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The increasing use of polymeric biomaterials in the health industries has created many 

new methods for the processing of polymers into lifesaving products; however, many 

processes often include the use of toxic organic solvents throughout the 

manufacturing and fabrication process. The micro-/nano-fibrillar composite 

(MFC/NFC) technique has the potential to produce tissue scaffolds completely free 

from organic solvents. The development of tissue scaffolds using this manufacturing 

method is the main topic of this research.  

 

Tissue scaffolds were fabricated using the MFC/NFC concept from poly(L-lactide) 

(PLA) and poly(ethylene terephthalate) glycol (PETG). These MFC scaffolds were 

studied alongside, and compared to, the well-known and studied electrospinning 

technique. Biocompatibility is one of the most important characteristics a scaffold 

must possess - without it, the best structure or material would not be suitable for use 

as a scaffold. In this study, cell culture techniques have been used to study mouse 

osteoblast-like MC3T3-E1 cell and primary rat tenocytes. The MFC/NFC scaffold 

cytocompatibility was assessed to qualitatively and quantitatively understand the cell-

scaffold interaction. 
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Live/dead staining provides a means of differentiating between live and dead cells 

that have been cultured on the scaffolds. It has been found that there is a confluent 

layer of live cells present on all scaffolds after seven days of culture. To quantitatively 

assess the cell growth, alamarBlue® assays are conducted using both osteoblasts and 

tenocytes. The cell numbers for both the PLA and PETG scaffolds fabricated from the 

MFC/NFC technique, increase at a faster rate than the electrospun scaffolds, over the 

culture periods of the cells. Sirius red assays are used to detect collagen deposition 

from the cells. Preliminary experiments show that the collagen levels on the 

MFC/NFC scaffolds have a tendency to increase over the culture period. Gene 

expression analysis is studied on the MFC/NFC scaffolds using primary rat tenocytes. 

Results show that scleraxis and tenomodulin; markers for tenocytic behaviour, 

increase over the 14 day culture period. 

 

The MFC/NFC technique which uses a common polymer manufacturing process, 

extrusion, has been used to successfully create nanoporous, three-dimensional 

interconnected scaffolds. The biocompatibility of these scaffolds was initially tested 

using mouse osteoblasts. The cells on the MFC/NFC scaffolds attached and 

proliferated better than on the electrospun scaffolds. This led to further tests on the 

MFC/NFC scaffolds by studying the cell differentiation potential. This study 

demonstrates that the MFC/NFC technique has the potential to produce completely 

organic solvent-free scaffolds for bone and tendon regeneration applications. 
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Introduction	
 

 

 

 

 

 

 

 

 

 

The realm of tissue engineering and regenerative medicine has attracted a great deal 

of attention and is a flourishing and rapidly advancing field. Tissue engineering aims 

to replace, regenerate or improve damaged tissues and organs that have lost their 

function. The three general strategies that have been adopted by tissue engineering 

include implantation of isolated cells or cell substitutes, delivery of tissue-inducing 

substances, such as growth factors, and placing cells onto or within matrices [1]. The 

last of these strategies involves the use of tissue scaffolds, where cells are seeded onto 

the substrate to create implantable tissue. 

 

Tissue scaffolds are porous structures which provide mechanical support and structure 

for cells and play an important role in the regeneration of tissue. Scaffolds mimic the 

natural extracellular matrix (ECM) and provide an environment similar to that of the 

ECM in our bodies. The ECM is a non-cellular component that exists within all 

tissues and organs. Each type of tissue has its own unique ECM composition and 

structure which are generated during tissue development through dynamic and mutual 
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conversations between the various cellular components. Tissue scaffolds facilitate the 

regeneration of tissue by acting as a temporary ECM for cell attachment, proliferation, 

differentiation and subsequent growth until the tissue is completely restored. Scaffolds 

have been researched and used in areas, such as bone, cartilage, skin, vascular tissues, 

neural tissues and vehicles for controlled drug delivery. The design and fabrication of 

tissue scaffolds are of vital importance to the tissue engineering field and are major 

focus areas of biomaterials research. 

 

The current research studies the novel organic solvent-free micro-/nano-fibrillar 

composite (MFC/NFC) structures and their potential to be used as tissue scaffolds. 

For simplicity, MFC/NFC will be referred to as just MFC from here on. The main 

objectives for this research were to: 

 

1. fabricate MFC scaffolds suitable for use in cell culture analysis 

2. characterise the properties of the MFC scaffolds 

3. analyse the cytocompatibility of MFC scaffolds using cell culture techniques 

 

Chapter 2 presents an overview of the field of tissue engineering before providing 

background on the area of tissue scaffolds. This is followed by a discussion on current 

scaffold manufacturing techniques and core issues related to scaffold production and 

characterisation.  

 

Chapter 3 explains the manufacturing procedures used in the fabrication of the 

MFC/NFC scaffolds used in this study. Difficulties in production, characterisation and 

possible improvements are discussed. 

 

Chapter 4 outlines the cell culture methods and assays used to analyse the 

cytocompatibility of the scaffolds. Issues related to sterilisation methods for the 

scaffolds are also examined. 

 

In the next chapter, (Chapter 5) the resulting topographies of the scaffolds produced 

using the MFC technique are presented. It also presents and how their nanostructure 
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can be varied by controlling the type of polymers used and also by adjusting the 

post-processing stage of the manufacturing process. Porosity and mechanical 

properties are also studied. 

 

The results from preliminary analysis of mouse osteoblasts cultured on MFC scaffolds 

and electorspun scaffolds are compared in Chapter 6. Live/dead staining and 

alamarBlue® assays were performed to study the cell morphology and viability on the 

scaffolds. Cell-scaffold interactions were also studied from the scanning electron 

microscope (SEM) images obtained. 

 

Following the initial cytocompatibility studies of the MFC scaffolds using mouse 

osteoblasts, Chapter 7 moves onto further studies using different cells and presents the 

results from culturing primary rat tenocytes on this type of scaffold. Here, live/dead 

staining, alamarBlue® assays and SEM images were also used to study the 

morphology and viability of the cells. Collagen deposition from the cells were 

analysed by conducting Sirius red assays. Gene expression studies were also 

performed to understand cell differentiation potential. 

 

Chapter 8 summarises the outcomes of this research and discusses recommendations 

for future work. This chapter also includes a list of publications resulting from this 

work.
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Chapter 2	

Background	Literature	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Tissue engineering was first defined by Langer and Vacanti as an interdisciplinary 

field that applies the principles of engineering and the life sciences toward the 

development of biological substitutes that restore, maintain, or improve tissue 

function [1]. It combines the innovations of engineering and biological life sciences to 

improve damaged tissues and organs by using cells, scaffold materials, and tissue 

inducing environments to repair, replace, or regenerate damaged tissues and organs. 

Tissue engineering and regenerative medicine markets have expanded substantially 

since the mid - 1990s, now with existing industries producing products in the areas of 

wound care, orthopaedics, drug delivery and neurology among many others. This 

chapter will provide some background for this research by giving an introduction to 

tissue engineering, tissue scaffolds and current scaffold manufacturing techniques. 
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2.1 Tissue Engineering 

2.1.1 Introduction to Tissue Engineering 

Tissue engineering and regenerative medicine combine the knowledge and 

advancements from multiple disciplines with the goal to achieve the creation of 

biological substitutes and replacements that can immensely improve the lives of 

human beings who suffer from loss or damage of body parts due to accidents and 

diseases. This field has grown to see the many potential applications that the fruits of 

research can be used for, and has recognised the enormous international interest that 

has contributed to this exciting area of improving the quality of lives for humankind.  

 

The possibility of healing and recovering the human body from diseases and injuries 

caused by tragedies has always been one of the main focuses of developing a better 

life experience to be fully enjoyed on the short life journey. Up until today, science 

and technology has allowed this dream to become more achievable. There are 

practically no technical difficulties for organ transplants judging from the increasing 

number of transplants that take place each year. Now the intensifying interest in this 

area continues to create new research fields that will help replace and reconstruct lost 

human function to improve the quality of life. 

 

The advancements of tissue engineering has progressed from new knowledge that 

have developed from areas, such as cell biology, molecular biology, chemistry, 

materials science and engineering. One of the challenges scientists have encountered 

and are trying to solve, lies in understanding the intricate and fascinating nature of 

cells, combined with the fabrication processes required for the innovation of 

scaffolding. New biomaterials that have been developed and the new inventions and 

realisations of how they interact with living cells can create enormous tissue 

engineering possibilities in terms of their applications. This field although developing 

rapidly, will face new challenges not just scientifically, but also socially and ethically. 
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The progress has been encouraging however, and there will be new approaches that 

will continue to be discovered for solving each challenge in every step of the way. 

2.1.2 General Statistics 

Tissue engineering has helped to enhance the health and well-being of the community 

and has helped to re-create new lives for those who have been through traumatic 

illnesses and diseases. Organ transplants have been done in the United States since the 

1950s [2]. The major problem is accessing enough tissue and organs for all the 

patients who need them, with numbers currently at 92,587 who are on transplant 

waiting lists in the United States [3]. Based on the Global Observatory on Donation 

and Transplantation (GODT) organisation [4], there was a 9.59 % increase in global 

organ transplantation activity from 2009 - 2012. Although the global organ 

transplantation activity increases annually, statistics for 2012 show that only less than 

10 % of global needs were satisfied.  

 

Figure 2-1 shows the increase of global solid organ transplantations from 2009 - 2012 

based on the Global Observatory on Donation and Transplantation (GODT) data, 

produced by the WHO-ONT collaboration [4]. Kidneys are the most commonly 

transplanted organs worldwide, followed closely by the liver, heart, lung, pancreas 

and then the small bowel among other organs and tissues. The major problem is 

accessing enough tissues and organs for all the patients who need them.  

 

Table 2-1 summarises global activity in solid organ transplantation from 2009 - 2012. 

Based on the incredible numbers of transplantations annually, even though it is only a 

small fraction of the amount that is actually required, the field of tissue engineering 

will continue to encourage researchers worldwide to engaged in and be part of the 

ever increasing health demands of humanity, and to constantly improve and develop 

existing technologies even further.  
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Table 2-1: Global activity in solid organ transplantation from 2009 - 2012. (Data from the WHO-ONT 

Global Observatory on Donation and Transplantation [4]). 

  Kidney Liver Heart Lung Pancreas Small Bowel Total 

2009 72100 21175 5405 3650 2320 -  104650 

2010 73179 21602 5582 3927 2362 227 106879 

2011 76118 23721 5741 4278 2564 209 112631 

2012 77818 23986 5935 4359 2423 169 114690 

 

 

Figure 2-2 shows the global tissue engineering, cell therapy and transplantation 

market by clinical area from 2009 to 2018. The orthopaedics, musculoskeletal and 

spine sector clearly dominates the market and has been predicted to continue to 

dominate the market right through to 2018.  

Figure 2-1: Global activity in solid organ transplantation from 2009 - 2012. (Plotted based on data 

from the WHO-ONT Global Observatory on Donation and Transplantation) [4]. 
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Another report on the tissue engineering and stem cell industry done by Jaklenec et al. 

[6] shows that the orthopaedic industry also lead the field in terms of sales for 

commercial products or services in 2011, taking up 50 % of sales, summarised in 

Table 2-2. 

 

Table 2-2: Sales for commercial products or services in 2011. Replicated from [6] 

Commercial products (# of companies) 2011 Sales (millions) % 

Orthopaedic (19) $1713 50 

Wound healing (15) $738 21 

Multiple (16) $554 16 

Stem cell banking (18) $312 9 

Other (5) $144 4 

Total $3461 100 

Figure 2-2: Global tissue engineering, cell therapy and transplantation market, by clinical area 

replicated  from 2009-2018 (Report #S520 MedMarket Diligence, LLC) [5]. 
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The U.S market for orthopaedic biomaterials for bone repair and regeneration is 

projected to reach an estimated value of $3.5 billion in the year 2017 [7]. Another 

report for U.S market for orthopaedic biomaterials for visco-supplementation and 

cartilage, ligament/tendon, and meniscal repair and regeneration has been projected to 

reach an estimated value of $1.9 billion in the year 2017 [8]. 

 

As the largest sector of commercial product sales in the tissue engineering and stem 

cell industry is taken up by the orthopaedic and wound healing industry, it makes 

sense to explore more options in construct technology, which are used in this area. An 

approach to designing tissue-like substitutes pioneered by Langer and Vacanti [1] is 

the cell-seeded polymeric scaffold. The challenge here is to design a scaffold that will 

allow cells to create their own matrix. The structure and morphology of the scaffold is 

what determines the 'environment' the cells are living in. Hence, it is a great design 

challenge to create the perfect environment to stimulate cell matrix deposition and 

subsequently proliferation, migration and differentiation. Research of suitable 

scaffolds is one thing, development of cost effective manufacturing processes to 

produce these scaffolds is another aspect which many can often overlook. Ultimately, 

these engineered products will need to be conveniently and readily available to 

industry and clinicians. Hence, when designing tissue scaffolds, the ease of 

manufacture is an important aspect to consider, as well as how to increase the 

availability of manufactured devices in the tissue engineering industry. These 

statistics no doubt will have an impact on the activity in research for this area, and 

will persuade society to continue to be supportive of developing new ways to achieve 

goals of creating and developing better lifestyles throughout the journey of life.  

2.1.1 Technology 

There are many scientific challenges seen in the field of tissue engineering that are 

being researched and developed. Nerem [9] has pointed out that the challenge of 

imitating nature to potentially solve tissue engineering issues in terms of donor tissue 

and organ shortages has three different categories that need to be addressed; cell 

technology, construct technology and integration of these into the living system. In 

summary, Nerem refers to cell technology as involving cell sourcing, manipulation of 
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cell function and the effective use of stem cell technology. It includes sourcing from 

reliable, disease-free sources, manipulation of these cell sources into whatever the 

user requires the cells to do and the final use of the manipulated cells. Construct 

technology includes engineered three-dimensional architecture which either mimic a 

specific tissue or provides a delivery vehicle for cells. One way to mimic nature is to 

provide an environment to the cells, which much represents and simulates the in vivo 

environment of the human body. To allow this to be possible, a suitable architecture 

must be used to initially support the cells and act as the extracellular matrix (ECM).  

For success in this field, all three issues must be considered. Finally, an important 

consideration for the tissue engineering markets and industries is being able to supply 

a product on demand. There needs to be a way of accessing products off-the-shelf for 

routine and mass usage.  

2.1.2 Bone and Tendon Biology 

Judging from such high demands in the orthopaedics regeneration industry, this study 

has focused on using bone and tendon cells to appreciate the natural biological 

occurrences of bone and tendon growth and how they behave on polymeric scaffolds. 

2.1.2.1 Bone	Biology	

The human skeleton comprises two types of bone tissue; 80 % of the volume is in the 

form of cortical or compact bone tissue, and the remaining 20 % is trabecular or 

cancellous bone tissue. Cortical bone is formed on the surface layer as an outer shell 

in all kinds of bone and trabecular bone forms in the interior of some parts of the 

skeleton, and is abundantly present in the vertebrae. Bone tissue is continuously 

rebuilt by two processes called modelling and remodelling, to adapt to changing 

environments and also to restore the extracellular matrix [10]. Bone modelling alters 

the shape and dimensions of the bone by bone resorption without subsequent bone 

formation or by bone formation without bone resorption. Remodelling of the bone is a 

process by which an old bone is replaced by a new bone and is initiated by bone 

resorption to remove the old and damaged bone. Remodelling does not change the 

size or shape of the bone and occurs more frequently in trabecular bone. 
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Bone is composed of two major components: a cellular component and an 

extracellular matrix component. The cellular component comprises three cell types 

that act together in harmony to model and remodel the bone: osteoblasts, osteocytes 

and osteoclasts. Osteoblasts are bone-forming cells which form one continuous layer 

that covers the surface of all bone. They produce bone extracellular matrix and control 

its mineralisation, differentiation and activity of osteoclasts. Osteoclasts are bone-

destroying cells and are responsible for the degradation and breakdown of bone and 

mineralised bone tissue and are important for bone remodelling and modelling [11]. 

Osteocytes are bone-maintaining cells and are osteoblasts that have been incorporated 

into the bone matrix. They also communicate with other osteocytes and osteoblasts 

through dendritic processes. It was initially suggested by Pead et al. that osteocytes 

were the cells that respond to mechanical loading [12]. These dendritic processes on 

the osteocytes sense mechanical loading and transfers their signals to biochemical 

responses that control osteoblast and osteoclast functions. The extracellular matrix is 

made up of an organic phase mainly composed of type I collagen fibres, and a mineral 

phase mainly composed of hydroxyapatite crystals. The organic matrix provides 

flexibility and elasticity and the mineral phase provides mechanical rigidity and 

strength to the bone [13]. The most crucial transcription factors for osteoblast 

differentiation are Runx2 and osterix. 

2.1.2.2 Tendon	Biology	

Tendons are consisted of soft and fibrous connective tissues composed of densely 

packed collagen fibre bundles that attach the muscle to bone. 70 - 80 % of the dry 

tendon weight is made up of collagen and works to transmit large forces from muscle 

to bone [14, 15]. The longitudinally aligned tendon architecture supports tensile forces 

and causes the bone to move upon muscle contraction. Ligaments are also described 

as fibrous tissues and attach bones to bones. Both tendons and ligaments have 

relatively few cells but do contain a large amount of collagen fibres that give them the 

high tensile strength that is crucial in mediating the movement of joints. Tendons also 

consist of spindle-shaped fibroblast-like cells called tenocytes, which have also been 

defined as a common synonym for a tendon fibroblast [16]. Collagen is produced 
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from tenocytes and is the basic structural unit of tendons. The major collagen 

component present is type I collagen.  

 

The repair and regeneration of tendon involves three stages: tissue inflammation, cell 

proliferation and remodelling [17, 18]. When an injury occurs, inflammatory cells are 

attracted to the wound site where foreign body particles and cell debris are resorbed 

by phagocytosis and fibroblasts begin to synthesise components of the ECM. During 

the proliferation stage, fibroblasts continue to proliferate and synthesise components 

of the ECM which at this stage consists mostly of collagen III. The remodelling stage 

occurs 6 - 8 weeks after injury and during this early phase of tendon healing, collagen 

type III is initially present in higher quantities, and decreases as type I collagen 

synthesis increases to form a highly aligned fibrillar structure as part of the ECM [17]. 
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2.2 Tissue Scaffolds 

Biomaterials have had a significant impact on tissue engineering, and play a key role 

in tissue scaffold research. The idea of how tissue scaffolds can be used to produce 

synthetic human tissue that could help save lives of many patients in need is 

illustrated in Figure 2-3. Cells and nutrients can be combined and seeded onto a 

three-dimensional (3D) scaffold and when placed in a suitable environment, will 

hopefully generate an engineered tissue. By using the patient's own cells to create 

implantable engineered tissue, problems such as insufficient donors as well as 

negative immune responses can be addressed. Achieving the goal of re-creating 

successful tissue substitutes, will help to prevent many fatalities and the unnecessary 

negative immune responses. 

 

3D scaffold Cells 

Nutrients 

Engineered tissue 

Figure 2-3: Scaffolds combined with cells, nutrients and the appropriate environments, can help to

create engineered tissue in hope of  being able to implant back into a patient. 
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2.2.1 Importance of Tissue Scaffolds 

What is needed in the field of tissue scaffolds is an understanding of the environment 

in which specific cells are able to survive, and recreating that environment using 

materials that are biocompatible, and for some specific applications, biodegradability 

may be an essential requirement. This now focuses the attention on finding the most 

suitable material and fabrication method for the required application. Different 

materials have different properties that may be better suited for use in specific 

applications, for example, skin is a relatively soft tissue and therefore would not 

require a stiff material, whereas bone needs to withstand much higher compressive 

stresses, and would therefore require a much stiffer scaffold that will provide 

mechanical properties similar to those of the tissues which we are aiming to recreate. 

Each material would contain more favourable properties suited for specific 

applications compared to other materials. Since each tissue in the body has its 

particular role and therefore a specific set of favourable characteristics, it seems 

illogical to design just one super material that will cater to all different purposes in 

tissue engineering. Not only is the design of a tissue scaffold important, the 

development and manufacturing of these innovative engineered ideas must be taken 

into consideration as well. Obviously the final product produced will need to be 

commercially and clinically available for it to be used in patients. By recognising that 

there are multiple aspects that need careful consideration to complete the process of 

designing a suitable scaffold, requirements needed at each stage of research and 

development will be better understood. With this in mind, the topic of tissue scaffolds 

can then be studied and utilised to deliver a 3D product to assist in the regeneration of 

tissues. 

2.2.2 Scaffold Design 

One of the major considerations of tissue scaffolds is the choice of material. The 

minimum requirement for any material that is used for medical applications is 

biocompatibility: both before and after degradation, if the material used is 

biodegradable. By combining scaffolds with cells, skin can be made and used for 
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patients with burns. Various other applications involving a combination of polymers 

and cells such as corneas, cartilage, bone and liver are in clinical trials [19, 20].  

 

Many naturally occurring biological scaffolds which have great biocompatibility are 

available. However, one of the disadvantages of using these scaffolds is due to their 

poor mechanical properties, and for this reason, synthetic polymers have emerged. 

Not only can polymers be chosen based on the mechanically required properties, 

which play an important role especially for bone and orthopaedic applications, they 

can also be processed in many different ways to enhance their properties for the 

required applications. In addition to the favourable mechanical properties of 

polymers, the processing ability of them is also another advantageous aspect, hence 

the popular demands of polymeric research in the biomedical field. Polymeric 

materials have been used in various fields including applications in skin, cartilage, 

bone, vascular, nerve and liver [21]. 

 

Next comes the question of which manufacturing method or process will allow the 

chosen bulk material to be processed into a structure that is suitable for the biological 

application that the scaffold is intended to be used for. Depending on the end 

application of scaffolds, different mechanical and chemical properties may be 

required. With so many aspects to consider, designing a scaffold with optimal 

characteristics, such as desired strength, degradation, porosity, structure and surface, 

shapes and sizes, is more achievable and manufacturable when using polymers [22]. 

Hence this study will focus on polymeric biomaterials. 

2.2.2.1 General	Structural	and	Morphology	Requirements	

Scaffolds are three dimensional structures that mimic and promote an in vivo-like 

environment to support and enhance cell growth in a damaged tissue. Current 

biomaterials mimic the architecture of the natural ECM environment where the goal is 

to assist the body to heal itself by providing an engineered scaffold for supporting 

tissue growth and regeneration [23]. When designing scaffolds, the following 

requirements are considered: 
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1. Biomaterial of choice should take into consideration the physical and 

chemical properties required for the end application [24]. 

 
2. Structure and morphology of biomaterial should mimic the host tissue's 

structure and biological functions [25]. 

 
3. Scaffolds must be biocompatible, both before and after degradation [26]. 

 
4. Scaffolds must possess a porous, interconnected structure which will enable 

transportation of cells and cell nutrients as well as provide mechanical support 

during new tissue regeneration [27]. 

 
5. Scaffold surfaces should support cell adhesion, proliferation, migration and 

differentiation [28]. 

 
6. Interconnected pores should be present with appropriate pore size to allow 

cell infiltration and vascularisation [29, 30]. 

 
7. Controlled biodegradability of the scaffold is required to support the growth 

of new tissue [31, 32]. 

 

Cells require a structure to provide mechanical support whilst regenerating tissue. The 

goal to imitate nature means that the ECM, which is a composite of proteins, 

glycoproteins  and  proteoglycans, is an important model that researchers are 

mimicking when designing biomaterials [33]. Collagen is a protein which is a major 

component in the ECM which arranges into a fibrous network with diameters ranging 

from 50 - 500 nm [34, 35]. The fibrous property that collagen possesses, allows the 

ECM to have a porous structure which allow the cells to proliferate and migrate into 

the structure of the ECM and differentiate into the required tissue. The architecture of 

the ECM is the environment in which the cells grow, and strongly influences the 

behaviour of the cells and the type of tissue it will differentiate into [36-38]. 

Generally, scaffolds must have a porous structure with sizes similar to that of the cells 

to be used for that particular application. By creating an imitation of the ECM using 

synthetic and artificial materials, limitations such as batch to batch variation and 
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disease transmission associated with materials from mammalian sources when using 

naturally derived biological materials, can be avoided [19].   

2.2.2.2 Orthopaedic	Applications	

As mentioned previously, the orthopaedic industry plays a major role in the tissue 

engineering market. The four main components required for successful bone 

regeneration includes osteogenic cells, osteoconductive scaffolds, growth factors and 

the mechanical environment, and is referred to as the diamond concept [39, 40]. 

Osteoinduction is part of the healing and formation process of bone. For 

osteoinduction to occur, the growth of bone on a surface must occur, and this is 

termed osteoconduction. The response of cells on the implants is important for 

osteoconduction to take place, as are biological factors. Successful osseointegration is 

achieved when there is a stable bone to implant contact where the anchorage will 

remain over a long period [41], enough to support the formation of new tissue. The 

development of osteoconductive scaffolds is a significant aspect, where the synthesis 

of suitable tissue scaffolds is essential to accomplishing the regeneration of bone 

tissue.  

 

It is important to be able to control the pore sizes as studies have shown that pore 

sizes affects cell behaviour and bone formation [29, 42]. The minimum pore size 

required for bone scaffolds is considered to be 100 µm due to cell size, migration 

requirements and transport [29]. However, pore sizes larger than 300 µm have been 

recommended to support formation of capillaries and new bone. This is important, as 

vascularised tissue, such as bone, requires pores that are large enough for cell 

migration as well as vascular in-growth [43]. Pore sizes around 1000 µm have been 

shown to favour osteoblast phenotype expression and pores around 500 µm allow 

more bone formation, so it seems that the ideal scaffold for bone tissue engineering 

should present pores in both sizes within the same scaffold [42]. 
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2.3 Current Scaffold Manufacturing Techniques 

2.3.1 Scaffold Fabrication 

Common scaffold fabrication techniques shown in Figure 2-4 include electrospinning, 

gas foaming [44], rapid prototyping [45], thermally induced phase separation (TIPS) 

[46], microfibrillar composite (MFC) technique, freeze drying [47], self-assembly 

[48] and solvent casting/particulate leaching [49]. 

 

One of the most important features that a tissue scaffold must possess is porosity. 

There are many different techniques for synthesizing porous structures as seen in 

Figure 2-4. Currently, the two main fabrication techniques used in bone tissue 

engineering are electrospinning and thermally-induced phase separation [43], and will 

be further explained in the following sections. This study will focus on a novel 

manufacturing method which uses a basic mechanical manufacturing process; 

extrusion, and the MFC concept, combined with further post processing to fabricate 

porous scaffolds which have the potential to be completely organic solvent free. 

Electrospinning has been chosen to be studied alongside the MFC manufacturing 

method as it has been established as a well-known method for producing tissue 

scaffolds. 
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2.3.2 Electrospinning 

Electrospinning has received tremendous interest and been extensively researched in 

the past decade [50-52]. It has been recognised as a technique to produce nanofibres 

which have been widely studied for applications in the biomedical field [53-55]. Due 

to the similarity of the electrospun fibres to the natural ECM, electrospinning has 

gained huge popularity, especially in the field of bone tissue engineering [56, 57]. 

Figure 2-5 shows a typical electrospun network which is composed of nanofibres 

overlapping and intertwined to form a fibrillar network with a very porous structure. 

Figure 2-4: Common scaffold fabrication techniques include electrospinning, gas 

foaming [44], rapid prototyping [45], hermally induced phase separation (TIPS) [46], 

MFC, freeze drying [47], self-assembly [48], solvent casting/particulate leaching 

[49]. 
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Figure 2-5: Electrospun PLA scaffold 

A major drawback of electrospinning is the use of organic solvents, most of which are 

toxic to cells. A study by Lederer [58] has shown that although the organic solvent 

content decreases after vacuum treatment of fibrillar scaffolds, there may still be 

traces which are undetectable, enough to negatively affect cell growth on the 

scaffolds. For this reason, there is a need for scaffolds that are produced completely 

free of organic solvents.  

 

 

 

 

 

 

 

 

 

2.3.3 Thermally Induced Phase Separation (TIPS) 

The TIPS technique produces a 3D nanofibrous scaffold by using the instability of 

polymers at certain temperatures to separate the polymer into different phases [25]. As 

described by Holzwarth [43], the TIPS process involves five steps, polymer 

dissolution, phase separation and gelation, solvent extraction, freezing and freeze 

drying. When phase separation occurs, a polymer rich phase with a higher 

concentration of polymer and a polymer lean phase with a lower concentration of 

polymer are formed. When the solvent is extracted and removed, the polymer rich 

phase solidifies and forms nanofibres, with the different morphologies created 

depending on the conditions of the system [25, 59]. Nanofibrous, synthetic 

biodegradable scaffolds have been fabricated using this method for use in tissue 

scaffold applications [60]. 
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2.3.4 Micro‐/Nano‐fibrillar Composite (MFC/NFC) Technique 

The micro-/ nano-fibrillar composite (MFC/NFC) technique will be the main focus of 

this study. It utilises common engineering and commodity polymers to create micro 

and nano fibrils of high strength and stiffness dispersed in an isotropic matrix. This 

technique is an emerging concept that employs melt blending of polymers to create an 

even distribution of in-situ reinforcing nanofibrils through simple extrusion, drawing 

and post processing [61, 62]. The MFC manufacturing method uses polymers to 

create a fibrillar composite network. The polymers must have sufficient drawability to 

allow the formation of reinforcing fibrils to occur and must be processed at a single 

temperature without the degradation of either polymer [61, 62]. One of the main 

advantages of this technique is that there is the opportunity for creating scaffolds 

which are completely free of organic solvents, by suitably selecting the isotropic 

matrix such that only water is required in the matrix removal process. Figure 2-6 

shows the typical morphology of scaffolds manufactured using the MFC technique 

from (a) PLA and (b) PETG.   

 

 
 
Natural and synthetic polymers have the advantages of process ability, decent 

mechanical properties, immunological stability, manufacturability and the ease of 

being able to design the shape and architectures to suit the host tissues requirements. 

Where biodegradability is required, the type of polymer used can easily be chosen to 

suit the host tissue's degradation rate. This can be attributed to the large and diverse 

Figure 2-6: Scaffolds manufactured using the MFC concept produced from (a) PLA and (b) PETG 
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polymeric materials that are available. Not only are they widely available, they are 

also simple to modify and can also be processed using a large variety of 

manufacturing techniques that are currently very well-known and have been used for 

many different polymer processing methods. Some of the most common industrial 

manufacturing processes include injection moulding, blow moulding and extrusion. 

Using extrusion as the main manufacturing process, polymers can be processed to 

produce micro and nanoscale architecture. With the formation of microfibres and 

micropores, one of the applications which would welcome these micro-features is in 

the biomedical field. Tissue scaffolds require that the matrix should be highly porous 

to enable the cells to migrate and infiltrate the structure, transfer of cell nutrients and 

waste products and also to maintain the overall mechanical properties of the synthetic 

ECM matrix to support cell growth.  

 

The process of extrusion starts off with blending a mixture of polymer pellets which 

are thermodynamically immiscible so that the polymers will stay separate and 

preserve their individual properties. The polymers are melted inside a barrel which 

has either consists of a single or twin screw that further blends the melted polymers. 

Once the blended polymers leave the die, the blended yarn is drawn by pulling and 

elongating the extrudate, or the blend filament onto a winding drum which 

continuously rotates and pulls on the blended yarn. The final product produced from 

this extrusion process is a yarn of thread-like blended polymer composite. 

 

To achieve porous networks using extrusion as the main manufacturing process 

requires various steps in the post extrusion section. To create the porous structure that 

is required in tissue scaffolds, one of the components of the composite blend will need 

to be removed. When one component of the composite blend is removed, the 

remaining structure will be composed of the fibrils and the porous holes that were 

once filled up by the polymer that has been removed. There can be a wide variety of 

polymer blends which can be chosen depending on the type of properties needed. 

When a polymer which is water soluble is chosen as the matrix component of the 

blend, the dissolution process after extraction will only require water to process.  
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2.4 Core Issues in Scaffold Characterisation 

2.4.1 Manufacturing and Processing 

Attaining scaffold materials, whether it is from synthetic or natural animal tissue, all 

require careful processing and manufacturing, especially for synthetic substrates. 

Important factors to consider are the starting materials, processing/manufacturing 

method, sterilisation and if it is possible to characterise the material properties, both 

mechanically and chemically. Cell-substrate interaction is also of fundamental 

importance when designing substrates used for assisting the mimicking of the ECM. 

 

When considering synthetic materials, purity of material is an important factor to 

consider among others. Contaminants, such as organic solvents used during 

processing of scaffolds, may cause negative biological responses. Other contaminants 

may include heavy metals and cross-linking reagents. Although the reagents used may 

not be part of the final scaffold product, any other materials that come in contact with 

the substrate material during the manufacturing process could pose potential problems. 

On the occasions where animal tissue is used, variation amongst species and tissue 

collected from different animals can be of concern when addressing consistency 

issues between batches. Health of each herd and health of each animal and tissue are 

also aspects to consider, as well as collection and transportation of cell sources. 

2.4.2 Matching Mechanical Properties to those of the Tissues 

The purpose of using a scaffold is to provide an environment similar to the cell's host 

tissue, so it seems that the most appropriate approach when considering the 

production of scaffolds, is to mimic as closely as possible, the environment in which 

the cells and tissues reside. This leads to the idea that when designing a tissue scaffold, 

mechanical properties need to be as close as possible to those of the tissue of interest. 

Sufficient stiffness is important for anchorage-dependant cells. Tissues, such as bone, 

will require a scaffold with mechanical properties that can withstand the compression 



Chapter 2  Background Literature 

 

25 

 

stress related to the functions of the tissue. Another example is the skin, where the 

elongation of the scaffold should match the elastic properties of skin. 

2.4.3 Porosity 

Porosity is one of the most important aspects of a tissue scaffold as mentioned 

previously, and is necessary in bone regeneration as shown by Kuboki et al. where 

direct osteogenesis occurred on the porous scaffolds, compared to the lack of bone 

formation on the solid particles [63]. Without these pores, the transport and migration 

of the cells and nutrients would simply be impossible and would not be assisting the 

cells to produce their own ECM. It is still a challenge to accurately characterise the 

porosity of scaffolds as there are many different types of nanostructures created from 

various manufacturing methods which leads to very distinctive pore structures. 

Different techniques to test and characterise the porosity may be required, for all the 

different scaffolds available. Some porosity characterisation techniques include 

mercury porosimetry [64], image analysis [65], gravimetry [66] and liquid 

displacement [67] methods from using density and volume. Porosity looks at pore size, 

pore distribution and interconnectivity of the pores. All of these factors play their part 

in determining and characterising the porosity of the scaffold. In effect, a change in 

one will affect the other, so to study the porosity and alter the morphology and 

dimension, one needs to look at all the aspects that contribute to the porosity of the 

scaffold as a whole. 

2.4.3.1 Pore	Size	

Pore size can directly influence the porosity of the scaffold, and in turn, affects the 

behaviour of the cells. Lower porosity stimulates osteogenesis, as the cell is forced to 

aggregate due to suppression of cell proliferation, whilst higher porosity allows the 

cells to infiltrate into the scaffold, creating more in-growth [29]. There is, however, a 

compromise that has to be made for the latter, where mechanical properties will be 

diminished if higher porosity it to be achieved. There is thus a limit to which this 

balance of porosity and functionality can be achieved, depending on the rate of tissue 

growth and the rate of scaffold degradation. It has also been shown in previous work 
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[68] that although specific surface area provided by scaffolds with small pores allows 

better initial cell adhesion, the effect of larger pores which provide better cell and 

nutrient infiltration is more important as it promotes cell proliferation and migration 

into the centre of the scaffold.  

2.4.3.2 Interconnectivity	

Depending on the type of scaffold and how it is produced, the interconnectivity of the 

material used for producing the porous scaffold can differ vastly. MFC scaffolds are a 

great example of how the interconnectivity of the structure can vary just by 

controlling the type of polymer used. In MFC scaffolds, the fibrils can create an 

interconnected 3D network, or create a fibrillar network, just by controlling the type 

of polymers used. Electrospun scaffolds on the other hand, have a different type of 

connectivity mechanism, where the individual fibres intertwine and tangle with each 

other to create the nanofibrillar network. This kind of structure will undoubtedly allow 

the scaffold to have more elongation as the fibres will be allowed to stretch alongside 

each other. With this type of structure, the mechanical compression strength may not 

be as high compared with the compression strength for MFC scaffolds where the 

fibrils are interconnected, forming a more rigid structure. From these examples, it can 

be seen that although the same type of material may be used to create nanofibrous 

networks, the mechanism for which the nanofibres integrate to form a network, is an 

important factor in determining and characterising the properties of the scaffold. 

2.4.4 Cell‐Scaffold Interactions 

The ECM provides a structure which holds cells together to form tissues and organs. 

It provides anchorage and mechanical strength for the cells and is also responsible for 

controlling and regulation of cell adhesion, spreading, proliferation, migration, 

differentiation, and apoptosis by mechanical and biochemical communications with 

cells [69]. This bidirectional communication between cell and ECM influence the 

behaviour of each other and is important in determining how much ECM is 

synthesised or degraded and subsequently the fate of the cell. The realm of tissue 
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engineering involves the use of biomaterials that can mimic the natural ECM to 

facilitate in cell proliferation and differentiation for the specific tissue requirements.  

 

Cell adhesion is one of the first interactions that occur between the cell and the ECM 

followed by cell spreading onto the ECM. Migration of the cells is also an important 

aspect, especially during development and regeneration of tissues. Cell migration is 

encouraged by breaking of the existing cell to ECM bonds and formation of new 

bonds in other areas of the ECM. Cell proliferation and differentiation are also 

affected by the cell-ECM interaction, even though the precise mechanism for how 

they cooperate is still unknown. The current understanding of the behaviour of cells, 

proteins and other key biological factors will no doubt facilitate in the amalgamation 

of cells and constructs to form and recreate new tissues that can be incorporated into 

the body. 

2.4.5 Biodegradation 

Another method which can be used to characterise scaffold material is to study the 

biodegradation of the scaffold using an environment which mimics the tissue of 

interest. The rate at which the scaffold degrades should match the rate at which the 

tissue is regenerating so the tissue will have enough mechanical support to sustain its 

form and carry on its function. The rate of biodegradation is difficult to study and 

involves various aspects from dynamics of the mechanical structure to the intricate 

biological systems that are harmonious with its physical supporting environment. It is 

however, necessary to understand biodegradation mechanisms for successful tissue 

regeneration when using scaffolds.  

2.4.6 Contamination Issues 

Contamination issues can arise from incompatible substances entering the scaffold 

during production, or from growth of bacteria and spores due to sterilisation failure or 

biological responses that have entered the system during cell culture. This is an 

important area that must be considered for the successful study of cell-scaffold 

interactions. 
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2.4.6.1 Organic	Solvents	

Organic solvents may be of concern if the production of the scaffold involves toxic 

solvents although they may not be part of the final scaffold. The nature of the porosity 

of the scaffolds which is imperative to the structure is very vulnerable to accumulating 

traces of toxic solvents even after production. For sensitive applications like the eyes 

and nerves, scaffolds should be completely free from organic solvents during the 

whole process of manufacture. Electrospinning is a great method to produce structures 

which have been shown to be highly effective in acting as great cellular scaffolds; 

however, many electrospun systems do require the use of organic solvents to dissolve 

the material of interest.  
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2.5 Commercial and Industry Perspective 

The interdisciplinary nature of the tissue engineering field is one of the most exciting 

research areas that have led to rapid advancements as innovations in the related fields 

have emerged and expanded, while obstacles are being overcome. Tissue scaffold 

materials and fabrication techniques play a crucial role where significant progress has 

been achieved to provide structural support for successful tissue regeneration. Nature 

has provided brilliant examples to mimic, and together with technology, the society is 

on its way to recreating tissues and organs, with the hope of improving the quality of 

human lives.  

 

It is no surprise that one of the fastest growing markets for tissue engineering and 

regenerative medicine products are related to the human body and the dream to 

improve human health and longevity. To support this, the market has been creating 

new products based on biomaterial technologies, including both synthetic and 

naturally derived materials. Other technology that has developed include genetically 

engineered materials, stem cell technology, cell culture technology, 

immunopassication and immunomodulation, enabling development of even more 

innovative devices to enhance this interdisciplinary field of tissue engineering. 

 

The end goal for research and development of tissue scaffolds is to improve the 

quality of life of humans in need of a tissue or organ replacement. One of the main 

methods in achieving this which has been discussed in this chapter involves creating 

scaffolds which mimic the ECM to provide support for cells to produce the required 

tissue naturally. For all the extensive research going on to fully be utilised, there must 

be a product that is produced for the patient to be able to receive the benefits that the 

innovations of science and engineering has created. There are numerous companies 

working to achieve the goal of commercialising research, to create a product or 

service that can be of use to society. Commercial polymeric scaffolds that are 

available is summarised in Table 2-3, which has been extracted from [70].  
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With the promising products that are currently in use on the market as well as many 

other companies investing in this area of research [6], the growth of the tissue 

engineering field will continue to flourish in the hopes of creating even more 

lifesaving technologies. 

 

Table 2-3: Commercial polymeric scaffolds extracted from [70]. 

Polymer Biomedical Application Trade Name 

PGA 1st biodegradable synthetic suture in 1969 DEXON 

Bone internal fixation devices Biofix 

PLLA Orthopaedic fixation devies 
Bio-Ancher, Meniscal 
Stinger, 

The Clearfix Meniscal Dart 

High-strength fibres (FDA approved in 1971) DEXON 

Ligament replacement of augmentation devices Dacron 

Blood vessel conduits 

 

Human immunodeficiency virus or correction of facial 
fat loss  

PLDLA bioresorbable implant material Resomer 

PLGA Multifilament suture 
Vicylr, Vicryl Rapid & 
CRVL 

Skin graft Vicryl Mesh 

PLGA-collagen Tissue regeneration membrane CYTOPLAST Resorb 

PLGA Drug delivery vehicle LUPRON DEPOT 

 

1st commercially developed monofilament suture 
(1980) 

PDS 

PDA Orthopaedic applications Pins 

PCL Long-term contraceptive device Capronor 

PDLLA-CL Monofilament suture MONACRYL 

PGCL, PLCL, PETG Drug delivery SynBiosys 

PCLTMC & PGCL Flexible suture materials Maxon 

Orthopaedic tacks and screws Acufex 

PHBHV Bone pins, plates, drug delivery 

PEU Tissue engineering application Degrapol 

LDI-based PU Orthopaedic applications & bone cement Polynova 

PEAs 
Site-specific delivery of small hydrophobic drugs & 
peptides 

CAMEO 

POE Tissue adhesives Dermabond 

 
Bilayer skin substitute 

Integra Dermal 

Regeneration Template 

Wound dressings Biobrane & Alloderm 

Collagen Bioengineered skin equivalents TransCyte 
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HA Wound dressing application HYAFF 

Synthetic bone gradt OSSIGEL 

HMW viscous HA Corneal transplantation & glaucoma surgery AMVISC & AMVISC Plus 

Viscous HA Relieve pain & improve joint mobility for osteoarthritis SYNVISC, ORTHOVISC 
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Chapter 3	

Manufacturing	Methods	
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter explains the manufacturing procedures used in this research. The main 

objective was to produce scaffolds using a novel manufacturing method based on the 

MFC technique. The MFC process is described in detail, and modifications to the 

existing methods which were used in this study are also explained. Due to the 

electrospinning technique being a well-known and accepted fabrication method to 

produce nanofibrillar scaffolds, this was also studied to enable a comparison to be 

made between the performance of MFC and electrospun scaffolds. The methods used 

for manufacturing electrospun scaffolds are also described. 
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3.1 Background 

Microfibrillar Composite (MFC) Process 

 

To produce MFC scaffolds, there are three stages required, as described by Shields 

[71]. The first of these is to create a polymer blend. The second stage draws out this 

polymer blend of two thermodynamically immiscible polymers with a difference in 

melting temperatures of at least 30°C. The third and final step uses various post 

processing procedures to create a fibrillar composite. In this study, the third and final 

stage of the MFC process has been customised to produce tissue scaffolds. Instead of 

carrying out further heat treatment, such as injection moulding or compression 

moulding after drawing of the blend filament, distilled water is used to carry out 

dissolution of the matrix component of the composite blend. The process is clearly 

illustrated in Figure 3-1. 
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Figure 3-1: MFC manufacturing process involves three stages, mixing and extrusion, drawing, and post

processing using distilled water. 
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Stage 1: Mixing and extrusion 

Two polymers with different melting temperatures are mixed and blended inside an 

extruder. The polymer with the higher melting point forms the fibre component and 

the polymer with the lower melting point forms the matrix component of the 

composite blend.  

 

Stage 2: Drawing 

The blend filament is elongated by heating and stretching below the melting 

temperature which is known as 'cold drawing'. This stage produces nano-sized 

dimensions for polymer blends with hydrogen bonds. For polymer blends that do not 

form hydrogen bonds, the drawing stage increases the mechanical properties of the 

blend as it elongates the reinforcing fibrils and also creates molecular alignment. This 

step also influences the final diameter and thickness of the blend filament, which 

directly influences the surface finish of the final scaffold by contributing to the 

surface architecture. Thinner blend filaments tend to produce a smoother surface 

whilst thicker blend filaments tend to produce a rougher surface on the scaffolds. 

 

Stage 3: Processing 

The drawn blend filament is processed to form different alignments including random 

orientation, bidirectional alignment or unidirectional alignment. Random orientation 

structures are achieved by pelletising the blend filament and wrapping them with wire 

mesh before placing in a distilled water bath. Bidirectional and unidirectional 

alignment is achieved by weaving or winding the blend filament around stainless steel 

frames which are then immersed in distilled water to remove the water soluble matrix 

component of the composite. After dissolution of the matrix and drying of the leftover 

fibrillar component of the blend, a micro-/nano-porous structure is formed. This is the 

final step which creates a micro-/nano-porous scaffold. 
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Electrospinning Process 

 

To produce an electrospun scaffold, the setup shown in Figure 3-2 is used. 

Electrospinning consists of two main stages. Firstly, the polymer is dissolved in the 

appropriate solvent to produce a polymer solution which can be pumped out of a 

syringe. In the second stage, the polymer solution is pulled out of the syringe, 

elongated and collected as nanofibres on a conductive collector.  

 

Stage 1: Polymer solution 

The polymer of interest is ground into fine powder to facilitate its dissolution in 

organic solvents, which are chosen according to the polymers used. The polymer 

solution is formed once the polymers have completely dissolved in the solvents. 

Concentrations and viscosities can be varied in this step to produce structures with 

varying fibre thickness and porosity during the electrospinning process. 

 

Stage 2: Nanofibre formation 

All the individual components of the electrospinning setup are connected in a circuit 

with the collector typically being grounded. A high voltage is applied and an electrical 

charge is induced on the liquid surface of the polymer solution at the tip of the 

 
High voltage power 

supply 

Syringe pump 

+ 

_ 

Figure 3-2: Electrospinning setup used to create nanofibrillar networks. 
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syringe. The repulsive electrical forces reaches a critical point where it will overcome 

the initial surface tension forces holding the polymer solution and a jet of charged 

solution will eventually erupt out of the syringe tip and create a rapid whipping 

motion. The charged polymer will stretch further during this unstable phase while the 

solvents evaporate before reaching the collector as a random network of nanofibres. 

Parameters such as voltage, feed rate and distance between the needle tip and the 

collector can be controlled to vary the structure of the nanofibres [2, 72, 73]. 
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3.2 MFC/NFC Manufacturing Process 

3.2.1 Formation of Micro‐/Nano‐morphology 

There are two basic types of morphologies that arise when manufacturing MFCs; 

these include individual fibrils and a 3D interconnected network.  The individual 

fibrillar structure consists of non-interconnected fibrils while the 3D interconnected 

structure consists of a branching nanofibrillar, nanoporous network. The structure that 

exists depends on whether the two polymer blend partners used to fabricate the 

composite can create hydrogen bonds [74]. The blending of immiscible polymers, 

which tend not to form hydrogen bonds, will create a fibrillar morphology with 

individual fibres while the blending of partially immiscible polymers, which have the 

tendency to form hydrogen bonds, will lead to the formation of an interconnected 

structure (Figure 3-3).  

 

  Hydrogen Bonding No hydrogen bonding 

 

 

      

 Interconnected network Individual fibrils 

 

 

 

 

The formation of the nanostructure is completely different for blends with and without 

hydrogen bonding. For polymer blends that do not have the tendency to form 

hydrogen bonds, the second stage of MFC manufacturing involving drawing is a 

Figure 3-3: Polymers which form hydrogen bonds create an interconnected network while polymers 

that do not form hydrogen bonds create individual fibrils. 
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Figure 3-4: Formation of nanofibrils via coalescence of elongated droplets during drawing of the blend

filament. 

Blending of polymers 

Drawing of yarn 

Formation of fibrils inside matrix 

 

 

 

crucial part of the process and it is this step that creates the reinforcing fibrils inside 

the matrix. The development of individual fibrils takes place during cold drawing via 

coalescence of elongated droplets [75]. Figure 3-4 illustrates how fibrils are formed in 

the composite blend. During extrusion, the matrix polymer and the reinforcing 

polymer are mixed, resulting in the reinforcing polymer being dispersed as droplets 

inside the matrix. During the drawing stage, the reinforcing droplets are elongated to 

form tubular shapes. Continuous drawing will further elongate these tubular shaped 

fibrils, and once they coalesce, longer and more continuous fibrils are formed. 

 

 

For polymer blends that have the inclination to form hydrogen bonds, the formation of 

the 3D interconnected structure takes place during the first stage of the MFC 

manufacturing process. It is this step that is vital to creating the nanoporous 

interconnected structure of the final scaffold. Subsequent drawing will only contribute 

to the reduction of the fibre diameter [74], the creation of smaller fibrils and therefore, 

smaller pores. 

 

Due to the blends used in this study possessing a partially miscible behaviour, which 

means they have an inclination to form hydrogen bonds, the mechanism which creates 

the nanostructure takes place during extrusion. Strictly speaking, the drawing stage is 

not required to produce the nanostructure. However, the drawing process can be 
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utilised to diminish the diameter of the blend filament to produce a smoother surface 

topography for the final scaffold. Drawing also facilitates the formation of the nano 

dimensions of the scaffold structure.  Scaffolds in this study were produced using both 

drawn blends and undrawn blends.  

3.2.2 Materials 

Two different blends were investigated. In both these polymer blends, hydrogen 

bonding between the two blend partners do exist and hence the nanomorphology will 

be of a 3D interconnected nature. Figure 3-5 shows the polymers used to create the 

MFC scaffolds. 

 

Poly(vinyl alcohol) (PVA) MowiflexTM TC232 from Kuraray Poval America, was the 

primary matrix polymer used. It was supplied in pellet form (Figure 3-5a) and is water 

soluble and biodegradable with a nominal glass transition temperature of 34°C and a 

melting temperature of 178°C. These values were obtained from the supplied data 

sheet which stated that DCS analysis was used to perform these thermal tests. 

 

Two types of reinforcing polymers were used for these experiments. The first was 

poly(L-lactide) (PLA) 3051D from Natureworks® with a glass transition temperature 

of 60°C, supplied in an opaque crystalline form (Figure 3-5b). The second reinforcing 

polymer used was a glycol-modified poly(ethylene terephthalate) (PETG) EastarTM 

GN119 copolyester from Eastman Chemicals Limited (Figure 3-5c). PETG has a 

softening temperature > 100°C and a processing melt temperature range of 

249-271°C. These values were also obtained from the supplied data sheets. 

Figure 3-5: a) PVA, b) PLA and c) PETG were used for manufacturing MFC scaffolds and were 

supplied in pellet form. 

a) b) c) 
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3.2.3 Mixing and Extrusion 

All materials were dried in a vacuum oven for a minimum of 12 hours prior to 

processing to remove any moisture that may cause hydrolysis during manufacture. 

PVA and PETG were dried at 80°C and PLA at 60°C. Two different blends were 

created with the two different reinforcing polymers. The melt blending of these 

partially miscible blends were carried out on a PRISM® twin screw extruder. Figure 

3-6 illustrates the polymer blend placed on the feeder, extrusion from the twin screw 

extruder and collection of the blend filament onto a spool. 

 

The pellets were mixed by hand on a percent by weight basis (wt. %). The first blend 

was composed of PETG and PVA which were mixed with a ratio of 30:70 (wt. %). 

This blend was extruded at 230°C. The second blend was composed of PLA and PVA 

which were mixed with a ratio of 20:80 (wt. %) and extruded at 180°C. These blend 

ratios were chosen based on previous studies which have been characterised to give 

the best structure with the finest fibrils compared to other blend ratios [76]. Figure 3-7 

shows typical spools of PLA/PVA blend filaments after mixing and extrusion of the 

two polymers. 
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Figure 3-6: a) Mixing of polymer blend partners, b) extrusion using a twin screw extruder and

c) collection of blend filament onto a spool using a winder. 

 
Figure 3-7: PLA/PVA blend filaments formed after mixing and extrusion of the two polymers. 

a) b) 

c) 
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3.2.4 Drawing 

As mentioned earlier, the blends used in this study tend to undergo hydrogen bonding 

and therefore create porous interconnected structure as opposed to structures that 

consists of individual fibrils. This is beneficial to cells, as porosity is required to allow 

nutrients and cells to pass through the scaffold. Since the interconnected nanostructure 

is created during the extrusion stage, the blend filaments do not necessarily need to be 

drawn. The drawing process will however produce a finer blend filament which leads 

to a smaller nanostructure and thus smaller pore sizes. The drawing process can either 

be adjusted or left out altogether depending on the dimension and porosity required.  

 

The draw ratios in this study were calculated using the machine draw ratio as well as 

the length draw ratio. The ratio calculated from the speeds of the winder receiving the 

drawn blend and the winder supplying the undrawn blend is referred to as the machine 

draw ratio. The length draw ratio is calculated by measuring the change in length of a 

specific section of filament. Both methods were used to calculate the draw ratio in this 

study to verify the calculation of the ratios more accurately. 

 

For the blends that were drawn, the PETG/PVA blend was processed at 80 ± 5°C with 

a draw ratio of two and the PLA/PVA blend at 75 ± 5°C with a draw ratio of three. 

Undrawn blends collected directly after the extrusion stage were also used in the 

following post processing procedures.  

3.2.5 Post Processing 

3.2.5.1 Preparation	of	Material	for	Matrix	Extraction	

Before the matrix component can be dissolved and extracted from the composite 

filament, further processing is required to prepare the filaments for matrix dissolution. 

Three different methods were used to prepare different orientations from the blended 

filament. The filaments were either pelletised, wound onto a wire frame or woven.  
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These preparation methods created three different alignments: 

 

1. Pelletised filaments were used to create a random structure 

2. Filaments were wound directly onto a wire frame to create uni-directional 

alignment 

3. Filaments were woven to form a bi-directional alignment (Figure 3-8) 

 

3.2.5.2 Matrix	Extraction	and	Dissolution	

There are several post processing techniques typically used to produce MFCs, 

including compression and injection moulding. Post processing in this study will 

involve the extraction and dissolution of the matrix component of the composite blend 

filament. This will create a porous structure similar to the natural extracellular matrix 

(ECM) that supports cell growth.  

 

PVA pellets were left to soak and dissolve in distilled water to understand their 

dissolution behaviour. This also facilitated in determining the length of time required 

to remove the PVA component of the blend filaments.  Figure 3-9  shows PVA pellets 

on the first day after addition of water and how they have dissolved in water after 

seven days to form a clear, transparent liquid. The bottom left well of the plate was 

used as a control with no water added. For the wells in the middle of the plate which 

have a higher PVA to water ratio, a more viscous gel-like solution is formed. On the 

right hand side of the plate, the PVA to water ratio is lower and thus dissolves more 

quickly. This shows that with large volumes of water and numerous changes, PVA 

Figure 3-8: Woven blend filament 
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can easily dissolve and wash away after seven days of being immersed in water. From 

these observations, the extraction period for all scaffold production was set to a 

minimum of seven days with at least one water change per day. 

 

 

The methods used in post processing of the blend filaments can contribute a major 

difference to properties, including the surface texture, morphology and thickness of 

the scaffolds. To initially understand how water temperature and thickness of the 

blend filament might affect the final structure, an experiment was carried out which 

included eight specimens processed under different conditions. Figure 3-10 shows the 

four specimens for each of the reinforcing polymers, PLA and PETG. Both drawn and 

undrawn blend filaments were used. Two different water temperatures were used 

during the extraction process, 47 ± 5°C and 19 ± 5°C. 

 

Each specimen was weighed before and after extraction to determine the ratio of the 

remaining polymer compared to the initial percentage of polymer used in the blend. 

Ideally, PVA would have completely dissolved from the composite blend, leaving just 

the reinforcing polymer. The weight percentage of the remaining reinforcing polymers 

should be 20 % and 30 % for PLA and PETG, respectively. 

 

 

 

 

 

 

Figure 3-9: PVA pellets on a) day 1 and b) day 7 of water addition. 

a) b) 
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Figure 3-10: Specimens for studying how varying water temperature and blend filament

thickness affects the extraction process and the final polymer scaffold. 

Table 3-1 shows the weight of the final specimen as a percentage of the initial 

composite blend before extraction. It is not surprising to see that over the same 

number of days of extraction, the specimens that were immersed with warm water all 

have lower final weights than the initial amount of reinforcing polymer used, 

compared with the specimens immersed in room temperature water, which all have 

higher final polymer percentages. This shows that there may still be traces of PVA left 

inside the blend filaments for the specimens immersed in room temperature water 

even after dissolution and washing. 

 

 

 



Chapter 3   Manufacturing Methods 

 

 

48 

 

Table 3-1: Percentage of final specimen weight as a percentage of the initial blend weight 

Extraction Conditions PETG (%) PLA (%) 

Drawn, 19 ± 3°C 40 50 

Undrawn, 19 ± 3°C 35 26.7 

Drawn, 47 ± 3°C 20 16.7 

Undrawn, 47 ± 3°C 27 14 

 

 

The results also show that the weight of the warm water specimens after extraction is 

less than the original weight of reinforcing polymer in them. This suggests that some 

of the reinforcing material, PLA or PETG, may have been washed away with water. 

There are several possible reasons to justify this loss of reinforcing polymer even 

though they are not water soluble. Due to the two blending polymers having the 

tendency to form hydrogen bonds, this may be a reason for the reinforcing polymer to 

wash away with the water soluble matrix component. Secondly, some of the 

reinforcing particles may be completely surrounded by PVA, which on submersion in 

water, will split apart from the main structure of the scaffold, and in turn be washed 

away with the water. These may be some of the reasons for the possibility of lower 

percentages of the final polymer scaffold weight. 

 

Figure 3-11 shows the eight specimens after extraction of PVA using water. Drawn 

samples look more uniform with a smoother surface topography overall and were less 

likely to warp. The room temperature samples were also observed to be stiffer than 

warm water samples. This is explained by the larger amount of overall material that is 

still present after extraction, compared with the smaller mass of material from samples 

that were extracted using warm water. 

 

Both drawn and undrawn PLA samples were stiffer when extracted with room 

temperature water compared to extraction with warm water. PETG samples were 

stiffer overall compared to PLA samples. PETG from undrawn material extracted in 

room temperature water was warped, stiff and had a very uneven surface texture, 

whilst that extracted from drawn material had a very even and flat surface texture. 
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Another important observation from dissolution and extraction of the matrix polymer 

was that the water used for extraction at times turned out to be milky in colour. This 

opaqueness shows that the reinforcing polymers have seeped into the water bath. 

Since PVA dissolves in water and forms a clear transparent liquid or gel, the intensity 

of the milky colour indicates the extent to which the reinforcing polymer has washed 

away, hence the decrease in weight percentage of the final reinforcing polymer 

compared to the original weight. 

 

Initially, distilled water was heated to allow faster dissolution of PVA. This caused 

the reinforcing polymer of the blend to disintegrate and wash away with the PVA. 

Small amounts of PLA or PETG being washed away did not interfere with the 

scaffold production process drastically, however with heating, this encouraged more 

to be washed away due to the polymers softening as they came closer to their 

softening temperatures. This was problematic as it caused the entire scaffold to 

disintegrate. In some cases, almost all of the reinforcing polymer as well as the matrix 

polymer washed away, leaving only very few strands of material (Figure 3-12). The 

most obvious difference between the two procedures was that with heating, the 

distilled water became significantly milkier in appearance compared to the distilled 

water from extraction without heating, which was more transparent. 

PETG 

PLA 

Drawn Undrawn 

19°C 19°C 47°C 47°C 

19°C 19°C 47°C 47°C 

Figure 3-11: PETG and PLA specimens after extraction of PVA 
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From these observations, blended filaments produced will be drawn after extrusion if 

the aim is to achieve a smaller filament diameter which will produce a smoother, more 

malleable scaffold. To create a more porous scaffold, drawing of the filaments will 

not be required since larger diameter filaments will lead to larger pores. A smaller 

filament diameter can be achieved if the feed rate during extrusion is decreased as 

well as increasing the filament collection rate after the filament exits the die tip, and 

vice versa for thicker filament diameters. The extraction of samples will also be 

carried out in room temperature water to keep the polymers in an environment well 

below their glass transition and softening temperatures. This will also preserve the 

overall structure of the scaffold, avoiding the loss of material during the extraction 

process. Longer extraction times will also ensure the amount of PVA left in the blend 

will be kept to a minimal. 

 

Figure 3-12: Before and after extraction of PVA using heated water. Most of the reinforcing material 

was washed away, leaving only very few strands of material. 
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3.3 Electrospinning 

The well-known electrospinning technique for producing nanofibres was used to 

produce nanofibrillar scaffolds. This enabled a direct comparison to be made with the 

MFC scaffolds when assessing their properties. Figure 3-13 illustrates the setup used 

for producing electrospun scaffolds. 

 

3.3.1 Materials 

Two different polymers were used to produce electrospun scaffolds. The first was 

poly(L-lactide) (PLA) 3051D from Natureworks® with a glass transition temperature 

of 60°C which was supplied in an opaque crystalline form. The second polymer was 

commercial grade poly(ethylene terephthalate) (PET) with a melting temperature of 

246 ± 4°C and was purchased from Leading Synthetics Limited, Melbourne, 

Australia. The solvents used for the electrospun scaffolds consisted of 

dichloromethane (DCM), dimethylformamide (DMF) and trifluoroacetic acid (TFA).  

Figure 3-13: Electrospinning set up 

syringe 

power supply 

syringe pump 

conductive collector 
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3.3.2 Processing Parameters 

PLA and PET pellets were ground into fine powder before dissolving in the respective 

solvent. A 0.1 g/ml PLA solution was prepared by dissolving in DCM/DMF with a 

volume ratio of 3:2. A 0.2 g/ml PET solution was prepared by dissolving in 

DCM/TFA with a volume ratio of 1:1.  

 

For both polymer solutions, a 5 ml glass syringe with a disposable 0.9 mm gauge 

needle was used, where a voltage of 10 kV and a feed rate of 1 ml/hour were applied 

during the electrospinning process. Glass cover slips were placed onto aluminium foil 

and positioned 120 mm and 100 mm from the needle tip for collection of PET and 

PLA nanofibres, respectively. Nanofibres were also collected directly onto aluminium 

foil. The electrospinning process was carried out at 23 ± 3°C, with a humidity of 

40 ± 10 %.  

3.3.3 Post Processing and Solvent Evaporation 

After electrospinning, the nanofibrillar network was washed with distilled water and 

left to dry before leaving in a vacuum oven below the glass transition temperature of 

the polymer to remove residual solvents. A study done by Lederer et al. [58] has 

shown that after drying a microfibrillar network in a vacuum oven for 48 hours, the 

solvent contents in the material dropped and reached the detection limit of the 

measuring apparatus. The electrospun nanofibres were thus dried for 5-7 days to 

remove any residual solvents that might not have evaporated during the 

electrospinning process.  
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3.4 Analysis of Scaffold Morphologies 

The morphologies of the manufactured scaffolds were analysed using a scanning 

electron microscope (SEM). A Philips XL 30S FEG SEM model manufactured in 

Netherlands was used. An environmental scanning electron microscope (ESEM) with 

the model FEI Quanta 200 F, manufactured in USA was also used. Samples that were 

initially used for studying the scaffold architecture were sputter coated with platinum 

before viewing. Scaffolds used for cell culture studies, both with and without cells 

were dehydrated with ethanol and critically point dried before sputter coating with 

platinum. 

3.4.1 Critical Point Drying 

Before viewing the cells under SEM, the cells were critical point dried to obtain 

images that resembled the cells as closely as possible after the culture period. By 

fixing and critical point drying the cells on the scaffolds, the cell shape and surface 

detail could be maintained to produce images that represented the cells more closely.  

It was therefore important to preserve the cell morphology and prevent the cell from 

distorting and collapsing due to surface tension during drying. After the culture period 

of interest, the cells were washed with PBS and fixed with 2.5 % glutaraldehyde at 

4°C for at least 24 hours. After fixing, the cell-seeded scaffolds were then washed 

with PBS and soaked in a series of ethanol with increasing concentrations. The 

soaking of ethanol in 50, 70, 80, 95 and 100 % ethanol concentrations dehydrates the 

cells in preparation for critical point drying. 
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In vitro studies using cell culture techniques provide preliminary insights into how 

suitable the MFC scaffolds are for their use in medical applications and form a crucial 

part of scaffold characterisation. Cell culture methods utilise sterile culturing 

techniques to provide analysis of how cells behave when cultured on the scaffolds. To 

provide a direct comparison as to how the cells are interacting with the MFC scaffolds, 

electrospun scaffolds were also initially used in these biological experiments. Several 

methods including both qualitative and quantitative analyses were used for assessing 

biological behaviour. This chapter provides the details of the methodology and 

procedures used to characterise cell behaviour on the scaffolds. 
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4.1 Materials 

Plasticware, such as culture plates and flasks used for cell culture, were manufactured 

from high grade polystyrene. 75 cm3 tissue culture flasks were used for cell culture 

and maintenance and were purchased from In Vitro Technologies, Auckland, NZ. 

24-well and 96-well plates were purchased from Greiner Bio-One, Raylab, Auckland, 

NZ and 48-well culture plates were purchased from Corning Incorporated, New York, 

USA.  

 

The cell line used for assessing scaffold cytocompatibility was the MC3T3-E1 

Subclone 4, a mouse calvaria-derived pre-osteoblast cell line purchased from the 

American Tissue Type Collection; and primary rat tenocytes, which were isolated by 

members of the Bone and Joint research laboratory in accordance with the Animal 

Ethics Committee of the University of Auckland, NZ.  

 

Minimum essential media (MEM), minimum essential medium alpha (αMEM), 

dulbecco's modified eagles medium/nutrient mixture F-12 (DMEM/F-12), sodium 

pyruvate (NaP) 100 mM, NZ origin foetal bovine serum (FBS) and 0.5 % trypsin-

EDTA (10x & phenol red free) were purchased from Gibco®, Life Technologies, 

Auckland, NZ. Phosphate buffered saline (PBS) was made from sodium chloride, 

sodium phosphate, potassium phosphate and potassium chloride were all from 

Sigma-Aldrich®, Auckland, NZ, and were adjusted to a pH of 7.4 where required. 

 

The LIVE/DEAD® viability/cytotoxicity kit for mammalian cells which included 

ethidium homodimer-1, 2 mM solution in 1:4 DMSO/H2O and calcein-AM, 4 mM 

solution in DMSO was purchased from Molecular Probes®, Life Technolgies, 

Auckland, NZ. To assess cell viability/growth, alamarBlue® cell viability reagent was 

used, which was purchased from Molecular Probes®, Life Technologies, Auckland, 

NZ. 

 

Bouin's solution and 0.1 % Sirius red dissolved in saturated picric acid were 

purchased from Histology Services, Faculty of Medical and Health Sciences, 
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University of Auckland, NZ. Rat tail collagen type I was purchased from BD 

Biosciences, Massachusetts, USA. 

 

RNeasy Mini Kit and RNase-free DNase set were purchased from Qiagen, Germany, 

and random primers were from Roche, Auckland, NZ. Real-time probe sets and 

Taqman® universal PCR master mix were purchased from Applied Biosystems, 

Invitrogen, Auckland, NZ. 
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4.2 Cell Culture and Maintenance 

Cell culture experiments were performed in a class two tissue culture cabinet using 

sterile techniques. Cells were maintained in an incubator at 37°C with 5 % CO2. Two 

different cell types were used, an osteoblastic MC3T3-E1 cell line and primary rat 

tenocytes. These cells were kept in liquid nitrogen for long term storage and were 

revived by thawing when required. MC3T3-E1 cells were used between passage 

numbers 30-34. Tenocytes were passaged once before use. 

4.2.1 Mouse Calvaria Pre‐Osteoblastic Cell Line (MC3T3) 

To revive the MC3T3-E1 cells, the cryovial in which they were stored was removed 

from liquid nitrogen and instantly thawed by immersing in a 37°C water bath. The 

cryovial was disinfected with 70 % ethanol before the contents were transferred into a 

sterile centrifuge tube containing 11 ml MEM + 10 % FBS + 1 % NaP. The cell 

suspension was pelleted in a centrifuge by spinning at 1200 rpm for 2 minutes. The 

supernatant was discarded into a sterile waste pottle and the remaining cell pellet was 

re-suspended in 5 ml of fresh media and re-pelleted by spinning for a further 2 

minutes at 1200 rpm. The cells were re-suspended in 5 ml media before transferring to 

a flask containing 25 ml media, and incubated for culturing.  

 

These cells were passaged twice weekly and maintained in MEM + 10 % FBS + 

1 % NaP. Cells were re-seeded into new flasks upon confluency. Original culture 

media was removed and cells were washed with PBS. Cells were then detached from 

the culture flask using trypsin-EDTA at 37°C for 5 minutes. New maintenance media 

with serum was then added to the flask. The appropriate volume of cell suspension 

was seeded into a new culture flask containing fresh culture media with serum and 

kept in the incubator to culture. The MC3T3-E1 cells were subcultured for at least one 

week after thawing, before seeding onto the scaffolds. 
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4.2.2 Primary Rat Tenocytes 

Primary rat tendon fascicles were extracted and isolated from tails of mature female 

Wistar rats and frozen for long-term storage in liquid nitrogen. Cells were revived as 

previously described in section 4.2.1 with the exception that DMEM-F12 + 10 % FBS 

media was used in place of MEM + 10 % FBS + 1 % NaP. The cell suspension was 

pelleted by spinning at 1500 rpm for 3 minutes instead of 1200 rpm for 2 minutes. 

Primary rat tenocytes were cultured for three days until confluency was reached 

before seeding onto the scaffolds.  
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4.3 Sterilisation and Material Preparation 

Sterilisation of laboratory equipment and material is a crucial step for any cell culture 

work where sterility is required. All scaffold materials must also be sterilised before 

using them for culturing cells on. Autoclaving is a very effective method that destroys 

all microbes, spores and viruses, and is one of the most common methods used to 

sterilise equipment in cell culture laboratories. During autoclaving, equipment and 

supplies are subjected to high pressure and steam, typically at 121°C for 15 - 20 

minutes. Although autoclaving may be the preferred sterilisation method, due to 

polymers having a wide range of melting temperatures, it can be a challenge to 

preserve the structure and properties of the material especially when the glass 

transition and melting temperatures of the polymer are below the temperature used to 

sterilise items via autoclaving. An alternative solution to address this issue is to use 

ethanol, which is commonly used as a disinfectant in cell culture laboratories, and 

works by denaturing proteins through a process that requires water. For this reason, 

ethanol must be diluted to a concentration of 70% for it to become effective. Although 

ethanol does not have any effect on spores, they do destroy microbial cells, which is 

sufficient for the purposes of this study. Ultraviolet (UV) is a type of electromagnetic 

radiation that has damaging effects on DNA, and was also utilised during the 

sterilisation process of the scaffolds. Although UV has limited penetration in air, it is 

relatively safe and is quite useful for sterilising small areas, like laminar flow hoods. 

4.3.1 Autoclaving 

The fabricated scaffolds were initially sterilised by autoclaving. Electrospun scaffolds 

that were collected onto aluminium foil did not facilitate this process as it caused the 

polymer to cringe and shrivel together with the foil. Electrospun fibres collected on 

glass cover slips survived better with autoclaving. The autoclaving temperature of 

121°C was much higher than the glass transition temperature of the polymers used in 

this study, so this approach would obviously introduce a change in structure due to the 

softening of the polymers. Figure 4-1a illustrates the nanostructure of electrospun 

PLA collected onto a wire mesh collector with a fibrillar structure that is not 
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interconnected. Figure 4-1b shows the same electrospun PLA scaffold which was 

autoclaved. The interconnected fibrillar structure in Figure 4-1b shows that upon 

being exposed to temperatures higher than the glass transition temperature of PLA, 

the polymer softened and appears to have merged with the fibre adjacent to it, 

compared with Figure 4-1a where a distinct fibrillar structure is present. Figure 4-1c 

illustrates the PLA electrospun network which was collected onto foil. Again, 

compared with the same PLA electrospun scaffold which was also collected onto foil 

then autoclaved (Figure 4-1d), the nanostructure has changed from a fibrillar state to 

an interconnected fibrillar morphology. Although autoclaving may not be the ideal 

method to sterilise polymeric scaffolds if the original structure is required to be kept, 

autoclaving can serve as an option to both sterilise the scaffold for cell culture and 

also to change the individual fibrillar morphology to an interconnected fibrillar 

morphology if and when required. 

 
 
 

 

 

  

Figure 4-1: PLA electrospun and collected on a) a wire mesh collector, b) a wire mesh collector, then

autoclaved, c) foil and d) foil, then autoclaved. 

a) b) 

c) d) 



Chapter 4   Cell Culture Methods   

 

62 

 

4.3.2 Ethanol Soak 

Sterilisation of scaffolds was also achieved by soaking them in 70 % ethanol. This 

method was more favourable in terms of preserving the overall morphology of the 

scaffold and was therefore utilised for the remainder of the cell culture studies. Before 

soaking in ethanol, scaffolds were cut into the appropriate shape and rinsed with 

distilled water and PBS. The scaffolds were then soaked in 70 % ethanol for a 

minimum of 30 minutes and were handled using sterile techniques. The scaffolds 

were then left to dry before exposing them to UV radiation in the culturing cabinet for 

30 minutes on each side of the scaffold.  

4.3.3 Media Soak 

To facilitate the preparation of a suitable environment for the cells before seeding, the 

scaffolds were left to soak in media overnight. This stage helps to remove any further 

impurities as well as infiltrate the pores of the scaffold with nutrients from the media 

and serum. After sterilisation of the scaffolds using 70 % ethanol and UV radiation, 

they were rinsed twice with PBS, then once with culture medium. The materials were 

then transferred to a 24-well tissue-culture plate and soaked in cell culture medium 

containing αMEM + 5 % FBS and DMEM-F12 + 5 % FBS for osteoblasts and 

tenocytes, respectively. The scaffolds were left to soak in culture medium overnight in 

the incubator to prepare for cell seeding the following day. 

4.3.4 Stainless Steel Rings 

Stainless steel rings with a height of 5 mm, an outer diameter of 13 mm and an inner 

diameter of 10 mm were used to secure the scaffolds to the bottom of the culture plate 

wells to ensure the scaffolds were completely immersed in culture medium. Before 

sterilising the rings via autoclaving, they were scrubbed and sonicated to remove any 

debris. These were added to during the culture medium soaking stage to ensure the 

materials would settle at the bottom of the culture plates. The rings were also used 

throughout the remainder of the culture period. 
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4.4 Cell Seeded Scaffolds 

4.4.1 Cell Seeding 

The following procedures were used for seeding of MC3T3-E1 cells and primary rat 

tenocytes. Live/dead staining was performed on cells cultured on scaffolds in 48-well 

plates and alamarBlue® assays were performed on cells cultured on scaffolds in 24-

well plates.  

 

Cell seeding and culturing of the MC3T3-E1 cell line 

 

1. Warm media (αMEM + 5 % FBS) 

2. Use 1 flask of MC3T3-EI SC4A cells at 70 - 90 % confluency 

3. Discard original media and rinse with 8 ml PBS 

4. Add 4 ml trypsin-EDTA and place flask in incubator for 5 minutes 

5. Add 8 ml αMEM + 5 % FBS when cells have lifted off the culture plate 

6. Transfer cells to a 15 ml centrifuge tube 

7. Spin in a centrifuge at 1200 rpm for 2 minutes to pelletise the cells 

8. Discard supernatant and wash cells with 5 ml media 

9. Re-spin at 1200 rpm for 2 minutes 

10. Discard supernatant and re-suspend cells in 5 ml media  

11. Perform cell count using 1:5 dilution 

12. Dilute cells to a density of 50,000 cells/ml 

13. Remove media that was used for soaking scaffolds from the plates 

14. Add 200 µl cell suspension into 48-well plates and 400 µl into 24-well plates 

15. Leave to incubate for 1 hour 
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16. Add 300 µl media into 48-well plates and 600 µl into 24-well plates 

17. Add 0.5 ml media to blank 48-wells and 1 ml to blank 24-well plates 

18. Place plates in incubator at 37oC for overnight adherence 

 

Cell seeding and culturing of primary rat tenocytes 

 

1. Warm media (DMEM-F12 + 5 % FBS) 

2. Use 1 flask of tenocytes at 70 - 90 % confluency 

3. Discard original media and rinse with 8 ml PBS 

4. Add 4 ml trypsin-EDTA and place flask in incubator for 4 minutes 

5. Add 8 ml DMEM-F12 + 5 % FBS when cells have lifted off 

6. Transfer to a 15 ml centrifuge tube 

7. Spin in a centrifuge at 1500 rpm for 3 minutes to pelletise the cells 

8. Discard supernatant and wash cells with 5 ml media 

9. Re-spin at 1500 rpm for 3 minutes 

10. Discard supernatant and resuspend cells in 5 ml media 

11. Perform cell count using 1:5 dilution  

12. Dilute cells to a density of 50,000 cells/ml 

13. Remove media that was used for soaking scaffolds from the plates 

14. Add 250 µl cell suspension into 48-well plates and 500 µl into 24-well plates 

15. Leave to incubate for 1 hour 

16. Add 250 µl media into 48-well plates and 500 µl into 24-well plates 

17. Add 0.5 ml media to blank 48-wells and 1 ml to blank 24-well plates 

18. Place plates in incubator at 37oC for overnight adherence 
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4.4.1.1 Live/Dead	Staining		

To assess cell viability on the scaffold material, live/dead staining assays were 

conducted on cell-seeded scaffolds produced via the MFC technique and 

electrospinning.  The live/dead viability/cytotoxicity kit for mammalian cells uses 

calcein-AM and ethidium homodimer-1 to stain and differentiate between the live and 

dead cells. Calcein-AM enters living cells and is converted to a green fluorescence 

when activated by intracellular esterases in living cells (excitation 495 nm and 

emission 515 nm). Ethidium homodimer-1 produces a bright red fluorescence upon 

attachment and binding to nucleic acids in dead cells with damaged cell membranes 

(excitation 495 nm and emission 635 nm) [77]. Live/dead staining assays were 

performed on days 3, 7, 14, 10 and 20 after initial cell seeding on the scaffolds for 

MC3T3-E1 cells and on days 3, 7 and 14 for tenocytes. Cell-seeded scaffolds were 

washed twice with PBS, and stained with PBS containing 2 μM ethidium 

homodimer-1and 2 μM calcein-AM for 15 minutes and 12 minutes at 37°C for 

osteoblasts and tenocytes, respectively. Cells were viewed immediately after staining 

on an inverted fluorescence microscope and photomicrographs were taken.  

4.4.1.2 Quantifying	Cell	Viability	using	alamarBlue®	Assays	

Cell viability was determined through conducting alamarBlue® assays, which uses a 

non-toxic dye for quantitative analysis of cell viability and cytotoxicity. The 

alamarBlue® dye responds to metabolically active cells and indicates a colour change 

accordingly. It also produces a fluorescent signal which can be detected by excitation 

at 530–560 nm and emission at 590 nm using a Synergy 2 multi-mode microplate 

reader (BioTek Instruments Inc., USA). The following protocol was used for 

alamarBlue® assays which were conducted on several days throughout the culture 

period of 20 and 14 days for osteoblasts and tenocytes, respectively. There were four 

replicates for each different sample per experiment. 

 

Addition of alamarBlue® for quantification of viable cells 

 

1. Add  50 µl alamarBlue® dye to each well in the 24-well plate 
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2. Place plate in incubator at 37°C for 4 hours 

3. Transfer 200 µl media from each well to a 96-well plate 

4. Read fluorescence and process data 

5. Change plate media 

4.4.1.3 Determination	of	Collagen	Levels	using	Sirius	Red	Assays	

Sirius red assays were carried out to determine total amount of collagen deposition 

from culturing tenocytes on the MFC scaffolds. The assay used detects collagen I to 

collagen V, but does not differentiate between them, measuring the total collagen 

content instead. Sirius red assays were conducted on days 2, 7 and 14. Sirius red 

assays require the use of a standard curve to obtain a graph with a linear relationship 

between absorbance values emitted from known concentrations of collagen and the 

corresponding collagen levels. Collagen from the plates of interest was then stained 

and their respective absorbance levels were read. The collagen levels deposited onto 

the scaffolds can then be identified using the standard curves. The following Sirius 

red standard curve protocol was used for preparation of a standard curve plate for 

MFC PLA and MFC PETG scaffolds.  

 

Preparing standard curves for Sirius red assays 
 

1. Calculate appropriate collagen and acetic acid amounts 

2. Label 24-well plates with blanks (3 replicates) 

3. Pipette appropriate amount of acetic acid (0.02 M) into 5 ml tubes 

4. Add collagen to 0.5 mg/ml tube 

5. Pipette calculated collagen amounts into the remaining tubes accordingly 

6. Vortex each tube after addition of collagen 

7. Transfer 100 µl aliquots of each collagen/acetic acid concentration to each 

8. Air dry in fume hood overnight 

9. Fix and stain with Boiun’s solution and Sirius red 



Chapter 4   Cell Culture Methods   

   

67 

 

The following protocol was used for all plates with cell seeded scaffolds after 2, 7 and 

14 days of culture. This protocol was also carried out for the three standard curve 

plates described earlier. 

 

Staining cell seeded scaffolds using the Sirius red dye 

 

1. Wash cells twice with PBS 

2. Fix with 200 µl Bouin’s solution for 1 hour  

3. Wash with distilled water a number of times and soak overnight  

4. Remove yellow coloured distilled water and air dry 

5. Stain with 500 µl filtered 0.1% Sirius red dissolved in saturated picric acid for  

1 hour 

6. Wash 5 times with 1 ml 0.01 M HCl then air dry 

7. View staining and take pictures 

8. Prepare collagen standard curve 

9. Add 300 µl 0.1 M NaOH per well to release the Sirius red dye  

10. Incubate at room temperature for 30 minutes while shaking at a slow speed 

11. Transfer 200 µl aliquots to a 96-well plate and measure absorbance at 570 nm 

4.4.1.4 Alizarin	Red	Assays	for	Studying	Calcium	Deposits	

Alizarin red staining was utilised to evaluate calcium deposits by cells in culture. A 

trial was done on blank scaffolds to test the suitability of using the alizarin red dye for 

detection of calcium deposits from osteoblasts over the culture period. The following 

protocol was used to analyse the effects of the dye on the blank scaffolds. 

 

1. Wash scaffolds with 1 ml PBS twice 

2. Fix in 1 ml 70 % ethanol 

3. Soak in distilled water for 10 minutes (repeat 3 times) 
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4. Leave in distilled water overnight 

5. Remove distilled water from wells 

6. Add fresh distilled water and leave for 1 hour 

7. Add 400 µl filtered alizarin red to each well and leave at room temperature for 

10 minutes 

8. Wash 3 times with distilled water 

9. Leave stained scaffolds in tap water for 1 hour and rinse again with distilled 

water 

4.4.1.5 Gene	Expression	Studies	

Cell lysis 

 

Tenocytes were cultured on MFC scaffolds and collected from plates after 1, 2, 7 and 

14 days of culture. Cells were initially washed with PBS before adding fresh PBS to 

prevent the cells from dehydrating. PBS was removed from the first well of each 

sample before adding the RLT/BME buffer to the first well of each sample. The 

buffer mixture was left in the wells for approximately one minute before removing 

PBS from the second well of each specimen and transferring the RLT/BME buffer 

mixture containing cells to the second well. This was repeated until the buffer mixture 

had been transferred to the last well of each sample. There were four specimens for 

each sample. The cells were then transferred to tubes and stored in a -80°C freezer 

until ready for RNA extraction. 

 

RNA extraction 

 

RNA was extracted from tenocytes using the RNeasy Mini Kit. Cells were retrieved 

from the -80°C freezer by thawing on ice. The cell mixture was then passed through a 

1 ml syringe with a 0.9 × 25 mm needle five times. RNA was extracted using the 

RNase-free DNase set with the Qiacube (Qiagen), then transferred to tubes and stored 

at -20°C. Before proceeding with further analysis, the quantity and quality of RNA 
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concentration was measured using a nanodrop UV spectrophotometer. The amounts 

were then adjusted accordingly to ensure all samples had similar RNA concentrations, 

in preparation for reverse transcription to synthesise cDNA. 

 

cDNA synthesis 

 

Reverse transcription was performed using a PTC-100TM Programmable Thermal 

Controller. Reverse transcription uses the obtained RNA to produce copies of cDNA 

that can then be amplified and quantified using PCR techniques. Random primers, 

10mM dNTPs, milliQ water and RNA were used to make up a mixture of 13 µl to 

achieve the same RNA concentration in each sample and incubated at 65°C for 5 

minutes. After incubation on ice for at least 2 minutes, the reaction was made up to a 

total volume of 20 µl containing 5x first strand buffer, 0.1M DTT, RNaseOut and 

Superscript III, and was continued to incubate at 25°C for 5 minutes. The samples 

were further incubated at 50°C for 70 minutes and finally at 70°C for 15 minutes. A 

1:10 dilution of cDNA was then prepared with milliQ water, transferred into tubes 

and frozen at -20°C until use for real-time PCR. 

 

Real-time PCR 

 

Real-time PCR was performed using a QuantStudioTM 12K Flex Real-Time PCR 

System (Applied Biosystems). To prepare for real-time PCR, an epMotion 5070 was 

used to pipette 2 µl of cDNA and 8 µl of each master mix containing the probe to be 

studied, into each well of a 384-well plate.  The master mix used for PCR contained 

Taqman® Universal PCR master mix, probes of interest to detect target genes labelled 

with FAM, and 18s control probe labelled with VIC. The real-time quantitative 

gene expression data was analysed using the 2 ∆∆  method [78], where ΔCT is equal 

to the difference in threshold cycles for the target gene and the 18s reference. The 

expression levels were compared to a control sample from day one. The real-time 

PCR process was repeated twice in duplicate for each biological experiment, with 

three biological repeats being carried out in total.  
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Characterising a scaffold's physical properties provides an indication of how well 

suited it will be for use in bone and tendon applications. Here, the morphological 

characteristics, such as the porosity and structure, were examined. Mechanical 

properties were determined by conducting tensile testing, while chemical properties 

were used to determine how the manufacturing processing time would affect the final 

scaffold material composition.  
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5.1 Morphological Characteristics 

5.1.1 Porosity of Scaffolds 

The porosity of materials can take many different forms depending on the nature of 

the structure as a whole. In some cases, randomly distributed pores may exist 

throughout the structure, whilst in other cases they may be highly aligned and exhibit 

ordered nature. Either way, porosity is an important factor which is crucial to the 

fundamentals of a scaffold's function and must exist to allow attachment and ingrowth 

of cells. 

 

The liquid displacement method [29, 67] was used to determine the porosity of the 

MFC scaffolds. The specimens were immersed in a known volume of liquid (V1) 

which was not a solvent of the scaffold, and a brief series of vortex cycles were used 

to encourage the liquid into the pores. The volume of the liquid and 

liquid-impregnated scaffold was then V2. When the liquid-impregnated scaffold was 

removed, the remaining volume of liquid was V3. The porosity of the scaffold was 

calculated by using the following equation: 

 

 

	 	 	 	 	 	

	 	
 (5-1) 

 

 

The liquid displacement method was modified slightly to measure the porosities of the 

MFC scaffolds. Instead of measuring the volume of the liquid, the weight of the liquid 

was measured. The reason for this was to increase the accuracy of the measurements 

as the dimensions of the specimens were too small to obtain an accurate volumetric 

reading. Ethanol with a concentration of 70 % was the liquid used to measure the 

difference in liquid masses. Five specimens were used for each scaffold to measure 
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mass of the liquid to obtain V1, V2 and V3 which were required to calculate the 

porosity of the scaffolds. Table 5-1 and  

 

Table 5-2 show the recorded volumes used to determine the porosity using equation 1-

1. The mean porosities of PLA and PETG scaffolds manufactured using the MFC 

technique were 83.9 % and 74.2 %, respectively.  

 

 

Table 5-1: V1, V2 and V3 measurements were recorded for calculating porosity of the MFC PLA 

scaffolds using the liquid displacement method. 

 

PLA V1 V2 V3 Porosity 

1 0.1729 0.1731 0.1613 0.983051 

2 0.4149 0.421 0.3962 0.754032 

3 0.4528 0.4547 0.4379 0.886905 

4 0.4018 0.4123 0.37 0.751773 

5 0.8538 0.8605 0.8235 0.818919 

Mean 0.45924 0.46432 0.43778 0.838936 

 

 

Table 5-2: V1, V2 and V3 measurements were recorded for calculating porosity of the MFC PETG 

scaffolds using the liquid displacement method. 

 

PETG V1 V2 V3 Porosity 

1 0.6867 0.6935 0.6758 0.615819

2 0.6758 0.6772 0.6616 0.910256

3 0.6616 0.6705 0.6424 0.683274

4 0.6424 0.6458 0.624 0.844037

5 0.624 0.6375 0.598 0.658228

Mean 0.6581 0.6649 0.64036 0.742323
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Gravimetry [66, 79] was also used to measure open porosity using the following 

equation: 

 

	 	 	 1	 	  (5-2) 

 

where  (g cm-3) is the density of a scaffold sample and  (g cm-3) is 

the density of the polymer. The density of each sample was determined by measuring 

its weight and volume. Five specimens were used to obtain the measurements. The 

porosity of the scaffolds were then determined using equation 1-2. PLA and PETG 

scaffolds were measured to have mean porosities of 63 % and 18 %, respectively. 

5.1.2 Scanning Electron Microscopy (SEM) 

5.1.2.1 Blend	Filament	Orientation	

Various alignment arrangements of the blend filament were fabricated to study the 

microstructure of the scaffold and how it affects the overall morphology. PLA/PVA 

blend filaments were either randomly aligned or uni-directionally aligned, woven or 

braided before matrix extraction. Figure 5-1 shows the morphology of the scaffold 

after dissolution of the matrix from PLA/PVA blend filaments that were randomly 

aligned, uni-directionally aligned, braided and woven.  

 

As seen from these images, where scaffolds were prepared using different filament 

orientations before PVA extraction, there does not seem to be a noticeable micro-

structural correlation between how the blend filaments were prepared initially and the 

final morphology. After dissolution of the matrix component of the blend, the 

alignments of the initial blend filaments do not appear to contribute to the morphology 

on the micro-scale. The reason for this can be attributed to the behaviour of polymer 

blends that form hydrogen bonds, which exist between PLA and PVA. As mentioned 

in Chapter 3, the tendency for hydrogen bonding to occur between the two polymers 

creates an interconnected structure that binds the whole network together regardless of 
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how the filaments were arranged before matrix extraction. Hence the reason for the 

similarity between the random, aligned, braided and woven samples of PLA scaffold.  

 

There may be differences on the macroscopic level between the different alignments, 

however, on the microscopic level, there seems to be unidentifiable differences. It 

should be noted that in Figure 5-1a and Figure 5-1b, a different batch of extruded blend 

filament was used to produce the scaffold, which may be one of the reasons for the 

pores of this particular scaffold appearing to be larger compared to the others. 

Another possible reason for the larger pore dimensions could be due to the blend 

filaments being cut into segments and packed loosely before the extraction of the 

matrix component, thus contributing to the apparent larger pores formed. Further 

investigation will need to be performed in order to verify this.  
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Figure 5-1: PLA scaffold produced from PLA/PVA blend filaments which were a) randomly

aligned, b) uni-directionally aligned, c) braided and d) woven. Images on the right are

magnifications of images on the left. 

a) 

5 µm 1 µm 

b) 

5 µm 1 µm 

c) 

5 µm 1 µm 

d) 

5 µm 1 µm 
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For tendon applications where a directional is preferred, the MFC technique can also 

produce structures which are fibrillar such as those formed from a blend of 

poly(ethylene terephthalate) PET and polypropylene (PP) (Figure 5-2). These fibrillar 

structures are formed from blend partners that do not tend to form hydrogen bonds. 

Due to the lack of hydrogen bonding, once the filaments are knitted or aligned and the 

major component extracted, the minor component will retain its initial blend filament 

structure and orientation. Fibrillar structures are more advantageous for creating 

knitted or patterned microstructures as they are able to retain their fibrillar structure 

on the nano and micro scale. On the other hand, interconnected or branched 

structures, such as those seen with the PLA/PVA blends, create a very porous, 

interconnected structure similar to that of bone, and thus makes them suitable for bone 

applications. 

 

As seen from the different structures that the MFC concept can create, this 

manufacturing technique can be used for a wide variety of applications by varying the 

polymer partners to create a blend that will form the required structure. It simply 

depends on the type of structure that is needed, as to how the polymer blend partners 

should be chosen and how the MFC scaffold should be produced.  

 

 

 
 

Figure 5-2: PET scaffold produced from knitted, undrawn PET/PP blend filaments manufactured with

a PET:PP ratio of 20:80. The PP component was removed using xylene.  
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5.1.2.2 Comparison	of	MFC	and	Electrospun	Scaffolds	

Figure 5-3a to Figure 5-3d illustrates the morphologies of MFC PLA and PETG 

scaffolds. The PLA scaffold possesses an extremely porous and interconnected 

structure compared to the PETG scaffold, which leans towards possessing a slightly 

fibrillar structure, interconnected to create pores. Both structures demonstrate 

branching of fibres that are interconnected to produce the porous formation. The 

dimensions of the fibres measured using ImageJ® were 75 ± 50 nm and 70 ± 30 nm 

for PLA and PETG, respectively. 

 

Electrospun PLA possesses a highly porous, cross-ply and fibrillar structure compared 

to the MFC scaffolds, in which the fibres are interconnected due to branching. The 

electrospun fibres are very distinct and individual with no branching of the fibres. 

They still create a network, formed by intertwining of the individual fibres. The 

contrast of brightness in the SEM images also illustrates the material consists of 

several layers with cross-ply fibres. The average fibre diameter for electrospun PLA 

and PET networks measured using ImageJ® were 125 ± 60 nm and 145 ± 100 nm, 

respectively (Figure 5-3e to Figure 5-3h). 
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Figure 5-3: 3D interconnected scaffolds prepared using the MFC concept from a)

PLA and b) PETG, and fibrillar scaffolds prepared via electrospinning from c) PLA

and d) PET. 

c) 

2 µm 500 nm 

2 µm 

a) 

500 nm 

500 nm 

b) 

2 µm 

d) 

2 µm 500 nm 
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5.2 Mechanical Properties 

5.2.1 Specimen Preparation 

Tensile testing of MFC scaffolds was conducted to determine the strength, stiffness 

and elongation. Specimens for mechanical testing were produced by winding polymer 

blend filaments onto a wire mesh or a wire frame to create strips of material in 

preparation for tensile testing. The blend filament was wound into small sections as 

shown in Figure 5-4. The width and thickness of each strip was then measured along 

the length in 1 cm increments. The measurements for the MFC samples were obtained 

using a combination of a microscope and callipers. Measurements for PLA and PETG 

are shown in Table 5-3 and Table 5-4, respectively. Paper marked with black dots 

were cut into circles and lightly stuck onto the test specimens to allow the camera to 

detect the gauge length during testing to measure elongation of the specimen. This 

was done instead of directly marking black dots on the specimen to prevent marker 

ink from soaking into the material and causing deterioration around the marker region 

as experienced during previous testing. 

 

 

 

Figure 5-4: Mechanical tensile tests specimens produced from blended polymer filaments wound onto

wire mesh or wire frame, with PVA extracted. Width and thickness measurements were recorded in

1 cm increments along length of specimens. 
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Table 5-3: Width and thickness measurements for PETG tensile test specimens.  

PETG 1 3 4 5 6 

(mm) width thick width thick width thick width thick width thick

1 4.60 0.17 3.63 0.14 3.50 0.18 4.36 0.13 4.12 0.17 

2 4.08 0.09 2.81 0.10 2.69 0.08 4.08 0.09 2.38 0.22 

3 3.88 0.04 2.19 0.20 2.34 0.13 3.88 0.10 2.81 0.11 

4 3.64 0.04 1.88 0.08 2.84 0.06 3.28 0.10 3.35 0.13 

5 3.60 0.09 1.91 0.17 2.88 0.06 3.31 0.06 3.00 0.17 

6 3.40 0.07 1.91 0.10 3.28 0.09 3.44 0.04 3.50 0.08 

7 3.60 0.09 2.00 0.18 3.50 0.09 4.00 0.09 3.65 0.10 

8 4.44 0.09 2.31 0.18 3.34 0.06 4.16 0.08 4.95 0.11 

9 4.80 0.07 2.81 0.09 4.95 0.09 4.24 0.03 5.05 0.17 

10 6.00 0.09 3.63 0.13 5.80 0.05 3.64 0.09 5.20 0.03 

11 6.88 0.09 4.00 0.08 5.00 0.06 3.88 0.09 5.00 0.03 

12 6.56 0.07 4.90 0.10 5.00 0.09 4.20 0.11 5.75 0.03 

Mean 4.62 0.08 2.83 0.13 3.76 0.09 3.87 0.08 4.06 0.11 
 

Table 5-4: Width and thickness measurements for PLA tensile test specimens. 

PLA 1 2 3 4 5 

(mm) width thick width thick width thick width thick width thick

0 4.60 0.66 4.80 0.58 4.70 0.39 4.70 0.78 5.15 0.51 

1 4.25 0.48 3.75 0.55 2.85 0.57 2.70 0.86 3.25 0.74 

2 4.00 0.35 3.25 0.52 2.35 0.58 2.25 0.88 2.85 0.61 

3 3.80 0.32 3.25 0.41 2.15 0.59 2.40 0.86 3.25 0.52 

4 3.55 0.33 3.10 0.45 2.55 0.56 2.55 0.65 3.50 0.47 

5 3.55 0.35 3.15 0.44 2.75 0.42 3.35 0.55 3.70 0.42 

6 3.50 0.35 3.00 0.48 3.45 0.40 3.75 0.49 3.75 0.42 

7 3.60 0.36 3.05 0.43 3.40 0.39 3.90 0.48 3.60 0.46 

8 3.50 0.35 3.00 0.44 3.60 0.42 3.75 0.48 3.55 0.47 

9 2.90 0.41 3.30 0.48 3.55 0.39 3.80 0.51 3.65 0.55 

10 2.55 0.44 3.65 0.58 3.50 0.39 3.80 0.54 3.35 0.62 

11 2.40 0.52 4.25 0.69 3.35 0.48 3.85 0.67 3.45 0.60 

12 3.40 0.50 4.65 0.78 3.55 0.60 4.65 0.64 4.20 0.61 

Mean 3.51 0.42 3.55 0.52 3.21 0.48 3.50 0.65 3.63 0.54 
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5.2.2 Tensile Testing 

Tensile testing was performed to determine the tensile strength, Young’s modulus and 

elongation of the MFC materials. An Instron 5567 was used for testing according to 

the test basis of ASTM-D882; a standard testing method for tensile properties of thin 

plastic sheeting. Sand paper flat grips were used to secure the specimens (Figure 5-5). 

A crosshead speed of 5 mm/min, nominal gauge length of 50 mm and a grip distance 

of 74-106 mm were employed during testing. A 1000 N load cell was used for testing 

PLA MFC specimens and a 10 N load cell was used for testing PETG MFC 

specimens. A total of five specimens were tested for each sample.  

 

 

Tensile strength was determined using the maximum load and the average cross 

sectional area within the gauge length of the specimen. Young's modulus was 

determined using stress-strain data from the 0.05 % - 0.25 % strain region. Strain was 

measured using a video extensometer. Due to some specimens breaking outside the 

gauge length and some at the grips, the obtained data from the tests may not give a 

true strength value due to stress concentration, therefore underestimating the actual 

strength of the material. It does, however, give an indication of the strength that the 

material is likely to achieve and most likely exceed if the specimen was to fail inside 

the gauge length and without any stress concentration close to, or at the gripping 

Figure 5-5: Sandpaper grips used to secure tensile specimens during testing. 
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points. For specimens that failed outside the gauge length, the strain data only shows a 

proportion of the maximum elongation and not the actual elongation of the sample. 

 

The MFC specimens did not have a regular and consistent width and thickness as seen 

in Figure 5-4. To compensate for this, the maximum stress was recalculated using the 

width and thickness measurements at which the specimens failed at, and the Young’s 

modulus was recalculated using the mean width and thickness measurements between 

the gauge lengths. If the specimen failed between the two measurements that were 

taken, an average of the area was calculated based on the two measurements 

surrounding the area of break. 

 

Table 5-5 and Table 5-6 show the recalculated tensile strengths, tensile moduli and 

elongations at break for PLA and PETG MFC scaffolds, respectively. For PLA, 

specimens 3 and 4 were tested twice. After failure at the grips, the end at which the 

specimen failed was cut off and re-tested and labelled with ‘a’ after the specimen 

number. 

 

Table 5-5: MFC PLA scaffold strength, stiffness and elongation data obtained from tensile testing. 

BTG = break at top grip, BBG = break at bottom grip, BIGL = break inside gauge length, 

STG = slipping at top grip. 

 

Specimen 
Tensile Strength 

(Mpa) 
Tensile Modulus 

(Mpa) 
Elongation 

(%) 
Notes 

1 23.88 1470 10.49 BTG 

2 15.52 1350 0.42 BBG 

3 14.60 1278 8.13 BBG 

3a 12.47 1070 7.61 BTG 

4 14.01 1225 0.25 BTG 

4a 19.04 1301 23.76 BIGL 

5 10.99 1360 0.33 STG 

Average 15.79 1293.43 - - 
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Table 5-6: MFC PETG scaffold strength, stiffness and elongation data obtained from tensile testing. 

BIGL = break inside gauge length, BOGL = break outside gauge length. 

Specimen 
Tensile Strength 

(Mpa) 
Tensile Modulus  

(Mpa) 
Elongation 

(%) 
Notes 

1 18.37 797 4.00 BIGL 

2 13.01 1208 1.68 BOGL 

3 15.93 1227 1.86 BOGL 

4 11.55 1109 2.41 BOGL 

5 18.37 645 4.15 BIGL 

Average 15.45 997.2 - - 

 

Figure 5-6 illustrates the tensile test specimens for PLA MFC samples. Most 

specimens failed outside the gauge length and at the grip for the PLA specimens. This 

may be due to the gripping ends of the specimens being too narrow, resulting in the 

grip having to be secured more tightly in order to prevent the specimens from 

slipping. Only specimen 4 failed within the gauge length, but did also start to show 

signs of failure close to the top grip. The measured strength of the PLA specimens 

may only be an indication as there was stress concentrated around the grip area and 

therefore cannot be representative of the true strength. Young’s modulus was 

measured using stress-strain data from the 0.05 % - 0.25 % strain region, with an 

average of 1103 MPa. The elongation of the PLA samples was taken from the only 

measurement that failed within the gauge length to be 24 %. 

 

Figure 5-6: MFC PLA tensile test specimens 1 to 5 (top to bottom). Width and thickness dimensions

measured from left to right in 1 cm increments. 
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Figure 5-7 illustrates the tensile test specimens for MFC PETG samples. Two out of 

the five specimens failed within the gauge length. As the specimens did not fail at the 

grip, the tensile strengths obtained from the results were assumed to be the values that 

the MFC PLA samples could achieve. In reality, the values would be higher if the 

specimen failed within the gauge length as demonstrated by the higher strength values 

obtained for specimens 1 and 5 which failed within the gauge length. Young’s 

modulus was determined using stress-strain data from the 0.05 % - 0.25 % strain 

region, with an average of 970 MPa. Elongation of the MFC PETG scaffolds was 

calculated from the average values from specimens that failed inside the gauge length, 

and was measured to be 4.1 %. 

 

 

 

 

In a previous study [80], electrospun material was cut into strips from the electropun 

nanofibrous network. This allowed the width of the electrospun fibres to be more 

consistent. As the electrospun fibres form a randomly orientated, cross-ply, fibrillar 

network, some fibres may not span the whole length of the test specimen and would 

therefore cause some slipping of adjacent fibres during tensile testing. Although this 

may not represent accurate measurements for the material, it does represent 

measurements for the scaffold as a whole. The tensile test results for the electrospun 

scaffolds were used for comparison with the MFC scaffolds. The average strength, 

stiffness and elongation for electrospun PLA were 9.8 MPa, 200 MPa and 27.5 %, 

respectively.  

Figure 5-7: MFC PETG tensile test specimens 1 to 5 (top to bottom). 
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Table 5-7 summarises the tensile properties for MFC PLA, MFC PETG and 

electrospun scaffolds. The tensile strength for the MFC scaffolds can only provide an 

indication of the strength as most specimens failed either outside the gauge length or 

close to the grips. To obtain tensile test data that is more representative, specimens 

can be prepared with larger widths especially at the gripping points. Failure of the 

specimens will also more likely be inside the gauge length if the widths at the two 

ends of the specimens were wider than the width of the gauge length. 

 

Table 5-7: Comparison of MFC PLA, MFC PETG and electrospun PLA scaffold tensile properties 

Sample Tensile Strength 
(MPa) 

Tensile Modulus 
(MPa) 

Elongation 
(%) 

MFC PLA 15.63 1103 24 

MFC PETG 15.45 970 4.08 

Electrospun PLA 9.8 200 27.5 
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5.3 Chemical Properties 

The chemical composition of the final scaffold was analysed using fourier transform 

infrared spectroscopy (FTIR) to determine its purity and to see if the matrix 

component of the extracted blend had been completely removed.  

5.3.1 Fourier transform infrared spectroscopy (FTIR) 

FTIR was used to determine the composition of the final scaffold after removal of the 

water soluble PVA component of the blend filament. PLA, PVA and PETG pellets 

were processed into a film through hot compression moulding and used for FTIR 

analysis (Figure 5-8). The FTIR spectra for these polymer films were them compared 

to the FTIR spectra for PLA and PETG scaffolds from which PVA had been 

extracted.  

 

Figure 5-8: PVA, PLA and PETG pellets were processed into films by hot compression moulding for

FTIR analysis. 
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Figure 5-9 shows the FTIR spectra for PETG scaffold, PETG film and PVA film. The 

PETG scaffold was immersed in a water bath for seven days during the extraction 

period and still contained PVA as shown by the peak in absorbance levels around 

3600 cm-1, similar to that on the PVA film spectrum. This suggested there was 

presence of PVA still left within the blend. In addition to this peak in the PETG 

scaffold’s absorbance spectrum, the weight percentage after extraction was 45 % 

compared to the original PETG weight percent of 30 % (section 3.2.3), which verified 

that there was still a substantial amount of PVA in the PETG scaffold. The 

semi-transparent scaffold shown in Figure 5-10 is characteristic of a PETG scaffold 

with a considerable amount of PVA present. 

 

Figure 5-9: FTIR spectra for PETG scaffold, PETG film and PVA film. The PETG scaffold was

immersed in a water bath with a temperature less than 40°C for 7 days. 
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Figure 5-10: PETG scaffold immersed in a water bath for 7 days at a temperature less than 40°C. This

produced a semi-transparent scaffold. 
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Figure 5-11: FTIR spectra of PETG scaffold, PETG film and PVA film. The PETG scaffold was

immersed in a water bath for 10 days. 
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Figure 5-12: PETG scaffold immersed in water bath for 10 days during extraction. A thin and opaque

structure was produced. 

 

The FTIR spectrum for the PETG scaffold in Figure 5-11 shows that by increasing the 

numbers of days that the scaffold is immersed in water to 10 days, PVA was 

completely removed and extracted from the blend filament. The spectra for the PETG 

scaffold and the PETG film were very similar and the PETG scaffold showed no 

presence of PVA. The final percentage of 18 % PETG in the scaffold was also much 

lower than the original 30 % (section 3.2.3) which provided further evidence that 

there was no PVA left in the blend. Figure 5-12 also illustrates a white coloured 

PETG scaffold with no transparency which is most likely caused by PVA still being 

left inside the blend. The scaffold was also observed to be thinner and less stiff 

compared to the scaffolds with PVA present, which have been observed to be thicker 

and stiffer. 
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Figure 5-13: FTIR spectra for PLA scaffold, PLA film and PVA film. The PLA scaffold (thick) was

immersed in a water bath with a temperature less than 40°C for 10 days. 
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Figure 5-14: PLA scaffold soaked in a water bath for 10 days at a temperature less than 40°C. This

produced a slightly opaque scaffold with some solid white areas and some semi-transparent areas. 

 
Figure 5-13 illustrates the FTIR spectra for the MFC PLA scaffold and the pure PLA 

and PVA films. The spectra for the PLA scaffold and the pure PLA film were very 

similar, which showed that most of the PVA was removed from the PLA/PVA blend 

filament after 10 days in a water bath. The PLA scaffold shown in Figure 5-13 and 

Figure 5-14 was thicker than the PLA scaffold in Figure 5-15 and Figure 5-16. The 

slight peak around 3600 cm-1 on the thicker PLA scaffold spectrum suggested that 

there were still slight traces of PVA left in the PLA scaffold. In addition to this, the 

weight percentage of the PLA scaffold after PVA extraction was 23 % compared to 

the 20 % of PLA that was originally in the blend (section 3.2.3), which again, 

demonstrated there were still traces of PVA inside the PLA scaffold. Figure 5-14 

shows the opaque PLA scaffold with some areas being slightly transparent.   
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Figure 5-15: FTIR spectra for PLA scaffold, PLA film and PVA film. The PLA scaffold (thin) was

immersed in a water bath with a temperature less than 40°C for 10 days. 
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Figure 5-15 illustrates the FTIR spectra for PLA scaffold, PLA film and PVA film. 

After being immersed in a water bath for 10 days, the final percentage of PLA 

remaining in this thinner sample of PLA scaffold (compared to the sample in Figure 

5-13 and Figure 5-14) was 19 % compared to the initial 20 % (section 3.2.3). It can be 

seen that the spectra for PLA scaffold and PLA film are very similar, where the PLA 

scaffold shows no presence of PVA. Figure 5-16 illustrates the PLA scaffold is 

completely white overall and has no translucent or clear areas, confirming that PVA 

has been completely removed from the blend, producing a pure PLA scaffold. 

 

Figure 5-16: PLA scaffold immersed in water bath for 10 days during extraction. This sample is

opaque and has no traces of PVA left.  
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Chapter 6	

Scaffold	Cytocompatibility	

Assessments	‐	Osteoblasts	
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Biocompatibility is a crucial factor which must be addressed when determining the 

suitability of materials for use as a tissue scaffold. Cell culture techniques can be used 

to analyse many biological aspects when assessing biomaterials, such as 

biocompatibility, cell-substrate interactions and cell proliferation. In this chapter, 

MC3T3-E1 mouse osteoblastic cells are used for preliminary scaffold 

cytocompatibility tests by conducting live/dead staining and alamarBlue® assays. 
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6.1 Sterilisation Method Effects on Cell Morphology   

6.1.1 Cell growth on autoclaved versus electrospun scaffolds 

To maintain and adhere to the sterile environments of cell culture, the sterilisation of 

scaffolds was required. This was initially achieved by autoclaving the materials at 

121°C to expose them to a moist environment with high temperature and pressure 

which destroys all spores and microbes and viruses. The behaviour of cells was first 

studied by culturing osteoblasts on electrospun scaffolds that were sterilised via 

autoclaving.  

 

Figure 6-1 suggests osteoblasts have grown on the autoclaved electrospun PET 

scaffold. Although the cells have not covered the surface of the scaffold entirely, they 

have managed to integrate into the scaffold and embedded themselves within the 

structure.  

 

 

Figure 6-2 shows the cells have completely covered the surface of the electrospun 

PLA thin scaffold and have almost entirely covered the scaffold surface on the 

electrospun PLA thick scaffold. The electrospun scaffold can be seen underneath the 

cells, in between the gaps.  

Figure 6-1: Representative images of MC3T3-E1 osteoblast-like cells cultured for 7 days on

electrospun PET scaffolds, sterilised via autoclaving.  
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Figure 6-3 illustrates the corresponding fluorescence images of live/dead stained cells 

cultured in parallel to those in Figure 6-1 and Figure 6-2. The cells on the PET 

scaffold do not cover the scaffold evenly and are less confluent than the cells on the 

PLA scaffolds. There were a few dead cells present on all three scaffolds, although 

this was unlikely to be relevant as dead cells were also present in the control wells. On 

all three scaffolds that have been sterilised via autoclaving, cells have grown and 

either embedded themselves into the scaffold or attached to the surface of the 

scaffold. This shows that the cells can adhere to and grow on autoclaved electrospun 

scaffolds. 

 

 
 

 

Figure 6-3: Representative combined live/dead images of MC3T3-E1 osteoblast-like cells cultured for

7 days on electrospun scaffolds fabricated from a) PET, b) PLA (thin) and c) PLA (thick), sterilised via

autoclaving.  

a) b) c) 

400 µm

Figure 6-2: Representative images of MC3T3-E1 osteoblast-like cells cultured for 7 days on

electrospun PLA scaffolds, sterilised via autoclaving, with a) thin and b) thick dimensions.  

a) b) 
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6.1.2 Sterilisation of MFC scaffolds 

After experimenting with sterilisation of electrospun scaffolds by autoclaving, the 

next step was to move onto sterilisation of MFC scaffolds. Although the cells have 

been shown to grow well on autoclaved electrospun scaffolds, due to the high 

temperatures of the autoclaving procedure, the polymers are still likely to be affected, 

even if their softening and melting temperatures are higher than the typical 

autoclaving temperature of 121°C. There was no doubt that it caused some structural 

differences after autoclaving the MFC scaffolds, which could be seen from the 

warping of the materials. When the scaffold warps, they do not lay flat on the culture 

dish and will cause the cells to attach and adhere onto the culture dish instead of the 

scaffold when seeded. A solution used to reduce the warping tendency caused by 

autoclaving, was to leave the MFC scaffolds attached to their stainless steel wire 

frame used during production. This provided structural support for the scaffold whilst 

it was being exposed to conditions that encouraged it to change its physical structure. 

This method did prove to reduce the warping of the scaffolds, even after autoclaving, 

however, it also introduced new difficulties in handling of the sterile scaffold when 

preparing for cell culture, as the scaffolds needed to be cut to the appropriate size and 

shape to be used for culturing cells. 

 

An alternative method for sterilising the scaffolds was to immerse them in 70 % 

ethanol, then expose them to ultraviolet (UV) light. To avoid the scaffolds from 

folding onto themselves and causing additional difficulties in handling, it was 

necessary to manufacture the scaffolds with sufficient thickness. The MFC scaffold 

thickness was adjusted during production to give them a rigid structure that could be 

handled easily for cell culture. The rigidity of implant material and ease of handling 

are important factors to consider, not just for support of cells but also for surgical 

handling purposes.  

 

Figure 6-4 illustrates the difference in scaffold topography when using different 

sterilisation methods. Sterilising using ethanol retains the original structure of the 

fibrillar architecture whereas autoclaving modifies this and creates a 3D 
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interconnected network. The structure of the scaffold in Figure 6-4a caused by 

autoclaving may not necessarily be a negative effect. The edges seem smoother once 

the scaffolds were autoclaved, unlike the sharper edges on the original scaffolds. The 

PVA which may have not been completely removed from the blend during the matrix 

extraction stage of scaffold production has softened during autoclaving, creating that 

smooth transition between the connection points of the fibrils. The PVA also acts as a 

glue to bond the crossing fibrils together, and is possibly responsible for the 

interconnected structure formed. By autoclaving the PLA MFC scaffolds, a new 

architecture was formed and may also have potential for use in various scaffold 

applications. 

 

Osteoblasts were cultured on MFC PLA scaffolds sterilised using the two methods, 

autoclaving and 70 % ethanol, with the difference shown in Figure 6-5 after seven 

days of culture. The live cells on both the scaffolds are clustered into groups and have 

attached onto the scaffold after seven days. Due to the successful growth of 

osteoblasts on MFC scaffolds sterilised using 70 % ethanol, all subsequent scaffolds 

used for experiments were sterilised by soaking in 70 % ethanol. 

 

 

 

 

 

 

Figure 6-4: Representative images of MFC PLA scaffolds, sterilised via a) autoclaving and b) 70 %

ethanol. 

a) b) 
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Figure 6-5: Representative images of MC3T3-E1 osteoblast-like cells cultured for 7 days on MFC PLA

PLA scaffolds, sterilised via a) autoclaving and b) 70 % ethanol. 

a) b) 

400 µm 
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6.2 Cell Attachment and Morphology 

Following on from the study of cell growth on scaffolds sterilised using different 

methods, the next step was to assess the cell growth on MFC scaffolds compared with 

the cell growth on electrospun materials, using the same sterilisation method. 

6.2.1 Fluorescent Microscopy 

6.2.1.1 Live/Dead	Staining	

Figure 6-6 illustrates cells that have been cultured for three days on four different 

surfaces. There are only a few cells overall on the MFC scaffolds, and although there 

are more live cells on the electrospun scaffold, there are also more dead cells present. 

Figure 6-7 illustrates the osteoblasts cultured for seven days. There are more cells 

seen on the MFC PLA scaffold although not confluent as seen on the MFC PETG and 

electrospun PLA scaffolds. Figure 6-8 and Figure 6-9 illustrates the osteoblasts 

cultured on the scaffolds on day 14 and day 20, respectively. All scaffolds have been 

covered with a confluent layer of cells by day 14. Representative images were 

obtained from three repeated biological experiments. 
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MC3T3-E1 osteoblasts on day 3 
  

Figure 6-6: Representative images of MC3T3-E1 osteoblast-like cells cultured for 3 days on a) MFC

PLA scaffolds, b) MFC PETG scaffolds, c) electrospun PLA scaffolds and d) plastic control. 

400 µm 

a) b) 

c) d) 
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MC3T3-E1 osteoblasts on day 7 
 

  

Figure 6-7: Representative images of MC3T3-E1 osteoblast-like cells cultured for 7 days on a) MFC

PLA scaffolds, b) MFC PETG scaffolds, c) electrospun PLA scaffolds and d) plastic control. 

 

400 µm 

a) b) 

c) d) 
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MC3T3-E1 osteoblasts on day 14 
 
  

Figure 6-8: Representative images of MC3T3-E1 osteoblast-like cells cultured for 14 days on a) MFC

PLA scaffolds, b) MFC PETG scaffolds, c) electrospun PLA scaffolds and d) plastic control.	

400 µm 

a) b) 

c) d) 
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MC3T3-E1 osteoblasts on day 20 
 
  

d) 

Figure 6-9: Representative images of MC3T3-E1 osteoblast-like cells cultured for 20 days on a) MFC

PLA scaffolds, b) MFC PETG scaffolds, c) electrospun PLA scaffolds and d) plastic control.  

400 µm 

a) b) 

c) d) 
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6.2.2 Scanning Electron Microscope (SEM) 

Osteoblasts were also cultured on scaffolds for SEM analysis and were run in parallel 

to the live/dead staining assays conducted. The live/dead images suggested that cells 

attach onto the scaffold and grew in an alignment parallel to the direction of the blend 

filament orientation. SEM images also lead to realisations that in some cases, the 

alignment of the blend filament does affect the microstructure of the scaffolds. Figure 

6-10 illustrates a randomly aligned and uni-directionally aligned MFC PLA scaffold 

with a noticeable difference between their structures. 

 

 
 
By comparing the microstructures of the two scaffolds, the randomly aligned scaffold 

has a rough and random morphology compared to the tidier, slightly more directional 

morphology of the aligned scaffold. Although the fibrils in the aligned PLA scaffold 

are not all orientated in the same direction, the overall structure seems to be more 

Figure 6-10: MFC PLA scaffold produced using a) randomly aligned PLA/PVA and b)

uni-directionally aligned PLA/PVA blend filaments. 

a) 

b) 
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fibrillar. It has been noticed that within the same scaffold, the microstructure can vary 

drastically. The difference could be due to the PVA extraction stage of production, 

where the amount of PVA removed and the method it is removed could play a 

significant role in the different structures produced. The structural changes due to 

alignment of the blend filament in later studies compared to initial studies where the 

alignment did not make any difference to the morphology, will need to be further 

studied to clarify the reasoning behind this change.  

 

Figure 6-11 illustrates osteoblasts cultured for seven days on aligned MFC PLA. It is 

noticeable that the aligned fibrillar structure has provided a directional signal for the 

cells to follow, as they can be seen to grow in the same direction as the fibre direction. 

It should be noted that these cells have also integrated into the scaffold structure much 

like the cells grown on electrospun PET in Figure 6-1. The migration of cells 

underneath the fibrils may very likely be due to the looseness of the unidirectional 

fibrils which have allowed the cells to integrate into the scaffold's structure.  

 

Figure 6-12 shows the aligned tendency of the MFC PETG scaffold at lower 

magnifications, although at higher magnifications the structure may seem randomly 

orientated. This aligned structure is enough for cells to detect and follow the direction 

of the structure during growth as seen in Figure 6-13, which are cells on MFC PETG 

scaffolds after 10 days of cell culture. 

 

Figure 6-11: MC3T3-E1 osteoblast-like cells cultured for 7 days on aligned MFC PLA scaffolds,

sterilised using ethanol. Cells align to the direction of the fibrils and are able to migrate underneath the

PLA fibrils. 
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SEM images were also obtained from cells throughout a 20 day culture period. The 

images from Figure 6-14 to Figure 6-25 were from experiments that were run in 

parallel with the live/dead staining images from Figure 6-6 to Figure 6-9. Figure 6-14 

illustrates the cells have started to cover the PLA scaffold on day 3. Cells on MFC 

PETG in Figure 6-15 have already covered the majority of the scaffold surface after 

just three days, and Figure 6-16 shows the cells are still quite patchy on electrospun 

scaffolds. On day 7, the cells on MFC PLA in Figure 6-17 still have cell-free areas on 

the scaffold compared with the confluent layer of cells on MFC PETG in Figure 6-18 

which has covered the entire scaffold surface. Figure 6-19 shows the cells have 

covered more of the scaffold after seven days of growth on the PLA electrspun 

scaffolds compared to day 3. By day 14, cells on MFC PLA have covered the majority 

of the scaffold, as seen in Figure 6-20. White specs on the MFC PLA scaffolds were 

also observed on the cells grown on MFC PETG scaffolds on day 14 (Figure 6-21). 

They also started appearing on the electrospun PLA scaffolds (Figure 6-22). Finally 

on day 20, Figure 6-23 shows the MFC PLA scaffold was still not entirely covered, 

while in Figure 6-24 and Figure 6-25, the cells became too confluent to be able to 

detect a noticeable difference compared to day 14. 

 

Figure 6-12: Blank MFC PETG scaffold with no cells, cultured for 10 days. 
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Figure 6-13: Representative images of MC3T3-E1 osteoblast-like cells cultured for 10 days on aligned

MFC PETG scaffolds. Cells align in the direction of the fibrils.  
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Figure 6-14: Representative ESEM images of MC3T3-E1 osteoblast-like cells cultured

for 3 days on MFC PLA scaffolds. 

Figure 6-15: Representative ESEM images of MC3T3-E1 osteoblast-like cells cultured

for 3 days on MFC PETG scaffolds. 
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Figure 6-16: Representative ESEM images of MC3T3-E1 osteoblast-like cells cultured

for 3 days on electrospun PLA scaffolds. 

Figure 6-17: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 7 days on MFC PLA scaffolds. 
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Figure 6-18: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 7 days on MFC PETG scaffolds. 

Figure 6-19: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 7 days on electrospun PLA scaffolds. 
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Figure 6-20: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 14 days on MFC PLA scaffolds. 

Figure 6-21: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 14 days on MFC PETG scaffolds. 
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Figure 6-22: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured 

for 14 days on electrospun PLA scaffolds. 

Figure 6-23: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 20 days on MFC PLA scaffolds. 
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Figure 6-24: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 20 days on MFC PETG scaffolds.

Figure 6-25: Representative SEM images of MC3T3-E1 osteoblast-like cells cultured

for 20 days on electrospun PLA scaffolds. 
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Figure 6-26: Osteoblast cell number ratio across the 20 day culture period on all scaffolds, relative to

their respective day 1 cell numbers. 

6.3 Cell Proliferation 

6.3.1 alamarBlue® Assay 

The alamarBlue® assay was initially carried out on PLA and PETG MFC scaffolds as 

well as on electospun scaffolds. It provides a quantitative analysis that is indicative of 

the cell numbers on the scaffolds. Figure 6-26 illustrates the number of MC3T3-E1 

osteoblasts present on the scaffolds relative to each scaffold's day 1 cell numbers. 

Throughout the 20 day culture period, all three scaffolds had an increasing trend in 

cell numbers. Both PLA and PETG MFC scaffolds increased in cell numbers at a 

higher rate than the electrospun scaffold. The PLA MFC scaffold increased in cell 

numbers by 12.9 times on day 20, compared to day 1. The cell number ratio reached a 

peak on day 10 for PETG MFC scaffolds with 10.5 times more cells on day 10 than 

on day 1. Cell number ratios on electrospun scaffolds reached a peak of 6.3 by the end 

of the 20 day culture period. The alamarBlue® assay was conducted once using 

osteoblasts, to study the preliminary cell proliferation potential on the MFC scaffolds.  
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6.4 Cell Differentiation 

6.4.1 Alizarin Red Assay 

Alizarin red staining was used to evaluate calcium deposits by cells during culture. 

MFC PETG and PLA scaffolds were placed into a 24-well plate to perform initial 

trials using the alizarin red dye to evaluate the effects of the dye on the scaffolds. 

Figure 6-27 shows the initial MFC scaffold colour. After addition of the dye and 

removal with several washes, the dye has been absorbed into the scaffold as seen in 

Figure 6-28. Absorbance levels also suggested high levels of calcium were present on 

the blank scaffolds, which were inaccurate. Hence, this method was not used for 

further studies of calcium deposits from the cells on the scaffolds.  

 

 

 

Figure 6-27: MFC scaffolds after distilled water wash. PETG scaffolds on top row and PLA scaffolds

on bottom row. Initial scaffold colour was white and opaque. 

Figure 6-28: MFC scaffolds after soaking in alizarin red. PETG scaffolds on top row and PLA

scaffolds on bottom row. Scaffolds retained the alizarin red dye, seen by the pink colour, and may

affect the results of further studies. 
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Chapter 7	

Scaffold	Cytocompatibility	

Assessments	‐	Tenocytes	
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Following on from preliminary biological testing of the MFC scaffolds with 

osteoblasts, the next step was to test the MFC scaffolds with another cell type and to 

further assess the scaffold cytocompatibility. In this chapter, primary rat tenocytes are 

used to verify the cytocompatibility of the scaffolds using live/dead staining, 

quantitative viability of cells are assessed using alamarBlue® assays, collagen 

deposition is examined using Sirius red assays and finally, gene expression of 

tenocyte markers are analysed using real-time PCR. 
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7.1 Cell Attachment and Morphology 

7.1.1 Live/Dead Staining 

The morphology of the tenocytes was studied by conducting live/dead staining 

throughout the 14 day culture period. Experiments were conducted three times with 

similar results. Figure 7-1 illustrates the tenocytes cultured on MFC PLA, MFC 

PETG, electrospun PLA and plastic control on day 2. There were not many cells seen 

on the scaffolds overall. By day 7, the MFC PETG scaffold was completely colonised 

by the primary rat tenocytes, as seen in Figure 7-2. Although there may be an increase 

in the number of cells on the electrospun PLA scaffold, the rounded cell shape 

indicates the degrading health of the cells, unlike the elongated healthy morphology 

seen on the MFC PETG scaffolds. On day 14 (Figure 7-3), the tenocytes on MFC 

PETG attached well and covered the entire surface of the scaffold. The cell shape was 

nicely elongated and the growth seemed to be directionally aligned with the scaffold's 

surface topography. Cell numbers also increased on the MFC PLA scaffold and they 

also seemed to be growing in a directional manner, in line with the direction of the 

scaffold fibre alignment. Although the cell numbers on the electrospun PLA scaffold 

also increased, the cell shape of the tenocytes did not suggest healthy tenocytic cells. 

Dead cells appeared to be present on the electrospun scaffolds, whereas there were no 

dead cells present on the MFC scaffolds. Representative images of primary rat 

tenocytes in Figure 7-1 to Figure 7-3 were obtained from three repeated biological 

experiments. 
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a) 

 
 
 
 
 
 

Primary rat tenocytes on day 2 
  

Figure 7-1: Representative images of primary rat tenocytes cultured for 2 days on a) MFC PLA

scaffolds, b) MFC PETG scaffolds, c) electrospun PLA and d) plastic control.	

400 µm 

b) 

c) d) 

a) 
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Primary rat tenocytes on day 7 
 

  

Figure 7-2: Representative images of primary rat tenocytes cultured for 7 days on a) MFC PLA

scaffolds, b) MFC PETG scaffolds, c) electrospun PLA and d) plastic control. 

b) 

c) 

a) 

d) 

 400 µm 
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Primary rat tenocytes on day 14 
 
   

Figure 7-3: Representative images of primary rat tenocytes cultured for 14 days on a) MFC PLA

scaffolds, b) MFC PETG scaffolds, c) electrospun PLA and d) plastic control. 

400 µm 

a) b) 

c) d) 
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7.1.2 Scanning Electron Microscopy (SEM) 

Figure 7-4 illustrates primary rat tenocytes cultured for 2 days on MFC PLA and 

PETG scaffolds, PLA electrospun scaffolds and plastic cover slip. On day 2, there 

were only a few cells seen on the scaffolds. For all samples except plastic cover slips, 

the control scaffold without cells was subjected to the same culture process as the 

scaffolds with cells. This applied to all the control scaffolds throughout the 14 day 

culture period.  

 

Figure 7-5 illustrates primary rat tenocytes on all scaffolds cultured for 7 days. The 

cell morphology differed across the three scaffolds with cells on the electrospun 

material appearing to be more individual and isolated compared to the cells on the 

MFC scaffolds, which seemed to interact more closely, possibly from the cells being 

more confluent, especially on the MFC PETG scaffold. 

 

Figure 7-6 illustrates primary rat tenocytes on all scaffolds cultured for 14 days. The 

MFC scaffolds have been covered with a confluent layer of live cells whereas the 

electrospun scaffold still has cell-free areas. 

 

Representative images of primary rat tenocytes from Figure 7-4 to Figure 7-6 were 

obtained from two repeated biological experiments. The difference in cell morphology 

seen across all three scaffolds might be due to the varying porosities and surface 

topographies seen from the control scaffolds with no cells. The tenocyte growth on 

the SEM images matches the growth seen from the live/dead staining images and has 

demonstrated the scaffold's cytocompatibility.   
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Figure 7-4: Representative images of primary rat tenocytes cultured for 2 days on a) MFC PLA

scaffold, b) MFC PETG scaffold c) electrospun PLA scaffold and d) plastic cover slip. Images on the

left hand side are control scaffolds cultured without cells.  

a) 

b) 

c) 

d) 
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Figure 7-5: Representative images of primary rat tenocytes cultured for 7 days on a) MFC PLA

scaffold, b) MFC PETG scaffold c) electrospun PLA scaffold and d) plastic cover slip. Images on the

left hand side are control scaffolds cultured without cells.  

a) 

b) 

c) 

d) 
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a) 

b) 

c) 

d) 

Figure 7-6: Representative images of primary rat tenocytes cultured for 14 days on a) MFC PLA

scaffold, b) MFC PETG scaffold c) electrospun PLA scaffold and d) plastic cover slip. Images on the

left hand side are control scaffolds cultured without cells.  
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7.2 Cell Proliferation 

7.2.1 alamarBlue® Assay 

Figure 7-7 illustrates the number of primary rat tenocytes present on the scaffolds 

relative to each scaffold's day 1 numbers over the 14 day culture period. The cell 

number ratios increased over the 14 day culture period for both the PLA and PETG 

scaffolds, with cells on PETG increasing at a higher rate than on PLA. MFC PLA 

increased 9.4 times in cell numbers by day 14 compared to the day 1 cell numbers. 

Cell numbers on MFC PETG scaffolds increased by 11.5 times and cells on plastic 

control increased by 4 times by day 14. alamarBlue® assays conducted for tenocytes 

on scaffolds were repeated three times with all three experiments following a similar 

trend of increasing cell numbers over the culture period.  

 

 

 
 

Figure 7-7: Tenocyte cell number ratios across the 14 day culture period on scaffolds, relative to their 

respective day 1 cell numbers. 
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7.3 Cell Differentiation 

7.3.1 Sirius Red Assay 

Sirius red assays provide a quantitative micro-assay tool for determining the total 

amount of collagen in cultured cells. The materials were tested without cells initially, 

to determine how they behave when stained with Bouin’s fixative and Sirius red. 

Figure 7-9 shows the MFC scaffolds before soaking in Bouin’s fixative and Sirius red. 

The scaffolds were white in colour with PETG being slightly more transparent than 

PLA. 

Figure 7-8 shows the scaffolds after soaking in Bouin’s fixative and Sirius red. Both 

MFC PETG and PLA scaffolds have retained the Sirius red dye, especially the PETG 

scaffold, seen from the bright red colours. The absorbance readings obtained are 

determined from the eluted colour resulting from stained cells which have been 

seeded onto scaffolds. Due to the scaffolds retaining a visible amount of the Sirius red 

dye, background readings may affect the final results.  

 

 

Figure 7-8: a) PETG and b) PLA scaffolds before soaking in Bouin’s fixative and Sirius red. 

a) b)

Figure 7-9: PETG (top row) and PLA (bottom row) scaffolds after soaking in Bouin’s fixative and

Sirius red. PETG material appears to absorb and retain the Sirius red dye more than PLA material. 
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7.3.2 Standard Curves  

To compensate for the background readings caused from the extra absorption of the 

Sirius red dye onto the scaffolds, the standard curves were conducted on blank 

scaffolds as opposed to using plastic culture plates. Standard curves were used to 

determine the collagen levels deposited from cultured cells.  

 

Figure 7-10 illustrates the linear line from standard curves used for the determination 

of the collagen levels from the tenocytes on the MFC PLA and MFC PETG scaffolds 

throughout the 14 days of culture. The R2 value indicates how well the data fits a 

linear line. It is ideal for standard curves to possess R2 values as close to 1 as possible, 

although it is difficult to achieve due to the experimental inaccuracies caused by 

issues such as material absorption of the dye. The standard curve for the PLA and 

PETG scaffolds had an R2 value of 0.768 and 0.889, respectively.  
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Figure 7-10: Standard curves for MFC PLA and PETG scaffolds.	
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7.3.3 Assessment of Collagen Deposition 

The absorbance values obtained from Sirius red experiments across the 14 day culture 

period produced a noticeable increasing trend for both scaffolds as seen in Figure 

7-11, with the PLA scaffolds expressing higher values than the PETG scaffolds. The 

steady increase in absorbance values over the culture period suggests that the collagen 

concentration values were also likely to increase. The values were obtained from two 

biological repeats, each conducted in triplicates. 

 
 

 

Collagen levels from the cell-seeded scaffolds were determined using the standard 

curves for the MFC scaffolds on days 2, 7 and 14. The absorbance values for the 

blank scaffold controls were subtracted from the absorbance values for the tenocytes 

cultured on the scaffolds to obtain an average set of absorbance values for the 

tenocytes on the MFC scaffolds. This was done to minimise any errors caused by 

Figure 7-11: Absorbance levels for tenocytes cultured on MFC PLA and PETG scaffolds over the 14

day culture period. 
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background absorbance readings. Collagen levels for both MFC PLA and MFC PETG 

do increase at some point throughout the culture period of 14 days (Figure 7-12). 

Collagen levels have increased on day 7 of culture for MFC PETG scaffolds and on 

day 14 for MFC PLA scaffolds. This assay was only conducted successfully once and 

further studies are required to confirm the collagen levels on the MFC scaffolds.  

 
 

 

 

Figure 7-12: Collagen concentration levels for tenocytes cultured on MFC PLA and PETG scaffolds

over the 14 day culture period. 
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7.4 Gene Expression Analysis 

7.4.1 RNA Extraction 

Nanodrop analysis was conducted on the extracted RNA to determine concentration 

levels and the quality of the samples. The concentration levels were adjusted to the 

same concentration for each sample in each biological test before conducting reverse 

transcription. Across the three biological experiments, the RNA levels were adjusted 

to a concentration in the range 135 - 220 ng. The ratio of absorbances measured at 

wavelengths of 260 nm and 280 nm was used to assess the purity of the RNA. A ratio 

of approximately 2.0 is generally accepted as pure for RNA. The 260/280 ratios 

obtained for all samples of RNA ranged from 1.48 - 2.04. 

7.4.2 Real‐Time  Reverse  Transcription  Polymerase  Chain 

Reaction (RT‐qPCR) 

RT-qPCR was carried out using three biological repeats and two technical repeats for 

each biological experiment. PLA and PETG MFC scaffolds were used to culture 

tenocytes over a period of 14 days. Figure 7-13 illustrates the combined gene 

expression levels for all three biological repeats. There was no significant difference 

in collagen I expression between the PLA and PETG samples, and the levels 

expressed remained similar across the entire culture period. Although collagen III 

expression levels for PLA scaffolds appeared higher than those for PETG scaffolds, 

there was no significant difference. There was however, a noticeable decrease in 

expression levels across the culture period. Scleraxis was expressed in significantly 

higher levels for the PLA scaffold on day 7 compared to on the PETG scaffold. There 

was an increasing trend for both scaffolds across the culture period. Tenomodulin was 

expressed significantly higher in PLA scaffolds on day 14 compared to PETG 

scaffolds, and had a general increasing trend for both scaffolds. There was a 

significantly higher expression level of aggrecan for PLA scaffolds on day 7 and day 

14 compared to expression levels for PETG scaffolds. Aggrecan expression remained 

low for PETG and appeared to increase on PLA scaffolds throughout the 14 day 
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culture period. Runx2 was expressed significantly higher on PLA scaffolds on day 1 

compared to PETG scaffolds. There was a general decreasing trend in Runx2 

expression levels over the 14 day culture period.  

 

Collagen I and III are the main components of the extracellular matrix in tendon [81] 

and are required in the repair of tendon. Collagen III is important in the early repair of 

tenocytes, especially the first stage of repair where tenocytes remodel the early 

collagen III and replace it with collagen I. The tenocytes lay down collagen III 

initially, which is thicker but has lower strength, and is then replaced by collagen I in 

later stages, which exhibits a higher strength to provide more support. The fact that 

collagen III is decreasing over the culture period for both the PLA and PETG 

scaffolds show that this aligns with the characteristics of collagen III. Scleraxis has 

been found to be a highly specific marker of all the connective tissues including the 

tendon lineage and is an early marker of tenocyte formation and differentiation. 

Scleraxis is an early marker for tenocytes while tenomodulin is a later marker [82]. 

The general increase in scleraxis expression levels for both scaffolds over the culture 

period demonstrates tenocytic behaviours. Tenomodulin is a good phenotypic marker 

for tenocyteas [82], and has been suggested to be a regulator of tenocyte proliferation. 

Tenomodulin plays an important role in tendon development, vascularisation and the 

organisation of tendinous structure [83]. The initial low values expressed for both 

scaffolds followed by an increase later on in the culture period conforms to the fact 

that tenomodulin is a later marker for tenocytes. Aggrecan is a marker of chonrocytes, 

however is also present in tendons in small amounts. Higher expression for PLA 

scaffolds could either mean the tenocytes have chondrocytic tendencies, or they are 

laying down more ground matrix. Low expression levels of aggrecan in PETG 

scaffolds represent a positive sign that the tenocytes are still behaving as tenocytes. 

Runx2 is a marker of osteoblasts and although there appears to be higher initial 

expression levels for the PLA scaffold, which may indicate an osteoblastic behaviour, 

the decrease in expression levels over the culture period suggests that the tenocytes 

are not developing into osteoblasts.  

 

Overall, collagen III, scleraxis and tenomodulin expression levels have shown to 

coincide with tenocytic behaviours for both the PLA and PETG scaffolds. Low 
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aggrecan and Runx2 expression levels for PETG scaffolds indicate low possibilities of 

chondrocytic and osteoblastic behaviour. The decrease in Runx2 expression for PLA 

scaffolds also indicates a decrease of osteoblastic possibilities. Collagen I expression 

levels should theoretically increase and will need to be further studied. The increasing 

levels of aggrecan on PLA scaffolds could possibly lead to a chondrocytic behaviours 

and will need to be further studied to determine the fate of the cells. 
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Figure 7-13: Combined gene expression for primary rat tenocytes cultured on MFC 

PLA and PETG scaffolds obtained from 3 biological experiments. 
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Chapter 8	

Conclusions	
 

 

 

 

8.1 Conclusions 

The main objective of this study was to develop MFC/NFC matrices that can be used 

as tissue engineered scaffolds. The following summarises are the main conclusions 

that can be drawn from this research: 

 

 MFC scaffolds manufactured using PLA and PETG possess porous structures 

which can be used for biological analysis by cell culture techniques. In this 

study, PVA, which is water soluble, is used for the matrix component in the 

polymer blend to create the blend filament and thus allows these scaffolds to 

be manufactured without using organic solvents.  

 

 The nanostructures of the PLA and PETG MFC/NFC scaffolds fabricated 

from PLA/PVA and PETG/PVA blends, respectively, consists of a three-

dimensional, interconnected and porous network compared to the fibrillar 

structure of electrospun scaffolds. The MFC technique can be utilised to also 

produce fibrillar networks much like the electrospun fibres, by choosing 

polymer blends that do not form hydrogen bonds. This makes the MFC 

technique an attractive manufacturing method as it can produce various 

structures by adjusting the polymers used. 
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 Sterilisation of the manufactured scaffolds by soaking in 70% ethanol and then 

exposing to UV radiation proved to be sufficient for cell culture studies. There 

were no contamination issues that occurred due to inefficient sterilisation 

when the process was carried out this way.  

 

 Mouse osteoblastic MC3T3-E1 cells have been seen to attach onto the surface 

of the MFC scaffolds to form a confluent layer after 14 days of culture. Cells 

appear to grow in the same direction as the alignment of the scaffolds. The 

number of cells increases over the 20 day culture period at a higher rate when 

cultured on MFC scaffolds compared to the rate on electrospun scaffolds. 

 

 Primary rat tenocytes were cultured on MFC scaffolds to further study the 

MFC scaffold cytocompatibility. Cell numbers over the 14 day culture period 

appear to increase at a higher rate on the MFC scaffolds compared to the rate 

on electrospun scaffolds. Tenocytes also appear to grow and align in the 

direction of the fibre orientation of the scaffolds. 

 

 Sirius red assays suggest the collagen levels of the cells on the MFC scaffolds 

increase over the culture period, which is important for cell and tissue growth 

and imperative if these are to be used to improve tissue healing outcomes.  

 

 Gene expression studies using tenocytes cultured on MFC scaffolds show that 

collagen III, scleraxis and tenomodulin expression levels demonstrate these 

cells are retaining their tenocytic behaviours on both the PLA and PETG MFC 

scaffolds. Low aggrecan and Runx2 expression levels for PETG scaffolds 

indicate low risk of these cells demonstrating chondrocytic and osteoblastic 

behaviour. The decrease in Runx2 expression for PLA scaffolds also indicates 

a decrease of osteoblastic possibilities. Tenocytes are highly disposed to 

trans-differentiation, so low chondrocytic and osteoblastic expressions are 

desired when culturing tenocytes. The tenocytic behaviour of the cultured 

tenocytes show that the cells are behaving in an encouraging way on the MFC 

scaffolds. 
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8.3 Future Work 

There are numerous aspects of this research that can be further developed and studied 

and are summarised as follows:  

 

 As porosity is an important property of the scaffold, the study of how it can be 

controlled during manufacturing will contribute to the success of the MFC 

scaffolds and their potential use in tissue engineering applications. Porosity 

can be controlled from varying the diameters of the blend filament as well as 

controlling the post processing stages of MFC scaffolds production. Once 

controlled porosity can be achieved, more biological studies can then be done, 

such as how the porosity of the scaffolds will affect cell growth. 

 

 More experiments can be done to confirm the mechanism of how the PVA 

component of the scaffolds in this study undergoes dissolution. The amount of 

PVA left in the blend will vary the characteristics of the final scaffold such as 

surface topology, surface chemistry, porosity, mechanical properties and will, 

in effect, alter the cell-scaffold interactions.  

 

 Consistency in the production of MFC scaffolds can also be further optimised 

by looking into details of the feed rate, extrusion rate, extrudate collection rate 

and method, and drawing parameters of then filament blend. The post 

processing stage of MFC scaffold production also plays an important part in 

the final scaffold architecture. 

 

 Alizarin red assays can be further conducted using osteoblasts to study the 

calcium deposition onto the MFC scaffolds. 

 

 Further collagen deposition studies using Sirius red assays will contribute to 

the understanding of the collagen levels of the cells cultured on the scaffolds.  
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 Immunogenicity tests can also be done on the scaffolds to test how they may 

provoke immune responses in the body. 

 

 Addition of growth factors before or during cell culture can be experimented 

to enhance the growth potential of the cells seeded on the MFC scaffolds. 

 

 Mechanical stimulations have also been shown to affect the cell growth and 

can also be studied using the MFC scaffolds to see how they enhance growth.  

 

 MFC scaffolds can further be studied using different polymers or even a 

combination of polymers to achieve more complex structures.  
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