical loading. 

These contributing factors make the knee vulnerable to injury. 

Joint injury can cause acute inflammation, cartilage damage, and significantly increase the risk for the 

development of osteoarthritis (OA). OA is a degenerative condition of the knee joint, characterised by 

the progressive loss of cartilage and changes to the underlying bone, causing pain and disability (Figure 

1.1). OA can be classified as either primary or secondary; the former refers to an idiopathic subset of 

OA, characteristically linked to aging, while the latter refers to OA initiating from injury to the knee, also 

referred to as post-traumatic OA (PTOA). As cartilage does not readily repair itself, it is therefore 

particularly vulnerable to progressive damage leading to PTOA. 
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There is growing evidence of the increased risk of developing OA after sustaining a knee injury [1,2], 

which is a critical health problem. Joint injury often occurs in the younger generation due to their active 

lifestyle and sporting activities, predisposing them to pain, disability, and economic hardship [3,4]. 

In New Zealand, OA is the sixth largest burden of disability [5,6], with approximately 30 million dollars 

of in-patient costs attributed to knee OA reported in 2010 [6]. Globally, hip and knee OA is ranked as 

the eleventh highest contributor to global disability, and the thirty-eighth highest in terms of overall 

burden.  

Currently, there are no preventative measures for PTOA, and the treatment modalities available are 

limited, and have not provided consistent long-term results. In addition, the pathoetiology of PTOA is not 

well understood, and the relationship between cartilage injury and the risk of cartilage degeneration has 

not been clearly defined. Understanding this relationship could inform prevention strategies aimed at 

mitigating or arresting the injurious effects of mechanical damage to the knee  

Various fields of research, such as bioinstrumentation, mathematical modelling and simulation, and 

molecular biology has been dedicated to understanding the complex behaviour of cartilage tissue, and 

the cells (chondrocytes) that are embedded in it, which make and maintain the tissue. Despite the large 

Figure 1.1 A schematic illustrating the pathological changes caused by osteoarthritis after a joint injury 
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body of research on chondrocyte biology, the fundamental relationship between mechanical and 

biological factors in the articular cartilage is not well understood.  

Our approach, therefore, combines these various fields of research to develop a multi-scale in vitro 

model that can accurately determine the effects of mechanical joint loading on chondrocytes. 

1.1 Thesis Organisation 

The focus of this research has been to investigate how daily activities influence cellular functions in 

cartilage, and identify how mechanical stimuli affect the expression patterns of genes that are sensitive to 

changes in the mechanical environment. The long term goal of this research was to develop and validate 

a multi-scale framework that mimics in vivo knee joint loading patterns and investigates the influence of 

such in vivo loadings on mechanosensitive chondrocytes. 

During the completion of this research, hydrogels were used as a model for articular cartilage, which has 

resulted in the development of a technique that identifies strain distribution within whole hydrogel 

constructs, and the creation of a cell stimulating device capable of applying both physiological and 

abnormal mechanical loads on cells seeded within a 3D hydrogel system.  

Chapter 2 introduces the biology of articular cartilage, including mechanotransduction pathways. 

Current research on the mechanical stimulation of chondrocytes are also reviewed in this chapter which 

includes the types of scaffolds and mechanical devices used to study the mechanobiology of 

chondrocytes, genes found to be expressed with mechanical stimulation, and computational models and 

methods used with chondrocyte studies. 

Two chapters (Chapters 3 and 5) have been devoted to describing the development and use of a strain-

mapping technique that determines how dynamically applied strains are transmitted to hydrogel 

scaffolds. It is of particular interest as a number of studies (to be discussed in these chapters) have 

assumed that under dynamic loading of hydrogels, the strain distribution through the scaffold is 

homogeneous. In addition, many techniques used to identify strain distribution through scaffolds have 

focused on static loading and are intrusive to the construct. The insight gained from this technique will 

inform us as to 1) how to accurately correlate applid strain to the cellular level strains; 2) how hydrogels 

and chondrocytes seeded within can be analysed and controlled to create optimum environment for 

tissue regeneration. 

Chapter 4 describes the design process, implementation and validation of a new cell stimulating device 

that combined multi-loading modes to closely mimic physiological joint movement. The results from 

Chapter 3 also prompted the development of a new 3D hydrogel culture construct that is used in the 

device; and so the design process of the constructs, and protocol optimisation were also described in 

Chapter 4. 
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Chapter 6 investigates how the biochemical responses of chondrocytes changes when subjected to 

dynamic stimulation. Four dynamic modes of loading, compression, tension, shear, and a combination of 

the three, were applied with the new mechanostimulating device using two loading regimes that 

simulates physiological and injurious loading. Our device and loading regimes provides new insights to 

the mechanobiology of chondrocytes. 

The thesis ends with Chapter 7 that provides an overall summary of the results of each chapter and 

suggests directions for subsequent research in chondrocyte mechanobiology. 
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2 Literature Review and Aims 
There has been substantial worldwide effort focused on understanding the underlying mechanisms of OA 

as well as cartilage tissue properties by developing new devices and techniques to investigate this 

complex tissue. This chapter briefly describes the fundamental structure of cartilage, and presents a 

critical review and limitations of the technics used in this field of research, and sets the stage for the rest 

of the thesis. 

2.1 Articular Cartilage 

The knee joint is required to withstand a wide range of mechanical demands, and in order to do so, the 

bony ends in the diarthrodial joints are covered and protected by articular cartilage (Figure 2.1). 

Articular cartilage functions as a shock absorber, load transmitter and distributer, and provides a low 

friction coefficient to give smooth articulation. These unique properties of the articular cartilage are 

determined by the structure, composition, and integrity of its extracellular matrix (ECM). 

Due to the wide range of loading conditions the knee has to bear, the articular cartilage is extremely 

vulnerable to injuries. Under physiological loading, the cartilage cells, chondrocytes, which are 

embedded in the articular cartilage, maintain homeostasis of the cartilage matrix. However, when the 

articular cartilage is subjected to direct or indirect injury, such as joint trauma or anterior cruciate 

liagament injury, the balance of chondrocyte metabolism is disturbed. Joint injury results in abnormal 

mechanical loading, such as malalignment or excessive loading, which induces degeneration of 

cartilaginous tissue, accelerates matrix loss, and remodelling of subchondral bone, resulting in joint pain 

and dysfunction. This condition is clinically identified as PTOA [1]. 
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2.2 Cartilage Composition and Structure 

Articular cartilage consists of a sparse distribution of chondrocytes embedded in the ECM composed 

primarily of water (70% to 85%), collagen (10 to 20% of wet weight, predominantly type II), 

proteoglycans (PGs, 3-15% of wet weight), and non-collagenous- and glycolproteins (1% of wet weight). 

The material properties of cartilage depend primarily on the properties of the ECM, while the synthesis, 

composition and maintenance of the matrix depend on the biosynthetic activity of the chondrocytes [2,3]. 

Articular cartilage can be considered as a biphasic structure. The solid phase consists of collagen and 

PGs, and the fluid phase is composed of water and ions. PGs consist of a protein core to which negatively 

Figure 2.1 Schematic of the knee joint   
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charged glycosaminoglycans (GAGs) are attached. The largest sized PG is aggrecan, which spreads out to 

occupy a large domain due to its negative charge, consequently is responsible for the compressive 

stiffness and swelling pressure [4]. Collagen content contributes to the shear and tensile properties of 

articular cartilage. The interaction between the PG molecules and collagen fibrils creates a fibre 

reinforced composite solid matrix. The PGs are entangled and compacted within the collagen 

interfibrillar space, which helps to maintain a porous-permeable solid matrix and determines the 

movement of the fluid phase of the matrix. The fluid phase is responsible for the hydration and 

viscoelasticity of the articular cartilage. The majority of the water is contained within the interstitial 

intrafibrillar space created by the collagen-PG solid matrix, where the mobile cations of the free moving 

water bind to the PGs, and create a swelling pressure within the tissue [5]. The amount of water present 

in cartilage depends on the charge density associated with the PGs, the organization of the collagen 

network, and the strength and stiffness of this network. Therefore, the water content largely determines 

the mechanical properties of the tissue. 

The components within the articular cartilage architecture are arranged in a highly organised manner 

(Figure 2.2), where the structure varies through the depth of the tissue. The structure is often described 

in terms of four zones between the articular surface and subchondral bone: the superficial zone, the 

transitional zone, the radial zone, and the calcified cartilage zone (Figure 2.2), where the interface 

between the radial and calcified cartilage zone is known as the tidemark [6].  

The superficial zone, closest to the articular surface, has the highest collagen content where the fibrils are 

densely packed, and is aligned parallel to the articular surface. Chondrocytes in this layer assume a 

flattened, ellipsoid-shape, and are also predominantly aligned parallel with the articular surface.  

In the transitional zone, the collagen fibrils are more loosely packed compared to the superficial zone, 

with the fibrils aligned obliquely to the articular surface. The shape of chondrocytes in this zone is 

variable, with a mixture of flattened and more spherical morphologies.  
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In the radial zone, collagen fibrils are perpendicularly aligned to the surface. Chondrocytes in this zone 

are typically spherical in morphology and often arranged in a columnar fashion, parallel to the collagen 

fibres. Multiple radial zone cells may share a single pericellular environment, known as a chondron [2]. 

The tidemark separates the radial and calcified cartilage zones. The calcified cartilage zone is in contact 

with the subchondral bone, and contains small cells in a chondroid matrix speckled with apatitic salts [5]. 

The pericellular matrix (PCM) is a thin matrix region encapsulating the chondrocyte membrane. The 

pericellular region has a high content of small PGs, particularly biglycan, non-aggregating large PGs, such 

as perlecan, and small collagens, such as type VI. The PCM has key mechanosensing properties that have 

the ability to either amplify or attenuate mechanical strains transmitted through the ECM [7]. 

2.2.1 Cartilage Mechanotransduction 

Mechanotransduction is the conversion of either external or internal mechanical stimuli by the cell into a 

biochemical outcome, such as ECM biosynthesis. There are several transduction mechanisms that 

facilitate the mechanically-driven ECM biosynthesis and functional properties, such as mechanosensitive 

ion channels, integrin signalling, and primary cilia (Figure 2.3). Specifically, intracellular calcium (Ca2+) 

signalling has emerged as a common regulatory mechanism for controlling gene and protein expression 

[8]. Transient receptor potential vanilloid 4 (TRPV4) is an osmotic-mechanosensitive ion channel highly 

expressed in articular chondrocytes. It is associated in transducing mechanical cues into specific 

metabolic responses via the generation of intracellular Ca2+ [9,10]. In addition, stretch-activated ion 
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Figure 2.2 Schematic of the cellular organisation and collagen fibre architecture in the zones of articular cartilage  
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channels can also cause a rise in intracellular Ca2+ that can trigger secretion of regulatory molecules. As a 

ubiquitous signalling ion, mechanically induced Ca2+ signalling is an especially attractive regulator of 

mechanotransduction. It is known to regulate multiple signalling pathways, including mitogen-activated 

protein kinase (MAPK), nuclear factor of activated T lymphocytes (NFAT), protein kinase C, nuclear 

factor kappalight- chain-enhancer of activated B cells (NF-�B), c-Jun N-terminal kinase 1 (JNK1), and 

cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB) [9,11].  

The linkage of ECM to the cell requires transmembrane cell adhesion proteins, integrins, which act as 

matrix receptors, and tie the matrix to the cell’s cytoskeleton. Activated integrin receptors can also 

activate the MAPK pathway, and simultaneously or sequentially activate the NF-�B and phospholipase C 

(PLC) pathways [11]. 

The primary cilium has been postulated to contribute to mechanotransduction. It is a singular, immotile 

organelle projected from the cell into the pericellular matrix of the chondron, associating with collagen 

type II fibres. It is a ‘hub’ for numerous signalling pathways, such as Wnt, platelet-derived growth factor-α 

(PDGF-α), and hedgehog signalling [12]. It has been suggested that integrins are found at the surface of 

the primary cilium to anchor collagen fibres to the ciliary membrane resulting in ciliary deflection in 

response to mechanical loading. Intracellular signalling cascades are then proposed to convey this 

mechanical signal. Studies have also shown that in compression, the primary cilium is involved with the 

modulation of ATP-induced Ca2+ signalling via purine receptors for the regulation of the ECM [13]. 
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2.3 Cartilage Injury and Development into Osteoarthritis 

PTOA is a prevalent form of OA, developing as a common sequela to knee injury, and therefore often 

affecting younger individuals [14,15]. A number of injuries, such as joint impact loading, tears in the 

meniscal, ligament or joint capsule, joint dislocations, and intra-articular fractures, can lead to joint 

instability and misalignment [16,1,17,18]. Injuries and the associated pain can alter joint loading 

patterns, causing a shift in tissue matrix homeostasis. In turn, matrix integrity is reduced, and can be 

accompanied with joint pain. This can consequently cause an adjustment to gait to compensate for the 

pain, leading to further changes in the tissue matrix thus increasing the risk of OA development [19,20].  

Biomechanically, OA is characterised by alterations to the mechanical properties and hydraulic 

Figure 2.3 A hierarchical schematic depicting the possible mechano-transduction pathways of the chondrocyte 
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permeability of the cartilage, which leads to increased water content and excessive swelling. These 

changes in the cartilage tissue are accompanied by increased stiffness of the subchondral bone [19]. 

Biochemically, the degenerative condition is characterised by reduction in PG concentration, possible 

alterations in the size and aggregation of PGs, alteration in collagen fibril size and organisation, and 

increased synthesis and degradation of matrix macromolecules [5]. The degradation of cartilage is 

thought to be caused by the action of multiple matrix-degrading proteases, such that matrix composition 

and function cannot be maintained. These proteases may be synthesised and activated or deactivated at 

different times during pathology according to the environmental signals and stimuli [20]. 

Healthy articular cartilage is maintained by the homeostatic activity of the chondrocytes. In response to 

mechanical load, the chondrocyte coordinates and controls the balance between rate of synthesis and 

matrix deposition with the rate of degradation and removal for each matrix component. Abnormal 

mechanical loading have been shown to disrupt such balance and initiate pathological responses. PTOA 

is a result of combined mechanical and biological events that destabilise the normal balance of 

degradation and synthesis of ECM, and subchondral bone [20,21]. 

One complication with developing treatments for PTOA is that it is difficult and expensive to detect early 

cartilage damage before irreversible changes in the tissue structure have occurred [20]. In addition, the 

mechanisms and factors that regulate mechanical loading of the cartilage, and can lead to PTOA 

progression are unknown.  

In view of these, further mechanistic studies examining injurious loading, be it impact or excessive 

loading, will have potential to reveal clinically relevant information for the treatment of patients following 

destabilizing and traumatic joint injuries. 

2.4 Current Research 

There are various techniques used to investigate the influence of physiological loading of chondrocytes. 

There are in vivo models, which are ideal for studying cells in their native environment, but these studies 

are generally more labour intensive, and have a number of variables, which are difficult to isolate and 

control.  

There are also the in vitro models, which have been used to study chondrocytes. These models study the 

responses of chondrocytes to mechanical stimuli outside of their normal biological context and the 

variability is generally easier to control [11,22]. Cartilage explants taken directly from the knee joint can 

be used as it reflects the complex and variable nature of the in vivo environment of cells. However, using 

an in vitro model, where chondrocytes are cultured within 3D scaffold materials to study the cells’ 

responses to mechanical loading can reduce the variability inherent in explants [23,24]. It also provides 

individual parameters, such as mechanical and physiochemical processes, to be more easily controlled, 
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which could be more difficult to separate in explants, and variations in the metabolism and mechanical 

properties of tissue from different regions of a joint and from animal to animal may influence behaviour 

[25,26]. Various scaffold materials used described in section 2.4.1. 

In addition to mimicking native cartilage, in vitro models also need to replicate the mechanical 

environment chondrocytes are subjected to in the joint. Therefore, in attempt to achieve this in vivo 

mechanical environment, various bioreactors and mechanical devices were developed to apply 

mechanical loading onto chondrocytes seeded within scaffolds. Section 2.4.2 describes a variety of 

mechanical devices that have been used to apply mechanical loading onto chondrocytes. The 

chondrocyte’s response in a mechanically stimulated in vitro model can be monitored by an up- or down-

regulation of distinct sets of genes. Families of genes which may have mechanosensitive members include 

ECM proteins and matrix metalloproteinases (MMPs). Section 2.4.3 reviews specific genes that 

chondrocytes express to modulate the balance of cartilage matrix formation and breakdown.  

Recently, computational methods have also been used with in vitro chondrocyte models to optimise 

physiological and abnormal loading conditions. Sections 2.4.4 reviews recent computational models 

developed for chondrocyte mechanobiology studies. 

2.4.1 Scaffold Materials 

There are two main groups of scaffold materials used for chondrocyte mechanobiology studies; synthetic 

polymers and naturally derived materials 

Synthetic Scaffolds 

Artificial polymer scaffolds are favoured mainly in tissue engineering research due to high 

reproducibility, high mechanical strength, and the controllability of the degradation rate. However, due 

to the material properties, these scaffolds are also used in the study of chondrocyte 

mechanotransduction. Below briefly describes examples of different synthetic scaffolds used for 

chondrocyte studies. 

Polylactic-co-glycolic acid: Polyglycolic acid (PGA) is a highly crystalline, hydrophobic linear 

polyester, while polylactic acid (PLA) is a linear polyester that is less crystalline but more hydrophobic 

than PGA due to the presence of an extra methyl group [27]. Combining lactic acid with glycolic acid to 

form polylactic-co-glycolic acid (PGLA) has been shown to prolong the degradation time of the scaffold 

[28,29]. It has a relatively high mechanical strength, and can be easily formed into shapes, such as a 

knitted mesh [30,31]. Cartilage-specific markers were found to be enhanced in chondrocytes cultured in 

scaffolds made from PGLA  combined with naturally derived polymers [32–34]. 

Polyethylene glycol: Polyetheylene glycol (PEG) has wide medicinal applications. It is a neutral and 

noninteractive polymer that facilitates ECM secretion from cells after their encapsulation [35,36]. The 
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mechanical properties of PEG are dependent on its mesh size, which can be controlled through 

modifying PEG’s molecular weight, concentration, or the crosslinking density [37,38].  

Polyvinyl alcohol: Aqueous solutions of polyvinyl alcohol (PVA) can be cross-linked chemically, by 

electron beam or gamma irradiation, or physically through annealing and dehydration, freeze-thaw 

cycling, and by phase separation. PVA has been tested and been shown to have compressive, tensile, and 

shear modulus, and permeability comparable to native articular cartilage [39–41]. 

However, though synthetic scaffolds have great tissue-engineering applications, cell recognition signals 

are missing in such scaffolds. In addition, they possess relatively hydrophobic surfaces that are not ideal 

for efficient cell seeding [32,42]. 

Natural Scaffolds 

Naturally derived hydrogels have been widely used as scaffolds to study chondrocyte biology. These gels 

are 3D, hydrophilic polymer networks that are swollen in water [43,44], similar to the swelling behaviour 

of the collagen fibril meshwork in cartilage. Hydrogels are biocompatible, with similar structural 

characteristics to the native cartilaginous tissue, such as the long-chain PGs, and their mechanical 

properties can be tailored by varying parameters such as polymer composition, crosslinking density, 

network morphology and degradability [45–47]. The two hydrogels used in this study were collagen and 

agarose. Both have been used extensively, but have very different properties which are described below 

[39,42,48–65]. 

Collagen: Collagen hydrogels are prepared from animal cartilaginous tissue, and can be formed from 

collagen I or II, with type II being dominant in articular cartilage. This gel is chemically biomimetic and 

has high swelling ratios. Seeded chondrocytes will interact with the surrounding collagen gel via integrins 

[39]. Therefore, it is useful in studying in vivo chondrocyte behaviour under various conditions [45]. 

Roeder et al [64] determined that collagen fibril density and mechanical properties in collagen gels 

increased with an increase in collagen concentration. In higher acidic conditions during gel formation, 

the fibrils produced were increased in diameter and decreased in length when compared to fibrils 

produced in alkaline conditions. 

Agarose: Agarose is a linear polysaccharide derived from marine algae, and forms hydrogels through a 

simple preparation and gelation method [39]. Agarose has been used as model systems for studying cell 

behaviours under physiological loading and other conditions [39,45,66–69]. Chondrocytes cultured in 

agarose hydrogels develop a mechanically functional ECM in free-swelling culture. Agarose also 

promotes and maintain chondrocyte phenotype, and their response to mechanical loading in a similar 

way to chondrocytes in their ‘native’ environment [70–72].  
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The mechanical properties of agarose hydrogels depend highly on its concentration. Higher 

concentrations result in stiffer gels with lower hydraulic permeability that may hinder nutrient and waste 

diffusion, thus lower concentrations of agarose, ranging from 1% to 3%, have been used for chondrocyte 

studies [49,65,73,74]. 

Hydrogels have been used in both static and dynamic loading systems to study the influence of 

mechanical stimuli on chondrocytes. Many studies have shown that with static loading, the strain 

distribution throughout the sample and cells are uniform [50,67]. However, not many studies have 

examined or validated the strain distribution through hydrogels under dynamic loading, especially whole 

sample analysis of strain distribution. Determining the strain distribution through whole hydrogel 

samples is important when determining the amount of strain to apply to chondrocytes. A validation 

technique is required in order to determine the discrepancy between applied strain and strain within the 

samples. 

2.4.2 Mechanical Stimulating Devices 

There have been multiple systems designed to try and imitate aspects of the native mechanical 

environment of chondrocytes and cartilage. Some of the most common systems include the cone-plate 

viscometer, mixing vessels such as the rotating and the spinner flasks, 2D cellular, or 3D sample 

perfusion, and direct scaffold deformation [22,75] (Figure 2.4).  

Scaffold deformation systems traditionally apply static or dynamic uniaxial compression or shear. 

However, biaxial systems are being developed to mimic the complex in vivo joint loading by 

simultaneously applying compression and shear stimuli. Table 2.1 describes the principle devices and 

their mechanisms developed for biaxial loading.  

Cone-Plate 
Viscometer 

Rotating Vessel 

Spinner Flask 
Vessel 

2D Perfusion 

Uniaxial 
Compression 

3D Perfusion 

2D Uniaxial Stretching 

Figure 2.4 Schematics of the common systems used for stimulation of chondrocyte cultures.
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Cartilage models and chondrocyte studies have improved greatly over the years, with 2D cultures moving 

into 3D cultures, and the different devices developed to mimic in vivo loading, from compression loading 

to combined compression and shear loading. Though many important conceptual advances have been 

made with biaxial loaded cells, there still remains a need for devices that can incorporate the 

physiological movements of the knee. It is well perceived that in vivo chondrocytes largely experience 

compression and shear strains, though physiological joint loading also involves a level of tensile strain 

[76,77]. This mode of loading has largely been neglected in biaxial devices. 

Besides the need for a device that can closely imitate joint loading by incorporating a range of mechanical 

strains, loading conditions and loading duration also need to be more thoroughly investigated. There are 

various devices that can apply mechanical stimuli to chondrocytes, but there has been a lack of 

consistency in comparing uniaxial strain to a biaxial strain, and also the duration of loading. This makes 

it difficult to compare and determine the effects of mechanical stimuli on chondrocyte metabolism and 

behaviour.  
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Table 2.1: Table of common biaxial devices 

Device Mechanism Purpose 

Combination of cone-plate viscometer and flexible silicone substrates. 

Simultaneous tensile and shear stress is achieved by submerging the plate 

holding the silicone substrates in media beneath the rotating cone and 

stretching the plate via a cable and pulley system [78]. 

Apply a wide range of both tensile and 

shear stresses on cell monolayers seeded 

onto silicon substrates. 

A biaxial system that has a rigid frame consisting of two, thick, top and 

bottom stainless-steel plates bolted with rods. A third stainless-steel plate is 

clamped to the support rods to allow repositioning. A linear stepper motor is 

mounted to the top plate and applies compressive forces via a load cell on 

top of the cell chamber. Shear forces are supported by a rotary position 

table. The rotary control is integrated with axial control so that shear stresses 

may be performed together with compression tests [79,80]. A variation of 

this system is the use of porous endplates, in the place of stainless-steel 

plates, that allow the cell-hydrogel mixture to attach to the system [66,81]. 

Can apply the desired compressive and 

shear strains to cartilage in incubated 

conditions. Originally for cartilage explants 

but modified versions can use 3D hydrogel 

discs. 

 

A four-point bending device is used to apply tensile strain to deformable 

substrates in a loading chamber containing a medium. The tensile strain and 

fluid flow are altered by varrying the substrate thickness, displacement and 

displacement rate [82]. 

Apply tensile strain to monolayer cells 

seeded on the substrate. 

Cells attached to a membrane with an elastic modulus in the range of 

physiological systems are clamped in a fluid chamber fitted with variable flow 

peristaltic pump. The membrane is directly on top of a pressure regulator 

producing uniaxial stretch [83]. 

Able to apply both shear and tensile stresses 

on monolayer cells embedded on the 

membrane substrate. 

A tri-axial compression vessel holds cartilage explants between two porous 

platens, enclosed in a thin silicone sheath that is stretched inside-out over the 

ends of a perforated cylindrical stanchion, held in a water chamber. 

Pressurisation of the water in this chamber applies radial transverse 

compression. Axial compression is applied by a low-friction piston driven by 

air pressure. The piston is attached to the top porous platen (which is in 

physical contact with the explant). The bottom porous platen is fixed under 

the explant [84]. 

Enabled modulation of shear stress and 

explant strain at physiologic compressive 

loading amplitudes on cartilage explants. 

Moving point of contact stimulation uses a spherical end loading pin or ball 

to generate combined dynamic compression, shearing and friction across the 

surface of the cell-seeded constructs [85–88]. 

Mimics the contact area during articular 

joint loading where two opposing cartilage 

surfaces slide or roll against each other 

under the compressive force for cartilage 

explants. Modified versions allow agarose 

hydrogels to be used, and forms a gradient 

strain field.  



Current Research 

17 

2.4.3 Gene Expression 

Numerous chondrocyte mechanobiology studies determine the response of cells to mechanical 

stimulation by examining gene expression changes [36,89–93]. Gene markers frequently used to detect 

chondrocyte ECM production include: collagen type II (Col2a1), Aggrecan (Acan), and cartilage 

oligometric matrix protein (Comp). These genes are part of the organisation and formation of the ECM. 

The collagen type I (Col1a1) gene, which is usually down-regulated in cartilage, can be used to determine 

the fibroblastic development of chondrocytes in in vitro models [20].  

The family of tissue remodelling genes that have been shown to exhibit mechanosensitivity is the MMPs 

and A Disintegrin and Metalloproteinase with Thrombospondin motifs (ADAMTS) proteinases. Tissue 

remodelling and allostasis involves co-ordinated production of the proteinases family for ECM 

breakdown, coupled to the synthesis of new PGs and proteins. The molecules involved in cartilage matrix 

breakdown are in Table 2.2.  

Table 2.2 Major MMP genes and the function of their protein products that break down the ECM 

MMP Function 

MMP-1 (interstitial collagenase) Degradation of type I collagen 

MMP-2 (gelatinase) Degradation of type IV collagen and aggrecan 

MMP-3 (stomelysins) Degradation of type II collagen, PGs, and other matrix proteins 

MMP-9 (gelatinase) Degradation of collagens 

MMP-13 (collagenase-3) Degradation of type II collagen, PGs, and other matrix proteins 

MMP-14 (membrane-type) Degradation of ECM and aggrecan 

ADAMTS,-1, -4, -5 (aggrecanase) Degradation of aggrecan, versican 

The MMPs and ADAMTS are expressed by the activation of the NF-�B and MAPK mechanotransduction 

pathways, as described earlier [94]. During tissue homeostasis, the activity of these proteinases is 

counterbalanced or regulated by the action of tissue inhibitors of metalloproteinases (TIMPs). TIMPs 1-4 

protect the matrix by supressing the enzymatic activity of the MMPs. As a result, the chondrocyte 

regulates cartilage homeostasis by maintaining a delicate balance between anabolic and catabolic 

activities (Figure 2.5). Cellular microenvironment, such as mechanical stress, directly affects these 

activities, which can shift this balance [95].  

Numerous in vivo studies show that immobilisation of the joint or excessive use leads to joint damage 

[21,96]. These can cause the secretion of pro-inflammatory cytokines, such as interlueukin- (IL-) and 

tumour necrosis factor-α (TNF-α), which then triggers an increased expression of MMP-3 and ADAMTS-

5, leading to a significant loss of PG and collagen content, eventually leading to matrix fibrillation and 
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reduction of the compressive stiffness of cartilage [97]. Moreover, moderate joint movement supresses 

the increase in expression of MMPs and PG loss [98]. In fact, studies have shown mechanical stimulation 

has opposite effects on chondrocyte metabolism; where growth factors, such as insulin-like growth factor 

(IGF-), transforming growth factor-β (TGF-β) and bone morphogenic protein (BMPs), are enhanced, 

stimulating aggrecan production, and decreasing MMP-3 expression [99]. Currently, there is no 

consistent comparative platform between in vitro models stimulated with singular loading modes, and 

combined loading modes. Therefore, the precise nature of the chondrocyte response to different 

mechanical stimuli, and the underlying mechanisms of different mechano-responses between healthy and 

diseased chondrocytes remain unknown.  

 

 

Summarised in Table 2.3 are an example of recently published studies that shows the effect of 

mechanical stimulation on gene and ECM protein expression. 

 

 

 

 

Figure 2.5 An illustration of balancing catabolic and anabolic activity. A shift towards catabolism induces an increase in
MMP and ADAMTS secretion, and inhibits the expression of cartilage-specific markers, such as type II collagen and 
aggrecan. 



Current Research 

19 

Table 2.3 A summary of an example of recently published studies that shows the mechano-regulation of gene expression and 
ECM proteins.  

Loading Regimes Effect 

14 day pre-culture; Continuous dynamic 10% 

compression, 1Hz with 7% static compression, 3 Hz/ 

day, 24-72 Hrs [10] 

↑ ACAN, Col1a2 

↓ ADAMTS-5 

Intermittent dynamic 15% compression, 1 Hz, 1 Hr 

on/ 2 Hr off, 3x/ day, 4 weeks [100] 

↑ GAG, Col1a2 

↓ Col1a1 

Intermittent dynamic 15% compression, 0.3 Hz with 

5% static compression, 12 hours, 7 days [101] 
↑ Col1a2, MMP-3 

Intermittent dynamic 10% compression and 1% shear, 

1 Hz, 12 hrs loaded/ 12 Hrs unloaded/ 12 Hrs loaded 

[66] 

↑ GAG 

2.5-4 week pre-culture; Intermittent dynamic 2.2% 

compression and shear, 0.05Hz with 6.5% static 

compression, 10 min/ day, 2.5 weeks [88] 

↑ GAG, Col1a2 

(Ball device) Intermittent dynamic 10-20% 

compression and shear at ± 25°, 1 Hz, 1 Hr/ day, 5 

days, 3 weeks [86] 

↑ GAG, Col1a2, ACAN, COMP 

↑ Col1a2:Col1a1 

Continuous dynamic 7.5% stretching, 1 Hz, 30 mins 

[102] 

↑ Col1a2, ACAN 

↑ MMP-3, MMP-13, ADAMTS-5 

Continuous dynamic 5 or 10% stretching, 0.5% Hz, 30 

mins [103] 
↑ MMP-13, ADAMTS-5 

Intermittent dynamic 6% stretching, 30 mins/ day, 3 

days [104] 
↑ COMP 

↑ denotes an increase in expression; ↓ denotes a decrease in expression. 
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2.4.4 Computational Models 

To obtain a deeper understanding for the process of mechanobiology, it is important to establish the 

linkage between multiscale spatial interactions, especially the mechanical relationship between joint 

loading, tissues, and cell level responses. Experimental studies, while providing fundamental information 

on cartilage biomechanics, are unable to measure all biomechanical parameters. At the higher spatial 

levels of the joint, cartilage contact forces, and pressures have been difficult to quantify accurately. 

Similarly, at the lower spatial scales, variables such as stress, fluid flow, and pressure within the cartilage 

and among chondrocytes cannot be measured easily, if at all. Simulation-based investigations of cartilage 

and underlying structures have become the tool for interpreting the biomechanical and biophysical basis 

of experimental results. Among the computational approaches, finite element (FE) analysis has become 

an accepted tool to investigate the strain and stress relationship throughout the multiple spatial scales. 

Some widely used constitutive equations model cartilage as poroelastic and biphasic materials. These 

material descriptions take into account the viscoelastic behaviour of cartilage, and both the solid and 

fluid components of cartilage; the solid matrix was assumed to be porous, homogeneous, isotropic, 

permeable, and linearly elastic, while the fluid phase was assumed to be non-viscous. Both were assumed 

to be incompressible and immiscible. The behaviour of poroelastic and biphasic models can be described 

by the Biot theory of consolidation approach, which considers the material to be porous elastic solid 

saturated by a pore fluid that flows relative to the deforming solid, or by a mixture theory, which 

considers the material to be continuum mixture of a deformable solid phase and a fluid phase [105–

107].  

These models are often used for multiscale modelling of the knee joint. In a recent study, a multi-scale 

analysis pipeline was implemented to characterise chondrocyte deformations in relation to joint loading 

[108]. The macro and micro -scale models used material properties obtained through literature, and the 

two spatial scales were coupled together by passing deformation gradients occurring at the macro-scale to 

the micro-scale. The approach began with a single macro-scale model at the joint scale to calculate 

deformation gradients at each element of the model, which was then used to set the boundary conditions 

for micro-scale model at the cellular scale for each macro-scale element of interest. Two micro-scale 

cases, a single cell and an 11 cell configuration, were applied with the average body weight to simulate 

cellular deformation. The results presented discrepancies between the level of cell deformation when 

using the single cell and 11 cell configurations. This is an example that experimental studies are needed 

to validate assumptions made for computational simulations. Though, it is difficult to carry out such 

experiments at the lower spatial scales in vivo, cellular behaviour can be more easily understood and 

validated through in vitro models. 
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Recent studies by Guo et al [109,110] investigated the relationship between the influence of chondrocyte 

shape to the response of the ECM under compression loading [110]. A biphasic FE model was used to 

represent an explant from articular cartilage, where chondrocyte shapes were modelled based on 

histology images, and experimental data using cartilage explants under compression. The findings 

suggest that cell shape is more critical for regulating the solid phase of the microenvironment than fluid 

phase. Although experimental data was used to build the model, a validation of the model using an 

experimental system to compare cellular deformation would have been useful. 

Validations of computational models are more extensively used in the tissue engineering field. The close 

integration of computational models with experimental data provides an efficient and robust method in 

predicting and optimising biomechanical parameters. Some approaches use computational modelling to 

estimate intrinsic parameters that are difficult to physically measure, such as a study carried out by 

Raimondi et al [111]. A computational fluid-dynamic model was used to calculate the shear stresses 

acting within a cell-seeded synthetic scaffold. Experimentally, cells were seeded throughout a fibrous 

scaffold and exposed to a constant flow of culture medium in a bioreactor. Cross-sections of the scaffold 

were imaged and the geometrical definition of the fibres’ contours was imported into a solid modeller, so 

the shear stresses acting on the scaffold and cells seeded within could be estimated to further enhance 

conditions within the bioreactor for tissue engineering purposes. 

Parallel approaches between computational models and experimental systems have also been used to 

refine the computational models. A recent study carried out both experimental and FE model (using 

biphasic theory [112]) of their system that measured the strain field in layered agarose under a sliding 

indenter [74]. Experimentally, the deformation of the agarose was imaged with MRI, while the model 

predicted the strain pattern. The two results were similar but discrepancies were found between the 

strain patterns through the agarose. Having this comparative approach, the experimental data was used 

to increase the accuracy of the computational model for further applications.  

Other approaches use computational modelling to predict parameters, and use experimental data for 

validation; such as a study by Mokhtari-Jafari et al [113]. A computational model was used to predict cell 

distribution and growth in the scaffold under static and dynamic culture. The model was then validated 

by seeding cells onto collagen-sponge scaffolds, and cultured in conditions used in the mathematical 

models. Proliferation data and scanning electron microscopy images were used to compare to the 

predicted model, which validated a close prediction by the numerical model. 

Combining both computational modelling and experimental approaches will be critical in improving 

understanding in chondrocyte behaviour to mechanical stimuli, and injury leading to the initiation of OA. 
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2.5 Research Aim 

The overall aim of this research has been to accurately understand chondrocyte mechanobiology by 

investigating how these cells respond to mechanical stimuli that closely mimics physiological joint loading 

through measuring changes in gene expression.  

Chapter 3 

Determine the homogeneity of hydrogel scaffolds under confined compression. This chapter describes a 

non-invasive technique developed to identify the strain distribution through whole hydrogel constructs 

under confined dynamic compressive loading. The homogeneity response of the hydrogel scaffolds were 

examined, and found to be inhomogeneous longitudinally and transversely. 

Chapter 4 

Develop a device that allows multi-modal mechanical stimulation. There has been a need for a device that 

can accurately apply all forms of dynamic mechanical stimuli (compression, tension, and shear) both 

separately and together in order to mimic physiological and abnormal joint loading. Chapter 3 confirms 

that confined loading is not ideal for studying the effects of mechanical stimulation on chondrocytes; 

therefore a new 3D hydrogel construct system was also designed. This chapter explains the development 

and validation process of the device and constructs. 

Chapter 5 

Correlate the effects of applied dynamic mechanical strain on scaffold strain distribution to chondrocyte 

deformation. This chapter determines the strain distribution, and cell deformation and angle rotation, in 

the new 3D hydrogel constructs under dynamic compression, tension, and shear strains. It also 

determines how matrix development within the constructs affects the cellular strains. 

Chapter 6 

Determine the contributing physiological and injurious effects of compressive, tensile and shear loads on 

chondrocytes. This chapter investigates the effects of individual loading modes (compression, tension, 

and shear strains) on chondrocytes-seeded agarose constructs under both physiological and injurious 

loading period. The physiological loading was carried out periodically, with 2 hours of cyclic loading and 

2 hours of unloaded, with an 8 hour rest period. This was to simulate a physiological diurnal cycle. 

Abnormal and injurious loading was simulated using a constant loading over a period of 24 hours. The 

biological effects, in terms of cell viability, histology, and gene expression were determined, and 

compared to the effects of combined mechanical stimulation loading in physiological loading and 

injurious loading.  
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3 Whole Construct Strain Analysis of 
Confined Hydrogels 

Abstract 

Hydrogels are common scaffolds used to maintain chondrocyte phenotype in culture for mechanobiology 

and tissue engineering studies. However, the internal strain field and the zone-specific strain patterns of 

chondrocytes within hydrogels under dynamic compressive strain have not been well characterized. In 

this study, we describe a methodology to characterize the compressive strain fields within the surface, 

middle and bottom zones of both confined collagen and agarose hydrogel constructs, in response to 

dynamically applied compressive strain. Hydrogel microstructure and chondrocyte deformation were also 

analysed and compared to uncompressed conditions using scanning electron microscopy. We observed 

inhomogeneous strain distributions within and between the three zones of both collagen and agarose 

hydrogel constructs. In collagen gels, we observed that the microstructure varied greatly between 

uncompressed gels to gels with 5% applied compression. The percentage porosity in the surface zone of 

the gel decreased significantly upon initial application of 5% compression, but remained unchanged 

when compressed further to 15%. In agarose gels, only the cells in the middle zone of the gel deformed 

significantly under compression while cells in the other zones underwent deformation that was not 

statistically significant. These findings indicate that deformation of chondrocytes seeded hydrogels under 

compression is both inhomogeneous and spatially-dependent. Therefore, it is important to consider these 

inhomogeneities in order to accurately understand how mechanical stimuli may affect chondrocyte 

behaviour. 
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3.1 Introduction 

Dynamic loading plays a significant role in modulating the metabolism of chondrocytes. This is evident in 

the many experimental studies that apply static and dynamic loading on cell-seeded hydrogels [1–8]. 

There are various mechanical stimulating devices that apply dynamic compression to chondrocyte-

hydrogel systems. However, there are several difficulties with these systems, one of which is the 

inherently weak nature of hydrogels. Therefore, to overcome this, the use of support platforms are used 

[9,10].  

The current cell stimulating device, the cell-gym IV, uses silicone baths [11] that can be used to support 

hydrogels during mechanical stimulation. Therefore, the strain distribution through the hydrogel first 

needs to be identified to determine the correlation between the applied mechanical strain to the system 

and the strain cells seeded within experience, to accurately understand the mechanical effects. This is 

because hydrogels are anisotropic materials, which have been suggested to distribute dynamic strain 

inhomogeneously through them. This implies that the local microscopic strains will not be the same as 

the applied global macroscopic strain under dynamic compressive loads [12]. This complex response to 

load is often neglected [13,14], and the strain distribution through dynamically loaded cell-seeded 

hydrogels have not been validated. 

Frequently, analysis of chondrocyte behaviour to dynamic mechanical load focuses on one zone of 

hydrogel samples [6,8] or the effects of the load on chondrocytes are often investigated after 

homogenizing the whole sample [15]. Most cell mechanobiological studies assume that the amount of 

applied load is transferred equally and homogeneously to the hydrogels during dynamic loading, and 

subsequently onto the cells. However, knee cartilages have a complicated inhomogeneous structure [16] 

and chondrocytes that reside in it are very sensitive to the mechanical cues from their surrounding 

environment [17,18], therefore it is important to quantitatively characterize the effect of this loading 

throughout a 3D construct during dynamic loading. It has also become apparent that to understand 

biological systems comprehensively, there is a need to examine cells or samples in their entirety.  

Therefore, the hypothesis for this study is that under dynamic loading, the strain distribution within 

hydrogels is not homogenous, and that the continuously applied strain is not evenly transferred into the 

hydrogels and the cells. Therefore, the aim of this study was to develop a new experimental system to 

analyse the compressive strain fields in three separate zones (surface, middle and bottom) in 3D hydrogel 

scaffolds and to investigate the effect of dynamic loading on the microstructure and cellular deformation 

on the chondrocytes seeded within two mechanically and microstructurally different hydrogels; collagen 

and agarose [19–22]. 
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3.2 Methods 

3.2.1 Chondrocyte Cell Culture and Preparation of Constructs 

An immortalised mouse articular chondrocyte cell line (H5 line, kindly gifted by Dr Martin Knight, Queen 

Mary University of London) was used in this study [23]. Chondrocytes were seeded in culture flasks 

containing Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal bovine serum 

(FBS) and 0.1% penicillin/ streptomycin (Life Technologies NZ Ltd) at 37°C/5% CO2. At approximately 

80% confluence, chondrocytes were trypsined, and viable cells determined with trypan blue solution 

(Sigma-Aldrich, MO, USA), were counted, and seeded into gels. 

Cell-Free and Cell-Seeded Collagen Constructs 

Cell free collagen constructs were prepared by first neutralising rat tail type I collagen (BD Biosciences) 

with 1M NaOH (0.023× collagen volume), then diluting to a final concentration of 4 mg/ ml in DMEM 

and 10% FBS. Cell-seeded collagen constructs were prepared with the final concentration of 4 mg/ ml 

diluted using a cell-suspension density of 4 x 105 cells/ ml.  

Cell-Free and Cell-Seeded Agarose constructs 

Cell-free agarose was prepared by autoclaving 4% (w/v) agarose powder (type VII; Sigma-Aldrich, Saint 

Louis, MO) with distilled phosphate buffered saline (PBS). Cell-seeded agarose constructs were prepared 

by adding a cell suspension of 8×105 cells/ ml in culture medium to equal volume of 8% (w/v) agarose to 

give a final concentration of 4×105 cells/ ml.  

A B C 

Figure 3.1 Schematic of cell-hydrogel constructs and carbon dust distribution in the three regions; A surface region, 
prepared by carbon dust distributed on the top of the cell-gel after being cast in the bath mould; B middle region, prepared 
by casting half of the cell-gel into the mould with an acrylic marker (1  mm diameter × 1.5 mm) placed into the corner of 
the bath mould then embedding carbon dust to mark the middle region followed by the remaining cell-gel solution; C 
bottom region, prepared by mixing carbon dust to 250 µl of cell-gel and adding to the bath mould, before the remaining 
cell-gel solution was added on top. Silicone baths are pre-stretched in fixed sized holders. 



Chapter 3 

38 

Both liquid collagen and molten agarose were pipetted into specially designed moulds made from 

silicone [24] to form a rectangular gel construct measuring 28×18×3 mm. Prior to gel casting, silicone 

baths were sterilized in 70% ethanol for 30 minutes and allowed to dry. They were assembled in sterile 

conditions and pre-stretched in holders prior to use to prevent buckling and reduce interference with the 

deformation of the gel constructs. In order to analyse the degree of deformation in each zone of the gel, 

carbon powder (Electroflash Resourcing Ltd, NZ) was distributed within either the surface, middle or 

bottom zones of the gel during casting. The zones and process are described schematically in Figure 3.1. 

Collagen gels were set at room temperature for 20 minutes while agarose gels were set at 4°C for 20 

minutes. Both cell-free and cell- seeded constructs were subsequently maintained within the silicone baths 

in DMEM + 10% FBS at 37˚C/5% CO2 for 7 days. Culture media were replaced every 2 days. At the end 

of 7 days, compression was applied to cell-hydrogel constructs. 

3.2.2 3D Gel Compression Device  

The device used to apply compression to the hydrogel samples was an existing device [11] that was 

designed to apply precise magnitudes of uniaxial strain via silicone baths. The device was secured on a 

lighting stage directly under a camera (Sony NEX-5 with macro fitted Voigtänder 40mm f/1.4X 

NOKTON Classic lens) which allowed the whole depth of the construct to be in focus. The silicone baths 

were attached to the device via screws and maintained pre-stretched; compression was applied in the X 

direction (Figure 3.2), in a continuous fashion that simulates the compression phase of dynamic loading 

at a rate of 20 µm/ s. Images of the gel were continuously acquired at every 0.7% compressive strain 

during the loading period.  

X     

Carbon dusts in 
hydrogel construct  

Silicone bath 

Fixed end 

Mobile end, 
driven by linear 
actuator

Attachment of silicone
bath to device via
screws

Figure 3.2 An aerial view of the hydrogel construct with carbon dust inside the silicone bath and the direction in which
compression was applied. 
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3.2.3 Whole Hydrogel Construct Strain Analysis 

Three samples were measured and analysed for each zone. Images (3344×2224 pixels) were analysed 

using a MATLAB program developed and validated by Malcom et al [19,20]. Briefly, the program 

applied a grid map to the reference image (uncompressed). Each pixel was then traced in the sequential 

images through the compression of the gel using a cross-correlation technique. The carbon powder 

created a unique arrangement that allowed its movement to be tracked and coordinates saved. Each 

image was compared to the reference image, and the engineering strain between each data point was 

calculated, which was repeated for all data points in the image to measure the strain distribution in the 

gel during compression. The strains are the strains measured in the X direction. The strain values were 

plotted to their associated coordinate against the length of the construct, relative to the fixed end of the 

construct, using CMISS, open source software for computational biomechanics developed by the 

Auckland Bioengineering Institute (www.cmiss.org).  

The immobile end of the construct clamped to the decice is here in termed “fixed end”; the other end of 

the construct where compression is applied by the device is here in termed “mobile end” (Figure 3.2). 

3.2.4 SEM Sample Preparation 

Cell-seeded constructs were either left uncompressed, or subjected to 5%, or 15% compression then 

washed with PBS, and fixed in using Karnovsky’s fixative for 5 days at 4°C. Karnovsky’s penetrates 

quickly and provides a high quality fixation for ultra-structural analysis. Samples were washed with PBS 

and sectioned longitudinally into surface, middle and bottom zones using a flat blade. Constructs were 

dehydrated in ascending concentrations of aqueous ethanol solutions (50, 60, 75, and 90%) and absolute 

ethanol at 4°C. Constructs were then critically point dried, and sputter coated with gold. Samples were 

imaged using a Philips FEI XL30 S-FEG at 5kV and 20,000X magnification.  

3.2.5 SEM Image Analysis 

All SEM images were analysed using NIH ImageJ software [21] and two parameters were measured; 1) 

porosity in collagen gels, and 2) mean cell diameter ratio for cells in agarose. The mean grey value of the 

porous region was obtained by averaging intensity values of five sections within a 20,000× image. The 

particle analysis tool of ImageJ was used to determine the mean pore size in microns and the fractional 

area of the pores, and porosity was expressed as a percentage. The aspect ratio (AR), equation (1), 

previously used in other studies [6–8], were calculated manually using the line-drawing feature in ImageJ, 

to measure the cell diameters in the X and Y directions. Up to 5 cells were measured in each zone. 

  (1)
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The mean fibre diameter of collagen gels were also measured, to ensure the constructs were comparable 

with those used in other studies. The fibre diameters were measured using a similar method used by 

Raub et al [25], by using a line-drawing feature of ImageJ. Mean fibre diameters were calculated by 

sampling twelve 2 × 2 µm sections from each of five 20,000X images of cell-seeded collagen constructs at 

each region (surface, middle and bottom), and were measured by setting a minimum intensity threshold 

based on the average of the mean grey value of the SEM image.  

3.2.6 Statistical Analysis 

Data were expressed as the mean value ± standard error mean (SE). Two-way ANOVA with a Bonferroni 

post-hoc test was performed using GraphPad Prism version 6.0 (www.graphpad.com). Statistical 

significance was determined with a p value < 0.05. 

3.3 Results 

Strain maps showed that when a compressive strain is applied in successive increments to hydrogels, the 

strain is non-uniformly distributed across the gel. This strain distribution is in agreement with current 

theories that hydrogels do not respond isometrically with a uniformly distributed strain [12,26,27]. Our 

study used two microstructurally and mechanically different hydrogels, both of which showed 

inhomogeneous strain distributions under dynamic compressive strain. In fact, when 15% compression is 

applied, regional strains reached only up to 11%, indicating that loading type (static or dynamic) plays an 

important role in strain transfer during compressive loading.  

3.3.1 Zonal Strains and Porosity Changes in Collagen Constructs Under 

Compression 

Figure 3.3 A shows the distribution of local strains within chondrocyte-seeded collagen constructs at 5% 

and 15% applied compression within three different zones of the gel, with distinct differences in local 

strain patterns demonstrated at each zone.  

The greatest magnitude of local strain was experienced at the bottom zone of the collagen gels, 

compared to the middle and surface zones at both 5% and 15% gross applied compression. At the 

bottom zone of the gel, the strain appeared to be relatively homogenous across the length of the gel with 

both 5% and 15% applied compression. In contrast, at both 5% and 15% compression, the middle zone 

of the gels experienced higher levels of strain at the mobile end, which decreased towards the fixed end 

of the gel (Figure 3.3 A). The greatest inhomogeneity in strain distribution patterns, however, was 

observed at the surface where high strain zones appeared near the mobile end. Further analysis showed 

high strains formed were due to buckling of the cell-hydrogel constructs. The porosity of collagen 

constructs was significantly lower at the bottom zone of the gel, compared to the middle and surface 

zones (p < 0.001) (Figure 3.3 B). 
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Figure 3.3 A Representative strain map images of chondrocyte-seeded collagen constructs at the surface, middle, and bottom
zones under 5% and 15% compression, grey dotted line indicates original length of construct. B Mean percentage porosity in
the different zones of the collagen constructs related to the percentage of applied compressive strain. Data points represent
the mean from five fields of view per region (± SE bars). It compares porosity across the three zones under compression.
Different zones display significantly different porosity levels. Two-way ANOVA with Bomferroni post-hoc test indicates
significance with * =  p < 0.01 and ** = p < 0.001. 
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3.3.2 Zonal Strains and Cell Deformation in Agarose Constructs Under 

Compression 

Figure 3.4 A shows the local strains of agarose gel following 5 and 15% compression within the three 

zones. At 5% compression, the local strain patterns within all three zones of the gel were similar to 

collagen gel at 5% compression. Similarly, the greatest level of local mean strain, and strain homogeneity 

was observed at the bottom zone of the gel. At the middle zone of the gel, the mobile end experienced 

higher levels of strain, which became less towards the fixed end of the gel. The surface zone also 

displayed a similar pattern to collagen gels where high strain zones appeared near the fixed end. In 

contrast to the collagen gels, agarose with 15% compression showed high strain zones near the fixed end 

in local strain across all zones of the gel along the length of the construct.  

Changes in cell diameter were measured in agarose gels and there was no difference in AR between each 

zone of the gel within each construct (Figure 3.4 B). However, we observed an overall decrease in AR 

with an increase in application of strain. This correlation between the decreasing chondrocyte size with 

compression is in agreement with other studies [6,8,28]. The most significant decrease in AR was 

observed at middle zone of the gel, from 0-5% applied strain (p < 0.01), and between 5-15% strain 

(p < 0.001), which may be associated with the middle zone of the gel experiencing the highest level of 

mean local strain at 15% compression.  
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Figure 3.4 A Representative strain map images of chondrocyte-seeded agarose constructs at the surface, middle, and bottom 
zones under 5% and 15% compression, grey dotted line indicates original length of construct. B Mean aspect ratio graph 
(left). Data represents the mean (± SE bars) of four chondrocyte diameters per region. Two-way Anova with Bomferroni post 
hoc test indicate significance differences with * = p < 0.01 and ** = p < 0.001; SEM image of a cell showing how ratio was 
measured (right). 
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3.4 Discussion 

The aim of this study was to determine the degree of homogeneity of dynamically applied compressive 

strain within chondrocyte-seeded hydrogels. Carbon powder was used to track the deformation of 

hydrogel constructs under applied compression up to 15%. The deformation was then analysed to give 

maps of the distributed local strain within the hydrogel construct under the applied loads. The 

mechanical effect on the ultrastructure properties of cell-seeded collagen and agarose hydrogels were also 

examined.  

The strain mapping technique used for whole construct strain analysis has been successful in identifying 

the deformation patterns of soft materials with randomly dispersed particles [29–31]. This technique has 

been applied to measure the strain distribution patterns of the silicone bath which were revealed to be 

uniformly distributed [11]. Therefore, the influence of the silicone bath’s strain on the strain patterns of 

the cell-hydrogel constructs is minimized. In addition, the local strain patterns demonstrated at each zone 

of the gel were consistent between different constructs and between two mechanically different 

hydrogels. 

Our strain-mapping technique enables us to characterize the strain distribution through the 3D depth of 

the gel during dynamic loading in a non-intrusive manner. A study had reported that the strain 

distribution within hydrogels were uniform [32]. However, the method used in their study involved 

cutting constructs in half and observing the deformation of the hydrogel on the cut plane. Invasive 

methods like these changes the boundary conditions of the hydrogels, therefore the natural deformation 

patterns of the constructs cannot be observed. The ability to observe and analyse whole construct strain 

distribution is important, as it allows us to determine the magnitude of strain throughout the construct. 

Studies with similar mechanical setup, applying mechanical loads to cell-seeded hydrogels using silicone 

dishes, have assumed that the uniform strain distribution observed in silicone baths is also achieved in 

the hydrogel [9,10,14]. However, our findings show that the strain distribution in confined hydrogels 

during dynamic loading is non-uniform.  

Studies have often determined the homogeneity of construct or cellular strain using static compression 

[6,7,28,33,34]. The homogeneity of strain under static load is reported as homogeneous, however this is 

due to the inherent stress-relaxation properties of hydrogels [35,36]. In contrast, our results reveal that 

during dynamic compression, the strain distribution through a construct is not homogenous. The strain 

maps showed that when a compressive load is applied in a dynamic mode to hydrogels, the strain is non-

uniformly distributed across and throughout the hydrogel construct. A potential explanation is that 

natural inhomogeneities that within hydrogels affected the hydrogels’ microstructure, consequently 

affected the distribution of strain throughout it. Hydrogels are formed by gelation kinetics, and during 

gelation, microstructural differences can occur, a natural property of hydrogels. Differences such as 
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crosslinking formation among the same polymer chain instead of with other chains, chain entanglements 

that tend to slip under external strain, detangling chain ends or chains forming closed loop within 

themselves [26]. These inherent occurrences within hydrogel formation have been postulated to affect 

polymer network connectivity, consequently influencing gel morphology leading to non-uniformity [27]. 

Another study had also postulated that natural inhomogeneities within agarose changes the strain 

distribution patterns when the hydrogel is compressed [37]; the study had found that the strain field 

patterns in their experiment were more inhomogeneous when compared to their computational 

simulation of their experiment, where the material properties of agarose were assumed perfectly 

homogeneous in the computational model. These assumptions correspond to current theories that 

hydrogels do not respond isometrically with a uniformly distributed strain [12,26,27]. Our study used 

two microstructurally and mechanically different hydrogels, both of which showed inhomogeneous strain 

distributions under compressive strain.  

An example of a microstructural difference that may have caused inhomogeneous strain distribution is 

shown in the SEM images of collagen gel, where there the bottom zone is significantly less porous 

(p<0.001) and inversely, the mean fibril diameter was significantly larger (p<0.001). Figure 3.5 show the 

fibril diameter in the surface and bottom zone of the cell-seeded collagen gel constructs. The left image 

shows collagen fibrils imaged in the surface zone, where the fibrillar diameter is comparable to values 

measured by others in literature in unconfined collagen cultures [25,38–40]; while the image on the right 

is collagen fibrils imaged from the bottom zone. Stiffness of the hydrogels increases as porosity 

decreases, which also influences the fluid flux within the gel, changing its deformational 

characteristic [41–43]. Therefore, the low porosity in the bottom zone is likely to have influenced the 

high local strain and homogeneity in strain pattern under both 5% and 15% compression. Chondrocyte 

matrix development during culture period may also contribute to inhomogeneous behaviour. Due to 

spatial variations in nutrition, matrix content may generally be higher in the outer zones of the construct 

than in the middle zone [44,45]. 



Chapter 3 

46 

Our SEM results also showed that applying compression to 3D gels caused a significant decrease in 

porosity level at the surface zone of the gel shown in Figure 3.3 B, to a similar porosity level as the 

middle zone of the gel. Further compression from 5% to 15% did not significantly change the porosity of 

the surface zone of the gel. This may indicate that porosity of the gel is influenced by the applied 

compression only if the porosity is higher than a certain threshold value. The porosity in the middle and 

bottom zones of the gel did not significantly change with compression. These results show a correlation 

between porosity and local strain, which suggests that with a lower porosity level, the local strain of the 

gel will be higher. 

SEM imaging was able to provide sufficient detail in cell-hydrogel microstructure, and is commonly used 

to image collagen fibrils [46–49]. Although the use of SEM images for AR measurements is not common, 

previous studies have successfully used SEM images in measuring cell diameters and morphological 

observations [50,51].  

In order to track hydrogel deformation, carbon dust was incorporated into the constructs. Although 

particles were introduced into the hydrogels, the carbon particles were the size of dust, so it was assumed 

that the carbon dust would not interfere with the natural deformation patterns of the hydrogels. 

Due to the native structure of cartilage, strain distributed through the depth of cartilage is similarly 

inhomogeneous [52]. By identifying the inhomogeneity within hydrogel scaffolds, the application of 

mechanical stimulus could be altered to purposely produce inhomogeneous strain to mimic in vivo zonal 

differences. However, one of the reasons for studying chondrocytes’ mechanotrasnduction in vitro is the 

ability to have greater control of the cellular environment in order to understand the effects of 

mechanical stimuli more accurately. Therefore, it would be important to consider the effects of applied 

dynamic strain on the inhomogeneous nature of hydrogels and analyse each zone of the gel separately to 

accurately characterize how the varying magnitudes of strains affect the chondrocytes.  

Figure 3.5 SEM images of cell-seeded collagen constructs in the surface zone (left), and the bottom zone (right). 
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3.5 Conclusions 

Our results show that the local strain pattern throughout the longitudinal direction of the surface, middle 

and bottom zones of cell-hydrogel constructs is inhomogeneous, and the local strain pattern changes with 

dynamic compression. SEM images obtained from collagen and agarose gels fixed during applied 

dynamic compression showed that microstructure and cell deformation patterns at different zones in the 

3D collagen and agarose gels are different. In collagen gel, microstructure varied significantly between 

different zones before and after application of dynamic compression. In agarose gel, only cells in the 

middle zone underwent statistically significant deformation. This study has shown that there are many 

inhomogeneities within cell-seeded hydrogel constructs within confined conditions, and highlights the 

importance to isolate and examine each zone separately to accurately understand how dynamic 

mechanical stimuli affect chondrocytes. In mechanobiological studies, it is important to validate the strain 

distribution within 3D cell-seeded hydrogel models and to consider spatial dependent strain 

inhomogeneites when applying mechanical stimulation. 
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4 Device Design and Development 
Abstract  

Physiological loading is essential for the maintenance of articular cartilage by regulating tissue 

remodelling, in the form of both catabolic and anabolic processes. To correctly understand the 

chondrocyte behaviour in its native environment, cell stimulating devices and bioreactors have been 

developed to provide complex mechanical stimuli, which reflect the nature of normal physiological loads. 

This study describes the design and validation of an in vitro mechanical system for the controlled 

application of multiaxial-loading regimes to chondrocyte-seeded agarose constructs. 

The computer-controlled device precisely controls parallel and perpendicular displacements by a macro-

based programme, which stimulates constructs with compressive, tensile and shear strains. The 

synchronisation of the displacements was shown to be accurate and reproducible. The device 

incorporates a robust 3D hydrogel construct that withstands cyclic compressive, tensile and shear strain 

over a prolonged period. Prototype constructs were designed, optimised and validated through 

examining the cellular development within using histology and live/dead imaging methods. These 

features along with the validated high consistency make the system ideally suited for a systematic 

investigation of the response of chondrocytes to a complex physiologically relevant deformation profile. 

This chapter is divided into two main sections: device and 3D hydrogel construct, followed by a 

discussion about how this work contributes to cartilage and tissue engineering research. The first section 

explains the device design, equipment used, and validation of device accuracy. The second section 

explains the design of the hydrogel construct, protocols used, and design optimisation.  
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4.1 Device  

4.1.1 Considerations 

A variety of mechanical strains, compression, tension, and shear, are active during joint loading and have 

been shown to affect cartilage composition and integrity [1–5]. This has motivated the development of 

cell stimulating devices to simulate physiological loading conditions. However, there has been a paucity 

of studies that can combine tensile loading with compression, and shear loading on 3D culture systems. 

To understand how chondrocyte behaviour changes under mechanical loading, there is a need for a 

device that is able to mimic physiological loading by simultaneously applying different magnitudes of 

compression, shear, and tensile strain.  

The foundation of this device was based on a previous device designed for uniaxial stretching of cells in a 

2D culture, called Cell Gym IV [6]. This fourth version device was highly accurate and capable of 

applying uniaxial stretching close to the magnitude and frequency of physiological loadings to tendon and 

endothelial cells in vitro. The first version of the device (Cell Gym I) was designed to stretch bone cells 

cultured on a 2D membrane in a 6 well-plate. However, improvements to the accuracy of applied tensile 

strain to cells were needed, resulting in version two, a more portable design that would fit under a 

microscope (Figure 4.1 A). This allowed the cells to be visualised and monitored during mechanical 

stimulation in order to determine the accuracy of the applied strain. The results revealed the 

inhomogeneity of strain on the substrate during mechanical stimulation, which motivated the design of 

version three, Cell Gym III. This device was designed to have rectangular multi- sample chambers 

(silicone dishes) and multi-scaffold compatibility (Figure 4.1 B). 
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However, the hardware of the device exhibited reliability problems, and so the internal set-up of the 

device was redesigned into the fourth version, Cell Gym IV (Figure 4.1 C). This final version contained a 

multi-well station for interchangeable rectangular “silicone-baths” where monolayer cells were cultured. 

The rectangular shape of the substrate design provided a more uniform deformation during stretching 

than other shapes, as validated by Kim [7]. The internal hardware (DC motors) used in the earlier 

versions of the devices were replaced with high precision linear actuators while maintaining the ability to 

image live cells during the stretching processes under a microscope.  

Moving from 2D to 3D constructs requires a new device with the following requirements: (1) apply 

precise and adjustable mechanical shear either, simultaneously or independently with other axial motion; 

(2) maintain multi-well station for efficiency, so multiple samples can be tested at one time; (3) 

accommodate multi-scaffold designs for both 2D and 3D culture; (4) operate at physiological frequency 

of 1Hz and physiological strain magnitudes; (5) compatible with high temperature and humidity 

incubator environment, and sterile tissue culture environment. 

 

Figure 4.1 A Second iteration of the Cell Gym; B Cell Gym III; C The setup of Cell Gym IV and the internal hardware shown
by the insert. 

A B

C
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4.1.2 Implementation 

Device  

The main features of the predecessor were preserved, such as the linear actuators that provided the 

uniaxial stretching, and the multi-well centre. Independent mechanical shear was achieved by adding two 

additional linear actuators perpendicular to the uniaxial actuators. To simplify the system, all mechanical 

loading was applied to one end of the sample, so that combination strain loading could be applied 

simultaneously. The device has three main platforms; 1) the top platform which has a left and right hand 

side; 2) the middle platform, and 3) the base, as shown in Figure 4.2. 

Two linear actuators (M-229.26S, Physik Instrumente, Karlsruhe, GE) were mounted to each side of the 

top platform to provide the compressive and tensile stimulation to the constructs, similar to that in the 

predecessor. The actuator shaft connects to an arm (the loading platen indicated in Figure 4.2) which 

was also attached to the top platform of the device via two precision bearings or linear slide units (BMU 

12-30, IKO, Japan). These slide units guide the arm during operation and transmit the force generated 

from the actuator to the attached samples. The design of these slide units was modified from the 

predecessor design; it is mounted horizontally to reduce loosening of the screws and increase reliability. 

On the middle platform, two linear actuators (M-228.11S, Physik Instrumente, Karlsruhe, GE) provide 

shearing stimulation on to the constructs. The actuator shaft is connected to the top platform via the 

platform arm. This linear actuator was chosen because of its size and software compatibility with the M-

229.26S linear actuators for simultaneous operation. 

Each side of the top platform was attached to the middle platform via four precision linear slide units, 

which enables the transmission of the force and movement of the actuator on the top platform, and 

supports the weight to the actuator shaft to prevent radial loads. Four small linear actuators (PQ12-100-

6-S, Firgelli Technologies, CA) are also mounted on the middle platform with the pusher-shaft attached 

to the base. During extension, it raises the top and middle platforms so that the samples in the 8-well 

culture plate sitting in the plate carrier can slide into position, Figure 4.2. 

Top and middle platforms, central bar, loading platens, and platform arms were made with standard 

aluminium, and then anodized; which is an electrochemical process where the naturally occurring oxide 

film on the aluminium is extended and deepened to form a tough surface layer. This process protects the 

parts from the corrosive environments of the incubator, and allows the surfaces to be sterilised with 70% 

ethanol. 
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Plan View 

Side View 

Figure 4.2 CAD model drawn in SolidWorks of the device in plan (top) and side (bottom) view. The side view shows the device in
the raised state. 
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Electronics 

Printed circuit boards (PCB) were specially designed and manufactured for this device and connectors 

were used to connect the small vertical actuators to the main power source, Figure 4.3. Wires and joints 

to the connectors were protected with heat-shrink to avoid exposure to the humid operating 

environment, and enabled the electronics and wires to be safely sterilised in ethanol before use. This 

simplified the assembly of the device and increased robustness of the wiring.  

Operating Equipment 
Actuator and Controller: The M-229.26S linear actuator can generate a maximum push-pull force of 

80 N with a maximum velocity of 5 mm/ s, a positioning accuracy of 0.078 µm when used with a C-663 

stepper motor controller, and a travel range up to 25 mm.  

The shearing motion in the device was achieved by the use of two M-228.11S linear actuators, which can 

generate a maximum push-pull force of 50N with the same maximum velocity and positioning accuracy 

as the M-229.26S, and a travel range up to 10 mm. Both M-229.26S and M-228.11S can use the same 

controllers. The maximum operating temperature of these actuators is 67ºC, suitable for operation 

within the incubator at 37ºC. The linear actuators were encased in custom designed 3D printed 

polylactic acid (PLA) housing unit, and sealed with a silicone sealant spray. 

Each actuator is operated with its own controller (C-663 MercuryTM, Physik Instrumente, Karlsruhe, GE). 

The actuators are connected through a 15-pin sub-D connector to the controllers, which supply the 

power to the actuators. The controllers are connected to the computer via USB cables. Since the 

actuators use the same controller type, computer connection can be reduced to fewer than two USB 

cables. Simultaneous control (or independent control) of the actuators can be achieved through a daisy 

chain network, where RS-232 connecting cables connect multiple controllers. For our experiments, daisy 

chain networks were formed between the two respective controllers connected to M-299.26S actuator 

and M-228.11S actuator to create a simultaneous compression-shear-tension motion. 

Figure 4.3 Ariel view of main PCB; vertical actuators and power socket connects to the toggle switch (left); side view of PCB
connected to vertical actuators (right) 
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To connect the controllers outside of the incubator to the device inside the incubator, connecting cables 

were required. Four connecting cables were required to connect each actuator to its respective 

controller. The back-plug of the incubator was modified to allow the connecting cables to run into the 

incubator and resealed with silicone rubber to maintain the sterile and humid conditions of the 

incubator. When the modified back-plug was inserted back into the incubator, the incubator and plug 

was cleaned, and decontaminated to prevent, and reduce contamination.  

Software 
PIMikroMoveTM software was used to control the actuators. The software controls the displacement, 

waveform, velocity, and acceleration of the actuators. Input conditions and commands are coded in 

macro command scripts written in text file and executed via the software. 

4.1.3 Device Validation 

Post-assembly, the device was calibrated with the software to find the home position of each actuator. 

Accuracy of the loading platen movements in the parallel, tension and compression, and perpendicular 

shear direction were measured. A laser displacement meter (LC-2440 Keyence, Tokyo, Japan) was used 

to validate the displacement of each direction (Figure 4.4 left), and was operated by LabVIEW software 

(LabView version 2013, National Instruments, USA). The linear actuators cycled at 1 Hz for one minute 

(Figure 4.4 right). Target displacement chosen is equivalent to 2%, 4%, 6%, 10%, 12%, and 15% applied 

uniaxial strain on the hydrogel constructs. Each displacement profile was repeated three times and 

averaged to calculate the percentage error. The movement in the parallel direction had the laser set 

parallel to platen arm (Figure 4.5 top insert), and aimed in the positions labelled in Figure 4.5 top. The 

movement in the perpendicular direction had the laser set perpendicular to the device (Figure 4.5 

bottom insert), with the position of the laser aimed at the end of the device's arm labelled in (Figure 4.5 

bottom). 

 

 

 

 

Laser 

Laser 
displacement 

meter

Figure 4.4 Laser and laser displacement equipment (left); An example of the output waveform and displacement reading
with a target displacement of 2.25 mm 
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Figure 4.5 Schematics of where the positions were measured in the parallel direction (top) and in the perpendicular
direction (bottom). Inserts shows where the laser was set up for each position measurement. 
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Table 4.1 Error percentage for each target movement at each position 

Target 
movement 

Percentage Error per target movement (%) 

Parallel Direction (Compression/Tension) Perpendicular 
(Shear) Position 1 Position 2 Position 3 Position 4 

0.3 mm 0.6 ± 0.1 % 0.3 ± 0.4 % 0.7 ± 0.2 % 0.8 ± 0.4 % 1.2± 0.4 % 

0.6 mm 1.0 ± 0.1 % 1.0± 0.2 % 0.6 ± 0.2 % 0.1 ± 0.1 % 0.4 ± 0.2 % 

0.9 mm 0.3 ± 0.03 % 0.3 ± 0.1 % 0.3 ± 0.1 % 1.0 ± 0.2 % 1.1 ± 0.1 % 

1.2 mm 0.1 ± 0.1 % 0.7 ± 0.3 % 0.6± 0.4 % 0.9 ± 0.3 % 0.4 ± 0.4 % 

1.5 mm 0.6 ± 0.1 % 0.8 ± 0.01 % 0.8 ± 0.3 % 0.4 ± 0.3 % 0.5 ± 0.3 % 

1.8 mm 1.0 ± 0.1 % 0.7 ± 0.2 % 0.8 ± 0.4 % 0.2 ± 0.2 % 0.2 ± 0.1 % 

2.25 mm 1.0 ± 0.1 % 1.0 ± 0.4 % 0.7 ± 0.1 % 1.2 ± 0.2 % 0.1 ± 0.2 % 

Results are shown in Table 4.1. The maximum error percentage across target displacement ranges is 

approximately 1.2 ± 0.4%. 

4.2 3D Hydrogel Construct 

There have been a variety of constructs and clamping systems used in mechanical loaded devices. For 

compression loading, often the design involves loading platens [8–10]; vertical loading platens often 

introduce static preload onto the constructs, which would cause the hydrogels to compact over time, 

decreasing the amount of compression throughout the application period; while horizontal loading 

platens often use sintered glass endplates infiltrated with hydrogel [11]. The bond between the two 

material has been considered to be strong enough to support the application of static compressive strain, 

but has been shown to not support the application of dynamic loads for a long loading period [12]. For 

mechanical shearing, often the construct is physically supported by a surface in tribology (sliding 

indentation) devices [13–18]. The application of tensile strain on chondrocytes, however, have largely 

been on 2D membranes gripped at the ends [3,19,20], with a few studies using 3D culture constructs in 

confined loading [21] and unconfined loading [22]. Compression loading is often easily implemented 

compared to tensile loading, such as compressing hydrogels within a support material, as shown in 

Chapter 3. However, applying tension to hydrogel is more difficult. Previous studies have applied tensile 

strain on hydrogels in a silicone bath system (confined loading) using nodules that protrude vertically 

from the stretching dish (Figure 4.6) to anchor the hydrogels [21,23]. However, they discussed 

limitations with the hydrogel delamination from the nodules, hence unsuccessful application of tensile 

strain to the whole construct.  
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The previous study, Chapter 3 revealed the inhomogeneities of dynamically loaded confined hydrogels; 

suggesting unconfined hydrogel cultures, those without a support system, would be more ideal. It would 

provide a more uniform environment for constructs so nutrient and waste diffusion can occur around the 

whole hydrogel culture/ construct. Other systems reported in literature have applied tensile loading on 

unconfined 3D hydrogel cell cultures using a pin system, where the construct is placed around the pins 

(unconfined loading). However, it was mentioned in these studies that areas around the pins were 

experiencing little or no strain, resulting in unsuccessful application of tensile strain to the whole 

construct, or a lack of accuracy between applied strain and the strain cells experience in the samples 

[22]. Therefore, systems of embedded platens that have been successfully used for compression and 

shear loading were pursued in our construct design, and optimised for tensile strain application. 

4.2.2 Design Considerations 

Agarose was chosen as the hydrogel for this study due to its greater stiffness in comparison to collagen, 

and optical properties being ideal to examine cellular deformations under mechanical loads. Although 

any culture system is inherently nonphysiological, the chondrocyte-agarose system may be justified 

because it allows cell deformation to be studied in a phenotypically stable and reproducible manner [24–

26]. 

The 3D hydrogel constructs must fit within the multi-well station, inherited from its predecessor, 

maintaining clamping system compatibility for monolayer cell-cultures, such as clamps for sheet-like 

scaffold materials and silicone baths. Also, required is the ability to accommodate dynamic stimuli and 

homogeneous strain distribution. 

4.2.3 Construct Implementation 

The final construct design and assembly is shown in Figure 4.7. Epoxy designed for medical use with 

excellent adhesion to metals and most plastics (Polytec EP 601-T, Polymere Technologien, Waldbronn, 

Germany) was used to bond evenly spaced stainless steel mesh (34 mesh 0.065”, grade 316, TWP, CA, 

USA) inserts into rigid end plates. The epoxy was designed for medical use, and have excellent adhesion 

to metals and most plastics. The grade 316 stainless steel is a molybdenum-bearing grade, which is 

corrosion and pitting resistant. The plates were 3D printed using stereolithography (SLA) process with 

material (WaterShed® XC 11122 (DSM Somos, IL, USA) that passed International Organization for 

  

 
Protruding 
silicone nodulesStretching dish 

Figure 4.6 An example of 3D gel stretching constructs using protruding nodules from the stretching dish 
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Standardisation biocompatibility tests (ISO 10993). Specially designed jigs were used to ensure each 

handmade unit was identical. 

4.2.4 Preparation of Chondrocyte-Agarose Constructs 

Chondrocyte-agarose constructs were prepared as described in Chapter 3. Briefly the immortalised H5 

mouse articular chondrocyte cell line was cultured in DMEM, with 10% FBS, and 0.1% penicillin/ 

streptomycin at 37°C/5% CO2. Viability of the trypsined chondroyctes were determined with trypan blue, 

counted, and re-suspended in fresh medium at a concentration of 8 × 106 cells/ml. The chondrocyte 

suspension was mixed with an equal volume of autoclaved 6% (w/v) agarose prepared in distilled PBS to 

give a final concentration of 4 × 106 cells/ml in 3% molten agarose gel. The seeding density was 

increased to encourage matrix elaboration with a longer culture period; while the concentration of 

agarose was decreased to 3%, a more commonly used concentration [27–30]. This concentration was 

stiff enough for the constructs to maintain its shape without support material and provided enough 

flexibility for tensile strain to be applied. 

The molten chondrocyte-agarose suspension was pipetted into sterilized rectangular shaped acrylic 

moulds containing the mesh-acrylic ends described above. Cell-agarose gels were set at 4°C for 20 

minutes. The suspension was able to infiltrate into the mesh and firmly bond onto the mesh ends upon 

gelling (this was validated by examining between the mesh ends from broken constructs). The resulting 

cell-agarose constructs (13 x 15 x 3 mm) were removed from the moulds, and maintained in seeding 

medium, DMEM, 10% FBS, and 20 µg/ml L-ascorbic acid 2-phosphate (AA2P, Sigma-Aldrich, MO, USA) 

in 8-well culture plates (Greiner Bio-One, Medi’Ray, NZ) coated with poly(2-hydroxyethyl 

methacrylate)(poly-HEMA) (Sigma-Aldrich, MO, USA) as described by Liu et al [31], to prevent cellular 

attachment and maintain a chondrocytic phenotype under non-adherent conditions [32]. Cell-agarose 

Figure 4.7 An assembled cell-hydrogel construct in SolidWorks model (left) and actual cell-hydrogel construct (right) in side-
view. The transparency of one the rigid ends in the model has been enhanced to show the internal structure and where the
stainless steel meshes are inserted and bonded to it. 
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constructs were cultured in 37 ˚C/5% CO2 for up to 1, 3, 7, 14, and 21 days changing medium every 1 

to 2 days. 

Culture Plate Coating 

The volume was optimized for an 8-well culture plate (Nunc 167064, Thermo ScientificTM, NY, USA). 

The protocol used is described below. 

1. PolyHEMA powder was dissolved in 95% ethanol (diluted with filtered distilled water) to 

achieve 10% v/v. 

2. Parafilm was wrapped around the lid and left to dissolve overnight in a gentle rocking water 

bath at 37°C. 

3. Solution was transferred to a centrifuge tube and centrifuged for 30 minutes at 2000 rpm. 

4. Each well was then coated with 600 µl of the supernatant.  

5. The plates were left to dry overnight with the lids left open in the tissue culture hood. 

6. Once dried, plates were UV sterilized with the lids left off for 30 minutes. 
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4.2.5 Construct Design Optimisation 

Hydrogel Size and Mesh  

The size and of the cell-hydrogel construct was governed by the 8-rectangular-well plastic culture plates. 

Constructs were designed in a rectangular shape because it provided a more uniform application of 

tensile strain validate by Kim [7]. The size of the hydrogel was optimized by applying the beam buckling 

equation (4.1). This was to ensure that during compression, the hydrogel does not buckle. 

 

12 1
 

(4.1)

 is the critical stress,  is the compressive buckling coefficient obtained from the compressive-

buckling coefficients for flat rectangular plates [33],  the Young’s modulus obtained from Gu et al [34], 

 the thickness of the hydrogel,  is the Poisson’s ratio [35], and  the length of the edge where load is 

being applied.  

The construct was designed to incorporate a gap between the hydrogel and the bottom of the culture 

plate to ensure media was able to cover the whole sample during culture and dynamic loading (Figure 

4.7). M2.5 threaded screws for attachment to the device (Figure 4.8). 

Figure 4.8 Samples attached to device in the SolidWorks model (left) and actual device (right)
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The mesh size was optimized to ensure the hydrogel would sufficiently infiltrate into and bond to the 

mesh so that the largest magnitude of tensile strain could be applied. Various mesh sizes (wire diameter, 

and porosity, Figure 4.9) were tested in various layering configurations. Three samples were prepared for 

each configuration. Agarose was set between two ends and tensile strain was applied to each 

combination after 14 days incubation in PBS. Mean percentage of elongation before breakage of each 

configuration is recorded in Table 4.2. 

Table 4.2: Mean elongation percentage of each mesh size and layering configuration. 

Mesh Size1 Configuration (layers of mesh) Mean percentage of elongation before 
breakage ± standard deviation 

24 Mesh 0.075” 3 12 ± 4.4%  

30 Mesh 0.012” 2 9 ± 4.2% 

30 Mesh 0.012” 3 5 ± 1.3% 

34 Mesh 0.065” 3 9 ± 0.7% 

40 Mesh 0.0065” 3 7%± 4.2% 

40 Mesh 0.0065” 5 6 ± 1.4% 

40 Mesh 0.01” 3 5 ± 1.0% 

62 Mesh 0.0045” 3 8 ± 1.7% 

62 Mesh 0.0045 6 7 ± 2.4% 

Note 1 First number denotes porosity of mesh in opening percentage. Second number denotes wire diameter in inches. 

Figure 4.9 Sample images obtained from TWP Inc. show the different sizes of the wire diameter and porosity for each of 
the mesh tested. 
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The configuration with three layers of 24 Mesh 0.075” provided the highest elongation before agarose 

gel broke. However, this mesh was difficult to handle during assembly as the wires would easily 

fragment. Therefore, 34 Mesh 0.065” in a three layer configuration was chosen.  

Performance and Durability 

Cell-free agarose constructs were prepared with PBS, and tested in the device for durability. The 

dimensions of the agarose gel in the construct was measured, then attached into the device. Four 

constructs were attached to the device at each time and hydrated with PBS. Performance of the 

constructs was monitored using a web camera under constant sinusoidal loads applied for up to 48 

hours. Four sinusoidal loading modes (15% cyclic compression, 5% cyclic tension, 15% cyclic shear, and 

a combination of the strains) were tested. After the loading period, constructs were removed from the 

device and the agarose gel were measured again. Results showed no difference in relation to pre–load. 

4.2.6 Construct Viability Validation 

Culture Period Optimisation 

The culture period was optimized so that ECM could be expressed. Ten constructs were cultured 

changing culture medium every two days. Two constructs were harvested at each time point; day 1, 3, 7, 

14 and 21. One construct was sectioned and imaged for viability via live-dead imaging, while the other 

was fixed in 4% paraformaldehyde for histology. This was repeated two more times, to obtain three 

samples from each time point. 

On day 14 of culture, white nodules began to form on the surface of the gels, indicated by the arrows in 

Figure 4.10. Tran-Khan et al [36] had shown that white nodule growth at the gel-media interface of 

agarose hydrogels are an indication of cartilaginous tissue formation.  

 

Figure 4.10 Macroscopic appearance of chondrocyte-agarose constructs after 14 days of culture. Examples of significant
nodule growths are indicated by arrows. Scale bar = 2.5 mm 
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Hematoxylin and eosin (H&E) stain revealed these to be clusters of cells. Safranin-O (saf-O) stain 

revealed that on day 7 of culture, GAG formation began, indicated by the black arrows in Figure 4.11. A 

qualitative analysis of cell clusters and GAG distribution between day 14 and 21 culture appeared to be 

similar. Therefore, day 14 was determined to be a suitable culture period. 

Viability Method 

The centre region of each hydrogel construct was harvested by removing the mesh-acrylic ends of the 

construct. A customised sterile cutting frame and flat blade was used to ensure that the same area and 

volume of the cell-gel was harvested each time. The viability of the cells was determined using the 

Live/Dead Viability/Cytotoxicity Assay Kit (Life Technologies, NZ). Two probes, calcein acetoxymethyl 

ester (calcein-AM) and ethidium homodimer-1 (EthD-1) were used to measure recognised parameters of 

cell viability. Live cells are distinguished by intracellular esterase activity which retains the polyanionic 

dye calcein within live cells, producing an intense uniform green fluorescence. EthD-1 enters cells with 

Figure 4.11 Saf-O stained cells at each time point of the culture period in an overall view with a scale bar of 1 mm (left); 
and magnified view with a scale bar of 50 µm (left). GAG stained orange indicated by the arrows. 
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damaged plasma membranes and undergoes enhancement of fluorescence upon binding to nucleic acids, 

producing a bright red fluorescence in dead cells. EthD-1 does not enter into live cells due to their intact 

membranes. 

The hydrogel sample was rinsed with PBS, and then incubated with PBS for 5 minutes at 37°C. The gel 

sample was then incubated with fluoresce stain mixture containing 0.5 µl/ ml calcein-AM/ml, and 1 µl/ 

ml EthD-1 in PBS at 37°C for 20 minutes. The stain was removed and the hydrogel was rinsed in PBS 

before imaging. 

Fluorescent microscopy revealed the fluorescence intensity of the cells in the middle of the construct was 

significantly low, causing difficulty determining the viability of the cells. The PBS and stain incubation 

period was extended but there was no change. Therefore, this method was modified in order to image 

the cells in the middle of the hydrogel construct. Hydrogel samples were made thinner by cutting it into 

two 3.5 mm sections (Figure 4.12). Another cutting frame was made with an extra slit in the middle to 

ensure the same area and volume of the hydrogel was cut each time. Each section was then rinsed in 

PBS, and the fluorescent staining was carried out as described above. Each section was then rinsed in 

PBS and imaged on a glass imaging dish. Sections were rotated and so that the inside of the hydrogel was 

imaged, to determine the viability of all the cells in the middle of the hydrogel and on the hydrogel-mesh 

interface (Figure 4.12). 

Gel sections were imaged at 4X, 10X and 20X objectives in 4 consecutive regions along the construct 

Figure 4.12 Schematic of how cells were imaged for viability; constructs were cut into two sections and stained, the 
sections were rotated so that the inner sides of the constructs were imaged; four consecutive parts were imaged along each 
section of gel. 
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determined by the 4X objective field of view. To avoid imaging cells that may have been damaged by the 

blades and cutting the gel, the focus shifted from the surface of the gel, which was determined from the 

first plane in focus, to 30 µm beyond the surface plane. 

The viability percentage was calculated by counting both calcein-AM and EthD-1 stained cells at each 

part of the gel with images at 20X magnification. There were no statistical differences between the 

middle and end sections within constructs at each time point of the culture period, or between the 

culture period time points (Figure 4.13). 

Development of a Numerical Model of Agarose Construct Under Load 

A 3D finite element model of the construct and loading system was developed. The agarose hydrogel was 

modelled as a three layered deformable body, each layer for top, middle and bottom regions of the 

agarose hydrogel (13 x 15 x 1 mm top and bottom 13 x 15 x 1 mm middle layer). The two rigid end 

inserts (19.6 x 9 x 5 mm with 11 x 1.8 x 4 mm protrusions) was also modelled. These models were 

constructed in SolidWorks (2013 Edition, MA, USA). This was then imported into a commercial 

software package (ANSYS Workbench version 13.0, PA, USA), Figure 4.15. 

 

 

 

 

Figure 4.13 The mean viability along each of the middle and end sections of the construct at days 1, 3, 7, 14, and 21 culture 
period (n=3, with SE bars) 
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Each rigid end was modelled using an automatic sweeping method that subdivided into 1075 elements 

with an average size of 2 mm. The agarose hydrogel was modelled using a tetrahedron mesh that 

contained a total of 825 elements with an average size of 0.2 mm. To model the infiltration of agarose 

into the mesh inserts, the contact type between protruding surfaces of the rigid ends and the inner 

hollows of the agarose hydrogel were defined as bonded, Figure 4.14 (left). Bonded contacts connect 

surfaces like ‘glue’, preventing separation and sliding. This contact was also used between the agarose 

layers. The interface of the rigid ends and the ends of the agarose hydrogel were lined with no separation 

contact surfaces, Figure 4.14 (right).  

Figure 4.14 Bonded contact between inserts and ends of agarose construct (left); No separation contact between the surface
of the rigid end and the end of the agarose construct (right). 

Figure 4.15 The numerical model configuration was designed to match experimental conditions. A 3D finite element model
consisted of a deformable rectangular recessed-end construct (agarose hydrogel) and two rigid end inserts. 
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Day 1 and 14 of culture was modelled by changing the material properties of the layers. Mechanical 

properties assigned to the rigid ends were based on published values for stainless steel from TWP Inc (  

= 2×105 MPa,  = 0.3, TWP Inc., CA, USA). The agarose construct was modelled using a linear isotropic 

elastic and nearly incompressible solid matrix. The Young’s modulus for 3% w/v agarose (  = 10 kPa 

[34]) was used for all three layers for a uniform model (day 1 of culture) and the middle layer for the 

inhomogeneous cellular distribution (day 14 of culture). The outer layers of agarose for day 14 of culture 

model was assumed stiffer, and so the Young’s modulus for 4% w/v agarose (  = 12 kPa [34]) was used. 

The Poisson’s ratio used in both models were  = 0.42, almost incompressible material [35]. One end of 

the rigid ends was restricted in all directions, while the other end moved during simulation either in the 

horizontal (X) displacement for 15% compression and 7% tension strain loads, and parallel (Z) 

displacement for 15% shear strain load, Figure 4.16. 

Finite element simulations showed a relatively uniform distribution of principle elastic strain for all layers 

for day 1 culture model under the three different loading modes (results were similar to the middle layer 

of Figure 4.16). However, the layered agarose model showed different strain patterns between the outer 

and middle layers for day 14 culture, Figure 4.16. These results give us reason to believe that the strain 

distribution between each zone of the construct should be investigated in an experiment. 

4.3 Discussion 

The device developed was shown to deliver precise levels of dynamic compression, tension and shear 

strains to an optimised construct design with no apparent failure. Given the importance of delivering well 

defined strains to the relatively small constructs, it was critical to utilise two precision-made commercial 

actuators for uniaxial and shear motions. Linear actuators are one of the most commonly used 

instruments for accurate positioning [37–39] (and in commercial devices such as BioSyntech, QC.). High 

accuracy is achieved by a stepper motor with a fine pitch lead screw, appropriate maximum force and 

motor speed appropriate for the application. Few studies previously reported in literature, have provided 

a system for accurate application of mechanical deformation on constructs [12,40,41], especially 

Figure 4.16 The difference in strain field patterns in the bottom and middle layers of agarose constructs applied with 15%
compression, 7% tension, and 15% shear strains.  

15% Applied 
compressive strain

15% Applied 
shear strain 

7% Applied 
tensile strain 
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combining compression, tension, and shear. The direct contribution of the applied shear load is not 

easily quantifiable in rotating culture bioreactors [42], where cell seeded scaffolds are exposed to 

complex mechanical loading patterns incorporating fluid-induced shear. While in tribology devices, the 

strain distribution through the constructs was not homogeneous, resulting in a strain gradient on the 

seeded cells [18,43]. Similarly, tensile loading devices were not able to apply a homogenous application 

of tensile strain across 3D cultured constructs [22]. 

The present device enables the culture and the application of the different loading regimes to constructs, 

as opposed to bioreactors in which the samples are all contained within the same culture chamber [12]. 

In addition, eight constructs can be simultaneously tested within the wells of a culture plate, providing 

replicates for each experiment. Therefore, unforeseen failure of a single construct would not compromise 

the entire experiment. The device is also compact and easily accessible for the change of culture medium 

during the conditioning process, which will allow long term (weeks rather than days) culture experiments 

to be performed. Accordingly, these features and the high consistency make this device ideally suited to 

enable a systematic investigation of the biosynthetic response of chondrocytes to dynamic macroscopic 

mechanical stimuli. An added advantage is that this device can also be used for tissue engineering 

purposes; the application of various magnitudes of strains over a long culture period can be used to 

enhance tissue development within scaffolds. 

Previous works by others have used chondrocytes seeded in agarose gel to study the influence of 

compressive strain on the metabolism of chondrocytes. This model system provides mechanical stability 

and reproducibility, as well as the ability to apply physiological or injurious levels of strain. Consequently, 

it is appropriate to examine the effect of tensile and shear strain on biosynthetic activity. However, due to 

the inherent viscoelastic properties of agarose, in order to apply dynamic strain to the constructs, it was 

necessary to design an appropriate construct and gripping mechanism. Other studies have employed a 

vertical platen on top of cell-agarose constructs to apply dynamic compressive loading [8]. However, this 

introduced static preload onto the constructs, and with the inherent stress relaxation properties with 

agarose, hydrogel constructs would compact over time and the amount of compression decreased 

throughout the application period. Conversely, our system has a horizontal design which avoided these 

problems. 

Horizontal loading platens have often used sintered glass endplates infiltrated with agarose gel for the 

application of dynamic compression [11,12]. Preliminary designs of our constructs have replicated the 

use of sintered glass; shear and tensile loads were applied to the constructs embedded within sintered 

glass, but found that the large difference in Young’s moduli of the two materials, 28 kPa agarose [29] and 

64 GPa porous sintered glass [44]. This caused the hydrogel to detach from the porous endplates with 

small amounts of applied load, and some even detached during their insertion in the device. As a result, 
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we developed an interface which resolved the issue of maintaining the construct integrity during 

mechanical loading, and reduced hydrogel compaction over the course of loading. The mesh inserts in 

the rigid ends increased the contact area between the hydrogel and ends, and ensured mechanical 

stability with the construct. The mesh size and layering configuration also allowed the hydrogel to be 

stretched up to 9% elongation. The mesh characteristics were further improved by introducing a slight 

fillet to the corners of the mesh to minimise stress concentrations, and hence reduce the risk of 

premature failure during dynamic loading. The design of the constructs included a gap between the 

hydrogel and the culture plate for the culture medium to sufficiently surround the construct to ensure the 

diffusion of nutrients to the hydrogel constructs. 

The shape and manufacture of the rigid ends was refined through a series of design iterations. The initial 

design incorporated a through hole, which meant that it could be made by a CNC milling machine. 

However, this system had to be optimised for ‘once-off’ use because of the difficulty to completely 

remove the gelled cell-hydrogel in between the mesh. Manual manufacturing of the rigid ends was a 

laborious and time intensive process, therefore alternative processes were investigated. The most cost 

and time efficient method was SLA 3D printing; which produced the parts rapidly, each had a tight 

tolerance for error, and allowed for more complex geometries to be incorporated into the design, such as 

the slant and cavity in the rigid end piece. The design of the rigid ends also allowed easy insertion and 

removal of the constructs from the device, avoiding direct contact with the relatively delicate agarose and 

all the surfaces of agarose to be fully submerged in media.  

The analytic model we have set up to simulate dynamic loading conditions simplified the agarose 

construct, but lays the foundation for future experimental works. The results obtained from this model 

were in agreement with the experimental findings from Chapter 3, and suggested that the strain for the 

different zones in the construct should also be analysed separately, which is covered in Chapter 5. Our 

model has a few limitations; the construct layers could be improved by encapsulating a softer hydrogel 

centre around a stiffer hydrogel outer-region with spatially varying material properties to better mimic 

the cellular development seen in our histology results. The material properties used in this model were 

derived from literature, and the layered agarose model assumed the stiffness of the outer region of the 

construct to be higher due to the denser cellular distribution around the periphery of the agarose 

construct. However, these material properties could be further improved by carrying out mechanical 

testing for material property optimisation of the Young’s modulus for the outer and inner regions of the 

chondrocyte-agarose constructs. The simulation also assumed a perfectly homogeneous material in each 

layer, which presented a symmetrical strain distribution. However, agarose is inhomogeneous, especially 

with increased culture period.  
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4.4 Summary 

This chapter presented the design and manufacture of a device able to apply multiple or individually 

loads to a construct containing chondrocyte cells, which reflect physiological joint motions. Additional 

mechanical stimuli have been implemented on a device, expanding upon a previous device, Cell Gym IV. 

This resulted in a device that can deliver a wide range of loadings to allow simulation of joint loadings, 

and could be used for tissue engineering research beyond this project. A 3D hydrogel construct has also 

been successfully designed able to withstand long term compressive, tensile, and shear loading. The high 

consistency, its features, and those of the construct, has advanced the systematic investigation of the 

biosynthetic response of chondrocytes to dynamic macroscopic complex deformation under simulating 

joint loading. 

In the next chapter, the strain distribution within the constructs and cellular deformation applied with 

compression, tension, or shear loads are examined. 
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5 Construct Strain Distribution and 
Cellular Deformation 

Abstract 

Although numerous studies have applied dynamic mechanical stimulation on chondrocytes seeded in 

agarose gel, only a few studies have validated the strain distributed through all the zones of the hydrogel, 

and examined cell-shape changes during application of dynamic strain. In addition, the relationship 

between cellular development within the agarose model and distribution of different strain has not been 

defined. In this study, the newly developed device was used to apply continuous magnitudes of 

compression, tension and shear strain to chondrocytes seeded in agarose. Constructs were prepared 

using the new 3D hydrogel construct mesh ends, and cultured for 1, 7 and 14 days. Middle and bottom 

zone of whole construct strain analysis was carried out using carbon powder for each of the time points; 

inverted microscope with Hoffman contrast mode imaging was also used to determine the cell-shape 

changes of chondrocytes in the corresponding zones of the construct. An image analysis technique was 

also developed to measure cellular-shape changes. Our findings showed that the whole construct strain, 

and cellular shape change became more inhomogeneous with culture time. Whole construct strain 

analysis revealed an increased discrepancy between the strain applied and the strain distributed through 

the construct with longer culture period. This validated experimental system will enable future studies to 

examine the influence of different dynamic loading modes on chondrocyte-agarose models. 
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5.1 Introduction 

During normal activity, articular cartilage in the knee is subjected to complex mechanical loading. During 

everyday activities, cartilage must withstand large and repetitive loads up to 10 MPa [1,2], and shears of 

up to 12% [3]. Dynamic tissue-level strains of up to 15% [1,4,5] have been measured in vivo, with the 

human walking cadence normally at the range of 1 Hz [1]. 

Experimental models have attempted to replicate these loads in vitro using compressive strains between 

1-40% [6–10], tensile strains between 3-20% (in monolayer and 3D culture) [11–16], and shear strains 

between 1-10% [6,17,18]. The influence of compressive loads on cartilage in vitro has been studied 

extensively, whereby static compression causes downregulation of matrix synthesis, while dynamic 

compression results in a frequency-dependent upregulation of matrix [9,19–22]. Application of dynamic 

shear loading has also shown to improve collagen and GAG synthesis in tissue engineering studies 

[17,23].  

Studies that have investigated the effects of either dynamic compression or shear loading on 

chondrocytes have used the agarose model [20,24,25]. An advantage of agarose is that it is optically 

transparent, and immobilizes samples while providing cells with a suitable environment to maintain 

viability and normal development [26].  

However, there have been limited studies that examine the effects of tensile strain on chondrocyte shape 

change in a 3D culture system. It is difficult to achieve a uniform application of tensile strain on 3D 

culture system as mentioned in previous studies [12,27,28]. Systems that use nodules/ pin designs to 

apply tensile strain on 3D cultured hydrogels have resulted in areas of high tensile strains in linear 

regions, and areas of limited or no strain around the pins.  

To understand how mechanical stimuli affect chondrocytes, there needs to be an accurate correlation 

between the magnitudes of applied strain on in vitro models to the strains cells experience within the 

model. Cell-shape changes under applied loads can be used to determine cellular strain by measuring the 

amount of cellular deformation. Therefore, understanding how mechanical stimuli changes cells within in 

vitro models may consequently improve cartilage tissue engineering through the use of appropriate 

mechanical loading to modulate the generation of ECM.  

To image cellular shape changes within 3D culture systems under applied load, imaging techniques, such 

as confocal microscopy has been used. This technique is very useful in revealing important information of 

cells within constructs, however the rendering time to capture a 3D image is suited for static loading 

applications [29]. Due to light scattering and depth of view, other microscopy techniques are limited to 

observing cells at the surface (or 10-30 µm from the surface) of the constructs. The characteristic 

development of ECM with chondrocytes cultured in agarose develops first at the gel-media interface, 
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where nutrients in the medium are abundant [30–33]. This suggests that with culture time, the agarose 

constructs become more inhomogeneous. It is therefore essential to determine how cells deform under 

dynamic loading, not only on the periphery but also the inside of the the constructs.  

Therefore, this chapter addresses the hypothesis that matrix development of chondrocyte-agarose 

constructs becomes more inhomogeneous with culture time, which will affect the strain distribution 

throughout the construct and cellular shape to become more inhomogeneous. The aim is therefore to 

determine the dynamic compressive, shear, and tensile strain distributions within the chondrocyte-

agarose model at day 1, 7, and 14 of culture period time points to better understand the mechanical 

influence on chondrocytes seeded in agarose hydrogel. The objectives were to (1) determine the strain 

distribution pattern between the middle and bottom zones of the construct under applied load using the 

technique described in Chapter 3; (2) determine the inhomogeneity of cellular strains in the two zones of 

the construct using Hoffman modulation microscopy and measuring the aspect ratio (AR), and angle of 

rotation; and (3) determine how matrix development within the constructs affects the cellular strains. 

5.2 Methods 

5.2.1Chondrocyte Cell Culture and Gel Preparation 

Chondrocyte-agarose constructs were prepared as described in Chapter 4.2.3. Briefly, chondrocytes were 

cultured in DMEM, supplemented with 10% FBS, and 0.1% penicillin/ streptomycin, then re-suspended, 

and mixed with an equal volume of autoclaved molten agarose prepared in distilled PBS to give a final 

concentration of 4 × 106 cells/ml in 3% agarose gel.  

The molten cell-agarose suspension was pipetted into sterilized rectangular shaped acrylic moulds 

containing mesh-acrylic ends. Carbon dust was added to the bottom or middle zones of the cell-agarose 

constructs, and then the molten suspension was set at 4°C for 20 minutes (Figure 5.1). These constructs 

were used to determine the strain distribution throughout the middle and bottom zones of the construct, 

similar to Chapter 3. Constructs were then maintained in the culture medium (DMEM, 10% FBS, and 

20 µg/ml AA2P) in poly-HEMA coated 8-well culture plates, at 37˚C/5% CO2 for 1, 7, and 14 days, with 

medium changes every 1 to 2 days. Cell-free constructs were also cast for whole construct strain analysis. 

Constructs were maintained in PBS and incubated at 37˚C/5% CO2 for 1, 7, and 14 days. 
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In a separate set of experiments, the chondrocyte-agarose was casted without carbon dust, and were 

cultured for 1, 7 and 14 days at 37˚C/5% CO2. These constructs were used to determine cellular 

deformation. 

5.2.2 Viability 

Constructs were assessed for viability at days 1, 7, and 14 of culture in Chapter 4.2.5. Briefly, constructs 

were cut out of the mesh ends, and further cut into two even sections to examine 1) middle of the 

construct; and 2) the gel-mesh interface of the construct. Each half were rinsed in PBS and incubated in 

1 µl/ ml of calcein-AM and 0.5 µl/ ml of EthD-1 in PBS for 20 minutes at 37°C. Constructs were then 

rinsed with PBS before imaging. Construct slices were oriented on the side so that the middle, and the 

gel-mesh interface could be imaged at 20 X objective in 4 sections along the construct, as described in 

Chapter 4.2.5. Images were taken at 30 µm from the surface of the construct. Percentage of cell survival 

was calculated by counting both calcein-AM and EthD-1 stained cells. 

5.2.3 Histology 

At days 1, 7, and 14, representative samples were fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4), 

dehydrated, and embedded in paraffin wax, and sectioned into 10 µm slices (Ms. Satya Amirapu). 

Following paraffin removal, sections were stained with either H&E or Saf-O to qualitatively assay the 

negative charges of GAG [34]. 

5.2.4 Whole Construct Strain Analysis 

The engineering strain of the whole construct was analysed using a similar method as described in 

Chapter 3. The middle and bottom zone defined by carbon dust in Figure 5.1 was tracked during 

application of strain.  

The device was set up according to methods in Chapter 3.2.6. Briefly, the device was secured on a 

lighting stage with a Sony NEX-5 camera mounted directly above the construct. Images of the whole 

construct were captured with a pixel size of 85 mm and a field of view of approximately 26 × 39 mm. At 

each culture period time point, constructs were rinsed in PBS, and then bathed in PBS for 20 minutes to 

remove the phenol red from the gel. Constructs were then subjected to either compressive, tensile, or 

shear strain loading at a loading rate of 20 µm/ s. 

Figure 5.1 Schematic of cell-hydrogel constructs and carbon dust distribution in the two zones; A bottom zone, and B middle
zone to determine strain distribution through the whole construct. 
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Compression: From the unstrained position, a global compression, up to 15% strain, was applied in 

the negative X direction (Figure 5.2 A). At 15% applied compressive strain, the load was maintained for 

5 minutes to allow for stress-relaxation for the construct. An image was taken at the end of the static 

loading. Tension: A global tensile strain, up to 10% strain, was also applied in the positive X direction 

(Figure 5.2 B). Shear: A global shear strain, up to 15% strain, was applied in the Y direction (Figure 

5.2 C). Un-loaded constructs were also imaged sequentially at the same 20 µm/ s timeframe. 

5.2.5 Cellular Deformation Analysis 

The device was mounted upon a customised stage on an inverted microscope (Nikon TE2000E Inverted 

Microscope) and imaged using Image Pro Plus (version 7.1, MediaCybernetics) using a 40 X/0.4 NA 

objective lens with Hoffman modulation contrast mode. Images were captured with a pixel size of 

4.16 µm and a field of view of approximately 387 × 387 µm. The bottom zone of the cell-agarose 

construct was imaged at 30 µm from the edge of the gel, which was determined from the first plane in 

focus; while the middle zone of the construct was imaged 1500 µm from the edge of the construct. 

Phenol red was removed from each construct, as described above. Images for each region were taken 

from the centre of each sample to ensure the same area of the construct was imaged each time. 

Each set of sequential images were randomized, and then subjected to image manipulation using NIH 

ImageJ software with the use of BioVoxxel Toolbox and Cell Magic Wand Tool plugins. Images of the 

bottom region of the cell-agarose constructs were put through a pseudo flat field correction with a 

blurring radius of 5 pixels to remove out-of-focus cells, while flattening the background. Images of the 

middle zone of the constructs were passed through a 5 pixel unsharp mask filter to sharpen and enhance 

the image prior to pseudo flat field correction. 

Figure 5.2 Schematic of aerial view of samples with the direction of applied strain; A Compression (negative X direction),
B  Tension (positive X direction), and C Shear (Y direction) 
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The Cell Magic Wand was used to encircle the cell boundaries of individual cells within the field of view 

(Figure 5.3), and the positions was stored in the ROI Manager, so the same set of cells could be 

identified in each image set. Image sequence was randomised, so that measurements were blinded. 

Approximately 10 cells were measured per sample, with 3 samples per region of interest, to yield a total 

of 30 cells. 

The AR was calculated by measuring the x- and y- diameters for each cell (Figure 5.3) under applied 

compression, or tension strain. For applied shear strain analysis, the angle of rotation for cells in 

constructs was measured by applying a best-fit ellipse. The angle between the y-diameter of the cell and 

the axis of un-loaded cells were calculated for each cell. 

5.2.6 Statistical Analysis 

Three constructs were used for viability and histology analysis. Three constructs were also used for each 

loading condition for whole construct strain analysis, and three samples per zone under each loading 

condition were used for cellular strain analysis. Data were expressed as the mean value ± standard error 

mean (SE). Two-way ANOVA with a Sidak post-hoc test was performed using GraphPad Prism version 

6.0 (www.graphpad.com). Statistical significance was determined with a p value < 0.05. In whole 

construct strain analysis, the mean magnitude of strain across the constructs’ surface was plotted against 

the longitudinal distance of the construct for each of the zones. Distances are relative to the fixed end of 

the construct. Representative images are shown at 5%, 10% and 15% of applied compressive, and shear 

strains. The average strain for constructs that were applied with either dynamic compression or tension 

was also quantified by averaging the strain along the length of the construct. The average strain at the 

centre of the construct (7.5 mm from the fixed end) for each zone was also correlated to the aspect ratio. 

Figure 5.3 Cell Magic Wand encircles the boundary of a cell in yellow. The x- and y- length of the cell are indicated by the white
arrows. 
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Up to 10% tensile strain was applied to samples, however due to the inherently weak nature of agarose, 

most samples broke between 8 to 10%. Therefore, viable results are reported at 7% applied tensile 

strain. Representative images are therefore shown at 5% and 7% applied tensile strains. 

5.3 Results 

There was no statistically significant difference in cell survival percentage throughout the construct, and 

over the culture period. Viability results for 1, 7, and 14 days of culture were similar to results in Chapter 

4.2.5. 

In control constructs, the mean AR of cells in the bottom zone were 1.02 ± 0.01, 1.02 ± 0.06, and 

1.03 ± 0.01 for 1, 7, and 14 culture days respectively, with no statistical difference between cells for each 

culture period. There were also no statistical differences between the AR of cells in the middle zone, 

which measured as 1.01 ± 0.01, 0.978 ± 0.01, and 0.995 ± 0.01 for day 1, 7, and 14 cultures. There was 

no statistical difference between the AR of cells in control and unloaded constructs (before strain was 

applied) at each zone for each culture period. 

5.3.1 Histology 

H&E stains showed an increase of cell cluster formation from day 1 to day 14 of culture. Cell clusters 

formed around the edges of the construct on day 7 of culture, with larger clusters on day 14 of culture 

(Figure 5.4 top). Saf-O stained positive for GAG formation on a few areas around the construct edge on 

day 7 of culture. On day 14 of culture, there was more intensity and positive indication of GAG 

formation (Figure 5.4 bottom).  

 

Figure 5.4 Histological images of chondrocyte-agarose constructs cultured for days 1, 7, and 14. H&E stained showed cell 
clusters, indicated by arrows (top); Saf-O stained showed GAG formation, indicated by arrows (bottom). Representative
images were taken from the edge of the constructs. Scale bar 50 µm. 
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5.3.2 Whole Construct Strain Distribution Patterns 

A Applied Compression Strain Distribution  

 

 

Direction of applied compression 
(negative X direction)
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B Applied Tension Strain Distribution 

 

Direction of applied tension  
(positive X direction)
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C Applied Shear Strain Distribution 

 

Figure 5.5 Mean strain distribution images of chondrocyte-seeded agarose constructs at the middle and bottom zones at days 
1, 7, and 14 of culture at A 5%, 10%, and 15% applied compressive strain (n=3), B 5% and 7% applied tensile strain (n=3), 
and C 5%, 10%, and 15% applied shear strain (n=3). Grey dotted line indicates original length of constructs; white-lined 
areas indicate the mesh inserts of either side of the construct. 
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The whole construct strain analysis technique revealed complex and unique patterns of strain that 

corresponded to the inhomogeneous nature of cell-seeded agarose constructs (Figure 5.5 A-C). The 

applied and transferred strain were similar on day 1 of culture for both middle and bottom zones of the 

construct. The transferred strain for all loading modes in both zones was reduced with a longer culture 

period. Quantified values of the average strain are tableted in Appendix C. 

However, the internal strain distribution of cell-free constructs does not change with culture period time 

points (Figure 5.6). 

 

 

 

 

 

 

 

Figure 5.6 An example that strain distribution does not change in cell-free constructs between the culture periods at 15%
applied compression. 
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5.3.3 Cell Shape Changes with Applied Strain 

Applied Compression 

 

A 
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Figure 5.7 Processed images of cells in the two zones under unloaded, 5%, 10%, and 15% applied compressive strain 
(top). Scale bar is 10 µm. Arrows indicate direction of applied strain. The mean aspect ratio of cells in the zones under the 
full range of applied compressive strain (bottom), at A day 1 culture, B day 7 culture, and C day 14 culture. (n=30, SE 
error bars). Two-way ANOVA with Sidak post-hoc test indicates significance with * = p < 0.05, ** = p < 0.01, and 
*** = p < 0.001. 

C 
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The AR of cells in the middle and bottom zone of the construct decreased significantly from unloaded to 

15% applied compression when measured at each of the culture period time points (all with a 

p < 0.0001). 

On day 1 of culture, there was no statistically significant difference between the AR of cells in the middle 

and bottom zones with applied compressive strain (Figure 5.7 A). However, with a longer culture period, 

there was a statistically significant difference between the AR of cells between zones with applied 

compression (up to p < 0.0001) (Figure 5.7 B and C). Cells in the middle zone of the construct measured 

a lower AR than cells in the bottom zone on day 7 and 14 of culture; an indication that cells in the 

middle zone deform greater than cells on the bottom zone with applied dynamic compression. 

At 15% applied compression, the AR of cells in the bottom region was 0.64 ± 0.02, 0.70 ± 0.01, and 

0.78 ± 0.02 at 1, 7, and 14 days of culture respectively, an indication that cellular deformation with 

applied dynamic compressive strain decreases from day 1 to day 14 of culture. This behaviour was 

mirrored by the cells in the middle region. The AR of cells in the middle region was 0.60 ± 0.02, 

0.64 ± 0.01, and 0.67 ± 0.01 at 1, 7, and 14 days of culture respectively. Though, the cells in the middle 

zone deform greater than cells in the bottom zone of the construct, the cells in the middle region also 

deformed less with culture time. 

The aspect ratio of cells at each culture time point within each zone was also compared, see Appendix C  
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Applied Tension 

  

A 
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Figure 5.8 Processed images of cells in the two zones under unloaded, 5%, 10%, and 15% applied tensile strain (top). Scale 
bar is 10 µm. Arrows indicate direction of applied strain. The aspect ratio of cells in the zones under the full range of 
applied compressive strain (bottom), at A day 1 culture, B day 7 culture, and C day 14 culture. (n=30, SE error bars). Two-
way ANOVA with Sidak post-hoc test indicates significance with * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.  

C 
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The AR of cells in the middle and bottom zone of the construct increased significantly from unloaded to 

7% applied tensile strain  measured at each of the culture period time points (all with a p < 0.0001). 

On day 1 of culture, at the higher applied strain, there was a significant difference in AR between cells in 

the bottom and middle zones (Figure 5.8 A). On day 7 of culture however, significant differences in AR 

between cells in the two zones were noticeable at 1.4% applied tensile strain (Figure 5.8 B). While on day 

14 of culture, the difference in AR of cells between the two zones were statistically different at 2.1% 

applied tensile strain (Figure 5.8 C). However, similar to cells with applied compression, AR of cells in 

the middle zones for day 7 and 14 culture periods were greater than the AR of cells in the bottom zone 

under tensile strain, indicating greater cell deformation in the middle of the construct. 

At 7% applied tensile strain, the AR of cells in the bottom region was 1.34 ± 0.06, 1.16 ± 0.04, and 

1.12 ± 0.02 at 1, 7, and 14 days of culture respectively, while the AR of cells in the middle region was 

1.51 ± 0.04, 1.34 ± 0.03, and 1.29 ± 0.04 at 1, 7, and 14 days of culture respectively (Figure 5.8). 

Similarly to applied dynamic compression, cells deformed less from day 1 to day 14 of culture with 

application of dynamic tensile strain. 

The aspect ratio of cells at each culture time point within each zone was also compared, see Appendix C.  
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Applied Shear 
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C 

Figure 5.9 Processed images of cells in the two zones under unloaded, 5%, 10%, and 15% applied  shear strain (top). Scale 
bar is 10 µm. Arrows indicate direction of applied strain. The aspect ratio of cells in the zones under the full range of 
applied compressive strain (bottom), at A day 1 culture, B day 7 culture, and C day 14 culture. (n=3, SE error bars). Two-
way ANOVA with Sidak post-hoc test indicates significance with * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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Similar to applied dynamic compression, on day 1 of culture, there was a significant difference in angle of 

rotation between cells in the middle and bottom zone of the constructs with higher applied shear strain 

(p < 0.0001) (Figure 5.9 A), while on day 7, there was a significant difference in rotation angle between 

cells in the bottom and middle zone at mid-range applied shear strain (3.5% to 9.1%) and at the higher 

applied strain (11.9% to 15%) (Figure 5.9 B). On day 14, the difference between rotation angles of cells 

between zones, were statistically significant at 9.8% applied dynamic shear strain, and higher (Figure 

5.9 C). 

The angle of rotation of cells decreased in both zones with a longer period of culture (Figure 5.9). The 

rotational angle of cells at each culture time point within each zone was also compared, see Appendix C.  

5.3.4 Correlation between Construct Strain and Cellular Deformation 

Constructs under dynamic applied compression had a strong correlation between strain within the 

construct and aspect ratio of the cells in each zone at each culture period (Figure 5.10 A). 

However, constructs under dynamic applied tension had a strong correlation between strain within the 

construct and aspect ratio of the cells in both zones on day 1 culture, and in the middle zone on day 7 

and 14 of culture (Figure 5.10 B). The bottom zone on day 7 and 14 culture did not have a strong 

correlation. 
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A 

B 

Figure 5.10 A Correlation between mean construct strain and aspect ratio of cells under compression, and B under
tension, at each zone on each culture period days. Legend shows correlation for each zone and time point and
significance. 
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5.4 Discussion 

The purpose of this chapter was to identify the compressive, tensile, and shear strain within chondrocyte-

agarose 3D constructs that were cultured for 1, 7, and 14 days both in terms of the whole construct 

strain and cellular-shape change. Our results indicate that cellular matrix development of chondrocytes 

cultured within agarose constructs increases inhomogeneity within the constructs with increased culture 

time. This subsequently affected the strain distribution patterns throughout the construct and the strains 

on the cellular level between the middle and bottom zones of the constructs, with applied compressive, 

tensile, and shear strain.  

The histology stains showed that on day 1 of culture, the cells were distributed relatively uniformly 

throughout the construct. On day 7 of culture, cell density increased at the periphery of the construct, 

with formations of cell clusters. Both cell density and cell cluster size increased on day 14 of culture, as 

well as GAG formation. The middle of the construct had less cellular clusters and little or no GAG 

staining. The intensity of GAG stain on day 7 and 14 culture is limited, but the particular cell line used in 

this study has previously been found to have no or limited matrix development even at two weeks of 

culture, and can take up to 2 months for a more extensive matrix elaboration [35]. The initiation and 

development of the cell clumps and initiation of matrix formation at the construct-media interface is in 

accordance with chondrocyte-agarose models used in other studies [30,36]. The inherent challenge of 

using agarose models is the nutrient diffusion gradient; the inhomogeneous cell development is the result 

of the peripheral cells hindering the transport of critical nutrients to the interior of the construct [37,38].  

It has been shown that an increase in cell density and length of culture time increases the stiffness of a 

cell-hydrogel [30,39–42]. Kelly et al [30] had shown that the Young’s modulus of free swelling 

chondrocyte-agarose constructs were relatively homogeneous on day 0 of culture, but with an increase in 

culture time, the modulus was higher at the periphery of the constructs. Our results are in agreement 

with these findings as shown by the difference in strain distribution between the middle and bottom 

zones of the whole constructs strain analysis. The cells in the bottom zone has increased in cell density at 

day 7 of culture, and further increased at day 14 of culture; therefore the stiffness of the bottom zone has 

correspondingly increased, resulting in less strain transferred to the bottom zone with applied strain. 

Accordingly, the cells in the middle of the construct is less clustered and dense on day 7 and 14 of 

culture, and so the middle zone is less stiff than the bottom zone, and hence the strain distribution in the 

middle zone is higher than the bottom zone on day 7 and 14 of culture. On day 1 of culture, cells are 

relatively homogeneously distributed through the construct, therefore the strain distributed between the 

two zones are similar, comparable to cell-free constructs. Therefore, with a longer culture period, the 

cellular development may cause a greater difference between the middle and bottom zone of the 

constructs.  
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The trend observed in the strain distribution within whole constructs was reflected at the cellular scale by 

the AR and angle of rotation. On day 1 of culture, there was no statistical difference in AR and angle of 

rotation between the cells in the middle and bottom zone of the construct under the mechanical loading 

modes, except at the higher applied strains for tension and shear loading. The differences in AR between 

zones increased with applied compressive and tensile strain with a longer culture period, mirroring the 

trend shown in whole construct strain distribution. Angle of rotation shows a similar trend, except that 

the cells show a bigger difference between zones on day 7 of culture with a wider range of applied shear 

strain, while on day 14 of culture, the differences is statistically different at the mid to high range of 

applied shear strain. However, the amount of deformation and rotation angle of cells decreased from day 

1 to day 14 of culture, corresponding to the decreased internal strain distributed in the constructs with 

an increased culture period. 

As with all studies, there were limitations that needed to be considered. We assumed that in unconfined 

loading, the top and bottom zones of the constructs have similar boundary conditions, since both 

surfaces were in direct contact with culture media, and not in contact with other surfaces or support 

material. Only the middle and bottom zones of the constructs were examined due to the working 

distance limitation of the inverted microscope used. However, our assumption is in agreement with our 

histology results. Although we did not carry out a quantitative analysis of cell density in our constructs 

because the cells within the cell clusters could not be clearly defined, the qualitative assessment of the 

stained cells at both the top and bottom of the construct were relatively similar.  

Another limitation is that a full matrix elaboration was not achieved in our constructs. However, the 

results are indicative that with cellular development, inhomogeneities on the macro level (construct 

strain) and micro level (cellular strain) increases. Therefore, we believe that even with a longer culture 

period with further matrix elaboration, the inhomogeneity of internal construct strain distribution and 

cellular deformation will increase.  
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Often, static loading is used to investigate the cellular deformation of chondrocytes [6,30,43,44,40]. 

Static compressive loading has shown to have homogeneous cell deformation throughout the constructs 

(by using confocal microscopy). Our results also show that under static compression, the AR of cells 

between the middle and bottom zone have no statistical differences at the different culture period (Figure 

5.11). The AR of cells at day 1 of culture is also similar to that reported in literature with 15% applied 

static compression [45]. However, our results show that for dynamic loading, the AR and rotation angle 

of cells are spatially variable within constructs with a longer culture period. Understanding this 

inhomogeneity within constructs is important for future analysis of chondrocytes and tissue engineering 

purposes. 

An advantage of the present method used to measure AR for cells under dynamic loading is that cells in 

the middle of the constructs are imaged non-invasively. Other cell imaging methods have sectioned 

samples to image the cells within [30,45], changing the natural boundary conditions of the cells, 

consequently altering the deformation behaviour of the cells. This chapter has also shown that the new 

construct design can successfully apply compressive, tensile and shear strains on the cells within. 

5.5 Conclusion 

In summary, it was shown that the strain distribution, and cellular deformation and rotation angle, within 

chondrocyte-agarose constructs become more inhomogeneous with culture time as a result of cellular 

development. The results reveal significant spatial variations in the relationship between mechanical load 

applied at the whole construct level and the eventual mechanical strain of cells. Such insight will be 

critical in improving interpretation of mechanical effects on chondrocytes, and for tissue engineering 

purposes, improve the mechanical stimulation regimes for cartilage tissue engineering. 

Figure 5.11 The mean aspect ratio of cells in the middle and bottom zone with 15% applied compression on days 1, 7 and
14 of culture. n=3, SE bars. 
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6 The Effect of Uniaxial and Combination 
Strain Loading on Chondrocytes 

Abstract 

A mechanobiology model of chondrocytes subjected to mechanical loading was developed using a multi-

axial device that applied mechanical stimuli on chondrocytes seeded in agarose to evaluate anabolic and 

catabolic gene expression changes between loading modes and regime. Chondrocyte-agarose constructs 

were cultured over 14 days and then subjected to either of the four dynamic loading modes: 10% 

compression, 5% tension, 10% shear, or a combination of the three; in either physiological (intermittent) 

or injurious (continuous) loading regimes over 24 hours. Viability was assessed after stimulation and 

RNA was extracted from the constructs. Quantitative real-time PCR was used to evaluate gene 

expression for 8 cartilage matrix related genes from two categories: cartilage matrix, and degradative 

enzymes and inhibitors. Chondrocytes subjected to combined strain loading produced the highest de-

differentiation ratio under the two loading regimes. Cells intermittently loaded with combined strains did 

not show significant changes in metabolic activity, suggestive that this type of loading promotes 

homeostasis; cells continuously loaded with combined strains showed significant increases some of the 

degradative enzymes and inhibitors, suggestive of injurious response. This study has made advancements 

towards understanding how the metabolic behaviour of chondrocytes-seeded in agarose changes with 

combined strain loading. 
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6.1 Introduction 

Mechanical stimulation is essential for cartilage health, and plays an important role in the manifestation 

of post-traumatic osteoarthritis (PTOA). Studies have shown that chondrocytes respond to externally 

applied loads and that different loading regimes lead to different biological responses. Table 6.1 

summarises examples of recent studies and their various dynamic mechanical loading regimes.  

The key findings (from the table below and from older studies) show that stimulation of chondrocytes 

with dynamic compression of a magnitude between 1-40% at frequencies between 0.01-3 Hz, results in 

anabolic stimulation, as evidenced through increased GAG synthesis. The greatest fold increase in GAG 

production was seen with 10% applied compression at 1 Hz cyclic loading [1–6].While applying a 

magnitude of 4-6% cyclic shear strain between 0.1-1 Hz to chondrocytes, higher levels of PGs and 

collagen was found compared to samples with only 10% applied compression [7,8].  

Studies applying dynamic biaxial loading (compression and shear strains) using tribology motion showed 

a significant increase in cartilage matrix synthesis compared with samples exposed to no loading, or a 

single mode loading, over the same culture period [9–12].  

Studies of dynamic tensile loading of chondrocytes cultured in monolayer have found that loading with 

less than 5% strain, at a frequency less than 1 Hz for 2 hours resulted in weak or no biological responses. 

In contrast, loading between 3–10% strains at 0.5 Hz between 2–12 hours led to anabolic responses 

[13], while strains above 10% strain loaded with a frequency of 0.5 Hz for 12 hours were found to result 

in a predominately catabolic activity [14,15]. In 3D culture, 16% tensile strain of less than 1 Hz for 24 

hours, showed an upregulation of Col2a1 [16], while 20% tensile loading at 1 Hz frequency for 48 hours 

inhibited PG synthesis compared to unloaded samples [17]. 

Though there have been many investigations into the effects that mechanical stimuli have on 

chondrocytes, it is not well established how a single mode of cyclic loading contributes to chondrocyte 

metabolism when compared to a combination of cyclic loading modes. 
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Table 6.1 An example of recent studies and the dynamic loading regimes used. 

Loading mode Loading Regime Ref 

Compression Intermittent: 15% + 1 Hz, 1 Hr on/ 2 Hr off, three times/ day, 4 weeks [4] 

Compression Intermittent: 10% + 1 Hz, 1 Hr on/ 1 Hr/ day, 5 days, for 4 weeks [3] 

Compression 
14 day culture period; Continuous: 10% + 1 Hz with 7% static offset, 3 Hrs/ day, 
24-72 hours [6] 

Compression or 
Shear 

Continuous: static compression 50%, 2 or 24 Hrs, dynamic compression 3% + 1 
Hz with 5% static offset, 1 or 24 Hrs, dynamic shear 1.5, 3, or 4.5%, 20 mins, or 
dynamic shear 3% + 0.1 Hz, 0.5, 2, 6, or 24 Hrs 

[8] 

Shear Intermittent: 2% + 1 Hz, 400 cycles/ 2 days, 1 or 4 weeks. [7] 

Compression and 
Shear Continuous: static compression 15% and dynamic shear 10%+ 1 Hz, 48 Hrs [18] 

Compression and 
Shear 

Intermittent: 10% compression + 1 Hz, or 10% compression and 1% shear + 1 Hz, 
12 Hrs loaded/ 12 Hrs unloaded/ 12 Hrs loaded [9] 

Compression and 
Shear 

Intermittent: Compression 5%, 1 Hz frequency with 10% static offset, or 10% 
static offset + 0.5 Hz shearing, 3 Hr/ day, 5 days/ week for 7, 10, and 14 weeks [1] 

Compression and 
Shear (ball device) 

14 day culture period; Intermittent: Compression 5-15% + 1 Hz with 5% static 
offset and surface shear at ± 25° + 1 Hz, 1 Hr/ twice a day (8 hr rest in between)/ 
every 2 days, for 2 weeks 

[10] 

Compression and 
Shear (rolling disks) 

2.5-4 weeks culture period; Intermittent: Compression/Shear 2.2% + 0.05 Hz with 
6.5% static offset, 10 min/ day, 2.5 weeks [11] 

Compression and 
shear (ball device) 

Intermittent: Compression 10-20% + 1 Hz, or Shear ±25° + 1 Hz, or Combination 
of both, 1 Hr/ day, 5 days for 3 weeks [12] 

Tension (monolayer, 
Flexcell) Continuous: 7.5% + 1 Hz, 30 minutes [13] 

Tension (monolayer) Intermittent: 6% + 0.5 Hz, 30 mins/ day, 3 days [14] 

Tension (monolayer) Continuous: 5 or 10 % + 0.5 Hz, 30 mins [15] 

Tension or 
Compression (3D 
culture) 

Continuous: static tension 16%, static compression 14%, dynamic tension 15% + 
0.83 Hz, or dynamic compression 14% + 0.83 Hz, 24 Hrs [16] 

 

The general consensus in experimental studies has been that mechanical stimulation either with one type 

of load or combined loads at physiological magnitudes leads to activation of anabolic process in 

chondrocytes, resulting in increased matrix production and deposition [19,20]. Moderate joint loading 

has also been suggested to reduce the expression of proteinases, such as MMPs. In contrast, excessive or 

injurious prolonged mechanical loading has catabolic effects (metabolic breakdown), which include 
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reduced ECM protein biosynthesis, and elevated production and activity of MMPs, which subsequently 

leads to matrix destruction [21].  

Despite the active research to understand the mechanobiology of chondrocytes, it is difficult to compare 

the effects that different loading regimes have on chondrocyte metabolism as there is a lack of 

consistency between loading protocols or devices. It is still unclear how each type of loading mode 

(compressive, tensile, and shear strains) affects chondrocyte behaviour when compared to each other. 

Furthermore, to our knowledge, there has been no device or study that is able to apply a combined 

mechanical stimuli encompassing compressive, tensile, and shear strains to 3D hydrogel culture, which 

makes it difficult to compare effects of single mode loadings to combination strain loading. Based on 

findings in the literature, combining more than one loading mode increased the anabolic responses of 

chondrocytes. Therefore, the hypothesis addressed in this chapter is that chondrocytes stimulated with 

dynamic combined strain loading will experience an increase in anabolic response compared to dynamic 

singular mode loading, independent of whether the loading regime is physiological (intermittent) or 

excessive (continuous). In order to test this hypothesis, four dynamic mechanical stimuli (compression, 

tension, shear, and a combination of the three) at physiological levels were applied to chondrocyte-

seeded agarose constructs in two loading regimes that represent physiological (intermittent loading), and 

excessive use/ injury (24 hour continuous loading). Changes in the expression of genes related to the 

production of cartilage matrix, matrix degradative enzymes, and inhibitors of these were assessed in the 

cells exposed to the various loading regimes.  

6.2 Methods 

6.2.1 Chondrocyte Cell Culture and Gel Preparation 

Chondrocyte-agarose constructs were prepared as previously described in Chapter 4.2.3. Briefly, 

chondrocytes were cultured in DMEM supplemented with 10% FBS, and 0.1 % penicillin/ streptomycin. 

Chondrocytes were suspended and mixed with autoclaved molten agarose prepared with distilled PBS, to 

give a final concentration of 4 × 106 cells/ ml in 3% agarose gel. Cell-agarose constructs were maintained 

in seeding medium (DMEM, 10% FBS, and 20 µg/ml AA2P) in 37 ˚C/5% CO2 for 14 days with medium 

changes every 1 to 2 days. 

6.2.2 Mechanical Stimulation 

On day 14 of culture, dynamic mechanical stimuli were applied using the device described in Chapter 4. 

Constructs were stimulated with one of the four dynamic stimulation modes; uniaxial 10% compression, 

uniaxial 5% tensile strain, 10% uniaxial mechanical shear, or simultaneous combination of these three 

modes. Each of these dynamic loading modes were then applied either intermittently; 2 hours of 

stimulation alternating with 2 hours of no-stimulation for 16 hours, followed by an 8 hour unloaded rest 
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period; or continuously for 24 hours. All modes of loading were performed at 1 Hz in 37 ˚C/5% CO2. 

Un-stimulated constructs were used as controls. Each experiment was performed three times to account 

for biological variation. 

6.2.3 Harvesting of Cell-Agarose Constructs 

Post-stimulation analyses were carried out on the middle section of the construct. Cell-agarose constructs 

were placed in a customised sterile cutting frame, and the mesh ends were removed with a sterile flat 

blade. The cutting frame allowed the same volume and area of the construct to be harvested each time. 

One sample was assessed straight away for viability, and two samples were homogenized in 600 µL 

Trizol Reagent (Life Technologies Ltd, NZ) each and frozen at -80˚C prior to RNA isolation. 

6.2.4 Viability of Cell-Agarose Constructs 

Viability of constructs was assessed by the same protocol as described in Chapter 4.2.5. Constructs were 

washed with PBS, stained with the Live/Dead Viability/Cytotoxicity Assay Kit, and imaged on a glass-

bottom imaging dish on an inverted microscope. Construct slices were oriented on the sides of interest 

and imaged at 20 X objectives along the 4 sections of the construct, with the mobile end of the construct 

was imaged as one half of the section.  

6.2.5 RNA Isolation 

The homogenized samples were prepared using the Direct-zol RNA MiniPrep kit (Zymo Research, CA, 

USA). Concentration and purity of the RNA was evaluated using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, DE). The quality of RNA was also measured on a 2200 Tape Station (Agilent 

Technologies, CA, USA) with samples chosen at random. 

The RNA isolation process was optimised to yield high purity and quality RNA. Optimisation of RNA 

isolation methods, and a protocol of the isolation method used are detailed in Appendix D. 

6.2.6 Gene Expression Analysis 

cDNA was synthesized by random priming with SuperScript III reverse transctiptase (Invitrogen, CA, 

USA). Muliplex real-time PCRs were conducted in a Sorenson 384-well optical labelled reaction plate in 

QuantStudio 12K Flex Software sequence detection system. VIC-labelled 18S rRNA, used as endogenous 

control, and FAM-labelled probes specific for the genes of interest were purchased as TaqMan gene 

expression assays. All experiments were conducted at least 2 times with similar results, and standard 

curves were used to calculate the relative levels of expression. All real-time PCR reagents used were from 

Applied Biosystems (Life Technologies Ltd, NZ). 

A panel of 8 genes were chosen; four genes important in cartilage matrix production (anabolic genes): 

Col1a1, Col2a1, ACAN, and COMP; and four genes for degradative enzymes and inhibitors of matrix 
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production (catabolic genes): MMP-3, MMP-13, TIMP-1, and ADAMTS-5. Primer sequences of all genes 

analysed can be viewed in Table 6.2. 

Table 6.2 Anabolic and catabolic related genes; full gene names, abbreviations, and forward and reverse primer sequences 

Gene name Gene 
abbreviation 

Sequence (5’ → 3’) 

Forward (F) and Reverse (R) Primer 

Cartilage matrix 

Collagen Type 1, Alpha 1 Col1a1 
F: CAACCGCTTCACCTACAGC 
R: TTTTGTATTCGATCACTGTCTTGCC 

Collagen Type 2, Alpha 1 Col2a1 
F: GAGAGGTCTTCCTGGCAAAG 
R: AAGTCCCTGGAAGCCAGAT 

Aggrecan ACAN 
F: TGCAGGTGACCATGGCC 
R: CGGTAATGGAACACAACCCCT 

Cartilage oligometric matrix protein COMP 
F: GGCTGGAAGGACAAGACATC 
R: CCTCATAGAACCGCACTCTG 

Degradative enzymes and inhibitors 

Matrix metalloprotease-3 MMP-3 
F: GATGTTGGTTACTTCAGCAC 
R: ATCATTATGTCAGCCTCTCC 

Matrix metalloprotease-13 MMP-13 
F: CCAAAGGCTACAACTTGTTTCTTG 
R: TGGGTCCTTGGAGTGGTCAA 

ADAM metallopeptidase with 
thrombospondin Type 1 motif 5 

ADAMTS-5 
F: CGTTCCACAGTTGTCCAG 
R: CGTAGTGCTCCTCATGGTCATCT 

TIMP metallopeptidase inhibitor-1 TIMP-1 
F: CCTCGTACCAGCGTTATG 
R: CGTTCCACAGTTGTCCAG 

 

6.1.1 Statistical Analysis 

Data were expressed as the mean value ± standard error mean (SE). Two-way Anova with a Dunnett 

post-hoc test was performed (GraphPad Prism, version 6.0, La Jolla, USA). Statistical significance was 

determined with a p value < 0.05. Relative expression changes of each gene with the different mechanical 

stimulation conditions were plotted against intermittent and continuous loading.  

6.3 Results 

6.1.2 Viability 

Mean chondrocyte viability were maintained above 90% for all strain modes stimulated intermittently, 

and above 86% for all strain modes stimulated continuously (Figure 6.1). There were no statistically 

significant differences in chondrocyte viability when exposed to different strain modes, compared to the 

respective unloaded control constructs or between each other.  
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Figure 6.1 The mean viability along each of the middle and end sections of the control and post-stimulated constructs (n=3,
with SE bars) for A Intermittent loading; B Constant loading. 
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6.1.3 Examination of Gene Expression Following Intermittent Loading 

Chondrocytes seeded within the agarose gel constructs had an overall decrease in the expression of 

cartilage matrix genes following intermittent loading (Figure 6.2 A-D). There was a significant decrease 

in Col1a1, Col2a1, and ACAN (p < 0.01) expression with dynamic compressive loading, while cells 

exposed to dynamic shear loading experienced a significant decrease in Col2a1 (p < 0.01) and ACAN 

(p < 0.05) expression. Dynamic tensile strain loading resulted in a significant decrease in expression of 

Col2a1 (p < 0.05). 

There was also a decrease in the expression of degradative enzymes with dynamic compressive loading 

and shear loading, both of which induced a significant decrease in the expression of ADAMTS-5 

(p < 0.05). Dynamic combination strain loading also significantly decreased chondrocyte expression of 

ADAMTS-5 (p < 0.05) (Figure 6.2 E- G). 

6.1.4 Examination of Gene Expression Following Continuous Loading 

Chondrocytes exposed to continuous dynamic compression for 24 hours significantly increased gene 

expression of Col1a1 and COMP (p < 0.05 and p < 0.0001 respectively) compared to unloaded controls.  

The gene expression analysis of chondrocytes for MMP-3, MMP-13, and inhibitor TIMP-1 demonstrated 

increased expression for all continuous loading modes. Overall, chondrocytes subjected to each of the 

loading modes significantly increased the expression of MMP-3 and TIMP-1 expression (p < 0.05-0.0001) 

(Figure 6.2 E-H). Conversely, chondrocytes experienced a significant decrease in the expression of 

ADAMTS-5 for each of the loading modes (Figure 6.2 G). 
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Figure 6.2 Relative expression of cartilage matrix genes: A, B, C, and D; and degradative enzymes and inhibitor genes: E, 
F, G, and H, for each mechanical stimuli condition under intermittent and constant load. Two-way ANOVA with Dunnett 
post-hoc test indicates significance with * = p < 0.05, ** = p < 0.01, and  *** = p < 0.001. (n=3, SE error bars). 
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6.1.5 Changes in Gene Ratio Between Loading Modes and Loading Regimes 

The ratio between the relative expression of Col2a1 and Col1a1 genes is an indication of chondrogenic 

phenotype [22–26], where a higher ratio indicates chondrogenicity. Chondrocytes subjected to dynamic 

combination strain loading produced the highest ratio for each loading regime. Chondrocytes subjected 

to intermittent shear strain loading produced the lowest de-differentiation ratio, whereas cells subjected 

to continuous tensile loading produced the lowest ratio (Table 6.3). 

Table 6.3 The gene ratios for each of the loading modes for each loading period. 

Ratios between ACAN and ADAMTS-5, TIMP-1 and MMP-3, TIMP-1 and MMP-13 were also expressed 

as an indicator of catabolic index. A high ratio between ACAN and ADAMTS-5 is an indication that 

aggrecan is retained in the matrix, while a lower ratio is an indication reduced aggrecan. A high ratio 

between TIMP-1 and MMP’s indicates less catabolic activity, while a low ratio indicates more catabolic 

activity. 

 

 

 

 

 

 

Loading Mode Col2a1:Col1a1 ACAN:ADAMTS-5 TIMP-1:MMP-3 TIMP-1:MMP-13 

Intermittent     

Compression 0.67 0.73 1.75 1.63 

Tension 0.30 1.21 0.73 0.86 

Shear 0.20 0.86 1.03 1.03 

Combination 0.96 6.90 0.83 0.89 

Continuous     

Compression 0.78 2.08 0.83 1.52 

Tension 0.43 4.33 0.59 1.42 

Shear 1.23 3.15 0.93 3.03 

Combination 3.87 3.00 0.97 1.95 
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6.4 Discussion 

The study in this chapter has shown chondrocytes subjected to dynamic combined strain loading do not 

experience an increase in anabolic responses with either a physiological loading regime (intermittent) or 

an injurious, excessive loading regime (continuous), in contrast to the experimental hypothesis. 

Previous studies have shown physiological magnitudes and moderate loading regimes promote anabolic 

activity in the chondrocytes. However, there was difficulty in comparing amongst the studies as loading 

regimes were inconsistent. Here, the differential effects of dynamic compression, tension, shear, and 

combination strain loading on chondrocytes were tested using loading magnitudes (10% compression, 

5% tension, and 10% shear strains) that have been reported to be within the range of physiological levels 

[2,27]. It was also reported that in vivo joint loading exposes chondrocytes to cyclic intermittent 

mechanical stimulation [28]; to simulate this a 2 hour on and off cycle with 8 hours of rest at the end was 

used. To stimulate an injurious and excessive loading environment, a constant dynamic 24 hour loading 

was used. 

To our knowledge, this is the first study to apply a combined dynamic mechanical load to 3D cultured 

chondrocytes in agarose and compared it to the effect singular modes of dynamic loading, so that the 

anabolic and catabolic activity examined under two loading regimes could be directly compared.  

6.4.1 Cartilage Matrix Genes 

Contrary to our hypothesis, anabolic responses were not elevated under intermittent loading. Previous 

studies have shown that intermittent loading appeared to be more beneficial for matrix development than 

continuous loading [4,7,21,29–31]. The alternating periods of no loading or rest permits the restoration 

of cell sensitivity, in contrast to continued dynamic stimulation that is thought to cause mechanosensory 

saturation that would in turn decrease the sensitivity of the cells to additional mechanical stimuli [29,32–

34]. In comparison to findings reported in literature, our results showed that intermittent dynamic 

loading for 24 hours decreased the expression of cartilaginous matrix genes (Col2a1, ACAN, COMP, 

and Col1a1). The intermittent dynamic loading regime in other studies often have a long duration of 

intermittent dynamic loading (over several weeks) for greater accumulation of cartilaginous matrix 

products [3,7,35–38], which may account for some of the differences seen in our findings. However, the 

results from the continuous dynamic loading regime showed an overall increase in metabolic activity, 

suggesting that a longer intermittent dynamic loading period could also increase anabolic activity. In 

addition, our results showed that continuous dynamic loading increased the expression of ACAN and 

COMP which align with previous studies that have shown that ACAN and COMP expression increased 

with an increase in loading duration [39–42]. Chondrocytes exposed to continuous dynamic compressive 

loading also increased in Col1a1 expression which is consistent with findings reported in literature 

[34,43]. 
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Our results have shown that chondrocytes exposed to intermittent combination dynamic loading 

prompted a more balanced production of Col2a1 and Col1a1 compared to the other modes of loading. 

Whereas for continuous dynamic combination strain loading, cells produced an increased expression of 

Col2a1 than Col1a1, a more stable chondrogenic phenotype compared to dynamic single mode loading 

cases. These results correspond to studies that have shown the application of more complex dynamic 

loading (compression and shear strain) on chondrocyte-seeded scaffolds, produces a higher chondrogenic 

ratio [25,26]. In contrast, chondrocytes exposed to continuous dynamic uniaxial tensile loading had the 

lowest chondrogenic ratio; similar to findings reported in literature that prolonged tensile loading of 

chondrocyte seeded alginate constructs increased the expression of Col1a1 to Col2a1 [44,45]. This could 

indicate chondrocytes are responding to loading that is more typical in injuries by becoming more 

fibroblastic, which correlates with previous studies performed on explants, where overload conditions 

increased Col1a1 production [46,47], and with theories of dedifferentiated chondrocytes in OA 

progression [46,48–50,31]. 

6.4.2 Degradative Enzyme and Inhibitors 

Significant changes in metabolic responses were evident with the ADAMTS-5, MMP-3 and TIMP-1 genes. 

Chondrocytes subjected to each of the intermittent loading modes produced significantly decreased 

ADAMTS-5 expression, an enzyme that degrades of aggrecan, and with the ratios between ACAN and 

ADAMTS-5 in Table 6.3, there is an indication that intermittent dynamic combination loading had the 

highest accumulation of aggrecan in the matrix. Cells subjected to continuous loading, however, 

produced increased trends of ACAN expression, while the ADAMTS-5 expression decreased, especially 

with combination loading (p < 0.04) and tensile loading (p < 0.054), with the ACAN to ADAMTS-5 ratio 

highest with continuous cyclic tensile loading. Chondrocytes subjected to continuous loading produced 

significantly increased MMP-3 expression, a likely response of chondrocytes to the damaging nature of 

pro-longed mechanical stimuli, and a low ratio between TIMP-1 to MMP-3 subjected to cyclic singular 

loading modes, suggests increased catabolic activity. These results corresponded to findings reported in 

literature, that excessive loading induces degradative enzyme activity [51,52]. Interestingly, TIMP-1, an 

MMP inhibitor, is also significantly increased in expression with continuous loading; following trends 

observed in clinical and explant studies. In these studies , it was reported that MMP-3 and TIMP-1 levels 

were immediately increased in the synovial fluid of patients following injury, such as a tear in the ACL or 

meniscus [53–55]. These levels would eventually decrease with the onset of OA, and the expression of 

MMP-13, initially at low levels, would increase with late stage OA [55–57].  

6.4.3 Effects of Combined Strain Loading 

Chondrocytes subjected to intermittent sinusoidal combined strain loading demonstrated no significant 

changes in gene expression compared to single mode loading cases, other than for ADAMTS-5. 

Interestingly, intermittent combination loading produced a more chondrogenic phenotype compared to 
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single mode loading cases. Although it is not exactly known why this particular combination of multi-axial 

strains lead to no significant change in the majority of gene expression, one potential explanation could 

be that when combined, the loading modes simulate a more physiological loading regime, promoting 

homeostasis, similar to that of normal in vivo cartilage. 

Continuous combination strain also appeared to maintain a chondrocytic phenotype, with little change in 

any of the cartilaginous genes assessed. Although there was an increase in MMP-3 and TIMP-1, which 

could be indicative of injury, as elevated expressions of both MMP-3 and TIMP-1 were shown to 

correlate to injurious excessive loading [53–55], the ratio between TIMP-1 and MMP showed an increase 

from intermittent combination loading to continuous combination loading, which suggests that the 

catabolic state of constructs subjected to continuous combination loading does not increase. On closer 

examination, the continuous combination loading appears to be influenced by tensile loading. 

Chondrocytes loaded in continuous tension had lower levels of gene expression compared to 

compression and shear. Despite high expression of genes in compression or shear, combination loading 

also produced lower levels of gene expression, following the trend in tensile loading. These findings 

suggest that tensile loading plays an important part in modulating the metabolic responses of 

chondrocytes in vivo, and should be considered further in loading regime designs. 

Although, static cultured constructs have been widely used in mechanical loading studies as controls 

[1,3,4,6,8–12,15,16,38,44,58], our results, especially for intermittent loading, suggests that it may be 

important to consider physiologically loaded constructs as controls. Our results were normalised to 

unstimulated controls in an attempt to compare with published literature, but for a comparative analysis, 

normalising to a more physiological loading regime (such as combination loading, results not shown); we 

found that there was significantly lower expression of Col2a1 and Col1a1 with intermittent compressive 

loading (p < 0.05) and a significant increase in expression of ADAMTS-5 with intermittent tensile loading 

(p < 0.01). For continuous loading, there was a significant increase in the expression of Col1a1 and 

ACAN with compression (p < 0.0001 and p < 0.05 respectively) and shear loading (p < 0.001 and 

p < 0.01), and an increased expression of ADAMTS-5 with tensile loading (p < 0.0001). In vivo, 

chondrocytes maintain homeostasis through regular loading [47,59] while unstimulated chondrocytes 

often result from abnormal conditions, such as injury or immobilisation, which are unnatural 

environments for chondrocytes [19,47]. Therefore, to correctly interpret the metabolic effects of 

chondrocytes subjected mechanical stimulation, the native environment where chondrocytes reside must 

also be considered. 

Many tissue engineering studies have measured GAG content to indicate chondrocyte-mediated 

elaboration of PG-rich matrix. Though GAG content was not measured in this study, the histology results 

from Chapter 4.2.5 showed that at day 14, GAG production has been initiated. It has been demonstrated 
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in non-adherent hydrogel scaffolds, like agarose, that the full effect of loading is not felt until 

chondrocytes develop a PCM [9]. However, delaying loading until the development of a well-established 

matrix often results in unresponsive chondrocytes [1,52,60], thus the timing of loading is extremely 

important to understanding the effects of mechanical stimulus on chondrocytes. Subsequently, the 

purpose of this study was not to increase ECM production for chondrogenesis, but understand how 

mechanical loading modes affect chondrocyte behaviour. Therefore, other genes that are commonly 

chosen for cartilage matrix gene analysis, such as the transcription factor SRY-box 9 (SOX-9), for 

chondrocytes subjected to mechanical loading were not chosen as a gene of interest in this study [61].  

An advantage of this study is that the magnitude of strains used for single mode loading has been 

validated from the strain distribution maps from Chapter 5.3.2. It was shown that at 10% compression, 

5% tension, and 10% shear strain applied strain, the strain distributed through the construct had similar 

magnitudes, showing the amount of applied cyclic strain applied to the constructs in this study is 

accurate. Results from Chapter 5 also showed an internal strain gradient within constructs also affect 

cellular strain. Other studies have also observed a similar effect with ECM development concentrated at 

the periphery of constructs with dynamic compressive loading [39]; this suggests that each zone would 

need to be analysed separately in order to accurately understand the response of chondrocytes to the 

different modes of loading, and the loading time. Separate analysis of the zones could potentially account 

for the conflicting results in gene expression, especially with continuous cyclic compression, where there 

was an increase in significant increase in COL2a1 and COMP (anabolic activity), which could be 

contributed by cells from the middle zone of the constructs, and MMP-3 (catabolic activity), which could 

be contributed by cells from the bottom zone of the constructs, a result from differential strains 

experienced in each zone. 

The loading regimes for this study were chosen to represent and compare the effects of different loading 

modes through physiological type loading and injurious type loading. However, the intermittent loading 

regime included an 8 hour rest period at the end of the regime, before the cells were harvested for 

analysis, while continuous loaded cells were harvested upon loading completion. The time at which cells 

were harvested post-stimulation may have had an effect of the results, as it has been reported that after 

mechanical loading has been removed, changes in chondrocyte gene expression are time-dependent 

[7,9,53,62]. However, the advantage with this device is that loading regimes can easily be modified, so 

that loading regimes in future experiments can be altered to incorporate a recovery period for 

investigating time dependent chondrocyte gene expression patterns. 

This study has also validated the viability of cells within the designed constructs subjected to dynamic 

loading in the device. A requirement of any device is the ability to maintain cell viability and the potential 

for active metabolism of cells seeded within constructs. It is evident that loading regimens may alter 
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transport of metabolites into the constructs. However, the present results confirmed that the mean 

chondrocyte viability was maintained above 90% for all intermittent test conditions, and 86% for all 

continuous loading conditions. These results clearly showed that the culture conditions and the applied 

loading regimes did not affect cell viability or mechanical integrity of the constructs. 

6.5 Conclusion 

In summary, we found the catabolic and anabolic responses from chondrocytes subjected combination 

strain loading were significantly different to single mode loading cases under two loading regimes that 

mimic 1) physiological and 2) injurious loading conditions. Physiological loading conditions with 

combination strain loading did not increase anabolic response, but rather promoted homeostasis 

conditions for chondrocytes, while excessive loading promoted degradative enzyme responses. However, 

there is still a need to investigate the effect of a longer period of loading, and change the strain 

magnitudes, to mimic physiological loading more closely. It is certain that understanding the associations 

between benefits and risk factors of mechanical loading will provide vital information, which, with 

further research, will have important implications for clinical practice. Overall, this study has made 

significant advancements in understanding how the metabolic behaviour of chondrocytes-seeded in 

agarose changes with combined strain loading.  
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7 Conclusions and Future Directions 
The focus of this thesis was to investigate how mechanical loading influences cellular functions of 

cartilage. The long-term goal of this research was to develop an accurate multi-scale process that mimics 

joint loading patterns, and can be used to determine the effects of these loading patterns on 

mechanosensitive chondrocytes. The completion of this body of work resulted in developing a technique 

that was used to identify strain distribution patterns within whole hydrogel constructs, the development 

and validation of a cell stimulating device that is capable of applying a wide range of physiological and 

abnormal mechanical loads to a 3D hydrogel system, and the validation of construct and cellular strain, 

under applied strain. 

In the first study, the strain distribution through confined hydrogels under applied compressive strain 

was identified as being highly inhomogeneous (Chapter 3). Next, a multi-scaffold mechanical stimulating 

device was developed and validated, along with the redesign of the 3D hydrogel system in an unconfined 

arrangement (Chapter 4). Then, the strain distribution and cellular strain through the newly designed 

construct was investigated and found to be more homogeneous than confined loading, but dependent on 

matrix development (Chapter 5). Finally, singular and combined loading modes were dynamically applied 

to cells to investigate the anabolic and catabolic effects of physiological loading compared to the 

traditionally used singular mode loading (Chapter 6). This chapter discusses the main findings of this 

thesis and possible future directions. 
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 Chapter Conclusions 7.1

In Chapter 3, the strain distributions within confined hydrogels were investigated using an existing 

device, Cell Gym IV, and silicone bath set up. A common assumption in applied dynamic mechanical 

strain through hydrogels is that the applied strain is equally distributed throughout the construct, and 

applied magnitude of strain is transferred completely to the cells within the construct. The technique 

used in the study to determine the strain in a whole 3D construct has previously been used for mapping 

strain in 2D soft-membrane deformation. This technique incorporated carbon dust into top, middle and 

bottom zones of the constructs, so the strain in these zones could be determined by the movement of the 

dust particles, which were then traced, and cross-correlated using a MATLAB code. Contradictory to 

assumptions made in literature, this study found that in confined loading conditions (similar to those 

used in other studies), the strain is inhomogeneously distributed internally and across the constructs; and 

the magnitude of applied strain is not completely transferred to the constructs. Two microstructurally 

different hydrogels were used, and both showed similar trends in homogeneities. In addition, the 

confined culture conditions resulted in depth-dependent microstructural variations. These results 

emphasised the need to better understand the inhomogeneity and to better validate hydrogel systems. It 

also confirmed that confined hydrogel systems were not ideal for mechanical stimulation applications, 

which has led to the redesign of the hydrogel system in Chapter 4. 

Chapter 4 discussed the design process and development of a new multi-scaffold cell stimulating device 

and 3D hydrogel construct. The device was developed for the purpose of creating a physiological loading 

motion, which can apply compression, tension, and shear loading modes simultaneously, or individually, 

to mimic the wide range of joint motions. Previous devices described in the literature had the capabilities 

of applying up to two loading modes simultaneous, mostly compression and shear, with few devices 

validated for accuracy. However, in vivo chondrocytes experience a combination of strain types during 

joint loading; therefore, to properly understand the mechanobiology of chondrocytes¸ it was necessary to 

incorporate all types of loading modes to accurately simulate joint loading. The design of the device was 

based on the Cell Gym IV, which was designed to stretch cells seeded on scaffold material or silicone 

baths. The new device included four high-precision linear actuators to drive the stimulating motions; two 

actuators mounted parallel to the samples to provide uniaxial compression and tension motion, and two 

actuators mounted perpendicular to the samples to provide the shearing motion. The precision of the 

device validated to have an error percentage approximately to 1 %. This device used a multi-platform 

design that permitted each actuator to be operated simultaneously or on its own, and contained a multi-

well centre, convenient for sample repeatability.  

The development of the 3D hydrogel construct described in Chapter 4 was motivated by the findings in 

Chapter 3. Hydrogel systems have been widely used for the application of mechanical stimulation for 

chondrocytes, with many of these systems requiring a physical support for the inherently weak hydrogels. 
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In addition, previous reported studies have identified that applied tensile strain on hydrogel constructs 

were not completely transferred throughout the constructs. Therefore, a new unconfined 3D hydrogel 

construct was designed using agarose hydrogel with customised mesh ends, which the agarose infiltrates 

during construct preparation. These mesh ends allowed the hydrogel to withstand compression, tension, 

and shear strains. Culture conditions and processing methods were also specially optimised for the 

construct. To our knowledge, this is the first 3D hydrogel multi-directional cell stimulating device that has 

been validated in accuracy. The features of the device and the 3D hydrogel constructs will advance the 

investigation of mechanical stimulation on chondrocytes. This will enable further insights into how in 

vivo mechanical environments affect chondrocytes, and allow us to better understand the pathology of 

OA disease resulting from knee injuries. 

In Chapter 5, we investigated the strain distribution and homogeneity within the newly designed, 

unconfined agarose constructs using the strain-mapping method developed in Chapter 3. Studies 

reported in literature have not validated the mechanical strain applied to hydrogel constructs, nor to the 

cells seeded within. Therefore, validation of internal strain distribution within the constructs, cellular 

deformation and angle rotation, and cellular strain measurements were carried out for each of the 

applied loading modes. Three culture time points, days 1, 7 and 14, were chosen to compare the effects 

of cellular development on the homogeneity of strain distribution and cellular strain. The results found 

that the strain distribution across the constructs under each of the loading modes, were more 

homogeneous than confined hydrogels. However, the internal strain distribution, cellular deformation, 

angle of rotation, and cellular strain became spatially-dependent with a longer culture period, and 

increased in inhomogeneity. These outcomes were influenced by the dense cellular development at the 

periphery of the constructs, and the sparser distribution of cells in the centre, as a result of the nutrient 

gradient. This is an inherent challenge with using chondrocyte-agarose model. The correlation between 

magnitude of applied strain and the strain distributed through the construct and on the cells were 

determined, so that appropriate mechanical strain magnitudes were optimised for the mechanical 

stimulation study in Chapter 6. The results were also an indication of how crucial validated experiments 

for in vitro models are when used in the study of chondrocyte mechanobiology. Validated in vitro models 

will improve the application of mechanical stimulus on chondrocytes so that in vivo conditions can be 

imitated. This will help us understand why specific mechanical stimuli affect certain metabolic responses 

in chondrocytes, and further aid the understanding of PTOA. 

In Chapter 6, four dynamic loading modes were applied to the constructs over two loading regimes 

which represented physiological and injurious loading. In the literature, there are wide variety of 

mechanical devices that mechanically stimulate chondrocytes. However, due to the inconsistencies in 

loading magnitude, frequency, and loading regime across different studies, it is still unclear how singular 

mode loading (compression, tension, and shear strain) contributes to combined strain. In addition, there 
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has been no device that was able to apply a combination of three loading modes simultaneously. 

Therefore, the design of this study was to create a comparative platform to compare the catabolic and 

anabolic effects between the three singular loading modes, and a combination of the three strains over 

two loading regimes. From the literature, there had been no reports of combined loading modes. Usually 

compression and shear strain applied dynamically to chondrocyte-seeded constructs, would increase 

anabolic activity, particularly cartilage matrix synthesis. However, our study showed that although 

physiological strain levels (10% compression, 5% tension and 10% shear strains) were applied 

simultaneously, anabolic activity in chondrocytes were not significantly increased. Instead, chondrocytes 

subjected to intermittent combination strain, showed no significant changes in metabolic activity 

compared to unstimulated controls, except ADAMTS-5 gene expression. Accordingly, continuously 

applied combined strain on chondrocytes produced no significant changes in anabolic activity, but 

increased MMP-3 and TIMP-1, indicative of a response to injury. This study has shown the importance of 

creating a loading regime that closely mimics joint loading. Incorporating loading modes that resemble 

joint loading in the study of chondrocyte mechanobiolgy will enable us to understand the natural 

homeostasis of chondrocytes, and why altered mechanical changes leads to the onset and progression of 

PTOA. 

Overall, this body of work has made significant advancements in understanding how the metabolic 

behaviour of chondrocytes-seeded in agarose changes with different modes of loading. Further 

developments are needed in order to refine the model to mimic in vivo conditions. 

 Future Directions 7.2

The work presented in this thesis provides a foundation for a number of future studies. Defining 

physiological loading parameters is fundamental to successfully understanding the mechanobiology of 

chondrocytes and cartilage; therefore future directions include steps to further improve the in vitro 

model by improving cell source, scaffold type, loading regimes and conditions. 

Relevant Cell Source 

All of the work completed in this thesis was performed with articular chondrocytes from a murine cell 

line. Our culture process has enabled matrix formation to begin at 7 days of culture even though it was 

reported that the cell line used for this study do not produce cellular matrix up to one month in culture 

[1]. Although the matrix production from these cells during the 14 day culture period was limited, we 

chose to continue with the culture as it has been postulated that delaying loading until the development 

of a well-established matrix often results in unresponsive chondrocytes [2–4]. However, in vivo 

chondrocytes are surrounded by PCM that provides biochemical and mechanical signals [5]. Elaborated 

PCM would therefore imitate in vivo conditions. A recommendation for the next step in this study would 

be to increase the PCM elaboration in the constructs. We can achieve this by changing the cell source. A 
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fuller matrix development, as early as 7 days of culture, can be enabled by using freshly digested 

chondrocyte cells from animal sources [6–9]. Additionally, other studies in literature have reported the 

use of chondrons, isolated from animal cartilage, for in vitro models [10–12] in order to maintain the in 

vivo environment of chondrocytes. 

A subsequent step to changing cell source would be the use of zone specific chondrocytes. Recent 

research in literature has reported the chondrocytes that were isolated from different zones of the 

cartilage showed clear differences in culture expansion [13–15]. Additionally, zone specific cells seeded 

in hydrogel constructs that are subjected to zone specific loading, has been shown to promote zone 

specific ECM, suggesting the importance of the hierarchical structure of in vivo cartilage. 

However, the work in this thesis aims to become more clinically relevant, which means a human cell 

source should be used. Using cells derived from animals for in vitro models maybe limited in terms of 

translating findings to humans. Ideally, zone specific human chondrocytes with intact chondrons should 

be considered. Currently, there are methods to isolate chondrons from human cartilage samples [16], but 

there have been no published studies that have been able to isolate sufficient zone specific cells from 

healthy human cartilage without mixing patient samples. The use of zone specific human cells would be a 

direction to work towards in order for clinically translatable in vitro models. 

Scaffold 

Agarose is a well-defined scaffold, and its properties have made it ideal for this study. However, the 

stiffness is far from native cartilage (Young’s modulus of 3% w/v agarose is approximately 28 kPa [17]; 

native PCM approximately 40 kPa [5]). Agarose stiffness can be increased by increasing the 

concentration [18], and high stiffness agarose has been shown to maintain cell viability for 24 to 72 

hours in culture [19]. However, long term culture may develop greater stiffness and cellular gradient as 

nutrient diffusivity in agarose gels has been shown to decrease with an increase in gel concentration [20]. 

The effect of this nutrient gradient has been shown to reduce with early culture loading [4]. However, 

this would pre-expose chondrocytes to mechanical loading, so the latter effects of mechanical loading 

may be influenced. Potentially changing the scaffold material could provide conditions that are more 

conducive to studying chondrocyte mechanobiology. Scaffold microstructure can affect the behaviour of 

chondrocytes as cells bind to scaffolds differently. For agarose, cells are encapsulated, while for fibrous 

scaffolds, such as collagen, cells attach via focal adhesion [21]. Although collagen hydrogels may provide 

a similar microstructure to in vivo, the drawbacks have been the increased focal adhesion sites, which 

have been suggested to cause difficulties in chondrocyte dedifferentiation [21,22]. Other studies in the 

literature have combined naturally derived encapsulating hydrogels with synthetic polymer scaffolds [23–

26] to mimic in vivo cartilage environment without causing chondrocyte dedifferentiation. These hybrid 
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scaffolds have been shown to provide both tunable strength and chondrogenic environment mimicking in 

vivo conditions. 

However, as the hierarchical structure of cartilage is also important, scaffolds that mimic this zonal 

structure should be explored next. Research groups have worked towards producing scaffolds that have a 

hierarchical microstructure to mimic the zonal organisation of in vivo cartilage [15,27–29]. These studies 

have used 3D printing methods to create interconnecting scaffolds that contain pore-size gradients, 

which have been shown to promote anisotropic cell distribution, and replicates the orientation of 

chondrocytes in the superficial, transitional and radial zone.  

The convenient feature of the device developed in this thesis is the multi-scaffold capabilities so that 

various scaffolds can be pursued in future works. However, results shown in both Chapter 3 and 5 

demonstrate the importance to validate scaffold and cellular strain in order to recognise the magnitude of 

strains applied to the chondrocytes. 

Culture 

Standard culture methodology was used for this study. However, to achieve in vivo like culture system, 

other factors could be explored, such as the variation in culture media composition and supplementation 

that affect the maintenance of chondrocytes. For example, culture media contains FBS that maintain 

cells. FBS is a complex mixture of different factors and contains a large number of components, such as 

growth factors, proteins, vitamins, trace elements and hormones; such components are essential for the 

growth and maintenance of cells. However, in vivo chondrocytes have limited exposure to such rich 

nutrients [30]; hence it may be worth considering serum-free culture media, especially when a suitable 

expansion of cells has been reached within constructs to create a more physiological environment for 

chondrocytes, similar to methods used by Bougault et al [9], where progressive deprivation of serum in 

culture medium was carried out during the culture period of chondrocyte-agarose constructs. 

Other culture conditions such as hypoxia could also be considered. Our experiments were carried out 

under normoxia conditions (21% oxygen content). However, in vivo cartilage obtains nutrients and 

oxygen mainly by diffusion from synovial fluid, as cartilage lack vascularisation. Oxygen within cartilage 

is estimated to range from approximately 7% on the superficial zone to 1% close to subchondral bone 

[31]. This range of hypoxic conditions is known to play a crucial role in cartilage physiology, and 

consequently important consideration for in vitro cultures. Hypoxia in cultures has also been shown to 

change both gene expression and protein levels in chondrocytes [32,33], and are usually prepared by 

expanding, and seeding chondrocytes into hydrogels or scaffolds under normoxia conditions; then 

subject the constructs to hypoxia conditions (1-5% oxygen content) in designated hypoxia workstations 

that integrate closed hoods and incubators [33–35]. The compactness and ease of access of our device 

will enable it to be used in such workstations for hypoxia cultures.  
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In addition to alterations in culture conditions, the addition of treatments, such as addition of cytokines, 

could be explored to determine the response of the cells to both biochemical and biomechanical 

conditions. Joint injury results in an increase in pro-inflammatory cytokines in the synovial fluid, such as 

interleukin-1� (IL-1�), IL-6 and IL-8, [36]. The progression towards PTOA is an involvement of 

interactions between mechanical stimuli, inflammatory cytokines, anti-inflammatory cytokines and 

growth factors that are known to regulate OA, such as TGF-β, FGF-2, FGF-18, and IL-10 [37,38]; hence 

simulating post-trauma condition through the use of cytokines, and growth factor treatments with altered 

joint loading can increase our understanding of the importance of the interplay between mechanical and 

cytokine-mediated pathways associated with cartilage degradation following joint injury. 

One of the advantages of the in vitro model established in this thesis is the customisability to culture 

conditions which can further improve our model.  

Loading 

In Chapter 6, the application of intermittent singular mode loading for 24 hours decreased the 

chondrocyte’s expression of anabolic responses, degradative enzymes and inbitors. In contrast, 24 hours 

of continuous loading in the different modes increased the expression of cartilage matrix genes, 

degradative enzymes and inbitors, although not all significant. These results indicated that intermittent 

loading regimes could be extended over several days to increase the expression of cartilage matrix genes. 

In addition, changes in chondrocyte gene-expression have been reported to be time dependent. Our 

intermittent loading routine consisted of an 8 hour rest period at the end of the cycle, whereas 

continuous loading had no rest period before the chondrocytes were harvested. Changing the order or 

standardising of the rest period between different loading regimes may provide a more accurate analysis 

of chondrocyte gene-expression. In consideration of this, we would propose that the next step in this 

work would also be to change the loading regimes, such as increasing the loading period over several 

days, changing the strain magnitudes and frequency of the loading modes, and changing the order of 

combination strain loading. Whilst in vitro models seek to answer specific biological questions, it has 

been found that more standardised physiological parameters are necessary. Currently, it is challenging to 

directly compare the outcomes of the many in vitro cartilage models published in the literature. The 

comparative platform set up in Chapter 6 was aimed to address this issue. By systematically altering the 

loading regimes for each mode of loading, a more complete understanding of how different mechanical 

cues affect chondrocyte mechanobiology can be accomplished. 

Additionally, physiologically loaded cultures should be considered as controls. Although static constructs 

have been commonly used as the control condition, our results in Chapter 6 have indicated that when 

physiologically loaded constructs are used as controls, the interpretation of the gene expression analysis 

significantly changes. Static unstimulated constructs are similar to abnormal conditions for chondrocytes, 
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and so if these controls that do not mimic physiological chondrocytes are used for comparison, it is 

difficult to accurately determine the effects of chondrocyte mechanobiology. Therefore, in future studies, 

using both static and physiologically relevant loaded chondrocyte-constructs as comparative controls 

would be considered. 

The overarching goal of this research was to develop an accurate multi-scale process that mimics joint 

loading patterns, and can be used to determine the effects of these loading patterns on chondrocytes. 

Therefore, our FE model of the system would need to be significantly improved in order to accurately 

measure intrinsic properties of the constructs, such as fluid flow. Interstitial fluid flow is also an 

important parameter to chondrocytes metabolic behaviour [39]; and although fluid shear was not 

introduced into our system, the application of the mechanical loads would generate fluid flow through 

the hydrogel. Therefore, accurately modelling this system would give us a better understanding of the in 

vitro model. The accuracy of our FE model can be improved by using experimentally obtained material 

properties and changing the isotropic material behaviour to a biphasic material with cellular inclusions.  

The final aim would be to couple our experiment to a mutliscale model, such as the one that has been 

developed by Shim et al [40], which models the influence of whole body loadings onto the tissue level, 

and successively down to the cellular level. This could provide the input magnitudes and frequency for 

the compression, tension, and shear strains to form a combination loading regime that would simulate 

joint loading activities. In Chapter 6, magnitudes of loadings were determined through literature and 

optimised in Chapter 5, however, a physiological model with data obtained through patient gait analysis, 

would provide a more physiological and accurate loading regime. In turn, the metabolic responses from 

varied loading conditions could feedback into the model, sequentially developing a comprehensive knee 

model that is led by FE modelling, and experimentally validated, so that it could be used to predict the 

outcomes of various joint loading conditions, potentially leading to understanding PTOA.  

 Final Remarks 7.3

Although there are limitations in this research, it has made substantial progress and furthered our 

understanding of the mechanobiology of chondrocytes. Mechanobiology is a multi-scale biological 

problem and systems-biology based analysis is required to bridge the mechanical and biochemical signals 

at molecular, cellular and tissue levels to understand this complex problem in an effective manner. 

Clinical applicability is always considered when designing any in vitro experiment, and to move towards 

clinical applicability, human conditions should be mimicked, as we have attempted here. A deeper 

understanding of the pathways revealed by in vitro models, and their relevance to the changes seen in 

naturally-occurring OA is important in order to improve the translational relevance of the conclusions 

drawn. Understanding the mechanisms of chondrocyte mechanobiology could potentially benefit tissue-
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engineering research and provide insights to clinical applications to counteract the progression of PTOA 

and possibly restore anabolic activities. 

While this thesis does not provide an accurate model of in vivo chondrocyte mechanobiology; it has been 

the first and closest system capable of fully mimicking in vivo conditions in health and disease. Work here 

has significantly enhanced knowledge of chondrocyte mechanobiology, and by following some of the 

future directions and combine with more sophisticated models, it can make an impact on future clinical 

understanding of disease progression and treatment. 
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A Appendix for Chapter 3 Methods 
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A.1 Matlab Code Used 

 

% Created by Dan Teo and Sophia Leung 26 June 2013 
% This file converts ip.node files generated from multiaxial rig to excel 
% files with automated calculations to use in strain map function 
  
%Clear all 
clear all 
close all 
clc 
  
%Setting global values 
global ReferenceX 
global ReferenceY 
global choice 
  
stop_program = false; 
  
%Asks user to input the distance between two points along the same row 
%(should be the same for all dots in the reference image) 
 
choice = input('Enter reference x difference value ');  
ychoice = input('Enter reference y difference value ');  
  
%Indicates to user that file is working 
fprintf(1, 'Converting to Excel File');     
d=dir('*.ipdata'); 
for k=length(d):-1:1 
    fname=d(k).name; 
    [pathstr, name, ext] = fileparts(fname); 
    copyfile(fname, fullfile(pathstr, [name '.txt'])) 
  
     a=importdata([name '.txt'], ' '); 
      
    xlswrite([name '.xls'],a.data) 
     
    currentMatrix = xlsread([name '.xls']); 
     
    %For reference excel file, there is no calculations involved so write 
    %extra place holder columns so can use the same create graph function 
    %later. Should have 8 columns altogether, first 5 left to right are:  
    %number of nodes,x-coordinate, y-coordinate, 1 and 1 respectively. The 
    %6th, 7th and 8th columns in the datapoints files are the copy of the 
    %reference x-coordinate values, difference between corresponding points 
    %to the reference x-coordinate eg point 1 at t=1 - t=0, and the strain 
    %respectively. 
    if (strcmp(name,'datapoints_reference')) 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
        currentMatrix = [currentMatrix zeros(size(currentMatrix,1),1)]; 
         
        ReferenceX = currentMatrix(1:size(currentMatrix,1),2); 
        ReferenceY = currentMatrix(1:size(currentMatrix,1),3); 
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        xlswrite([name '.xls'],currentMatrix); 
    else 
        currentMatrix = sortrows(currentMatrix,1); 
         
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%CALCULATING X STRAIN%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
         
%Populating Matrix 6 with Matrix 2 starting from cell 2 
        XcoordValue = currentMatrix(2,2); 
        Xcoord = XcoordValue; 
         
        for i=3:size(currentMatrix,1); 
                XcoordValue = currentMatrix(i,2); 
                Xcoord = vertcat(Xcoord, XcoordValue); 
        end 
%Writing to file 
        XcoordValue = 0; 
        Xcoord = vertcat(Xcoord, XcoordValue); 
         
        currentMatrix = [currentMatrix Xcoord]; 
  
%Store the difference between Matrix 6 - Matrix 2 in matrix 7      
        difference = currentMatrix(1,6) - currentMatrix(1,2); 
         if difference < 0 
            difference1=difference*(-1); 
        else 
            difference1=difference; 
        end 
        matrixDiff = difference1; 
         
        for i=2:size(currentMatrix,1); 
            difference = currentMatrix(i,6) - currentMatrix(i,2); 
  
            if difference < 0 
                difference1=difference*(-1); 
            else 
                difference1=difference; 
            end 
            matrixDiff = vertcat(matrixDiff, difference1); 
        end 
 
        currentMatrix = [currentMatrix matrixDiff]; 
         
%Calculate and store the values of strain in Matrix 8 
        xStrain = ((choice - (currentMatrix(1,7)))/choice)*100; 
        strainDiff = xStrain; 
  
        for i=2:size(currentMatrix,1); 
            xStrain = ((choice - (currentMatrix(i,7)))/choice)*100; 
            strainDiff = vertcat(strainDiff, xStrain); 
        end 
  
       currentMatrix = [currentMatrix strainDiff]; 
        xlswrite([name '.xls'],currentMatrix); 
    end  
end 
 fprintf(1, '\nFinished converting to excel');    
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A.2 Karnovsky’s Fixative Protocol  

Possible carcinogen, therefore safety precautions were made: Used caution and worked in a well-

ventilated area/fume hood; gloves, lab coat, and goggles were worn. 

Paraformaldehyde: severe eye and skin irritant, sensitizer by skin and respiratory contact, toxic by 

ingestion and inhalation, corrosive, and carcinogen. 

Gluteraldehyde: Severe skin and eye irritant; toxic by ingestion. 

1. Stock solution was prepared using the following reagents: Paraformaldehyde 2.0 gm, 1M Sodium 
hydroxide 2 - 4 drops, 50% glutaraldehyde 5.0 ml (25% glut - 10 ml), 0.2M cacodylate buffer, 
pH7.4 20.0 ml 

2. Mix Paraformaldehyde with 25 ml of distilled water in a 125 ml flask 
3. Heat to 60°C on a stir plate. When moisture formed on the sides of flask, add sodium hydroxide 

and stir until the solution clears 
4. Cool solution under the faucet. Filter, add glutaraldehyde and 0.2M buffer, pH range 7.2 to 7.4 
5. Make sodium cacodylate buffers: 

0.1M: Mix together sodium cacodylate 4.28 gm, calcium chloride 25.0 gm and 0.2N 

hydrochloric acid 2.5 ml. Then dilute to 200 ml with distilled water to get a pH 7.4. 

Working Solution: Dilute to a ratio of 1:4 with 0.1M sodium cacodylate buffer to obtain an 

osmolarity of over 500 mOsm. (Dilute 1:2 for osmolarity over 700 mOsm.) 

6. At this point, solutions can be placed in individual vials and frozen 

 

A.3 Scanning Electron Microscopy Sample Preparation 

1. Pipette out media 
2. Rinse with PBS - twice with pipette, or until PBS not media pink anymore 
3. Pipette in Karnovsky’s fixative – enough to fully cover gels 

Fixation time: 1 hour minimum, 2 to 3 hours preferred, can be left overnight (for thin samples). Thicker 

blocks, leave for up to 5 days. Fix at 0-4 degrees Celsius.  

4. After fixation, rinse with PBS 
5. Section to expose regions of interest with flat blade 
6. Dehydrate slices by putting them in solutions of progressively increasing ethanol concentrations. 

50% for 20-30 minutes, 60% for 20-30 minutes, 75% for 20-30 minutes, 90% for 20-30 minutes, 
and 100% for 20-30 minutes 

7. Samples are critical point dried 
8. Samples are then mounted on stubs with carbon tape tabs and double coated in platinum
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B.1 Segmentation of Hoffman Modulation Contrast images using 

ImageJ/Fiji  

1. The BioVoxxel Toolset and the BioVoxxel Plugins was downloaded from this website - 

http://www.biovoxxel.de/development/  

2. The Toolset files (Toolbox, Montage Tools, Nearest Neighbor Indicator) was put into the 

Macros – Toolsets folder.  

3. The BioVoxxel Plugins file was put into the Plugins folder.  

4. Cell Magic Wand Tool plugin was downloaded from 

http://www.maxplanckflorida.org/fitzpatricklab/software/cellMagicWand/index.html  

5. This was then put it into the Tools directory inside the Plugins folder.  

6. image was opened in ImageJ/Fiji.  

7. The BioVoxxel Toolbox was selected by clicking on the double arrowhead  on the RHS 

of the Toolbar. 

8. This function installs all of the Toolset options under a green cube  on the Toolbar.  
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9. The Plugins – Pseudo flat field correction was selected 

10. A dialogue box will appeared. Preview should be turned on so that when the Blurring radius 

is changed to be optimised to remove out-of-focus cells, while leaving the in focus cells visible 

and the background flattened. A blurring radius of 5 Pixels was used. This will leave the in 

focus cells as outlines. 
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11. The Cell Magic Wand Tool is selected from Plugins – Cell Magic Wand Tool. 

12. The Cell Magic Wand Tool  appeared on the RHS of the Tool bar next to the double-

arrowhead. 

13. To change parameter, double click on the icon. 
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Image Type – the option Dark cells on a bright background worked better than Bright cells 

on a dark background when the image is in colour. 

The Minimum and Maximum cell diameter values in Pixels are entered.  

For the cell boundaries, the smoother boundaries required a low roughness value. The more 

ragged or convoluted boundaries had the roughness value increased. A value of 1.0 or 2.0 

was used.  

14. Cells were selected by holding the SHIFT key down while selecting the cells, and each 

selection was automatically added to the ROI Manager.  

 

The image would need to be calibrated before cell measurements are made so that the 

measurements are in microns rather than pixels. Otherwise, the measurements would need 

to be converted to microns afterwards. 

 

15. To calibate, go to Analyze – Set Scale to calibrate the image. An image with a scale bar or 

micrometer slide image is required.  

16. Go to Analyze – Set Measurements to select the parameters to be measured, as below.  
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17. To measure the ROIs, just click the Measure button in the ROI Manager and the following 

appears;  

18. Export as an Excel file. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

159 

C Quantification and Temporal 

Comparison 
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C.1 Quantification of Strain Maps 

The strain maps for applied dynamic compression and tension were averaged along the length of the 

construct in order to compare the temporal changes in strain.  

Table C.1 Quantification of the average strain of constructs applied with dynamic compression 

Length of construct from fixed end (without including mesh)

4 mm 5.5 mm 7 mm 8.5 mm 10 mm

A
p

p
lie

d
 c

o
m

p
re

ss
iv

e 
st

ra
in
 

5% 

Day 1 Middle 2.6% 3.2 5.0% 5.2% 5.6%

Day 1 Bottom 2.3% 2.9% 5.0% 5.1% 5.5%

Day 7 Middle 2.0% 2.8% 4.9% 5.0% 5.4%

Day 7 Bottom 1.8% 2.2% 4.7% 4.8% 5.1%

Day 14 Middle 3.0% 3.9% 4.8% 5.0% 5.2%

Day 14 Bottom 2.4% 3.0% 4.2% 4.7% 4.8%

10% 

Day 1 Middle 5.8% 7.2% 10% 10.4% 
Day 1 Bottom 5.7% 8.2% 10% 10.6% 
Day 7 Middle 7.7% 9.4% 10% 10.6% 
Day 7 Bottom 6.7% 7.2% 9.8% 10.3% 
Day 14 Middle 6.6% 8.1% 9.8% 10.5% 
Day 14 Bottom 7.1% 7.9% 9.6% 9.8% 

15% 

Day 1 Middle 9.6% 13.1% 15% 15.4% 
Day 1 Bottom 10.0% 13.2% 15% 15.3% 
Day 7 Middle 14.1% 14.9% 15% 15.4% 
Day 7 Bottom 8.5% 9.1% 15% 15.2% 
Day 14 Middle 9.8% 11.5% 14.8% 15.1% 
Day 14 Bottom 8.7% 10.1% 14.2% 14.8% 
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Table C.2 Quantification of the average strain of constructs applied with dynamic tension 

Length of construct from fixed end (without including mesh)

4 mm 5.5 mm 7 mm 8.5 mm 10 mm 11.5 mm

A
pp

lie
d 

T
en

si
le

 S
tr

ai
n 5% 

Day 1 Middle 2.9% 3.4% 5.0% 5.0% 5.1% 5.0%

Day 1 Bottom 2.2% 3.5% 4.9% 4.9% 5.2% 5.0%

Day 7 Middle 3.0% 3.3% 5.0% 5.0% 5.0% 4.9%

Day 7 Bottom 2.3% 3.0% 4.7% 4.8% 5.0% 5.0%

Day 14 Middle 3.3% 3.8% 4.8% 4.9% 4.8% 5.0%

Day 14 Bottom 2.8% 2.3%% 4.5% 4.4% 4.5% 4.5%

7% 

Day 1 Middle 5.0% 4.7% 7.0% 7.0% 7.0% 7.1%

Day 1 Bottom 4.4% 4.9% 7.0% 7.0% 7.0% 7.2%

Day 7 Middle 4.2%% 5.5% 6.9% 6.9% 7.0% 7.0%

Day 7 Bottom 3.9% 5.1% 6.7% 6.9% 7.0% 6.8%

Day 14 Middle 3.4% 4.8% 6.8% 6.9% 7.0% 7.0%

Day 14 Bottom 3.0% 4.4% 6.5% 6.8% 6.8% 6.9%

 

C.2 Temporal Effect Between Zones 

The aspect ratio and angle of rotation of cells are compared between the same zones at each of the 

culture period time points. 
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Figure C.1 A and B the aspect ratio of cells under dynamic compressive and tensile strain respectively, and C angle of rotation of
cells under dynamic shear strain in the middle zone (top) for each culture period time point and in the bottom zone (bottom) of
the constructs. (n=3, SE error bars). Two-way ANOVA with Sidak post-hoc test indicates significance with * = p < 0.05,
** = p < 0.01, and *** = p < 0.001. 

C 
Day 1 Day 7 Day 14 
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D RNA Extraction Optimisation 
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D.1 Optimisation 

Agarose is a well-defined 3D culture system, and is commonly used in cell biology, and tissue 

engineering. However, extracting RNA from cells cultured within it can be difficult as residual agarose 

can be found in the RNA extract, limiting extending applications. 

Assessing changes in gene expression profiles provide valuable insights to understanding how 

mechanostimuli affect cellular function and metabolism. To obtain these profiles for this study, high 

quality RNA was required for the quantitative assaying of multiple genes. However, during RNA 

extraction from cell-agarose constructs, the agarose interfered considerably with the yield and purity of 

RNA. Contamination frequently hinders downstream applications, including gene expression analysis. 

Studies using cell-agarose culture systems have suggested agarose as a source of contamination. Although 

there are various extraction methods used to reduce agarose contamination, information about RNA 

integrity has not been explored in detail [1].  

Consequently, this chapter evaluates and optimises various traditional methods, including the use of 

phenol and guanidine isocyanate reagent (TRIzol Reagent, Life Technologies, NZ), and other methods 

using QG buffer (Qiagen, CA, USA), along with commercially available kits designed specifically for 

agarose gels (Figure D.1), to determine which method that would yield the highest quality RNA.  

D.2 Methods 

D.2.1 Chondrocyte-Agarose Constructs 

Chondrocyte-agarose constructs were prepared as described in Chapter 4. Briefly, chondrocytes were 

cultured in DMEM, supplemented with 10% FBS, and 0.1% penicillin/ streptomycin, then re-suspended, 

and mixed with an equal volume of autoclaved agarose prepared in distilled PBS to give a final 

concentration of 4 × 106 cells/ml in 3% molten agarose gel.  

The molten cell-agarose suspension was pipetted into sterilized moulds containing mesh-acrylic ends. 

Cell-agarose gels were set at 4°C for 20 minutes. Constructs were then maintained in DMEM, 10% FBS, 

and 20 µg/ml AA2P in 8-well culture plates, coated with poly-HEMA, at 37˚C/5% CO2 for 14 days, with 

medium changes every 1 to 2 days. 

For the cell-free agarose control, 3% molten agarose gel without cells was pipetted into the sample 

moulds, and set at 4°C for 20 minutes. Constructs were maintained in PBS at 37˚C/5% CO2 for 14 days. 

For cell only control, a cell suspension of 4 × 106 cells/ml was pelleted via centrifugation.  
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D.2.2 RNA Extraction Methods 

Samples were harvested using a specially designed cutting tool, to ensure the same volume and area of 

the construct was taken each time. Immediately, samples were homogenised in 273 µl or 600 µl of 

TRIzol Regaent (Thermo Scientific, DE), or 1.2 ml, 800 µl, 600 µl QG buffer.  

Cell-pellets were used as positive control and cell-free agarose were used as negative controls. The media 

was then removed from cell-pellets before homogenising with 750 µl TRIzol per 250 µl sample. 

Commercial RNeasy-spin columns used (Qiagen, CA, USA), and the commercial kit used was the Direct-

zolTM RNA MiniPrep kit (Zymo Resesarch, CA, USA). 

D.2.3 Analysis of Concentration, Purity and Integrity of the Extracted RNA 

The concentration and purity of RNA extracted was evaluated using a NanoDrop 2000 

spectrophotometer from the chondrocyte-agarose hydrogel constructs. The RNA concentration is 

determined from the wavelength at 260 nm, while the purity is determined by the wavelength ratio at 

260/280 nm for protein contamination, and the wavelength ratio at 260/230 nm for polysaccharide, 

phenol, and other contaminations. High purity RNA is indicated by the ratio number, with 1.8-2.1 as 

high purity. The quality of the RNA was also measured with the 2200 Tape Station. RNA quality was 

expressed as the RNA integrity number (RIN). RIN values ranged from 10 (intact) to 1 (totally 

degraded), with an RIN higher than 7.0 indicative of high integrity. 

Three samples were evaluated for each method. The volume of final elution, and re-suspension was 30 µl 

in all methods.  
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Figure D.1 RNA extraction methods, each labelled with an alphabet. cfg denotes centrifuge



Results and Discussion 

169 

D.3 Results and Discussion 

Preliminary measurements of RNA concentration using samples homogenized in 273 µl TRIzol (1:1 

ratio) were lower than samples homogenised in 600 µl TRIzol (2:1), therefore methods were carried out 

using 2:1 ratio of TRIzol for homogenization.  

D.3.1 Concentration 

Due to a relatively high seeding density of the chondrocyte-agarose constructs, a high concentration of 

RNA was expected. The RNA concentration extracted from the positive control was 1722.9 ± 863.3 ng/ 

µl, while the negative control also showed a concentration measurement of 1095.4 ± 53.5 ng/ µl. 

Methods that yielded a RNA concentration above 100 ng/ µl were C, G, and H. Method D also measured 

a RNA concentration above 100 ng/ µl, even after the RNA was cleaned and suspended. Precipitation 

and clean-up methods following an extraction method may result in a slight loss of RNA concentration. A 

low yield RNA has been suggested to be a result of the polysaccharide in agarose. It suggests that the 

polysaccharide are able to physically entrap the RNA, and move it to the discarded phase during 

centrifugation [2], resulting in inconsistent, and low quality RNA [1,3]. 

Method C extracted the highest RNA concentration. However, when the RNA is further processed with 

methods D, E, and F, the concentration decreased significantly. This suggests that residual agarose 

content in the RNA extracted from method C.  

 

 

Figure D.2 Concentration (ng/µl) measured for each extraction method (left), and ratio 260/280 nm, and 260/230 nm
measured for each extraction method (right). Measured using NanoDrop spectrophotometry (n = 3, SE error bars). 



Appendix D 

170 

D.3.2 Purity 

As mentioned before, high purity RNA is when the 260/280 and 260/230 ratio is between 1.8-2.1. A 

ratio considerably lower may indicate the presence of protein, phenol, or other contaminants. The 

respective ratios for the positive control was measured as 2.11 ± 0.02 and 2.16 ± 0.49, while negative 

control also yielded a measurement of 1.72 ± 0.07 and 0.40 ± 0.06 respectively. 

The Nanodrop measured the 260/280 and 260/230 ratios while displaying spectra curves. The shape of 

spectra curves is also an indicator of RNA purity, and can suggest the type of contaminants present in the 

RNA. A presence of protein contaminants absorb strongly at or near 280 nm, while a presence of 

organic compounds, such as phenol, and Trizol, absorb at 230 nm. The spectra curve for the positive 

control, Figure D.3 A, shows the characteristic shape for pure and uncontaminated RNA, while the 

spectra curve for the negative control, Figure D.3 B, indicates a presence of contaminants by the shift in 

the curve with the peaks near 230 nm and towards 280 nm (as indicated by the arrows).  

A B 

C D 

Figure D.3 An example of spectral pattern of RNA without contamination in A positive control; B with Trizol and Phenol
contaminants, indicated by arrows; C RNA extraction using method G; and D RNA extraction using method C. 
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Though the RNA extracted using method C had a high 260/280 ratio, its spectra curve, Figure D.3 D, 

indicated the presences of contaminants. The spectral curve for RNA extracted with methods G (Figure 

D.3 C) and H (not shown) resemble the relatively pure RNA, without contaminants.  

The purity measurements obtained on the NanoDrop did not distinguish between RNA and genomic 

DNA, nor could it indicate the quality of the RNA extracted. Therefore, further analysis using the Tape 

station was required.  

D.3.3 Quality 

RNA extracted using methods C, E, H, I and G were tested for integrity using the Tape station. These 

samples were chosen for either yielding a high concentration or high purity RNA. Examples of the results 

are shown in Figure D.4, and as mentioned above, a RIN number higher than 7.0 are indicative of high 

quality. 

Method C had the highest extracted concentration. However, the quality of the RNA was very poor, 

indicated by the low intensity of the bands, despite having a high RIN number.  

Method E was used to precipitate and improve the RNA from method C, however it resulted in no 

detectable RIN value or bands. This suggests the concentration measured from NanoDrop may have 

been residual agarose content. 

Method H extracted the overall highest concentration and purity. However, the RIN revealed that there 

was residual genomic DNA. Genomic DNA is indicated by the topmost black band in lane H in Figure 

D.4, shown with an arrow. This implied further purification methods were needed to remove genomic 

DNA.  

Figure D.4 An example of a gel-like image of total RNA samples performed using different RNA extraction methods. –ve 
Ctrl and +ve Ctrl denotes negative and positive controls respectively. Genomic DNA band is indicated by an arrow 
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Method I was used to remove genomic DNA from the extracted RNA. Though the RIN indicated an 

improved RNA quality, with no residual genomic DNA, this method produced an overall lower RNA 

concentration and purity (Figure D.2).  

Method G had the most satisfactory results in terms of concentration, purity, and quality, with a RIN 

number of 8.5. This method was therefore chosen for RNA isolation in this study. It was the most 

reproducible and efficient, as the whole process takes 10 minutes.  

There have been other commercially available kits, such as the RNeasy Mini Plant kit (Qiagen, CA, 

USA), that was also reported to isolate high quality RNA [1,4]. Unfortunately, we were unable to include 

this method into our RNA isolation optimisations due to time constraints. 

D.4 RNA Extraction Protocol Chosen in Thesis 

The RNA protocol follows the manufacturer’s protocol. All centrifugation steps were performed at 

11,000 ×g at room temperature. 

1. Immediately after stimulations, the cell-agarose constructs were harvested from the endplates using 

the customised cutting frame and 600 µl of TRIzol reagent was added to each sample. The gel 

samples were homogenised by pipetting and vortexed.  

2. Equal volume of 100% ethanol was added and mixed by vortexing. 

3. The mixture was loaded into a Zymo-SpinTM IIC column in a collection tube centrifuged for 1 

minute. Flow-through was discarded and the column was then transferred to a new collection tube. 

4. The column was then washed with 400 µl RNA wash buffer and centrifuged for 30 seconds. Flow-

through was discarded. 

5. 80 µl of DNase I reaction mix (5 µl DNase I and 75 µl RDD Buffer) was added directly to each of the 

column matrix and incubated at room temperature for 15 minutes. It was then centrifuged and flow-

through was discarded. 

6. 400 µl Direct-zol RNA pre-wash was added to the column and centrifuged for 1 minute. Flow-

through was discarded and this step was repeated. 

7. 700 µl RNA wash buffer was added to the column and centrifuged for 1 minute. Flow-through was 

discarded and transferred to a new collection tube. To ensure complete removal of the wash buffer, 

the column was centrifuged for 2 minutes. 

8. The column was transferred to an RNase-free 1.5 ml eppendorf tube and 30 µl of RNase-free water 

was added directly to the centre of the column membrane. Column was then centrifuged for 1 

minute and flow-through was put on ice. 

9. 1.2 µl was taken out for analysis on the NanoDrop spectrophotometer and the rest was frozen at -

80 °C. 



References 

173 

 

D.5 References 

[1]  Ogura, T., Tsuchiya, A., Minas, T., and Mizuno, S., 2015, “Methods of high integrity RNA 

extraction from cell/agarose construct,” BMC Res. Notes, 8(1), p. 644. 

[2]  MacRae, E., 2007, “Extraction of Plant RNA,” Methods in Molecular Biology, Protocols for 

Nucleic Acid Analysis by Nonradioactive Probes, Humana Press Inc, pp. 15 – 24. 

[3]  Dellacorte, C., 1994, “Isolation of nucleic acids from the sea anemone Condylactis gigantea 

(Cnidaria: Anthozoa),” Tissue Cell, 26(4), pp. 613–619. 

[4]  Wang, C., Hao, J., Zhang, F., Su, K., and Wang, D. A., 2008, “RNA extraction from 

polysaccharide-based cell-laden hydrogel scaffolds,” Anal. Biochem., 380, pp. 333–334. 

 

 

 

 


	coversheet.pdf
	General copyright and disclaimer


