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ABSTRACT 

 

 
Scaffold tissue engineering has proven promising for regenerative medicine that could 

potentially improve the lives of many. To accelerate its clinical translation, a better 

understanding of complex behaviours of the in-vivo environment in human tissue and, 

more importantly, how it influences the design of the porous scaffold, is needed. The 

use of computational modelling has made it possible by providing quantitative insights 

into many biological and physical processes in tissue scaffolds under various tissue 

environments. This has led to a new line of research for creating methods in which new 

designs of implant and tissue graft designs can be assessed and optimised. 

 

The aim of this thesis is to devise a computational framework that has the flexibility and 

simplicity necessary to adapt to different applications of tissue scaffolds and allow for 

further adaptation for more specialised investigations, while simultaneously having 

sufficient complexity to assess the effects of changes in the scaffold’s microstructures 

for the qualitative analysis of its potential for promoting tissue ingrowth. It is hoped that 

the future developments of this thesis research work could be used to create a means of 

comparing scaffold performance when subjected to different environments. This will 

make it possible to assess a scaffold design’s potential during the early stages of 

development for a variety of applications and conditions. 
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Chapter 1: Introduction  

1.1  Motivation 

Tissue engineering and its application in regenerative medicine represent emerging 

technologies that have proven promising and brought potential benefits to clinical 

medicine. Scaffold tissue engineering utilises cells to create tissue structures, either in-

vitro (tissue grown outside of the body) or in-vivo (allow for the natural healing process 

to develop the tissue within the host) as well as ex-vivo (an external examination of 

samples extracted from the in-vivo) includes the utilisation of scaffolds that provide a 

support structure to allow cells to adhere and differentiate into the desired tissue. This 

could be achieved by introducing a scaffold directly into the in-vivo environment to 

allow for the natural wound healing process to integrate the scaffold into the 

surrounding tissue, for example the introduction of porous titanium implants to support 

osteogenesis (Kujala et al., 2003; Lopez-Heredia et al., 2008). Alternatively, this could 

also be achieved by seeding cells into the scaffold structures prior to implantation, as 

demonstrated by the use of polylactic and polyglycolic acid (PLA/PGA) based polymer 

scaffolds (Harrington et al., 2011; Ding et al., 2013). Once these techniques have been 

established and matured, it is believed that they would greatly improve the quality of 

life for patients in the future (Ho et al., 2017). It has been estimated by the Wyss 

Institute for Biologically Inspired Engineering that tissue engineering and regenerative 

medicine will have a potential market that will reach 32 billion US dollars in 2018 

(Boccaccio et al., 2011). 
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Since its introduction by Langer and Vacanti (Cima et al., 1991), tissue engineering has 

developed rapidly ranging from ex-vivo applications, i.e. the production of skin grafts 

(Metcalfe and Ferguson, 2007), cartilage tissue structures (such as ears) (Yamamoto et 

al., 2017), other facial features (Al-Himdani et al., 2017) and heart valves (Cebotari et 

al., 2006)) through to in-vivo applications i.e. in-vivo grown bone grafts (Stevens et al., 

2005), dental implants (Kolk et al., 2012), spinal bone grafts (Nerurkar, Elliott and 

Mauck, 2010) and in-vivo grown tissue structures including ears and noses for facial 

reconstruction (Jessop et al., 2016)). Despite great promises, the field of scaffold tissue 

engineering has seen a number of challenges which have remained unresolved; these are 

mainly related to the issue of transferring the findings in the in-vitro environment and to 

that of the in-vivo.  

Firstly, trying to assess the scaffold’s capability of allowing tissue differentiation within 

a dynamic environment, like that of the in-vivo environment, is difficult since scaffolds 

are usually assessed purely based on their initial mechanical or structural properties 

(Giannitelli et al., 2014). When a scaffold is implanted to enter an in-vivo environment, 

the lack of an existing microvascular network means that the only method of oxygen 

delivery is through diffusion from the surrounding tissue. Thus, keeping the scaffold as 

oxygen permeable as possible, before a functional microvascular network appears, is 

vital for improving the implant’s chances of success (Fiedler et al., 2014). Without 

oxygen, the cells that are responsible for generating tissue will not be able to proliferate 

and encourage the formation of a microvascular network that connects to the 

surrounding tissue. Without this vascular network, the tissue within the implant will 

become necrotic as oxygen would be insufficient to support the cell population (Thomas 
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and Jr, 1974). Addressing this challenge is currently a priority in the determination of a 

successful scaffold design, i.e. keeping the oxygen sufficient enough to ensure tissue 

differentiation for as long as possible. 

Secondly, there is a need to identify the potential design characteristics that may 

improve the scaffold’s integration into the surrounding tissue. This includes the micro-

architectural design of porous scaffolds (Giannitelli et al., 2014) and the understanding 

of the difference and impact of various culturing conditions on the regeneration 

outcome (Dawson et al., 2008). Numerous methods have been proposed as a means to 

optimally design the microstructures of porous scaffolds. These focus on the 

geometrical parameters such as porosity, interconnectivity and pore size, often through 

trial-and-error methods (St-Pierre et al., 2005; Takemoto et al., 2005; Li et al., 2007). 

More sophisticated methods of topology optimization have been achieved using inverse 

homogenization (Lin, Kikuchi and Hollister, 2004; Chen, Zhou and Li, 2011). However, 

it is still unclear if the optimality of the scaffold design holds true when subjected to 

different culturing conditions, including static culturing (LeBaron and Athanasiou, 

2000), ex-vivo methods such as those using perfusion bioreactors (Janssen et al., 2006) 

and the in-vivo environment. It is possible that a certain scaffold microstructure which 

has been optimally designed considering one specific ‘environment’, e.g. a perfusion 

bioreactor, may not be suitable for use in another culturing condition, e.g. for in-vivo 

applications.  

Thirdly, a prediction is required regarding how tissue development affects the 

environment by considering intracellular and extracellular mechanisms that would 
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govern cell behaviour. The main difficulty in accomplishing this is the substantial 

number of potential variables that influence the wound healing process. In order to build 

a model that could reflect the tissue development without requiring extensive in-vitro 

analysis would be to identify the key mechanisms that determine cell fate within the in-

vivo environment. This includes how the availability of oxygen restricts the ability of 

stem cells to differentiate (Fehrer et al., 2007) and the mechanical stability of the 

substrate, for instance how the behaviour of the cell would change depending on its 

proximity to a material of a higher stiffness (Buxboim et al., 2010). It would also be 

necessary to consider how the development of the tissue would change the cellular 

behaviour over time due to changes in its permeability (Androjna, Gatica, Belovich and 

K. a Derwin, 2008) and mechanical stiffness (Wells, 2008; Frantz, Stewart and Weaver, 

2010). Taking these aspects of the in-vivo environment into account would provide the 

possibility of making a dynamic representation of tissue development within the 

scaffold. At the early stages of the wound healing process these mechanisms would be 

sufficient as the nutrient availability is determined primarily through diffusion (Greaves 

et al., 2013). Beyond this point, however, the development of the microvascular system 

within the scaffold needs to be considered which adds additional complexity as the 

angiogenesis process is also influenced by both the permeability of the tissue as well as 

mechanical stiffness (Critser et al., 2010). 

1.2 Thesis scope and structure  

This thesis has two main objectives. The first being the development of a computational 

framework that is capable of estimating the amount of tissue growth within both ex-vivo 

and in-vivo applications as well as establishing the key physiological factors that could 
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be addressed to improve the scaffold’s performance. The second would be to explore 

scaffold design methods that may improve the scaffold’s likelihood of success. 

Fulfilling these objectives led to the creation of a computational framework that has the 

potential to make the tissue development found in one environment relatable to another 

using a reaction diffusion model. The framework also addresses key aspects within the 

field of tissue engineering such as the potential effect of surface dependency, the 

degradation of the rate of oxygen supply within the in-vivo environment and the 

limitations of the use of pre-seeded stem cells within the scaffold. 

Chapter 2: The current state of tissue engineering and regenerative medicine 

In this chapter the history of tissue engineering and regenerative medicine will be 

reviewed. This will show the many obstacles and the methods in which these were 

resolved. The current limitations within the literature will then be discussed as well as 

the proposed solutions that are being considered to counter these limitations. From this 

information it was possible to compile a strategy that could be used to build a method of 

taking these limitations into account and potentially considering the effectiveness of 

said solutions proposed. 

Chapter 3: Computational Framework 

In this chapter the computational framework that was developed is reviewed in order to 

consider the tissue development within the in-vivo environment without 

neovascularisation. This framework was designed to be surface dependent as the main 

objective was to explore the effects of cell migration, oxygen consumption and tissue 
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differentiation. Although it is a relatively abstract framework, it considered key 

variables that would influence the resulting cell behaviour, thus making it possible to 

estimate the potential tissue growth. These include the rate of cell migration and growth, 

the differentiation rate on the surface of the scaffold and the rate of oxygen 

consumption and diffusion. 

Chapter 4: Framework Review 

A parametric study was then applied to the framework developed in the previous 

chapter in order to establish the significance of the parameters used and to characterise 

the framework’s behaviour. From this analysis it was possible to see the effect of 

maintaining a surface dependent model and how this affects the significance of cell 

migration and differentiation. However, it also showed that the method at which the 

oxygen is being supplied is one of the most influential aspects of the resulting tissue 

development and that in order to effectively model the behaviour within the in-vivo 

environment the boundary conditions used to characterise it are of the utmost 

importance. 

Chapter 5: Supply from the Host – Mimicking the Culturing Environment 

In order to identify the significance of the characterisation of the oxygen supply, 

experimental data was used that could represent what would be found within the in-vivo 

environment. Three boundary conditions were used, each representing an environment 

in which scaffolds would usually be applied. These environments include a static 

culture which would be the equivalent of a fixed boundary condition, the decay function 
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applied to a flux condition to represent the in-vivo environment as the influx of oxygen 

will reduce as the surrounding tissue begins to develop and a constant flux (bioreactor) 

which would be the equivalent of using a perfusion bioreactor that compensates for 

increased oxygen consumption. The parametric study was applied again to see how 

these new environments would affect the framework’s behaviour. This method was 

useful in determining the behaviour within the scaffold and making it possible to 

compare a scaffold’s performance within different environments. However, its lack of 

sensitivity to changes in the cell migration rate as well as the slow change in mature cell 

distribution indicates that the use of a surface dependent model would be insufficient for 

characterising the tissue development. 

Chapter 6: Introducing collagen distribution and differentiation into the 

extracellular matrix. 

In this chapter the effects of surface dependency were explored. It was found that the 

design parameters would be used to design a scaffold that would have a different tissue 

distribution depending on the level of surface dependency present. From this 

information it was decided to consider the effects of collagen deposition within the 

extracellular matrix (ECM) and effectively allow for tissue development to occur away 

from the scaffold surface but still allow for a degree of surface dependency. The 

addition of this mechanism into the framework was sufficient to make the scaffold 

represent cellular behaviour and tissue development for varying environments.  
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Chapter 7: Exploration of potential scaffold optimisation methods. 

In this chapter strategies proposed to improve the scaffold’s performance were explored 

using the framework developed in the previous chapters. Different scaffold geometries 

were applied to see how the changes in the scaffold topology might affect overall 

performance. Once understood, methods that could be used to improve the scaffold’s 

performance were then explored. These included the use of gradient porosity and pore 

size as well as changes in the distribution of the initial collagen concentration to 

simulate the introduction of a gradient substrate.  

Chapter 8: Discussion 

The achievements within the thesis are reviewed and the strengths and weaknesses of 

the research will be discussed. This includes the limitations of the framework and the 

requirements for further development. 

Chapter 9: Conclusion 

The thesis will conclude with a summary of the achievements within the thesis. 

Finally, the potential applications of the framework developed were explored. This 

includes tissue scaffold assessments using in-vitro analysis and applying the results to 

the framework to predict its potential in the in-vivo environment. Potential further 

developments were also suggested that may improve the framework’s accuracy and 

flexibility for other fields of research within tissue engineering and regenerative 

medicine, including the implementation of a population regulated by other cell types, 
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the introduction of a cell population that could represent the immune response and the 

introduction of growth factors as well as other intercellular communication compounds.  
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Chapter 2: Literature review  

2.1  Summary 

In this chapter the current state of tissue engineering and the utilisation of porous 

scaffolds for the purpose of tissue regeneration will be reviewed in four key areas. 

Tissue Engineering: Rebuilding living tissue, Introductions. This section will 

introduce the fundamental principles of tissue engineering including an introduction to 

the wound healing, a critical process in tissue engineering; the current research and 

applications conducted and the potential techniques that will be used for future 

advancements in the technology. 

The key challenges of tissue engineering that interfere with the technology’s progress 

into clinical applications are reviewed. This includes, limitations of its adaptation in in-

vivo environments, oxygen delivery and their interplay with the microstructural designs 

of the scaffold. 

Current methods for design and materials which review the design of the scaffold 

microstructure, material CAD manufacturing and their effectiveness. Many avenues of 

research have been dedicated to solving these issues. In this section, the progress of 

effectiveness of these lines of research will be reviewed. This includes the design of the 

micro structure, materials and manufacturing methods. 
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Computational methods in scaffold TE which reviews computational methods that 

have been used to model biological processes and have the potential to be adopted to 

model cellular activity within tissue engineered scaffolds (Critser et al., 2010). 

2.2 Tissue Engineering: Rebuilding living tissue  

2.2.1 The principles of scaffold tissue engineering 

Since the early 1990’s, tissue engineering has become a rapidly developing area that 

embraces the mechanical, chemical, biological and medical disciplines.  The use of 

porous scaffolds, made of either degradable or non-degradable biocompatible materials, 

is not only to form a structural matrix to give mechanical support but also to create a 

cell-friendly microenvironment for neo-tissue formation. In order to design effective 

tissue scaffolds for tissue regeneration, it is necessary to understand the wound healing 

process as tissue engineering uses this process as a means of integrating the scaffold 

into the surrounding host tissue. The process of wound healing is often described in four 

key stages: haemostasis, inflammation, proliferation and matrix remodelling, as 

illustrated below in Fig. 2.1 (Greaves et al. 2013). 



 

13 

 
Figure 2.1: Current understanding of the wound healing process over time in human dermal 

tissue (Greaves et al. 2013). 

Haemostasis stage involves the formation of the fibrin matrix which forms as the blood 

within the afflicted area coagulates. It also provides a matrix into which cells from the 

surrounding tissue migrate. These are primarily marrow stromal and fibroblast cells, 

crucial for the further formation of tissue; during the formation of the clot 

vasoconstriction occurs preventing further bleeding within the wound (VC). Once the 

damaged vessel walls have been repaired, they dilate (VD). 

Inflammation is where the polymorphonuclear immune cells such as neutrophils 

infiltrate the wounded area (PMN influx), attempting to remove bacteria from the 

injured tissue and assist in the regulation of the cell population. 

Proliferation is a key stage where the scaffold plays an important role in repairing the 

tissue and the point at which tissue granulation begins to form. This process allows for 

the formation of a new microcirculatory system, a process called angiogenesis, supplies 
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the injured tissue with nutrients from surrounding host tissue. It is worth mentioning 

that the endothelial formation influences the mechanical properties of the surrounding 

matrix (Her et al. 2013). Fibroblasts are the cells that are responsible for the formation 

of collagen type I within the extracellular matrix (ECM). It has been reported that 

controlling the cell population is key to the formation of the microvascular system and 

the prevention of fibrosis (Costa-Almeida, Soares, and Granja 2017). The scaffold 

provides a stable environment that would encourage the marrow stromal cells within the 

damaged area to differentiate into the desired tissue type. It also starts to act as load 

bearing elements in the growing tissue and appropriate strain within the tissue matrix 

has been found to be beneficial to the tissue growth, where cyclic strain exerted  upon 

the fibroblast population results in a reduction in the rate of cell death leading to an 

increase in growth rate of said population (Aarabi et al. 2007a). For this reason, it is 

important to use a scaffold design of microstructures that would lead to 

microenvironments which encourage tissue formation.  This includes mechanical and 

chemical optimisation to achieve an environment that closely resembles that of the 

surrounding tissue. 

Remodelling is the stage that remodels the tissue matrix and composition in order to 

achieve the desired tissue properties, both biologically and mechanically. The ideal 

outcome of this depends on the application of tissue engineering. For bone tissue it is 

the mineralisation of the ECM as the osteoblasts remodel the collagen matrix. Soft 

tissue applications, such as dermal tissue engineering, requires remodelling of the tissue 

microstructure to ensure that the correct cell morphology is adopted to achieve the 

desired tissue function. 



 

15 

From these biological processes it is possible to understand the requirements of the 

scaffold’s microstructural and mechanical properties. A poorly designed scaffold would 

likely result in fibrosis or necrosis within the tissue due to the cells being exposed to an 

inappropriate ‘environment’, usually one that has insufficient nutrients or is 

mechanically unstable. However, there is also another crucial limitation, which would 

be the availability of oxygen within the growing tissue. This can determine whether 

granulation tissue within the scaffold would differentiate into the desired tissue types or 

into cells that would produce scar tissue (Ichioka et al. 2008). The worst-case scenario 

would be extremely low or even no oxygen availability resulting in the formation of 

necrotic tissue (Li, Chen, and Kirsner 2007). At the early stage of wound healing, since 

there is no functional microvascular system available, oxygen needs to be delivered into 

the scaffold through convection or diffusion. Although it has been debated which one of 

these two processes is dominant in supplying the necessary oxygen to the wound, it was 

eventually determined that diffusion is the main means of oxygen supply during the 

proliferation phase of wound healing (Chary and Jain 1989).  

In either case, a scaffold with a higher porosity will more likely increase the chances of 

full scaffold integration due to greater capacity for oxygen diffusion from the host 

environment. Pore size is also a key factor; if the pore size is too small it could interfere 

with the formation of a vascular network and obstruct nutrient delivery within the pores. 

However, the optimal pore size depends on the tissue type and application. For bone 

tissue the viable pore size of a scaffold is approximately 100µm, although the optimum 

pore size range was found to be 300µm-600µm (Li et al., 2007). If the pore size is too 

large the cells begin to form a laminar structure along the pore contours, often resulting 

in hollow mature tissue developing along the scaffold surface (Williams et al. 2005). A 



 

16 

study on scaffold morphology found that pore interconnectivity of approximately 

160µm is sufficient to ensure uniform neo-tissue distribution (Wang et al. 2005). 

Scaffold surface to volume ratio also has an effect on its performance, especially when 

the scaffold is made from a biodegradable material (Chew, Arriaga, and Hinojosa 

2016). From these findings, it is reasonable to hypothesise that the optimal scaffold 

design is one that allows for high oxygen availability for as long as possible while 

providing the mechanical support that resembles the surrounding healthy tissue. 

2.2.2 Current developments of tissue engineering 

2.2.2.1 Current in-vivo application of tissue engineering 

The use of tissue engineering scaffolds is being applied across the medical field, aiming 

to restore functionality to both hard and soft tissue throughout the body. The current 

advances in tissue engineering research are now outlined. 

Dental Restoration: dental restoration research using scaffolds has been focused on the 

regeneration of the periodontal ligament (Shimauchi et al. 2013) and the use of dental 

pulp tissue to treat defects that have developed due to microbial invasion (Colombo et 

al. 2014). Implementation of solid free-form fabrication methods such as ‘selective laser 

sintering’ (SLS) and ‘fused deposition manufacturing’ (FDM) have also led to new 

scaffold design methods, including hierarchical structures that may encourage the 

formation of the microvascular network (Van Noort 2012). It also makes it possible to 

create implants that require less postprocessing prior to implantation and to improve the 



 

17 

rate of bone development by using biodegrading scaffold materials such as hydrogels, 

like alginates.  

Bone and cartilage: Hard tissue applications are currently limited as the ability to 

create scaffolds that are capable of sustaining the load while, in the case of using 

biodegradable materials, maintaining the appropriate elastic properties has yet to be 

defined. Although there has been much research for the development of products to be 

applied to load-bearing tissue, progress has been limited due to the many barriers 

mainly caused by an inability to effectively assess the performance of scaffold designs 

and materials (Hollister 2009). This is due to there being large amounts of unquantified 

factors that have yet to be fully characterised. However, there are a few applications that 

have progressed to clinical implementation and have greatly improved the quality of life 

for many patients. Spinal fusion (Kruyt et al. 2004) is a great example as it already has a 

market impact estimated to be USD 177 million (Velasco, Narvaez-Tovar, and Garzon-

Alvarado 2015). 

Plastic surgery: Currently many soft tissue applications are being applied to cosmetic 

surgery used for facial reconstruction (Al-Himdani et al. 2017) and skin grafts. This 

includes research in cartilage tissue engineering which already has been applied to 

reconstruction of facial features such as the ears and nose; it has also been used for 

mammilla (nipple) reconstruction (Watson and Reuther 2014). Another application is 

the development of adipose tissue engineering which may be used as a means to 

reconstruct breasts that had been surgically removed (Patrick 2000). 
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Figure 2.2: (A) An example of in-vivo grown bladder tissue (Baumert et al. 2007). (B) An 

example of in-vitro grown heart valve (Schmidt et al. 2010). 

Other applications: Another application is tissue scaffolds for functional tissues such 

as cardiovascular tissue (Mosadegh et al. 2015), heart valves (Schmidt et al. 2010) and 

bladder (Baumert et al. 2007) (Fig2.2). These are still in development but if successful 

will result in products that are less likely to be rejected by the body and would not 

require further intervention after implantation. 

2.2.2.2 Manufacturing and materials for tissue engineering implants. 

Currently there is a variety of promising applications for both hard and soft tissues 

particularly in the areas of dentistry and facial reconstruction, such as the endosseous 

implant which utilises the bone remodelling to fuse the implant in place. This line of 

research has greatly improved the understanding of bone adaptation as demonstrated in 

(Roberts et al. 1984) which details the major factors that determine osteointegration. 

Other applications in bone tissue engineering include the reconstruction of plate bones 

which mainly involves cranial and facial reconstruction. Advances in bio-compatible 



 

19 

materials, fabrication methods and medical imaging has also greatly improved these 

applications (Sun and Lal 2002), including the reduced possibility of implant rejection 

due to foreign body response, mitigating implant displacement making environment 

more tolerable for the encouragement of tissue growth and the possibility of creating 

complex geometries that closely resemble the area of missing tissue. An example that 

shows how these improvements relate to clinical applications is the method of 

cranioplasty that uses an MRI to determine the dimensions of missing cranial bone and 

then uses additive manufacturing to create an implant to patch over the defect (Chim 

and Schantz 2005) as illustrated in (Fig. 2.3). 

 

 
Figure 2.3: Use of medical imaging and additive manufacturing to design implants 

(Chim and Schantz 2005) 
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In order to fully utilise these advances in medical imaging technology there is a need to 

control certain aspects of a scaffold’s fabrication. The formation of open cell foam 

structures using gas injection and salt leaching can control the poor distribution as well 

as pore size by changing the applied gas pressure (Dehghani and Annabi 2011). It is 

also possible to control the gradient of the pore size by altering the manner in which the 

scaffold is freeze-dried during fabrication (Zmora, Glicklis, and Cohen 2002). However, 

when it comes to ensuring the interconnectivity there is little means of control. A 

potential method resolving this issue is by using salt fusion and salt leaching 

applications (Murphy et al. 2002). However, this does not resolve the issue of 

controlling the pore geometry and thus there is no control over the distribution of stress 

within such a scaffold. A potential solution for this is the utilisation of a uniform 

particle structure as demonstrated by the use of paraffin spheres (Ma and Choi 2001). 

This method provides a great deal of control over the resulting elastic modulus by 

changing the scaffold’s porosity. Although these traditional methods of creating foam-

like structures for tissue scaffold applications have a variety of ways in which to control 

certain design aspects of the scaffold, the ability to assess these scaffolds and their 

effectiveness after implantation would be difficult. 

Other notable progress in the field of tissue engineering is now summarised below: 

Biomaterials: The use of biocompatible materials for prosthetics dates back hundreds 

of years, using inert metals such as gold and silver to fill dental cavities. However, the 

use of implants to repair tissue requires stronger materials that would not cause a 

foreign body response. This capacity came in the form of cobalt-chromium and titanium 

based alloys which are corrosion resistant and biocompatible (Yoshimitsu Okazaki, 
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Kyo, and Tateishi 1996), which were later used as a means of replacing parts of the 

skeletal structure (Sutradhar et al. 2010; Williams 1986).  

Applications that include the use of these materials were mainly for the replacement of 

internal prosthetic joints such as artificial hips and knees (Charnley 1961; Potter 1969). 

These products improved the quality of life for elderly patients who had lost the 

functionality of these joints due to the fatigue failure and loss of functional cartilage.  

However, these materials have limitations and complications that could develop in the 

long term. For example, as their material properties are often vastly different from that 

of the surrounding tissue, processes such as bone remodelling could cause the tissue 

surrounding the implant to weaken. There is also the degradation of the implant due to 

corrosion which gradually releases ions that are toxic to the recipient (Keegan, 

Learmonth, and Case 2007); although this is a very slow process and most patients 

usually expire prior to showing signs of negative effects that could be attributed to this 

process. For these reasons, alternative materials were sought. Creating materials with 

mechanical properties that closely resemble that of the surrounding tissue would reduce 

these complications. The use of porous biomaterials makes it possible to customise the 

mechanical properties of the implant (scaffold) and to provide a microenvironment that 

will allow tissue in-growth. 

There are a wide variety of materials that can be used to create these scaffolds including 

metal alloys, biodegradable polymers and calcium-based ceramics. Each of these 

materials have advantages and disadvantages, unique to said material, meaning that they 

also require unique methods for fabrication. 



 

22 

Fabrication methods: a range of applications currently exist, with regards to Cobalt-

Chromium and titanium-based alloys that have been used for implants dating back to 

the 1940s for dentistry. These alloys were used in the first total hip replacement namely 

the Charnley prosthesis (named after the surgeon who designed it) introduced in 1968, 

which, with a few improvements to the original design, is still being widely used today 

(Neumann, Freund, and Sørenson 1994).  

Advances in material science have meant that these alloys can also be used to create 

porous scaffold structures with the advent of SLS, a method of additive manufacturing 

capable of forming metallic constructs. An example would be the advent of titanium 

foam (Wen et al. 2002) which resulted in scaffold implants with an elastic modulus that 

is closer to that of bone. Using this method, it is possible to control certain aspects of 

the scaffold microstructure such as pore size but it is still limited in controlling 

interconnectivity (Scaglione et al. 2012). SLS was developed in the 1980s by Deckard 

and his co-workers and uses a high-powered laser to fuse particles of substances. This is 

one of the few additive manufacturing techniques that can be applied directly to metals. 

The technology makes it possible to create 3D complex structures as demonstrated by 

the fabrication of a porous tooth made from a nickel titanium alloy (Shishkovsky et al. 

2008). Although the use of metal alloys for porous implants show promise, particularly 

in cases where they have shown integration with the surrounding tissue when compared 

to that of non-porous implants, they still have certain limitations. As the scaffold has a 

fixed porosity, due to incapability of degradation, the apparent diffusion capability of 

the scaffold may become insufficient at later stages of tissue growth, limiting the 

potential size of the scaffold such that it becomes permanently fused to the surrounding 

tissue which could lead to complications.  
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Biodegradable scaffolds most commonly use materials such as polylactic acid (PLA), 

polyglycolic acid (PGA) and Poly(Lactide-co-Glycolide) (PLGA); which is a 

copolymer of the two (Hou, Grijpma, and Feijen 2003). These polymers break down 

when immersed in water due to hydrolysis, which is an ionizing chemical reaction. 

These can be manufactured in a variety of ways including salt leaching and Solid 

Freeform Fabrication (SFF) techniques (Hollister 2005) such as; fused deposition 

manufacturing (FDM) (Leong, Cheah, and Chua 2003), and SLS (Duan et al. 2010). 

The potential advantage of using such biodegradable materials is that the degradation of 

the scaffold materials will compensate the loss of diffusion capability of the scaffold 

due to tissue growth.  This also changes the overall mechanical properties of the 

scaffold, as the composite of scaffold material degrades during the neo-tissue formation, 

giving an opportunity to adjust the amount of load taken by the developing tissue over 

time (Baker et al. 2009), as illustrated in (Fig. 2.4). 
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Figure 2.4: Transfer of mechanical function from biodegradable scaffold to tissue (Adachi et al. 

2006). 

Such scaffold materials have shown great promise in both in-vitro and ex-vivo studies 

performed in animal models. However, there are materials that closely resemble that of 

the desired tissue. For hard tissues, such as bone, it is possible to use ceramics such as 

coral (Inoue et al. 1997) and de-cellularized bone (de Peppo et al. 2013) designed to 

integrate into the surrounding tissue (Adachi et al. 2006). Similar materials can be 

fabricated for example, hydroxyapatite and tricalcium phosphate ceramics that have 

properties which closely resemble bone and are also susceptible to remodelling. On the 

other hand, for soft tissue applications it is possible to use long chain polymer structures 

such as silk and cellulose to form a nano-fibre matrix that can support tissue 

differentiation and growth (Pham, Sharma, and Mikos 2006). Other examples include 

the fabrication of fibrin and collagen substrates that can be produced to resemble that of 

the ECM which is the substrate that the tissue cells adhere to in-vivo. However, in order 

for this to be effective the degradation rate of the material needs to be carefully defined 
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as tissue formation can be negatively affected if the scaffold degrades too quickly or too 

slowly (Alsberg et al. 2003). 

The creation of hierarchical structures using biodegradable polymers allowed for the 

combination of gene therapy and mechanotransduction to regulate stem cell 

differentiation (Coutu et al. 2011). This has led to successful hybrid tissue formation, 

for example the formation of bone and cartilage on the same scaffold (Ding et al. 2013). 

Controlling tissue differentiation using biochemical impregnation is promising but 

without it the support and permeability of the scaffold is inadequate and the tissue will 

only grow along on the scaffold surface, leaving it hollow.  

Another advantage of hierarchical structures is the use of optimisation algorithms that 

can adjust the characteristics of the microstructure in order to change the resulting 

mechanical properties of the entire scaffold (Wieding, Wolf, and Bader 2014). When 

considering biodegradable scaffolds, the necessity of such an optimisation becomes 

more significant. It is possible to regulate the rate of degradation caused by cellular 

interaction by adjusting the combination of polymers within the material (Pan, Jiang, 

and Chen 2008). These demonstrate mathematical models that take into account the 

change in permeability due to the scaffold degradation while simultaneously predicting 

how the change in surface area affects the degradation rate. This was also done using a 

stochastic model that monitors the hydrolysis reaction (Chen, Zhou, and Li 2011) 

making it possible to monitor the change in scaffold elastic properties over time. This 

also allows the possibility of approximating the distribution of any biochemical agents 

that had been introduced into the scaffold, potentially predicting the changes in the cell 
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population behaviour (Fig 2.5). If these optimisation tools were refined it would be 

possible to evaluate scaffold performance based on cellular activity. 

 
Figure 2.5: FEM based Mathematical model that uses shear strain to determine tissue 

differentiation (Lacroix and Prendergast 2002) 

2.2.2.3 Design parameters of scaffold microstructure 

Advances in medical imaging such as micro-CT and MRI have allowed for the creation 

of virtual solids that, when combined with CAD/CAE technologies, could lead to 

methods of scaffold design that can be tailored to patient specific design parameters 

(Hutmacher, Sittinger, and Risbud 2004). This has the potential for designing scaffolds 

that take into account the tissue’s vasculature and an ability to correlate bone density 

with elastic properties, making it possible to design material properties of scaffolds that 

would be compatible to that of the surrounding tissue (Sun et al. 2005). More 

importantly, this also allows for the opportunity to use automated optimisation 

algorithms that would lead to the design of optimal microstructures that may yield the 

best outcome for tissue growth. Such optimisation would involve the altering of the 

microstructural indices, including pore size (Zmora, Glicklis and Cohen, 2002), porosity 
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(Leong, Cheah and Chua, 2003) and interconnectivity (Fiedler et al., 2014), to give the 

best scaffold efficiency based on the current understandings of tissue regeneration. An 

example of such an optimisation method is the work of Hollister and his co-workers 

who created a structure that was capable of adapting all three of these design parameters 

by calculating the effective elastic properties of the modules that compose the scaffold’s 

hierarchal structure (Hollister 2005). The appropriate modules are then generated within 

the scaffold volume based on the pressure gradient.  

Furthermore, the use of imaging techniques has made it possible to tailor a scaffold’s 

microstructure design both geometrically and materially. Using Scanning Electron 

Microscopy (SEM) it is possible to determine the required stress tensor for electro-spun 

polymers by monitoring fibre alignments during stress tests. This allows the material to 

be designed to mimic the mechanical properties of the surrounding tissue (Courtney et 

al. 2006). It is possible to determine the properties of the scaffold’s surface by using 

atomic force microscopy (AFM) (Brody et al. 2006). In addition a micro-CT scan can 

determine the 3D microstructure of a fabricated scaffold, enabling a more detailed 

analysis of the scaffold microstructural properties (Brun et al. 2010) and, more 

importantly, automated design using optimisation methods (Cheah et al. 2004;(Jung and 

Torquato, 2005) 
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2.2.2.4 Scaffold design in the context of additive manufacturing 

 
Figure 2.6: Triperiodic minimal surfaces geometries (Kapfer et al. 2011). 

The advent of additive manufacturing makes it possible to create scaffold designs that 

have a modular hierarchical structure, as illustrated in (Fig. 2.6). This paves the way for 

many design methods, in which the microstructure design incorporates a regular 

repeating pattern in 3D. This makes it easier not only to create the 3D geometries in 

CAD but to evaluate the scaffold performance using computational models. For this 

reason there have been a number of attempts to establish a standardised means of 

construction of varying sizes and porosities (Wettergreen et al. 2005). One method is 

the use of mathematical principles that could define a modular-based construction 
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which allows for the variation in the scaffold architecture to achieve the desired 

permeability or mechanical properties (Boccaccio et al. 2016). An alternative method is 

to use uniform particles as demonstrated by the use of paraffin spheres as a filling 

material (Murphy et al. 2002) 

Among many representative geometries used as modular units (often referred to as a 

representative volume element, RVE), the use of minimal surfaces for the RVE has 

gained popularity since these geometries are known to distribute applied mechanical 

stress relatively evenly when loaded, e.g. uni-axially (Shin et al. 2012). It is also 

convenient to use such a method to vary the microstructural indices, such as porosity, 

based on the mathematical equations that define the topology (Rajagopalan and Robb 

2006). As a result of this, the effective properties of the scaffold can be varied. For 

example, the Schwarz primitives have the highest permeability when compared to that 

of other minimal surface structures such Schoen’s gyroid or Schwarz’s diamond (Jung 

and Torquato 2005). 

2.3 Key challenges of tissue engineering 

There are many challenges that scaffold tissue engineering needs to resolve before it can 

be effectively applied in clinics. One of the challenges is that, because most scaffolds 

are first designed in an ex-vivo environment, its design parameters may not be 

optimised towards the in-vivo application. This is primarily due to the differences 

between the in-vivo environment (host-tissue dependent) and the ex-vivo environment 

in which its microstructural indices were initially designed. Due to the lack of 

vascularisation, particularly at the initial stages of the tissue growth, the 
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microenvironment and the oxygen supply from the host tissue becomes critical. The 

lack of oxygen supply from the host tissue could lead to a shell-like tissue formation 

with a necrotic region at its centre due to the scaffold size being greater than the critical 

thickness, thus providing a rate of diffusion insufficient to supply the entire domain. 

Therefore, the diffusion of oxygen into the scaffold from the host tissue and its impact 

on subsequent tissue growth are key design criteria that needs to be taken into account. 

In the following sections, the major challenges and gaps that this thesis attempts to 

address will be discussed. 

2.3.1 Scaffold design considering the ‘dynamic’ nature of tissue growth 

Traditionally, the design of scaffold microstructure uses the apparent properties as the 

design criteria, such as those proposed by (Chen et al. 2011; Hollister, Maddox, and 

Taboas 2002). Although successful, those methods do not take into account the 

‘dynamic’ nature of the scaffold environment. This includes, but is not limited to, 

oxygen diffusivity, cellular activities including proliferation and differentiation and the 

change over time in oxygen supply from the host tissue. For example, due to the tissue 

growth, the local cell populations may increase drastically, resulting in reduced scaffold 

capability for oxygen diffusion. This, on the other hand, may also lead to the reduced 

capacity of the oxygen supply from the host tissue. The increasing cell population may 

boost the local ECM density, which in turn reduces the rates of oxygen and cell 

diffusion. Therefore, the scaffold needs to be designed to be able to accommodate such 

changes in the microenvironment of the scaffold; this highlights the necessity of 

identifying appropriate methodologies that take these matters into account.   
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2.3.2 Oxygen supply from the host 

The properties of the ECM are also evolving during the wound healing process, 

particularly its diffusivity with respect to oxygen and cells. This means that the rates of 

cell migration and oxygen diffusion change over time as the ECM develops. Since the 

oxygen supply relies on the host tissue at early stages of tissue growth in-vivo, the 

capability of the oxygen supply from the host may be negatively affected by this. This 

has been experimentally quantified by an in-vivo study, where a titanium implant with 

an oxygen sensor array was placed in the subcutaneous tissue. The findings showed that 

the influx of oxygen over time follows an exponential decay as the density of collagen 

surrounding the implant increases (Kumosa et al. 2014). This information is crucial 

when considering the performance of the scaffold within the in-vivo environment, since 

the initial rapid decline in the oxygen supply will cause severe damage to the tissue 

growth due to reduced oxygen supply from the host. Although for in-vitro applications 

it is possible to use perfusion bioreactors to improve oxygen flux into the scaffold 

structure, the effect of said phenomenon still needs to be quantified.  

These findings show how oxygen delivery is one of the greatest limitations of tissue 

engineered scaffolds. There has yet to be a viable solution that would significantly 

address these issues, despite a number of recent attempts such as the development of 

pre-vascularised scaffolds that would accelerate the formation of a neovascular network 

(Zheng and Roberts 2016) and the use of a perfusion bioreactor as a pre-culturing step 

prior to in-vivo implantation. 
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2.4 Computational methods in scaffold TE – predicting tissue growth 

2.4.1 A look at the cellular level 

Oxygen availability is an important determinant for cell behaviour (Tandara and Mustoe 

2004). Wound healing mainly relies on the differentiation of the mesenchymal stem 

cells (MSCs), a process which may cease when the available oxygen level drops below 

a certain threshold (Potier et al. 2007). It has also been found that MSCs can survive at 

an extremely low level of oxygen and can even adapt to survive in an environment that 

has almost zero oxygen availability (Deschepper et al. 2011). Therefore, the oxygen 

availability is a critical parameter that could regulate the behaviour of MSCs in tissue 

scaffolds.  

As mentioned previously fibroblasts also play an important role and, like MSCs, are 

supplied through the bloodstream or migration from the recipient. The growth factors 

secreted by fibroblasts are responsible for initiating the angiogenesis process and thus 

promoting their proliferation can subsequently promote the vascularisation in scaffolds 

(Metz 2003). The time required to develop a neo-vascular network has been estimated 

to be around four days after implantation in-vivo (Tonnesen, Feng, and Clark 2000). 

Therefore, ensuring oxygen availability throughout the scaffold in the initial stages is 

essential but rather challenging, in particular, the sustaining of a high cell population of 

over a 10 million cells/cm3 (Freed et al. 1994).  

This means that the rate of oxygen consumption would be much higher in in-vivo cases 

than in most in-vitro scenarios, where the cell seeding densities are often between 
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thousands and millions of cells/cm3 due to limitations in oxygen availability (Kim et al. 

2000). This high rate of oxygen consumption limits the size of the scaffolds that can be 

applied to the in-vivo environment. It has been observed that when a scaffold with a 

high volume and low surface area is implanted it results in the formation of necrotic 

tissue at the scaffold’s centre (Freed et al. 1994), where the oxygen and other nutrients 

are completely consumed without the support of a functional vascular network. In order 

to utilise larger scaffolds, scaffold design must promote oxygen and its distribution as 

homogeneously as possible.  

In both cases the goal is to promote differentiation and the acceleration of the 

angiogenesis process.  

Doing this chemically involves introducing growth factors that would accelerate the 

formation of endothelial vessels. This is risky as this process can also be linked to the 

formation of tumours and manipulating cells in such a way could have unforeseen 

complications, including the formation of cancerous tissue (Chen and Mooney 2003).  

Mechanical manipulation can accelerate the rate of differentiation of MSCs and 

improve the proliferation of tissue cells such as fibroblasts. This technique could also be 

used to force the fibroblasts to create a more ordered ECM that would align to the 

planes of strain (Chen and Mooney 2003).  

Both these methods have the potential of improving oxygen distribution during tissue 

formation within scaffolds and it is likely that the final solution would require the 

utilisation of both approaches in some form (Mauck et al. 2003). However, regardless of 
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what solution these avenues of research present there will still be a need to assess a 

scaffold’s performance on a patient specific basis (Jessop et al. 2016). A computational 

framework that can assess the oxygen distribution and consumption, while 

simultaneously considering the influence of the scaffolds topology would be an 

important contribution for scaffold optimisation and design when attempting such 

strategies. 

2.4.2 Mathematical modelling of cellular behaviours in tissue scaffolds 

There are a number of cellular activities in tissue scaffolds that are essential to the 

regeneration process, namely cell migration, proliferation and differentiation. Typically, 

the migration of cells are modelled as a diffusion process while the other two are often 

characterised mathematically as population-based models. If modelled together, their 

characteristics are best captured by reaction diffusion models.  

Therefore, the key aspects of mathematically modelling tissue development are now 

proposed. 

Cell Migration: The use of mathematical modelling made it possible to establish that 

its cell migration speed can be determined based on how many adhesion points (integrin 

bindings) (Lo et al. 2000). Naturally occurring nanofibers that are observed in the ECM 

can also be synthesised for more accurate predictions of the cell behaviour within the 

in-vivo environment (Tibbitt and Anseth 2009). These experimental techniques make it 

possible to create migration models that can take into account the formation and 

restructuring of the ECM.  



 

35 

Oxygen diffusion: Investigations in the diffusion properties of the substrate also 

revealed that oxygen diffusion through these nanofiber matrices obey Stokes/Einstein’s 

laws of diffusion where the diffusion rate of a given molecule is dependent on its 

molecular weight and the viscoelastic properties of the surrounding substrate (Galgoczy 

et al. 2014). Thus, as long as the substrate remains the same, diffusion solutions such as 

Fick’s law will remain valid for the dispersion of nutrients and biochemical signals. It 

also points out that the substrate’s mechanical properties can be directly related to the 

diffusion of the substances. Currently the use of convection for in-vivo models is not 

considered due to how it would rarely influence oxygen delivery within tissue. This was 

explored by modelling local plasma convection and its influence on oxygen transport. 

(Bos, Hoofd and Oostendorp, 1996) 

Cell population logistic growth model for MSC cell cultures that have this experimental 

setup also makes it possible to establish their behaviour in large cell populations. Their 

change in behaviour under different oxygen concentrations are of particular interest 

(Dos Santos et al. 2010). From this analysis it was possible to calculate a logistic model 

by identifying the growth and death rate as well as the maximum population density. 

Hypoxic threshold: It was found that in hypoxic environments the cell populations’ 

proliferation rate increases, unlike most other cells that would go into a state of 

apoptosis (cell death due to lack of nutrients such as oxygen) resulting in a drop in 

population. It was also found that their likelihood of differentiation into mature tissue 

cells becomes less likely (D’Ippolito et al. 2006). The hypoxic threshold where this 

change in behaviour occurs was identified between 3% and 4% PO2.  
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Oxygen consumption: It was also possible to determine whether the consumption rate 

of oxygen per cell is influenced by the cell population density. This was found to be 

relatively constant indicating that the overall consumption rate of oxygen is directly 

related to the cell population density (Pattappa et al. 2011). Modelling how the cell 

population grows over time within the in-vivo environment is fairly complex due to the 

number of factors to be considered, especially when in a hypoxic environment where 

the rate of apoptosis has varied significantly in a variety of in-vitro experiments. 

Though the proliferation rate of most cells has been found to be fairly constant 

(WARREN, L., ZHAO, and REZA 2006), the rate of cell death varies significantly 

depending on the environmental conditions. For example, when mechanically 

stimulating cells the rate of regulated cell death (autophagy) decreases when 

mechanically stimulated (Aarabi et al. 2007b).  

Cell death: Is regulated through intercellular communication using both chemical and 

mechanical signals, thus accurately depicting this phenomenon requires that these 

signals are incorporated into the model. A number of models considered growth factors 

as the main determinant (Sun et al. 2013). Apoptosis is usually modelled based on a 

hypoxic threshold that will increase the rate of apoptosis once it finds that there are 

insufficient nutrients available (Carlier et al. 2015).  

These observations will be useful in the creation of a framework that can model cell 

activity within a scaffold. There are a number of examples where mathematical models 

can map cell migration on both the cellular level and on the tissue level that take into 

account the influence of the nanofiber matrix using discrete models (TURNER and 
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SHERRATT 2002), continuum models (Beaupre and Orr 1990) as well as hybrid 

models (McDougall et al. 2012).  

The utilisation of discrete models can better reflect the migration behaviour of an 

individual cell. One way of achieving this is by taking the sum of forces being applied 

to the cell and calculating the resultant force which will determine the cell’s direction 

for a given position (Scianna and Department 2000). Applying this method to a large 

population of cells would be difficult due to the sheer number of cells within the in-vivo 

environment.  

A hybrid model that creates a discreet representation of the ECM and then estimates the 

effective resistance against the migration and how cells would change the fibrous 

orientation is another method of depicting the wound healing process at its initial stages 

(McDougall et al. 2006). This involved using discrete modelling methods to depict 

collagen alignment while using a continuum approach to model cell migration. 

Currently this method only considers the behaviour of one cell type. To accurately 

represent this process, other physiological factors would need to be considered. Thus, 

depicting the wound healing process to this level of accuracy would require 

significantly more in-vivo investigations. 

The limitation mentioned with regards to the previous methods indicate that the use of a 

reaction diffusion model would be the most appropriate for the desired application. 

Computationally this method is the least expensive and though it does not accurately 

depict cellular behaviour at the cellular level, the resulting distribution reflects that of 

large cell populations (Boccaccio et al. 2011). This method has been utilised to model 
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scenarios both in-vitro, e.g. oxygen in a fibrin hydrogel (Demol et al. 2011; Geris, 

Ashbourn, and Clarke 2011), and in-vivo, e.g. the use of a bone chamber implant for 

validation (Demol et al. 2011 (Fig. 2.7); Geris et al. 2008) for in-vivo mathematical 

models.  

 
Figure 2.7: Mathematical model for calculating the oxygen tension within a fibrin substrate 

(Demol et al. 2011) 

The main reason for its popularity is the simplicity of its application. The resulting 

change in the cell population is determined by the three key factors as shown in 

equation 2-2. (Boccaccio et al. 2011) 
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Where (D) is the diffusion coefficient and (c) is the cell concentration, the second term 

represents the contributions of cell mitosis which, in this case, is measured by the 

chemical concentration of the mitosis inducing factor [s(cc)] as a function describing the 
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mitosis rate per cell. It also introduces a cell death mechanism which is described by 

using a constant (k) to describe the cell death or removal. 

 

2.5 Concluding remarks 

The complexity of the wound healing process means that a faithful depiction of the 

process would require an extensive number of variables. In order to create a feasible 

means of assessment of a tissue scaffold’s potential the process of tissue regeneration 

will need to be simplified. Oxygen availability has been identified as one of the primary 

regulators of tissue differentiation. Another factor that effects cell differentiation is the 

rate of deformation of the cells surrounding substrate. Therefore, in order to build an 

effective computational framework to assess the design of tissue scaffolds, from the 

perspective of optimal tissue growth, a computational framework needs to be designed 

that is sensitive to oxygen availability as well as the change in elastic properties at the  

interface between the ECM and scaffold surface. 
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Chapter 3: Development of 

Computational Framework  

3.1  Summary 

This chapter will describe the methodological details of the computational framework 

proposed, including the model’s ability to quantify the oxygen diffusion, cell migration 

and various cellular activities. Finally, the established framework will be presented and 

the associated parametric studies will be discussed (which will be carried out in Chapter 

4). 

3.2 Overview of the computational framework 

Tissue engineering scaffolds with periodic microstructures have gained increasing 

attention in the last decade due to the rapid development of additive manufacturing 

technology (Zein et al., 2002; Leong, Cheah and Chua, 2003; Sachlos and Czernuszka, 

2003; Li et al., 2014).  

 
Figure 3.1: (A) Fused Deposition Manufacturing (FDM) lattice configuration used to develop tissue 

scaffolds (Sapkal, Jaiswal and M. Kuthe, 2016). (B) CAD based primitives used for modelling tissue 

scaffolds (Arthroplasty et al., 2006).(C) Minimal surface geometry made using additive manufacturing 

(Blanquer et al., 2017a) 

Fig. 3.1 shows a number of commonly-used microstructures for applications of bone 

tissue engineering. The lattice structure (Fig. 3.1(A)) made using fused deposition 
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manufacturing (FDM) is the most commonly used due to its simplicity. The  structure’s 

mechanical properties can be optimised by changing the orientation of the road pathway 

(Zein et al., 2002; Arthroplasty et al., 2006; Rainer et al., 2012) and thus can be applied 

to a variety of loading conditions. As shown in (Fig. 3.1(C)), minimal surface structures 

such as Schwarz primitives distribute mechanical load relatively evenly when compared 

to other scaffold structures (Shin et al., 2012). As mechanical strain increases, the 

likelihood of cell adhesion increases (Mauney et al., 2004) which could result in a better 

distribution of tissue growth. They also make it possible to assess scaffold design 

parameters such as the mean curvature and their influence on tissue differentiation 

(Rajagopalan and Robb, 2006; Blanquer et al., 2017a).   

When used in ex-vivo or in-vitro applications, tissue scaffolds are subject to a constant 

exchange of oxygen, cell and metabolic matters with the host environment which is 

crucial in supplying and maintaining a sustainable environment in which the cells can 

grow. Furthermore, the progenitor cells, after having migrated and having been 

established in the scaffold, will undergo proliferation, differentiation and maturation 

processes, should the micro-environment allow them to do so. Subsequently, the 

metabolism of all cells will lead to consumption of oxygen and other nutrients which, 

again, are in constant exchange with the recipient. More importantly, all the processes 

mentioned above are directly or indirectly affected by the scaffold microstructure, 

leading to the possibility for optimising the scaffold design based on the effectiveness of 

the tissue growth therein.  

Through in-vivo and in-vitro analyses, topological parameters for such scaffold 

optimisation have been identified. The most fundamental include pore interconnectivity 
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(Otsuki et al., 2006), porosity (Gomes et al., 2006), pore size (Murphy, Haugh and 

O’Brien, 2010) and mean curvature (Blanquer et al., 2017b), which is the average 

between the maximum and minimum principal curvatures. In-vivo observations have 

shown that scaffolds with high porosities increases the potential for tissue 

differentiation which is possibly due to improved diffusion of oxygen and nutrients 

(Karande, Ong and Agrawal, 2004). Smaller pore sizes result in higher cell densities 

causing a rapid depletion of oxygen within the pore. Larger pore sizes result in a change 

in the cellular behaviour causing tissue to develop in layers along the scaffold’s surface 

(Murphy, Haugh and O’Brien, 2010).   

In this chapter, the construction of the framework and the stages required in order to 

define and depict the tissue development within the scaffold, will be reviewed. The first 

section will introduce the implementation of diffusion models as a means to calculate 

oxygen diffusion and cell migration. Secondly, the processes used to model the 

physiological activities will be discussed, starting with the method of modelling the rate 

of oxygen consumption, then the method of calculating the cell population growth, 

followed by how the differentiation of the cell population is implemented. Finally, the 

possibilities of parametric studies which will be used to assess the effectiveness of the 

proposed methods will be discussed.  

3.3 Oxygen diffusion and cell migration 

The exchange of oxygen between the scaffold microstructure and the host environment 

is essential for tissue growth. In the early stages of tissue growth in scaffolds, due to the 

absence of functional vascularisation, the oxygen supply often relies on the diffusion 
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process (Miller, 1982; Muschler, Nakamoto and Griffith, 2004). On the other hand, the 

migration of progenitor cells into the scaffold from the recipient can also be seen as a 

diffusion process. This method of simulating cell migration has been used for tissue 

regeneration models in literature. One example would be the use of a taxis diffusion 

model to depict the tissue differentiation within a bone fracture (Peiffer et al., 2011). 

This mathematical model is complex as it takes into account the remodelling of the 

ECM, which results in the cells changing their migration rate. There has yet to be a 

standardised method of modelling this process as there are a variety of solutions that 

vary in complexity, which ranges from the use of hybrid models that combine the use of 

both discrete and continuum modelling to predict cellular behaviour and tissue 

development (Sherratt and Dallon, 2002), to simpler models that base the matrix 

material properties on the matrix density (Xue, Friedman and Sen, 2009). To avoid 

introducing further complexity in the model, the matrix remodelling process was not 

taken into account.  

In this thesis, the oxygen diffusion and cell migration are modelled using Fick’s second 

law (Fick, 1995), as 

  

 
(3-1) 

  

 
(3-2) 
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(3-3) 

where Do, Dp, and Dm represents the diffusion rates of oxygen, progenitor and mature 

cell populations respectively. Co, Cp, Cm are the corresponding time-evolving 

concentrations. t and x are the standard annotations of time and distance.  

The oxygen diffusivity used in the Fickian diffusion model is extracted from the 

observations made in an in-vivo experiment that measured oxygen within subcutaneous 

tissue (Kumosa et al., 2014), and the Do was found to be 2.8×10-6cm2/s. The diffusion 

rates used to represent the migration of progenitor and mature cells are based on the 

average migration speed of mesenchymal stem cells (MSCs) and fibroblasts observed 

through a 3D substrate. The cell migration speeds were converted to diffusion 

coefficients using Einstein's diffusion approximation equation (Peskir, 2003). This 

assumes that the cells are dispersing in a way that resembles Brownian motion, as  

 
 

(3-4) 

where D is the diffusion coefficient x is the distance travelled of the particle (in the case 

the average distance that the cell has travelled within a substrate) and (t) is the time in 

which the travel takes place, as the speed approximated is based on the distance 

between two points rather than the total distance travelled which would take into 

account the hindrance or change in direction caused by navigating through the nano-

fibre matrix.  
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As the migration speed for MSCs does not vary significantly between cell types, a value 

of 1µm/min is adopted from the work by (Bear and Haugh, 2014a). This is then 

converted to a diffusion coefficient using Eq. (3-4), resulting in a value of 1.39 ×10-

12cm2/s. For specialised cells the migration rate of fibroblasts is introduced through a 

fibronectin substrate of varying concentrations (Ulrich, de Juan Pardo and Kumar, 

2009) where the migration speed is determined by calculating the distance travelled 

between the centre of the substrate towards its boundaries. The value used in the 

analysis was the maximum speed achievable within the fibronectin which was found  

using a substrate with epidermal growth factors  (Maheshwari et al., 2000). This 

resulted in an average cell migration speed of 20µm/hour which when converted equals 

1.54 ×10-13cm2/s. In most configurations of the experiments such as those mentioned 

above, the migration speed of a particular cell type was measured in an ECM-

mimicking environment, e.g. in a gel substrate that is uniform in its matrix density and 

where the migration is often directed using chemical gradients.  The migration speed is 

sensitive to the composition of the surrounding substrate and thus it cannot be said, that 

using these variables would be fully compatible, but it is a compromise. It would be 

most ideal to adopt the diffusion parameters from experiments where both the 

progenitor and specialised cells were measured within the same substrate; however, this 

is not readily available in the literature. This method may not be accurate when 

considering tissue development after an extended period due to how its diffusive 

properties change during this process. However, the initial fibrin formation during the 

wound healing process can be considered to be isotropic, thus this method could be 

applied to the initial stages of wound healing when diffusion coefficient would be 

considered as uniform. 
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3.3.1 Oxygen consumption 

During the cellular activities and metabolic processes, oxygen is consumed. This is 

modelled as additional consumption terms which are later integrated into the oxygen 

diffusion equation, as 

 

 

 
 

(3-5) 

where rp and rm are the rates of oxygen consumption per cell for progenitor and mature 

cells, respectively, and are fixed as a constant of 9.8 ×10-5 mol/hour/cell. These were 

taken from in-vivo investigations on MSC populations (Pattappa et al., 2011) which 

concluded that variations in oxygen consumption in different cell concentrations was 

negligible. The consumption used for the specialised cells was the same values as 

another investigation which showed that preadipocytes with no morphological change 

had an oxygen consumption of 0.591±0.302 and unstimulated fibroblasts 0.626±0.196 

which was considered insignificant. However, there was a change in consumption when 

cells differentiated into adipose tissue. (von Heimburg et al., 2005). For this simulation 

it was assumed that the progenitor cell population (P) and the mature cell population 

(M) had the same rate of oxygen consumption. This would resemble the progenitor cells 

differentiating into mature fibroblasts. 

3.3.2 Logistic cell growth  

Calculating the rate of growth within a cell population requires that both positive, (cell 

mitosis) and negative (apoptosis and necrosis) physiological events are considered. The 

logistic growth function is an effective method that is determined by observing the 



 

48 

doubling time of cell population during cell culturing (Dos Santos et al., 2010). This 

population growth always leads to a point of stagnation when the positive and negative 

physiological events achieve balance. Fig. 3.2 shows the representative growth curve of 

a cell population, the blue line shows the total cell concentration over time, where it can 

be seen that a cell population starts to grow, stabilise itself and eventually saturate. 

 
Figure 3.2: Cell population over time using a logistic growth function. 

The logistic growth curve can be mathematically defined as: 

 𝐺𝑝 ,𝑚 = 𝐾
𝐶𝑚𝑎𝑥 − 𝐶𝑝 ,𝑚

𝐶𝑚𝑎𝑥
− 𝐹 

 (3-6) 

Where Gp,m is the growth rate of either the progenitor or mature, Cmax is the maximum 

population, Cp,m is the current population of either the Progenitor or Mature cells, K is 

the growth rate and F is the death rate. Eq. (3-6) a saturation point of Cmax of 2.75 ×107 

cell/cm3 (Androjna, Gatica, Belovich and K. a Derwin, 2008) was used, as this value 

was applied to tendon tissue to estimate critical thickness. Optimum seeding of 
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scaffolds is established to be between 1 to 2×107cell/cm3 (Androjna, Gatica, Belovich 

and K. a Derwin, 2008).  

Establishing the rate of cell growth K and cell death F has been done within in-vitro 

analyses, as there are a limited number of variables hence easier to quantify, when 

compared to complex environments found in the in-vivo, as there are many 

physiological mechanisms that regulate the cellular activities including the immune 

response and intercellular communications, which are very prevalent during the wound 

healing process (Greaves et al., 2013). Computational models have attempted to take 

these in-vivo mechanisms into account (Peiffer et al., 2011). However, as the intention 

of the framework is to compare cell behaviours within different environments and these 

variables would vary greatly depending on environmental conditions since they are 

sensitive to changes in substrate and chemical gradients; such variables are not taken 

into account. 

For this reason the growth rate K and the death rate F values were extracted from an ex-

vivo growth analysis of MSCs (Dos Santos et al., 2010), which analysed the difference 

in population behaviour in both hypoxic and normoxic environments. As the tissue 

scaffold will inevitably become a hypoxic environment at the later stages of tissue 

growth before functional vascularisation appears, the values found for the hypoxic 

environment were used, where K is 0.49, F is 0.03. These values will be applied to both 

the progenitor cell population as well as the more specialised population (Gp, Gm) to 

establish the rate of population increase due to physiological events, thus enabling the 

simulation and comparison of the evolutions of the cell populations of both cell groups.  
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3.3.3 Cell Differentiation 

The primary purpose of tissue scaffolds is to provide the necessary structural support to 

allow for differentiation of stem cells leading to formation of the desired tissue. Cell 

differentiation has been found to be influenced by both mechanical (Mauney et al., 

2004; Pek, Wan and Ying, 2010; Platzman et al., 2013) and chemical (Schuldiner et al., 

2000) stimuli. This makes establishing the rate at which cells differentiate within the 

scaffold difficult as it varies depending on the scaffold’s surface topology (Pek, Wan 

and Ying, 2010) and the scaffold material (Pek, Wan and Ying, 2010). There is also the 

possibility of influencing cell behaviour by impregnating the scaffold with biochemical 

markers (Jansen et al., 2005). Due to the extensive range of strategies to manipulate cell 

behaviour within the scaffold it is likely that any method of establishing the 

differentiation rate within a specific scaffold would only apply to the scaffold that was 

analysed.  

Another complication is the relationship between the surrounding substrate and the 

scaffold surface. As the scaffold material would likely vary when compared to that of 

the surrounding substrate, the cellular behaviour on the scaffold surface may be 

different. Cells are more likely to differentiate on materials that have a higher 

mechanical stiffness (Pek, Wan and Ying, 2010).  This also depends on the density of 

the surrounding matrix because a sparse matrix is far less likely to encourage cell 

differentiation as there would be less ‘supporting structures’ to which the cell could 

adhere (Engler et al., 2004). These two factors can influence the degree of surface 

dependency within the scaffold (Jansen et al., 2005). For the current framework, it is 

assumed that the differentiation from the progenitor to mature cell population is, firstly, 
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completely surface dependent (Chapters 3-5), followed by its removal in favour of an 

implementation of a collagen deposition mechanism (Chapters 6-7). The former would 

be the equivalent of assuming that the surrounding substrate does not provide adequate 

support to allow for cell adhesion and differentiation and that the surface of the scaffold 

is the only area that has sufficient support early on to allow for cell differentiation. 

The following equations are used to implement the differentiation of the stem cell 

population into a specialised cell population, as 

  (3-7) 

  (3-8) 

where the rate of differentiation on the surface J was established by applying a constant 

that assumes that a fixed percentage of the available progenitor cell population will 

differentiate into the more specialised cell population. A rate of 30% was used, which is 

in line with the parameter used in another mathematical model that predicted the rate of 

differentiation of granular tissue (Byrne et al., 2007a). 

3.4 Summary of governing equations  

The changes in the spatial distributions of the three constituents, i.e. the oxygen, 

progenitor cell and specialised cell are calculated by combining the changes in their 

respective concentrations due to physiological activities including cell proliferation and 

differentiation, with those caused by the diffusion process expressed as: 

  (3-9) 
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(3-10) 

 
 

(3-11) 

The interaction between these three main events lies in the availability of local oxygen 

concentration. The population of MSCs will continue to proliferate even in severe 

hypoxic conditions, e.g. less than 0.2% PO2 (Deschepper et al., 2011). However, this is 

not the case for the specialised cell population where the proliferation rate and the 

differentiation rate diminish when below a certain hypoxic threshold (Siddiui et al., 

1996). For this reason, a hypoxic threshold H is introduced into the framework which 

suppresses the proliferation and differentiation of the mature cell population when the 

local oxygen concentration Co is below such a threshold.  

Fig. 3.3 shows the key steps of the proposed framework, including the logistic cell 

growth, cell differentiation and diffusion of oxygen and cell populations:  
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Figure 3.3. Structure of tissue development computational framework that is surface 

dependent. 

Step 1: the model is started with pre-defined conditions such as initial concentrations of 

oxygen and cell populations and the oxygen boundary condition at the external 

boundary of the scaffold (details given in chapter 4);  

Step 2: the logistic growth of two cell populations is calculated, using Eq. (3-6), if the 

local oxygen concentration Co is greater than the hypoxic threshold H; 



 

54 

Step 3: the cell differentiation is calculated, using Eq. (3-7/8), only at the surface of the 

scaffold solid phase (Ω), if the local oxygen concentration Co is greater than the hypoxic 

threshold H; 

Step 4: the oxygen consumption is calculated, using Eq. (3-5); 

Step 5: the diffusion of oxygen and the two cell populations are simulated in ANSYS.  

Step 6: the updated concentration profiles are then used as ‘initial conditions’ for the 

next time step until the end of the simulation. 

Steps 1-4 were solved locally, and the results were exported for steps 5 and 6. As this 

method is a linear approximation it needs to be conducted iteratively. After 

investigating the effect of changing the iteration time step it was found that a time 

period below 3hrs is required for the range of parameters used in the sensitivity analysis 

in chapter 4. During this process it was found that instabilities when using this method 

become apparent when the entire domain is depleted of oxygen within the first time 

step. Thus, time step of iterations were set 1 hour as it would ensure the simulations 

stability when parameters were varied. 

3.5 Parameters used in the model 

Table 3.3-1 summarises the parameters used for the benchmark simulation which has 

been described in the previous sections. Oxygen diffusion coefficient Do calculated for 

developed tissue based on the rate of oxygen supplied to an implant by the surrounding 
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healthy tissue (Kumosa et al., 2014). This diffusion coefficient was used as the ultimate 

goal is to compare the in-vivo and in-vitro environments and since the in-vitro can be 

designed to mimic the in-vivo using a synthesised ECM (Ghosh et al., 2007), the use of  

the in-vivo data was appropriate. The diffusion coefficient used to represent cell 

migration for the progenitor population Dp and mature population Dm were 

approximated, based on the average speed within a 3D matrix using in-vitro 

investigations. As these parameters were extracted from different experiments it means 

that the diffusion coefficients used may not be relative to a scenario where both cell 

types inhabit the same substrate. Solving this would require an investigation that was 

specifically designed to extract the migration rates specific to progenitor and mature cell 

types within the same substrate. As the framework is merely an arbitrary representation 

of tissue differentiation, this was not necessary. However, as the framework was used 

for modelling a specific scenario, its accuracy would depend on these variables. This 

was why a parametric study was required in order to identify the level at which this 

framework would be affected by changes in these variables.  

On the other hand, differentiation rate J was an arbitrary value and though it is possible 

to be achieved in literature, the fact that it is influenced by a wide range of parameters 

means that the only way to achieve an accurate representation would be by extracting 

the values directly from experimental data of the specific scaffold for the model being 

developed. Finally, the same logistic growth relationship was applied to both the 

progenitor and mature cell populations. This was done mainly to reduce the complexity 

of the simulation as varying these parameters would require additional dependent 

analyses. As these are arbitrary representations based on observed behaviours that could 

be applied to a variety of cell types, it was assumed that both populations used the same 
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logistic growth behaviour. If this framework was to be applied to specific cell types an 

ex-vivo cell culture expansion like the one used to define the logistic function for this 

framework (Dos Santos et al., 2010), could be conducted. 

Other parameters i.e. hypoxic threshold and consumption rate are fairly consistent 

across the literature. 

Table 3.3-1: Summary of all parameters used in the model.  

Parameter - value Units Notation Reference 

Time - 72 hours t  

Diffusion Oxygen 2.80x10-6 cm2/s D0 (Kumosa et al., 2014) 
 

Progenitor 1.39x10-12 cm2/s Dp (Bear and Haugh, 2014b) 
 

Mature 1.54x10-13 cm2/s Dm (Maheshwari et al., 2000) 

Logistic growth 

parameters 

Growth 4.90x10-01 - K (Dos Santos et al., 2010) 

 
Death 3.00x10-2 - F (Dos Santos et al., 2010) 

 
Maximum 

population 

2.75x107 Cells Cmax (Androjna, Gatica, Belovich 

and K. A. Derwin, 2008) 

Hypoxic threshold 1.33x10-8 mol/cm2 H (Potier et al., 2007) 

Oxygen consumption rate 9. 

8x10-5 

mol/hour/cell/ Rp/m (Pattappa et al., 2011) 

Differentiation rate 3.00x10-1  J (Byrne et al., 2007b) 

Boundary conditions 

Oxygen 2.25x10-7 mol/ cm2 O (Bartolini et al., 2015) 

Progenitor Cell 5x104 cells/ cm2 P 
 

Mature Cell 0  M  

Scaffold Geometry 

Length 0.5 cm   

Breadth  0.5 cm   

Porosity 0.92    

Pore size 0.02 cm   
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 Initial and boundary conditions 

The oxygen supply to the scaffold structure is modelled using representative boundary 

conditions at the edges of the scaffold, i.e. where the scaffold structure ‘meets’ the 

surrounding environment and is assumed to have a uniform concentration distributed 

throughout the surrounding tissue. This ‘ambient’ oxygen concentration was found to be 

just above the hypoxic threshold at a concentration of 4×10-8Mol/cm2 in-vivo (Tandara 

and Mustoe, 2004; Kumosa et al., 2014). However, it should be highlighted that a 

boundary condition with a constant oxygen concentration is more appropriate to 

represent the environment of the static culturing condition, where the scaffold is placed 

in a ‘pool’ that has a constant oxygen concentration. For this reason, the benchmark 

value of oxygen concentration used here, when the boundary condition is fixed as a 

constant, was chosen to be 2.25×10-7Mol/cm2, the atmospheric oxygen concentration. It 

should be noted that this boundary condition will be altered to represent more complex 

scenarios in Chapter 5, i.e. ex-vivo cell culture in a perfusion bioreactor and in-vivo 

applications. 

Progenitor cell seeding within the scaffold structure can vary between thousands to tens 

of millions of cells/cm2 (Vunjak-Novakovic et al., 1998; Min et al., 2004; Yang et al., 

2005) and usually includes pluripotent cells that differentiate into tissue cells, 

depending on the cell type and the culturing conditions. As a benchmark study, an 

initial cell density of 5×104 is used for the progenitor cell population, as any higher 

would result in a rapid decline in the available oxygen within the domain of 1cm. No 

boundary conditions are applied regarding the cell population, as for this analysis it is 

assumed no additional cells are added to the scaffold domain. For an in-vivo case this is 
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apparently not accurate as it has been observed that during injury, cells responsible for 

tissue reconstruction migrate to the wound sites through the vascular system (Kitaori et 

al., 2009). However, establishing a rate of supply for this would require extensive in-

vivo analysis, currently unavailable in the literature. 

The initial cell concentration of the mature cell population is assumed to be zero. This is 

what would be observed in a static culture that studies the differentiation of the MSCs. 

Although the differentiation of the mature cells is limited to the surface of the scaffold, 

the growth due to physiological events could occur throughout the scaffold. This, 

combined with the migration of these cells represented by diffusion, allows for the 

tissue to develop away from the scaffold’s surface. 

3.6 Concluding remarks 

The computational framework developed in this section considers the key aspects that 

influence the development of tissue, allowing for the assessment of oxygen 

consumption and diffusion within a cell seeded scaffold. Using this framework, it 

should be possible to assess the effect of changing these key parameters to identify the 

factors that had the greatest influence on the scaffold’s performance. The simplicity of 

the framework also allows for future adaptation in order to tailor the numerical 

framework to consider additional factors that would affect either the nutrient supply or 

the cellular behaviour. 

These results are promising and indicate that the framework has sufficient complexity to 

model cell behaviour. However, for a scaffold design to be successful it needs to 



 

59 

function in an in-vivo environment. The next chapter will explore how changing the 

oxygen delivery methods affect the overall behaviour of the framework.  
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Chapter 4: Review of the 

Computational Framework  

4.1 Summary 

In this chapter, a parametric study will be conducted on the framework that was 

previously described in Chapter 3. The primary goal of this is to explore the sensitivity 

of the proposed framework when applied to varying environments and conditions. Once 

this is achieved, it becomes possible to further apply the framework to different 

strategies of scaffold design as a means of assessing their effectiveness.  

The parametric study will be conducted in the following order: 

Initially a benchmark study reviews the results when using all parameters with 

benchmark values shown in Table 3.3-1. The general behaviour of the framework was 

defined and a comparison was then conducted as a series of parametric analyses were 

applied to key variables. 

An oxygen diffusivity and cell migration study then reviews the parameters that are 

applied to the diffusion simulations used in the framework to consider changes in the 

oxygen diffusion rate as well as in the migration speed. 

Although, technically, the parameters used in the logistics growth calculation should be 

included in this analysis; varying the behaviour of the logistics function would be 

difficult to implement as the parameters used are dependent on one another. Thus, the 

analysis would be limited to the differentiation rate that is applied to the framework.  
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The chapter will review the parameters used to depict the initial conditions prior to 

scaffold placement or implantation. This includes the initial cell seeding and the oxygen 

environment, thus giving an opportunity to explore the impact of different culturing 

conditions on the effectiveness of the tissue scaffold. 

4.2 Benchmark study 

Fig.4.1 shows geometry used to conduct the parametric analysis. Element size was fixed 

to 7 microns and the domain size is a square of 5mm. Boundary conditions with a fixed 

value were used at the edges of the domain with an initial value applied uniformly 

across the scaffold at the same concentration as that used for the boundary condition 

with a fixed value (i.e. static culture). A uniform distribution of the progenitor stem 

cells was introduced with no mature cells present. The geometry used has a layout with 

periodic structures, thus enabling parametrisation of the analysis. The scaffold material, 

in green, is not considered in the simulation as no diffusion or cell activities would 

occur in these areas. This distance between the centres of these geometries was set to 

200µm. The surface of the scaffold, in yellow, allows for differentiation to occur. 

Diffusion occurs within the scaffold matrix, in blue, which applies to oxygen, 

progenitor and mature cells.  
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Figure 4.1: Geometry used to conduct parametric analysis. 

 Fig. 4.2 shows the distributions of the components in the scaffold structure, at three 

time points, i.e. 17, 24, 72 hours, respectively. The first time point of interest was the  

point where the oxygen within centre of scaffold is depleted, this was then compared to 

the end of the simulation and the mid-point between these two events. Initially the rate 

at which the available oxygen is being depleted from the domain is constant, making a 

rather uniform distribution of oxygen across the scaffold domain. For this simulation it 

is assumed that the progenitor cells depicted in the simulation have similar properties to 

that of MSCs. These cells have the capability of surviving in near zero oxygen 

environments (Fehrer et al., 2007). After 17 hours, it can be seen that the oxygen in the 

centre of the scaffold has been depleted, leading to a hypoxic area therein. After 24 

hours the rate at which the hypoxic area ‘expands’ begins to stabilise, as the rate of 

oxygen supply to the domain is sufficient to maintain the cell population at the 

periphery of the scaffold domain. 
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Figure 4.2: The resulting distribution for the diffusion components for the framework when 

using the benchmark parameters. 

It can be seen from these distributions that the effects of the cell differentiation can be 

observed in both cell populations. For the progenitor cell population, the concentration 

is reduced at the scaffold’s surface as a portion is adopted to differentiate into the 

mature cells resulting in an inverse distribution, with the highest concentration being on 

the scaffold’s surface. The mature migration rate is relatively slow compared to the 

progenitor cell population. This means the progenitor population can migrate to the 

scaffold surface replenishing the loss in concentration due to differentiation. This is the 

reason why the progenitor cell concentration on the surface of the scaffold decreases 

relative to the surrounding concentration as time progresses. 

Fig. 4.3 shows the average concentrations of the three main components, i.e. the 

concentrations of oxygen, progenitor and mature cells. From a design and functional 

point of view it is possible to observe the initial decline in the average oxygen 

concentration as the oxygen consumption is rather uniform across the entire domain. 
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This ceases as the oxygen near the centre of the scaffold is completely consumed, where 

the hypoxic area starts to become dominant. This can be seen after 17hrs in Fig 4.3(b), 

leading to a reduced overall growth rate of mature cell population (Fig 4.3(d)). It is 

important to delay this process for as long as possible and maintain an environment that 

is viable for prolonged differentiation for mature cell growth. From this simulation it is 

possible to observe that the benchmark results can maintain mature cell growth within a 

domain of this size for three days. Importantly, as demonstrated in (Fig. 4.3(a)) where 

the hypoxic threshold is depicted as a red line as well as in (Fig. 4.3(b)) where the 

hypoxic area is shown to increase over time, the viable area in which the mature cell 

growth becomes less due to consumption of oxygen especially at the centre of the 

domain, potentially resulting in a hypoxic region, consequently leading to cell death. 

This shows that the framework is capable of relating the available oxygen within the 

environment to the resulting cellular behaviour. It is important to note that the logistic 

growth of the progenitor population is relatively unaffected by the change in the rate of 

differentiation. This is because the differentiation is isolated to the scaffold’s surface 

and thus differentiation has little effect on the global population (Fig.4.3(c)). 
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Figure 4.3: Average concentration of the diffusion components across the domain for 

benchmark conditions. 

 

4.3 Oxygen diffusivity and cell migration 

The parameters that determine the rates at which cells and oxygen ‘disperse’ within the 

medium can vary dramatically depending on the composition of the substrate (Guo et 

al., 2006). In literature, a wide range of values have been reported. For example, the 

oxygen diffusion rate can vary between the rate of diffusion through water (at body 

temperature) from 3×10-5 cm2/s (Ferrell and Himmelblau, 1967; Herneth, Guccione and 

Bednarski, 2003) to well below 3×10-6 cm2/s which is found to be the case in dense 

tissue (Kang et al., 2011). This is also the case for cell migration (Ektoras Hadjipanayi, 

Mudera and Brown, 2009). By varying these parameters, it is possible to show the 
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sensitivity of the framework to those parameters which reflect various applications and 

scenarios in tissue engineering, e.g. cell culturing in pre-seeded matrigel in the scaffold 

(Ghanaati et al., 2011). 

4.3.1 Oxygen Diffusivity 

The effects of changing the oxygen diffusion by two orders of magnitude can be seen by 

the resulting oxygen distribution shown in (Fig. 4.4). When the diffusion rate is 

increased, the entire domain remains above the hypoxic threshold since the gradient is 

more gradual when compared to the lower values used. The time at which the centre of 

the scaffold becomes hypoxic is similar to that for the benchmark. For an increased rate 

of oxygen diffusion, the distribution of oxygen is relatively uniform and only a small 

part of the scaffold becomes hypoxic. However, when the lowest oxygen diffusivity is 

used a large proportion of the scaffold domain quickly drops below the hypoxic 

threshold. As a result, the population of mature cells remains low, in comparison to the 

other cases presented.  
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Figure 4.4: The average distribution of the diffusion components when the oxygen diffusion 

rate has been changed after 17 hours. 

Fig. 4.5. shows the average distributions of oxygen, the progenitor cell and the mature 

cell population, when the oxygen diffusion rate is varied. An interesting observation 

when reducing the diffusion rate is that the point where the linear relationship ceases 

does not vary when compared to that of the benchmark. This indicates that there is a 

point where reducing the diffusion rate does not affect the time at which the centre of 

the scaffold becomes hypoxic, as already shown in (Fig. 4.4). It can be seen that the 

change in the oxygen diffusion rate significantly affects the mature cell population 

growth, as the viable area for differentiation receives drastic changes as shown in (Fig. 

4.5(B)). When the diffusion rate is higher the area above the hypoxic threshold is 

maintained at a higher level thus over time it results in a greater population of the 

mature cell over a larger area.  
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Figure 4.5: Changing the diffusion rate of oxygen over time changes the rate of oxygen 

depletion within the domain. Results indicate that the framework is sensitive to the rate of 

oxygen supplied. 

Fig. 4.6 shows the final concentration after 72 hours of simulation time. A positive 

correlation to the availability of oxygen (Fig. 4.6(A)) with the mature cell population 

(Fig. 4.6(D)) can be observed. This is because the increase in oxygen provided allows 

for more of the scaffold’s surface to be viable for longer as shown in percentage of the 

hypoxic area (Fig. 4.6(B)). The final progenitor cell population remains relatively 

unaffected as the differentiation is limited to the surface of the scaffold Fig. 4.6(C). This 

means that changes in the total progenitor cell population due to differentiation would 

be limited. 
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Figure 4.6: Final concentration for key components for different oxygen diffusion rates after 72 

hours. 

It can be seen that the oxygen diffusivity correlates to the mature cell growth – the 

higher the oxygen diffusivity, the higher the possible mature cell population. This 

correlates well with the rate of depletion of the oxygen, particularly at the centre of the 

scaffold domain. As the differentiation and proliferation of mature cells can only occur 

in areas above the hypoxic threshold, the mature cell population can only continue to 

grow near the domain periphery. This shows the importance of the oxygen supply to the 

efficacy of the tissue growth in the scaffold. It also demonstrates how the rate of oxygen 

diffusion is the main determinant that limits the size of the scaffold in which tissue can 

effectively grow. Even the oxygen diffusivity remains unchanged, e.g. at the level of 

benchmark value, when the size of the scaffold becomes larger, the effective supply of 
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oxygen into the centre region of the scaffold can be adversely affected, which may lead 

to a larger hypoxic area and a negative effect on the regeneration outcome.  

4.3.2 Migration rate of progenitor Cells  

Fig. 4.7 illustrates the resulting concentration profiles when the migration rate of 

progenitor cells varies. It can be seen that changing the migration rate of the progenitor 

cells has a negligible effect on the concentration profile of oxygen and cell populations.  

 
Figure 4.7: The average distribution of the diffusion components when the migration rate of the 

progenitor cells has been changed. 

A similar conclusion can be drawn from the results presented in Fig. 4.8, where the 

migration rate of progenitor cells has little effect on the regeneration outcome. The only 

exception happens when the progenitor cell migration rate is reduced by an order of 

magnitude as the rate of mature cell growth is negatively affected (Fig. 4.8(D)). There is 

a change in the distribution of oxygen which is evident by the rate of growth of the 

hypoxic area (Fig. 4.8(B)), but there is little variation in the average oxygen 
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concentration and progenitor population (Fig.4.8(A,B)). This shows that the value used 

for the benchmark migration rate of progenitor cells is sufficient to allow for the cells 

that were adopted into the mature cell population during the differentiation process to be 

replenished by the migration of progenitor cells. Indicating that the influence of the 

migration rate of the progenitor cells, e.g. MSCs, would not have much of an influence 

on the scaffold performance as all mesenchymal migrating cells are often significantly 

faster than their specialised counterparts when subjected to a similar scaffold matrix. 

 
Figure 4.8:  Average concentrations of key components when the progenitor cell migration rate 

is changed. 

Fig. 4.9 shows the final concentration after 72 hours of simulation time when the 

progenitor migration rate was changed. Increasing the migration rate results in little 

change in the average concentration in all components. Decreasing the migration rate 

reduces the proportion of cells available for differentiation. This results in an increase in 

growth of the progenitor population increasing the consumption and thus an increase in 
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the hypoxic area (Fig.4.9(B)). This in turn reduces the growth of the mature cell 

population (Fig.4.9(D)). These changes in behaviour only occurred on the surface of the 

scaffold and thus there was no significant change in the average distribution of oxygen 

concentration (Fig.4.9(A)) and the progenitor population (Fig.4.9(C)). 

 
Figure 4.9: Final concentration for key components for different initial cell seeding. 

 



 

74 

4.3.3 Migration rate of mature cell  

Fig. 4.10 shows the effects of mature cell migration rate on the resulting concentration 

profiles in the scaffold. No significant variations in the profiles can be observed for the 

cases of oxygen, progenitor and mature cell profiles.  

 
Figure 4.10: The average distribution of the diffusion components when the migration rate of 

the mature cells has been changed. 

The limited change in the oxygen and progenitor cell distribution is further 

demonstrated in (Fig. 4.11 (A,B)), and it is also possible to see how increasing the 

diffusion rate results in a reduction of the average mature cell concentration (Fig. 

4.11(D)). This is due to the fact that the proliferation of mature cells is only allowed at 

the surface of the scaffold. As there are less mature cells present at the scaffold surface 

due to higher migration speed of the mature cells therein, the number of mature cells 

considered for the proliferation is reduced. This would mean that there is a compromise 

between density and distribution of the grown mature cells. Increasing the cell 

distribution, due to greater migration speed, may improve tissue formation throughout 
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the larger domain away from the scaffold surface. However, the density of the tissue 

that develops may be reduced, and vice versa.  

 
Figure 4.11: Average concentration of key components with a varying mature cell migration 

rate. 

Fig. 4.12 shows the final average concentrations after the 72 hour period of the key 

components when the mature cell migration rate is changed. It shows that this parameter 

has little effect on most of the key components (Fig. 4.12(A,B,C)). The only significant 

change in behaviour is the reduction of mature cell concentration (Fig. 4.12(D)) when 

the diffusion rate was increased. This is because the dispersion of the cells from the 
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scaffold’s surface into the surrounding ECM reduces the average progenitor cell 

concentration across the domain.  

 
Figure 4.12: Final concentration for key components for different mature cell migration rates 

after 72 hours. 

4.3.4 Differentiation Rate 

As the logistics function is defined using experimental values that could potentially vary 

depending on cell type as well as many other factors, it is essential to understand the 

sensitivity of the proposed framework to varying parameters that are linked to the 

cellular activities.  
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Comparing the resulting distributions when the differentiation rate was varied, there 

was negligible variation for both the oxygen and progenitor cell distributions (Fig. 

4.13). The only distribution that was significantly affected was the mature cell 

population as the concentration on the scaffold surface had increased due to a greater 

proportion of the progenitor cell population being adopted. 

 
Figure 4.13: The average distribution of the diffusion components when the differentiation rate 

has been changed. 

Fig. 4.14 shows the average concentrations of the key components when the 

differentiation rate was changed.  The differentiation rate was adjusted ranging from 

20% to 40% of the available progenitor cell population. Changing the rate of 

differentiation had a negligible effect on both the average oxygen concentration and 

progenitor cell population. As expected the change in the growth of the mature cell 

population was directly related to the differentiation rate used. The lack of change in 

behaviour for the other components means that increasing this parameter would 

probably lead to the best result as it is reducing the number of progenitor cells within 

the domain while increasing the mature cell population.  
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Figure 4.14: Changing the differentiation rate affects mainly the mature cell population. The 

mature cell population is too small to have a significant effect on the oxygen distribution. Since 

the differentiation is restricted to the surface of the scaffold, the effect on the progenitor cell 

population is also limited. 
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Fig. 4.15 Shows the final average concentrations after the 72 hour period of the key 

components when the differentiation rate was changed. Changing the rate of 

differentiation only significantly affected the mature cell population (Fig. 4.17(D)). If 

differentiation was not restricted to the scaffold’s surface it would have had a significant 

effect on the progenitor cell population as more of the population would have been 

adopted across the domain. However, since the cell adoption is limited to the surface the 

impact on the total cell population and oxygen consumption is limited (Fig. 4.15(A-C)). 

 

 
Figure 4.15: Final concentration for key components for different differentiation rates after 72 

hours. 
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4.4  ‘Environmental’ conditions 

The boundary conditions used are important as these parameters represent factors that 

reflect the ‘environment’ in which the scaffold is cultured, e.g. the degree of supply of 

oxygen from the host tissue and the initial cell seeding, which will be discussed in this 

section. 

4.4.1 Oxygen Environment 

Fig. 4.16 shows the average concentrations of the key components when the initial 

oxygen concentration was changed. Three oxygen conditions were used, namely 

Hypoxic (4x10-8), normoxic (2.25x10-7) and hyperoxic (3.8x10-7). Hypoxic conditions 

would be found in the in-vivo environment which has a low oxygen concentration. 

Normoxic conditions are the level of oxygen that would be found if the medium was 

being exposed to atmospheric conditions. Hyperoxic conditions are the level of oxygen 

used when applying hyperbaric conditions to the cell population. It can be seen that, 

when the oxygen boundary condition was reduced, the oxygen within the scaffold was 

mostly consumed within the 17 hour initial period. When the oxygen supply from the 

host was increased, the time point at which the hypoxic area occurred was also delayed. 
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Figure 4.16: The average distribution of the diffusion components after 17hrs when oxygen 

supply had been changed. 

Fig. 4.17 shows the evolutions of component concentrations when the oxygen supply 

was varied. When hypoxic conditions were used the oxygen concentration across the 

domain dropped below the hypoxic threshold causing the average mature cell 

population to stagnate within two hours (Fig. 4.17(B,D)). In the two other cases, the 

average oxygen concentration remained above the threshold for a longer period (Fig. 

4.17(A)). It should be noted that, because the initial concentration of oxygen across the 

domain was set to the same as those used at the boundary, the observed differences in 

performance may have been contributed, partially, by the different initial oxygen 

concentrations. As illustrated in Fig. 4.17(A), at the initial stage the rate of oxygen 

consumption was constant regardless of the initial conditions used. It has been proven 

that the rate of oxygen consumption of cells does not change depending on the 

concentration of the surrounding oxygen unless it is being deprived (Pattappa et al., 

2011). Thus, this observation would be in line with that observed in such in-vitro 

analyses. However, unlike for example, changing the rate of oxygen diffusion as shown 
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in Fig. 4.5, the advantage of changing the oxygen boundary conditions has a limited 

effect as the oxygen is still insufficient to maintain the cells near the centre of the 

scaffold. Thus, changing the oxygen supply at the boundary would mostly allow for an 

increase in the amount of differentiated cells at the periphery of the scaffold near the 

host tissue Fig. 4.17(D). This is also in line with what has been observed in-vivo (Li et 

al., 2007).  

 
Figure 4.17: Increasing the available oxygen increases the amount of time before the average 

oxygen concentration is below hypoxic conditions. This increases the time for the cell 

differentiation and thus increases the average mature cell population, reducing the average 

progenitor cell population. 
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Fig. 4.18 Shows the final average concentrations after the 72 hour period of the key 

components when the initial oxygen concentration was changed. Increasing the 

available oxygen in the domain Fig. 4.18(A) reduced the area of hypoxia and thus 

allowed for further differentiation to occur across the domain. 

 
Figure 4.18: Final concentrations of key components when the initial oxygen concentration was 

changed after 72 hours. 
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4.4.2 Initial cell seeding  

Fig. 4.19 shows where initial seeding density of progenitor cells was varied between 

1×104 to 1×105. It can be seen that changing the initial cell seeding could have a 

significant effect on the rate of oxygen consumption. The higher the initial population 

of progenitor cells, the faster the mature cell population may increase. However, this 

would also lead to more rapid depletion of oxygen in the scaffold which could pose a 

negative effect on the mature cell growth in the long term and its distribution across the 

scaffold domain. 

 
Figure 4.19: The average distribution of the diffusion components when the cell seeding has 

been changed. 
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Fig. 4.20 shows the evolutions of the concentrations of three components when the 

initial cell seeding was varied. It can be seen that varying the initial cell seeding has a 

significant impact, where reducing the initial cell seeding could greatly extend the 

amount of oxygen available over time. This is mainly due to the fact that the rate of 

oxygen consumption has been significantly reduced. However, this may come at a cost 

to mature cell growth, as a lower progenitor cell population at initial stages would result 

in less cells available for differentiation. In order to achieve the highest possible mature 

cell concentration within a specified period of time the initial progenitor cell seeding 

would need to be low enough to ensure that the oxygen concentration does not fall 

below the hypoxic threshold yet but high enough to encourage an appropriate growth 

rate, particularly at the initial growth stage. This would lead to a useful study 

concerning the optimization of the initial cell seeding to achieve the highest amount of 

tissue differentiation within a given culturing period. 
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Figure 4.20: Increasing the average initial progenitor cell density accelerates the rate of oxygen 

depletion. It also increases the rate of mature cell growth due to the increase in the number of 

progenitor cells available for differentiation. However, it also reduces the amount of time that 

the environment allows for further differentiation. This means that over seeding the scaffold can 

have a negative effect on the results in the long term. 

Fig. 4.21 Shows the final average concentrations after the 72 hour period of the key 

components when the initial cell seeding was changed. Changing the cell seeding 

density had a significant effect on all other key components due to how it affects the 

resulting oxygen consumption.  
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Figure 4.21: Final concentrations of key components when the initial progenitor cell 

concentration was changed after 72 hours. 
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4.5 Concluding remarks 

From this parametric study it was possible to observe the following characteristics of 

the framework and how it relates to findings within the literature. 

• Oxygen diffusion rate 

Changing the oxygen diffusion coefficient was the most effective way to 

improve oxygen distribution showing the significance of this parameter and its 

importance when modelling tissue growth. Highlighting the limitations of the in-

vivo environment as the in-vitro environment would usually have a diffusion 

coefficient closer to that of water. 

• Progenitor migration rate 

The progenitor migration coefficient had little effect on the overall behaviour of 

the framework. This was primarily due to the restriction of the differentiation to 

the scaffold’s surface. However, the fact that there was an increase in the growth 

of hypoxia indicated that the increase in cell migration may have been 

detrimental as oxygen consumption would be more uniform. 

• Mature migration rate 

Accelerating the migration rate improved the average distribution of mature 

cells but reduced the global average which was due to the differentiation being 

restricted to the surface of the scaffold. This would mean that if tissue cells had 

a similar migration speed, when compared to the progenitor population, tissue 

development on the scaffold surface would be slower in a scenario of high 

surface dependency. 
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• Differentiation rate 

Changing the differentiation rate had a limited effect on the overall behaviour of 

the framework. This was also related to the surface dependency as only 

progenitor cells near the surface of the scaffold were being adopted, meaning 

that increasing the differentiation rate would have limited effect on the average 

progenitor population and thus would also have a limited effect on oxygen 

consumption.  

• Oxygen supply 

The initial oxygen environment allowed for a greater control of the oxygen 

distribution when compared to diffusion. Whereas oxygen diffusion could only 

change the area of hypoxia as shown in (Fig. 4.5B), changing the initial oxygen 

conditions changed both the hypoxic area and the time period before the centre 

of the scaffold became hypoxic (Fig 4.15B). It was unclear at the time whether 

this was due to the method of the boundary conditions or the parameter itself. 

This highlighted the necessity of investigating the method of defining the 

oxygen supply due to the significant change in behaviour of the framework. 

• Initial cell seeding 

Applying a different initial cell seeding had great significance due to the 

resulting effect on the rate of oxygen consumption and thus all aspects of the 

framework (Fig 4.20). Reducing the initial cell seeding would extend the onset 

of hypoxia greatly but at the expense of the rate of growth of the mature cell 

population as there were less progenitor cells available for cell differentiation. 
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This parameter would make it possible to optimise initial conditions with respect 

to both yield and time. 

The framework is capable of being applied to various scenarios and the results indicate 

that, although the differentiation and diffusion rate have an effect on the resulting 

behaviour of the framework, it is the boundary conditions that have the greatest 

influence. This validated the application of the framework, as changing the parameters 

reflected what had been observed in the literature. It is also important to note that 

regardless of the substrate or scaffold material used, the adjustment in the oxygen or 

initial cell seeding could be used to improve the effectiveness of tissue growth in 

scaffolds. Using this information, it was decided to explore the possibilities of changing 

the environment in which the scaffold was being applied, as this would make it possible 

to conduct a comparative analysis where the results of one environment could 

potentially be used to assess its performance in another. 
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Chapter 5: Oxygen Supply from 

the Host – Mimicking the 

Culturing Environment 

5.1 Summary 

The performance of tissue scaffolds varies depending on the environment in which they 

are placed. Scaffolds that performed well in the in-vitro environment were found to be 

inadequate when applied to in-vivo environments (Chuenjitkuntaworn et al., 2010). One 

of the greatest limitations is the delivery of oxygen into the scaffold due to inadequate 

vascularisation, particularly at the early stage of tissue ingrowth (Kaigler et al., 2006). 

For this reason, it is essential to quantify the role of the oxygen supply in scaffold 

performance e.g. in forms of different oxygen conditions at the scaffold-host interface. 

Therefore, a number of representative oxygen boundary conditions were applied to the 

framework to depict a variety of environments, making it possible to perform a 

comparative analysis between these scenarios.  

5.2 Scaffold environment – oxygen supply from the host 

There are three scenarios of oxygen supply that are commonly used in tissue 

engineering, as illustrated in Fig. 5.1. The first one is ‘static culture’, meaning the 

scaffold is placed in a culture medium where the oxygen is supplied through diffusion 

from the medium.  This is commonly used for the purposes of the expansion of cell 

cultures (Pattappa et al., 2011), the development of thin tissue structures (Androjna, 

Gatica, Belovich and K. A. Derwin, 2008) and can be modelled as a fixed concentration 
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applied to the scaffold-medium interface, assuming that the volume of the medium is 

abundant therefore the oxygen concentration at the boundary is constant. 

 

 
Figure 5.1: (A) shows a simulation that approximates the oxygen distribution and consumption 

across a cell seeded substrate (Demol et al., 2011), (B) shows  a self-regulating oxygen delivery 

system used in a bioreactor (Ebrahimkhani et al., 2014), (C) shows the simulation that depicts 

the dynamic oxygen conditions in the in-vivo environment (Burke and Kelly, 2012). 

Fig. 5.1(a) demonstrates how this is implemented to model the rate of oxygen 

consumption (Demol et al., 2011). The second scenario of an in-vitro environment is 

implemented by using a bioreactor where the medium is ‘pumped’ into the porous 

scaffold, leading to a convection-dominated oxygen supply. Fig. 5.1(B) shows the 

design of a perfusion bioreactor where the distribution of oxygen is modelled. It is 

possible to see how the bioreactor accommodates for the decrease in oxygen due to the 

tissue growth (Ebrahimkhani et al., 2014). This is usually utilised to seed cells into as well 

as pre-culture the scaffolds prior to implantation and for experiments that explore the 

application of mechanical loads on seeded scaffolds for an extended period (Webb et 

al., 2006; Xie et al., 2012; Wilson, Pearcy and Epari, 2014). Finally, within the in-vivo 

environment oxygen is delivered from the surrounding host tissue, in the absence of a 

functional vascular network, primarily based on the diffusion process. Fig. 5.1(C) shows 

the oxygen distribution within a finite element model that uses diffusion to approximate 
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both the rate of angiogenesis and oxygen diffusion (Burke and Kelly, 2012). This scenario 

represents the desired environment for most clinical applications using tissue scaffolds. 

In all cases the distribution of oxygen is governed by diffusion. However, the oxygen 

supply in-vivo is not maintained, unlike what would be found in most in-vitro 

environments, due to the fact that the effective diffusion rate of oxygen reduces over 

time as the tissue develops. This dynamic behaviour has been observed through 

observations of biofilms (Stewart, 1998). 

5.2.1 The in-vivo oxygen supply 

Quantifying the rate of oxygen supply in an in-vivo environment is not a trivial task. 

The rate of oxygen diffusion through a nano-fibre matrix is dependent on the fibre 

density and the molecule’s molecular weight. This obeys the Einstein-Stokes law of 

diffusion through a viscous medium (Galgoczy et al. 2014). During the haemostasis 

phase of the wound healing process the ECM initially consists primarily of fibrin. Over 

time tissue begins to develop forming a collagenous matrix. As this matrix develops the 

density of the tissue increases, resulting in a decrease in the effective diffusion rate of 

molecules such as oxygen. In order to adequately depict the in-vivo environment the 

effect of developing tissue on the oxygen supply needs to be taken into account.  

Kumosa et al. explored the time-dependent oxygen supply in an in-vivo environment 

using a titanium implant with an oxygen sensor array encased in a permeable membrane 

(Kumosa et al., 2014). This implant was embedded in the subcutaneous tissue to 

observe the change in oxygen flux as the tissue healed around the implant. It was shown 
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that the oxygen flux decays exponentially to a point of stagnation as illustrated in      

Fig. 5.2. 

A decay function of the oxygen flux (Oflux)was fitted based on the flux data recorded by 

the oxygen sensor array, as 

 

 

(5-1) 

where a is the constant for the exponential decay, b the constant where the flux reaches 

stagnation, k a time constant and t the elapsed time. The values found from their 

experiment are shown in Table 5-1 below. 

 

Table 5-1. Parameters used to define the decay in oxygen from (Kumosa et al., 2014) 

Parameter Value Units 

a 20x10-12 Mole/s/cm2 

b 4x10-12 Mole/s/cm2 

k 0.16 1/week 

This was implemented into the framework as a means of depicting the in-vivo 

environment by applying the decay function to a flux boundary condition at the 

scaffold-host interface. Assuming that the diffusion rate within the scaffold undergoes 

no significant change, the healing of the surrounding tissue results in a decay in the rate 

of oxygen being supplied to the scaffold. This supports the finding that the development 

of the collagen matrix on the surface of the implant resulted in a rapid decline in the rate 

of oxygen delivered to the implant shown in Fig 5.2. The decaying flux of oxygen was 

compared to a model with a fixed value at the boundary, representing the condition of 
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static culture, and to a flux boundary condition that does not decay, representing the 

condition of a bioreactor, also shown in Fig. 5.2.   

 
Figure 5.2: Oxygen influx over time for both the decay 

(Magenta) and constant (Green) flux boundary conditions. 

The parametric study shown in the previous chapter was then repeated to show the 

comparison of these different environments and how the parameters would affect the 

efficacy of tissue regeneration in a scaffold when the oxygen supply was varied. 

5.3 Benchmark study 

Apart from the oxygen boundary conditions of the scaffold host interface, the results 

from models when benchmark values are assigned to model parameters are shown in 

Fig. 5.3.  After a 17 hour period the oxygen in the centre of the scaffold was completely 

consumed regardless of the boundary conditions used. The growth of this hypoxic area 

was rapid and thus there was little observable changes in the cell distributions. 

However, the magnitude of the oxygen concentration available revealed that further 

growth of the hypoxic area for the decay boundary conditions would be more rapid as 

the cell population grows. Fixed concentration boundary conditions maintained the 
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initial concentration of oxygen at the boundaries, the constant flux conditions had the 

highest maximum concentration in localised areas at the corners of the domain and the 

rest of the boundary had an oxygen concentration that was slightly above that of the 

initial boundary conditions. This showed that the in-vivo conditions would result in the 

worst outcome, due to the development of the tissue constricting the rate of oxygen 

supply. In-vitro conditions initially had a high rate of supply relative to the rate of 

oxygen consumption. As the rate of oxygen supply is fixed this initial advantage would 

decrease over time when compared to that of the fixed concentration boundary 

conditions. Thus, for the long-term, it would be better to have the surrounding oxygen 

concentration maintained to a specific level so that the increase in the rate of oxygen 

consumption during cell growth could be compensated automatically. 
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Figure 5.3: Benchmark results for each of the environments at time periods 17, 24 and 72 hours. 
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Fig. 5.4 shows the local concentration along a datum to demonstrate the change in 

distribution over time. From this image it is possible to show how rapidly the oxygen in 

the in-vivo environment depletes within 24 hours and how the fixed concentration at the 

domain boundary resulted in the highest concentration at the end of the 72 hour period. 

 
Figure 5.4: Local oxygen concentration along a datum (red line) reference points are 

highlighted (green cross).  
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Fig. 5.5 shows the average distribution of the three components and the percentage of 

hypoxic area within the domain. Although the initial in-vitro loading conditions have a 

much higher performance in terms of mature cell growth, after 38 hours the 

performance fell below the fixed concentration boundary condition (static culture) as 

the viable area for differentiation was restricted to the corners of the scaffold domain.  

 
Figure 5.5: Benchmark results using different boundary conditions. 

In all three cases the complete consumption of the oxygen at the centre of the scaffold 

occurred at 17 hours i.e. when the hypoxic area emerges (Fig. 5.5 (A)). This shows that 

regardless of the boundary conditions used there is no effective means of delaying the 
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occurrence of the hypoxic area. However, choosing different means of oxygen supply 

from the recipient could result in various rates of the scaffold domain becoming 

hypoxic, potentially leading to an improved outcome of tissue growth as shown in   

(Fig. 5.5 (B)).  Furthermore, the mature cell distribution (Fig. 5.5 (D)) reflects the trends 

in the oxygen distribution (Fig. 5.2), i.e. when the fixed concentration BC (static 

culture) is applied, a linear growth is observed. When the constant flux (bioreactor) 

condition is applied the domain’s descent into hypoxia is more gradual but more severe. 

Again, as the framework is still surface dependent the effect of changing the oxygen 

environment has a limited effect on the progenitor population (Fig. 5.5 (C)). 

5.4 Oxygen Diffusivity 

Fig. 5.6 shows how changing the diffusivity of oxygen results in changes in the 

evolutions of oxygen distribution over time. In both the fixed concentration and 

constant boundary conditions the domain was maintained above the hypoxic threshold. 

In the case with the decay in oxygen supply that mimics the in-vivo environment, the 

oxygen at the centre of the scaffold was still consumed within that time period. This 

would indicate that the physiological condition of oxygen supply was insufficient to 

support tissue growth even when a higher oxygen diffusivity was adopted. Decreasing 

the oxygen diffusion rate lead to a reduced variation in oxygen distribution since, in all 

cases, the oxygen was being hindered to the point where only a small amount of tissue 

could get access to a sufficient level.  



 

101 

 

 
Figure 5.6: Resulting distribution when the oxygen diffusion rate was changed while using 

different boundary conditions. 
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Fig. 5.7 shows the results when the oxygen diffusivity was varied. Increasing the rate of 

oxygen diffusion marginally improved the time prior to the appearance of the hypoxic 

region (Fig 5.7 (B)). In all other cases there was no penalty or improvement, thus 

changing the rate of oxygen diffusion had little effect on delaying the scaffold 

developing hypoxic conditions in the centre of the scaffold unless a constant flux was 

used (Fig 5.7). When using a constant flux condition i.e. a bioreactor, the percentage of 

hypoxia stagnated at a higher point than that when the diffusion rate was increased. This 

was because the oxygen was not spreading as far and was thus being consumed by 

fewer cells maintaining the stable growth much like the fixed concentration boundary 

conditions shown in Fig 5.7 (D). However, this was to the detriment of the distribution 

which allowed for differentiation to occur for longer but with less tissue development at 

the centre of the scaffold. The progenitor population remained relatively unaffected  

(Fig 5.7 (C)). When a high diffusion rate with a constant flux was used the resulting 

average oxygen adopted a complex behaviour that was not seen in other conditions        

(Fig 5.7(B)). This was because there was an initial surplus in oxygen supply being given 

at the domain boundaries. Once the initial oxygen was consumed causing the initial 

drop, the rate of oxygen supply was providing more than the cell population could 

consume resulting in a gradual recovery. However, as the cell population grew the rate 

of consumption went up causing the average oxygen concentration to gradually drop 

again. 
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Figure 5.7: Average concentrations of key components over time when both boundary 

conditions and the oxygen diffusion rate was varied. 

Fig. 5.8 shows the final average concentration after the 72 hour period for the key 

components within the simulation. When varying the oxygen diffusion rate it was 

possible to see how the average oxygen concentration for the decay boundary 

conditions went to zero indicating that, under these conditions, the oxygen would be 

completely consumed within a 24 hour period as shown Fig. 5.7. The area of hypoxia 

(Fig. 5.8 (A-B)) shows an interesting relationship between the fixed concentration and 
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constant flux boundary conditions. When the oxygen diffusion rate was increased it had 

a positive effect when using a constant flux. However, a fixed concentration boundary 

condition resulted in a negative effect due to the oxygen being dispersed to a greater 

number of cells and thus increasing the overall consumption. When looking at the 

resulting mature cell growth (Fig. 5.8 (D)) it is possible to see that there is no benefit for 

changing the diffusion rate when the decay flux conditions are used. The progenitor cell 

population remains relatively unaffected (Fig. 5.8 (C)). 

 
Figure 5.8: Final concentrations after a 72 hour simulation period for different boundary 

conditions and oxygen diffusion rate. 

The effect that the change in the oxygen diffusion rate had on the resulting average 

concentration of the cell populations was predictable as a more rapid oxygen delivery 
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would mean an increase in the viable area available for differentiation, regardless of the 

boundary conditions used. This is why in all cases the increase in the oxygen diffusion 

rate resulted in an increase in mature cell population growth. 

5.5 Migration rate of progenitor cells 

Fig. 5.9 shows the distribution of key components when the migration rate of the 

progenitor cells was varied. As shown previously in Chapter 4, the migration rate of 

progenitor cells was varied ranging by an order of magnitude. Regardless of the 

boundary conditions used there was no notable changes in the patterns of oxygen 

distribution. The only observable difference was in the maximum mature cell 

concentration. This was likely due to the phenomena that was previously observed, i.e.  

the magnitude of this variation changed depending on the oxygen boundary conditions 

used. This was due to the oxygen distribution being different and thus the percentage of 

scaffold surface that was viable for differentiation also varied. 
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Figure 5.9: Resulting distribution when the progenitor cell migration rate was 

changed while using different boundary conditions. 
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Fig. 5.10 shows the average concentration across the domain for the key components. 

No observable changes could be seen for the average oxygen concentration. It was 

possible to see how the mature cell distribution varied regardless of the boundary 

conditions used. This indicated that the effect of changing the rate of the progenitor cell 

migration was not sensitive to the boundary conditions used. Thus, the effects of 

different substrates should have a similar effect regardless of the method of oxygen 

supply used. 
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Figure 5.10: Average concentrations of key components over time when both boundary 

conditions and the progenitor cell migration rate was varied. 

Fig. 5.11 shows the final concentration after a 72 hour simulation time for the key 

components. As shown in the previous chapter there was relatively little change in the 

overall behaviour of the simulation when the migration rate of the progenitor cells was 

changed and, as shown in Fig. 5.10, this small change variation applied throughout the 

simulation. This was primarily due to the simulation being surface dependent and thus 

the effects of changing the migration rate would have little effect. 
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Figure 5.11: Final concentrations after a 72 hour simulation period for different boundary 

conditions and progenitor migration rate. 

5.6 Migration rate of mature cell 

Fig. 5.12 shows the distribution of the key components when the migration rate of 

mature cells was varied using the following values: 5x10-8cm2/hr, 5x10-9cm2/hr and 

5x10-10cm2/hr. Much like when the progenitor cell population was changed, there was 

limited change in the resulting distribution and there was no observable difference in the 

distribution patterns. Minor variations in the maximum cell concentration could be 

observed which implied that there would also be a minimal change in the resulting 

distribution 
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Figure 5.12: Resulting distribution when the mature cell migration rate was changed 

while using different boundary conditions. 
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Fig. 5.13 shows the average concentration across the domain when the migration rate of 

mature cells varied. When the flux boundary conditions were used there was little effect 

in the varying of the migration speed of mature cells. This was because the 

differentiation was eventually isolated to the corners of the domain where the oxygen 

was sufficient, whilst when using a fixed concentration boundary condition, the 

differentiation occurred across the domain boundary thus a large portion of the domain 

boundary had a lower oxygen concentration. This highlighted the importance of the 

oxygen distribution to the scaffold performance, to which the migration speed of the 

mature cells would not be a significant factor in an in-vivo environment. 

 
Figure 5.13: Average concentrations of key components over time when both boundary 

conditions and the Mature cell migration rate was varied. 
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5.7 Differentiation Rate 

Fig. 5.14 shows the distribution profiles of key components when the differentiation 

rate is varied from 0.2 to 0.4, keeping 0.3 as the benchmark. Varying the differentiation 

rate caused little variation to the mature cell concentrations when considering different 

oxygen environments, particularly at the beginning of the simulation. This was because 

in all cases the oxygen at the centre of the scaffold only depleted after 17 hours. 

However, it was possible to see from the changes in the oxygen distribution that the 

mature cell population would vary from this point onwards due to the difference in the 

total viable area in which cell differentiation could occur. 
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Figure 5.14: Resulting distribution when the differentiation rate was changed while 

using different boundary conditions. 
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Fig. 5.15 shows limited variations of the average oxygen concentration (Fig. 5.15 (A)), 

hypoxic area (Fig. 5.15 (B)) and the progenitor cell population (Fig. 5.15 (C)). 

Interestingly the changes in the mature cell population increased drastically when the 

differentiation rate was varied (Fig. 5.15 (D)). This could highlight a potential problem 

with the method by which the differentiation was being applied as the surface 

dependency, i.e. differentiation only allowed at the scaffold surface, meant that the rate 

of differentiation was solely dependent on the amount of viable scaffold surface area 

that was within an environment that was above the hypoxic threshold. A method to 

resolve this issue would be to allow the differentiation to take place in other parts of the 

scaffold while considering the importance of the scaffold’s structural support. This will 

be explored in following chapters. 
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Figure 5.15: Average concentrations of key components over time when both boundary 

conditions and the differentiation rate was varied. 
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Fig. 5.16 shows the final average concentrations for the key components after the 72 

hour simulation period. When the differentiation rate was changed there was little effect 

on the oxygen and hypoxic distributions, indicating that changing this parameter would 

not be influenced by different oxygen boundary conditions. This would be in line with 

the literature as availability of oxygen was the primary mechanism that regulates 

differentiation of MSCs, which also is the case for this computational framework. 

 
Figure 5.16: Final concentrations after a 72 hour simulation period for different boundary 

conditions and differentiation rates. 
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5.8 Initial oxygen concentration 

Fig. 5.17 shows the resulting distributions when the oxygen environment had changed, 

including the hypoxic (4x10-8Mol/cm2), normoxic (i.e. benchmark, 22.5x10-7Mol/cm2) 

and hyperoxic (3.8x10-7Mol/cm2) conditions, in which the boundary conditions were 

kept constant and the initial concentration within the domain varied. It should be noted 

that, when the initial condition was changed the value used for the fixed concentration 

boundary condition of oxygen supply was also changed. When the hyperoxic oxygen 

concentration was used the oxygen concentration at the centre of the scaffold was well 

above the hypoxic threshold. This indicated that for all environments the use of a 

hyperoxic environment could in fact prolong the viability of the scaffold, supporting the 

strategy of introducing high concentrations of oxygen within the scaffold prior to 

implantation (Fosen and Thom, 2014). When using hypoxic conditions which is 

reflective of the in-vivo environment, the fixed concentration (static culture) and decay 

flux (in-vivo) boundary conditions had almost no oxygen present within the scaffold 

after a short period of time. However, for the constant flux (bioreactor) a higher 

percentage of the domain remained above the hypoxic threshold. The effect of this 

change in behaviour could be clearly observed in the mature cell distribution.  
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Figure 5.17: Resulting distribution when the initial oxygen concentration was 

changed while using different boundary conditions. 
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Fig. 5.18 shows the evolutions of the average concentrations of the key components 

when the initial oxygen concentration was varied. It is found that varying the initial 

availability of oxygen across the scaffold domain could lead to different time points at 

which the hypoxic area at the centre of the scaffold emerged (Fig. 5.18 (A-B)). When 

normoxic and hypoxic oxygen conditions were used, the use of fixed concentration 

boundary conditions always resulted in a reduced percentage of the scaffold becoming 

hypoxic. As a result, the average mature cell population growth period lasts longer  

(Fig. 5.18 (D)). This was not the case when a hypoxic environment was used, as the 

application of a constant flux (bioreactor) resulted in a more gradual descent into 

hypoxic conditions. As a decay flux (in-vivo) was taking into account the development 

of the tissue surrounding the implant, it is possible to see the importance when 

considering the changes occurring outside of the scaffold during the healing process. 
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Figure 5.18: Concentrations over time for the key components of the simulation when different 

initial oxygen conditions were used within different boundary conditions. 
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Fig. 5.19 shows the average concentration after the 72 hour simulation period. The 

change in the initial oxygen concentration had a significant effect on all the key 

components. When using the decay oxygen supply, there was little change in the results 

after the 72 hour period, whilst in all cases oxygen was completely consumed          

(Fig. 5.18 (A)). This indicated that if the oxygen flux observed in the subcutaneous 

tissue was correct, the increase in available oxygen would not be able to ensure the 

scaffold’s successful integration into the surrounding tissue. 

 
Figure 5.19: Final concentrations after a 72 hour simulation period for different boundary 

conditions and initial oxygen concentration.  
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5.9 Initial cell seeding density 

Fig. 5.20 shows the concentration profiles of components when the initial cell seeding 

density was varied from 1×10 4 cells/cm2 to 1×105 cells/cm2 where 5×104 cells/cm2 was 

the benchmark. Changing the initial cell seeding had a significant effect on the resulting 

oxygen and mature cell concentrations. When the cell seeding was increased by an 

order of magnitude from the benchmark value the majority of the scaffold became 

hypoxic and the majority of the oxygen within the domain was depleted within the 17 

hour period. In the case when the decay flux (in-vivo) was used the oxygen was 

completely consumed in most areas. It was possible to see how this change also affected 

the mature cell population since a higher cell concentration meant that the oxygen 

within the centre of the scaffold was consumed more rapidly. This would result in a 

change of the mature cell distribution whereas in other cases the distribution remained 

relatively uniform. Interestingly the mature cell population for the benchmark was in 

fact higher when compared to the case when decay flux (in-vivo) was used. Although 

there was a significant benefit of increasing the cell seeding density there was a 

considerable cost due to the increase in the rate of oxygen consumption, exhausting the 

supply in just 9 hours. This opens a question on the optimisation of the initial seeding 

density and its effect on the performance of the scaffold.  
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Figure 5.20: Resulting distribution when the initial cell seeding was changed while using 

different boundary conditions. 
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Fig. 5.21 shows the average concentration of the key components across the domain 

when the initial cell seeding was varied. Reducing the initial cell seeding and thus the 

rate of oxygen consumption allowed for the scaffold to remain viable for longer        

(Fig. 5.21 (B)). However, as there were less progenitor cells to differentiate              

(Fig. 5.21 (C)), the rate of mature cell growth was significantly reduced (Fig. 5.21 (D)). 

The opposite could be said when the cell seeding was increased. When the fixed 

concentration boundary conditions were used, increasing the cell seeding density 

allowed for greater mature cell growth but when the decay flux (in-vivo) and constant 

flux (bioreactor) were used, it was no longer the case. This was because the flux 

boundary conditions did not have the benefit of having a sustained concentration at the 

domain boundaries, meaning that the drop in the viable scaffold surface area did not 

stagnate until the domain was completely devoid of oxygen. These observations lead to 

interesting implications when considering the initial seeding of an implant since the 

increase in oxygen consumption would result in a negative effect if the seeding was too 

great, but if the cell density was too low the tissue might not develop fast enough to be 

effective. 
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Figure 5.21: Concentrations over time for the key components of the simulation when different 

initial progenitor cell seeding was used within different boundary conditions. 

Fig. 5.22 shows the average concentration after the 72 hour time period for the key 

components of the simulation. Changing the cell seeding had been the most effective 

parameter thus far because it had been capable of preventing complete oxygen 

consumption when decay boundary conditions were used (Fig. 5.22 (A)). However, this 

could only be done by reducing the initial cell seeding density (Fig. 5.22 (C)), meaning 
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that the resulting mature cell population (Fig. 5.22 (D)) would be reduced as there were 

less progenitor cells available for differentiation. This shows that it is possible to 

prioritise either the rate of mature cell growth or extending the period prior to the onset 

of hypoxia. In other boundary conditions the importance of such a compromise is not as 

distinct as observed by the positive trend with the increase in the progenitor cell 

seeding. This was not the case when the decay boundary conditions were applied, as 

increasing the cell seeding in these conditions resulted in a negative trend                 

(Fig. 5.22 (A)), indicating that a different cell seeding approach would be required for 

the in-vivo environment. 

 
Figure 5.22: Final concentrations after a 72 hour simulation period for different boundary 

conditions and initial cell seeding. 
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5.10 Concluding remarks 

Changing the boundary conditions had the following effect on the parametric study: 

• Oxygen diffusion rate 

When fixed concentration boundary conditions were used, increasing the 

diffusion rate improved the oxygen distribution to the extent that it diminished 

the growth rate of hypoxia. When flux conditions were used the increase in the 

diffusion rate had a negative effect as the oxygen being supplied was being 

distributed across a greater number of cells. Reducing the diffusion rate had the 

opposite effect demonstrated by how the constant flux boundary condition 

performs better in terms of the hypoxic area when compared to the fixed 

concentration boundary conditions. Thus, from these observations it was clear 

that the effects of oxygen consumption resulted in a complex relationship with 

the diffusion rate and the method of oxygen delivery. This highlighted the 

importance of defining the boundary conditions correctly as it could change the 

significance of certain environmental factors. The effects of the diffusion rate 

could explain why in certain circumstances some implants can perform better or 

worse than predicted based on in-vitro observations. 

• Progenitor migration rate 

Once again progenitor cell migration speed did not have any significance on the 

framework’s behaviour. This indicated that the progenitor cell population had 

sufficient migration speed and growth rate to replenish the population adopted 

into the mature cell population. Proving that MSCs are capable of preserving 
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large populations which would make maintaining the oxygen concentration 

difficult. It should be noted that during the wound healing process these 

populations are regulated by other cell populations such as neutrophils and 

macrophages that would eliminate the population later during the healing 

process. The surface dependence also played a factor as the majority of the 

progenitor population was unaffected by the differentiation process. This 

highlighted the importance of accurately depicting the degree of surface 

dependency within the scaffold. 

• Mature migration rate 

There was little variation in the framework’s behaviour when compared to the 

fixed concentration results. The degree of variation is dependent on surface area 

available for differentiation. As the fixed concentration boundary conditions 

maintained a greater proportion of the domain above the hypoxic threshold, the 

variation in mature cell growth was greatest. This further demonstrates how 

tissue growth is primarily affected by oxygen availability and the effects caused 

by changing the migration speed of cells is only effective within an oxygen 

environment above the hypoxic threshold. 

• Differentiation rate 

Changing this parameter simply amplified the resulting mature cell growth, as 

the application remained proportional regardless of the oxygen boundary 

conditions used. This means that it might be possible to refine results without 

redoing the analysis which could be a useful feature. However, it will only be 
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possible as long as the mature population has no feedback to the other 

components. 

 

• Oxygen supply 

When the in-vivo boundary conditions were used, the entire domain fell below 

the hypoxic area after a time delay. Though increasing the initial oxygen 

concentration can delay this chain of events, it does not decrease the growth rate 

of hypoxia. This would imply that if the oxygen was depleted before any 

vascularisation could occur, tissue development would cease across the entire 

scaffold and necrosis would occur. When a hypoxic initial condition was used 

the fixed concentration boundary conditions followed closely to the in-vivo 

results. This was because the fixed concentration matched that is found in most 

mammalian tissues and thus would closely resemble the in-vivo flux boundary 

condition. When the oxygen was increased the behaviour changed and the fixed 

concentration boundary condition continued on a linear trajectory. This linear 

growth occurred due to the scaffold’s surface being within the critical distance 

where the oxygen supply could be maintained above the hypoxic threshold, 

showing the advantage of maintaining the oxygen concentration on the 

boundaries of the scaffold. The maintaining of the concentration means that the 

resulting flux compensated for the increase in consumption, allowing tissue to 

continue to develop at a certain distance from the boundary of the scaffold. This 

was in line with observations made in experiments with oxygen-controlled 

bioreactors, specifically ones that are intended to achieve a cell population 

balance. Thus, the addition of the use of lower cell populations would mean that 
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scaffolds in the in-vitro environment would perform very differently simply due 

to the difference of oxygen availability. If this is the case the linear growth that 

was observed within the framework may not be possible in the in-vivo 

environment. 

• Initial cell seeding 

Changing the initial progenitor cell seeding had the most dramatic effect on the 

rate of oxygen consumption. Lowering the number of cells within the domain 

significantly extended the amount of time prior to the onset of hypoxia and, 

unlike when the initial available oxygen was changed, it also affected the rate at 

which the hypoxic area grew. However, lowering the initial progenitor cell 

seeding also meant that there were less progenitor cells available for 

differentiation slowing the rate of mature cell growth. This trade-off can be 

beneficial in the long run as eventually the mature cell population could reach 

higher levels due to the differentiation within the scaffold being able to occur for 

longer. It is important to note that the degree of surface area would play a role in 

this effect as a large proportion of the progenitor cell population is unable to 

differentiate. If differentiation was allowed to occur throughout the domain, 

reducing the available progenitor cells could have a far more detrimental effect. 

This is why it is important to establish the degree at which surface dependency 

plays a role in the tissue development within the scaffold being used. 

The results show that the external environmental factors have more of an effect on the 

framework’s behaviour when compared to that of factors such as diffusion and 

migration. This is an encouraging finding as these parameters are relatively simple to 

change in an experiment. However, it also shows that there is an inconsistency in results 
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when the different boundary conditions used to depict the environment are changed. 

The method used to depict the oxygen environment does have a significant role in the 

modelling of cellular behaviour and could imply that a lot more research is required in 

regard to the oxygen delivery within the in-vivo environment. For example, a decay flux 

(in-vivo) that was extracted through experimentation was used but this behaviour may 

change, or even be inapplicable, depending on the intended application. The use of this 

decay flux (in-vivo) shows that it is possible to apply a physiological condition to 

observe and predict the in-vivo behaviour. The change in the tissue growth, when 

applying different oxygen boundary conditions, closely resembles the changes in 

scaffold performance during in-vivo and in-vitro experimentations.  This is to be 

expected as the oxygen supply is the dominating environmental factor for tissue 

development. 
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Chapter 6: Surface Independency 

in Differentiation – the 

Introduction of a Collagen 

Deposition Mechanism 

 

6.1  Exploring the significance of surface (in)dependency of differentiation 

In the previous chapters it was assumed that cell differentiation can only occur on the 

surface of the scaffold material. When there is a supporting nanofiber structure present, 

which is the case in most cellular environments, both in-vivo and in-vitro differentiation 

may occur within the supporting medium as well as on the surface of scaffolds. 

However, the rate of differentiation within the tissue may not be uniform. Histological 

evidence shows how the tissue density increases significantly on the scaffold’s surface 

when cultured in-vivo. The same was observed in a porcine model using a bone 

chamber (Geris et al., 2008) with the histological results shown in (Fig. 6.1), where the 

black circle is the scaffold material. It is possible to see an increase in bone formation 

within a periphery of 200µm from the scaffold’s surface. This is primarily due to the 

presence of scaffold material acting as a stiff ‘substrate’ mechano-biologically 

stimulating the stem cells for differentiation (Reilly and Engler, 2010). This also applies 

to the ECM density as the elastic properties of the ECM can be linked to the proportion 

of cell differentiation (Tse and Engler, 2011). Thus, in order to accurately represent the 

tissue formation, in particular when the in-vivo environment is considered, a certain 

level of surface independency needs to be taken into account in the framework i.e. the 

differentiation with the ECM. 
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Figure 6.1: Histological samples within a bone chamber that was extracted from a rabbit animal 

model. It was stained to indicate concentrations of collagen shown in red (Geris et al., 2008). (a) 

is a photo of the bone chamber after experiment. (b) shows the area used to calculate the Bone 

Area Fraction (BAF). (c) BAF near implant. (d) Bone to Implant Contact. 

It has been reported that the degree of surface dependency and rate of differentiation is 

highly dependent on the elastic properties of the scaffold material, i.e. the stiffness of 

the ‘substrate’ (Discher, Janmey and Wang, 2005). These observations were also 

supported by the change in tissue distribution based on the gradient of stiffness, 

demonstrated by the introduction of fibroblast cells into a collagen construct with 

varying thickness. This shows that the proliferation of fibroblast cells is highly sensitive 

to changes in the matrix stiffness (Hadjipanayi, Mudera and Brown, 2009). In this 

chapter a new mechanism will be introduced into the computational framework that will 

regulate the level of surface dependency, giving an opportunity to include this crucial 

element into the proposed framework. 

6.2 Methodology 

Based on the findings of (Buxboim et al., 2010) it was found that the MSC behaviour is 

only influenced by structures of high stiffness at a proximity of 3.4µm. This was 
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evaluated by measuring the change in cell spread.  It is reasonable to assume that the 

effects of the scaffold’s presence would only be affecting the cells directly on the 

scaffold surface. As the ECM could not offer the similar degree of stiffness as the 

scaffold material (when stiff scaffold material is used such as PLG and PLGA), it is 

assumed that the differentiation rate will be lower therein, meaning that the scaffold’s 

presence would still be a deciding factor in the surrounding tissue development. These 

aspects within the framework are modelled and implemented using a ’penalisation 

factor’ where a maximum achievable differentiation rate would be applied to the 

scaffold’s surface and the differentiation within the ECM would be a specific 

percentage of that maximum value. Assuming that the distribution of the nano-fibre 

concentration is uniform, the value of the differentiation rate will be the same across the 

substrate where there is no scaffold surface present.  

In order to assess this mechanism, a variety of geometries were used. For this analysis 

the porosity (Fig. 6.3) as well as pore size (Fig. 6.4) of the scaffold were altered to 

explore how the changes introduced by the new mechanism would affect the behaviour 

of the proposed framework when different scaffold geometries were used. The fixed 

oxygen concentration that represents the static culturing conditions was used in the 

framework as an exemplar scenario, due to the results in chapter 4 showing that it 

maintains the largest viable area for differentiation after longer periods of time. This 

will make any changes in behaviour, due to scaffold design, more apparent. The size of 

the 2D scaffold domain was 3mm. Variation in the geometry was achieved by using 

Schwarz primitives where the surface was defined by varying the desired value from a 

3D structure where the tri-periodic equation for Schwarz was applied. The resulting 

geometry for a single unit using the benchmark parameters are shown in (Fig 6.2). 
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Figure 6.2: Schwarz P geometry generated to achieve 70% porosity. 

 

 

(6-1) 

A 2D cross-section of the scaffold module design was then extracted from the resulting 

geometry and applied to a larger matrix in a periodic array. The porosity was varied 

from approximately 70% to 90% (Fig.6.3) by varying the target value (S), which 

defined the design’s surface in the equation Eq.6-1. The list of S values used after the 

equation was scaled for the scaffold module size to determine the geometries surface, as 

shown in Table 6-1.  

Table 6-1: S values used to define different porosities 

S value Porosity (%) 

-2 90.02 

0 79.11 

2 68.00 
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Figure 6.3: Scaffold geometry with varying porosity 

The pore size was varied from 100µm to 400µm (Fig.6.4) by changing the size of the 

scaffold module. These pore sizes were selected based on findings which showed that 

the optimum pore size for a tissue scaffold was 325µm while the minimum effective 

pore size was 20-120µm for bone and cartilage tissue engineering (Tan et al., 2008). 

However, the optimal pore size may vary in different tissue types, for some soft tissues 

it was estimated to be approximately 100µm (Tan et al., 2008).  

 
Figure 6.4: Scaffold geometry with varying pore size 

A sensitivity analysis was applied to these geometries and the differentiation rate was 

varied within the ECM area, allowing for a variety of differentiation rates to take place 

whilst maintaining the differentiation used in chapters 4 and 5 on the surface of the 

scaffold material. The results can be seen below in (Fig. 6.5) where a penalty of 100% 

means that no differentiation could occur within the ECM resulting in the same 
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distribution as that observed in the previous chapters i.e. completely surface dependent. 

A penalty of 0% allows for uniform differentiation across the scaffold (i.e. the same 

differentiation rate in the ECM and at the scaffold surface; which is why the relative 

distribution of progenitor cells had a reduced population at the scaffold boundaries due 

to the differentiation continuing for longer. At 50% it was possible to see how applying 

this penalty acts as a compromise between these two extremes. 
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Figure 6.5: Resulting distribution when the penalty on cell differentiation within the ECM was 

changed for varying porosities which causes changes in the resulting mature cell population. 
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6.2.1 Varying porosity 

Fig. 6.6 shows how changing both the porosity and the degree of surface dependency 

has a negligible effect on the oxygen distribution over time, although it was possible to 

see that the initial decline (first 24 hours) in oxygen was relatively slower when the 

porosity of the scaffold was lower (green) shown in (Fig. 6.6A). This relationship 

changed over time as the average oxygen concentration began to decline faster when 

comparing the performance of the lower porosities shown in (Fig. 6.6A) which was due 

to the fact that the scaffold with lower porosity hindered the diffusion of oxygen. 

Initially this was beneficial as it reduced the rate at which the oxygen at the centre of the 

scaffold was consumed. Once it was depleted it inhibited the oxygen from being 

delivered to the centre of the scaffold. 

When observing the percentage of growth of the hypoxic area in the scaffold it was 

possible to see how the increase in porosity improved the amount of viable scaffold, 

especially when the cell differentiation was limited completely to the scaffold surface. 

For higher porosities the percentage of viable scaffold was lower, thus, the most 

extreme case was when differentiation was uniform across the ECM, i.e. (Fig. 6.6B). 

Therefore, when considering the oxygen availability, the best case would be a scaffold 

with higher porosity as well as a high surface dependency. However, this may lead to a 

significantly lower population of mature cells which will be discussed below. 

When considering the distribution of mature cell population, the use of uniform 

differentiation across the domain (i.e. a 0% penalty) resulted in an increase in the 

average population of mature cells. An interesting observation is the effect that porosity 
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had when different penalty levels were used. The lower the penalty applied, i.e. higher 

differentiation rate in the ECM domain, the greater the effect of changing the porosity. 

However, when a penalty above 75% was applied, changing the porosity had the 

opposite effect (Fig. 6.6D). The observation is related to how the mature cell population 

grows once the viable area for differentiation is restricted to the boundaries of the 

domain. High penalties meant that differentiation primarily occurred on the scaffold’s 

surface. Smaller modules meant less surface area resulting in a lower mature cell 

differentiation. This is the opposite when the penalty is low, as a lower porosity would 

mean less ECM area available for differentiation. 
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Figure 6.6: Average concentrations of key components over time when the penalty on 

differentiation within the ECM and porosity was varied. 

Fig 6.7 shows the resulting concentrations of the key components when the degree of 

surface dependency was varied. In (Fig. 6.7A) the use of a lower penalty resulted in a 

higher average oxygen concentration across the domain. This trend was due to the 

reduction of the resulting progenitor cell population as shown in (Fig. 6.7C).             

(Fig. 6.7 C,D) shows that the change in the porosity resulted in little variation in the cell 

populations. However, when looking at (Fig. 6.7D) it was possible to see how the 

resulting change to a ‘negative’ trend in the final average mature cell concentration with 

respect to the change in porosity to a ‘positive’ one, when the differentiation was 
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completely surface dependent. This was because when differentiation was allowed to 

occur within the ECM domain the volume of ECM available became more significant, 

meaning that there was a greater area viable for differentiation. When the area viable for 

differentiation was restricted to the boundaries the significance of this became more 

apparent as the majority of the ECM would not have a mature cell population present 

and the available surface area of the scaffold became the main determinant of scaffold 

performance over time. 

These findings show that the best strategy for scaffold optimisation by changing its 

porosity would depend on the level of surface dependency, i.e. the stiffness ratio 

between the scaffold material and the expected ECM ‘substrate’, as increasing the 

surface area could lead to a better outcome than increasing the porosity if cell 

differentiation was limited to the scaffold’s surface, i.e. when the influence of scaffold 

stiffness on the cell differentiation is more significant. 
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Figure 6.7: Final concentrations of key components after a 72 hour simulation period when using 

different penalties on cell differentiation within the ECM, which was applied to a range of 

porosities. 

 

6.2.2 Varying the pore size 

Fig. 6.8 shows the distribution of the key components when the different ECM penalties 

are applied to different pore sizes. It is possible to see that the use of smaller pore sizes 

would be beneficial if tissue growth was heavily surface dependent (100% ECM 

penalty). When the penalty is 0%, pore size becomes less relevant. However, there is a 

slight variation in the oxygen distribution resulting in a variation in the global mature 

cell population when comparing different pore sizes. 
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Figure 6.8: Distribution of key components while using different ECM penalties and porosities. 

The most significant change in performance can be seen when comparing the resulting mature 

population distribution. 
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Fig. 6.9 shows the effect of changing the pore size when the differentiation rate in the 

ECM was varied by adjusting the penalty ratio. It can be observed that changing the 

pore size had a similar effect to changing the porosity as discussed above; in this case 

the application of a pore size of 400µm initially had a higher rate of oxygen 

consumption followed by a slower rate of consumption once the oxygen in the centre of 

the scaffold had been consumed as observed in (Fig. 6.9(A)). The hypoxic area as 

shown in (Fig. 6.9(B)) also reflects this, as it can be clearly seen that the initial increase 

of the hypoxic area was greater in cases with larger pore sizes. Pore sizes around 100µm 

and 300µm show a complex relationship with regards to the growth of the hypoxic area 

(Fig. 6.9(B)). However, this behaviour was significantly reduced when a larger pore 

size of 400µm was used indicating that certain pore sizes could interfere with the 

decline in the oxygen distribution (Fig. 6.9(A)) implying that the pore size may also be 

an influential factor in scaffold performance. Finally, when considering the mature cell 

population (Fig.6.9(D)), it was possible to see that, when a lower value of penalty was 

applied i.e. a higher degree of surface dependence in differentiation, the effect of change 

in pore size became less significant in the long term. This was mainly because changing 

the pore size had a negligible effect on the resulting ECM volume as the porosity of the 

domain had been maintained. This means the primary difference would have been the 

change in the scaffold’s surface area. When the differentiation was highly surface 

dependent the model was more sensitive to the changes in the pore size due to the 

change in surface area being a more significant factor in the framework’s behaviour 

when surface dependency of differentiation was applied. 
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Figure 6.9: Average concentrations of key components over time when the penalty applied on 

the differentiation rate within the ECM and the pore size of scaffolds were varied. 

Fig. 6.10 compares the concentrations of the key components at the end of the 

simulations. As shown in (Fig. 6.10 (A)), a negative trend in oxygen concentration was 

observed when comparing penalty to pore size. This is in line with the trends seen in the 

progenitor and mature cell population (Fig. 6.10 (D)) as an increase in the number of 

cells resulted in an increase in oxygen consumption. (Fig. 6.10 (A)) shows that when the 

pore size was less than 300µm the oxygen concentration dropped significantly. This 

supports the findings of the in-vitro studies mentioned previously as this would limit the 

mature cell growth in the longer term. However, the negative trends with pore size 

shown in the mature cell population indicated that during this time period the high 
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surface area and the high ECM area at the boundaries resulted in improved 

performance. There were no notable trends in the resulting hypoxic area showing the 

complex nature of the oxygen distribution when using different pore sizes (+Fig. 6.10 

(B)).  Unlike the progenitor cell population shown in the previous analysis (Fig. 6.7 (C)) 

there was a definite trend both in pore size and penalty (Fig. 6.10 (C)). This indicates 

that pore size is a significant parameter in respect to the progenitor cell population. 

Unlike the porosity which had significantly less variation. 

 
Figure 6.10: Final concentrations of key components after a 72 hour simulation period when 

using different penalties on cell differentiation within the ECM, which was applied to a range of 

pore sizes. 
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6.3 Mechanism of Collagen Deposition 

From the observations in the previous analysis it was decided to introduce a mechanism 

that could take into account both the changes in the scaffold surface area as well as its 

porosity by simulating the change in the density of the ECM and its effect on the cell 

differentiation. In order to do this, a mechanism was applied that resembles the 

behaviour shown in the previous sections, i.e. using a penalty to represent the 

differentiation rate in the ECM domain.  In this section, the differentiation within the 

ECM was regulated based on the cell populations by relating its population 

concentration to the differentiation rate. This was achieved by considering the 

concentration of ECM accumulation due to the secretion of ECM components by the 

mature cell population. This is because, as tissue develops, the cells involved in its 

reconstruction would deposit components of the nano-fibre matrix to build a 

denser/stronger ECM on which the cells continuously grow. This can be observed in 

scenarios where osteoblasts, chondrocytes and fibroblasts change the density and 

mechanical properties of the surrounding ECM via secretion or by remodelling and 

reinforcing the existing ECM. Therefore, the population of mature cells and the 

resulting collagen deposition will need to be considered in order to take into account the 

change in ECM concentration and its effect on cell differentiation over the duration of 

the tissue regeneration process.  

To implement such a mechanism the differentiation rate will be set at its maximum at 

the surface of the scaffold material. As the mature population, e.g. fibroblasts, is 

capable of both building and remodelling the collagen matrix it is also reasonable to 

assume that once a maximum collagen concentration is reached the fibroblast 

population would be able to maintain that concentration. Thus, for this model, once the 
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maximum concentration of collagen is reached the differentiation rate in the ECM 

domain would be equivalent to that on the scaffold surface, i.e. the maximum rate 

allowed. The relationship between the collagen concentration and the mature cell 

population is described as 

 

 

(6-2) 

where C0 is the collagen concentration established in the previous time iteration, C is 

the collagen calculated for the current time iteration, M0 represents the population 

before growth was calculated and M is the current population. To calculate the amount 

of collagen produced by the mature cell, the average mature cell population is 

calculated assuming linear growth during the time iteration; this is then multiplied by P, 

representing the production rate of collagen per cell.  

Once the collagen concentration is calculated the rate of cell differentiation is derived, 

as  

 

 

(6-3) 

where D is the differentiation rate, C is the current concentration of collagen, C0 

represents the collagen concentration of the previous time iteration and Cm is the 

maximum collagen required to achieve a differentiation rate that is the same as that 

found on the scaffold’s surface. This is achieved by adjusting the differentiation rate 

proportionally to the ratio between the current collagen concentration averaged between 

C and C0, and the maximum collagen concentration allowed Cm.  
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The introduction of this mechanism means that there are three additional parameters to 

be considered in the computational framework, including the initial collagen 

concentration C0, the rate of collagen production per cell P and the maximum collagen 

concentration Cm. As during the wound healing process there is often a sparse matrix of 

fibrin and collagen present, it was decided to use an initial collagen concentration of 2% 

as the benchmark value. This concentration was also used in in-vitro analyses to 

observe interaction of compounds that form connective tissue (Hedbom and Heinegard, 

1989; Zhu et al., 2014). The maximum collagen concentration was set to be 30% as this 

is the maximum concentration achieved during dermal wound healing reported in (Dale, 

Sherratt and Maini, 1996). Collagen production rate was set to 1×10-6 Mol/cm3/hour, as 

it was an approximation based on the findings of (Unemori and Amento, 1990) where 

the control analysis revealed that the collagenolysis production per million cells was 

16µg in 48 hours. 

6.3.1 Initial collagen concentration 

Fig 6.11 shows the results when the initial collagen concentration is varied from 0% to 

30%. Although the changes in the oxygen distribution is relatively small with the 

maximum initial collagen concentration resulting in the lowest final average 

concentration, it is possible to see an increase in the mature cell population when the 

initial collagen concentration is higher. When the maximum collagen concentration of 

30% is used as the initial condition, there is little variation in the progenitor cell 

population. This is because there is uniform differentiation occurring across the scaffold 

similar to the case when differentiation is allowed only at the scaffold surface in the 

previous analysis.  
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Figure 6.11: Resulting distribution when the initial collagen concentration was varied using 

different porosities. 
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Fig. 6.12 shows the average concentrations of the components when the scaffold 

porosity and the initial collagen concentration are varied. Similar to what was observed 

above, changing the initial collagen concentration had little effect on the average 

distribution of oxygen across the domain, as shown in (Fig. 6.12(A)). This was 

primarily because the mature cell population was not the dominant population that 

consumed the oxygen. However, as shown in (Fig. 6.12(B)), having a maximum initial 

collagen concentration resulted in a significant change in the ‘growth’ of the hypoxic 

area. This was because the total cell population increased due to differentiation 

occurring across the domain as the collagen concentration was at its maximum. In all 

other cases a common trend could be observed, i.e. the higher the porosity of the 

scaffold, the slower the hypoxic area grows which again could be due to the greater 

capacity of oxygen supplied.  

When considering the growth of progenitor cells, the greater the increase in 

differentiation across the domain due to higher initial collagen concentration, the lower 

the resulting progenitor population becomes due to them being used to differentiate into 

the mature cell population as shown in (Fig. 6.12(C)). The effects of changing the 

porosity and the initial concentration had a similar relationship to that observed when a 

penalty was applied to the ECM differentiation. This showed that when the initial 

collagen concentration was at its maximum, the significance of the porosity was at its 

greatest which could be due to more ECM area being available, leading to a greater area 

viable for cell differentiation. 
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In Fig 6.12(D) the results indicate that the increasing of the initial collagen 

concentration above 2% has a similar effect to decreasing the penalty in the surface 

dependency analysis (Fig. 6.6) where the increase in porosity improves the resulting 

mature cell population. The lower the initial concentration the longer it took for an 

increase in porosity to have a positive influence on the mature cell population. This was 

because near the end of the simulation the differentiation was restricted to the periphery 

of the domain, due to the appearance of the hypoxic area at the centre. As the mature 

cell population grew, the accumulation rate of collagen increased which in turn meant 

that the differentiation rate of the progenitor cells also increased in the ECM domain. 

The newly adopted cells increased the mature cell population and further increased the 

amount of collagen secreted. As the rate of differentiation approached a maximum, i.e. 

the same value that was applied to the surface of the scaffold material, the available 

amount of viable ECM area became more influential in the mature cell growth. This 

showed that the initial collagen concentration had equivalent influences on the degree of 

surface dependency in the framework, i.e. the higher the initial collagen concentration 

the lower the surface dependency of cell differentiation.  
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Figure 6.12: Average concentrations of key components over time when the Initial collagen 

concentration and porosity was varied. 

Fig. 6.13 shows the concentration of the components at the end of the simulation when 

the initial collagen concentration was varied. These results were similar to those shown 

when the penalty of the differentiation rate in the ECM was changed, i.e. in (Fig 6.7), 

presenting similar trends. This further supported the findings shown in Fig. 6.12 that the 

mechanism introduced was sensitive to the initial substrate composition and that 
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increasing the initial concentration had equivalent effects to decreasing the surface 

dependency of cell differentiation. 

 
Figure 6.13: Final concentrations of key components after a 72 hour simulation period when 

using different initial collagen concentrations, applied to a range of porosities. 

Figure 6.14 Shows the change in distribution when the rate of initial collagen 

concentration is changed while using different pore sizes. When the collagen production 

is accelerated most of the domain reaches collagen saturation and, as a result, the 

mature cell population at the boundaries reaches relatively high mature cell 

concentrations. It is also possible to see the advantage of the higher surface area when 
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using smaller pore sizes. It is possible to see how the higher surface area of lower pore 

sizes benefits the mature cell distribution and ho it’s significance increase when a lower 

initial concentration is used. 

 
Figure 6.14: Resulting distribution when the initial collagen concentration was varied using 

different Pore Size. 
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Fig 6.15 shows the results where the pore size of the scaffold was changed with respect 

to varying initial concentrations of collagen. When considering the oxygen 

concentration, as shown in (Fig. 6.15(A)) there was little notable difference from what 

was observed previously when the porosity was changed in (Fig. 6.12(A)). This also 

applied when considering the growth of the hypoxic area as shown in (Fig 6.15(B)). 

Thus, when considering the initial collagen concentration, porosity would have a more 

significant impact in the longer term, for resulting tissue development. 
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Figure 6.15: Average concentrations of key components over 72 hours when the initial collagen 

concentration and pore size was varied. 

Fig 6.16 shows similar results as the trends shown when the porosity was varied in   

(Fig. 6.13) where the cases with a higher pore size had less scaffold surface available at 

the periphery of the scaffold. This further supported the previous observations and 



 

159 

highlighted that increasing the initial collagen concentration had an equivalent effect on 

the framework, reducing the degree of surface dependence in differentiation.  

 
Figure 6.16: Final concentrations of key components after a 72 hour simulation period when 

using different initial collagen concentrations, which was applied to a range of pore sizes. 

6.3.2 Collagen Production Rate 

Fig. 6.17 shows the distributions of the components, when the collagen production rate 

was varied. There was negligible variation in the overall distribution of oxygen and 

progenitor cell population. However, it is possible to observe the increase in the mature 

cell population when the production rate is increased by a factor of 10. 
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Figure 6.17: Resulting distribution when collagen production rate was varied, in this case using 

different porosities. 
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Fig. 6.18 shows the time-dependent average concentrations of the components. As with 

the previous parameters, there was negligible variation in the average oxygen 

distribution, as shown in (Fig. 6.18 (A)). The hypoxic area grew more rapidly when a 

lower porosity was used and increasing the production rate by a factor of 10 resulted in 

a significant increase in the growth of the hypoxic area as shown in (Fig. 6.18 (B)). A 

reduction in the collagen production rate from the benchmark value was not as 

significant compared to that of the amplification reflected in the resulting cell 

populations. This was because the change of the collagen production rate had a ‘chain’ 

effect since the increase in the collagen concentration resulted in an increase in the 

differentiation rate, subsequently leading to a higher mature cell population which in 

turn accelerated the rate of collagen production. This dramatic change in the 

differentiation rate resulted in the same relationship observed in previous analyses when 

changing other parameters that affected the degree of surface dependency. When the 

collagen production was accelerated the mature cell growth was negatively influenced 

when porosity was increased in the short term. However, this trend was reversed in the 

long term since the importance of the viable ECM area became greater as the collagen 

concentration increased (Fig. 6.18 D).  
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Figure 6.18: Average concentrations of key components over time when the collagen 

production rate and porosity was varied. 

 

Fig 6.19 shows the resulting concentrations at the end of the simulation when the 

collagen production rate was varied. The results reflected those shown in (Fig 6.18) and 

further supported the findings that porosity would have a positive effect when 

differentiation was sufficiently accelerated within the ECM, (Fig 6.19 (D)). The other 

components showed little variation as the change in the differentiation rate is limited to 

the boundaries of the domain (Fig 6.19 (A,B,C)). 
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Figure 6.19: Final concentrations of key components after a 72 hour simulation period when 

using varying collagen production rates, which was applied to a range of porosities. 

 

Figure 6.20 Shows the change in distribution when the rate of collagen production is 

changed while using different pore sizes. When the collagen production is accelerated 

most of the domain reaches collagen saturation and, as a result, the mature cell 

population at the boundaries reaches relatively high mature cell concentrations. It is also 

possible to see the advantage of the higher surface area when using smaller pore sizes.  
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Figure 6.20: Distribution of key components within domain when the collagen production rate 

is changed while using different porosities. 
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Fig. 6.21 shows the effect of changing the pore size on the framework when the rate of 

collagen production was varied. Unlike the observations made previously when the 

porosity was changed (Fig. 6.18), there was a significant difference in the oxygen 

concentration when the pore size of 400µm was used as shown in (Fig. 6.21(A)). Such a 

phenomenon could also be seen from the growth of the hypoxic area, as it shortened the 

time required before the hypoxic area emerged. Another interesting observation was 

with the mature cell population, when comparing the behaviour of pore size between 

100µm and 300µm, as the results from the reduced collagen production converged 

towards the benchmark results and outperformed during the majority of the simulation 

(Fig. 6.21(D)). It is important to note that the exponential increase observed when using 

the benchmark results was likely to continue and outperform the results with reduced 

collagen production rate, showing that a slight increase in the collagen production rate 

may lead to a significant increase in tissue formation in the long term. Therefore, it is 

important that the collagen production rate should be promoted to lead to improved 

tissue regeneration or, for the purpose of predictive modelling, be accurately quantified 

in order to effectively model tissue formation using the proposed method. 
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Figure 6.21: Average concentrations of key components over time when the collagen 

production rate and pore size was varied. 

Fig 6.22 shows the resulting concentrations at the end of the simulation, when the pore 

size and collagen production rate were varied. The results reflect those shown in         

(Fig 6.21). This further supported the findings that a higher pore size results in a lower 

average mature cell concentration regardless of the collagen production rate chosen. 
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Figure 6.22: Final concentrations of key components after a 72 hour simulation period 

when using varying collagen production rates, which was applied to a range of pore sizes. 

6.3.3 Maximum Collagen concentration 

Fig. 6.23 shows the distribution of the key components when the maximum collagen is 

changed while using different porosities. It can be seen by the change in the mature cell 

distribution that reducing the maximum collagen saturation point, drastically increases 

the maximum mature cell concentration. Highlighting the significance of this parameter 

and how important it is to establish the relationship between the change in matrix 

density and the resulting differentiation rate. It should be noted that the model assumes 

that once the maximum concentration is reached, the differentiation rate will be equal to 

that on the scaffold’s surface. 
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Figure 6.23: Distribution of key components within the domain when the maximum collagen 

limit is changed while using different porosities. 
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Fig. 6.24 shows the average concentrations of the components when the maximum 

collagen concentration and scaffold porosity were varied. The oxygen distribution 

observed in the results showed that the porosity was still the dominant factor in 

determining the growth of the hypoxic area over time (Fig. 6.24 A, B, respectively). For 

the mature cell population it was possible to see how decreasing the maximum collagen 

concentration accelerated the differentiation rate because it required less local collagen 

concentration to reach a higher differentiation rate (Fig. 6.24 D). Like the change in the 

rate of collagen production, changing the maximum collagen concentration had an 

exponential relationship, as reducing the amount of collagen necessary to achieve the 

maximum differentiation rate meant that fewer cells were needed in order to achieve the 

maximum differentiation rate within the same time period. This shows that, in practical 

applications of scaffold, it is important to consider the differentiation rate within the 

ECM prior to implantation. Since in all cases there is little effect on the oxygen 

concentration and the largest cell population present are the progenitor cells                 

(Fig. 6.24 C), all the parameters used to define differentiation in the ECM only 

marginally affects the growth in the hypoxic area, and consequently the mature cell 

population. 
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Figure 6.24 Average concentrations of key components over time when the maximum collagen 

concentration and porosity was varied. 

Fig 6.25 shows the resulting concentrations of components at the end of the simulation, 

when the porosity and the maximum allowed collagen concentration were varied. The 

results further supported the findings that, the lower the maximum allowed collagen 

concentration was, the less sensitive the framework was to changes in the porosity. 



 

171 

 
Figure 6.25: Final concentrations of key components after a 72 hour simulation period when 

varying the maximum collagen concentration, which was applied to a range of porosities. 

Fig. 6.26 shows the distribution of key components across the domain. It is possible see 

how the collagen and mature cell distribution scale when different maximum collagen 

limits were used. The maximum concentration of these components were the same 

regardless of the maximum collagen limit used. 
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Figure 6.26: Distribution of key components within domain when the maximum collagen limit 

is changed while using different pore size. 
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Fig. 6.27 shows the average concentrations of the components when the maximum 

allowed collagen concentration and pore size were varied. The results indicated that the 

effect of changing the pore size on the framework was not affected by changes in the 

maximum collagen concentration. This further demonstrated that the surface 

dependency of the cell differentiation was not affected by the maximum collagen 

concentration, therefore changing the pore size would have a similar effect regardless of 

the maximum collagen used.  

 
Figure 6.27: Average concentrations of key components over 72 hours when the maximum 

collagen concentration and pore size was varied. 
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Fig 6.28 shows the resulting concentrations of components at the end of the simulation. 

An interesting observation was that a higher allowed maximum collagen concentration 

was beneficial when smaller pore sizes (100-200µm) were used but became detrimental 

when larger ones (300-400 µm) were used. This was likely due to the increased 

differentiation in the ECM domain when, in the benchmark case, this resulted in there 

being less progenitor cells available to migrate to the scaffolds surface giving the cases 

with a higher allowed maximum collagen concentration an advantage. 

 
Figure 6.28: Final concentrations of key components after a 72 hour simulation period when 

varying maximum collagen concentration, which was applied to a range of pore sizes. 
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6.4 Concluding remarks 

The observations within this chapter are as followed: 

• Surface Dependency 

When comparing the behaviour between changing the porosity to that of 

changing the pore size, it is clear that the relationship between the surface 

dependency changes. When surface dependency is high, and the penalty 

assigned to the ECM within the domain is set to 75% - 100%, increasing the 

porosity has a negative effect but when lowered this relationship is reversed. 

These findings indicate that the optimisation of the scaffold would depend 

greatly on the degree of surface dependency of the developing tissue. For pore 

size the variation in tissue development, with respect to the pore size used, 

diminishes when the surface dependency is reduced. From these observations it 

is possible to identify that the importance of the ECM volume and the scaffold 

surface area have an inverse response to changes in the degree of surface 

dependency. In order to design the scaffold, correctly identifying this aspect of 

tissue growth would be a high priority. 

• Initial Collagen Concentration 

Changing the initial collagen concentration has the same effect as applying a 

penalty to differentiation within the ECM domain. The higher the initial 

collagen concentration the lower the surface dependency and thus the greater the 

effect of changing the porosity and the lower the effect of changing the pore 

size. As the in-vivo environment always has some sort of ECM present within it, 

identifying the degree of support for differentiation would be key to determining 

the level of surface dependency in order to optimise a scaffold.  
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• Collagen Production 

The rate of collagen production has a dramatic effect on the resulting tissue 

development. From the current understanding of collagen synthesis this 

production rate is not sensitive to population size (E. Hadjipanayi, Mudera and 

Brown, 2009) and will cease when the cell is below the hypoxic threshold. 

However, there are multiple cell types which are responsible for the production 

of the ECM. If the rate of tissue development is to be modelled correctly within 

the in-vivo environment, the rate of ECM production needs to be identified due 

to how this parameter greatly influences the rate of mature cell growth. 

• Maximum Collagen  

The findings of changing the maximum collagen changes the behaviour of the 

simulation in ways that the other parameters have not. As it is a limit for the 

collagen to reach in order to have the maximum differentiation rate, the effect of 

increasing this parameter reduces the effect of changing the porosity as it takes 

longer to reach the maximum differentiation rate within the ECM. Although 

changing the maximum collagen limit changes the rate of growth within the 

domain, the resulting difference in the performance between the pore sizes is 

relatively unaffected. This means that the maximum collagen that can be 

achieved within the tissue needs to be considered when establishing scaffold 

design parameters. 

The addition of a mechanism that could represent the effects of the deposition of the 

ECM by the cell populations during tissue development made the proposed framework 



 

177 

more sensitive to changes in the scaffold topology and was more reflective of what had 

been observed in literature. This method of tailoring the degree of a scaffold’s surface 

dependency of cell differentiation may be useful in determining the appropriate initial 

seeded fibre density for optimising hybrid scaffolds in tissue regeneration. This 

mechanism would make it possible to assess optimality of scaffold designs and their 

performances. 

The introduction of this mechanism allows for the possibility of evaluating scaffold 

performance while considering the degree of support for cell differentiation in the 

surrounding substrate. 
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Chapter 7: Microstructural Design 

of Porous Scaffolds for 

Optimal Tissue Growth 

7.1 Current Strategies of Optimizing Scaffold Performance 

The introduction of a mechanism that can incorporate the impact of ECM density and 

its influence on cell differentiation shows that the current framework is now sensitive to 

both the change in porosity as well as the change in the scaffold surface area. This 

means that it is possible to evaluate certain strategies for optimizing the scaffold 

microstructural design and its performance. This would allow for the opportunity to 

evaluate the effectiveness of certain design parameters, including key parameters such 

as porosity and pore size on the overall performance of scaffolds under different 

environments.  

Previous studies have been conducted in both in-vivo and in-vitro analyses, where such 

parameters have been investigated. An example is the use of Polycaprolactone (PCL) 

scaffolds manufactured using a centrifugation method with varying pore sizes (Oh et 

al., 2007) where it was shown that larger pore sizes could benefit chondrocytes and 

osteoblasts but cells such as fibroblasts are better suited for smaller pore sizes. The use 

of varying initial seeded collagen concentrations to promote tissue growth has also been 

reported using substrates with gradient concentrations of nanofibers (Tan et al., 2008). 

This made it possible to control the distribution of the chondrocytes concentration 

within the substrate as the collagen concentration could influence the growth rate of 

cells. On the other hand, an increase in permeability of the scaffold microstructure could 
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result in an improved tissue growth, for example when titanium implants with varying 

permeability were applied to goat vertebrae (Li et al., 2007). Permeability is an intrinsic 

property of scaffold design due to its close relevance to the scaffold microstructure. The 

specific surface area of the scaffold structure was  observed to be a major factor as a 

higher surface to area ratio of the solid structure would often lead to higher permeability 

of the scaffold (Lee and Lee, 2013).  

In this chapter various aspects of scaffold microstructural design will be explored in 

order to gain a deeper understanding of how cellular activity, oxygen consumption and 

surface dependency of differentiation would interplay to influence a scaffold’s 

performance. Like chapter six a fixed concentration boundary condition was used. 

7.2 Scaffold Microstructure 

To systematically assess the effect of the scaffold microstructure, three different 

representative designs were chosen. One is a simplified representation composed of 

square trusses and the other two use tri-periodic geometric equations of minimal surface 

curvature; the microstructures of which are shown below in (Fig. 7.1). Minimal surface 

structures are based on the principle where the total intersecting area along principle 

planes, normal to a point on the surface will equate to zero. These are considered to be 

the ideal geometries for tissue scaffold due to how they spread mechanical loads 

relatively evenly when compared to other designs. 
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Figure 7.1: Minimal surface microstructures plotted in 3D with the representative 2D cross-sections. 

Schwartz’s primitive surface is mathematically expressed as: 

 

(7-1) 

and the Schoen’s Neovius equation as:  

 

(7-2) 
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Each of these geometries was varied in both porosity and pore size. Without loss of 

generality, 2D cross-sections were extracted from these geometries when the framework 

was applied. 

7.2.1 Effects of changing Porosity 

The porosity was varied by changing the values of variables used in (Eq. 7-1,2) which 

determine the desired microstructures (Table 7-1) where S is the value for (Eq. 7-1,2) 

solved for. This variation was applied to achieve a porosity that is approximately 70%, 

80% and 90%. The size of the scaffold module used to create the geometry was kept at 

300µm. 

Table 7-1: S values used to define different porosities for minimal surface designs 

Schwarz Neovius 

S value Porosity (%) S value Porosity (%) 

-2 90.02 -1 74.22 

0 79.11 0 79.56 

2 68.00 2 90.20 

A summary of the pore size, porosity and surface to area ratio is shown below in (Table 

7-2). From this it is possible to see that the Neovius had the highest surface to area ratio 

and the rectangular geometry the lowest. Fig 7.2 shows the microstructures used in the 

analysis, where yellow is used to represent the scaffold material and blue the scaffold 

void which is filled with an initial ECM concentration of 2%. The higher the porosity 

the higher the surface to area ratio as the change in surface of the geometry does not 

scale proportionately with the change in volume. 
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Table 7-2: Specific surface area of each geometry type for variant porosities. 

Porosity (%) S/A (cm/cm^2) 

Schwarz Neovius Rectangular 

90 250.69 366.94 222.22 

80 179.49 258.58 153.84 

70 145.44 225.96 117.64 

 

Figure 7.2: The resulting regular repeating structures with different topologies and porosities. 

Fig 7.3 shows the change in the average concentration over time for 3 time periods: 19 

hours when the hypoxic area begins to develop, 72 hours for the end of the simulation 

time and the midpoint between them at 46 hours. From this it was possible to see how 
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the changes in the porosity and the scaffold microstructure affects the resulting cell 

behaviours. Lower porosity results in higher mature cell population near the domain 

periphery and lower population near the centre.  

 
Figure 7.3: Mature cell distribution for 3 different time periods: 19, 46 and 72 hours. The 

microstructures are as follows: Schwarz (top), Neovius (left), rectangle (right). 

Figure 7.4 Shows the resulting distributions of key components when both the 

topologies and porosities were varied. It is possible to see that there is limited change in 

distribution as the rate of oxygen diffusion is too high to be influenced by changes in 

the scaffold topology. The changes in topology also has a limited effect, the only reason 

there is a detrimental effect on the tissue distribution is due to the ECM being displaced 

by the scaffold. The exception being the neovius topology at 70% porosity. This is due 

to how the topology hinders the oxygen diffusion, allowing oxygen near the domain 

boundaries. 
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Figure 7.4: Distribution of key components after 72 hours when using different topologies at 

varying porosities. 
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Fig. 7.5 shows the average concentration of the components when different 

microstructural designs were used with varying porosities. The general behaviour of the 

framework remained relatively unchanged, except when the Neovius design had a 

porosity of 70%. This could be related to the high surface to area ratio of this specific 

scaffold design. As seen in the previous chapter the benchmark parameters still had a 

high surface dependence and thus scaffolds with the greatest surface to area ratio 

performed better. However, the previous chapter also showed that the initial advantage 

became less relevant over time, as the increased ECM volume resulted in a greater 

mature cell population growth towards the end of the simulation. The rapid decline of 

the growth rate of the hypoxic area indicated that increasing the surface to area ratio 

could result in a negative outcome in the long term, as the increase in the growth rate of 

the hypoxic area would lead to a decrease in the rate of mature cell growth compared to 

other designs. This could be seen for both the cubic and Schwarz designs when the 

porosity was set to 70%, as shown in (Fig. 7.5 (B)). The mature cell growth was slower 

near the beginning of the simulation for these designs when compared to that of the 

Neovius, but later in the simulation a higher growth rate could be observed. This 

observation only existed when a porosity of 70% was used. When lower porosities were 

present, the difference in performance between Neovius and the other geometries was 

less significant. This was because the main determinant of cell growth was the 

availability of the scaffold surface and the surface to area ratio, as evidenced by the fact 

that the results using the Neovius design at 80% porosity did not differ significantly in 

the long term when compared to the same design at 90% porosity. However, changing 

the porosity for the other potential designs resulted in an increase in variation in the 

scaffold’s performance. These results indicated that the main determining factor within 
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the computational framework, when comparing scaffold designs, would be the surface 

to area ratio of the scaffold microstructure.  

 

 
Figure 7.5: Average concentrations of key components over time when the microstructure and 

porosity was varied. 

Fig 7.6 shows the change in the average concentration over time for 3 time periods: 22 

hours - when the hypoxic area began to develop, 72 hours - the end of the simulation 

time and the midpoint in between them - 47 hours. With the exception of the Neovius 

geometry for the oxygen and progenitor distribution, the results showed the same 
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trends. For the mature cell population (Fig 7.6 (D)), the higher the porosity, the lower 

the mature cell population became which further indicated that the surface-to-area ratio 

was a dominant parameter for mature cell growth. Furthermore, when it came to 

available oxygen (Fig 7.6 (A)) in the scaffold, the Schwarz structure had the best 

performance on average during the course of the simulation. This was interesting as it 

was the geometry that had neither the highest nor the lowest surface to area ratio. 

However, when looking at the percentage of the hypoxic area (Fig 7.6 (B)), the 

performance seemed to be negatively affected when the surface to area ratio was 

increased. When looking at the progenitor cell population (Fig 7.6 (C)), the Neovius 

structure did not reflect the inverse trend shown in the mature cell growth (Fig 7.6 (D)) 

like the other two cases. This was likely due to the reduction in porosity which in fact 

increased the amount of total surface area available within the domain due to its unique 

shape. 
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Figure 7.6: Average concentrations of key components at 3 time periods when using different 

topologies and porosities. 

7.2.2 Effects of changing Pore Size 

In this section, the size of the module used for the repeating pattern of scaffold 

microstructure was varied from 200µm to 400µm, while maintaining the porosity at 

70%. As a result, the surface to area ratio was changed. Table 7-3 shows the surface to 

area ratio of each design with respect to the module size (pore size) used. By doing this 

it was possible to see whether it would lead to different behaviours from what had 

previously been presented, when the pore size of the scaffold was varied. Figure 7.7 

shows the geometries used in the analysis. 
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Table 7-3: Surface to area ratio for different microstructure designs with varied pore sizes 

Pore Size (µm) S/A (cm/cm^2) 

Schwarz Neovius Rectangular 

200 222.93 311.45 194.44 

300 145.44 225.95 129.62 

400 107.48 164.64 97.22 

 
Figure 7.7: The resulting regular repeating structures with different topologies and pore sizes. 

Fig.7.8 shows the resulting mature cell distribution for 3 time periods, similar to the 

previous analysis. Where 19hrs was the point when the domain became hypoxic and 

46hrs was the midpoint between this event and the end of the simulation (72hrs). It was 

possible to see that the use of 300µm pore size resulted in a decline in the mature cell 

population within the centre of the scaffold, when compared to pore sizes that were both 

higher and lower. However, the maximum cell concentration at the edges of the domain 

increased. This indicated that small and large pore sizes had certain advantages when it 

came to oxygen distribution when compared to the benchmark. 
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Figure 7.8: Mature cell distribution at 3 different time points: 19, 46 and 72 hours for different 

pore sizes and structures. The microstructures considered were as follows. 

Figure 7.9 Shows the resulting distributions of key components when both the 

topologies and pore sizes were varied. An interesting observation was the lower 

maximum oxygen concentration when a 300µm pore size was used. This may be due to 

the pore size posing less resistance to oxygen diffusion, which means that the oxygen is 

being distributed among more cells. This pore size is considered to be the optimum pore 

size for many hard tissue applications. The ability to better distribute would be 

beneficial for tissue development. However, due to the scaffold’s surface dependency it 

has the worst results. It also means that a smaller pore size has a far better performance 

due to there being more surface area. 
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Figure 7.9: Resulting distribution of key components when pore size was varied with different 

topologies. 
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Fig. 7.10 shows the concentration profiles of the key components when the pore size of 

different designs was varied. When looking at the oxygen distribution (Fig. 7.10 (A)) it 

was possible to see an increase in the rate of oxygen consumption within the domain 

when a pore size of 300µm was used. However, when looking at the growth of the 

hypoxic area (Fig. 7.10 (B)) the rate of growth of the hypoxic area in the Neovius case 

was significantly higher. The hypoxic area indicated that the use of the Neovius 

microstructure would be the least optimal option as it allowed for a rapid increase in the 

hypoxic area when compared to the other topologies used. This was due to the degree of 

obstruction caused by the structure, making it evident that this microstructure would 

have the worst performance regardless of the pore size used. The resulting mature cell 

population is shown in (Fig.7.9). The mature cell population was able to reach higher 

levels at the boundaries of the domain yet was lower near its centre. The presence of 

additional scaffold material restricted oxygen diffusion into the centre, resulting in 

higher oxygen concentrations at the boundaries while reducing the oxygen available in 

the centre. When the pore size was small, the oxygen within the domain could not be 

redistributed efficiently compared to that of a geometry with a larger pore size. In the 

short term this was beneficial as the depletion of oxygen was less rapid. However, in the 

long term it was detrimental as it meant that the supply of oxygen would also face the 

same difficulty. Interestingly, when a pore size of 300µm was used, the benefits of such 

a phenomenon disappeared, resulting in an increase in the rate of decline in available 

oxygen. In addition, it was also possible to see that when the pore size was reduced the 

increase in surface area was the dominating factor in determining growth in the mature 

cell population. However, when comparing pore sizes of 300µm and 400µm, the rate of 

mature cell growth of the 400µm was greater. This is in line with the observation made 
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in (Fig,7.10 (B)) regarding the trend in growth of the hypoxic area. As time progressed 

the collagen concentration increased, allowing for greater differentiation to occur within 

the ECM. From these observations it was possible to see that the relative performance 

of the scaffold design was time-dependent, meaning that it cannot be assessed from one 

time point; therefore, it was important to take into account the ‘dynamic evolution’ of 

the interplay between the oxygen supply and tissue growth for the purpose of scaffold 

design and optimisation. 

 

Figure 7.10: Average concentrations of key components over time when the topology 

and pore size was varied. 
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Fig 7.11 shows the change in the average concentration over time for the three time 

points. This shows how the use of 300µm pore size resulted in a decrease in 

performance in the mature cell growth. It was also possible to see that the advantage of 

the use of 200µm pore size declined over time, as the advantage only applied when 

oxygen was already present in the domain (Fig. 7.11 (A)). A higher surface area in the 

case of 200µm pore size allowed for more mature cell growth, as shown in                  

(Fig. 7.11 (D)).  

 
Figure 7.11: Average concentrations of key components at 3 time periods when using different 

topologies and pore size. 
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7.3 Gradient in scaffold microstructure  

It is possible to observe from the previous analyses that taking into account the effects 

of the developing ECM resulted in a dynamic relationship between oxygen depletion 

and mature cell growth. The way the scaffold interfered with the oxygen diffusion had 

both a positive and negative effect. A possible method of utilising this phenomenon 

would be to apply gradient geometrical design parameters to the scaffold, e.g. pore size 

and porosity, that could control both the scaffold’s mechanical properties and 

permeability. These methods of scaffold optimisation were used to improve cell seeding 

efficiency by changing the scaffolds mechanical properties (Sobral et al., 2011). 

Variations in these design parameters also allowed for the creation of hierarchal 

structures (Zhang et al., 2013). It was proven that the utilisation of gradients in pore size 

improved osteogenic differentiation from MSCs (Di Luca et al., 2016).  

To assess such a design strategy, a linear gradient of the local porosity or pore size was 

introduced to the scaffold designs.  The boundary, which represents where the oxygen 

supply was applied (Fig 7.12), is shown in red. The sizes of the scaffold domain were 

1mm × 5mm. The other parameters remained the same as those used in Chapter 6, 

making it possible to conduct a comparison in the scaffold’s performance when gradient 

porosity and pore size applied. 
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7.3.1 Gradient Porosity 

Fig. 7.12 shows the porosity gradient determined by using 70% porosity at the midpoint 

of the horizontal axis and varying the porosities at both ends by the same amount, one 

positively and the other one negatively (or vice versa). By doing this, a monotonic 

linear gradient in porosity along the horizontal direction could be achieved. A case with 

uniform porosity (70%) was also presented as the benchmark case, for the purpose of 

comparison. 

 
Figure 7.12: Gradient geometries used, where red represents the oxygen boundary conditions. 

An Initial porosity was applied near the oxygen supply, the porosity was then varied to follow a 

linear gradient to ensure the global porosity remained at a constant of 70%. 

Fig. 7.13 shows the resulting distributions of the key components. It was possible to 

observe that the presence of scaffold material occupied an area that would allow for 
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potential mature cell growth near the source of oxygen. However, the presence of the 

scaffold’s surface encouraged an increase in differentiation. 

 
Figure 7.13: Resulting distribution of the key components when porosity gradient was varied. 

Oxygen boundary conditions were applied to the bottom of the geometries shown 
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Fig 7.14 shows the average concentration of the key components during the course of 

the simulation. When looking at the average oxygen concentration and the change in the 

hypoxic area, i.e. (Fig. 7.14 (A,B)), it is possible to see that the application of reduced 

porosity near the oxygen supply resulted in a negative effect on both the oxygen 

availability and the hypoxic area over time. This was due to the scaffold materials 

interfering with the diffusion of oxygen into the domain, i.e. the higher the porosity, the 

less resistance applied against the oxygen supply, so that the oxygen could diffuse more 

freely into the domain from the supply boundary. This had a cumulative effect on the 

mature cell population growth, (Fig 7.14 (D)) as the increase in the viable area for 

differentiation allowed for an increase in the average mature cell population. Thus, it 

can be concluded that, under these conditions, having a higher porosity closer to the 

oxygen supply boundary would be beneficial to the tissue regeneration. 



 

200 

 
Figure 7.14: Average concentrations of key components over time when different linear 

porosity gradients were applied. 
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Fig. 7.15 shows the average concentration for the key components at different time 

periods during the simulation. Similar conclusions can be drawn here.  

 
Figure 7.15: Average concentrations of key components at three time periods when different 

porosity gradients were used. Where positive gradients are (pink) and negative are (green). 
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7.3.2 Gradient Pore Size 

The previous analysis was repeated with the gradient applied to the pore size rather than 

porosity. Fig. 7.16 shows the resulting geometries that were generated while the 

resulting porosity was maintained at approximately 80%. The pore size at each end was 

varied from 100µm and 500µm while maintaining the resulting porosity. This range was 

chosen due to 300µm being the benchmark. 

 
Figure 7.16: Gradient geometries used, where red represents the oxygen boundary conditions. 

An initial pore size was applied near the oxygen supply, the pore size was then varied to follow 

a linear gradient to ensure the average pore size remained at a constant of 300µm, this also 

maintained the porosity at approximately 80%. 

Fig. 7.17 shows the resulting distributions of the key components. Lower pore sizes 

near the source of oxygen resulted in less area available for mature cell growth. It was 
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possible to see that the progenitor cell population was lower near the oxygen supply 

when the pore size was 100µm. This was due to a greater amount of scaffold surface 

area available.  

 
Figure 7.17: Resulting distribution of the key components when pore size gradient was varied. 
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Fig. 7.18 shows the average concentration over time for the key components of the 

simulation. A clear relationship could be observed when comparing the pore size at the 

oxygen source and the resulting growth of the hypoxic area, i.e. the higher the pore size 

near the oxygen supply resulted in a higher hypoxic area. The greater amounts of 

scaffold material near the oxygen supply means that the level of oxygen consumption 

near the supply will reduce since there are less progenitor cells present. This resulted in 

a slight reduction in the hypoxic area, as the oxygen could spread further. 

When using initial pore sizes of 100µm and 500µm the average mature cell growth 

improved when the pore size was larger. This meant that under these conditions surface-

to-area ratio was no longer the dominating factor in scaffold performance but rather the 

available area for differentiation. When the initial pore size was 100µm or 500µm the 

mature cell growth increased significantly. This was due to the surfaces being close 

enough to each other that it resulted in an amplification of mature cell growth where the 

scaffold surfaces were in close proximity.  
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Figure 7.18: Average concentrations of key components over time when different linear pore 

size gradients were applied. 

Fig. 7.19 shows the average concentration for key time periods within the simulation. It 

was possible to see that there was a significant drop in performance for the oxygen 

availability when the pore size near the oxygen supply was increased (Fig. 7.19 (A)). 

This was interesting as it presented an opposite trend to what was observed when 

varying the porosity, since increasing the pore size reduced the amount of scaffold 

material near the oxygen supply which meant that there was less resistance to oxygen 

diffusion. This indicated that reducing the oxygen consumption near the supply was 

more effective than improving oxygen delivery. 
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Figure 7.19: Average concentrations of key components at three time periods when different 

pore size gradients were used. Where positive gradients are (pink) and negative are (green). 

7.4 Gradient in Initial Collagen Seeding Distribution 

As demonstrated in the previous chapter the change in the initial collagen concentration 

had a significant effect on the mature cell population. This utilisation of gradient 

substrates has been used to control cell differentiation (Dingal and Discher, 2014). To 

explore the possibility of using the proposed framework to model this phenomenon an 
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analysis was conducted by changing the collagen distribution based on its proximity 

from the oxygen source. 

To evaluate the effectiveness of using varying concentrations within the matrix material 

e.g. ECM that would result in a change in the cell differentiation rate, a simplified ‘1D’ 

study with varying initial distributions of collagen density was proposed. The substrate 

was increased or decreased by 1% of the benchmark collagen concentration.  Different 

concentrations were applied to each half of the domain, the one half with oxygen supply 

and the other without. This was compared to a uniform concentration where the 

benchmark collagen concentration was applied. (Fig.7.20) illustrates the distributions of 

initial collagen concentration used in each half of the domain, which was designated 

with (L – low concentration) and (H – high concentration). (B) represents the 

benchmark value of the initial collagen concentration of 2%. 

 
Figure 7.20: Collagen distribution used, where red represents the oxygen boundary conditions. 

H represents a high concentration of 3% (yellow), L is a low concentration of 1% (light blue) 

and B represents the benchmark concentration of 2% (green). 
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Fig. 7.21 shows the resulting mature cell distribution for the different collagen 

distributions applied at different time periods. It was possible to see how the mature cell 

growth ceased over time as it was restricted by the close proximity of the oxygen supply 

boundary. It was also possible to see how having a higher initial collagen concentration 

further from the oxygen supply could be beneficial as it could lead to further tissue 

development deeper within the scaffold due to the increase in the cell differentiation. 

However, having a higher collagen concentration near the oxygen supply would mean 

that there will be greater long-term benefits as the mature cell population could reach 

higher concentrations. 
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Figure 7.21: Distribution of main components at the end of the simulation using different 

collagen distributions. 
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Fig. 7.22-23 shows the resulting change in behaviour when different patterns of initial 

collagen distribution were used. Regarding the change in the decline in available 

oxygen and the growth of the hypoxic area, there was little variation                                 

(i.e. Fig. 7.22-23 (A,B)) this also applies to the change in the progenitor cell population 

(Fig. 7.22-23 (C)). When looking at the average mature cell concentration there were 

two interesting observations when the low concentrations were used near the applied 

boundary conditions. Elevating substrate concentration furthest from the applied 

boundary conditions resulted in a similar performance while there was no hypoxic area. 

This was because the total amount of collagen within the domain and thus the rate of 

differentiation within the domain was occurring at the same rate in the benchmark, H/L 

and L/H cases. However, when the hypoxic area began to grow, the rate of 

differentiation across the domain in the benchmark case was higher (Fig. 7.22-23 (D)), 

as there was more collagen near the applied boundary conditions and thus the results 

began to diverge. The case of L/H did not perform as well as the others, since the 

differentiation rate near the applied boundary conditions was lower, therefore the 

mature cell growth was hindered. As the collagen concentration had a saturation point, 

the increase in the initial collagen available near the applied boundary conditions did 

not have a significant effect on the resulting mature cell population. The results 

indicated that there would be less differentiation occurring deep within the structure. 

From these results it was possible to conclude that there was a marginal improvement in 

mature cell growth when applying a higher initial concentration near the oxygen supply 

and lowering it had a severe detrimental effect to said growth. 
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Figure 7.22: Average concentrations of key components over time when different collagen 

distributions were applied. 
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Figure 7.23: Average concentrations of key components at three time periods when different 

initial collagen distributions were applied. 

7.5 Two-dimensional analysis of the use of gradient Topology 

In the previous section the effects of applying a gradient structure to the scaffold was 

explored. However, in most environments the oxygen was delivered on more than one 

surface. In order to better evaluate the potential of using gradient structures for scaffold 

optimisation, the analysis was repeated with the oxygen supply condition applied to all 

sides of the 2D domain. This would be comparable to an implant being immersed in 

either tissue (in-vivo) or another medium (in-vitro). The size of the domain in this case 

was 5mm, the same as the length of the model in the previous 1D analysis.
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Fig. 7.24-25 shows the 2D geometries that were created when the gradient was applied 

to porosity and pore size, respectively. In Fig. 7.24, the porosity was varied where the 

established initial porosity was applied to the boundaries of the structure which steadily 

decreased towards the centre of the geometry. 

 
Figure 7.24: Porosity gradient geometries, where the linear porosity gradient was applied in 

two dimensions, initial porosity was applied near the edge of the domain. The oxygen boundary 

conditions were applied to all edges of the domain. 
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Fig 7.25 shows how pore size was varied using a polar coordinate system where the 

initial pore size was applied to the centre and then was steadily increased. 

 
Figure 7.25: Pore size gradient geometries, where the linear porosity gradient was applied in 

two dimensions, initial pore size was applied at the centre of the domain. The oxygen boundary 

conditions were applied to all edges of the domain. 
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7.5.1 2D Porosity Gradient 

Figure 7.26 shows the distribution of key components across the domain when a 

porosity gradient was applied in two dimensions. There is not significant change in 

global distribution regardless of the gradient used. Which is a stark difference to what 

was observed in the 1D case for oxygen distribution. 

 
Figure 7.26: Resulting distribution of the key components when porosity gradient was varied. 
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Fig. 7.27-28 shows the average concentration for the key components when a gradient 

porosity was applied. The introduction of a gradient porosity applied in 2D cases did not 

have as significant an effect as was observed in the 1D cases. This was likely due to the 

geometry of the 1D analysis as the distance without an oxygen supply was greater when 

considering the depth of the scaffold. The only observable variation was a slight 

positive increase in mature cell growth in the hypoxic area when using an initial 75% 

porosity. 

 
Figure 7.27: Average concentrations of key components over time when different 2D linear 

porosity gradients were applied. 
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Figure 7.28: Average concentrations of key components at three time periods when different 

2D porosity gradients were used. Where positive gradients are (pink) and negative are (green). 

7.5.2 2D Pore Size Gradient 

Figure 7.29 shows the distribution of key components across the domain when a pore 

size gradient was applied in two dimensions. There was an observable change in the 

oxygen and mature cell distributions due to scaffold proximity to the boundary edges. 

From this it is possible to see the limitation of the strategy as the majority of the 

scaffold did not reap the benefits of the gradients when applied in two dimensions. 



 

218 

 
Figure 7.29: Resulting distribution of the key components when pore size gradient was varied. 
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Fig. 7.30 shows similar trends to the previous results. The degree of variation when 

considering the change in available oxygen and hypoxic area was relatively 

insignificant. The only geometry that affected the hypoxic area (Fig 7.30 (B)) was an 

initial pore size of 250µm which was likely due to the degree of alignment towards the 

centre of the geometry. This would allow oxygen to disperse into the domain more 

rapidly while simultaneously increasing the consumption of oxygen already within the 

domain. In addition, similar to the 1D cases, the use of the more extreme pore sizes i.e. 

100µm and 500µm results in better mature cell growth (Fig 7.30 (D)). This is likely due 

to the same phenomena where the close proximity of the scaffold surfaces amplified the 

resulting mature cell growth. 
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Figure 7.30: Average concentrations of key components over time when different 2D linear 

pore size gradients were applied. 

Fig. 7.31 shows that, like the behaviour shown in the previous analysis when the 

gradient was applied to two dimensions, the effect on the oxygen distribution as well as 

the progenitor distribution (Fig 7.31 (A, B, C)) was not significantly affected at the end 

of the simulation period. The mature cell population (Fig 7.31 (D)) shows similar results 

to those observed in the 1D cases (Fig 7.19 (D)). Decreasing the pore size near the 

oxygen supply resulted in improved mature cell growth. The use of 100µm and 500µm 

again resulted in an improvement in scaffold performance with regards to mature cell 

population, likely due to the same phenomena observed in the 1D analysis. 
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Figure 7.31: Average concentrations of key components at three time periods when different 

2D pore size gradients were used. Where positive gradients are (pink) and negative are (green).  
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Concluding remarks 

The observations in this chapter are as follows: 

• Topology analysis 

Changing the topology when compared to changes in porosity or pore size was 

not as effective. However, it is possible to see that there was a correlation 

between the surface area of the other topologies used and the resulting growth in 

the mature cell population. This can be quite encouraging as it shows that the 

limitations of oxygen delivery and cell migration will not be greatly affected by 

the changes in the scaffold topology. This means that when conducting scaffold 

designs it is possible to focus on the scaffold’s structural capabilities as long as 

the scaffold material is applied homogenously. The observation applies for both 

changing the gradients in pore size and porosity. 

• 1D gradient scaffold variations 

This analysis was quite widening as it revealed that placing more scaffold 

material near the centre of the scaffold would not only improve the performance 

as the lower porosity at the domain boundaries allowed for better oxygen 

distribution, but it also reduced the rate of consumption near the centre of the 

scaffold as the ECM was displaced by the presence of the scaffold material. As 

observed in previous analyses, rate of consumption was the primary factor that 

could extend the time before hypoxic conditions were achieved. 

A gradient distribution of the initial collagen does not seem to have much of an 

effect on the resulting tissue development as simply increasing the initial oxygen 

gave a better result. This is because the differentiation is primarily controlled by 
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the availability of oxygen and, as the rate of diffusion is still fixed, any potential 

benefit of applying a gradient collagen density would not be observed. However, 

collagen densities being used have a negligible effect on the resulting oxygen 

diffusion rate (Galgoczy et al., 2014). The use of gradient collagen densities has 

been shown to greatly affect the resulting tissue development due to how it 

affects the oxygen distribution. Unfortunately, in its current state the framework 

was unable to accurately depict this phenomenon. This is why the framework is 

only appropriate for depicting the initial wound healing stages when the tissue is 

relatively homogenous in its properties. The only way to address this would be 

to implement a means of calculating the changes in the diffusive properties over 

time based on the tissue development. This cannot be achieved when using an 

iterative approach because of the amount of instability it would cause in the 

results. 

• 2-D gradients scaffold variations 

The 2-D results did not have the degree of variation that was found in the 1D 

analysis. One interesting observation was the behaviour when the gradient pore 

size was changed as the more extreme the gradient the better the result 

regardless of the gradient’s direction. This shows that the effects of applying the 

gradient geometry ass dependent on the boundary conditions being used and 

thus benefits of using this method of optimisation would heavily depend on the 

surrounding boundary conditions. Thus, if the scaffold were to be designed for 

an in-vivo environment, knowledge of the implant surroundings would be 

crucial to maximising its performance. 
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The optimisation design strategies assessed in this chapter indicated that the framework 

was influenced by the scaffold microstructure’s effect on the oxygen diffusion and its 

total surface area. It also showed the potential that changing the initial concentration of 

the ECM could be used to adjust the spatial distribution of mature cells. However, since 

the differentiation was regulated by the oxygen availability, the benefit was limited in 

the long term. These findings were comparable to literature on scaffold optimisations 

and indicated that it is possible to use this framework as a means of optimising the 

scaffold’s performance and also has potential for future applications in tailoring scaffold 

design for a particular oxygen environments. 



 

225 

Chapter 8: Discussion 

8.1  Past reflection 

Design of porous tissue scaffolds has a vast number of potential applications that would 

improve the quality of life for many. There has already been much progress in the 

understanding of tissue regeneration from which the current limitations affecting 

scaffold implants have been identified. However, in order to overcome such limitations 

further advancement in scaffold materials as well as a better understanding of the 

wound healing process is required, which could lead to solutions that would greatly 

improve the technology’s effectiveness and further widen its potential applications. This 

would involve further explorations using both in-vivo and in-vitro studies as there is a 

need to integrate these findings to evaluate how the scaffold behaviour differs 

depending on the environments they are subjected to and, equally importantly, the 

design of scaffold microstructure. In this thesis the potential of using a mathematical 

modelling framework was identified which was created and tested. Critical observations 

that simulate the in-vivo and in-vitro scenarios were carried out to observe how these 

findings could influence the effectiveness of tissue growth in scaffolds. Since there are a 

vast number of structured and biological parameters, that could influence such a 

regeneration process, it was decided to focus on the creation of a simple yet effective 

model to explore key aspects of tissue growth and nutrient delivery within the scaffold 

microstructure. The proposed framework made it possible to identify the key aspects 

that determine a scaffold’s level of success during the initial stages of tissue 

development, when mature and functional vascularisation is absent.  
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The major findings of the research are now discussed. 

A computational framework was established capable of modelling the growth in cell 

populations, tissue development and oxygen consumption based on various conditions 

of oxygen supply and scaffold microstructures. 

Through investigating the current findings using in-vitro studies, key aspects of tissue 

development were identified making it possible to develop a computational framework 

that required fewer parameters, allowing for in-depth analysis of these key aspects that 

would affect a scaffold’s capabilities in various microenvironments. 

A sensitivity analysis for the proposed framework, using a range of parameters applied 

that represented various microenvironments and scaffold microstructures was conducted 

and demonstrated that, it was possible to assess the effect of such parameters on the 

scaffold’s performance based on the level of oxygen consumption, scaffold’s surface 

area and tissue development.  

This abstract model of tissue development has the necessary complexity to replicate 

findings in the literature without using an excessive number of parameters. 

This was then expanded through identifying and implementing various culturing 

environments in the form of oxygen boundary conditions for a comparison of the 

scaffold’s performance within different environments. 
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By mimicking various environments (e.g. static culture, ex-vivo bioreactor and in-vivo 

conditions), it was possible to create boundary conditions that were capable of 

evaluating the scaffold’s potential in a ‘dynamic’ microenvironment that evolved with 

the tissue growth. 

The ability to model multiple environments means that it would be possible to relate the 

performance of a scaffold from one environment to another. This could help a scaffold 

design in its early development and testing.  

By the introduction of collagen deposition, it was possible to show how surface 

dependency changes the effect of key parameters that would influence the scaffold’s 

performance. This greatly increased the potential of the framework as it became 

sensitive to the volume of substrate present within the scaffold and made it possible to 

assess the significance for early tissue development. 

A means was devised to take into account the influence of the properties of the ECM 

and its role in cell differentiation, introducing a dynamic change in the level of surface 

dependency within the scaffold over time. 

The scaffold’s surface plays an important role in cellular activities and in previous 

chapters the proposed framework is surface dependent, i.e. differentiation can only 

occur at the surface of the scaffold material. However, the development of the nano-

fibre matrix allowed for stem cells to differentiate within the ECM. The statistical 

likelihood of stem cells differentiating into more specialised cells within the nano-fibre 

matrix is hypothesised to be dependent on the elasticity of the matrix as a function of its 
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density (deposited by the local cell population). This made it possible to assess how the 

degree of surface dependency would change the priority of those key design parameters 

which would have the greatest influence. It is believed to be more realistic than the 

‘surface-dependent model’ introduced in the previous chapters, as ample evidence has 

shown the significance of the ECM density on the local cellular activities.  

The introduction of this mechanic can be used to vary the surface dependency. This 

means the framework can be applied to various scenarios that could represent the in-

vivo and in-vitro environments. 

Finally, it was possible to assess the effectiveness of a number of design strategies for 

scaffold microstructures in obtaining the optimal outcome of tissue regeneration.  

Strategies proposed to improve scaffold performance were reviewed. These strategies 

included changing scaffold topology as well as the gradient material allocation based on 

either porosity or pore size. Using the framework developed during this thesis it was 

possible to apply different scaffold design strategies to assess their significance of 

improving the scaffold’s performance. This demonstrated the potential for the 

framework to be applied to future investigations for scaffold optimisation.  

The fact that the framework is capable of assessing a scaffold’s performance based on 

both the diffusive properties and the level of surface dependency for tissue 

development, means the effects of changing the design of the scaffold can be observed 

and related to in-vitro investigations. This, combined with the in-vivo observation of the 
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decaying oxygen flux, means that the framework could be used to model the in-vivo 

environment and allow for the optimisation of scaffold designs for in-vivo applications. 

8.2 Limitations 

The mathematical framework devised during this research was effective in depicting the 

dynamic nature of tissue development. However, it is limited to using cell population 

levels and does not consider other factors, i.e. chemical and stiffness gradients known to 

affect cell behaviour. The introduction of such mechanisms would likely be necessary 

for accurately modelling the formation of the microvascular network. For this reason, 

the framework would only be able to model the relatively simple environments prior to 

the angiogenesis process. The version of the framework only depicts the behaviour of 

two cell types which would be appropriate for in-vitro, however, in-vivo would require 

the sum of the total cell population. This would mean that the logistic growth of all cell 

populations would need to be modelled. The interaction between these populations 

would also need to be considered. Alternatively, the scenario could be simplified by 

consolidating the cell populations into two groups, i.e. cell populations that contribute to 

tissue formation and those that don’t. This would make it possible to accurately model 

oxygen consumption within the in-vivo environment. To achieve this it would require 

extensive in-vivo observations in cell population growth. 

The current framework can only consider nutrient delivery and cell population balance. 

However, the limitations in the mechanical aspects of the scaffold are also important to 

consider for its design. There has been a number of attempts to factor mechanical 

loading into computational frameworks for tissue formation, but due to the tissue having 
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viscoelastic properties the creation of such models require a great deal of complexity. 

This is also because cells are more responsive to degrees of deformation over time 

rather than the magnitude of load applied, as the mechanical properties of regenerated 

tissue change over time and would affect the mechanical behaviour within the scaffold. 

This would make it difficult to model both the change in population and mechanical 

loading as well as their interactions over time. For this reason, it was thought to restrict 

the framework to the initial stages of wound healing. 

Although the modelling potential for this framework is limited to the simpler scenarios 

of wound healing and in-vitro analyses, the results showed that with further refinement 

such a framework could offer a unique capability of predictive modelling, based on 

which scaffold design and optimisation can be carried out to improve the scaffold’s 

performance at the initial stages of development where the risk to scaffold integration is 

at its highest. 

8.3 Revelations 

The abstract framework developed in this thesis has shown some insight into the 

importance of certain research areas in tissue development and the degree at which they 

might impact scaffold development. These research areas include the following: 

8.3.1  Cell migration 

The rate of cell migration had a limited effect on the resulting distribution as 

demonstrated in chapters 4 and 5 for both mature and progenitor populations. This is  

due to the assumption that progenitor cells are uniformly distributed prior to the onset of 
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tissue development. This assumption is based on observations in both the in-vivo and 

ex-vivo environment. A point of contention may be that the distribution of progenitor 

cells such as MSCs may be distributed sparsely and not uniform. Therefore, further 

research in haemostasis will be necessary to verify such an assumption. If this 

assumption is correct the rate of cell migration is of little concern provided that the 

growth rates observed in ex-vivo apply to the in-vivo. 

8.3.2  Cell differentiation 

When cell differentiation is surface dependent (chapters 4-5) it has a limited effect on 

the oxygen distribution and thus it would not affect the length of time prior to the onset 

of hypoxia. However, when the effects of the development on the ECM are taken into 

account, it changes the degree of surface dependency causing it to be time dependent. 

The main reason for this change in behaviour is due to the reduction in the progenitor 

cell population, resulting in a lower global oxygen consumption. This may mean that in 

order to accurately model tissue development for the in-vivo environment, it would  

require a method of simulating cell population regulation conducted by the other cell 

populations present during the wound healing process. However, if the observations 

made in ex-vivo on MSC growth are applied to the in-vivo environment, cell 

differentiation can reduce the rate of oxygen depletion. It also means that the degree on 

surface dependency during tissue formation is an important factor to consider. 
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8.3.3  Oxygen diffusion 

Oxygen distribution is the primary regulator of tissue development in the framework 

designed. This change in the diffusion rate shown in chapter 4, can improve the 

distribution of oxygen but does little to delay the onset of hypoxia. This demonstrates 

that the size limit of tissue scaffolds cannot be resolved by changing the diffusion 

properties, though it can mitigate the issue. Even when discounting the reduction of the 

diffusion coefficient due to the ECM having a higher viscosity than water, the rate of 

oxygen diffusion would still be inadequate to provide the scaffold with the oxygen 

necessary to allow for differentiation throughout the scaffold. This makes the 

importance of the MSCs capability of surviving in a zero-oxygen environment apparent. 

However, as MSCs need glucose in order for this to happen, it might be necessary to 

factor this nutrient into future frameworks. This would delay the onset of necrosis 

during wound healing , but it also introduces an additional complication as the MSC 

population will continue to expand and will metabolise oxygen when available, 

hampering the cells ability to differentiate as the environment would stay below the 

hypoxic threshold (Mylotte et al., 2008). 

8.3.4 Environmental Control 

There a few parameters during wound healing that can be controlled within the in-vivo 

environment. Changing the oxygen supply and cell seeding can improve tissue 

development. Increasing the initial oxygen concentration prior to implantation by 

immersing the scaffold in an oxygen rich substrate or seeding the substrate prior to 

implantation changes the time prior to the onset of hypoxia. These changes do have a 

dramatic effect on the resulting tissue development and it is likely to be the best method 
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to improve scaffold performance without resorting to manipulating cell behaviour using 

growth factors. As demonstrated by changing the initial cell seeding in chapter 4, 

changing the initial cell population can make it possible to optimise the rate of oxygen 

consumption in exchange for a reduction in the tissue development rate. 

8.3.5  Scaffold design strategies 

From the analysis done in chapters 6 and 7, where the introduction of differentiation 

within the ECM makes tissue development sensitive to the change in porosity, it can be 

concluded that the displacement of the cell population with scaffold material may 

improve the scaffold performance. The introduction of a biodegradable scaffold may be 

useful for such a purpose. While in most cases biodegradable scaffolds are 

recommended as a means of transferring mechanical loading to the tissue gradually over 

time, it also has the capability of limiting the total area inhabited by cells. This could be 

a means of limiting the rate of oxygen consumption. 
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Chapter 9: Conclusion 

The framework developed in this thesis, although currently arbitrary, is capable of 

modelling cellular behaviour. If combined with an extensive in-vitro study, the 

framework could be used to model the scaffold’s performance based on empirical 

observation. The simplicity of the framework would mean that ascertaining the 

necessary parameters to create such a model would be fairly simple in comparison to a 

more computationally expensive model that would rely on activity on a cellular level. If 

the framework is to be applied to an in-vivo scenario, extensive observations would be 

required to determine the population levels on a tissue scale during the initial stages of 

wound healing. If research is focused on the initial stages of wound healing where the 

effects of angiogenesis have not occurred, it may be possible to use this framework to 

optimise a scaffold design for the most crucial period of scaffold integration. It would 

also be possible to relate the in-vivo and in-vitro environments as the external factors 

such as oxygen supply can be mimicked. 

In order for this framework to be used in such applications, further development is 

required in a number of areas as defined below. 

9.1 Future work 

For future investigations, the framework could be used to identify key parameters that 

would influence the design’s performance based on in-vitro investigations and optimise 

such parameters for in-vivo applications by taking into account the complicated 

mechanical and chemical microenvironments in scaffolds. 
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It is hoped that the framework proposed in this thesis could be utilised in future 

investigations of tissue growth within scaffolds in order to develop techniques of 

critically evaluating scaffold design that is optimised for different microenvironments. 

This would require additional in-vivo and in-vitro investigations relating to cellular 

behaviour in terms of more detailed mechano-chemo-biological processes, nutrient 

delivery and tissue-scaffold interaction. The following sections include the 

recommended future work that could further develop the proposed framework for more 

complex scenarios. 

Complex cell biology: Current models used in this thesis assumes that the two cell 

populations are generic, i.e. one progenitor and one specialised population. Although 

this is representative in some cases in tissue engineering, it may not be sufficiently 

detailed for many others. In order to improve the accuracy of the model or to take into 

account more complex biological processes, this would need to be addressed, as, for 

example, intercellular communications are used to regulate cell populations influencing 

both the growth and differentiation. This is particularly the case when modelling the in-

vivo environment, as neutrophils and macrophages are used to regulate the tissue cell 

population which could have an effect on the oxygen consumption rate leading to 

changes in the potential tissue development, as demonstrated earlier in the thesis. An 

introduction of additional cell types as well as characterisations of how the populations 

would interact with each other would be required to achieve this. Previous methods that 

have attempted this have significantly increased complexity. However, if a purely 

cellular population-based approach is adopted, as opposed to factoring in biochemical 

signals such as growth factors, the level of complexity of the model could still be 

reasonable. These interactions could be extracted through in-vitro observations using 
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co-culture investigations within the scaffold to determine the cellular interaction and 

how it might affect the tissue development, which then would be introduced into the 

proposed framework. 

Scaffold materials: As it has been proven that cellular behaviour is affected by the 

mechanical properties of the surrounding substrate, there is a necessity to model this 

change in behaviour based on the substrate’s mechanical properties. In this thesis it was 

assumed that the cellular behaviour would be directly correlated to the change in the 

density of nano-fibres within the substrate. This is not necessarily the case as cellular 

behaviour is also influenced by the nano-fibre orientation, i.e. the degree of anisotropy 

or inhomogeneity. There have been previous models that took this into account by 

quantifying the anisotropic properties of the substrate based on the average fibre 

orientation. However, for the initial stages of the wound healing process the nano-fibre 

structure within the wound has rather isotropic mechanical properties, therefore the 

density-based modelling method used in the thesis can be justified. However, the way 

this analysis was conducted in the thesis meant that the mechanical properties of the 

ECM were not explicitly taken into account. This would make it possible to define the 

cellular behaviour based on the surrounding substrate’s material properties and may 

involve multiscale modelling strategies due to the complex hierarchical nature of 

biomaterials as well as cellular behaviours.  

Mesenchymal stem cell survival: MSCs have the capability of surviving in low 

oxygen environments. However, this capacity is only possible while there is a presence 

of glucose within the medium. If the glucose within the tissue or the medium is 

consumed, the MSCs will rapidly die due to necrosis. Thus, if the environment had a 
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limited glucose supply the eventuality of rapid cell death would need to be modelled. 

This may be the case for the in-vivo environment if functional vascularisation is absent. 

To model this aspect of cell behaviour, the amount of glucose that would be present 

within the substrate as well as the rate of glucose supply to the substrate would need to 

be quantified and, as the molecular weight of glucose is higher than that of oxygen, it 

would likely be necessary to take into account the ‘resistance’ that the nano-fibre matrix 

would have on the diffusion of the glucose within the medium. As the necrotic tissue 

develops the rate of oxygen consumption will be reduced. Therefore, it is necessary to 

take this eventuality into consideration when the glucose supply is limited. (Mylotte et 

al., 2008) 

Diffusion and migration hindrance: As both the rate of oxygen diffusion and cell 

migration are influenced by the density of the nano-fibre matrix, the ability to adjust the 

diffusion coefficient for the key components of the simulation would improve the 

accuracy when determining the distribution of both the cells and oxygen. However, the 

necessity of this is reduced if there is a relatively high fibre density as the change in the 

diffusion rate and migration rate of these components decays exponentially. Thus, when 

the substrate has a high nano-fibre density the change in the framework’s behaviour 

would be limited. This may be needed in the in-vivo environment as the ECM is 

initially a sparse matrix composed of fibrin. However, if a hybrid scaffold was used 

where the substrate has a high nano-fibre density it may not be necessary to take the 

change of the diffusivity into account. It is possible to determine the migration rate of 

the cell based on the ligand density and it has already been proven that the diffusion rate 

within the substrate obeys the Stokes-Einstein’s laws of diffusion through a viscous 

medium.  



 

239 

Another aspect to be taken into account is that the presence of cell populations excretes 

enzymes that could degrade the nano-fibre structure, causing a change in the diffusion 

properties of the substrate. Taking this aspect into account would greatly increase the 

complexity and would require extensive experimental data in order to validate the 

model. Previous mathematical models have accomplished this with varying degrees of 

success. Due to the complexity of this matter it is important to assess whether the 

hindrance of the nano-fibre matrix needs to be taken into account for a model that is 

intended for optimisation of the scaffold, prior to the establishment of a computational 

model. 

Mechanobiology: Cellular behaviour has been recorded to change depending on the 

type and degree of loading applied to the scaffold (Mauney et al., 2004; Dado and 

Levenberg, 2009). An example would be the observation of how scar tissue increases in 

thickness when a cyclic load is applied over an extended period of time (MacKenna, 

Summerour and Villarreal, 2000). By taking into account the strain and strain rate 

within the scaffold, it would be possible to model the change in cellular behaviour. This 

would require the combination of a finite element model that considers the stress and 

strain within the scaffold material as well as, potentially, the scaffold’s diffusive 

properties. There are a variety of methods to do this, including (Pérez and Prendergast, 

2007; Geris, Sloten and Van Oosterwyck, 2010; Nagel and Kelly, 2010). Doing this 

would also provide potential applications for assessing and optimising post-op 

treatments and improve the implant’s chances of success, when mechanical stimulus is 

used to promote tissue regeneration. It would also require a defined surface as the voxel 

representation would be inadequate for the ECM/Scaffold interface. 
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Biodegradable materials: In this thesis it was assumed that the scaffold structure 

would remain unaffected during tissue development. However, the use of biodegradable 

materials has significantly increased its popularity as it provides an opportunity for full 

tissue repair with less complications in the long-term. To model such material 

behaviour, a consideration of how biodegradable material changes in porosity and 

structural integrity over time would be necessary. This also requires the model to 

calculate the local change in pH levels due to the cellular activity that would lead to an 

increase in the hydrolysis reaction rate, should some polymeric materials such as 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA) or their co-polymers be used.   
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