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Summary
The need to restore or replace damaged, traumatised or lost bone tissue is a major 

clinical and socioeconomic concern. Shortcomings associated with traditional bone 

graft materials have lead to the development of synthetic materials which show 

promise for use in bone substitution. The development of bone substitutes with 

architectural and biological properties comparable to healthy bone is a challenge. 

Porous scaffolds based on calcium phosphate (CaP) ceramics such as hydroxyapatite 

(HA) and (3-tricalcium phosphate (P-TCP) have potential in the treatment of injured 

and diseased bone.

Degradation of CaP’s in vivo occurs as a result of osteoclastic resorption and 

dissolution due to their solubility in physiological solutions. Their degradation rate 

should be in line with tissue regeneration, ensuring the scaffold has disappeared 

completely once the tissue has fully matured. The rate can be altered by modifying 

HA:P-TCP ratio, scaffold surface area and porosity. In vitro dissolution experiments 

have the potential to provide a valuable method of predicting in vivo degradation.

The aim of this research was to identify optimal strategies for CaP scaffold 

manufacture, allowing the influence of HA:P-TCP content and architecture on 

dissolution to be investigated. Experimental methods were designed to assess the 

effect of pH and flow condition on scaffold dissolution, following which a rabbit 

model was adopted to assess in vivo efficacy over a 20 week period. Scaffolds were 

produced which demonstrated desirable architectural properties including 392.2pm 

average diameter pores and 64.24% porosity. In vitro dissolution was shown to be 

more strongly influenced by architecture than HA:P-TCP composition. Suitability of 

scaffolds for bone tissue replacement applications was suggested by their tolerance 

and degradation in vivo. Comparison of in vitro and in vivo data indicated 

laboratory-based experiments have potential in estimating degradation in vivo and 

further developments in this area could lead to a reduction in in vivo testing.
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“There is nothing like looking, if you want to find something. 

You certainly usually find something, if you look, but it is not 

always quite the something you were after.”

J.R.R. Tolkien
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Introduction

1.0 Introduction

1.1 Bone Tissue

Bone is a relatively hard, lightweight composite material that plays a number of 

essential roles in the body. It serves an important structural function as the principal 

component of the skeletal structure, enabling motion and providing protection for 

vital organs. Bone acts as a reservoir by maintaining a supply of inorganic minerals, 

such as calcium and phosphate, for use when needed by the body (Schwartz, 2007). 

Consequently bone tissue is instrumental in preserving the equilibrium of minerals in 

the body, known as homeostasis. Bone also plays a role in haematopoiesis, which is 

the manufacture of red and white blood cells, via red bone marrow.

A highly specialised, vascular and very rigid connective tissue, bone is distinct in its 

mineralisation (Schwartz, 2007), (Fuchs et al, 2009). Bone is essentially a 

composite, made up of a non-living matrix with living cells distributed in it. It 

consists of a fibrous, organic matrix composed of proteins, primarily collagen, filled 

with inorganic calcium compounds, such as crystalline hydroxyapatite and 

amorphous calcium phosphate. The presence of mineral salts contributes to the 

hardness and rigidity of bone (Gibson and Ashby, 1988), (Cowin, 2001), 

(Bandyopadhyay-Ghosh, 2008).

The organic matrix forms 30-35% of the dry weight of bone and inorganic mineral 

salts make up the remaining 65-70% (Cowin. 2001). While bone is essentially 

brittle, the presence of collagen gives it a significant amount of elasticity which is 

essential to enable it to withstand stresses generated by activities such as walking and
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running (Bandyopadhyay-Ghosh, 2008). A number of different cells are involved in 

the production and maintenance of bone as detailed in Table 1.1.

Table 1.1: Cell type and function (Van Wynsberghe et at., 1995), (Jones et at., 2009), images 

adapted from Seeman and Delmas (2006)

Cell Function

Osteoblasts

Osteocytes

Form the matrix, which gives the structure resilience and 
flexibility
Replenished continually and produce and secrete collagen
Produce mineral salts formed from calcium and phosphorous 
which are responsible for bone hardness, strength and weight 
bearing capabilities

Osteoblasts that become trapped in matrix transform into 
osteocytes
Mature bone cells that carry out cellular activities
Play an active role in homeostasis by aiding release of 
calcium from bone tissue into blood and, as a result, regulate 
the concentration of calcium in the fluids of the body

JM

Osteoclasts

Keep the matrix in a stable and healthy state by the secretion 
of enzymes and maintenance of its mineral content

Play an important role in the remodelling of bone
Function by moving about on bone surfaces, resorbing bone 
matrix from areas where it is either unnecessary or 
deteriorating

Outwardly bones appear to be solid however the structure of bone is complex. Most 

bones are made up of two structures; a porous core of cancellous (spongy) bone 

surrounded by a dense outer shell of compact (cortical) bone (Gibson and Ashby, 

1988). The smooth white appearance of bone can be attributed to the hard outer 

layer of compact bone. Accounting for 80% of the total bone mass of an adult 

skeleton, compact bone is found mainly in the shafts of long bones, such as those of 

the arms and legs, where a strong tubular structure is required (Cowin, 2001).
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Osteons are the structural units of compact bone (Figure 1.1). They are elongated 

cylinders of calcified bone that act as weight-bearing pillars, able to withstand 

mechanical stress placed on the bone from everyday activities such as walking. At 

the centre of each osteon is a hollow canal, known as a Haversian canal, which 

contains blood, lymphatic vessels and nerves. This central blood vessel is very 

important as it ensures that every bone cell is close to a nutrient supply. Osteocytes 

are arranged in concentric layers around the Haversian canal. The osteocytes deposit 

bone in thin layers, called lamellae, in concentric rings around the Haversian canal.

Concentric lamellae

Periosteal vein

I Periosteal artery

Figure 1.1: Internal structure of bone detailing compact bone structure - adapted from Science Photo

Library (n. d„ a)

Cancellous bone accounts for the remaining 20% of total bone mass. Although it 

occupies 20% of the mass, its surface area is nearly 10 times that of compact bone.
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Cancellous bone is found internal to compact bone in specific areas, such as at the 

ends of the long bones of the arms and legs, where lightness and strength are 

important. The configuration of cancellous bone is advantageous as it supplies a 

large bearing area for joint articulation while minimising the weight of the bone, a 

design instrumental in reducing joint bearing stresses (Schwartz, 2007).

Cancellous bone (Figure 1.2) is composed of a network of smaller bones called 

trabeculae in the form of a honeycomb-like structure. This arrangement works to 

make the overall organ lighter. The spaces between the trabeculae are filled with red 

bone marrow. Cancellous bone has a typically cellular structure, consisting of an 

interconnected network of rods and plates (Gibson and Ashby, 1988). An 

arrangement of rods results in low density, open cells but as the density increases the 

rods increasingly spread, flatten and become more plate-like before finally fusing to 

give almost closed cells (Gibson and Ashby, 1988).

Figure 1.2: Internal structure of bone detailing cancellous bone structure - (Science Photo Library, n.

d.,b)
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A number of factors influence the mechanical properties of bone, such as porosity, 

degree of mineralisation, collagen fibre orientation and various other structural 

factors (Bandyopadhyay-Ghosh, 2008), but despite its relatively high compressive 

strength, its tensile strength is quite poor. Bone mechanical properties are also 

dependant on factors such as age, gender and anatomical site. Typical values of the 

mechanical properties of healthy bone are detailed in Table 1.2.

Table 1.2: Mechanical properties of healthy bone (Bandyopadhyay-Ghosh, 2008)

Mechanical Property Cortical Bone Cancellous Bone

Compressive strength (MPa) 100-230 2-12

Flexural, tensile strength (MPa) 50-150 10-20

Young’s (tensile) modulus (GPa) 7-30 0.05-0.5

Fracture toughness (MPa ml/2) 2-12 -

Bone is a living tissue that continually remodels through its lifetime. The 

remodelling of bone is a dynamic process, in which old bone is removed from and 

new bone is added to the skeleton. Typically the rates of bone removal and 

formation are balanced to ensure that the strength and integrity of the skeleton are 

maintained during the process. There are a number of reasons why bone remodels, 

including the regulation of calcium homeostasis, the repair of bone micro-damage 

caused by everyday stress, and the shaping of the skeleton during growth. The 

process of bone remodelling is shown in Figure 1.3.

Resorption occurs when osteoclasts move along the bone surface, removing bone 

mineral and matrix creating cavities on the surface. Resorption is followed in the 

bone remodelling cycle by reversal, where mononuclear cells prepare the surface of
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the bone for new osteoblasts to begin bone formation. In the formation stage 

osteoblasts work to repair the cavities created in the resorption phase by filling them 

with new bone. In the final resting stage, the restored bone surface is covered with 

protective lining cells and a resting period follows until a new remodelling cycle 

begins (Coxon et al, 2004).

Figure 1.3: Bone remodelling process consisting of resorption, reversal, formation and resting-

(Coxon et al, 2004)

1.2 Need for Bone Replacement

The population of the United Kingdom (UK), and that of the world as a whole, is 

ageing. From 1984 to 2009 the number of people aged 85 and over in the UK 

increased from 660,000 to 1.4 million and it is predicted that this trend will continue 

(Office for National Statistics, 2010). By 2034 it is forecast that the number of over 

85’s will reach 3.5 million, accounting for 5% of the total population (Office for
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National Statistics, 2010). It would appear that this dramatic increase in life 

expectancy can be attributed to improving health as opposed to a slowing of the 

aging process (Vaupel, 2010). In simple terms, people are healthier, staying active 

much later in life and are reaching old age in better physical condition. 

Improvements in healthcare standards and nutrition, together with rising standards of 

living and better education, have been credited with this shift in population 

demographics (Vaupel, 2010).

These changes in lifestyle have brought with them an emergence of new healthcare 

challenges, such as an increase in joint damage and sports related injuries (Wozniak 

and Haj, 2007). Loss of bone as a consequence of disease or injury can lead to 

diminished quality of life at considerable socioeconomic cost (Wozniak and Haj, 

2007), (Planell and Navarro, 2009). Particularly, there has been an increase in 

conditions typically associated with an aging population, such as arthritis and 

osteoporosis, with such conditions impacting greatly on healthcare costs and quality 

of life (American Academy of Orthopaedic Surgeons, 2002). Osteoporosis and 

related fractures are among the most common problems affecting contemporary 

society (Planell and Navarro, 2009).

In both developed and developing countries, musculoskeletal problems are among 

the main causes of chronic pain, physical disability and work absenteeism (Planell 

and Navarro, 2009). Frequently musculoskeletal afflictions require surgery, e.g. 

bone substitution or total joint replacement. In the UK alone there are approximately 

600,000 bone and joint operations annually (Wozniak and Haj, 2007). Bone

7



Introduction

grafting, in which a defect such as a void or fracture is filled with replacement 

material to aid in the healing process, is frequently necessary.

Millions of people worldwide are afflicted by bone and joint problems with 

conditions including bone and joint diseases, osteoporosis related fractures, and back 

pain among the most common causes of severe long-term pain and physical 

disability (Planell and Navarro, 2009). Each year there are in excess of 150,000 

fractures of the wrist, vertebrae or hip due to osteoporosis alone in the UK (Rose and 

Oreffo, 2002) and more than 100 million Europeans suffer chronic musculoskeletal 

pain (Planell and Navarro, 2009). Although these conditions do not result in a high 

mortality rate, they have a major effect on disability, medical costs and patient 

quality of life (Planell and Navarro, 2009).

In most cases fractured bones heal normally without any problems. However on 

occasion assistance of some manner is required. Grafting is used in the repair of 

fractures that are markedly complex, pose a considerable health risk to the patient or 

fail to heal properly (Encyclopedia of Surgery, 2011). A ‘non-union’ fracture is the 

term given to a fracture that fails to heal within nine months and such fracture types 

require the use of a bone substitute to aid in their repair (BTEC, n. d.). Worldwide 

there are approximately 1 million cases of skeletal defects a year that necessitate 

bone graft procedures to achieve union (Salgado et al, 2004).

Physical deformities, due to absent or defective bone tissue, affect people of all ages. 

Bone grafts are routinely used to secure regions of the spine affected by deformity, 

trauma, tumours or degenerative disc disease (BTEC, n. d.). Spinal procedures make
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use of bone grafts to correct deformities via spinal fusion and to provide support to 

fractures. Bone grafts are also used in the repair of critical size defects caused by 

congenital disorders, traumatic injury, during surgery for bone cancer and in facial or 

cranial reconstruction (Encyclopedia of Surgery, 2011).

1.3 Bone Grafts and Grafting Procedures

The primary goal of reconstructive medicine is the substitution of injured tissue with 

a viable replacement material. Bone is the second most commonly transplanted 

tissue after blood and damaged or defective bone resulting from disease or trauma 

represents a significant challenge in day to day clinical work. Practical treatments 

are necessary to aid bone repair, replacement or regeneration (O’Brien, 2011).

There are a number of well established techniques used in the treatment of bone 

defects, the most common of which is the autograft. Autografts account for 

approximately 58% of grafting procedures (BTEC, n. d.). In an autograft procedure, 

healthy bone is isolated from the patient and implanted into the defect site. 

Cancellous bone from the iliac crest in the patient’s hip is commonly used. 

Autografts are traditionally favoured by surgeons due to the fact that they possess 

osteogenic, osteoconductive and osteoinductive (Table 1.3) properties deemed 

necessary for bone healing and regeneration (Wozniak and Haj, 2007). In addition, 

autografts lack immunological problems and integrate relatively easily with the body 

(Brown and Cruess, 1982).

When they are available, the use of autologous grafts typically results in successful 

clinical outcomes exceeding 80% (BTEC, n. d.). However, there are a number of
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serious limitations associated with the use of the autografting procedure such as the 

need for a second operating location at the donor site, increased patient recovery 

time, a scarcity of donor tissue and the fact that there can be significant donor site 

morbidity associated with infection, pain, and hematoma (Burg et al., 2000), 

(O'Brien, 2011). Additionally, there is an upper limit on the amount of donor tissue 

that can be safely harvested and, in some circumstances, appropriate autogenous 

graft material is unavailable, e.g. in the treatment of massive defects (Brown and 

Cruess, 1982) where the amount of material required makes autografting unfeasible.

Table 1.3: Definition of biological routine induced by bone grafts - compiled from Wozniak and Haj

(2007) and Stevens (2008)

Term Definition

Osteogenic ability of the material to form new bone tissue

Osteoconductive capacity of the material to guide bone forming tissue into the 
defect

Osteoinductive ability of the material to induce bone formation by attracting and 
stimulating the bone forming cells of the recipient

Osseointegration ability of the material to integrate into surrounding bone

When autografting is not a viable option, allografts are typically used. Allografting 

represents approximately 34% of current bone substitutes (BTEC, n. d.) and involves 

the transplantation of bone taken from another individual into the defect site of the 

patient (Brown and Cruess, 1982). A number of sources of allogenic bone are 

available including bone obtained from donors undergoing total hip arthroplasty or 

cadaveric donors through a bone banking system. Despite the fact that allogenic 

bone provides a natural scaffold with an appropriate structure, clinical results have 

been disappointing. Non-union has been observed at the graft-host junction, which is
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thought to be as a result of an immunogenic response by the host, and a propensity 

for infection has been noted (Bandyopadhyay-ghosh, 2008). Allografts carry 

significant risks including the possibility of disease transmission from the donor 

material to the host. Additionally, there are considerable costs associated with the 

establishment and management of a bone banking system (Bandyopadhyay-ghosh, 

2008).

Another, albeit far less common approach, is the use of xenografting. In this 

procedure, bone is transplanted from one species of animal to another (Brown and 

Cruess, 1982), e.g. from pigs to humans. Worldwide there is a major shortage of 

organs and xenografts offer advantages such as a relative abundance of donor tissue. 

Currently, many scientists consider xenotransplantation to be a temporary solution, 

serving as an interim step in the transplantation of human organs. It has the potential 

to stabilise patients in life-threatening situations so that when a suitable human organ 

becomes available, they are in a stable condition to receive it (Peng, 2010). However 

they are subject to the problems associated with allografts along with additional 

concerns, such as religious beliefs and ethical issues. Xenotransplantation also 

comes with significant monetary costs, with millions spent on research, procedures, 

care of animals, and monitoring of patients (Peng, 2010). There are only a few 

published successful xenotransplant procedures (U.S. FDA, 1996).

The wealth of deficiencies associated with traditional graft materials; including the 

limited amount of donor tissue available, risk of rejection, possibility of infection and 

expense, has encouraged research focused on the development of new materials 

which offer promising alternatives for bone defect repair.
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1.4 Biomaterials

Biomaterials have been defined as "materials intended to interface with biological 

systems to evaluate, treat, augment, or replace any tissue, organ or function of the 

body" (Black, 2006). They are essentially materials that provoke little or no adverse 

reaction from the body following prolonged contact with body fluids and tissues. 

The field of biomaterials has advanced through over 50 years of innovation and 

development (Di Silvio, 2009) resulting in the evolution of three biomaterial 

generations (Table 1.4).

Table 1.4: Biomaterial generations - compiled from Wozniak and Haj (2007), Navarro et at. (2008)
and Vallet-Regi and Salinas (2009)

Biomaterial Generation Examples

First

- Developed in the 1960s and 1970s
- Designed to ‘achieve a suitable 
combination of physical properties to 
match those of the replaced tissue with 
minimal toxic response in the host’
- Materials were ‘nearly inert’

Stainless steel
Titanium, Ti
Alumina, AI2O3

Zirconia, ZrC>2

Polypropylene, PP 
Polymethylmethacrylate, PMMA

Second

- Introduced in the mid 1980s
- Materials were bioactive or 
bioresorbable:

- Bioactive: tightly bonded to living 
tissues

- Bioresorbable: dissolved after a 
specific time

Hydroxyapatite, Caio(P04)6(OH)2 

P-tricalcium phosphate, Ca3(P04)2 

Coralline, CaCo3

Glass ceramics
Polyglycolide, PGA
Polylactide, PLA

Third

- Designed to interact with cells and 
modify their reactions
- Focus on substituting ‘replace’ with 
‘regenerate’
- Category includes bioceramics 
based on porous second generation 
bioceramics, loaded with biologically 
active substances

Bioglass ® (in particulate form)

Porous bioactive and 
biodegradable ceramics

Advanced bioceramics
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The market for biomaterial based treatments in orthopaedics continues to grow at a 

rapid rate (Stevens, 2008). The high incidence of severe trauma coupled with the 

prevalence of bone and joint diseases has prompted the invention of both temporary 

and permanent biomaterial devices for the treatment of such conditions (Planell and 

Navarro, 2009). The variety of possible applications has led to the development of 

orthopaedic biomaterials with properties or characteristics specific to the particular 

need. For example, in the treatment of bone fractures the need for fixation devices 

which are rigid and mechanically resistant prompted the use of metal and metal 

alloys in the form of plates, rods, pins and external fixation systems (Planell and 

Navarro, 2009).

In the case of bone loss, where suitable materials are needed to fill bone defects, 

synthetic bone graft substitutes made from metals, polymers and ceramics have been 

developed as an alternative to traditional graft types (Wozniak and Haj, 2007), with 

the provision of "off-the-shelf’ alternatives to natural bone being the aim of such 

substitutes. An ideal synthetic bone substitute will be bioactive and supply an initial 

scaffold to support bone formation (Overgaard, 2009). The substitute should degrade 

in a controllable manner allowing it to be replaced by newly formed bone. 

Consequently osteoconductive properties, created by chemical composition and 

porosity, are essential.

1.4.1 Bioceramics for Use in Bone Tissue Repair

Ceramic based biomaterials have emerged as a viable solution in situations where the 

filling of bone defects is necessary, e.g. in diseases where bone loss occurs or in the 

treatment of non-union fractures. Ceramics are inorganic materials, possessing a
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combination of ionic and covalent bonds and exhibiting properties such as high 

melting temperatures, low conduction of heat, and high compressive strength and 

Young’s modulus (Vallet-Regi and Salinas, 2009). Ceramics for use in the body, 

also termed bioceramics, can be classed as (1) almost bioinert, (2) bioactive or (3) 

resorbable. It is the latter two classes of bioceramics which offer the most potential 

for use in bone substitution applications.

The majority of bioactive and resorbable ceramics utilised in bone regeneration are 

based on calcium phosphate ceramics (Tadic et al, 2004), (Vallet-Regi and Salinas, 

2009). Ceramics such as these have proved particularly attractive for use in this area 

as they resemble the natural inorganic component of bone and possess 

osteoconductive properties (Tampieri et al., 2001), (Tadic et al, 2004). They are 

readily colonised by bone tissue under osteogenic conditions and exhibit good 

biocompatibility when in contact with bone (Tadic et al., 2004). Consequently, 

calcium phosphate materials are bioresorbable and undergo degradation when 

implanted in the body.

Hydroxyapatite (HA, Caio(P04)6(OH)2) is a naturally occurring mineral form of 

calcium phosphate. A large percentage of the dry weight of bone is HA, hence its 

popularity for use in this area. The synthetic form of HA is osteoconductive with a 

crystalline structure comparable to the naturally occurring form of HA in bone 

(Brydone et al., 2010). However, synthesized HA is slower to resorb than the natural 

form and may take many years to fully resorb (Tadic et al., 2004). Tricalcium 

phosphate (TCP, Ca3(P04)2) is resorbed faster than synthetic HA. but demonstrates 

inferior mechanical properties to that of HA (Brydone et al., 2010). It exists in alpha
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(a-) and beta ((3-) crystal forms and (3-TCP has proven popular for use in this area 

due to its similarity in composition to bone and its high biocompatibility (Lin et al., 

2011).

The resorption rates of calcium phosphate materials impact greatly on the healing 

process of critical size bone defects (Impens et al., 2008). The rate of resorption 

must be such that the substitute has been completely removed once the tissue has 

fully matured. In addition, the resorption process should not harm tissue 

regeneration, i.e. by-products should be non-toxic and should be easily and quickly 

removed by the body, allowing the bone to be restored to its original state and 

function (Jones et al, 2006). The use of a combination of HA and (3-TCP to produce 

biphasic calcium phosphates has gained significance for use in this area. Such 

hybrid bioceramics aim to balance mechanical properties with resorption rates to 

develop the ideal bone substitute (Brydone et al, 2010).

1.4.2 Resorption of Bioceramics

An important characteristic of bioceramics is resorption rate and the development of 

bone graft substitutes with appropriate resorbability is a complex challenge facing 

researchers in the field of bone repair. The resorption rate should be such that the 

implant resorbs promptly enough to enable transfer of mechanical loading to the 

surrounding regenerating tissue, but at a slow enough rate that bone in-growth is 

possible before the implant is completely remodelled (Chow et al., 2003).

Material resorption characteristics must be considered from two viewpoints:

1. Cell mediated (i.e. osteoclastic resorption) processes; and,
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2. Solution mediated dissolution processes due to the solubility of the materials 

in physiological solution (Oonishi et al, 2008).

The dissolution of a material is the act or process of dissolving it into parts or 

elements. It has been suggested that calcium phosphate resorption rates in vivo are 

closely related to their dissolution rates in solutions which simulate the acidic 

environment produced by osteoclasts during resorption (Chow et al., 2003). As a 

result, in vitro assessment of dissolution rates can be a starting point for the 

prediction of in vivo resorption behaviour.

The solubility of calcium phosphate materials is affected by the preparation method, 

phase content and structural features such as implant geometry, size and porosity 

(Yang, H. Y. et al, 2008b), (Schaefer et al., 2011). Additionally, patient related 

factors, such as patient age, gender, and health situation, and both the size and 

location of the defect will impact on implant resorption (Schaefer et al., 2011). 

Accordingly, variations in defect type, location and the patient will result in different 

optimal degradation rates (Impens et al., 2008). Although it is impossible to account 

for patient and defect related variability while conducting in vitro experiments, 

dissolution rates with respect to material composition and implant structure can be 

investigated.

1.4.3 Bioceramic Scaffolds

Porous bioceramic structures that mimic or replicate the morphology of cancellous 

bone are gaining popularity for use as alternatives to traditional bone graft materials. 

As well as imparting greater osteoconductive properties to the implant, a porous
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network could work to enhance cell attachment, proliferation and differentiation, 

provide pathways for fluid flow, and allow tissue in-growth (Zhang et al., 2007a). 

To that end, biomaterial based scaffolds play a vital role in the repair of damaged 

bone tissue, encouraging the growth and development of healthy replacement tissue. 

In simple terms, a scaffold is a three-dimensional (3D) structure of interconnected 

pores forming a temporary frame. Scaffolds can either be used alone or in 

combination with cells to form a tissue engineered construct. When used alone, 

scaffolds provide support for new bone formation by creating a porous environment 

for bone growth.

A scaffold must act as a template for tissue to grow in three dimensions, direct cell 

growth and provide suppon for tissue formation. A suitable scaffold should mimic 

the structure, morphology, composition and function of the bone tissue it is replacing 

in order to optimise integration with the surrounding tissue. The scaffold should also 

act as a support structure, providing mechanical replacement for missing tissue in the 

early stages after surgery until the engineered tissue has been fully integrated into the 

body (Jakab et al, 2010).

Scaffolds are designed to adopt the function of the naturally occurring tissue they are 

substituting. In order to be successful, scaffolds must recreate the basic 3D 

framework and properties of the original tissue (Salih, 2009) and as such, a scaffold 

for bone tissue engineering must fulfil a number of important criteria including:

- Biocompatibility, defined as "the ability of a material to perform with an 

appropriate host response in a specific application" (Williams, 1987). A 

scaffold must fulfil its specific application, such as acting as a bone
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replacement, while being non-toxic to the body and not inductive of an 

adverse cellular response.

- Acting as a 3D template to allow bone in-growth. It must possess an 

interconnected porous network similar to that of trabecular bone. A pore size 

of 100 pm is thought to be the minimum required for in vivo bone in-growth 

(Lu et al., 1999).

- Ability to support the entire mechanical load applied to the defect site while 

the damaged tissue regenerates. The scaffold must possess mechanical 

properties similar to those of the host bone at the defect site.

- Bioactivity and the ability to bond to the host bone creating a stable 

interface without the formation of scar tissue (Jones et al, 2006).

- Appropriate resorption rate. An ideal scaffold will degrade in time with 

tissue regeneration ensuring that the scaffold has disappeared completely by 

the time the tissue has fully remodelled, allowing the newly formed tissue to 

adequately perform the function of the lost tissue.

1.5 Scope of Project

The focus of the investigation was three-fold:

1. Optimisation of techniques to produce porous calcium phosphate scaffolds 

for potential use as bone substitutes.

2. Design and development of in vitro methods for examining dissolution of 

the bioceramic structures.

3. Use of in vivo tests using a rabbit model to examine scaffold efficacy for 

use in bone replacement applications.
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In reviewing the literature an effort was made to determine scaffold structural and 

materia! characteristics necessary for successful use as bone graft substitutes, along 

with techniques currently used in assessing dissolution properties and in vivo 

behaviour. After the production of structures of varying architectures and chemical 

composition, test methodologies were developed to determine the influence of 

varying such characteristics on dissolution behaviour of the various structures. 

Subsequently scaffolds were implanted into an animal model to confirm their 

biocompatibility and examine their effectiveness for use within bone tissue 

engineering applications.
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2.0 Literature Review

The focus in regenerative medicine is currently undergoing a shift from the use of 

tissue grafts and synthetic implants towards the utilisation of degradable porous 

scaffolds in tissue regeneration (Hollister, 2005). Consequently, the design and 

fabrication of appropriate scaffolds for bone tissue engineering must be carefully 

considered. There are a number of important, often conflicting, criteria that must be 

reviewed in the production of scaffolds and, despite the vast volume of research 

carried out in this area, there is still no general consensus on what constitutes the 

ideal scaffold (Byrne et al., 2007).

Many factors, such as fabrication technique and material, influence the final scaffold 

properties and, accordingly, the efficacy of the scaffold. A thorough characterisation 

of both the initial materials and resultant scaffold is important for the optimisation of 

scaffolds for bone replacement applications. The environment a scaffold is exposed 

to following implantation will impact on its performance. Consequently, an 

understanding of this environment and how it will affect the scaffold is necessary in 

the production of appropriate structures.

2.1 Ideal Scaffold Properties

The literature to date extensively covers the range of properties that an ideal scaffold 

should possess, a number of which are shown in Figure 2.1. Advances in scaffold 

fabrication techniques and in materials engineering could mean that the production of 

an ideal scaffold that fulfils all these criteria is a distinct possibility in the near future. 

Presently available scaffolds may perform well with regards to a few of these 

conditions but few, if any, have been developed that demonstrate all of them.
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Therefore, the need exists to develop techniques for scaffold production and 

characterisation to fully address the numerous intertwined, but often conflicting, 

requirements.

Figure 2.1: Ideal scaffold properties

2.1.1 Architectural and Structural Properties

It is important that scaffolds simulate the physical and chemical properties of 

cancellous bone (Boden and Stevenson, 1999), a challenge made all the more 

difficult by the fact that the structure of cancellous bone itself is highly variable 

(Figure 2.2). The intricate and complex architecture of bone and its variability with 

respect to properties, such as porosity and mechanical properties, combine with 

patient specific factors, such as age differences, activity levels, nutritional state and 

disease status, to create significant challenges in the fabrication of scaffolds for bone 

substitution.
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Scaffold properties must be carefully considered to meet the needs of specific repair 

sites of patients. It is important that scaffolds possess an interconnected porous 

structure to enable the migration of cells into the scaffold, permit the diffusion of 

nutrients to cells located within the structure (O’Brien, 2011), and to facilitate the 

vascularisation of the scaffold from the surrounding tissue (Salgado et al., 2004). 

Such a structure is also necessary to ensure that waste and by-products from scaffold 

degradation can diffuse out of the scaffold. Insufficient vascularisation and waste 

removal as a result of an inadequately porous structure often leads to core necrosis 

and is a major concern for tissue engineers (O’Brien, 2011).

Figure 2.2(a): Section of humerus showing compact bone and cancellous bone (Encyclopaedia 

Britannica Online, n. d.) (b): Cancellous Bone (x30mag) (Science Photo Library, n. d., c)

2.1.1.1 Pore Size and Porosity

Cancellous bone is highly porous with 50-90% porosity (Karageorgiou and Kaplan,

2005) and pore sizes ranging from 200 pm to 400 pm in diameter (Jenis and Erulkar,

2006) . Although an ideal scaffold would replicate the structure of cancellous bone in 

its entirety, at the very least it should contain pores of similar dimensions and display
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similar degrees of porosity. To that end, the choice of scaffold structure is crucial to 

its success, playing an important role in the rate and degree of bone in-growth 

(Agrawal et al., 2000a), (Woodard et al., 2007). Despite the attention that has been 

paid to bone substitutes in recent years, the optimal geometry for such structures is 

still not clear (Von Doemberg et al, 2006). Pore size and porosity are two 

commonly studied parameters. Pores are necessary to allow the migration and 

proliferation of cells, as well as scaffold vascularisation (Karageorgiou and Kaplan, 

2005). A porous surface also improves the mechanical interlock between the implant 

and surrounding natural bone, providing a greater degree of mechanical stability at 

this critical interface (Karageorgiou and Kaplan, 2005), (Saiz et al, 2007).

It is widely believed that bone substitutes should contain interconnected macropores 

(Von Doemberg et al, 2006) which contribute to osteogenesis by facilitating the 

transportation of cells and ions. The importance of micropores has also been 

highlighted as they improve bone in-growth by:

- Increasing the surface area available for protein adsorption;

- Increasing ionic solubility in the microenvironment; and,

- Providing attachment points for osteoblasts (Woodard et al, 2007).

It should be noted that there is some ambiguity as to the definition of pore sizes with 

authors frequently using differing definitions for macro-, micro- and mesopores 

(Table 2.1). As there are many systems available for defining pores (Perret et al., 

1999), it is very important to decide on a classification system and maintain it 

throughout the study. In this work, the definition proposed by Karageorgiou and 

Kaplan (2005) will be used where micropores are <10 pm and macropores are >50
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|im with mesopores (defined as pores of intermediate size) occupying the space 

between. It is important to be aware of the existence of other classification systems 

when consulting the literature.

Table 2.1: Classification of pores according to their diameter

Pore Description Pore Diameter (pm)

Micropores <2.0xl0'3 < 10 < 100

Mesopores (pores of 
intermediate size)

2.0><10'3< 0 < 
5.0xl0'2 10 < 0 <50 -

Macropores >5.0xl0'2 > 50 > 100

Reference
Gregg et al (1982) Karageorgiou and Buckley and
Perret et al (1999) Kaplan (2005) O'Kelly (2004)

Many authors have highlighted the need for an array of pore sizes ranging from fine 

pores (~1 pm), necessary for dissolution and to encourage cell adhesion; mid range 

pores (10 - 100 pm), to allow room for cell division and scaffold mineralisation; and, 

large pores (>100 pm), to afford space and channels for vascularisation and internal 

mineralised bone formation (Yang, H. Y. et al, 2008a).

Sanchez-Salcedo et al. (2008a) reported the need for scaffolds with a network of 

interconnected pores with >60% ranging in size from 150 - 400 pm and at least 20% 

of pores smaller than 20 pm. The authors highlighted the fact that pores <1 pm play 

a key role in bioactivity. Pores between 1 - 20 pm are thought to play a role in 

cellular development, the type of cells drawn to the scaffold, and ultimately the 

orientation and directionality of cellular in-growth (Sanchez-Salcedo et al, 2008a). 

Furthermore, the presence of pores of <10 pm is thought to allow the diffusion and 

removal of the ions that result from the degradation of the implant (Charriere et al, 

2003). Pores with diameters ranging from 100 - 1,000 pm play an important part in
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cellular and bone in-growth. They are vital for blood flow distribution and greatly 

influence the mechanical properties of the scaffold. The presence of pores >1,000 

pm should not be overlooked as they play an important role with respect to implant 

functionality, shape and aesthetics (Sanchez-Salcedo et al, 2008a).

Various optimal pore size ranges for bone in-growth have been quoted in the 

literature. Both Descamps et al. (2008a) and Jones et al. (2009) quoted a range of 50 

- 150 pm while Freyman et al. (2001) quoted an overlapping critical range of 100 - 

200 pm. Macchetta et al. (2009) reported that the optimal pore size for successful 

cell infiltration and host tissue in-growth for bone tissue is 100 - 350 pm. Tampieri 

et al. (2001) considered the presence of pores greater than 150 pm to be an essential 

requirement. Whereas Charriere et al. (2003) reported that interconnected pores of 

200 - 1,000 pm are essential to guarantee the rapid colonisation of the implant with 

blood vessels and bone cells. It has also been suggested that pore sizes greater than 

300 pm are needed to enhance the formation of new bone and capillaries 

(Karageorgiou and Kaplan, 2005).

Ochoa et al. (2008) suggested a pore size range of 100 - 500 pm although stated that 

the exact pore dimensions depended on the specific application being considered. 

Von Doemberg et al. (2006) reported an even wider range of 50 - 800 pm to be 

necessary for bone in-growth. Drawing on previous studies, Burg et al. (2000) 

reported that although pores with diameters of up to 200 pm do induce bone growth, 

smaller pore sizes promoted the greatest level of bone growth. Further studies were 

reported in which ranges of 200 - 400 pm and 300 - 400 pm were suggested. In 

studying pore diameters ranging from 300 - 800 pm and 400 - 1,200 pm, Flollister
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(2005) found that significant bone growth occurred for all pore sizes with no 

statistical difference evident between pore sizes. The author also highlighted studies 

in which no significant difference in growth was found for 500 pm and 1,600 pm 

pores (Hollister, 2005).

Despite the variability in the pore sizes quoted in the literature, 100 pm is most 

frequently quoted as the minimum pore size necessary for cell migration, tissue in

growth and eventual vascularisation (Lu et al., 1999), (Buckley and O’Kelly, 2004), 

(Karageorgiou and Kaplan, 2005), (Jones et al., 2006), (Sanchez-Salcedo et al, 

2008b), (Yang, H. Y. et al, 2008a). From the literature, it is obvious that a wide 

range of pore sizes are considered to be viable for use in bone tissue engineering 

scaffolds. The range and overlap of defined pore sizes are shown diagrammatically 

in Figure 2.3. It is thought that the lower bound of the range is dictated by the cell 

size (~20 pm) and the upper bound is related to the specific surface area of the 

available binding sites (Freyman et al., 2001).

1. Von Doernbergela/., 2006 2. Descampse/a/., 2008aand Jonesela/., 2009 3. Tampierie/a/., 2001
4. Ochoa el a/., 2008 5. Hollister, 2005 6. Macchettaela/., 2009 7. Karageorgiou and Kaplan, 2005
8. Freyman el o/., 2001 9. Charriereeia/., 2003 10. Burg el a/., 2000 11. Burgel a/., 2000

Figure 2.3: Range of pore sizes quoted in literature shown diagrammatically

Additionally, it is essential that the porosity be interconnected to allow cell in

growth, vascularisation and nutrient diffusion. Following cell attachment, there must 

be enough space and channels to allow further nutrient access, transport of proteins,
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waste removal and vascular growth (Ochoa et ai, 2008). It is also crucial for the 

implant to have sufficient mechanical integrity to withstand loading applied in vivo. 

Karageorgiou and Kaplan (2005) reported that although a higher porosity and pore 

size resulted in greater bone growth in vivo, there was a corresponding detrimental 

effect on mechanical properties, resulting in an upper functional limit placed on pore 

size and porosity. It is essential that a balance is achieved with respect to rate of 

repair, remodelling and material degradation.

Porosity is defined as the percentage of void space in a solid (Karageorgiou and 

Kaplan, 2005) and plays a very important role in scaffold success. It is generally 

accepted that the ideal scaffold should be highly porous and various values for 

optimum porosity have been quoted in the literature. It is crucial that pores are open 

and large enough to allow cells to migrate into the scaffold (Haugen et al., 2004), 

(Woodard et al., 2007) and to provide space for extracellular matrix formation 

(Agrawal et ai, 2000a). The scaffold must possess a high surface area to volume 

ratio to aid in achieving a high cell density within the scaffold and the higher the 

porosity, the greater the surface area available for cell attachment.

Ochoa et al. (2008) reported the need for porosities greater than 80% and a number 

of studies have suggested that porosity should be greater than 90% (Agrawal et al., 

2000a), (Freyman et al., 2001), (Ho and Hutmacher, 2006), (Laurencin and Nair, 

2008). In agreement with this, Leong et al. (2008) stated that generally scaffolds 

exhibiting 90% porosity facilitated better cell growth, infiltration and extracellular 

matrix deposition. Consequently, scaffold porosity is a crucial consideration due to 

its great influence on the final implant behaviour (Sanchez-Salcedo et al.. 2008a).
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2.1.1.2 Pore Type and Interconnectivity

Pores can be classified according to how accessible they are to an external fluid as 

defined in Table 2.2. They may also be categorised with respect to their shape. 

Pores may be cylindrical (open- or blind-end), ink-bottle shaped or funnel shaped. A 

number of different types of pore can be found in porous materials such as tissue 

scaffolds. The different pore types are shown diagrammatically in Figure 2.4.

Table 2.2: definitions of pores with respect to their accessibility (ASTM F 2450-04)

Pore Type Definition

Pore A liquid (fluid or gas) filled externally connecting channel, void, or 
open space within an otherwise solid or gelatinous material

Closed Pore A void isolated within a solid, lacking any connectivity with an external 
surface

Open- or 
Through-pore

An inherent or induced network of voids or channels that connect to the 
outer surface of the material and permit flow of fluid (liquid or gas) 
from one side of the structure to the other

Blind-end Pore A pore that is in contact with an exposed internal or external surface 
through a single orifice smaller than the pore’s depth

Figure 2.4: Schematic of different pore types defined by accessibility to external fluid and shape -

redrawn from Jena and Gupta, 2002
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The different pore types have a role to play in tissue engineering. Closed pores can 

have an effect on macroscopic properties such as bulk density, mechanical strength 

and thermal conductivity (Rouquerol et ai, 1994). Although closed pores are 

inactive in processes such as gas adsorption and fluid flow (Rouquerol et al., 1994), 

they are useful in reducing the path length for oxygen diffusion to the scaffold core 

(Jena and Gupta, 2002). Crucial to the functioning of the scaffold are through-pores, 

providing channels for movement of cells, nutrients and waste products. The role of 

blind-end pores is not as well defined. It is thought that their presence aids the 

diffusion of gases into the structure by reducing path length (Jena and Gupta, 2002). 

It is also thought that, depending on material type and characteristics, the proportion 

of open, closed and blind-end pores may influence degradation (Jena and Gupta, 

2002).

It is critical that a proportion of the pores comprising the void space are 

interconnected. It has been shown that pore interconnectivity positively influences 

the rate of bone deposition and the depth of tissue infiltration under in vitro and in 

vivo conditions (Woodard et al., 2007). The presence of regular interconnected pores 

aids in scaffold vascularisation (Buckley and O'Kelly, 2004), (Woodard et al., 2007). 

If a sufficient vascular network fails to develop, it is possible that only cells on the 

periphery will survive or differentiate and previous studies have shown bone 

formation only in the outer 300 pm of the scaffold (Buckley and O'Kelly, 2004). It 

is thought that this lack of in-growth can be explained by poor nutrient delivery and 

waste removal (Karande, 2007). It should be noted that if pores are too small they 

can become blocked by cells, preventing further infiltration of cells and nutrients. To 

ensure enough space for the entry of nutrients and exit of waste, the pore size should

29



Literature Review

be at least a few times greater than the size of the cells that will interact with it 

(Karande, 2007). Osteoblasts have a diameter of approximately 30 pm (Jayakumar 

and Di Silvio, 2010) and osteoclasts are generally less than 50 pm (Cheung et al., 

2008), implying that the pore size should be greater than 50 pm. The optimal 

combination of interconnectivity and pore size for successful scaffolds has yet to be 

determined. It is important to be aware that a high porosity does not necessarily 

translate to a high level of interconnectivity. A highly porous scaffold may contain a 

large number of disconnected pores which will have a negative impact on the 

diffusion efficiency.

2.1.1.3 Permeability and Tortuosity

Whereas porosity signifies the amount of void space within a material, permeability 

is a measure of the ease with which fluid flows through the interconnected pores or 

channels of the material when subjected to pressure (Ochoa et al., 2008). Scaffolds 

for bone tissue engineering are typically characterised according to pore size, 

porosity and interconnectivity. However the use of these parameters may be 

insufficient when trying to obtain a complete understanding of scaffold behaviour 

(Ochoa et al., 2008). It has been suggested that in order to fully understand the 

behaviour of scaffolds additional parameters, such as permeability, need to be 

studied. In fact, Li et al. (2003) suggested that permeability is more relevant than 

porosity and mean pore size in characterising scaffolds for bone tissue engineering.

Permeability relates to the scaffold’s ability to remove degradation products and 

metabolic waste, and its capacity for inward diffusion of nutrients to the cells that 

migrate through it (Agrawal et al., 2000b). It is directly related to the level of pore
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interconnectivity and plays a significant role in the ability of the scaffold to improve 

tissue regeneration. As tissue in-growth depends on the permeation of nutrients 

through the porous structure during the cell culture process (Chor and Li, 2007), 

(Ochoa et al, 2008) a scaffold with high permeability is crucial as the greater the 

permeability, the greater the diffusion within the scaffold.

In most cases, an increase in porosity will yield an increase in permeability, although 

the pores must be highly interconnected for this to occur (Ochoa et al, 2008). 

Studies have shown that it is possible for scaffolds to possess different permeabilities 

while maintaining similar porosity values (Agrawal et al., 2000b). It may then be 

concluded that penneability should be treated as an independent scaffold design 

parameter. Porosity and permeability have an obvious effect on the mechanical 

properties of the scaffold. If a scaffold is relatively solid, with a low number of 

pores, it would be expected to display better mechanical properties than a more 

porous scaffold.

Tortuosity gives an indication of the internal architecture of the scaffold and is 

defined as "the ratio of the actual path length through connected pores to the 

Euclidean distance (shortest linear distance)" (Chang and Wang, 2011). It is 

essentially the length of the twisted path through the interconnected pores from one 

side of the scaffold to the other, divided by the straight line distance between the two 

sides. Fluid will take the path of least resistance though the scaffold and will adjust 

its direction accordingly whenever its path is obstructed (Karande et al., 2004). 

Tortuosity is basically the result of the interference the scaffold architecture inflicts
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on the fluid flow. A high degree of interference to the flow results in a high level of 

tortuosity and a concurrent decrease in structure permeability.

2.1.2 Mechanical Properties

An important criterion that must be considered in scaffold design is the provision of 

appropriate mechanical properties. In the case of bone tissue engineering, it is 

advantageous for the scaffold to possess mechanical properties (including elastic 

modulus, compressive strength and fatigue properties) similar to that of the host bone 

repair site (Jones et al., 2006), (Leong et al, 2008), (O’Brien, 2011).

Scaffolds experience an extremely hostile environment when implanted in the human 

body. Implants are exposed to heat, moisture and both chemical and biological 

processes (Dorozhkin, 2010). The body is also capable of producing considerable 

forces that can vary greatly between individuals depending on age, weight and 

activity levels. As a consequence, scaffolds implanted in the body can be subjected 

to a numerous severe and extreme conditions. Another factor to consider is that the 

scaffold must be strong enough to allow surgical handling during the implantation 

stage (Nicholson, 2002), (O'Brien, 2011).

Mechanical properties of the scaffold should be such that it can maintain its integrity 

following implantation without compromising its architecture. The mechanical 

strength must be sufficient to allow the scaffold to withstand hydrostatic pressures 

and still maintain the spaces necessary for cell in-growth and matrix formation 

(Salgado et al, 2004). In the in vivo environment bone is continually under dynamic 

stress. Matching the mechanical properties to that of the host bone is particularly

32



Literature Review

important to ensure the adequate support and transmission of forces at the repair site 

(Hutmacher, 2007).

The scaffold must possess adequate mechanical integrity to fulfil its purpose from 

the point of implantation to the end of the remodelling process (O'Brien, 2011). 

Immediately following implantation the scaffold must bear the full load applied to 

the defect site. Throughout the implantation period, the load must be transferred 

entirely from the scaffold to the surrounding bone. As tissue in-growth progresses, 

degradation of the scaffold and consequent deterioration of its mechanical strength 

must also progress, allowing the gradual transfer of the load to the bone (Liebschner 

and Wettergreen, 2003) and the scaffold must be designed with this in mind. The 

rate of remodelling depends on the tissue, with cancellous bone remodelling typically 

within 3-6 months and cortical bone in 6 - 12 months (Hutmacher, 2007). 

Remodelling time is also influenced by factors such as patient age, e.g. a young 

patient with a fracture will typically heal to a level capable of bearing load in around 

6 weeks with complete mechanical integrity returning approximately one year after 

fracture. In contrast, the rate of repair for an elderly patient is much slower 

(O’Brien, 2011).

The matching of mechanical properties to that of the tissue local to the repair site is 

also important in the prevention of stress shielding and in the provision of 

mechanical cues to the cells, similar to those they would receive in their natural 

environment. Mechanical cues are needed to guide new tissue formation so that it 

behaves in a similar manner to the original tissue (Leong et al, 2008). Bone, as a 

natural load bearing structure, can adapt its architecture according to function
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allowing it to sustain a variety of external loads. This property is described by 

Wolffs law which states that healthy bone will adapt to applied loads (Frost, 1994). 

If loading on a bone increases, it will remodel over time to become stronger allowing 

it to cope with the applied load. The opposite case is also true, i.e. if the applied load 

decreases then the bone will become weaker. If the load decreases the stimulus for 

continued remodelling, which is required to maintain bone mass, also decreases 

prompting the bone to redistribute itself elsewhere where it may be needed more. It 

is essential that new bone tissue has the same capacity to adapt according to the 

applied load.

The prevention of stress shielding is very important. If the mechanical properties of 

the scaffold are superior to that of the bone itself the scaffold will support the entire 

load, effectively shielding the bone from the load, causing the surrounding tissue to 

remodel. The opposite is true if the mechanical properties of the scaffold are inferior 

to those of the bone (Figure 2.5). If the scaffold does not have sufficient strength to 

withstand physiological loads, it will ultimately fail (Leong et al, 2008).

Bone resorption due to Scaffold failure due to inadequate
scaffold taking all load mechanical properties

t t t t t t t t t t t t t t t
Scaffold with mechanical Scaffold with mechanical Scaffold with mechanical

properties superior to bone properties equal to bone properties inferior to bone

Figure 2.5: Influence of scaffold mechanical properties
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Dynamic flow conditions in the in vivo environment may have an effect on the 

degradation behaviour of the scaffold, which in turn could have considerable 

implications on scaffold efficacy. Excessive degradation as a result of fluid flow 

through the scaffold may result in a premature decrease in the mechanical integrity, 

which would result in a loss of mechanical support for tissue formation (Agrawal et 

ai, 2000a). Consequently, the effect of dynamic flow conditions on the mechanical 

properties must be carefully considered.

The material properties in conjunction with porosity, pore shape and size dictate the 

level of mechanical load the scaffold can withstand (Jones et ai, 2009). As stated in 

Section 2.1.1.1, the higher the porosity, the greater the bone in-growth but a 

corresponding deterioration in mechanical properties is observed. Accordingly, the 

porosity must be within some critical range, large enough to provide optimal 

bioactivity but small enough to maintain the mechanical integrity of the scaffold 

(Byrne et ah, 2007). A compromise between porosity and mechanical properties of 

the scaffold must be reached. Scaffold strength can be altered to match site-specific 

requirements by manipulating overall porosity. As bone needs to be replaced by 

scaffolds with strength similar to that of the bone, the ability to modify scaffold 

strength and degree of tissue in-growth by altering the porosity is an important factor 

in the design of scaffolds for clinical use.

2.1.3 Tissue Response to Scaffolds 

2.1.3.1 Biocompatibility

The mechanism of tissue attachment to the scaffold is directly linked to the tissue 

response at the scaffold/tissue interface. According to the type of tissue response,
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four categories of material exist - toxic, bioinert, bioactive and biodegradable (Table 

2.3).

Table 2.3: Material categories according to type of tissue response - compiled from Hench

(1991) and Huang and Best (2007)

Type of Material Tissue Response

Toxic Surrounding tissue dies

Bioinert - Biologically inactive
Non-

Formation of a fibrous tissue of 
variable thickness

Bioactive - Biologically active toxic Formation of an interfacial bond

Biodegradable - Dissolves or degrades Replacement by surrounding tissue

Arguably the most important property a scaffold should demonstrate is that of 

biocompatibility. It is vital that cells can adhere to and function normally within the 

material selected (O'Brien, 2011). After implantation, the material must perform its 

intended function without inducing any negative response from the surrounding 

tissue. When choosing a material to replace a part of the body, it is important to 

select one that performs in a safe, reliable, economic and physiologically acceptable 

manner (Hench and Etheridge, 1982). As medical procedures become increasingly 

more sophisticated, and the use of novel materials in medical devices or as 

prostheses receives growing interest, the demand for improved biocompatible 

materials is rapidly increasing (Braybrook, 1997).

With the aim of producing an optimised scaffold it is critical to employ a design that 

induces the most favourable cell response for a particular application. In the 

development of improved materials for biological applications, an understanding of 

such factors is vital (Jones et al., 2006). Several factors influence the cellular 

response to a material surface, including surface chemistry, topography and
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physiological environment. It is important that the surface and chemical 

characteristics of the implanted material are considered and controlled in an attempt 

to attain maximum biocompatibility.

2.1.3.2 Biodegradability

The remodelling process enables the self repair of fatigue damage and the continuous 

adaption of bone to changes in mechanical usage according to Wolffs Law. A main 

aim of bone tissue engineering is to produce a scaffold that permits the cells of the 

body to eventually replace the implanted scaffold. Tissue scaffolds for bone tissue 

engineering are not normally intended to remain implanted in the body permanently 

(O'Brien, 2011). As such, it is essential that a material selected for bone replacement 

must be able to be completely resorbed and replaced by new bone within an 

appropriate time scale. An advantage of biodegradable materials is the complete 

removal of the implanted foreign material. If the implanted material remains in the 

body long term, it could elicit foreign body reactions from the host’s defence system 

(Tomihata and Ikada, 1997). The controlled degradation of bone substitutes should 

elicit positive effects on tissue regeneration and on bone-bonding capacity. Ideally 

bone substitutes should degrade at a rate that ensures the mechanical strength of the 

implant site is maintained (So et al., 2006) as the tissue remodels and returns to its 

natural state and function.

2.1.3.3 Bioactivity

The first generation of biomaterials were developed for use in the human body in the 

1960’s and 1970’s (Next Generation Biomaterials, n. d.). Biological inertness was 

an important feature of these biomaterials, minimising the response of the body to
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the foreign material. The goal of all early biomaterials was to “achieve a suitable 

combination of physical properties to match those of the replaced tissue with a 

minimal toxic response in the host” (Hench and Polak, 2002). It is estimated that 

during this period, tens of millions of individuals had their quality of life enhanced 

for up to 25 years through the use of such implants (Next Generation Biomaterials, n. 

d.).

A second generation of biomaterials emerged in 1984. These new biomaterials, 

which became known as ‘bioactive’, were triggered in a controlled way when 

implanted in the body (Next Generation Biomaterials, n. d.). Bioactive materials, 

including glasses, ceramics and composites have since been used for a variety of 

orthopaedic and dental applications. 'Resorbable’ biomaterials, which are 

biomaterials that are broken down slowly and substituted by regenerating tissue, also 

emerged around this time (Hench and Polak. 2002). Whilst second generation 

biomaterials were designed to be either bioactive or resorbable, third generation 

biomaterials aim to combine these two properties. Achieving this goal will help the 

body heal itself upon implantation by stimulating specific cellular responses at the 

molecular level (Hench and Polak, 2002).

There are two possible routes of repair available with the use of these modified 

biomaterials. In the first method cells are seeded onto resorbable scaffolds and 

allowed to grow and differentiate into new tissue prior to implantation in the patient 

to replace the diseased or damaged tissue. In time the scaffold resorbs and is 

replaced by host tissue that incorporates a viable blood supply and nerves. The 

living tissue-engineered construct, which can be considered to be a third generation
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biomaterial, can adapt to the physiological environment and provide long-lasting 

repair (Bench and Polak, 2002).

The second approach involves the use of biomaterials in various forms, such as 

powders, solutions and doped microparticles, to encourage local tissue repair. 

Chemicals are released from bioactive materials in the form of ionic dissolution 

products, or growth factors such as bone morphogenic protein (BMP), by diffusion 

or network breakdown. The chemicals are released at controlled rates and act to 

trigger the cells in contact with the stimuli (Bench and Polak, 2002). The cells create 

further growth factors that, in turn, trigger multiple generations of growing cells to 

assemble into the required tissues.

2.2 Materials for Scaffold Fabrication

In order to be successful, materials utilised in bone tissue engineering must possess 

characteristics of biocompatibility, interactive surface chemistry, and controlled 

degradation properties. A bioactive implant will elicit a positive relationship 

between the implant and surrounding tissue by promoting continual cellular growth. 

Scaffolds can be fabricated from a wide range of both synthetic and natural materials 

including polymers, ceramics and metals (Figure 2.6). The choice of scaffold 

material ultimately depends on the intended application. A selection of materials 

commonly used in the production of scaffolds are shown in Table 2.4 along with 

their degradation times and mechanisms. It can be seen that natural polymers 

generally degrade much faster than synthetic polymers and ceramics (Leong et al., 

2008). Although the use of polymeric, and to some extent metallic, scaffolds are the 

subject of much research for bone tissue engineering, ceramic materials remain the 

most widely used for scaffolding applications.
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Figure 2.6 (a): Polymeric Foam Scaffold (Zellwerk GmbH, n. d.) (b): Sponceram® Ceramic Scaffold 
(CELLMAT, 2011) (c) Trabecular Metal™ Scaffold (Zimmer, 2011)

Table 2.4: List of Biomaterials with Degradation Times and Mechanisms (Leong et at., 2008)

Biomaterials

Synthetic Polymers

Degradation Time Degradation Mechanism

Poly(L-lactic acid) (PLLA) 2-12 months Hydrolytic mechanism

Poly(glycolic acid) (PGA) 4-6 months Hydrolytic mechanism

Poly(caprolactone) (PCL) 1 - 2 years Hydrolytic mechanism

Natural Polymers

Collagen 2-24 weeks (depending on 
degree of cross-linking) Enzymatic degradation

Chitosan

Half-life weight: 10-56 
days for 52% - 62% 

deacetylation degree (DD), 
more than 84 days for DD 

> 72%

Enzymatic degradation

Ceramics

Hydroxyapatite (HA) In the order of years, poor 
degradation

Dissolution, resorbed by 
osteoclasts

Tricalcium phosphate (TCP) 8-24 weeks Dissolution, resorbed by 
osteoclasts

2.2.1 Ceramics in Bone Tissue Engineering

Global demand for medical ceramics and ceramic components in 2010 was 

approximately US$9.8 billion (Acmite Market Intelligence, 2011). An annual 

growth of 6 - 7% is predicted, increasing the market value to US$15.3 billion by 

2015, reaching US$18.5 billion by 2018 (Acmite Market Intelligence, 2011). This
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considerable expenditure on such ceramics leaves no doubt as to their importance in 

medical and biological applications. Ceramics used in biological applications may 

also be referred to as 'bioceramics’ (Huang and Best, 2007) and a range of ceramic 

classes exist that can be categorised according to the host tissue interaction (Figure 

2.7). Ceramics can also be manufactured in a range of forms for use in medical 

applications, such as porous or dense bulk form, granules or coatings.

Ceramic
Materials

Bioactive

Bioinert

Resorbable

Non-
Resorbable

Figure 2.7: Classification of Ceramics

Ceramics such as alumina and zirconia are bioinert and consequently do not invoke a 

reaction from the host tissue. Such materials were developed as a result of concerns 

related to the degradation products released from commonly used materials, such as 

metals and polymers (Blokhuis et al, 2000). Alumina and zirconia are utilised as an 

alternative to surgical metal alloys in total hip prostheses and in tooth implants 

(Huang and Best, 2007). Such materials gained popularity for use in these 

applications due to their lower wear rates when compared to proprietary devices. 

Although bioinert materials do not have a detrimental effect on the tissue, they lack 

the ability to bond directly to the tissue (Blokhuis et al, 2000).
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In contrast bioactive materials, such as calcium phosphates, bioactive glasses and 

glass ceramics, are materials that can interact with tissues they are exposed to. They 

elicit a chemical reaction from the surrounding tissue and undergo changes as 

implantation time increases (Woesz and Best, 2009). The chemical changes at the 

implant surface result in the formation of a carbonated apatite layer which is 

comparable to the mineral component of bone, with the bulk of the material 

remaining unaltered (Blokhuis et al, 2000). This apatite layer provides binding sites 

for the newly formed or repairing tissue (Woesz and Best, 2009).

Resorbable materials experience time-dependent chemical changes at both their 

surface and in the bulk material. They are dissolved or resorbed partially or 

completely over time and are subsequently replaced by the advancing tissue (Woesz 

and Best, 2009). In an ideal situation, the resorption rate will be similar to that of the 

rate of formation of new bone. Resorbable materials offer a number of obvious 

advantages for use in bone tissue engineering. As the materials generally disappear 

completely following implantation, no foreign material remains in the body 

following resorption and there is no need for further surgical procedures to remove 

the implant after treatment. Additionally, following material resorption it is thought 

that the remodelled bone is stronger than the combination of the ceramic and newly 

formed bone (Blokhuis et al, 2000).

The use of resorbable ceramics in bone tissue engineering provides an entirely 

biological and physiologic bone healing event (Blokhuis et al, 2000). Blokhuis et 

al. (2000) have commented on the introduction of biodegradable calcium phosphates 

to bone grafting applications in the late 1970’s and the concerns that developed in the
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1980’s relating to their uncontrolled degradation, mechanical integrity and the 

potential production of long term debris. These concerns prompted focus to shift 

towards materials that demonstrate a more controlled resorption and integration 

behaviour. As a direct consequence, the use of degradable calcium phosphate 

ceramics, which can potentially resorb in a matter of months after implantation, 

became a topic of interest.

2.2.1.1 Calcium Phosphate Ceramics

Over the past three decades, calcium phosphate (CaP) ceramics have been used 

increasingly in the clinical field. Studies of calcium phosphates as potential scaffold 

materials focus mainly on bone tissue engineering applications (Burg et al., 2000) 

and the development of these materials and their employment in bone replacement 

therapies has become increasingly important (Tampieri et al., 2001).

Calcium phosphates account for the majority of ceramic-based bone graft substitutes 

currently available. Several types of calcium phosphates exist, the most prominent 

being sintered CaP ceramics based on tricalcium phosphate (TCP) or hydroxyapatite 

(HA) (Tadic et al., 2004). CaP is the name given to a group of minerals containing 

calcium ions (Ca ) together with orthophosphates (PO4 '), metaphosphates (PO3'), or 

pyrophosphates (P2O74') and occasionally hydrogen (H+) or hydroxide ions (Off).

Calcium phosphates such as these have proved particularly attractive for use in this 

area as they resemble the natural inorganic component of bone (calcium-deficient 

carbonated HA) and possess osteoconductive properties (Tampieri et al., 2001), 

(Buckley and O’Kelly, 2004), (Karande et al., 2004), (Tadic et al., 2004). As a
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result of this close resemblance in chemical composition to bone, they are readily 

colonised by bone tissue under osteogenic conditions and exhibit good 

biocompatibility when in contact with bone (Tadic et a!., 2004).

Table 2.5 details a brief selection of CaP materials along with their chemical formula 

and Ca:P ratio. CaP ceramics are produced by the mixing of calcium and phosphate 

solutions under acid or alkaline conditions (Huang and Best, 2007). It should be 

noted that only certain CaP compounds are useful for biological implantation. If a 

compound possesses a Ca:P ratio of < 1.0, it is highly soluble and therefore is not 

appropriate for implantation in the body (Huang and Best, 2007), (Dorozhkin, 2010).

Table 2.5: Calcium phosphate materials (Huang and Best, 2007), (Dorozhkin, 2010)

Name Abbreviation Formula Ca:P
ratio

Tetracalcium phosphate TTCP Ca40(P04)2 2.00

Hydroxyapatite HA Calo(P04)6(OH)2 1.67

Tricalcium phosphate (a, a’, p, y) TCP Ca3(P04)2 1.50

Dicalcium diphosphate dihydrate 
(brushite) DCPD CaHP04-2H20 1.00

Dicalcium phosphate (montite) DCP CaHP04 1.00

Tetracalcium dihydrogen 
phosphate TDHP Ca4H2P602o 0.67

Calcium phosphate monohydrate CPM Ca(H2P04)2H20 0.5

Ceramics also comprise a large proportion of the bone tissue scaffolds currently 

available commercially with CaP ceramics featuring heavily within these. Table 2.6 

details a selection of commercially available ceramic scaffolds.
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Table 2.6: Commercially available ceramic scaffolds - adapted from Dorozhkin, 2010

Material Trade Name Manufacturer

ApaPore ApaTech, UK

Bonefil Pentax, Japan

HA BoneSource Stryker Orthopaedics, USA

Endobon Biomet, USA

Pro Osteon 500 Biomet, USA

Bioresorb Sybron Implant Solutions,
Germany

(3-TCP
Biosorb SBM S.A., France

Cerasorb Curasan, Germany
Conduit DePuy Spine, USA

Vitoss Orthovita, USA

Biosel Depuy Bioland, France

BoneSave Stryker Orthopaedics, USA

HA + p-TCP BoneSource Stryker Orthopaedics, USA

Ostim Heraeus, Germany

Tribone Stryker, Europe

2.2.1.1.1 Hydroxyapatite (HA)

HA is perhaps the most extensively used synthetic CaP ceramic for bone 

replacement, due in large part to its chemical similarity to the inorganic component 

of bone and teeth (Huang and Best, 2007). As stated previously, HA has the 

composition Caio(P04)6(OH)2 and a Ca:P ratio of 1.67. Synthetic HA has been 

shown to be chemically comparable with, although not identical to, naturally 

occurring HA (Damien and Parsons, 1991). In fact, 70% of the dry weight of bone 

constitutes the inorganic mineral HA, making it an ideal material on which to base 

ceramic implants to promote osteogenesis (Karageorgiou and Kaplan, 2005).
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Synthetic HA has been shown to be biocompatible, indicated not only by its 

chemical composition but also through the outcome of in vivo implantation 

experimental data that demonstrated a lack of toxicity, inflammation, or foreign body 

response (Damien and Parsons, 1991), (Park et al, 2009). The direct apposition of 

newly formed bone without the formation of an intervening fibrous layer to HA has 

also been demonstrated (Damien and Parsons, 1991).

HA has been shown to exhibit a slow degradation rate, in some cases taking many 

years to fully resorb (Leong et al., 2008). Hing et al. (2005) have demonstrated that 

the rate of osseointegration of HA can be accelerated by manipulating the degree of 

porosity of the respective implant. Although HA has been shown not to be 

osteoinductive, it has repeatedly demonstrated osteoconductive properties when 

implanted within a bony defect site (Damien and Parsons, 1991). After implantation, 

new bone begins to form along the edge of the defect site resulting in the formation 

of a bridge between the surrounding bone and the HA implant. This new bone will 

eventually undergo remodelling into mature bone.

The form in which HA is implanted plays a significant role in its success as a filling 

for bony defects. HA has been investigated in particulate, dense and porous forms 

and each configuration has been shown to be effective in different situations. 

Particulate HA is widely used in the filling of non-load bearing defect sites or in 

alveolar ridge maintenance (Damien and Parsons, 1991). Although problems do 

exist, such as difficulty in positioning and retaining the particulate HA in the defect 

site and the timescale involved to achieve bone restoration (Oonishi et al., 1997), the
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osteoconductive properties of particulate HA and its effective pore size result in the 

successful use of this form of HA as a bone graft substitute.

It should be noted that dense HA has demonstrated itself superior to particulate form 

for use in procedures such as alveolar ridge augmentation. However, its degradation 

rate is too slow for use in orthopaedic applications. Although dense HA possesses 

mechanical properties comparable to cortical bone, it does not possess the 

mechanical strength for successful use as a hard tissue prosthetic (Damien and 

Parsons, 1991) or for long term load bearing applications. HA is frequently used in 

porous form as a bone replacement material (Nicholson, 2002).

2.2.1.1.2 Beta Tricalcium Phosphate (P-TCP)

Tricalcium phosphate (TCP) is one of the most widely investigated CaP ceramics 

(Damien and Parsons, 1991). TCP has a nominal composition of Ca3(P04)2 with a 

Ca:P ratio of 1.5 and exists in a number of fonns such as a-TCP and p-TCP (Huang 

and Best, 2007). p-TCP ceramics are the more stable form and have been used 

widely in the replacement of bone tissue (Chen, B. et al, 2008). It demonstrates the 

ability to bond directly to bone (Chen, B. et al, 2008) and its high biocompatibility 

has been established by a lack of toxicity and inflammatory response following in 

vivo implantation (Damien and Parsons, 1991).

The degradation rate of P-TCP is much faster than that of HA (Damien and Parsons, 

1991) and P-TCP exhibits a high dissolution rate when subject to the human 

biological environment (Chen, B. et al, 2008), e.g. Parikh (2002) reported complete 

dissolution within six weeks, although it should be noted that the P-TCP form and
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processing conditions were not reported, both of which will impact on dissolution 

rate. The dissolution behaviour of P-TCP makes it an ideal material for bone 

reconstruction as it can be completely substituted by bone tissue following 

implantation in the body (Kamitakahara et al, 2008).

Similar to HA, the form in which P-TCP is implanted plays a key role in its success 

as an implant material. It is frequently used in the form of ceramic blocks, granules 

and CaP cement (Descamps et al., 2008a), however, the porous form is considered 

the most appropriate (Descamps et al., 2008b).

2.2.1.1,3 Biphasic Calcium Phosphates (HA + p-TCP)

Ideally, a bone tissue implant will resorb and be replaced by natural tissue. 

However, matching the rate of material resorption to that of bone tissue regeneration 

poses a challenge (Huang and Best, 2007). If the rate of resorption is too high the 

material in question may not be appropriate for use in cavity filling as it will 

disappear before the bone has a chance to take hold. Equally, if the rate of resorption 

is too slow, bone may not be able to grow adequately into the scaffold, and stress 

shielding may occur.

Despite the desirable characteristics displayed by HA and P-TCP, there are still a 

number of drawbacks associated with their use which reduce their clinical 

effectiveness. According to Sanchez-Salcedo et al. (2009), the degradation of HA is 

too slow to achieve optimal bone formation and the rapid degradation of P-TCP 

greatly reduces the surface area available for bone cell proliferation. The use of a
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composite of HA and P-TCP, known as biphasic calcium phosphate (BCP), has been 

proposed as a potential bone substitute (Ramay and Zhang, 2004).

BCP materials have been shown to exhibit the favourable properties of both HA and 

P-TCP, being biocompatible, osteoconductive and possessing a resorption rate 

between that of pure HA and P-TCP (Damien and Parsons, 1991). Various 

degradation rates can be achieved by alteration of HA:P-TCP content, allowing 

tailoring of BCPs to the specific application (LeGeros et al, 2003), (Ramay and 

Zhang, 2004), (Nilen and Richter, 2008), (Sanchez-Salcedo et al., 2009).

2.2.2 Porous Ceramic Scaffolds

HA and P-TCP have been widely used in porous form as bone replacement materials 

for both load and non load bearing applications (Nicholson, 2002), (K09 et al, 

2004). A porous material is ideal for bone replacement as pores located throughout 

the material result in the potential for vascularisation and bone in-growth (Nicholson, 

2002), (Descamps et al., 2008a). Additionally, as cancellous bone is a highly porous 

structure, a porous implant is a more accurate representation of the natural condition. 

A porous structure is lighter and more energy absorbent than a solid, dense structure. 

Consequently, a porous implant should offer a more effective cushion to bone impact 

damage (Swain et al.,2D\\).

Porous ceramics exhibit greater resorbability and osteoconductivity than dense 

ceramics (Zhang et al, 2007), (Swain et al., 2011), prompting increasing interest in 

the development of porous ceramic scaffolds for bone replacement applications. A 

porous ceramic structure provides a larger surface area than a dense ceramic.
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simulating the structure of cancellous bone for the adhesion of cells and new bone 

growth (Swain et al., 2011). The presence of pores within the implant allows the 

potential for a secure bond to form between the implant and the surrounding bone. 

The induction of new bone growth into pores aids in the prevention of implant 

loosening and movement (Saiz et al., 2007), (Descamps et al., 2008a). A number of 

techniques have been developed for the production of porous ceramic scaffolds 

(Table 2.7, Figure 2.8).

Table 2.7: Porous ceramic scaffold fabrication techniques

Method DescriptionMethod Description

Gel casting of 
foams
(Chen, B. et al, 
2008)

High solid content ceramic slurries with an aqueous solution 
of monomers are prepared. In situ polymerisation of the 
dissolved monomers creates a strong cross-linked network 
binding the ceramic particles together producing high 
density and strength green bodies which can be machined by 
conventional methods.

Incorporation of 
volatile organic 
particles 
(Engin and Tas, 
1999)

A combustible organic material is incorporated into the 
ceramic body which subsequently bums away during firing, 
leaving free spaces and voids in the ceramic resulting body.

Freeze-casting 
(Fu et al, 2008)

A stable colloidal suspension of ceramic particles in a 
nonporous mould is rapidly frozen; sublimation of the frozen 
solvent under cold temperatures is performed in a vacuum. 
After drying, the porous green samples are sintered to 
improve their mechanical strength.

Rapid Prototyping 
(RP) /Solid Free 
Form Fabrication 
(SFF)
(Buckley and 
O’Kelly, 2004), 
(Karande et al., 
2004)

Scaffold design is created using Computer-Aided Design 
(CAD) software. The design is divided into a series of cross 
sections. The SFF machine lays the scaffold down a layer at 
a time. Each new layer attaches to the one below giving 
integrity to the scaffold. Different techniques include: fused 
deposition modelling (FDM), selective laser sintering (SLS), 
stereolithography (STL) and 3D printing (3DP).

Sponge replication 
(Cunningham et 
al, 2009)

A ceramic slip is coated onto a sponge. The slip is allowed 
to dry and the whole structure sintered to remove the sponge 
to give a porous ceramic structure.
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Freeze-casting ISOfim RP/SFF 200^m

(a) Wu et al. (2011)

(b) Engin and Tas (1999)

(c) Deville et al. (2006)

(d) Michna et al. (2005)

(e) Teixeira et al. (2009)

Sponge replication 30pm

Figure 2.8: Ceramic scaffolds produced from different fabrication techniques

The scaffold structures differ greatly depending on the production technique used. 

Gel casting results in scaffolds with good mechanical strength (Chen, B. et al, 

2008), but which may have poorly interconnected pores and non-uniform pore size 

(Figure 2.8a) (Ramay and Zhang, 2003). Scaffolds produced through the 

incorporation of volatile organic particles possess a porous structure with good 

mechanical properties (Engin and Tas, 1999) but the pores are typically closed,
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poorly interconnected and non-uniform (Figure 2.8b) (Ramay and Zhang, 2003). 

The properties of the final structures from freeze-casting are determined by the 

suspension parameters, the freezing conditions, and the sintering conditions (Fu et 

al, 2008). Scaffolds produced using this method are typically uniform and highly 

porous with oriented tubular and interconnected pores (Figure 2.8c) (Chen, Q. et al.,

2008) . Despite allowing the production of porous scaffolds, these techniques lack 

the sensitivity to precisely control scaffold architecture (Liu et al., 2009).

RP and SFF techniques allow the most control over the scaffold architecture. 

Resultant scaffolds have highly controlled and reproducible porosity and 3D 

architecture and scaffold characteristics can be altered to meet specific structural and 

functional requirements (Figure 2.8d) (Buckley and O’Kelly, 2004), (Karande et al., 

2004). However, limitations do exist including poor resolution at the micro scale 

(Fu, 2009), increased fabrication time and complex, expensive equipment 

requirements (Boccaccini et al., 2009).

The use of a sponge replication method allows production of scaffolds with high 

porosity and interconnectivity (Figure 2.8e). Pore size, geometry and porosity of the 

scaffolds can be controlled by selecting a sponge with the desired pore size (Khang, 

2007). One disadvantage of the technique is the fact that scaffolds exhibit poor 

mechanical integrity when polymer sponge is used as the template. The use of 

polymer sponge, which is the traditional preform used in this method, results in the 

presence of a triangular void in the centre of the struts following the polymer 

removal during sintering, significantly reducing the scaffold mechanical strength (Fu,

2009) . It has been shown however that choice of preform can help alleviate this
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issue. Cunningham et al. (2010) have had success in the use of marine sponges as a 

preform. The resultant scaffolds are more stable, demonstrating much improved 

mechanical properties than polymer sponge replicated scaffolds. Table 2.8 

summarises the scaffold properties that can be achieved by use of the different 

fabrication techniques.

Table 2.8: Properties of ceramic scaffold produced from different fabrication techniques

Fabrication
Technique Advantages Limitations Resultant

Scaffolds

Gel casting 
of foams

Good mechanical 
strength
High porosity

Poor interconnectivity
Non-uniform pore size

Pore size:
30 - 1000 pm

Porosity:
50 - 96%

Incorporation 
of volatile 

organic 
particles

Good mechanical 
properties
Controllable pore size 
and porosity

Closed, poorly 
interconnected, non- 
uniform pores

Pore size:
15 - 420 pm

Porosity:
20 - 85%

Freeze
casting

Uniform and highly 
porous
Interconnected pores

Low compressive 
strength
Limited to small pores

Pore size:
10 - 100 pm

Porosity:
40 - 60%

Rapid 
Prototyping 
(RP) /Solid 
Free Form 
Fabrication 

(SFF)

Highly controlled, 
reproducible porosity 
and 3D architecture
Ease and flexibility in 
altering scaffold 
characteristics

Machinery required 
can be expensive
Materials are limited 
for some processes
Poor resolution at the 
micro scale

Pore size:
45 - 2500 pm

Porosity:
<90%

Sponge
replication

Scaffolds with high 
porosity and 
interconnectivity
Controllable pore size, 
geometry and porosity

Scaffold may exhibit 
poor mechanical 
integrity

Pore size:
300 - 700 pm

Porosity:
70 - 92%
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2.3 Dissolution of Calcium Phosphates

It is important that implants for bone tissue engineering not only replace the missing 

bone but are incorporated in the bone repair and remodelling process (Schaefer et ai, 

2011). Changes in the mechanical and physiochemical properties of the material 

after implantation or immersion in physiological solution imply material degradation 

(Ding et ai, 2005), which is necessary before remodelling can take place. According 

to Schaefer et al. (2011), the degradation of scaffolds used in bone tissue engineering 

is a result of two mechanisms:

1. Cellular degradation by osteoclasts, also called resorption; and,

2. Dissolution due to the solubility of the calcium phosphate phase in 

physiological solution.

Osteoclasts are highly specialised for their function, possessing an apical membrane 

which forms a tight seal with the calcified matrix during the resorption process 

(Sommerfeldt and Rubin, 2001). The portion of the membrane in contact with the 

bone, described as a ‘ruffled border’, is a characteristic of an osteoclast that is 

actively resorbing bone (Figure 2.9). This ruffled border is advantageous to the 

process as it increases the surface area available for bone resorption (Netter, 1987). 

When the osteoclast attaches to the bone surface, a resorption bay is formed into 

which enzymes are secreted acidifying and aiding dissolution of the mineralised bone 

matrix, leading to a local pH drop to = 4 - 5 (Dorozhkin, 2010). The low pH creates 

resorption lacunae at the ruffle border (Overgaard, 2009).

The host bone remodelling process and the resorption of a ceramic material are 

interlinked. If the ceramic material composition can balance the activity of the
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osteoclasts, the material can play a role in the bone remodelling process (Blokhuis et 

al., 2000). Osteoclast activity is dictated by the solubility of the CaP, which in turn 

determines the resorption rate (Blokhuis et al., 2000).

Bone Degradation 
Products

Ruffled Border
Resorption Lacuna

Figure 2.9: Schematic of an osteoclast showing the ruffled border and resorption lacuna - adapted

from Pharmaceutical International, n. d.

Dissolution is essentially the process by which the bulk scaffold breaks down into 

fragments or parts to form a solution in an appropriate solvent. Solubility is the 

ability of the material, the solute, to dissolve to form a homogeneous solution. The 

solubility of the scaffold material dictates the extent of the dissolution. Factors 

influencing the solubility of CaP based scaffolds include the manufacturing 

technique, phase content and architecture (Yang, H. Y. et al, 2008b) including 

implant geometry, size and porosity (Schaefer et al., 2011) (Table 2.9).
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Table 2.9: Material properties affecting degradation in vivo (Yang, H. Y. Et al., 2008b), (Overgaard, 2009)

Property Characteristics

Chemical composition The lower the Ca:P ratio, the more rapid the 
degradation of the material

Porosity and microstructure The larger the porosity the faster the degradation

Crystallinity and purity Low crystalline CaP materials have greater solubility 
due to dissolution

Degradation can be influenced by patient related factors, such as patient age, gender, 

and health situation, and both the size and location of the defect (Schaefer et al., 

2011). Consequently, a different optimal degradation rate will exist depending on 

defect type and location and the specific patient (Impens et al., 2008). In vivo 

dissolution of a CaP scaffold occurs due to a local under saturation of calcium and 

phosphate ions in the fluid surrounding the scaffold (Overgaard, 2009). Overgaard 

(2009) stated that the dissolution of CaP scaffolds plays an important role in 

triggering bone formation. It is very difficult to determine or predict the stages and 

rates of in vivo resorption from conventional laboratory experiments (Yang, H. Y. et 

al, 2008b), however, a need does exist for in vitro experiments to gain an 

understanding of how a scaffold may behave under in vivo conditions.

2.3.1 In Vitro Dissolution Experiments

In vitro experiments to investigate CaP dissolution are of great importance in the 

assessment of their potential in vivo efficacy. However, there is a lack of 

standardisation in such tests (Impens et al., 2008). An appropriate in vitro 

dissolution test should mimic or reproduce as many conditions of the in vivo 

environment as possible. A comparable in vitro condition should create a better 

understanding of how a CaP ceramic will respond following implantation.
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2.3.1.1 Influence of pH

A number of different solutions have been used as the immersion environment in the 

assessment of in vitro dissolution of CaP ceramics. In addition to the range of 

solutions detailed in Table 2.10, distilled water (dHaO) has also been utilised as a 

dissolution medium. The majority of studies employ a standard pH of 7.2 - 7.4. A 

pH within this range is thought to be comparable to natural physiological conditions.

Table 2.10: Solutions used in in vitro dissolution tests

Solution Definition Used by:
Simulated 
Body Fluid 
(SBF)

Solution with ion concentrations and pH values 
comparable to those of human blood plasma

Xin et al. 
(2005)

Ringer’s
solution

Solution of several salts dissolved in water to create 
an isotonic solution relative to bodily fluids

Kwon et al. 
(2003)

Hank’s
solution

Salt solution usually used in combination with 
naturally occurring body substances (blood serum, 
tissue extracts) and/or more complex chemically 
defined nutritive solutions for culturing animal cells

Ding et al. 
(2005)

Tris-HCl
buffer
solution

A buffer used in some biochemical techniques to 
maintain the pH within a relatively narrow range
Tris (with hydrochloric acid, HQ) has a slightly 
alkaline buffering capacity in the 7 - 9.2 range

Fulmer et al. 
(2002), Yang, 

H. Y. et al. 
(2008b), Lin et 

al. (2011)

Xin et al. (2005) studied the dissolution of a range of bioceramics, including porous 

samples of HA and (3-TCP, using SBF as the dissolution medium. Their aim was to 

study and compare CaP formation following immersion in SBF as it is thought that 

the ability to form apatite in the physiological environment directly relates to 

bioactivity. Samples were submerged in 200 mL of SBF at pH 7.4 and maintained at 

37.1 °C. They found that while HA samples did experience CaP precipitation, there 

was a lack of precipitation on P-TCP samples even after a prolonged submersion 

time of 5 days. It was observed that precipitation began at individual granules, 

gradually growing together forming a dense layer on the specimen surface.
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The dissolution behaviour of HA, P-TCP and HA:P-TCP composite powders in 

Ringer's solution was examined by Kwon et al. (2003). The dissolution behaviour of 

the powders was estimated by immersing them in Ringer’s solution for up to 30 days. 

They found dissolution of HA was minimal and that the dissolution rate of P-TCP 

was greater than that of HA. The HA:P-TCP biphasic composite powder exhibited 

an intermediate dissolution behaviour between that of HA and p-TCP powders. The 

release of Ca and PO4 ions increased continuously with increasing time in solution, 

showing a progression of degradation. The dissolution rate of the powders was 

found to depend strongly on the P-TCP content and also that bioresorbability could 

be controlled by adjusting P-TCP concentration.

Ding et al. (2005) investigated the dissolution behaviour of porous CaP samples 

immersed in Hank’s solution. Specimen were immersed in 10 mL of Hank’s 

solution at 37°C at pH 7.4 and removed at specified time points. Mechanical 

properties as a function of time in solution were measured and degradation behaviour 

was monitored through measurement of mass changes. They found that CaP samples 

experienced decreasing tensile strength and elastic modulus with increasing time in 

solution.

The use of Tris-HCl buffer solution has been reported by Ducheyne et al. (1993) due 

to its buffering capacity in the range of physiological pH. Although it does not 

possess the same electrolyte composition as physiological fluids, the authors stated 

that this may be advantageous as it allows initial dissolution to be observed more 

clearly. It is possible that solutions possessing compositions similar to physiological 

fluids could cover initial findings and result in precipitation.

58



Literature Review

The solubility of filaments of varying HA:(3-TCP ratios in Tris-HCl buffer solution 

was examined by Yang, H. Y. et al. (2008b). The aim of the investigation was to 

find a composition wdiich avoided release of toxic levels of ions but allowed 

sufficient exchange for bone remodelling. Filaments were placed in 200 mL of pH 

7.4 Tris-HCL at 37°C and Ca and PO4 ion release was monitored. The results of the 

study clearly indicated that as the [3-TCP content increased, so too did the level of 

dissolution. They also found that porosity played a role with a lower porosity 

resulting in lower dissolution.

Tris-HCl at pH 7.4 was also used by Fulmer et al. (2002) to examine the dissolution 

rates of three CaP based materials. The solubility and rate of dissolution of three 

materials: BoneSource, a self-setting, CaP cement; Norian Cranial Repair System 

(CRS), a self-setting CaP bone substitute; and, Calcitite, a sintered HA; were 

evaluated. The materials were ground into powder and placed in 220 mL of Tris- 

HCl at pH 7.4 and maintained at 37°C. Solution was removed at 10, 30, and 60 min, 

4, 8, 24, 48, and 120 h in order to perform elemental analysis allowing calcium 

release to be assessed. The results revealed that the Norian CRS and BoneSource 

had comparable solubility and dissolution rate, whereas Calcite had a much lower 

solubility. The study by Fulmer et al. (2002) underlined the low solubility of 

materials similar to HA at physiological pH.

Schaefer et al. (2011) evaluated the degradation of HA, TCP and a 60:40 wt. % 

HA:TCP mix. Both solid discs and porous scaffolds were investigated using 

physiological Tris-HCl buffered solution at 37°C. The aim of the investigation was 

to detennine the influence of phase composition and sample geometry on dissolution
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rates. Their findings showed that TCP dissolved to a greater extent and faster than 

HA whereas the 60:40 mix dissolved at the same level or faster than the pure TCP. 

Additionally, they determined that the degradation is influenced more by CaP phase 

than by sample porosity.

As resorption by osteoclasts occurs at pH 4.0, it is of interest to determine the 

influence such a pH has on the dissolution of CaP materials. However, consideration 

of such a pH level is much less extensively reported in the literature. Pilliar et al. 

(2001) investigated the degradation of porous calcium polyphosphate (CPP). Porous 

discs were placed in potassium hydrogen phthalate (KHP) buffered solution at pH 

4.0 and evaluated over four degradation periods of 1,5, 10, and 30 days. Samples 

were placed in 15 mL of solution and maintained at 37°C. One of the study aims 

was to examine the influence of degradation on the mechanical properties of the 

samples. A relatively large drop in tensile strength at 1 day was observed, which was 

followed by a more gradual strength loss over the remaining test period. Phosphate 

ion release was measured and it was noted that ion release paralleled the strength loss 

results with a high release at 1 day and a slower release thereafter.

Koerten and Meulen (1999) investigated the dissolution of HA and P-TCP ceramic 

spheres in sodium acetate buffer at pH levels of 4.0, 4.8, and 5.6. Suspensions of 

100 mg spheres in 15 mL of buffer solution were examined. The concentration of Ca 

ions released into solution was measured at 1, 2, 4, 8, 16 and 24 h to monitor the 

dissolution of the calcium phosphate ceramics. Analysis of the results revealed that 

dissolution began at necks between grains resulting in the liberation of grains. Ion 

release data indicated that (3-TCP dissolved faster than HA and that both materials
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showed an initial rapid release of Ca ions after 1 h but at later time points, significant 

further increase was not observed. The influence of pH on dissolution was 

demonstrated as the lower the pH, the greater the dissolution. Table 2.11 

summarises the various findings of the dissolution experiments in the literature 

reviewed conducted with respect to pH.

Table 2.11: Summary of findings of dissolution experiments with respect to pH

Condition Sample Findings Used by:

pH 7.4
37.1 °C
SBF

Porous samples, 
HA, (3-TCP

HA samples experienced CaP 
precipitation, P-TCP samples did not 
show precipitation.

Xin et al. 
(2005)

Ringer’s
solution

Powders,
HA, P-TCP,
HA:p-TCP
composite

Minimal HA dissolution and 
dissolution of P-TCP was greater than 
HA. HAiP-TCP dissolution was
between that of HA and P-TCP.

Kwon et 
al. (2003)

pH 7.4
37 °C
Hank’s
solution

Porous samples, 
CaP

CaP samples experienced decreasing 
tensile strength and elastic modulus 
with increasing time in solution.

Ding et 
al. (2005)

pH 7.4
37 °C 
Tris-HCl

Filaments, 
Varying HA:P- 
TCP ratios

Dissolution increased as the P-TCP 
content increased.
Lower porosity resulted in lower 
dissolution.

Yang, H. 
Y. et al. 
(2008b)

pH 7.4
37 °C 
Tris-HCl

Powder,
BoneSource
CRS
Calcitite

Norian CRS and BoneSource had 
comparable solubility and dissolution 
rate whereas the sintered HA had a 
much lower solubility.

Fulmer et 
al. (2002)

pH 7.4
37 °C 
Tris-HCl

Solid discs,
porous scaffolds 
HA, TCP, 60:40 
wt. % HA:TCP

TCP showed greater and faster 
dissolution than HA, 60:40 mix 
dissolved at the same level or faster 
than TCP. Degradation is influenced 
more by CaP phase than by porosity.

Schaefer 
et al. 

(2011)

pH 4.0
37°C
KHP

Porous samples, 
CPP

Large drop in tensile strength at 1 D 
followed by a gradual strength loss. 
Phosphate ion release paralleled 
strength loss results.

Pilliar et 
al. (2001)

pH4.0,
4.8, 5.6 
Sodium
acetate

Ceramic
spheres,
HA, p-TCP

P-TCP dissolved faster than HA. Both 
materials showed an initial rapid 
release of Ca ions. The lower the pH, 
the greater the dissolution.

Koerten
and

Meulen
(1999)
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2.3.1.2 Influence of Flow Condition

As well as consideration of pH, attention must be paid to whether the structure under 

consideration is exposed to a static or dynamic flow environment. Although the 

static condition has been widely used to simulate in vitro dissolution, the dynamic 

condition is somewhat less well documented. When considering the flow conditions 

that a scaffold will experience in vivo, a dynamic flow condition is more comparable 

to the in vivo scenario than a static condition. The use of dynamic flow is a relatively 

new method and it is thought to be a closer approximation of the biological 

environment than a static condition (Deng et ai, 2005). The manner in which 

dynamic flow is achieved varies from study to study, for example:

- Use of agitation, e.g. through the use of a shaker bath; or,

- Use of a specially designed system using pumps to achieve flow.

Lin et al. (2011) considered the degradation of P-TCP scaffolds in Tris-HCl buffer 

solution at pH 7.4 and 37°C using a shaking water bath to supply a dynamic 

environment. Samples were placed in Tris-HCl and maintained at 37°C for 1, 3, 7, 

14 and 21 days and their weight loss determined. The results indicated that 

degradation increased with increasing time in solution and that degradation rate is 

determined by a number of factors such as sintering parameters and porosity. 

Similarly to Yang, H. Y. et al. (2008b), they found that as porosity increased, so too 

did degradation rate.

The in vitro bioactive behaviour of porous scaffolds with a HA:P-TCP ratio of 

26.9:73.1 wt % were investigated by Sanchez-Salcedo et al. (2009). The scaffolds 

were vertically mounted on a platinum wire and immersed in SBF at pH 7.3. Two
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flow conditions were applied, i.e. static and dynamic. In the static condition, 

scaffolds were incubated in an upright position in unstirred SBF solution. In the 

dynamic condition, orbital stirring at 70 RPM was used to maintain a continuous 

flow of fluid, avoiding ion accumulation near the surface of the scaffolds and 

allowing the introduction of fluid through their porous framework. Scaffolds were 

removed after 15, 45 and 60 days in SBF. Immersing the scaffolds in SBF solution 

produced noticeable changes in the chemical composition of the SBF under both 

flow conditions. After 15 days, a reduction in both Ca and PO4 content was observed 

under static and dynamic conditions but a greater reduction occurred under the 

dynamic condition. The depletion of ions in SBF was attributed to the formation of a 

new apatite-like phase on the surface of the scaffolds. The Ca and PO4 content 

remained constant after 15 days. The dynamic condition produced faster dissolution 

than the static condition which could be attributed to the continuous flow of fluid 

preventing the accumulation of ions and permitting faster introduction of SBF into 

the porous scaffolds than under static condition.

Dissolution studies were conducted by Queiroz et al. (2003) on HA and glass- 

reinforced HA ceramics using both an orbital shaker and a dynamic flow system. 

The aim was to predict in vivo dissolution rates and also to evaluate in vitro 

bioactivity. The continuous agitation dissolution tests were performed by immersing 

0.5 g of the appropriate material in 5 mL of SBF at pH 7.4 in a 20 mL container. The 

containers were placed in an orbital shaker, maintained at 37±0.5°C and continuously 

stirred at 120 RPM. Samples were removed after immersion periods of 3, 7, 15, 30 

and 60 days. The flow-through dissolution tests were performed using a ‘Sotax 

Model CE-6 Flow Through Method Dissolution Tester’ (SOTAX, Switzerland) that
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was designed for use in the pharmaceutical industry to characterise the dissolution 

properties of drugs (SOTAX, n. d.). Specimens (0.5g) were placed in a cell and a 

peristaltic pump used to pass SBF (pH 7.4, 37±0.2°C) through at a constant rate of 

10 mL/min. The total immersion time was 30 min with samples removed every 

minute. In the continuous agitation tests, all samples were characterised by the 

presence of CaP precipitates. The amount of precipitate depended on the material, 

with only a few dispersed precipitates present on the HA and a greater amount of 

precipitation observed on the glass reinforced HA. The results of the flow-through 

dissolution tests revealed no precipitate deposition on the material surfaces. This 

was thought to be as a result of the high flow rate, which may have removed any CaP 

formation on the surface, and the short immersion period.

Two fluid flow regimes were utilised by Impens et al. (2008) to examine the 

dissolution of porous CaP scaffolds and dense CaP discs in calcium free PBS at 

37°C. Samples studied included 100 wt.% HA, 60:40 wt.% HA:(3-TCP and 100 

wt.% P-TCP. The first flow condition was supplied by a shaking bath and the test 

was conducted by immersing the porous and dense samples in 185 mL of Ca free 

PBS for 12 days. The scaffolds were also subjected to a perfusion regime where 50 

mL of Ca free PBS was passed through the samples at a rate of 0.2 mL/min, however 

the flow rig used was not described. Ion release as a result of dissolution was 

measured. The results from the shaker bath study indicated that the dense structures 

released higher levels of Ca ions than the porous structures. When comparing the 

results of the shaking bath with the perfusion flow regime, it was found that the ion 

release for the shaking bath system was much lower than for the perfusion system. 

This is thought to be due to the fact that in the shaking bath system, the inner surface
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of the scaffold played a limited role in the dissolution process compared to the 

perfusion system. The authors concluded that the perfusion system produced a 

dissolution dynamic, which more closely resembled the in vivo environment than the 

shaking bath system.

Deng et al. (2005) utilised dynamic flow to investigate the influence of flow speed 

on bone-like apatite formation in porous CaP specimen. Biphasic ceramics 

(HA:TCP = 60:40) were placed in a dynamic system consisting of the specimen 

mounted in a tube with a pump used to apply flow. Specimens were then subjected 

to SBF at pH 7.4 and 37°C flowing at rates of 2, 5, and 8 mL/min for a period of 2 

days. The microstructure of pore internal walls was observed and deposits resulting 

from flow analysed. They found that deposits were present at all flow rates but that 

the flow rate altered the shape of the deposited crystals. At a flow rate of 2 mL/min 

“stamen-like” crystals formed on inner walls; at 5 mL/min a thin layer of fine 

deposits were found covering the inner walls and the stamen-like crystals found at 2 

mL/min; and, at 8 mL/min a thick layer of fine deposits occurred on the surface of 

the stamen-like crystals and the inner pore walls. They concluded that higher flow 

speeds facilitated apatite formation in pores due to the fact that faster flow resulted in 

more abundant CO3 and PO4 ions for nucleation and growth of the apatite.

CaP formation on porous HA:(3-TCP ceramics in both static and dynamic conditions 

was investigated by Duan et al. (2005). The formation of bone-like apatite on 70:30 

HA:p-TCP scaffolds was considered in static SBF and dynamic SBF at 2 mL/min. 

All tests were conducted at pH 7.4 and 36.5 ± 1°C. Samples were immersed in static 

SBF for 14 days and after this period, bone-like apatite formation occurred both on
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the surface and in the pores of the samples. Under the dynamic test condition, when 

SBF flowed at 2 mL/min, bone-like apatite was observed only on the internal surface 

of the sample pores. The authors concluded that a dynamic model may be better than 

a static immersion model in imitating the physiological condition of bone-like apatite 

formation. Table 2.12 summarises the dissolution experiments reviewed conducted 

under a dynamic flow condition.

Table 2.12: Summary of findings of dissolution experiments with respect to flow condition

Test
Condition Sample Application of 

Dynamic Flow Findings Used by:

pH 7.4
37 °C
Tris-HCl

Scaffolds,
P-TCP

Shaking water 
bath

Degradation increased with 
increasing time in solution. 
Degradation increased with 
increasing porosity.

Lin et al. 
(2011)

pH 7.3
SBF

Scaffolds, 
26.9:73. lwt% 
HA:p-TCP

Orbital stirring 
at 70 RPM

Reduction in Ca and PO4 
content of SBF.
Dynamic dissolution faster 
than static condition.

Sanchez- 
Salcedo 

et al. 
(2009)

pH 7.4 
37±0.2°C
SBF

HA, glass- 
reinforced HA

Sotax
Dissolution 
Tester at 10 
mL/min

No precipitate deposition on 
the material surfaces.

Queiroz 
et al. 

(2003)

37°C
Ca free
PBS

Solid discs,
porous
scaffolds
HA, P-TCP, 
60:40 wt. %
HA: p-TCP

Perfusion 
regime - rig 
not described, 
flow at 0.2 
mL/min

Ion release greater in 
perfusion system.
Perfusion system thought to 
produce a dissolution 
dynamic more analogous to 
in vivo environment.

Impens 
et al. 

(2008)

pH 7.4
37°C
SBF

60:40 wt. %
HA: P-TCP

Pump used to 
apply flow of
2, 5, and 8 
mL/min

Deposits present at all flow 
rates, flow rate altered 
crystal shape.
2 mL/min - “stamen-like” 
crystals on inner walls
5 mL/min - thin layer of fine 
deposits and stamen-like 
crystals
8 mL/min - thick layer of 
fine deposits

Deng et 
al.

(2005)

pH 7.4 
36.5±1°C
SBF

Porous
samples,
70:30 wt. %
HA: p-TCP

2 mL/min
Bone-like apatite observed 
only on internal surface of 
pores.

Duan et 
al.

(2005)
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The use of dynamic conditions in the dissolution testing of CaP ceramics has 

received interest in recent years. A number of authors (Deng et al., 2005), (Duan et 

al, 2005), (Impens et al., 2008) have concluded that a dynamic test system is more 

useful in assessing the dissolution behaviour of CaP ceramics than a static system. A 

dynamic system provides a situation more analogous to the natural environment the 

scaffold will experience in vivo. A scaffold implanted in the body will be exposed to 

a thermodynamically open system, meaning that it will experience a constant mass 

flow of bodily fluids by and potentially through the implant (Fulmer et al, 2002). In 

a static test a closed system exists in which released ions can reach equilibrium, 

creating ion saturation in and around the implant. In a dynamic system this situation 

is much less likely to occur, further reinforcing the conclusion that a dynamic test is 

more appropriate.

It is clear from the literature that a variety of test methodologies are utilised when 

considering dissolution tests. The wide selection of mediums available for use as the 

immersion environment, combined with the choice of different pH and flow 

conditions, leads to no shortage of possible test protocols. However, the wide variety 

of test methods used and the variation between experimental set-ups point to the need 

for the development and establishment of standardised and predictive tests for CaP 

dissolution.

2.4 Use of Animal Models in Bone Tissue Engineering

The use of animal models in tissue engineering research provides valuable 

information on the efficacy of materials for implantation in the human body. It is 

essential to fully characterise a material with regards to its chemical and physical
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properties prior to implantation. Materials for use in the body must be subjected to 

rigorous testing, both in vitro and in vivo, to ensure they meet the requirements of 

biocompatibility, mechanical stability and safety (Pearce et ai, 2007). Animal 

models are necessary if the available in vitro approaches are unable to offer a 

reasonable approximation of the real life in vivo location, an example of which is the 

degradation behaviour of the implant material (Muschler et ai, 2010).

It is often difficult to gauge how a material will behave when implanted in the body 

from in vitro studies alone (Pearce et al, 2007). Although in vitro tests, e.g. using 

cell lines, are useful tools supplying important information on the biocompatibility 

and bioresorbability of the material, the bioresponse of a material can only be fully 

understood after it has been implanted in vivo (Clarke and Jordan, 2008). The use of 

animal models is an important step in the testing of materials prior to clinical use and 

they are an indispensible tool in the establishment of how suitable scaffolds are for 

bone tissue engineering.

Development of bone tissue engineering materials normally follows the sequence:

(1) Production and structural characterisation of the raw material;

(2) Formation of a scaffold from the developed material and in vitro 

measurements of mechanical and degradation properties;

(3) Assessment of biocompatibility and bone formation by cell culture in 

vitro',

(4) In vivo studies to determine biocompatibility and degradation of the 

material, usually by implantation in a low-level animal model, e.g. a rat 

model;
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(5) Performance of the material is evaluated and if deemed successful it may 

be assessed for its intended application by implantation in a bone defect 

model in a higher-level animal, e.g. a rabbit model;

(6) Finally, prior to human clinical trials, a well-controlled study in large 

animals, such as primates, may be considered if the material functioned 

appropriately in the small animal studies (Lu et al., 2006).

In an effective animal model the environment should match, as closely as possible, 

the clinical and biological situation the implant will eventually be subjected to 

(Muschler et al, 2010). Lu et al. (2006) stated that the anatomy and physiology of 

the animal model selected should be appropriate for the specific study; that 

pathogenesis and disease progression should be analogous with that of humans; and, 

that there should be a comparable histopathologic response to that observed in 

humans. The design and development of appropriate animal models is crucial for the 

reasonable advancement of tissue engineering. Animal models will always be 

required as a means to resolve new issues or to better address old issues in a more 

thorough and standardised approach (Muschler et al, 2010).

2.4.1 In Vivo Biodegradation of Scaffolds

The degradation behaviour of scaffold materials intended to degrade in vivo must be 

thoroughly characterised in an in vitro setting prior to implantation. In many 

situations, the material degradation rate can vary significantly between the in vivo 

and in vitro situation. Such differences in rate of degradation may be as a result of 

pH levels, extent of perfusion, enzymatic or inflammatory mechanisms, or 

mechanical loading (Lu et al, 2006). Additionally, a material that appears to be
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biocompatible under in vitro testing may produce a different response in vivo as a 

result of unexpected toxicity of degradation products or the presence of wear 

particles.

The study of the biodegradation of scaffolds in vivo may be performed by the 

implantation of the material in the form of, for example, discs, rods or foams. When 

evaluating materials for bone tissue engineering, a defect site is drilled, or otherwise 

excised, in an appropriate bony location. The scaffold is then implanted into the 

defect site and the animal is returned to a location, such as a run or a cage, where it 

can recover and return to normal activity levels. Movement and exercise are 

desirable as they encourage the animal to bear weight on the implant site and as a 

result mechanical loading is applied to the scaffold (Clarke and Jordan, 2008).

2.4.2 Calcium Phosphate Scaffolds in Animal Studies

Many studies have been conducted assessing CaP material implantation in animal 

models (Table 2.13). All studies indicated that CaP ceramics are well tolerated when 

implanted, eliciting no toxic response. Generally, the use of CaP implants yielded 

some degree of bone in-growth.

Table 2.13: CaP materials used in animal models

Material Animal Model Outcome
Assessed at 1,3, 12 and 24 wks

HA New Zealand 1 wk - bone in-growth predominantly woven
White Rabbits 3 wks - new bone was almost exclusively lamellar

12 wks - vascular network was well established in

Fabrication Technique:
all implants, marrow had penetrated throughout 
and the bone had a more mature, organised,

Slip Foaming Technique 
(Ring et ai, 2005)

lamellar structure
24 wks - no significant change in the distribution 
of bone noted at 12 wks

70



Literature Review

Table 2.13: continued

Material Animal Model Outcome

HA New Zealand 
White Rabbits

Implants were tightly united with host bone in all 
cases, without any sign of movement at interface
HA implants appear to have no early adverse 
effects, such as inflammation and foreign body 
reaction
At 4 wks, the implants showed bone in-growth
At 8 wks although total amount of new bone 
formation had not increased compared to 4 wks, 
there was evidence of remodelling and bone 
marrow formation within the implants

Fabrication Technique:
Material Bum Out 
(Chang et al., 2000)

HA New Zealand 
White Rabbits

No infections and a good articular motility were 
observed in all the animals treated
The area of implantation appeared covered by 
fibrous tissue and scaffolds were well integrated 
There was abundant bone formation with no 
fibrous tissue evident at interface with new bone 
New bone was clearly seen around and inside the 
implanted material
The whole biomaterial was surrounded by newly 
formed bone, wide bone in-growth was observed

Fabrication Technique:
Sponge Replication 
(Tampieri et al., 2001)

HA
p-TCP

New Zealand 
White Rabbits

No evidence of infection or disturbed wound 
healing
4 and 12 wks - new bone formation and material 
degradation were observed in HA and P-TCP
New bone formation was significantly higher in P- 
TCP than in HA

Bio-Lu Biomaterials Co. Ltd, 
China
(Shen et al, 2007)

HA
p-TCP

Sprague- 
Dawley Rats 
New Zealand 
White Rabbits

Ceramic materials were well accepted by the host 
animals, causing no ill effects or inflammation in 
surrounding tissues
No toxicity or foreign-body response
Although the ceramics fitted the defects, bone in
growth was slight and did not provide a useful 
basis for a comparison between the ceramics 
Significant new-bone growth occurred only in 
association with isolated regions of bone marrow

Fabrication Technique:
Material Burn Out 
(Uchida eJ a/., 1984)

HA
P-TCP

New Zealand 
White Rabbits

After two weeks, newly formed bone was found 
around and in the periphery of both the HA and P- 
TCP implants
The P-TCP implant were colonised faster and at a 
higher rate than the HA
Ceramic resorption reached 60% for P-TCP and 
only 10% for HA at 12 months

Synatite®, Biosorb®
S.B.M., France
(Galois and Mainard, 2004)
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Table 2.13: continued

Material Animal Model Outcome

P-TCP Swiss Alpine 
Sheep

All implants were tolerated very well as evidenced 
by the absence of signs of inflammation
Resorption proceeded very rapidly in the first 
weeks of implantation: at 6 wks, almost 80% of the 
ceramic had been resorbed
Resorption then proceeded at a slower pace: at 24 
wks less than 5% of the total surface area was 
occupied by the bone substitute
Ceramic resorption occurred mainly in the first 6 
weeks of implantation, whereas bone formation 
was observed during the first 12 week
No large changes were seen beyond 12 weeks

Fabrication Technique:
Emulsion Method
(Von Doemberg et ai, 2006)

Biphasic
(HA+p-TCP)

Dutch Milk 
Goats

All implants were totally integrated in the 
surrounding cancellous bone without interposition 
of fibrous tissue
No evidence of toxicity or signs of inflammation 
Bone formation observed after 12 wks implantation 
although no substantial resorption took place
Bone had formed throughout the implants and was 
normal in appearance

Fabrication Technique:
H2O2 Foaming Method 
(Habibovic et al., 2006)

Biphasic (HA+P- 
TCP)

New Zealand 
White Rabbits

All treatment sites healed uneventfully with no 
evidence of inflammatory response to grafts 
Lamellar bone in close contact to implant surface 
and bone in-growth was observed at 4 and 8wks 
Relatively large particles of implant were evident 
at 4 wks which were in the middle of resorption 
and substitution into new bone
Particle size and total area were reduced at 8 wks 
and density of newly formed bone was higher 
Fibrous tissues were still observed between 
granules

Osteon®, Genoss Co. Ltd, Korea 
(Park et al., 2009)

2.5 Mathematical Modelling in Tissue Engineering

Despite extensive experimental research into bone remodelling and regeneration, 

many of the processes involved still remain unclear. In recent years the use of 

mathematical and computational modelling tools has gained popularity in an effort to 

understand the bone repair and regeneration process following scaffold implantation.
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Geris et al., (2009) reviewed current computational models for bone formation and 

regeneration, discussing the emergence and development of such models and their 

usefulness in tissue engineering strategies. They examined the first theoretical 

models that considered only the mechanical environment on the regulation of skeletal 

tissue regeneration. The evolution from mechanoregulatory models through to 

bioregulatory models, in which mechanics were ignored and regeneration was 

regulated by biological stimuli such as growth factors, to the most recent 

mathematical models that combine the influences of both biological and mechanical 

stimuli, were reported. The theories discussed provided the framework for many 

research groups to formulate theoretical models relating to bone remodelling.

Despite the wide range of experimental studies that have attempted to define optimal 

scaffold properties, they still remain elusive. Byrne et al. (2007) proposed the use of 

a computational simulation approach to determine the optimal combination of 

scaffold design parameters. Their objective was the development of a tissue 

differentiation model for bone regeneration in a printed scaffold, capable of 

maximising bone formation. This would be achieved by the appropriate choice of 

scaffold parameters including porosity, Young’s modulus, and dissolution rate. The 

magnitude of local loading was also considered. To determine the effect on bone 

formation, a single parameter, i.e. porosity. Young’s modulus, dissolution rate or 

application of load, was varied while the others were held constant. Each parameter 

was assessed at three levels: low, intermediate or high, however the values used were 

not defined by experimental testing. Porosity, Young’s modulus, and dissolution rate 

were shown to have a critical effect on bone regeneration and the application of 

different combinations could be used in the optimisation of bone regeneration. Such
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a model would enable prediction and optimisation of scaffolds for specific 

geometries and consequently reduce the number of experimental studies necessary to 

validate scaffold designs.

In recent years, mathematical models have gained popularity in the modelling of the 

resorption of CaP bone substitutes. Such modelling is complicated by the fact that 

the resorption rate of CaP bone substitutes is influenced by a number of factors 

including patient factors, implant location and implant features, such as geometry 

and composition. Despite the lack of control over patient issues and defect site, there 

is some control over the bone substitute features. Although there has been much 

work conducted on determining the influence of material composition on scaffold 

resoiption, there has been little work carried out on determining the effect of 

geometry on resorption rate (Bohner and Baumgart, 2004). This has been attributed 

to the difficulty related to producing CaP materials with specific geometric features. 

So many properties are interlinked, such as porosity and mechanical properties, that 

the adjustment of one parameter while maintaining all others is extremely difficult. 

To alleviate this problem, Bohner and Baumgart (2004) proposed the use of a 

theoretical model to predict the effect of geometry on the resorption rate of bone 

substitutes.

The resultant model indicated that the resorption time of a macroporous block could 

be minimised at a specific pore radius, which itself depended on the size of the bone 

substitute and on the interpore distance. Pores sizes predicted by the model were in 

the range of 100 - 400 pm, which were comparable to the various optimal pore sizes 

mentioned in the literature. When compared against experimental data, it was found
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that the model had merit as a useful instrument in understanding in vivo results and in 

the definition of appropriate geometries for bone substitutes.

Computational simulation has been suggested as a useful platform to reduce animal 

experimentation provided models can be sufficiently validated (Sanz-Herrera et al, 

2011) and the use of computational models has been advocated in the investigation 

and optimisation of the numerous variables involved in scaffold design (Checa et al., 

2011). Although validation of such models is vital, appropriate computational 

models could permit substantial advances to be made in the area of scaffold design, 

while potentially reducing the need for trial and error research.

2.6 Project Aims and Objectives

Many techniques currently exist for the production of CaP scaffolds for bone 

replacement applications, however as yet no technique is capable of producing 

scaffolds which adequately replicate the structure of cancellous bone. A need exists 

for scaffold production techniques capable of reliably producing scaffolds with 

appropriate structure and properties. Further to this, it is essential that scaffolds are 

appropriately characterised with respect to their architecture, mechanical properties 

and dissolution behaviour. Currently no standards exist for the determination of CaP 

dissolution and due to the complexity of the in vivo environment the development of 

test protocols that adequately replicate the in vivo situation is not an easy task.

It was the aim of this work to develop a method of fabricating scaffolds, which 

mimics the architecture of cancellous bone, with appropriate pore size, porosity and 

mechanical integrity, which behave appropriately in vivo. Additionally this work
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aimed to develop rigorous test protocols to permit the assessment of a range of 

variables, such as time, pH and flow condition, on CaP dissolution to be determined. 

Following measurement of CaP scaffold dissolution under in vitro conditions, a 

comparison was made between in vitro dissolution and in vivo resorption through the 

use of an animal model. Conclusions were then drawn on the appropriateness of in 

vitro tests to predict in vivo scaffold resorption.

The main aims of the project were the production of CaP based scaffolds of varying 

structures and the development of simple laboratory based tests to predict the rate of 

resorption of said scaffolds, following which an in vivo study was conducted to 

assess in vivo efficacy. To achieve this, the following specific objectives were 

defined:

Scaffold Production

The production and characterisation of biphasic CaP scaffolds of varying structures 

via a sponge replication technique was investigated and optimised. This permitted 

the investigation of altering scaffold composition and structure on dissolution rate 

and therefore the resorption of the scaffold. This involved:

- Production of high solid content ceramic slips with varying compositions of 

slow (HA) and fast ((3-TCP) resorbing CaP powders

- Replication of porous sponges via infiltration and sintering techniques

- Characterisation of resultant scaffolds to confirm accuracy of replication

Dissolution Tests

Test protocols were established to allow dissolution testing of CaP scaffolds in which 

both material and environmental factors were investigated. The test setup allowed:
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- Examination of scaffold behaviour in replicated physiological conditions

- Replication of conditions produced during osteoclastic resorption of calcium 

phosphates

- Development of a test rig to allow influence of flow conditions on scaffold 

dissolution to be examined

In-vivo Testing - Use of Animal Model

In-vivo testing using a rabbit model was conducted to examine the efficacy of the 

scaffolds for use in bone replacement applications. Degree of resorption and bone 

in-growth were assessed in an attempt to determine effectiveness of scaffolds.
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3.0 Slip Optimisation

3.1 Introduction

Scaffolds were produced using the sponge replication method which is a popular and 

effective technique for producing ceramic structures with interconnected porosity 

(Jun et al., 2007), (Zhao et a!., 2009). The specific method used was the sponge 

replication protocol developed by Cunningham et al. (2010) which allowed the 

replication of both polymer and natural sponges. Scaffolds produced via sponge 

replication possess a number of distinct properties such as controllable pore size and 

high interconnectivity (Vitale-Brovarone et al., 2008), (Sopyan and Kaur, 2009). 

One drawback to the use of polymer sponge as a preform however is poor 

mechanical strength of the resultant scaffolds (Sopyan and Kaur, 2009), (Zhao et al, 

2009).

In simple terms, the procedure consisted of coating a porous, organic sponge preform 

with ceramic slip and allowing it to dry prior to application of a heat treatment to 

remove the preform and sinter the ceramic. The resultant structure was a ceramic 

copy of the original preform geometry. A slip is a suspension of ceramic powder in 

water along with other materials, such as an appropriate dispersing agent. The use of 

a dispersing agent encourages the even distribution of the ceramic particles within 

the water which aids in the formation of a high solid content slip. A high solid 

content slip, i.e. a slip with a high powder content, results in scaffolds with greater 

density, improved mechanical properties, and minimal shrinkage due to sintering 

(Hsu et al., 2007). However there is a trade-off, a high solid content slip will possess 

a high viscosity which can lead to problems when coating the preform.
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The slip solid content should be such that the viscosity is sufficiently low to permit 

sponge infiltration, yet it must be high enough to limit draining of the slip from the 

sponge (Hsu et al., 2007). Accordingly the first stage of scaffold fabrication was the 

production of a ceramic slip optimised with respect to solid content and viscosity. 

The method devised by Cunningham et al. (2010) utilised a high solid content 

ceramic slip (80 wt. % HA powder content) which demonstrated an improvement on 

loading values typically reported for use in the sponge replication method, e.g. 60% 

HA powder content achieved by Padilla et al. (2004), 54% HA powder content 

achieved by Bhattacharjee et al. (2006) and 65% p-TCP powder content achieved by 

Descamps et al. (2008b).

The composition of the slip used by Cunningham et al. (2010) was optimised with 

respect to HA content. As this study utilised both HA and P-TCP, the slip 

composition devised by Cunningham et al. (2010) could not be directly applied. 

Consequently the slip optimisation process utilised by Cunningham et al. (2009) was 

followed to optimise the slip with respect to HA and P-TCP content. To fully 

optimise the slip, a number of steps were carried out such as determination of 

optimal solid content, identification of the most appropriate dispersing agent and 

concentration of same. As a goal of the project was to investigate the impact of 

HA:P-TCP content on scaffold properties, it was necessary to produce slips of 

varying HA:P-TCP ratios as follows:

- 0% HA to 100% P-TCP (0:100 HA:p-TCP);

- 50% HA to 50% P-TCP (50:50 HA:p-TCP); and,

- 100% HA to 0% P-TCP (100:0 HA:p-TCP).
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The specific aim was the production of a range of slips of varying HA:|3-TCP 

composition with as high a solid content as possible and sufficient viscosity to 

permit infiltration of the sponge preforms.

3.2 Materials

Selection of the starting ceramic materials was an important step as it can be difficult 

to produce an optimal slip if the initial powders are not appropriate. The raw HA and 

(3-TCP powders were purchased from Plasma Biotal Ltd (Plasma Biotal Ltd. 

Tideswell, UK). The powder details provided by the manufacturer are detailed in 

Table 3.1.

Table 3.1: HA and P-TCP powder details supplied by Plasma Biotal Ltd

Powder Manufacturer Name Batch XRD
Ident

Dio
(pm)

D50
(pm)

Dyo
(pm)

HA Captal® S BM Hydroxylapatite 
Sintered Powder

P260
S 5159 1.02 2.33 3.49

(3-TCP Whitelockite Beta Tricalcium P228 4183 6.22 13.04 19.92Phosphate Powder S

where: S = sintered, BM = ball milled

Dispersants have been used to stabilise suspensions of solid particles in liquid in an 

attempt to prevent the settling out of the solid phase (Rahaman, 2007). Anionic 

polyelectrolytes are frequently used as dispersing agents for LIA and (3-TCP slips 

(Lelievre et ah, 1996), (Ramay and Zhang, 2003), (Padilla et al, 2004), (Ramay and 

Zhang, 2004), (Bhattacharjee et al., 2006), (Saiz et al., 2007), (Descamps et al., 

2008b), (Miao et al, 2008), (Sanchez-Salcedo et al., 2009). Anionic polyelectrolytes 

are water soluble polymers that carry a negative charge along the polymer chain 

(Thermo Chem Corporation, n. d.). Four dispersing agents from the Darvan family
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(R.T Vanderbilt Company, Inc., Connecticut, USA) were available for use in this 

study (Table 3.2). Darvan dispersants are highly effective dispersing agents and are 

designed to lower the viscosity of particulate slurries and to prevent the 

agglomeration and settling of suspended solids in aqueous systems.

Table 3.2: Commercial name and composition of Darvan dispersing agents

Commercial Name Dispersing Agent

Darvan C_N Ammonium polymethacrylate
Darvan 821A Ammonium polyacrylate
Darvan 7_N Sodium polymethacrylate
Darvan 811 Sodium polyacrylate

3.3 Milling Study

To achieve a high solid content, homogeneously packed slip, the use of a broad, 

continuous particle size distribution was advised (Rahaman, 2007). Particle size and 

particle size distribution have been shown to influence the rheological properties of 

the slip and the packing ability of the powders (Rodriguez-Lorenzo et al., 2001). 

The particle size data provided by the manufacturer indicated that the particle sizes 

of the two powders were not similar (HA D5o = 2.33pm, P-TCP D5o = 13.04pm). 

Due to the discrepancy between the two powders it was necessary to mill the P-TCP 

in an attempt to bring the particle size in line with that of the HA powder. 

Consequently, it was necessary to investigate a range of milling regimes in order to 

find the most appropriate.

The milling study was carried out using a planetary mill (Pulverisette 6, Fritsch, 

Achern, Germany) (Figure 3.1) and a number of milling regimes were investigated 

Table 3.3). In each regime, 50g of powder was weighed and placed in an agate 250
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mL grinding jar with 50 010mm agate grinding balls. An appropriate volume of 

ethanol (CH2H5OH) v/as added (20 or 30 mL) to the grinding jar to prevent 

agglomerations in the milling chamber and act as a cooling agent. The lid was 

placed on the jar and closed, the jar was clamped firmly in place and the appropriate 

milling program entered.

Figure 3.1(a): Pulverisette 6 Planetary Mill (Fritsch, Achem, Germany) (b): Agate grinding jar (c): 

Agate grinding balls within grinding jar (d): Grinding jar clamped in position

Table 3.3: Milling regimes applied to p-TCP powder to achieve a particle size comparable to HA

powder

Mix Powder 
Mass (g)

Volume of 
Ethanol (mL) Mix Cycle Total Cycle 

Time (min)

1 50 20 600 RPM, 5 min on, 5 min 
rest repeated 6 times 60

2 50 30 600 RPM, 5 min on, 5 min 
rest repeated 2 times 20

3 50 30 600 RPM, 5 min on, 5 min 
rest repeated 4 times 40

4 50 30 600 RPM, 5 min on, 5 min 
rest repeated 5 times 50

5 50 30 600 RPM, 5 min on, 5 min 
rest repeated 6 times 60
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In the planetary mill the grinding jar is arranged eccentrically on a ‘sun wheel’. The 

sun wheel rotates in the opposite direction to that of the grinding jar and as a result, 

the grinding balls inside the jar are acted on by superimposed rotational movements 

known as Coriolis forces (RETSCH, n. d.). The discrepancy in speeds between the 

balls and the jar creates an interaction between frictional and impact forces releasing 

high dynamic energies. The high and very effective size reductions produced by the 

planetary mill are due to the interaction of these forces.

3.4 Laser Diffraction

To determine the effects of the milling study, it was necessary to conduct particle 

size analysis on the HA and P-TCP powders. Laser diffraction (Figure 3.2) is an 

established method for particle size analysis in which a laser is directed into a 

suspension of particles in a suitable liquid. Laser diffraction makes use of the fact 

that particles scatter light at angles. The angle at which the light is scattered is 

inversely proportional to the size of the particles, i.e. smaller particles scatter light at 

greater angles than larger particles. Scattering intensity is also dependent on particle 

size and decreases with respect to the cross-sectional area of the particle. Large 

particles will therefore scatter light at narrow angles with high intensity, whereas 

small particles scatter at wider angles but with low intensity (Malvern, n. d.). The 

scattered rays are known as the diffraction pattern. A series of photodetectors are 

placed at a range of angles to measure the angles at which the rays of light are 

diffracted. The size of the particles can be determined from the diffraction pattern.
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Figure 3.2: Schematic of Laser Diffraction System - redrawn from Malvern, n. d.

The particle size analysis was carried out using a Sympatec HELOS/BF Particle 

Sizer (Sympatec Limited, UK) with a 0.1 - 875 pm range (Figure 3.3). The 50 mL 

glass cuvette was filled with ~30 mL of ethanol. A miniscule amount (=0.05 - O.lg) 

of the powder under analysis was placed into the cuvette.

Sonification was applied to the sample and a stirrer at the bottom of the cuvette 

rotated at 1,200 RPM. Following 60 s of sonification, three sets of readings were 

taken at 30 s intervals. Each set of readings was taken over a period of 30 s. The 

process was then repeated on a fresh suspension of powder a further two times 

resulting in nine sets of results overall for each powder, greatly improving the 

accuracy of the results. From the results, ‘D’ values relating to particle size were 

determined.
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Figure 3.3: Sympatec HELOS/BF Particle Sizer - reproduced from Sympatec Gmbh, n. d.

3.5 Scanning Electron Microscopy (SEM)

The powders were also examined using Scanning Electron Microscopy (SEM) to 

allow particle shape to be observed. Additionally, the (3-TCP powder was observed 

before and after milling to ensure the milling procedure did not adversely affect the 

powder morphology. The JEOL JSM-6500F (JEOL Ltd., Japan) is a field-emission 

scanning electron microscope (Figure 3.4). It employs a Schottky type field- 

emission (T-FE) gun as the source of the electron beam. State-of-the-art computer 

technology is utilised for the image-display system. The JSM-6500F has analytical 

functions as well as a function for high-resolution image observation.

The powder under observation was attached to a stub (specimen disc) using copper 

tape and coated with a very thin layer of gold enabling conduction of electricity. 

The stub was then placed inside the vacuum enclosure and irradiated using a tightly 

focused electron beam. The microscope operated with an acceleration voltage of 3 

- 5kV. When the electron beam illuminated the powder, secondary electrons, 

backscattered electrons and transmitted electrons were emitted from the surface 

and were collected and counted by an electronic device. As the electron beam 

scanned over the powder, a complete image was displayed on the monitor.
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Figure 3.4: JEOL JSM-6500F Scanning Electron Microscope (JEOL Ltd., Japan)

A schematic of a SEM is shown in Figure 3.5. In a SEM, an electron beam scans the 

surface of the specimen and reflects off. The electron beam is generated from an 

electron gun (a tungsten filament at incandescent heat). Emitted electrons move at 

high speed and are of low energy. The interior of the microscope is sealed at a high 

vacuum to avoid collisions between the electrons and atoms of the air. The beam of 

electrons is focused using electromagnets and lenses are created using magnetic 

fields, which direct and focus the electrons. The tightly focused electron beam 

moves over the entire sample to create a detailed three-dimensional image of the 

surface of the object. Particle size information for the powders was determined from 

the SEM images using Lucia image analysis software Version 4.82 (Laboratory 

Imaging, Prague, Czech Republic).

86



Slip Optimisation

Figure 3.5: Schematic of a Scanning Electron Microscope - redrawn from Purdue University, 2010

3.6 Dispersant Selection

The ceramic slip is a suspension of ceramic powder in water. Appropriate dispersion 

of the powder can be achieved by the selection of a suitable dispersant and by the 

exertion of mechanical action on the slip, e.g. stirring or ultrasonic agitation to break 

down agglomerates (Rodriguez-Lorenzo et al., 2001). The use of dispersants keeps
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the particles separated and mutually repulsed. The most appropriate dispersant will 

provide both stcric and electrostatic repulsion (Table 3.4).

Table 3.4: Types of stabilisation achievable in a suspension - compiled from (Richerson, 2006),

(Rahaman, 2007), (NBTC, n. d., a)

Type Definition

Electrostatic
Stabilisation

The distribution of charged species in the system causes the 
particles to interact, attracting or repelling each other. Charges of 
the same polarity build up on the particles. As like charges repel, 
the particles are held apart by electrostatic forces.

Steric
Stabilisation

Repulsion between particles is a result of uncharged polymer chains 
adsorbed onto the particle surfaces. One end of the polymer chain 
anchors to the particle and the other end extends into the solution. 
The presence of the chains acts as a barrier to agglomeration by 
preventing the particle surfaces from coming into close contact.

Electrosteric
Stabilisation

Combination of electrostatic and steric stabilisation. Electrosteric 
stabilisation is achieved by the adsorption of charged polymers, 
polyelectrolytes, on to the ceramic particles.

in an anionic dispersant, one end of the polymer chain has an affinity for the ceramic 

particle and will anchor to it. The other end of the polymer chain possesses the 

hydrophilic anionic group which extends into the water (R.T. Vanderbilt Company, 

n. d.). A number of techniques can be applied to aid in the determination of an 

appropriate dispersant and dispersant concentration, including zeta potential analysis 

and sedimentation studies.

3.6.1 Zeta Potential

Zeta potential, is a physical property, characteristic of any particle in a suspension 

(NBTC, n. d., a). The theory of zeta potential has long been established and it is 

frequently used in the optimisation of suspensions. In most cases, when fine
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particles are dispersed in liquids, such as in a slip, a charged interface develops 

between the surface of the particle and the bulk liquid (Colloid Measurements LLC, 

n. d.). Zeta potential is essentially the potential difference between the stationary 

layer of fluid attached to the dispersed particle and the dispersion medium. Zeta 

potential is important as it is representative of the state of dispersion (Lelievre et al., 

1996). The zeta potential of a suspension is indicative of the degree of repulsion 

between adjacent, similarly charged particles.

At the surface of the dispersed particles, a nett charge exists that influences the 

distribution of ions in the surrounding liquid-particle interface region (Figure 3.6). 

This results in a greater concentration of oppositely charged ions (counter ions) close 

to the surface of the particle. Consequently, an electrical double layer develops 

around each particle (NBTC, n. d., b). The layer of liquid immediately adjacent to 

the particle consists of two regions. In the inner region, known as the ‘Stem' layer, 

the ions are strongly bound whereas in the outer region, the diffuse region, the ions 

are much less strongly connected. A theoretical boundary known as the slipping 

plane exists within the diffuse outer region. The particles and ions contained within 

this boundary form a stable unit. If the particle moves the ions located inside the 

boundary move with it but ions outside the boundary do not move. Zeta potential is 

the potential that exists at this boundary (NBTC, n. d., b).

If an electric field is applied to a suspension, the presence of electrical charge on the 

surface of the particles causes them to move. Electrophoresis is the movement of a 

charged particle relative to the liquid it is suspended in under the influence of an 

applied electrical field (NBTC, n. d., b). When subjected to an electrical field, the
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charged particles experience an attraction to the oppositely charged electrode. This 

movement is typically opposed by viscous forces which act on the particles. The 

particles will move with a constant velocity when the two opposing forces reach 

equilibrium. The zeta potential influences the particle velocity which is often 

referred to as it electrophoretic mobility and, as such, the zeta potential of a solution 

can be determined from the electrophoretic mobility.

Electrical double 
layer

Slipping plane

Particle with negative 
surface charge

Diffuse Layer

Surface potential 

— Stem potential

Zeta potential

Distance from particle surface

Figure 3.6: Schematic detailing the electrical double layer that exists around each particle - redrawn

from NBTC, n. d., b

The measurement of zeta potential is carried out by placing a volume of the 

suspension in a cell (Figure 3.7) with electrodes at either end and applying a potential 

across them. Particles travel towards the oppositely charged electrode and their
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velocity is measured and expressed in unit field strength as their mobility, from 

which zeta potential can be determined.

In this study a Zetasizer Nano Series (Malvern Instruments Ltd, Worcestershire, UK) 

was used to determine the influence of the various polyelectrolyte dispersants on the 

zeta potential of the HA and p-TCP particles. The optimum percentage dispersant 

required to achieve stabilisation was also determined. Zeta potential analysis was 

carried out on solutions of distilled water (dH20) containing HA and P-TCP powders 

and varying concentrations of each dispersing agent as detailed in Table 3.5. Once 

prepared, the solutions were maintained in constant motion on powered rollers 

rotating at 20 RPM for at least 24 h prior to testing to ensure a homogeneous 

dispersion, reduce agglomerations and achieve equilibrium between the particle 

surfaces and dispersant.

Electrode Electrode

Capillary

Figure 3.7: Zeta potential cell indicating tendency of particles to move towards oppositely charged

electrode - redrawn from NBTC, n. d., b
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Table 3.5: Solution breakdown for zeta potential analysis

dH20
(mL)

HA
(wt. %)

(3-TCP 
(wt. %) Dispersant (wt. %)

10.0 1.0 0.0 0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0

10.0 0.5 0.5 0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0

10.0 0.0 1.0 0.0 0.5 1.0 1.5 2.0 3.0 4.0 5.0

Approximately 3 mL of solution was injected into the electrophoresis sample cell 

(Figure 3.7) and the cell placed in the Zetasizer Nano Series between the electrical 

contacts. The sample cell was flushed with dFFO and dried prior to loading as well 

as between each measurement to ensure reliable testing of each solution. The 

solutions were injected slowly into the cell to prevent the formation of small bubbles 

within the cell which could interfere with measurement accuracy. For the 3 mL of 

solution, the zeta potential value measurement was repeated three times. The process 

was repeated a further two times on a fresh volume giving a total of 9 tests for each 

formulation.

3.6.2 Sedimentation

To supplement the zeta potential results, a sedimentation study was conducted. It is 

possible that the particles in a dispersion may combine forming aggregates, which 

may settle out due to gravitational effects (NBTC, n. d., a). An aggregate separates 

by sedimentation if it is denser than the medium.

For the sedimentation study, 15 mL solutions of dF^O with 2 wt. % powder and 1 wt. 

% of dispersant were prepared and subjected to mechanical and ultrasonic stirring. 

The powder compositions were: 100:0 HA:(3-TCP, 50:50 HA:P-TCP, 0:100 HA:(3- 

TCP. Suspensions were dispersed by magnetic stirring for 5 min followed by
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ultrasonic treatment for 2 min. Ultrasonic treatment was applied using an ultrasonic 

disintegrator (Soniprep 150 Plus, MSE Ltd., UK). The solutions were decanted into 

graduated measuring cylinders and observed over a period of 120 h. The settling of 

the powder was monitored and, as the powder began to settle, the height of the 

sediment was measured and recorded at specific time points (1,6, 24, 48 and 120 h).

3.6.3 Rheology

Rheology is the study of the deformation and flow characteristics of matter, such as 

ceramic slips (Richerson, 2006). Rheology is described quantitatively in terms of 

viscosity, q. The rheological properties of ceramic slips are determined by the 

application of stress or strain to the slip and subsequent monitoring of changes in the 

flow behaviour. Optimisation of the rheological behaviour is an important 

consideration in slip production. The slip must have a viscosity low enough to 

adequately flow into the preform, with a high enough solid content to avoid 

excessive shrinkage during sintering (Rodriguez-Lorenzo et ah, 2001). The volume 

fraction of solid particles, degree of agglomeration and the particle size, shape and 

surface charges have a major effect on slip viscosity (Richerson, 2006). Viscosity is 

determined by the proximity of particles to each other and by the degree of 

interaction or repulsion between them.

Rheological analysis of the slips was carried out to determine optimum solid content 

and optimum dispersant concentration prior to the slip becoming unstable. For the 

purpose of this study an unstable slip was one for which viscosity could not be 

determined. The optimum dispersion and stability exist at the minimum viscosity 

measurement (Padilla et al, 2004). It should be noted that although the addition of a
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dispersant generally has a reductive effect on slip viscosity, dispersant concentration 

plays an important role. If dispersant is absent or the concentration is too low, the 

electric double layer is not enough to achieve effective repulsion between particles 

and overcome the attraction between them. Conversely, if too high a concentration 

of dispersant is added, the electric double layer is compressed due to excessive 

electrolyte concentration (Padilla et al., 2004), (Bhattacharjee et al, 2006). As a 

consequence the electrostatic repulsion is less effective and the viscosity increases. 

The presence of excess non-adsorbed polyelectolyte in solution can also lead to an 

increase in viscosity (Padilla et al., 2004).

Slips with 70, 75 and 80 wt. % solid loading were produced containing 0.0, 0.5, 1.0, 

1.5, 2.0 and 3.0 wt. % of the optimum dispersant determined previously. The 

powder compositions used were again: 100:0 HA:(3-TCP, 50:50 HA:P-TCP, 0:100 

HA:P-TCP. As a base for the slips, 30 mL of dH20 was used, the relevant volume of 

dispersant added and the powder added in ever decreasing amounts over a period of 

72 h (50% of the total amount added at time point zero, 25% after 24 h, 15% after 48 

h and the final 10% after 72 h). The slips were kept in constant rotation on powered 

rollers rotating at 20 RPM to prevent settling and powder agglomerations for a 

minimum of 1 week before viscosities were measured.

The slips were analysed using a Brookfield Programmable DV-II ‘Cone and Plate' 

Viscometer (Brookfield Engineering Laboratories Inc., MA, USA) (Figure 3.8). The 

viscometer determines the viscosity of the fluid at given shear rates. It operates by 

immersing the cone in the test fluid and driving it through a calibrated spring. The 

spring deflection was used to measure the viscous drag of the fluid against the cone.
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Approximately 5 g of slip was tested in each case and each slip composition was 

tested three times. Pre-shear was applied to the slip for 1 min at a shear rate of 30 

RPM (30 RPM corresponded to 115 s'1 as determined by the calculation RPM x 

Shear Rate Constant for Cone - 3.81) prior to obtaining the viscosity. Measurements 

of viscosity were taken at a fixed shear rate of 30 RPM at 0, 30, 60, 90, and 120 s 

and the average viscosity determined. The temperature of the vessel housing the 

cone and plate was maintained at 20±1°C for all experiments using the attached 

temperature controlled water bath.

Figure 3.8: Brookfield Programmable DV-II Viscometer

3.7 Statistical Analysis

Mean values and standard deviations were calculated wherever possible. All 

statistical analyses were performed using MINITAB Student Version 14.11.1 

software (Minitab Inc., USA). Statistical significance was evaluated using one-way 

analysis of variance (ANOVA) or t-tests as indicated. Data was assessed at a
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confidence interval of 95% and the assumption was made that p values > 0.05 

indicated no significant difference.

3.8 Results

3.8.1 Laser Diffraction

The results of the laser diffraction analysis of the as received HA and P-TCP 

powders are shown in Figure 3.9. The HA laser diffraction curve displayed a broad 

distribution with peaks occurring at approximately 0.99, 1.42, and 3.35 pm. In 

comparison, the laser diffraction curve for the P-TCP powder displayed peaks at 

approximately 0.99, 1.69, 4.11,6.85 and 11.46 pm.

------P-TCP----- HA

Particle Size (tim)

Figure 3.9: Representative traces of particle size distribution of as received HA and P-TCP powders

The Dio, D5o, and 0% values and the particle distribution span for the HA and P-TCP 

powders are detailed in Table 3.6. The distribution span was calculated using 

Equation 3.1:
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Span =
A*, - D10

D50

Equation 3.1

A significant difference was observed between the Dio, D5o and D90 values and in the 

distribution span for the HA and P-TCP powders as indicated by the p-values 

determined via a two sample t-test for each parameter measured.

Table 3.6: D10, D5o, D9o and distribution span values for as received HA and p-TCP powders

Powder Dio(pm) D5o(pm) D9o(prn) Distribution 
Span (pm)

HA 0.931±0.269 2.177±0.784 4.230±1.457 1.801±0.559

p-TCP 1.630±0.221 6.756±1.234 12.464±2.353 1.855±0.124

p-value <0.001 <0.001 <0.001 0.031

The large discrepancy between the laser diffraction curves, also evident from the Dio, 

D5o and D90 values, necessitated the milling of the P-TCP powder as detailed in 

Section 3.3. Following particle size analysis of the milled powders. Mix 5 resulted in 

p-TCP particles that were most comparable in size and distribution to the HA powder 

as supplied by Plasma Biotal (Table 3.7, Figure 3.10).

Table 3.7: D|0, D5o, D90 and distribution span values for raw HA and milled P-TCP powders

Powder Dio (pm) D50 (pm) D90 (pm) Distribution 
Span (pm)

HA 0.93U0.269 2.177±0.784 4.230±1.457 1.801±0.559

p-TCP - Mix 1 0.882±0.207 3.545±1.514 11.262±2.687 14.038±12.530

P-TCP - Mix 2 0.993±0.332 3.749±3.760 8.992±0.697 3.451±0.518

P-TCP - Mix 3 1.113±0.389 5.500±4.974 6.550±0.502 5.614±6.737

p-TCP - Mix 4 1.131±0.426 3.649±1.785 7.760±0.949 2.040±1.207

P-TCP - Mix 5 0.843±0.115 2.159±0.235 6.745±0.639 2.638±0.415
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When comparing the HA and (3-TCP milled using Mix 5 via a two sample t-test for 

each parameter, no significant difference was observed between the Dio (p = 0.774), 

D50 (p = 0.833) and 0% (p = 0.097) values. There was a significant difference 

between the distribution spans of the powders (p = 0.011). Mix 5 was subsequently 

applied to the [3-TCP powder prior to use for the remainder of the investigation.

------HA ------ fi-TCP-Milled

Particle Size ((im)

Figure 3.10: Representative traces of particle size distribution of raw HA and [3-TCP milled according

to Mix 5 milling regime

3.8.2 Scanning Electron Microscopy

In the calculations performed by the Sympatec HELOS Particle Sizer to provide 

particle size information, it is assumed that the particles are spherical. From 

observation of the powders via SEM it was evident that the particles of the HA and 

milled [3-TCP were predominantly spherical (Figures 3.11 and 3.12). It was also 

obvious that prior to milling, the (3-TCP particles (Figure 3.12) were larger than the 

(3-TCP particles post milling (Figure 3.13).
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The SEM images supported the broad particle size distribution determined by laser 

diffraction. The average particle sizes determined via measurement of SEM were as 

follows: HA - 16.320 ± 3.649pm, p-TCP - 14.401 ± 3.951pm, milled p-TCP - 4.871 

± 1,229pm. The large standard deviations calculated confirmed the presence of 

particles of variable dimensions. The particle sizes determined using the SEM 

method greatly exceed those measured using laser diffraction techniques. This may 

have been due to the absence of any techniques to prevent agglomeration in sample 

preparation, such as the use of sonification in the laser diffraction procedure. 

Additionally, measurements were taken from only one powder sample which may 

not be representative of the powder as a whole.

Figure 3.11: As received HA powder (a): Particle size and shape at x250mag (b): Surface
morphology at xSOOOmag

Figure 3.12: As received p-TCP powder (a): Particle size and shape at x250mag (b): Surface
morphology at xSOOOmag
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SEM images revealed the rough topography of HA (Figure 3.1 lb) and the somewhat 

smoother topography of (3-TCP (Figure 3.12b). The HA particles appeared to be 

composed of a combination of smaller angular fragments fused together (Figure 

3.11b). This may be due to the sintering and ball milling step applied by the 

manufacturer. The (3-TCP particles appear more regular in nature and resemble 

spheres with grooves etched into them (Figure 3.12b). The topography of both 

powder types go some way to explaining their tendencies to agglomerate.

(a) (b)

M
/

<250 lOOpm x5000

Figure 3.13: Milled P-TCP powder (a): Particle size and shape at x250mag (b): Surface morphology
at x5000mag

3.8.3 Dispersant Selection 

3.8.3.1 Zeta Potential

The potential stability of the system was determined by obtaining the zeta potential 

magnitude. If the particles in the suspension possessed a large zeta potential, 

negative or positive, they tended to repel each other and there was no tendency to 

coagulate (NBTC, n. d., b). Concurrently, if the particles demonstrated low zeta 

potential values, no repulsive force was present between the particles to prevent them 

from coming together and coagulating.
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A suspension with a high zeta potential value (negative or positive) will be 

electrically stabilised, while a suspension with a low zeta potential value will tend to 

coagulate or flocculate. Generally, a value of ±30 mV is considered to be the 

dividing line between a stable and unstable suspension. Suspensions containing 

particles with zeta potentials greater than +30mV, or less than -30 mV, are 

considered stable (NBTC, n. d., b). All slip compositions were considered: 0:100 

HA:P-TCP, 50:50 HA:p-TCP and 100:0 HA:P-TCP. The four dispersants available 

were tested in relation to the three slips. Within each slip/dispersant combination, 7 

possible dispersant concentrations were tested (0.0, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0 

wt. %). The results for the 0:100 HA:P-TCP and 100:0 HA:P-TCP tests are 

displayed in Figures 3.14 and 3.15, respectively.

Unstable
> -30 -

2T -40

e -50

Concentration (%)

Darvan 7 N Darvan C N Darvan 821A Darvan 811

Figure 3.14: 0:100 HA:P-TCP slip zeta potential for Darvan 7_N, Darvan C_N, Darvan 821A and
Darvan 811 dispersants

One-way ANOVA was performed on the zeta potential data attained for the various 

dispersants added to the three HA:P-TCP mixes. It was determined that for all three
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HA:p-TCP ratios in the absence of any dispersant (wt. % = 0) there was no 

significant difference (p = 1.00) in zeta potential.

For dispersant concentrations >0.5 wt. %, there was significant variation in the zeta 

potential results determined for the four dispersants at all HA:(3-TCP ratios (0:100 

HA:p-TCP - p < 0.001, 50:50 HA:P-TCP - p < 0.001, 100:0 HA:P-TCP - p < 0.001). 

Fisher’s a priori post hoc testing indicated that a significant difference existed 

between zeta potentials at all HA:P-TCP ratios and dispersant concentrations 

regardless of the dispersant type (p < 0.05).

.2 -20

Unstable

Stable

Concentration (%)

Darvan 7_N ------ Darvan C_N ------- Darvan 821A ------- Darvan 811

Figure 3.15: 100:0 HA:P-TCP slip zeta potential for Darvan 7_N, Darvan C_N, Darvan 821A and
Darvan 811 dispersants

Data analysis showed that for 0:100 HA:P-TCP an addition of 3.0 wt. % of Darvan 

7_N yielded the lowest value of zeta potential of -88.67 ± 11.14 mV. For the 50:50 

HA:P-TCP mixes, addition of 2.0 wt. % Darvan 821A and 1.0 wt. % Darvan C_N 

resulted in similarly low values of zeta potential of -29.65 ±2.18 mV and -29.80
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±1.39 mV respectively. The lowest zeta potential for 100:0 HA:(3-TCP was attained 

by the addition of 1.0 wt. % Darvan C_N (-43.80 ± 13.08 mV). These results are 

summarised in Table 3.8. Due to the somewhat inconclusive nature of the zeta 

potential data it was decided to conduct sedimentation tests. Notwithstanding this 

fact, Darvan C_N at 1 wt. % appeared most appropriate as it produced favourable 

results for both the 50:50 and 100:0 HA:P-TCP slips.

Table 3.8: Optimal dispersant and concentration determined for each slip by zeta potential analysis

Slip Dispersant Optimum
Concentration

Zeta Potential (mV)

0:100 Darvan 7 N 3% -88.667± 11.141

50:50 Darvan 821A 
Darvan C N

2%
1%

-29.650 ±2.182
-29.800 ± 1.391

100:0 Darvan C N 1% -43.800 ± 13.080

3.8.3.2 Sedimentation

The zeta potential results indicated that addition of Darvan C_N provided the most 

efficient electrostatic repulsion. The sedimentation study was conducted not only to 

confirm dispersant choice and concentration, but additionally to determine the most 

appropriate dispersant for efficient steric stabilisation. The sediment height was 

measured at specific time points as detailed previously (Figure 3.16). From plotting 

the sediment height against time for all HA:[3-TCP ratios with respect to dispersant 

used, it was possible to determine the most effective dispersant. For both the 0:100 

and 50:50 FIA:|3-TCP slips, Darvan C_N proved the most effective giving the least 

sedimentation after 120h. For the 100:0 HA:|3-TCP slip, all dispersants proved 

equally effective at 120h. however at the earlier time points (1-24 h), Darvan C_N 

and Darvan 811 proved most effective. Figure 3.17 shows the sedimentation of all 

three HA:[3-TCP ratios at 1 and 120h in the presence of the four Darvan dispersants.
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From consideration of both the zeta potential and sedimentation results, Darvan C_N 

was considered to be the most effective dispersant and consequently was used in slip 

production for the rest of the study.

lh 24h I20h Ih 24h 120h

Time

Figure 3.16: 0:100 HA:p-TCP and 100:0 HA:p-TCP sedimentation in the absence and presence of 

Darvan 7_N, Darvan C_N, Darvan 821A and Darvan 811 dispersants

Figure 3.17: 0:100, 50:50 and 100:0 HA:P-TCP sedimentation in the presence of (a): Darvan 7 N,

(b): Darvan C_N, (c): Darvan 821 A, (d): Darvan 811
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3.8.33 Rheology

Rheological analysis of the slips was carried out to determine the optimum solid 

content and dispersant concentration. The maximum possible solid content was 

determined by increasing the wt. % of solid gradually until a maximum was reached 

where no further powder could be added. This level of solid loading occurred when 

there was inadequate liquid remaining to permit the addition of more powder. 

Additionally the weight percentage of Darvan C_N necessary to achieve the 

minimum slip viscosity could be identified.

-------75% Solid Loading70% Solid Loading

DJD 600

i 400

Dispersant (wt.%)

Figure 3.18: Influence of increasing dispersant concentration on 0:100 HA:P-TCP slip viscosity

For the 0:100 HA:P-TCP slips (Figure 3.18) at 70 wt. % solid loading, the addition of 

0.5 wt. % of Darvan C_N gave the highest viscosity of 1209.64 ± 164.68 cP. 

Increasing the concentration of dispersant to 1.0 wt. % caused a 95.95% decrease in 

viscosity to 49.03 ± 2.77 cP. A further, albeit small, drop was observed for slips 

containing 1.5 wt. % of dispersant (35.44 ± 4.30 cP) but the addition of >2.0 wt. %
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dispersant, effected an increase in viscosity (67.07 ± 0.71 cP at 2wt. % and 96.43 ± 

1.72 cP at 3.0 wt. %).

With regard to 75 wt. % solid loading, it was not possible to measure the viscosity at 

0.5 wt. % of dispersant. During the analysis the cone adhered to the plate due to the 

thickness of the slip, preventing relative movement of the two. Slips containing 1.0 

wt. % demonstrated the lowest viscosity of 295.15 ± 4.74 cP. The viscosity began to 

increase for dispersant concentrations >1.5 wt. %, and progressively increased from a 

value of 302.15 ± 7.46 cP at 1.5 wt. % to 814.45 ± 10.85 cP at 3.0 wt. %. It was not 

possible to measure viscosities for the 80 wt. % solid content slips. The inability to 

achieve a viscosity measurement was due to extensive agglomeration restricting 

movement of the cone relevant to the plate.

For the 50:50 HA:(TTCP slips at 70 wt. % solid loading, the highest viscosity of 

125.99 ± 4.26 cP resulted from the addition of 0.5 wt. % of Darvan C_N. Increasing 

the concentration of dispersant to 1.0 wt. % resulted in an 80.74% reduction in 

viscosity to 24.27 ± 0.11 cP. The 1.0 wt. % slip possessed the lowest viscosity and 

viscosity increased steadily for dispersant concentrations >1.5 wt. % increasing from 

27.48 ± 4.46 cP at 1.5 wt. % to 75.22 ± 0.90 cP at 3.0 wt. %.

The highest viscosity of 1613.10 ± 2.40 cP was obtained for the 75 wt. % solid 

loaded slip with 0.5 wt. % dispersant. On addition of 1.0 wt. % dispersant, a 95.45% 

decrease was observed giving a viscosity of 73.44 ± 3.73 cP. Slips containing 1.5 

wt. % of dispersant possessed a higher viscosity of 119.80 ± 3.31 cP and beyond this 

concentration, viscosity increased further reaching a value of 302.57 ± 9.00 cP at 3.0
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wt. %. Rheological analysis could not be performed on the 80 wt. % solid content 

slips due to the high powder content restricting the movement of the cone relative to 

the plate.

-------70% Solid Loading ------- 75% Solid Loading 80% Solid Loading

£ 400

Dispersant (wt.%)

Figure 3.19: Influence of increasing dispersant concentration on 100:0 HA:P-TCP slip viscosity

Rheological analysis of 70 wt. % solid loaded 100:0 HA:P-TCP slips (Figure 3.19), 

indicated that 0.5 wt. % of dispersant resulted in the highest viscosity (876.23 ± 

73.49 cP). The addition of 1.0 wt. % Darvan C_N caused a fall in viscosity of 

99.21% to 6.90 ± 0.00 cP, the lowest viscosity slip in the range. On increasing 

dispersant content to 1.5 wt. %, viscosity also increased to 10.94 ± 2.63 cP. The 

viscosity continued to increase on the addition of greater amounts of dispersant, 

reaching a value of 28.20 ± 5.52 cP at 3.0 wt. %.

A reading could not be obtained from the 75 wt. % solid loaded slip with 0.5 wt. % 

Darvan C_N. Addition of 1.0 wt. % produced the lowest viscosity slip (32.91 ± 1.42
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cP). As the dispersant concentration increased beyond 1.0 wt. %, so too did the 

viscosity. On addition of 1.5 wt. % the viscosity increased to 43.35 ± 7.97 cP and 

continued to increase, reaching a maximum value of 942.16 ± 53.24 cP at 3.0 wt. %.

It was not possible to measure the viscosity of the 80 wt. % solid content slips at all 

dispersant concentrations, e.g. at a dispersant concentration of 1.0 wt. % only one 

sample out of three tested yielded a result (295.15 cP). The viscosity of the 1.5 wt. 

% slip was lower at 219.32 ± 12.48 cP however it was not possible to analyse slips 

containing dispersant concentrations greater than 1.5 wt. %.

From the rheology results, a dispersant content of 1.0 wt. % was deemed the most 

effective. Additionally, due to the inability to consistently measure the viscosity of 

the 80 wt. % solid loaded slip, it was decided that the maximum achievable solid 

content was 75 wt. % solid loading. Therefore, the optimum slip was defined as 

comprising of 75 wt. % powder, 1 wt. % dispersant and 24 wt. % liquid (Table 3.9).

Table 3.9: Optimal slip composition determined via zeta potential, sedimentation and rheological

analysis

HA:p-TCP ratio HA p-TCP Darvan C_N Water

0:100 0 wt. % 75 wt. % 1 wt. % 24 wt. %
50:50 37.5 wt. % 37.5 wt. % 1 wt. % 24 wt. %

100:0 75 wt. % 0 wt. % 1 wt. % 24 wt. %

3.9 Discussion

Three HA:p-TCP ratios were under consideration during the slip optimisation 

procedure, i.e. 0:100 HA:p-TCP, 50:50 HA:p-TCP and 100:0 HA:p-TCP. 

Optimisation of dispersant choice, dispersant concentration and solid loading were
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conducted taking all three ratios into consideration. The final slip composition 

chosen reflected the conditions that produced the most favourable results across all 

three HA:P-TCP ratios.

The laser diffraction results for the as received HA powder (D5o - 2.18 ± 0.78 pm) 

closely agreed with the manufacturer’s data (D50 - 2.33 pm). There was a large 

discrepancy between particle sizes determined via laser diffraction and those 

determined through SEM analysis, for which the determined particle size was 16.32 

± 3.65 pm, although this could be explained by the lack of dispersion techniques in 

sample preparation for SEM and the very small representative sample.

The particle sizes determined for the as received P-TCP powder through laser 

diffraction techniques did not agree with the data received from the manufacturer 

with D50 values 6.76 ± 1.23 pm and 13.04 pm respectively. However, there was 

good agreement between repeat laser diffraction measurements of the P-TCP powder 

and between different consignments of P-TCP from the same batch (Batch identifier 

- P228 S). There was also a discrepancy between the particle sizes determined by 

laser diffraction and those via SEM which gave a particle size of 14.40 ± 3.95 pm. 

Although there was a closer agreement between the manufacturer provided data and 

the particle size determined via SEM analysis, the repeatability of the laser 

diffraction results coupled with the lack of standard deviation associated with the 

manufacturer data suggested that the particle sizes determined via laser diffraction 

were reliable.
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The dissimilarity in particle sizes of the as received HA (D50 - 2.18 ± 0.78 pm) and 

p-TCP powders (D50 - 6.76 ± 1.23 pm) was not conducive to the production of a 

high solid content, homogeneously packed slip. Through carrying out the milling 

study it was possible to achieve P-TCP particle sizes in the same range as that of the 

as received HA powder (Table 3.10). The optimum milling regime also produced 

repeatable results. The particle size of 4.87 ± 1.23 pm determined via SEM was in 

closer agreement with the laser diffraction results than for both the raw HA and P- 

TCP powders. The close agreement between HA and milled P-TCP powder particle 

size aided in the production of a high solid content slip by helping to maximise the 

packing of the particles (Richerson, 2006). A range of particle sizes is instrumental 

in the maximisation of particle packing as demonstrated in Figure 3.20.

Table 3.10: D10, D5o, D9o and distribution span values for raw HA and milled P-TCP powders

Powder D|0 (pm) DsoCpm) Dqo(pm) Distribution 
Span (pm)

HA 0.931±0.269 2.177±0.784 4.230±1.457 1.801±0.559

Milled p-TCP 0.843±0.115 2.159±0.235 6.745±0.639 2.638±0.415

% Difference 9.427 0.844 38.028 46.492

Equally Sized Particles Bimodal Particle Size Continuous Particle
Distribution Size Distribution

Figure 3.20: Impact of powder particle size on particle packing ability - redrawn from Rahaman,

2007

110



Slip Optimisation

The choice of an appropriate dispersant and dispersant concentration was crucial in 

the production of an optimal slip. From consideration of both the zeta potential and 

sedimentation result, Darvan C_N emerged as the most appropriate dispersant. For 

both the 50:50 and 100:0 HA:(3-TCP ratios, addition of Darvan C_N at 1 wt. % 

produced the greatest negative zeta potential (50:50 -29.80 ± 1.39 mV, 100:0 -43.80 

± 13.08 mV). However for solutions with composition 0:100 HA:(3-TCP, Darvan 

7_N at 3 wt. % gave the lowest value (-88.67 ± 11.14 mV).

Although the zeta potential for 0:100 HA:P-TCP containing 3 wt. % Darvan 7_N was 

the lowest zeta potential of all HA:P-TCP/dispersant combinations, 3 wt. % Darvan 

7_N did not generate favourable results for the 50:50 and 100:0 HA:P-TCP solutions. 

The addition of 3 wt. % Darvan 7_N produced a zeta potential result greater than - 

30mV for both 50:50 and 100:0 HA:P-TCP, indicating an unstable slip. The 

respective solutions had zeta potentials of -21.60 ± 3.84 mV and -23.93 ± 3.61 mV. 

The zeta potential of 0:100 HA:P-TCP with 1 wt. % Darvan C_N was -16.47 ± 0.81 

mV which implied an unstable slip. If a suspension is described as unstable, 

possessing a zeta potential greater than -30 mV, there may be insufficient force to 

prevent the particles coming together and agglomerating (NBTC, n. d., b). Despite 

the high zeta potential value of -16.47 ± 0.81 mV for 0:100 HA:P-TCP with 1 wt. % 

Darvan C_N, when analysed in conjunction with sedimentation results and reviewed 

in the context of previous research findings (Table 3.11), the use of Darvan C_N was 

advocated for P-TCP slips.

The rapid sedimentation of the solutions without dispersant, evidenced by excessive 

sedimentation after 1 h for all HA:P-TCP ratios, demonstrated the effectiveness of
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dispersant use. In the absence of dispersants, electrostatic repulsion proved 

insufficient to maintain particle dispersion. The results of the sedimentation study 

highlighted the need for an appropriate dispersing agent and steric repulsion. The 

use of Darvan C_N generated effective electrosteric repulsion, i.e. the combination 

of electrostatic and steric repulsion. The zeta potential and sedimentation analysis 

suggested that this dispersant was the most promising for use in this study. 

Consequently it was used for all further slip production analysis.

Table 3.11: Slips cited in literature detailing ceramic material, solid loading, dispersants type and

concentration

Material Solid
Loading Dispersant Viscosity

(cP) Reference

HA powder 60% Darvan 811 1 wt. % ~ 50 Padilla et al. 
(2004)

HA powder 50% Darvan 811 3.2 wt.
% not reported Saiz et al. (2007)

p-TCP 
powder, HA 

powder
50% Darvan 811 not

reported not reported Sanchez-Salcedo 
et al. (2009)

HA powder 54% Darvan 821
A

not
reported not reported Bhattacharjee et 

al. (2006)

HA powder 80% Darvan 821
A 2 wt. % 126 Cunningham et 

al. (2009)

P-TCP 
powder, HA 
nanofibres

75 % Darvan C not
reported not reported Ramay and 

Zhang (2004)

p-TCP 
powder, HA 

powder
61 % Darvan C 0.3 wt.

% not reported Miao et al. 
(2008)

HA powder 33.3 % Darvan C 1 wt. % not reported Ramay and 
Zhang(2003)

p-TCP
powder 65% Darvan C 1.5 wt.

% not reported Descamps et al. 
(2008b)

NOTE: "N" in Darvan C_N stands for "New" manufacturing location. Darvan C_N 

in this study is the same product as Darvan C cited in the literature.
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From consideration of the literature (Table 3.11) it is clear that Darvan C_N has 

proven successful in slip production, particularly for slips containing HA and p-TCP 

powder. Although the highest solid loading reported of 80 wt. %, was achieved 

through the use of Darvan 821A at 2 wt. % by Cunningham et al. (2009), the slip in 

question contained only HA powder. Darvan 821A was also used in conjunction 

with HA by Bhattacharjee et al. (2006) although the solid loading achieved was 

much lower, at 54 wt. %. The use of Darvan 821A with P-TCP powder was not 

reported in the literature reviewed. Darvan 811 was used by Sanchez-Salcedo et al. 

(2009) to produce a HA:P-TCP, slip however only a 50 wt. % solid content was 

achieved. Among the authors who used Darvan C_N, the highest solid loading of 75 

wt. % was achieved by Ramay and Zhang (2004) although they did not report the 

dispersant concentration used.

The maximum attainable solid content for each HA:P-TCP ratio was determined by 

incrementally increasing the amount of powder until further addition was no longer 

possible. At this point there was insufficient liquid phase to allow the inclusion of 

more powder to the suspension. Initially a slip with 70 wt. % powder was prepared 

and the solid content increased in 5% increments to 80 wt. %. The achievement of a 

70 wt. % solid loaded slip exceeds the solid loading reported by several authors cited 

in Table 3.11.

The addition of 1 wt. % Darvan C_N allowed the production of a 75 wt. % solid 

loaded slip. Alteration of the solid content had a pronounced influence on viscosity 

as expected. For slips containing 1 wt. % of Darvan C_N, increasing the solid 

content from 70 to 75 wt. % produced a marked increase in viscosity for each HA:P-
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TCP ratio. The viscosity of the 0:100 HA:P-TCP slip increased by 83.39%, 50:50 

HA:P-TCP increased by 66.96% and 100:0 HA:P-TCP rose by 79.04%. Further 

increase of the solid content from 75 to 80 wt. % resulted in an inability to determine 

the viscosity for all HA:P-TCP ratios irrespective of dispersant concentration. A 

solid loading of 75 wt. % emerged as the highest solid loading that could easily be 

produced and still allow the sponge preform to be infiltrated.

For all HA:P-TCP ratios, the viscosity of the slips increased with increasing 

dispersant concentration. At both 70 and 75 wt. % solid loading, the viscosity of all 

F1A:P-TCP ratio slips increased as dispersant concentration increased beyond 1.5 wt. 

%. This rise in viscosity was as a result of a combination of compression of the 

electrical double layer and an excess of polyelectrolytes which contribute to an 

increase in viscosity (Padilla et al., 2004), (Bhattacharjee et al, 2006). The 

rheological analysis further corroborated the use of a dispersant concentration of 1 

wt. % as this addition generally yielded the lowest viscosity slip. The minimum 

viscosities for each ratio and solid loading are shown in Table 3.12.

Table 3.12: Summary of rheological analysis detailing minimum viscosity achieved for each HA:f-

TCP ratio and solid loading

HA:P-TCP
Ratio

Solid Loading 
(wt. %)

Dispersant 
Cone (wt. %)

Minimum 
Viscosity (cP)

0:100
70 1 35.440 ±4.301

75 1 295.153 ±4.735

50:50
70 1.5 24.267 ±0.115

75 1 73.440 ±3.724

100:0
70 1 6.900 ± 0.000

75 1 32.913 ± 1.416
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Comparing to the literature (Table 3.11), the achievement of a 75 wt. % solid loaded 

slip matches the high loading achieved by Ramay and Zhang (2004) and exceeds the 

loading accomplished by other researchers. The production of such a comparatively 

high solid content slip further favours the use of the determined slip composition. 

Additionally, the high solid content with an appropriate viscosity adds weight to the 

use of a broad, continuous particle size distribution and anionic polyelectrolytes as a 

dispersing agent to attain a solid content homogeneously packed slip (Lelievre et ai, 

1996), (Rodriguez-Lorenzo et al., 2001), (Rahaman, 2007).

3.10 Conclusion

Agglomeration of ceramic particles, evident in sedimentation and SEM results, 

confirmed the importance of the use of appropriate dispersing techniques in slip 

production. Consideration of the performance of 0:100, 50:50 and 100:0 HA:P-TCP 

slips indicated that the use of Darvan C_N at a concentration of 1 wt. % performed 

most favourably for all three HA:|3-TCP ratios investigated. The effective steric and 

electrostatic repulsive forces generated from the use of Darvan C_N coupled with its 

desirable influence on viscosity validated its choice as a dispersant in this study. 

Additionally, the ability to achieve a solid loading of 75 wt. % through the use of a 

concentration of 1 wt. % further supported the use of Darvan C_N as the dispersant.



Chapter 4.0

Scaffold Production



Scaffold Production

4.0 Scaffold Production

4.1 Introduction

There are many fabrication techniques available for the production of porous ceramic 

scaffolds, some of which are detailed in Section 2.2.2. As scaffold architectural 

features vary as a result of the technique used (Oh et al., 2006) the choice of 

fabrication procedure plays an important role in the final structure and properties of 

the scaffold. Scaffold architecture impacts scaffold functionality and a number of 

key properties attributed to an ideal scaffold relate specifically to structure and 

architecture including:

- Pores of appropriate dimensions - 100 pm is thought to be the minimum 

pore size required for in vivo bone in-growth (Buckley and O’Kelly, 2004));

- Porosity comparable to that of cancellous bone - 50-90% (Karageorgiou and 

Kaplan. 2005) and preferably porosity should be >80% (Ochoa et al., 2008);

- An interconnected porous network (O'Brien, 2011) similar to that of 

trabecular bone; and,

- Mechanical properties comparable to that of the host bone on implantation 

(Jones et al., 2006).

The choice of fabrication technique should be such that the resultant scaffold fulfils 

as many of these requirements as possible.

The sponge replication technique is one of the most popular methods of producing 

porous ceramic scaffolds for bone tissue engineering (Cichocki et al, 1998), (Ramay 

and Zhang, 2003), (Saiz et al., 2007), (Miao et al, 2008), (Sopyan and Kaur, 2009), 

(Cunningham et al, 2010), (Swain et al., 2011). This technique is an effective 

method of producing highly porous ceramic structures with interconnected pores.
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Sponge replicated scaffolds possess a favourable structure and the fabrication 

process is relatively low cost (Jun et al., 2007). The method offers a number of 

advantages such as controllable pore size, porosity and geometry depending on the 

choice of sponge preform (You and Kim, 2007), (Sopyan and Kaur, 2009).

The first step in using this procedure was the preparation of a ceramic slip as detailed 

in Chapter 3.0. Following slip production, an appropriate sponge preform was 

selected. The choice of preform determined scaffold characteristics such as pore size 

and porosity. Once selected, the sponge preform was cut into the desired shape and 

coated with slip. After air drying, the coated preform was fired in a furnace to 

densify the ceramic and remove the sponge leaving a ceramic replica of the original 

sponge preform.

Traditionally, synthetic polyurethane (PU) has been used as the sponge template. 

However polymer burnout during the sintering stage leads to hollow ceramic struts 

(Deisinger, 2010) and microcrack formation on the scaffold walls due to thermal 

shrinkage during the cooling stage following sintering (Kim et al., 2006). The 

hollow struts and microcracks contribute to the poor mechanical strength of scaffolds 

produced from this technique (Zhao et al., 2009), (Deisinger, 2010). The use of as 

high a solid content slip as possible is reported as having a favourable influence on 

mechanical properties (Hsu et al., 2007).

The sponge replication technique developed by Cunningham et al. (2010) aimed to 

overcome the limitation of poor mechanical properties through the production of a 

high solid content slip and use of marine sponge preforms in addition to traditionally
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used synthetic PU preforms. The PU replicas possessed compressive strength of 2.5 

± 1.4 MPa whereas the scaffolds produced from marine sponge demonstrated 

compressive strength of 8.4 ± 0.8 MPa. The much improved mechanical properties 

of the marine sponge replicated scaffolds compared favourably with the literature in 

which HA replicated PU structures demonstrated compressive strengths ranging from 

0.07 ± 0.03 MPa (Teixeira et al, 2009) to ~ 3.9 MPa (Ramay and Zhang, 2003).

The sponge replication technique, particularly that utilised by Cunningham et al. 

(2010), offers the potential of producing scaffolds that address the desirable 

structural related properties. The choice of preform allows dictation of pore size, 

porosity and mechanical properties. Further to this the use of distinct preforms, such 

as synthetic PU and natural marine sponge, permit the production of scaffolds with 

distinct architectures. As detailed in Chapter 3, slips in a range of HA:P-TCP ratios 

were successfully produced thereby allowing scaffolds of varying HA:P-TCP 

compositions to be fabricated. The ability to produce scaffolds with variable 

structures and compositions, in combination with the relatively low production costs 

highlight the suitability of sponge replication as a scaffold production technique. 

The specific aim of this study was the production of porous CaP scaffolds of two 

distinct structures and varying HA:|3-TCP content which address the structural 

requirements of successful bone tissue engineering scaffolds as fully as possible.

4.2 Materials 

4.2.1 Slip Production

As detailed in Section 3.0, the optimal slip achieved was a 75 wt. % solid loaded slip 

with 1 wt. % of Darvan C_N dispersant balanced by 24 wt. % of dH20. Three
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compositions were investigated as follows: 0:100 HA:(3-TCP, 50:50 HA:(3-TCP and 

100:0 HA:(3-TCP. The ‘by weight’ compositions of the final slips are detailed in 

Table 4.1.

Table 4.1: Final slip composition as determined via slip optimisation process

Slip wt. % 0:100 HA:p- 50:50 HA:p- 
TCP

100:0 HA:p- 
TCP

dH20 24 30.000 g 30.000 g 30.000 g

Darvan C_N 1 1.250 g 1.250 g 1.250 g

HA
75

0.000 g 46.875 g 93.750 g

p-TCP 93.750 g 46.875 g 0.000 g

To ensure homogenous slip production, 30 g of dP^O was measured into a 60 mL 

polypropylene screw top container (Nalgene, Fisher Scientific Inc, MA, USA), to 

which 1.25 g of Darvan C_N was added. The ceramic powder was then added in 

decreasing amounts over a period of 72 h with 50% of total powder mass added at 

time 0 h, 25% added at 24 h, 15% at 48 h and the final 10% added at 72 h. The slip 

was kept in constant motion on powered rollers rotating at 20 RPM for a further 72 h 

prior to use to ensure a homogeneous suspension. Once fully prepared, the slip was 

kept in constant rotation to prevent settling out of the powder.

4.2.2 Sponge Preforms

Two sponges were selected for use as preforms in this study. As in the study by 

Cunningham et al. (2010), a synthetic PU sponge and a natural marine sponge were 

used, resulting in two very distinct scaffold structures.
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Synthetic Sponge - Material: Polyurethane (PU) Foam

PU is a versatile polymer with many uses including building insulation, packing, 

adhesives, and athletic equipment such as surf boards. PU foam is generally 

described by its porosity measured in pores per inch (PPI) and is available in a range 

of PPls. The PPI value dictates not only the porosity but the pore size, e.g. a low PPI 

value results in an open sponge with large pores (Figure 4.1a) whereas a high PPI 

value gives a dense sponge with a small pore size (Figure 4.1b). In addition to 

influencing pore size, the PPI also impacts on the thickness of the PU struts which 

bound the pores. A low PPI results in a thicker strut than a high PPI sponge. The 

struts are well defined and are of reasonably uniform thickness.

30PP1 * 10 —1mm Large Pores I60PPI xlO —imm Small Pores

Figure 4.1: Demonstration of how pore size relates to PPI (a): Low PPI (30PP1) corresponding to 

large pore size (b): High PPI (60PPI) corresponding to small pore size

PU sponge was selected for use in this study due to its favourable interconnected, 

porous structure, the control available over pore size, and its traditional use in this 

field. The PU sponge used in this study was 45PPI PU foam (45PPI PU) supplied by 

EasyFoam Ltd (Wolverhampton, UK).

Natural Sponge - Material: Marine Sponge

Spongia agaricina, known as "elephant-ear" sponge, occurs in flat, plate-like, fan

shaped blades and is primarily a Mediterranean species although it is also found on
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the Portuguese Atlantic coast (Marine Species Identification Portal, n. d.). It has a 

distinctive appearance with one of its defining characteristics being is that it is 

formed like an ear (FAO Corporate Document Repository, 1990). Elephant ear is 

typically grey or brown in colour and it varies in size, although it rarely exceeds a 

diameter of 50 cm (FAO Corporate Document Repository, 1990).

The thickness of the sponge blades varies from ~0.5 - 2 cm. The two faces of the 

sponge are characterised by their different pore characteristics and are referred to as 

the 'inhalant’ and 'exhalenf surfaces due to the direction of water flow through the 

sponge (Pronzato and Manconi, 2008). The inhalant surface. Figure 4.2a, displays 

many small diameter pores regularly laid out which converge to a series of larger 

pores arranged in a regular pattern on the exhalent surface as observed in Figure 

4.2b. The struts are composed of thinner fibrous struts intertwined resulting in larger 

struts of varying thickness Figure 4.2c.

Figure 4.2: Elephant ear sponge (a): Inhalant surface (b): Exhalant surface (c): Fibrous struts

Elephant ear sponge was selected due to the successful production of porous 

ceramics structures with favourable mechanical properties by Cunningham et al. 

(2010) from elephant ear preforms. The marine sponge used in the study was
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obtained from Pure Sponge (Solihull, West Midlands, UK). The sponges were 

harvested from controlled areas, inspected by the Ministry of Agriculture and 

Fisheries, and will be referred to as marine sponge for the rest of the chapter.

4.3 Replication Procedure

A wad punch (RS Components Ltd., UK) was used to cut out 10 mm diameter 

cylindrical sections of the respective 45PPI PU and marine sponges. The heights of 

the 45PPI PU cylinders were approximately 20 mm and the heights of the marine 

cylinders varied from approximately 5-10 mm, dependent on the thickness of the 

starting sponge. The marine sponge preforms were rehydrated for approximately 1 h 

in dH20, improving their compressibility and their ability to absorb the ceramic slip. 

Upon removal, the dFLO was squeezed out and the sponges dried off using absorbent 

paper at room temperature.

During the replication procedure (Figure 4.3), the relevant preform was submerged in 

the optimised slip and the container of slip returned to the powered rollers for 30 min 

to ensure the sponges were fully infiltrated. Upon removal from the slip, sponges 

were manually compressed to remove the excess, leaving a thin coating of ceramic 

slip on the sponge struts. The coated sponges were then placed on a wire rack and 

allowed to dry under ambient conditions for 4 h, during which they were turned 

every 15 min to ensure an even coating of slip.

Once the slip was dried, the coated sponges were placed in a box furnace (Elite 

Thermal Systems Ltd, Market Harborough, UK) and subjected to a heating and 

cooling regime to sinter and density the ceramic. The sintering programme used was
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that devised by Cunningham et al. (2010) in which a sintering temperature of 1300°C 

for 5 h was used. A sintering temperature of 1300°C was reported in the literature 

for HA (Saiz et al., 2007), (Schaefer et al, 2011), HA:|3-TCP (Schaefer et al.,20 \ 1) 

and p-TCP (Liu et al., 2010), (Schaefer et al., 2011) structures and consequently the 

sintering regime implemented by Cunningham et al. (2010) for HA structures was 

applied to the structures of all HA:(3-TCP ratios.

Dip 010mm cylindrical 
sponge preforms into slurry

Remove excess slip from 
sponge and air dry for 4 hrs

Sinter - 1300°C

HA
Powder
(100,50,0

wt%)

(3-TCP
Powder
(0,50, 100 

wt%)

Dispersant
(Darvan C_N)

Distilled
Sponge

Precursor

HA:(3-TCP
Ceramic
Scaffold

HA:(3-TCP 
Ceramic Coated 

Sponge

Ceramic Slurry

Figure 4.3: Flowchart of scaffold production process

The applied sintering regime was as follows:

- Ramp up from 25°C to 600°C at a rate of 5°C/min

- Dwell at 600°C for 60 min - sponge preform burn out

- Ramp up from 600°C to 1300°C at a rate of 5°C/min

- Dwell at 1300°C for 300 min - sintering of ceramic

- Ramp down from 1300°C to 25°C at a rate of 5°C/min
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Sintering is the process by which a material is heated until the particles within it 

adhere to each other. It is basically the removal of the pores present between the 

starting particles in combination with the growth together and strong bonding 

between adjacent particles (Richerson, 2006). The removal of pores is accompanied 

by shrinkage of the material (Richerson, 2006) (Figure 4.4). The degree of shrinkage 

can be reduced by the use of a high solid content ceramic slip (Hsu et al., 2007).

Ceramic particles

Figure 4.4: Representation of shrinkage due to sintering

To the eye. the ceramic coating on the sponge is continuous with no pores present. 

However, observation of the microstructure will display the presence of discrete, 

individual particles with porosity between them (Rahaman, 2007). As the specimen 

is subjected to sintering, the individual particles become joined at the points of 

contact between them forming necks (Figure 4.5). The necks between the particles 

form as a result of matter transport by diffusion and the strength of the green body 

increases as a direct consequence. Continuous sintering leads to an increase in neck 

diameter, the smoothing of the pore surfaces and a concurrent increase in specimen
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density (Dorozhkin, 2010). Consequently, overall porosity is decreased and the 

centres of the original particles move closer together resulting in shrinkage 

(Richerson, 2006).

Figure 4.5: Schematic of changes occurring during sintering- redrawn from (Dorozhkin, 2010)

The degree of shrinkage is equivalent to the decrease in porosity. Grain boundaries 

begin to move as particles, now referred to as grains, begin to grow consuming 

adjacent grains (Richerson, 2006). At this point sintering will continue as long as 

pore channels are interconnected but will come to an end when pores become 

isolated. Porosity continues to decrease but at a much slower rate until densification 

ceases (Rahaman, 2007). The grains continue to grow during this process and grain 

growth is more rapid in the later stage of densification when the pores become 

isolated (Rahaman, 2007). As pores and open channels close, particles become 

tightly bonded together resulting in a direct improvement in specimen density and 

strength (Dorozhkin, 2010).

The dwell time of 1 h at 600°C was applied to ensure complete removal of the PU 

sponge from the ceramic based scaffolds. The resultant scaffolds exhibited poor 

mechanical properties and were difficult to handle. SEM observation of the 45PPI 

PU scaffolds revealed the presence of hollow struts where the PU sponge had been 

removed (Figure 4.6), typical of PU replicated scaffolds (Deisinger, 2010). For the
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45PPI PU replicated scaffolds, an average compressive modulus of 11.23 ± 1.38 

MPa and compressive strength of 0.14 ± 0.03 MPa were found across the three 

HA:(3-TCP ratios. The mechanical properties were somewhat lower than those 

achieved by Cunningham et al. (2010) in which the PU replicated scaffolds 

demonstrated an average compressive modulus of 99 ± 14 MPa and compressive 

strength of 2.46 ± 1.43 MPa. Discrepancies in mechanical properties of PU 

replicated scaffolds can be attributed to differences in slip composition, sponge 

preforms and inter-person variability in the production process. The inferior 

mechanical properties and the discovery of the hollow struts necessitated the 

modification of the production method of the 45PPI PU scaffolds.

Figure 4.6: Images of 45PPI PU scaffold revealing hollow struts which contribute to poor

mechanical properties of scaffolds

4.3.1 Modified Scaffold Production Technique

Following removal from the furnace, each 45PPI PU scaffold was submerged in a 

slip of lower viscosity (70 wt. % solid loading - 72.414 g ceramic powder, 1.034 g 

Darvan C_N, 30.000 g dFFO). The submerged scaffolds were placed under a vacuum 

of 25 inHg (84.66 kPa) (SHEL LAB Vacuum Oven, Digital 1400 Series, Sheldon 

Manufacturing, Cornelius, Oregon, USA) for a period of 15 min to encourage the full 

infiltration of the hollow struts with the lower viscosity slip. Following removal 

from the slip, the excess was removed using compressed air to ensure open porosity
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remained within the scaffolds. The coated scaffolds were allowed to dry under 

ambient conditions for 4 h, with turning every 15 min, and subjected to the same 

sintering regime as before. The nomenclature used to describe these scaffolds was 

45PPI DD, where DD denotes Double Dipped.

4.3.2 Solid Tablet Production

Cylindrical solid tablets of the three HA:P-TCP wt. % ratios (0:100, 50:50, 100:0 wt. 

%) were also produced. The solid tablets were produced for use as a comparison 

during the dissolution experiments. The solid tablets were fabricated via a slip 

casting technique. The slip was poured into a PTFE mould and allowed to set under 

ambient conditions for 120 h producing tablets of 10 mm 0. The solid tablets were 

then subjected to the same sintering regime as the scaffolds. Following sintering the 

resultant tablets had dimensions of approximately 8 mm 0x15 mm L.

4.4 Characterisation of Preforms and Scaffolds 

4.4.1 Shrinkage

The diameter, 0, and length, L, of the coated sponges and solid tablets were 

measured prior to sintering. Post sintering, scaffold and tablet dimensions were re

measured to allow the degree of shrinkage to be determined using Equation 4.1:

D, -D
% Shrinkage = —^— x 100 Equation 4.1

where: D, = Initial Dimension (m)

Df = Final Dimension (m)

Ten specimen of each structure type and HA:|3-TCP combination were assessed to 

determine shrinkage.
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4.4.2 Pore Dimensions

4.4.2.1 Optical Microscopy and SEM

The initial sponge preforms and resultant scaffolds were observed using a Nikon 

SMZ800 stereomicroscope (Nikon Instruments Inc, Surrey, England) in order to 

ensure that a reasonable replication of the sponge preforms was achieved. Scanning 

electron micrographs of the marine and 45PPI scaffolds were obtained using SEM 

(JEOL JSM-6500F, JEOL Ltd., Japan) allowing the microstructure of the scaffolds to 

be determined.

From the optical micrographs, the average pore diameter and strut thickness were 

determined using Lucia image analysis software Version 4.82 (Laboratory Imaging, 

Prague, Czech Republic). Multiple measurements (approximately 20) at different 

locations were taken for all specimens to allow a representative average value to be 

determined for each structure. In the case of the 45PPI PU sponges and 45PPI 

scaffolds, where the pores were elliptical in shape as opposed to circular, the 

maximum and minimum pore dimensions were measured (Figure 4.7).
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4.4.2.2 Mercury Intrusion Porosimetry (MIP)

In Mercury Intrusion Porosimetry (MIP). the pore diameter is determined by forcing 

non-wetting mercury into the sample under pressure (Figure 4.8). The method is 

based on the principle that the pressure necessary to force a non-wetting liquid into 

the pores against the resistance due to the liquid surface tension is indicative of pore 

size (Karande et al, 2004).

Figure 4.8: Schematic of Mercury Intrusion Porosimetry showing the preferential filling of larger 

diameter pores with mercury on application of force

During the MIP analysis the sample was placed in a penetrometer and infused with 

mercury (Hg) under increasing levels of pressure. As the pressure increased, the 

diameter of pores that could be filled decreased according to the Washburn equation 

(Equation 4.2):

D = -(4ycos0)
P

Equation 4.2

where: p = pressure required to displace wetting fluid (Pa) 

y = surface tension of fluid (N/m)
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6 = contact angle of fluid with sample (°)

D = pore diameter (m)

Pressures used in MIP typically range from 3.45 kPa - 413.68 MPa (Karageorgiou 

and Kaplan, 2005). In the case of biomaterials that could possibly be compressed 

under high pressures, it is necessary to use relatively low pressures for analysis. For 

this reason, MIP will not give significant results when used in the characterisation of 

very soft materials and cannot be used for highly hydrated scaffolds (ASTM, 2004). 

It is important to note that although MIP is a relatively fast and straightforward 

technique to use, it has a number of limitations associated with it including:

- It is a destructive technique;

- Detection of closed pores is not possible;

- It cannot measure small mesopores (D <7 nm) due to the inability of mercury 

to penetrate such pores;

- It cannot measure very large pores (D >800 pm) as the mercury penetrates the 

structure before measurements can be made (Karande et al, 2004); and,

- It can detect through- and blind-end pores, however MIP cannot distinguish 

between them.

A PoreMaster (Quantachrome Instruments, Florida, USA) (Figure 4.9) was used to 

analyse 45PPI and marine ceramic scaffolds. The relevant specimen was placed in 

the penetrometer and a low pressure analysis carried out. Mercury was incrementally 

forced through the specimen up to a pressure of 0.345 MPa. At each pressure 

increase readings of pore diameter (pm) and mercury volume intruded (cnrVg) were 

taken.
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Figure 4.9: PoreMaster, Quantachrome Instruments

4.4.3 Porosity

4.4.3.1 Dimensional Analysis

It was possible to measure the porosity of the resultant scaffolds from measurements 

of length, diameter and mass, and known density values for HA (3.156 g/cm3) and (3- 

TCP (3.140 g/cm3) (Wilson et ai, 2011). Initially the theoretical mass of the 

scaffold was calculated using Equation 4.3:

mr = p(7ir2l) Equation 4.3

where: W7- = theoretical mass (kg) 

p = density (kg/m3) 

r = radius (m)

/ = length (m)
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From the theoretical mass and the measured scaffold mass, it was possible to 

determine porosity using Equation 4.4:

fYl — ffi
Porosity (%) = —------ xlOO Equation 4.4

m,

where: m = mass (kg)

Porosity determination was carried out on ten specimen of each structure type and 

HA:|)-TCP ratio combination.

4.4.3.2 Micro-Computed Tomography (p-CT) Analysis

Micro-computed tomography (p-CT) analysis has emerged as a powerful technique 

for the non-destructive 3D examination of bone tissue and scaffolds (Ho and 

Hutmacher, 2006), (Numata et al, 2007), (Perilli et al., 2007), (Voor et al, 2008), 

(Kallai et al, 2011). Due to the fact that p-CT analysis is non-destructive with a 

spatial resolution in the micrometre range, it has been widely applied in orthopaedic 

research in recent years (Perilli et al, 2007).

The majority of p-CT systems possess the same general design (Figure 4.10). p-CT 

scanners generally consist of an X-ray source; a detector array which converts X-rays 

to electronic signals; a high precision rotatable specimen stage; a light imaging 

device, usually a charge-coupled device (CCD)-based video camera; and, a 

controlling computer (Bentley et al, 2002), (Ho et al, 2006).

Scans are obtained by transmitting an X-ray beam across the specimen while the 

specimen is rotated in angular increments. An X-ray transmission image is generated
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at each angle (Perilli et al., 2007). The X-ray projection images are mathematically 

converted into a stack of cross-sectional image slices, which represent a 3D image of 

the specimen (Salmon, 2005). The rotation of the specimen relative to both the X- 

ray source and camera enables the precise 3D location of the specimen to be 

determined from the individual 2D projection x-ray images (Salmon, 2005). From p- 

CT analysis it is possible to determine specimen structural parameters such as bone 

volume fraction and porosity (Perilli et al., 2007).

(CCD)

Figure 4.10: Schematic of p-CT-redrawn from Bentley et al., 2002

One marine and one 45PP1 DD ceramic scaffold at each HA:P-TCP ratio were 

scanned allowing features of the scaffold architecture, such as porosity and pore 

connectivity, to be quantified. The p-CT analysis was performed using a SkyScan 

1174 compact desktop micro-CT scanner system (SkyScan N.V., Belgium). The 

system incorporated a microfocus X-ray source, a rotatable specimen stage and a 

detector system with a 1280 x 1024 pixel CCD camera. The scanning geometry of 

the instrument was of the cone-beam type. The X-ray projections were acquired as
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1024 x 1024 pixel, 12-bit grey level images stored in 16-bit file format (TIFF) 

(Figure 4.1 la).

(a)

Figure 4.11(a): Transmission image of marine scaffold (b): Reconstructed cross-sectional image of

marine scaffold

The p-CT scanner was operated at a voltage of 50 kV and current of 800 pA and a 

0.75 mm aluminium filter was used for beam hardening reduction. An exposure time 

of 5 s was used, with averages taken over four frames. A pixel size of 14.26 pm was 

utilised for scans of the marine scaffolds while a pixel size of 20.64 pm was used for 

45PPI DD scaffolds. During data acquisition, the specimen was rotated over 180° at 

a fixed rotation step of 1° and a full scan lasted approximately 1.5 h. At each 

position a transmission image (Figure 4.11a) was obtained producing a set of 

transmission X-ray images at the end of the scanning process.

On completion of the scan, reconstruction was carried out generating the cross- 

sectional image dataset on which further analysis could be performed. The 

reconstruction procedure was carried out using Skyscan NRecon software (Version 

1.6.3.1) and images were stored in 8-bit file format (BMP) (Figure 4.11b). The 

number of images in the stack varied depending on the height of the specimen
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(marine ~ 400 slices, 45PPI DD ~ 950 slices). Following generation of the image 

stack analysis was carried out using Skyscan CTan software (Version 1.10.1.0).

Before performing structural analysis on the reconstructed dataset binarisation, also 

known as segmentation, was performed. The grey level images produced by 

reconstruction were 8-bit consisting of voxels with 256 possible grey levels (Salmon, 

2005). Following binarisation, images were 1-bit, displaying only two colours, black 

or white. In the analysis carried out in this section white represented solid material 

(ceramic) and black represented the open space (pores and surrounding air) (Figure 

4.12b). A global thresholding procedure was used where a single lower threshold 

grey level density value was assigned. The upper threshold level in all cases was the 

maximum of 255. As a result, every voxel with a value greater than or equal to the 

lower threshold was represented as solid (white) or alternatively as space (black) if 

lower.

Figure 4.12(a): 8-bit cross-sectional image (b): 1-bit binarised image where white = solid, black =

space
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The threshold value selected was validated using a method external to the |j.-CT 

analysis as recommended by Ding et al. (1999). The threshold value was validated 

by using the volume generated through (i-CT analysis and the known density values 

for HA and P-TCP to determine scaffold mass using Equation 4.5 and comparing the 

calculated mass with the actual mass of the scaffolds determined experimentally.

m = pV Equation 4.5

where: V= volume determined via p-CT analysis (m3)

Following binarisation, the software determined values for the volume of material in 

the scaffold and scaffold porosity. The porosity was further broken down into closed 

and open porosity. A closed pore was defined as "a connected assemblage of space 

(black) voxels that is fully surrounded on all sides in 3D by solid (white) voxels’’' and 

an open pore as "'any space located within a solid object or between solid objects, which 

has any connection in 3D to the space outside the object or objects” (Structural 

Parameters Measured by Skyscan, 2009). As the open porosity relates to the pores 

within the structure which are connected to the outside of the scaffold, it stands to 

reason that a high level of open porosity signifies a high degree of pore 

connectedness. In addition to volume of material and porosity, the surface area of 

the structure was also determined via p-CT analysis .

4.4.4 Mechanical Properties

The compressive strength and modulus of the ceramic scaffolds and tablets were 

measured using a Lloyd Instruments EZ50 Advanced Materials Testing System 

(Lloyd Instruments Ltd, Fareham, UK) (Figure 4.13a). Each specimen was mounted
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in the test rig and compressed to failure at a rate of 1 mm/min. Scaffolds were 

compressed using a IkN load cell and solid tablets compressed using a 30kN load 

cell. Specimen dimensions varied according to the structure type and average 

dimensions were as follows:

- Solid tablets: Diameter - 8.32 ± 0.26 mm. Length - 16.13 ± 1.60 mm

- 45PPI scaffolds: Diameter - 8.35 ± 0.53 mm. Length - 18.61 ± 1.40 mm

- 45PPI DD scaffolds: Diameter - 8.07 ± 0.38 mm. Length - 17.48 ± 1.10 mm

- Marine scaffolds: Diameter - 9.00 ± 0.41 mm. Length - 6.26 ±1.13 mm 

Due to the availability of the marine sponges it was not possible to produce scaffolds 

of comparable length dimensions for compressive tests. Compressive properties 

were assessed for three specimen of each structure type and HA:P-TCP ratio 

combination.

Figure 4.13: Mechanical testing of scaffolds (a): Lloyd Instruments EZ50 Advanced Materials 

Testing System (b): Scaffold mounted in rig prior to testing (c): Fractured scaffold post testing

4.5 Statistical Analysis

Following testing, mean values and standard deviations were calculated where 

possible. Statistical analyses were performed using MINITAB Student Version 

14.11.1 software. Statistical significance was assessed at a confidence interval of
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95% (p values > 0.05 indicated no significant difference) with tests indicated as 

appropriate.

4.6 Results 

4.6.1 Shrinkage

The % shrinkage in sample diameter (0) and length (L) of all structures are shown in 

Figure 4.14. It is clear that all sample types irrespective of the HA:(3-TCP ratio 

demonstrated a degree of shrinkage following the sintering process. Samples of each 

HA:P-TCP ratio, within each structure type, experienced similar levels of shrinkage 

resulting in final structures of comparable dimensions.

25.0

20.0

-e
U

15.0

10.0

5.0

0.0

■Solid Tablet A 0 ■ Solid Tablet A L

■ 45PPI Scaffold A 0 ■45PPI Scaffold A L

■ Marine Scaffold A 0 ■ Marine Scaffold A L

0:100 HA:p-TCP 50:50 HA:|}-TCP 100:0 HA:p-TCP

Structure

Figure 4.14: Percentage decrease in structure dimensions indicating shrinkage due to sintering

Shrinkage of the 45PPI DD scaffolds was not reported. As the 45PPI scaffolds that 

formed the base structure of the DD scaffolds had already undergone shrinkage 

during the first sintering stage, significant further alteration in dimensions was not

138



Scaffold Production

observed. When averaged across the three HA:P-TCP ratios, the marine scaffolds 

demonstrated the smallest percentage decrease in dimensions (0 - 12.79 ± 0.50%, L 

- 12.40 ± 1.20%), followed by the solid tablets (0 - 13.56 ± 1.17%, L - 13.67 ± 

1.08%), and the 45PPI scaffolds underwent the greatest percentage decrease in 

dimensions (0 - 14.55 ± 3.17%, L - 13.68 ± 0.99%).

Statistical significance between the mean values of diameter and length shrinkage 

with respect to HA:(3-TCP ratio and structure type was evaluated using one-way 

ANOVA. Where the assumptions necessary to perform ANOVA were not satisfied, 

a Kruskal-Wallis test was performed. In comparing the shrinkage of the solid, 45 

PPI, and marine structures with a composition of 0:100 HA:P-TCP, no significant 

difference was noted in the decrease in diameter (p = 0.054) or length (p = 0.347). 

Similarly, there was no significant difference in the shrinkage of the three structure 

types within compositions of 50:50 HA:P-TCP (0: p = 0.928, L: p = 0.133) and 

100:0 HA:p-TCP (0: p = 0.838, L: p = 0.861).

Within each structure type the three HA:P-TCP ratios were compared with each 

other. In comparing the 0:100, 50:50 and 100:0 HA:P-TCP solid tablets, there was 

no significant difference between the changes in diameter (p = 0.140) however there 

was a significant difference between the changes in length (p = 0.027). For the 

45PPI scaffolds, the decrease in diameter with respect to HA:P-TCP ratio was 

significant (p = 0.037), however there was no significant difference in the length 

shrinkage (p = 0.421). The shrinkage of marine scaffolds of the three HA:P-TCP 

ratios was not statistically significant (0: p = 0.833, L: p = 0.285).
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4.6.2 Pore Dimensions 

4.6.2.1 Optical Microscopy

Optical micrographs of the sponge preforms and resultant scaffold were obtained to 

ensure the scaffolds were an accurate representation of the original structure. Optical 

micrographs of the 45 PPI PU sponge and resultant scaffolds (Figure 4.15a, b, c) 

revealed a highly porous, interconnected structure. The PU sponge (Figure 4.15a) 

possessed large, interconnected, elliptical shaped pores of maximum diameter 669.0 

± 242.6 pm and minimum diameter 566.5 ± 239.0 pm, surrounded by thin struts 

(93.5 ± 16.0 pm). The 45PPI scaffold structure was comparable to that of the initial 

PU sponge, characterised by large open pores (Max 0 - 630.0 ± 163.2 pm, Min 0 - 

442.0 ± 122.8 pm) bounded by thin struts (87.0 ± 24.7 pm). Closed pores were also 

present resulting in plate like structures as shown in Figure 4.15b.

Figure 4.15: Optical micrographs of (a): 45 PPI PU sponge (b): 45 PPI scaffold (c): 45PPI DD 

scaffold (d): Human femur trabecular bone (Science Photo Library, n. d., e)

140



Scaffold Production

Two sample t-tests were used to test for any significant difference between the mean 

pore diameters and strut thicknesses of the PU sponge and the 45PPI PU replicated 

scaffolds. Where the conditions for a two sample t-test were not met, a Mann- 

Whitney test was performed. In comparing the sponge and 45 PPI scaffolds, no 

significant difference existed between mean maximum pore diameters (p = 0.750), 

mean minimum pore diameters (p = 0.063) and mean strut thicknesses (p = 0.053).

The overall structure of the 45PPI DD scaffolds was as that of the 45PPI scaffolds 

(Figure 4.15c) and an open interconnected structure was obtained. An increase in 

strut thickness was noted as a consequence of the second coating of slip (87.0 ± 24.7 

pm increased to 112.8 ± 41.7 pm). There was a corresponding decrease in pore size 

observed (Max 0 - 618.2 ± 157.6 pm, Min 0 - 476.8 ± 160.0 pm) and plate like 

structures were still evident (Figure 4.15c). This network of open and closed pores 

resulted in a scaffold architecture not unlike that of cancellous bone with its cellular 

structure composed of interconnected rods and plates (Gibson and Ashby, 1988) as 

shown in Figure 4.15d. When comparing the 45PPI scaffolds and 45PPI DD 

scaffolds, no significant difference existed between the mean maximum (p = 0.817) 

and minimum pore diameters (p = 0.517). The strut thicknesses of the 45PPI 

scaffolds and 45PPI DD scaffolds were significantly different at p = 0.015.

The pore size information helped to confirm the scaffolds were accurate 

representations of the original sponge templates. Figure 4.16 indicates that the pore 

sizes of the replicated scaffolds were comparable to that of the original sponge 

structures. There was a decrease in mean pore dimensions and strut thickness from 

the sponge to the 45PPI scaffolds (Max 0 - 5.83%, Min 0 - 21.98%, Strut thickness
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6.95%) which may be due to shrinkage resulting from the sintering step. A 

percentage increase of 29.60% was observed in strut thickness on the application of a 

second coating of slip in the production of the 45 PP DD scaffolds.
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Figure 4.16: Pore sizes and strut thickness of PU sponge, 45PPI scaffolds and 45PPI DD scaffolds

Optical micrographs of the marine sponge and resultant scaffolds (Figure 4.17) 

indicated that the scaffolds were a reasonable replication of the sponge structure and 

the distinct structures of the inhalant and exhalent surfaces were maintained. A mean 

pore diameter of 242.9 ± 63.5 pm was evident for the inhalant surface whereas the 

exhalent surface pores possessed a mean diameter of 328.4 ± 62.2 pm. This was 

typical of the two surfaces, with the inhalant surfaces possessing many small 

diameter pores (Figure 4.17a, b) and the exhalent surface displaying a series of larger 

pores arranged in a regular pattern (Figure 4.17c, d). The strut thickness was 

measured as the distance between pores, as opposed to the individual fibrous struts, 

giving a thickness of 280.1 ± 85.8 pm. It is important to bear in mind that pore
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dimensions were measured only in the longitudinal direction (inhalant and exhalent 

faces) and not in the transverse direction.

The scaffold structures were characterised by large open pores bounded by thick 

struts of 316.9 ± 96.2 pm (Figure 4.17b). The mean pore diameter for the inhalant 

and exhalent surfaces were 345.6 ± 45.5 pm and 438.8 ± 71.0 pm respectively. The 

thick solid struts are as a result of the filling of the space between the fibrous struts 

with ceramic slip. The scaffolds produced from the marine sponge were more robust 

than the scaffolds produced from the synthetic sponge due to the presence of the 

thicker, solid struts and consequently no modifications were made to the 

manufacturing process.

- ,
(a)

-

Fibrous Struts measured 
from pore to pore

Marine Sponge 
- Inhalant Surface

Marine Scaffold 
- Inhalant Surface

Figure 4.17: Optical micrographs of marine sponges and replicated scaffolds

Figure 4.18 demonstrates how the pore sizes of the marine scaffolds compare to the 

marine sponge. Following replication of the marine sponge, the pore dimensions and
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strut thicknesses increased. The mean pore diameters on the inhalant and exhalent 

surfaces increased by 42.28% and 33.62% respectively and the strut thickness 

increased by 13.12%. From perfonning two sample t-tests, a significant difference 

was evident between the pore dimensions of the marine sponges and the replicated 

scaffolds (Inhalant surface: p < 0.001, Exhalent surface: p < 0.001). No significant 

difference was observed in strut thickness where p = 0.139. The pores in the 

replicated structures were more defined than in the sponge preform, allowing them to 

be distinguished from the bulk material more readily. As a result the measured 

features, such as pore diameter, increased in size following replication. The pore 

dimensions measured for both the marine and PU replicated structures were within 

the ranges quoted in the literature; the one quoted most often being that of 100 pm as 

the minimum pore size necessary for cell seeding and vascularisation in the human 

body (Karageorgiou and Kaplan, 2005).
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Figure 4.18: Pore sizes and strut thickness of marine sponges and replicated scaffolds
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4.6.2.2 SEM

SEM images of the scaffolds (Figures 4.19) further confirmed the presence of a 

porous, interconnected structure. SEM imaging revealed the presence of both macro- 

and microporosity in the original single dipped 45PPI scaffolds. Although the plate 

surfaces display the dense and unifonn grain structure achieved during the sintering 

process (Figure 4.20b), microcracks were observed on the struts (Figure 4.20a, b). 

The microcracks were formed by the shrinking away of the PU sponge during the 

polymer bum out stage and as a result of thermal shrinkage during cooling from the 

sintering temperature (1300°C) to room temperature (25°C).

x50 lOOgm — xl50 I00|im

Figure 4.19: SEM images of PU replicated scaffolds - singled dipped

145



Scaffold Production

The hollow struts can be clearly seen in Figure 4.21. This characteristic contributed 

to the poor mechanical properties of the original single dipped scaffolds and 

prompted the decision to modify the production technique to the double dipped 

process.

Figure 4.21: SEM images of PU replicated scaffolds revealing hollow struts - singled dipped

The SEM images of the 45PPI DD scaffolds (Figure 4.22) confirmed the successful 

infiltration of the hollow struts with the lower viscosity slip, greatly improving the 

mechanical integrity of the structures. The porous, interconnected structure 

remained despite the second coating of slip. The re-coating of the scaffold in slip 

also contributed to the filling of the microcracks observed on the struts of the original 

scaffolds. Despite this filling of the original microcracks, new cracks developed 

during the sintering process. This is due to the fact that the structure on which the 

second coat of slip was applied had already undergone sintering and densification 

whereas the second coat had not. When the second coating was sintered, it 

experienced shrinkage but due to the already dense base coating, the second coating 

could not experience the same degree of shrinkage. Figure 4.22d shows the solid 

first coating surrounded by the microporous second coating.
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Figure 4.22: SEM images of 45PPI Double Dipped Scaffolds

SEM images of the marine scaffolds (Figure 4.23) further confirmed the occurrence 

of regularly arranged pores bounded by solid struts. The presence of microporosity 

on the surface of the scaffold in the form of track marks (Figure 4.23b) is as a result 

of material burn out. Although there is microporosity present, the amount is much 

less than that of the original single dipped 45PPI scaffolds. Figure 4.23c also shows 

the dense and uniform grain structure achieved during sintering.

Figure 4.23: SEM images of marine replicated scaffolds - inhalant surface
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4.6.2.3 Mercury Intrusion Porosimetry (MIP)

While the use of optical microscopy allowed analysis of macropores present in the 

scaffolds, MIP allowed the analysis of pores over a wider range, including smaller 

pores not as readily measured via visual inspection (0 - 50 pm). Figure 4.24 shows 

the spectrum of pore sizes measured in the original 45PP1 scaffolds using MIP and 

Figure 4.25 details the marine scaffolds. The 45PPI DD scaffolds were not assessed.

The numerous peaks in Figure 4.24 indicated that the 45PPI scaffolds possessed 

pores of a multitude of diameters, however a distinct large peak exists at 

approximately 20 pm with a second large peak at approximately 220 pm. The two 

dominant peaks at these values indicated that a large proportion of pores were of 

these diameters. The peak at ~20 pm could be as a result of the microcracks and the 

hollow struts whereas the peak at ~220 pm was due to the large macropores present 

in the scaffolds.
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0:100 HA:p-TCP 45PPI 50:50 HA:P-TCP45PPI ----- 100:0 HA:P-TCP 45PPI
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Figure 4.24: MIP pore size distribution for 45PPI scaffolds
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Figure 4.25 indicates that the marine scaffolds possessed a bimodal pore distribution 

with peaks occurring in both the micro (~20 pm) and macro (>50 pm) range. The 

pore size distribution for the marine scaffolds was much smoother with fewer peaks 

than the 45PPI scaffolds. This suggested there was a smaller range of pore diameters 

present in the marine scaffolds giving rise to a more regular structure. It also points 

towards the fact that the scaffolds were well defined with discrete pores. There are 

two distinct peaks at ~17 pm and ~150 pm with the peak at -150 pm being the larger 

of the two signifying that the majority of the pores were around this size.

0:100 HA:P-TCP Marine ----- 50:50 HA:p-TCP Marine ------100:0 HA:p-TCP Marine

100.00 1000.00

Pore Diameter (fim)

Figure 4.25: MIP pore size distribution for marine scaffolds

Table 4.2 details the sizes of the prominent peaks for both the 45PPI scaffold and 

marine scaffolds. The fact that similar trends were found at all FIA:(3-TCP ratios for 

each structure indicated that HA:(3-TCP ratio does not adversely impact replication.
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Table 4.2: Peaks determined from MIP

Scaffold First Peak 0 (pm) Second Peak 0 (pm)

0:100 HA:p-TCP 45PPI 23.59 220.30

50:50 HA:P-TCP 45PPI 21.91 250.00

100:0 HA:p-TCP 45PPI 21.79 197.90

0:100 HA:p-TCP Marine 18.67 220.30

50:50 HA:p-TCP Marine 17.41 125.00

100:0 HA:p-TCP Marine 14.83 105.40

4.6.3 Porosity

4.6.3.1 Dimensional Analysis

Scaffold porosity was determined from measurements of length, diameter and mass, 

and known density values for HA and P-TCP. Data from 10 specimens were 

averaged for each HA:(3-TCP/structure combination. Table 4.3 and Figure 4.26 

indicate how structure and HA:P-TCP ratio influence porosity. It is clear that the 

original 45PPI scaffolds were the most porous (average across all HA:P-TCP ratios - 

82.89 ± 1.78%), followed by the 45PP1 DD (72.67 ± 3.72%) scaffolds and the marine 

scaffolds were the least porous structure (64.24 ± 3.39%).

Table 4.3: Structure porosity determined from sample dimensions and mass

HA:p-TCP Ratio 45PPI Scaffold

Porosity (%)

45PPI DD Scaffold Marine Scaffold

0:100 80.856 ± 1.916 76.609 ± 2.944 62.374 ± 4.042

50:50 84.166 ±4.553 72.178 ±8.241 62.177 ±5.746

100:0 83.648 ±3.803 69.219 ±6.900 68.153 ±5.011

Within each structure type, one-way ANOVA was used to determine if there was any 

significant difference between the mean porosities with respect to HA:P-TCP ratio.
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Where the conditions of ANOVA were violated, a Kruskal-Wallis test (*) was 

performed. When comparing the 45PP! structures, a p-value of 0.105 indicated no 

significant difference between the three HA:(3-TCP ratios. The mean porosities of 

45PPI DD (p = 0.018*) and marine scaffolds (p = 0.018) across the three HA:(3-TCP 

ratios were significantly different for both structure types. Further analysis using the 

Tukey-Kramer method showed significance when comparing 0:100 to 100:0 (p < 

0.05) within the 45PPI DD scaffolds, and when comparing 0:100 to 100:0 (p < 0.05) 

and 50:50 to 100:0 (p < 0.05) within the marine scaffolds. The mean porosities 

across the three structure types were found to be significantly different at p < 0.001.

0:100 50:50
HA:p-TCP Ratio

100:0

Figure 4.26: Structure porosity determined from sample dimensions and mass

4.6.3.2 Micro-Computed Tomography (p-CT) Analysis

The total, closed and open porosity of scaffolds was determined via p-CT analysis. 

Table 4.4 specifies how structure and HA:(3-TCP ratio influenced porosity and Figure 

4.27 indicates how total porosity determined from p-CT scans compared with the
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porosity determined from dimensional analysis. It should be noted that the closed 

porosity related to the volume of closed pores as a percentage of the solid structure 

volume plus the closed pore volume. Open porosity related to the volume of open 

pores as a percentage of the total volume under analysis, i.e. the total volume of the 

solid structure and all pores. Total porosity was the percentage of the total pore 

volume, open and closed, within the total volume under analysis.

Table 4.4: Structure porosity determined via p-CT analysis

Structure Total Porosity (%) Closed Porosity (%) Open Porosity (%)
0:100 45PPI DD 85.850 0.362 85.798
50:50 45PPI DD 71.537 0.842 71.296
100:0 45PPI DD 81.906 0.700 81.779

0:100 Marine 77.088 0.511 76.970
50:50 Marine 58.894 2.097 58.014
100:0 Marine 78.213 1.228 77.942

For all specimens, the open porosity represented a large proportion of the total 

porosity, indicating a high level of connectedness of the pores within the structures. 

The p-CT analysis indicated a small amount of closed porosity for both structure 

types (Average closed porosity across all HA:P-TCP ratios - 45PP1 DD: 0.63 ± 

0.25%, Marine: 1.28 ± 0.79%). With respect to total porosity, the 45PP1 DD 

scaffolds were the most porous with an average porosity of 79.76 ± 7.39% across all 

F1A:P-TCP ratios compared to 72.67 ± 3.72% determined via dimensional analysis. 

The marine scaffolds demonstrated an average total porosity of 71.40 ± 10.84% 

across the three HA:P-TCP compositions compared to 64.24 ± 3.39% from the 

dimensional analysis. A two sample t-test indicated that the total porosity 

determined from p-CT analysis and the porosity calculated from specimen data were 

not significantly different (p = 0.144).

152



Scaffold Production

0:100 50:50 100:0 0:100 50:50 100:0
HA:P-TCP HA:p-TCP HA:P-TCP HA:P-TCP HA:P-TCP HA:p-TCP 
45PPIDD 45PPI DD 45PPI DD MARINE MARINE MARINE

Structure

Figure 4.27: Comparison of structure porosity determined via p-CT and dimensional analysis

The ja-CT analysis also yielded values for the surface area of the scaffolds. The 

average surface area of the 45PPI DD scaffolds across the three HA:p-TCP ratios 

was 1206.94 ± 163.98 mm whereas that of the marine scaffolds was 882.68 ± 

184.80 mm2. The fact that the surface area of the 45PPI DD was 38.74% greater 

than the natural scaffolds was to be expected as a result of the greater porosity and 

overall dimensions of the 45PP1 DD scaffolds.

4.6.4 Mechanical Properties

A representative stress-strain curve for a 50:50 HA:P-TCP marine scaffold is shown 

in Figure 4.28. The compressive modulus was determined by calculating the 

gradient of the initial straight line portion of the stress-strain curve while the 

compressive strength was found by dividing the load at the point of failure by the 

cross-sectional area of the sample. Table 4.5 details the compressive moduli and
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strengths of the solid tablets and ceramic scaffolds. The solid tablets demonstrated 

far superior mechanical properties to the porous scaffolds. The average compressive 

moduli and strength across the three HA:P-TCP ratios were 2151.97 ± 916.69 MPa 

and 87.58 ± 44.22 MPa respectively. Within the solid tablets the 50:50 HA:P-TCP 

structures exhibited superior mechanical properties (Modulus - 3210.39 ± 473.26 

MPa, Strength - 138.25 ± 40.97 MPa) with the 0:100 and 100:0 tablets showing 

comparable moduli (0:100 - 1634.35 ± 755.60 MPa, 100:0 - 1611.17 ± 462.71 MPa) 

and strengths (0:100 - 56.85 ± 34.57 MPa, 100:0 - 67.63 ± 29.39 MPa).

Strain (%)

Figure 4.28: Representative stress-strain curve for 50:50 HA:P-TCP marine scaffold

The mechanical properties of the 45PPI scaffolds were very low with a mean 

compressive modulus of 11.23 ± 1.38 MPa and compressive strength of 0.13 ± 0.03 

MPa across the three HA:P-TCP ratios. The mean mechanical properties of the 45 

PPI DD scaffolds demonstrated the vast improvement the modified PU replication 

technique had on the mechanical properties of the scaffold (modulus: 75.07 ± 7.31 

MPa, strength: 0.71 ± 0.12 MPa). The compressive modulus and strength
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experienced improvements of 568.45% and 423.50% respectively. A paired t-test 

indicated the mean compressive modulus and strengths of the 45PPI DD scaffolds 

were significantly different to that of the 45PPI scaffolds (p < 0.001). The mean 

compressive modulus of the marine scaffolds across the three HA:P-TCP ratios lay 

between that of the 45PPI scaffold and 45PPI DD scaffolds at 58.15 ± 12.56 MPa. 

However the compressive strength exceeded that of both 45PP1 scaffold types at 2.24 

± 0.95 MPa.

Table 4.5: Solid tablet and scaffold compressive moduli and strengths

Structure
Compressive Modulus 

(MPa)
Compressive Strength 

(MPa)
0:100 HA:P-TCP Solid 1634.35 ± 755.60 56.85 ±34.57
50:50 HA:p-TCP Solid 3210.39 ±473.26 138.25 ±40.97
100:0 HA:P-TCP Solid 1611.17 ± 462.71 67.63 ± 29.39

0:100 HA:P-TCP45PP1 12.33 ±4.60 0.12 ±0.06
50:50 HA:P-TCP45PPI 9.68 ±3.68 0.12 ±0.05
100:0 HA:p-TCP45PPI 11.68 ± 1.16 0.17 ± 0.10

0:100 HA:P-TCP 45PPI DD 79.65 ± 14.14 0.75 ±0.18
50:50 HA:p-TCP 45PPI DD 66.63 ±23.39 0.57 ±0.16
100:0 HA:p-TCP 45PP1 DD 78.91 ± 13.08 0.80 ±0.19

0:100 HA:p-TCP Marine 72.42 ± 48.26 1.84 ± 1.30
50:50 HA:p-TCP Marine 53.25 ±31.17 3.33 ±2.65
100:0 HA:P-TCP Marine 48.78 ± 19.79 1.56 ± 1.02

With regards to HA:(3-TCP ratio, within the 45PPI scaffolds the 0:100 structures 

possessed the greatest compressive modulus (12.33 ± 4.60 MPa), followed by the 

100:0 structures (11.68 ± 1.16 MPa) then the 50:50 structures (9.68 ± 3.68 MPa). 

The values obtained for the compressive strengths of the 45PPI scaffolds were 

comparable across the three HA:P-TCP ratios (0:100 - 0.12 ± 0.06 MPa, 50:50 - 0.12 

± 0.05 MPa, 100:0 - 0.17 ± 0.10 MPa). For the 45PPI DD scaffolds the 0:100 

structures possessed the greatest compressive modulus (79.65 ± 14.14 MPa),
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followed by the 100:0 (78.91 ± 13.08 MPa) and the 50:50 structures again showed 

the lowest value (66.63 ± 23.39 MPa). These trends were in opposition to the solid 

tablets in which the 50:50 structures possessed the greatest modulus of the three 

ratios at 3210.39 ± 473.26 MPa. For the marine scaffolds the trend followed was 

0:100 (Modulus - 72.42 ± 48.26 MPa, Strength - 1.84 ± 1.30 MPa) > 50:50 (Modulus 

- 53.25 ±31.17 MPa, Strength - 3.33 ± 2.65 MPa) > 100:0 (Modulus - 48.78 ± 19.79 

MPa, Strength - 1.56 ± 1.02 MPa). Although the trends within each structure type in 

relation to HA:|3-TCP ratio were dissimilar, Kruskal-Wallis tests indicated no 

significant difference between the mean values across the four structures with respect 

to HA:(3-TCP ratio for compressive modulus (p = 0.909) and strength (p = 0.831).

4.7 Discussion

The objective of this study was the production of macroporous CaP scaffolds with 

two distinct structures. Synthetic PU and natural marine sponge were successfully 

used as templates in scaffold manufacture. Scaffolds of the three HA:(3-TCP wt. % 

ratios, 0:100, 50:50 and 100:0, were produced with no significant difficulty.

Solid tablets were also produced for use as a comparison during future tests. The 

tablets were fabricated using a modified slip casting technique. Scaffolds and tablets 

were subjected to the same sintering regime during which the structures experienced 

shrinkage due to the removal of the spaces present between the starting particles, in 

combination with growth together and strong bonding between adjacent particles 

(Richerson, 2006). Although all structures experienced shrinkage, the percentage 

shrinkages occurring for each structure type and HA:(3-TCP content were similar. 

Consequently, scaffolds within each preform type were of comparable dimensions 

for the three HA:P-TCP ratios investigated.
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The use of PU sponge as a template resulted in structures of poor mechanical 

integrity. Further examination via SEM images of the initial PU replicated scaffolds 

showed the hollow struts of said scaffolds, attributed to the removal of the polymer 

sponge during the sintering process. Microcracks were also observed on the struts 

due to the burn out of the polymer sponge during sintering. The presence of the 

microcracks may also have contributed to the poor mechanical properties of the 

scaffolds. The occurrence of hollow struts and their negative impact on the 

mechanical integrity of the scaffolds is a recognised fault of the sponge replication 

technique (Ramay and Zhang, 2003), (Deisinger, 2010). The poor mechanical 

properties and inadequate handling ability of the scaffolds necessitated the 

modification of the scaffold production procedure for replication of the PU sponge.

A technique was successfully developed to resolve the issues that arose during PU 

sponge replication. The technique consisted of coating the initial scaffold with a 

second coating of thinner ceramic slip and placing under vacuum to encourage the 

infiltration of the hollow struts and pores. Upon removal from the slip, compressed 

air was used to remove excess slip, ensuring a thin coating on the struts and that the 

bulk of the pores remained open.

SEM images of the scaffolds fabricated using the modified production technique 

confirmed the filling of the struts and microcracks. The second layer of slip could be 

clearly observed due to the fact that it did not undergo the same level of densification 

as the initial coating. The scaffolds produced in this manner underwent two sintering 

cycles. In the first cycle, the template was burnt out and the replicated structure 

underwent densification and shrinkage was observed. When the second coating of
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slip was applied, the template, i.e. the scaffold, was at its minimum dimensions 

having already undergone shrinkage. During the second sintering cycle the second 

coating of slip experienced shrinkage but not to the same extent. This lead to a more 

porous second coating of slip as complete densification of the second coating could 

not be achieved. Although the second coating of slip filled the original microcracks, 

other microporosity was induced due to this failure to achieve full densification of 

the second coating during shrinkage.

4.7.1 Pore Dimensions

Observation of optical and SEM images of both 45PPI scaffold types showed a pore 

and plate structure similar to that of cancellous bone (Figure 4.29). The images also 

confirmed that an interconnected porous network was achieved. Interconnectivity is 

important to a successful scaffold as it has been shown to positively influence the 

rate of bone deposition and the depth of tissue infiltration in vitro and in vivo 

(Woodard et al., 2007) and it is necessary to enable cell in-growth, vascularisation 

and nutrient diffusion.

Figure 4.29: SEM images of (a): 45PPI DD scaffolds (b): Cancellous Bone - no scale bar provided
on image (Science Photo Library, n. d., d)
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Pore diameter and strut thickness of the sponge templates and resultant scaffolds 

were determined from optical micrographs. Comparison of 45PPI scaffold pore 

dimensions and strut thickness to those of the sponges indicated that there was a 

decrease in dimensions following replication. The maximum pore diameter 

decreased by 5.83%, minimum pore diameter dropped by 21.98% and strut thickness 

by 6.95%. This decrease can be attributed to the shrinkage the structures 

experienced during sintering.

The change in dimensions from the 45PP1 scaffolds and the 45PPI DD scaffolds 

indicated that there was little change in pore dimensions as a result of the second 

coating with the maximum pore diameter decreasing by 1.90% and the minimum 

pore diameter increasing by 7.87%. The strut thickness however did show an 

increase of 29.60% as a consequence of the second coating which was to be 

expected. For the marine sponge replicas, pore dimensions and strut thicknesses 

increased following replication as a result of the more defined scaffold features 

compared to the initial sponges (Figure 4.30). Pore diameters on the inhalant surface 

underwent an increase of 43.28%, those on the exhalent surface increased by 33.62% 

and the strut thickness increased by 13.12%.

Marine Sponge 0.5mm Marine Scaffold 0.5mm

Figure 4.30 (a): Marine sponge with fibrous struts (b): Marine scaffold with solid, well defined struts
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From analysis of optical micrographs, the 45PPI scaffolds contained pores ranging in 

size from 442.0 ± 122.8 pm to 630.0 ± 163.2 pm, those in the 45PPI DD scaffolds 

were in the range 476.8 ± 160.0 pm to 618.2 ± 157.6 pm and the marine scaffolds 

displayed a narrower range of 345.6 ± 45.5 pm to 438.8 ± 71.0 pm. There is some 

ambiguity in the literature relating to the ideal pore size for successful scaffolds. For 

example, a range of 50 - 150 pm was deemed necessary by Descamps et al. (2008a) 

and Jones et al. (2009) with Macchetta et al. (2009) stating that 100 - 350 pm is the 

optimal pore size range. Tampieri et al. (2001) found pores >150 pm to be essential 

and a range of 50 - 800 pm was quoted by Von Doernberg et al. (2006) as being 

necessary for bone in-growth.

The pore dimensions achieved in the replication of both the PU and marine sponge 

determined via optical image analysis were all greater than 100 pm, the most 

frequently quoted minimum pore size considered necessary for cell migration, tissue 

in-growth and eventual vascularisation (Lu et al., 1999), (Buckley and O'Kelly, 

2004), (Karageorgiou and Kaplan, 2005), (Jones et al., 2006), (Sanchez-Salcedo et 

al, 2008b), (Yang, H. Y. et al, 2008a). Swain et al. (2011) stated that pores greater 

than 100 pm are essential to maintain the vascularity and viability of bone, allowing 

bone to grow through the interconnected pores.

The pore dimensions achieved compared favourably with the literature in which an 

array of pore sizes was reported. Teixeira et al. (2009) successfully produced PU 

replicated scaffolds with pores ranging from 100 - 400 pm while a pore size range of 

300 - 700 pm was achieved by Miao et al. (2008). The largest range was identified 

by Schaefer et al. (2011) who produced PU scaffolds displaying a bimodal pore size
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distribution of 360 - 440 jam and 900 - 1150 (.im. The pore size distributions 

achieved in this study fell within these bounds.

The results of MIP analysis of the 45PPI scaffolds demonstrated a range of pore 

sizes, with two main peaks at approximately 20 and 220 pm, across all HA:P-TCP 

ratios. The marine scaffolds also exhibited a range of pore sizes with two distinct 

peaks at approximately 17 and 150 pm. The presence of the smaller pores revealed 

through MIP analysis is advantageous. Sanchez-Salcedo et al. (2008a) reported that 

pores between 1 and 20 pm play a role in cellular development and the type of cells 

drawn to the scaffold, while Yang et al. (2001) identified pores of between 5 and 50 

pm as being essential for neovascularisation and osteoblast in-growth. The 

secondary peak for both the 45PPI and marine scaffolds fell within the ranges quoted 

in the literature for bone in-growth and vascularisation.

Visual inspection of optical micrographs of the scaffolds allowed the determination 

of pore diameters in the range of approximately 200 to 900 pm whereas MIP analysis 

allowed the detection of pores <50 pm. Although both techniques have limitations, 

the combination of visual inspection and MIP analysis allowed a reasonable 

assessment of the range of pore sizes occurring within the scaffolds.

4.7.2 Porosity

Cancellous bone is highly porous demonstrating porosities of 50-90% (Karageorgiou 

and Kaplan, 2005). The structures produced using the sponge replication technique 

exhibited porosities within the range quoted for cancellous bone. The 45PPI 

scaffolds demonstrated the greatest porosity, followed by the 45PP1 DD structures,
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with the marine scaffolds possessing the lowest porosities. The average porosities 

across the three HA:P-TCP ratios for the 45PPI, 45PP1 DD and marine structures 

were 82.89 ± 1.78%, 72.67 ± 3.72% and 64.24 ± 3.40%, respectively. The porosities 

achieved for each structure type compare well with those reported in the literature. 

As shown in Figure 4.31, the porosities of the 45PPI, 45PPI DD and marine 

structures fall within the range of values cited. Only Miao et al. (2008) and Schaefer 

et al. (2011) reported porosities of much greater magnitude than that of the 45PP1 

scaffolds with porosities of ~87% and >92% respectively.

Cunningham et al. (2010) 55.6%

Sopyan and Kaur (2009) 59.8%

Swain era/. (2011) 67%

Ramay and Zhang (2003) 76.90%

Zhao e/a/. (2009) 85.0±3.6%

Miao e/a/. (2008) =87%

Schaefer e/a/. (2011) >92%

64.2413.40% Marine scaffolds

72.6713.72% 45PPIDD scaffolds

82.891 1.78% 45PPI scaffolds

Figure 4.31: Demonstration of how structure porosities compare with structures cited in literature

The porosities within each structure type were similar across all HA:P-TCP ratios 

indicating that porosity was primarily influenced by the starting template as 

expected. The decrease in porosity from 45PP1 scaffolds to the 45PPI DD scaffolds 

was also to be expected and further confirmed the successful filling and coating of 

struts. The relatively small standard deviations provided an indication of the 

consistency in porosity achievable through using the sponge replication technique. 

In the case of the 45PPI DD and marine scaffolds in particular, where there was more 

scope for inter-scaffold variability, structures were still consistent.
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As well as total porosity, surface porosity was clearly identifiable in all replicated 

structures through the presence of microcracks. Surface porosity is advantageous as 

it improves the mechanical interlock between the implant and surrounding natural 

bone, which in turn offers a greater degree of mechanical stability at the interface of 

the two structures (Saiz et ai, 2007). Although calculation of the structure porosity 

from values of mass, density and dimensions gives an indication of the total porosity, 

it does not allow a distinction to be made between open and closed porosity. The use 

of p-CT analysis permits the identification of total, open and closed porosity. Within 

each sample type, a high proportion of the total porosity was designated as open.

When averaged across the three HA:p-TCP ratios, total porosity of the 45PP1 DD 

structure was 79.76 ± 7.39% while open porosity was calculated at 79.62 ± 7.49%. 

For the marine structures a total porosity of 71.40 ± 10.84% was determined and 

open porosity was 70.98 ± 11.24%. This high degree of open porosity indicated that 

the pores within the scaffolds were well connected. Pore interconnectivity has a 

positive impact on the functionality of the scaffolds, positively influencing rate of 

bone deposition and the depth of tissue infiltration (Woodard et al., 2007) and aiding 

scaffold vascularisation (Buckley and O'Kelly, 2004).

As well as providing an indication of pore connectivity, the amount of open porosity 

gives an indication of the surface area of the structure. A high degree of open 

porosity typically results in a high surface area and a large surface area favours cell 

attachment and growth (Yang et al., 2001). Comparatively the 45PPI DD scaffolds 

possessed a greater amount of open porosity at 79.62 ± 7.49% than the marine 

scaffolds at 70.98 ± 11.24% which was reflected in the greater surface area of the
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45PPI DD scaffolds (1206.94 ± 163.98 mm2) compared with the natural scaffolds 

(882.68 ± 184.80 mm2).

4.7.3 Mechanical Properties

The mechanical properties of the solid tablets were much greater than those of the 

porous scaffolds. Across the three HA:|3-TCP ratios the average compressive moduli 

and strengths of the solid tablets were 2151.97 ± 916.69 MPa and 87.58 ± 44.21 MPa 

respectively. The porous structure demonstrating the closest compressive modulus 

was the 45PP1 DD scaffolds at 75.06 ± 7.31 MPa, 96.51% less than that of the solid 

tablets. The porous structure with compressive modulus most comparable to that of 

the solid tablets was the marine scaffolds with an average of 2.24 ± 0.95MPa across 

the three HA:(3-TCP ratios, 97.44% less than the tablets.

The much greater mechanical properties of the solid tablets compared to the 

scaffolds highlights the impact porosity has on the mechanical integrity of the 

structure. Porosity is essential to allow cell in-growth, vascularisation and nutrient 

diffusion however it is also vital for the implant to have sufficient mechanical 

integrity to withstand loading applied in vivo. It is obvious from the results that 

increasing porosity has a detrimental effect on mechanical properties. Consequently 

it is essential that a balance is achieved with respect to porosity and mechanical 

properties.

Within the solid tablets, the mechanical properties of the 50:50 HA:|3-TCP tablets 

exceeded that of the 0:100 and 100:0 HA:(3-TCP tablets. According to Metsger et 

al. (1999), fully dense HA specimen should possess compressive modulus and
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strengths of 9.2 GPa and 70 MPa respectively, while dense TCP specimen should 

demonstrate compressive modulus and strengths of 21 GPa and 315 MPa 

respectively implying that TCP structures exhibit superior mechanical properties to 

HA. Conversely, Dorozhkin (2011) states that structure strength should increase 

with increasing Ca:P ratio, reaching a maximum value around 1.67, the Ca:P ratio of 

HA. As P-TCP has a Ca:P ratio of 1.5, this would imply that dense HA structures 

should exhibit superior mechanical properties. Dorozhkin (2011) reported values of 

35 - 120 GPa and 120 - 900 MPa for the compressive modulus and strengths 

respectively of dense HA. The discrepancies and variability in reported values of 

mechanical properties of dense CaP structures are due to both structural, e.g. grain 

size and the occurrence of impurities, and fabrication variations, e.g. sintering 

temperature and duration (Dorozhkin, 2011).

It is widely accepted that scaffolds for bone tissue engineering should possess 

mechanical properties comparable the host bone at the implant site (Leong et al, 

2008), (O’Brien, 2011). The scaffold must be capable of maintaining its integrity 

following implantation. Matching the mechanical properties to the host bone aids the 

support and transmission of forces at the repair site (Hutmacher, 2007). Mechanical 

properties of bone vary from individual to individual and are affected by factors such 

as age, gender, general health and location within the body. Cancellous bone 

demonstrates a range of mechanical properties with a compressive modulus of 50 - 

500 MPa and compressive strength of 2 - 12 MPa (Bandyopadhyay-Ghosh, 2008)).

The average compressive moduli and strengths across the three HA:(3-TCP ratios for 

the three porous structure types were as follows:
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- 45PPI Scaffolds - Modulus: 11.23 ± 1.38 MPa, Strength: 0.13 ± 0.03 MPa

- 45PP1 DD Scaffolds - Modulus: 75.07 ± 7.31 MPa, Strength: 0.71 ± 0.12 MPa

- Marine Scaffolds - Modulus: 58.15 ± 12.56 MPa, Strength: 2.24 ± 0.95 MPa 

Although the mechanical properties of the 45PPI scaffolds fell outside the ranges 

quoted in the literature for cancellous bone, the 45PPI DD scaffolds demonstrated 

enhanced mechanical properties. The modified production technique greatly 

improved the mechanical properties of the structures with improvements of greater 

than 400% observed in both compressive strength and modulus. For the 45PPI DD 

scaffolds, the compressive modulus was within the specified range for cancellous 

bone; however the compressive strength fell outside the range. The average 

compressive modulus and strength of the marine scaffolds were both within the 

ranges quoted in the literature for cancellous bone.

Within each porous structure type, the 0:100 HA:(3-TCP mix demonstrated the 

highest compressive modulus, this was generally followed by the 100:0 then the 

50:50 HA:(3-TCP mix. This tendency of the 0:100 HA:(3-TCP structures to possess 

greater mechanical properties than 100:0 HA:P*TCP structures follows the pattern 

suggested by Metsger et al. (1999). However it would be expected that the 

compressive modulus of the 50:50 HA:P-TCP structures would lie between that of 

the 0:100 and 100:0 HA:P-TCP structures. In the case of the marine scaffolds this 

was observed, however for the both 45PPI scaffold types, the 50:50 HA:P-TCP 

possessed the lowest compressive modulus. Trends were not as obvious for the 

compressive strength.
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Due to the great variability in scaffold structure and the highly porous nature of the 

scaffolds, the mechanical properties for scaffolds of the same type were frequently 

inconsistent. The large standard deviations shown for both the 45PPI DD and marine 

structures further illustrates the irregularities observed in mechanical properties.

The much improved mechanical properties of the 45PPI DD scaffolds greatly 

enhanced their handling ability. Additionally the pore dimensions and porosity did 

not suffer any detrimental effect due to the second coating of slip. Consequently, the 

decision was made to use the 45PPI DD and marine scaffolds only in all further 

analysis. Table 4.6 summaries a selection of PU replicated scaffolds from the 

literature while Table 4.7 outlines the scaffolds produced in this study.

Table 4.6: PU replicated scaffolds in literature

Material Sintering
Step

Pore Size 
(pm)

Porosity
(%)

Compressive
Strength
(MPa)

Reference

HA 1350°C 
for 2h 200 - 400 76.90 -3.9 Ramay and 

Zhang(2003)

HA 1300°C 
for 3h -100-200 - -

Saiz et al. 
(2007)

HA 1200°C 
for Ih 100-500 59.8 1.8 Sopyan and 

Kaur (2009)

HA 1200°C 
for Ih 100-400 - 0.07 ±0.03 Teixeira et 

al. (2009)

HA 1200°C 
for 2h -

85.0 ± 
3.6 -1.2 Zhao et al. 

(2009)

HA 1300°C 
for 5h 50-500 55.6 8.4 Cunningham 

et al. (2010)

HA 1250°C 
for 4h 200 - 500 67 0.82 Swain et al. 

(2011)
HA

HA and (3-TCP 
(3-TCP

1300°C 
for Ih

Bimodal
360-440
900- 1150

>92 -
Schaefer et 
al. (2011)

HA and P-TCP 1200°C 
for 4h 300 - 700 -87 -0.06 Miao et al. 

(2008)
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The compressive strengths reported in the literature ranged from ~ 0.06 MPa (Miao 

et al, 2008) to 8.4 MPa (Cunningham et al., 2010) although the majority reported 

values of around 1 - 2 MPa (0.82 MPa - Swain et al. (2011), ~ 1.2 MPa - Zhao et al. 

(2009), 1.8 MPa - Sopyan and Kaur (2009)). The compressive strengths exhibited by 

the 45PPI DD and marine scaffolds fell within the range of values cited in the 

literature.

Table 4.7: Summary of scaffolds properties

HA: P-TCP 
ratio Structure Pore Size 

(pm) Porosity (%) Compressive 
Strength (MPa)

0:100 45PPI DD
476.800 -
618.150

76.609 ± 2.944 0.800 ±0.192

50:50 45PPI DD 72.178 ±8.241 0.574 ±0.156

100:0 45 PPI DD 69.219 ±6.900 0.752 ±0.178

0:100 Marine
345.600 -
438.800

62.374 ± 4.042 1.559 ± 1.023

50:50 Marine 62.177 ±5.746 3.327 ±2.648

100:0 Marine 68.153 ± 5.011 1.839 ± 1.301

On assessment of the pore sizes, porosity, interconnectivity and mechanical 

properties of the 45PPI DD and marine scaffolds it is evident that the general 

structural requirements laid out in Section 4.1 were met (Table 4.8). Consequently 

the scaffolds produced in this study have potential for use in bone substitution.

Table 4.8: Evaluation as to whether scaffold address ideal scaffold structural requirements

Structural Property Desirable Value/Range Achieved
Pore Size Minimum macropore size of 100 pm Z

Porosity Comparable to cancellous bone - 50-90% Z

Interconnectivity Essential to allow cells, nutrients and waste 
products to flow in and out of the scaffold

Z

Mechanical Properties Comparable to that of the host bone on 
implantation

Z
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4.8 Conclusion

The sponge replication technique was successfully used to fabricate scaffolds 

utilising PU and marine sponges as precursor material. Further to this, a technique 

was developed and successfully applied to improve the mechanical properties of the 

polymer sponge replicated scaffolds. Scaffolds were effectively produced in three 

HA:P-TCP ratios - 0:100, 50:50 and 100:0. The production of scaffolds of two 

distinct architectures and varying HA:P-TCP content was an important step. The 

impact of structure and composition on properties such as dissolution are of great 

interest and the successful production of such scaffolds will allow the influence of 

such factors be determined.

Despite the highly porous architecture of the scaffolds, compressive modulus and 

strength generally fell within the ranges found in naturally occurring cancellous 

bone. In conclusion, scaffolds were produced possessing pore dimensions, porosity 

and mechanical properties within the ranges quoted in the literature. The 

achievement of scaffolds possessing the many conflicting requirements asked of a 

bone substitute materials is not an easy task. For PU sponge replication, the 

modified technique has shown promise in the production of reliable and repeatable 

structures. In the case of marine sponge, consistent scaffolds were fabricated 

through the original sponge replication technique. As such, the techniques used and 

developed in this study could potentially be used in the production of viable bone 

substitutes.
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5.0 In Vitro Static Dissolution of Calcium Phosphates

5.1 Introduction

An important consideration in the development of resorbable materials for bone 

tissue engineering is the rate at which resorption occurs. If the implant resorbs too 

slowly it will not be replaced by bone in an adequate time span, conversely if it 

resorbs too rapidly it may disappear before bone in-growth has a chance to take hold. 

Calcium phosphates, such as HA and (3-TCP, are widely used as implant materials. 

However they have associated problems specifically relating to their resorption in 

physiological environments.

HA resorbs too slowly to achieve optimal tissue formation, while P-TCP resorbs too 

rapidly, significantly reducing the surface area available for bone cell proliferation 

(Sanchez-Salcedo et al., 2009). The combination of HA and P-TCP in a biphasic 

composite could allow resorption to be controlled to an extent. Architecture also 

plays a role in resorption with porous ceramics exhibiting greater resorbability than 

dense ceramics (Zhang et al., 2007), (Swain et al., 2011). A porous ceramic 

structure provides a greater surface area for the adhesion of cells and new bone 

growth (Swain et al., 2011) consequently varying scaffold architecture will influence 

scaffold resorption rate.

An important step in characterising calcium phosphates for implantation is the 

determination of implant resorption rate. The resorption of calcium phosphate 

ceramics can be determined through both in vitro and in vivo test protocols; however 

there are considerable costs associated with the set up and maintenance of cell and 

animal studies (Brown, 2010). In vitro dissolution rates of calcium phosphates echo
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their in vivo resorption rates. Accordingly, laboratory based dissolution tests 

performed in a cell free environment are valuable in the assessment of calcium 

phosphate resorption. A successful in vitro dissolution test will replicate the in vivo 

environment as far as possible, allowing a better understating of how the calcium 

phosphate may respond following implantation.

The specific aims of this study were the determination of how the in vitro dissolution 

of CaP ceramics was influenced by material properties, i.e. structure and 

composition, and solution pH. In order to replicate the environments the implant 

would be exposed to in vivo, two pH levels were used to allow both active 

(osteoclastic) and passive (physiological) dissolution to be assessed (Brown, 2010). 

A pH level of 4.0 was selected to replicate the acidic conditions created by 

osteoclasts during bone resorption (Dorozhkin, 2010) while pH 7.4 was 

representative of physiological conditions the implant will experience on 

implantation. An understanding of the impact of both material factors and external 

variables, such as pH, will form the basis for predictions of how specific CaP 

ceramics may behave in vivo. The degree of dissolution was measured by 

monitoring changes in specimen mass, mechanical properties and ion release. 

Structural changes were inspected through use of microscopy and p-CT analysis.

5.2 Materials

5.2.1 Sample Production

Scaffolds and solid tablets were prepared as detailed in Section 4.0. Scaffolds and 

tablets were examined at three HA:[3-TCP ratios (Table 5.1). For ease of
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identification, the 45PPI DD scaffolds are hereafter referred to as synthetic scaffolds 

and the marine scaffolds as natural scaffolds.

Table 5.1: Sample composition and structure

Structure Synthetic Natural Solid
Ratio Scaffold Scaffold Tablet

0:100 HEU
50:50

100:0

5.2.2 Solution Preparation

5.2.2.1 Active Dissolution - pH 4.0 Buffer Solution

Sodium acetate buffer solution (0.2 M) was prepared by dissolving 27.20 g of 

sodium acetate trihydrate (Fisher Scientific UK Ltd, Leicestershire, UK) in 800 mL 

of deionised water (D1 FfO). The pH was adjusted to pH 4.0 by adding glacial 

acetic acid (Fisher Scientific UK Ltd, Leicestershire, UK) and monitoring the pH. 

The solution was made up to 1000 mL with DI H2O.

S.2.2.2 Passive Dissolution - pH 7.4 Buffer Solution

Tris-HCl buffer solution (0.1 M) was prepared by dissolving 12.11 g of 

tris(hydroxylmethyl)aminomethane (Fisher Scientific UK Ltd, Leicestershire, UK) in 

500 mL of DI H2O. The pH was adjusted to pH 7.4 by adding 1 M hydrochloric acid 

(Acros Organics, Fisher Scientific UK Ltd, Leicestershire, UK) dropwise and 

monitoring the pH. The solution was made up to 1000 mL with DI H2O.
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5.3 Dissolution Test Procedure

Ceramic scaffolds and solid tablets were subjected to dissolution testing in sodium 

acetate buffer solution, to simulate osteoclastic resorption, and in Tris-HCl buffer 

solution to simulate physiological pH. The mass and dimensions of each sample 

were recorded prior to testing to allow changes in dimension and mass due to the 

dissolution step to be determined. Once measured, each structure was submerged in 

individual sterile polypropylene 120 mL containers (SARSTEDT AG & Co, 

Germany) containing 100 mL of buffer solution and placed in an oven at 37±1°C 

(Heraeus® Series 6000, Thermo Fisher Scientific, UK). The pH was recorded at the 

time of submersion. The dissolution test began when the specimen was submerged (t 

= 0 h) and ended when the specimen was removed at a specified time point (Table 

5.2). Three samples were tested at each time point.

Table 5.2: Time points according to test pH

pH Time point (hours/days)

4.0 1 h 6 h 24 h 72 h 120 h
7.4 1 D 3 D 7D 14 D 21 D

Upon removal of the specimen, solution pH was measured and 10 mL was removed 

for ionic composition analysis, and the specimen was placed in a weigh boat and 

stored in an oven (37±1°C) for approximately 1 week to ensure it was thoroughly 

dried. Following the drying step, each specimen was weighed, measured and 

observed using an optical microscope to determine any change in structure due to 

dissolution. Scanning electron micrographs were obtained using SEM where 

possible, allowing changes in the microstructure of specimen to be identified.
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5.3.1 Mass Change

As it was difficult to ensure each specimen was measured at the same location before 

and after testing, change in mass was a more reliable measure of the dissolution step. 

The change in mass of the specimen was determined using Equation 5.1:

% Mass Change =--------- ^xlOO Equation 5.1
M,

where: M, = initial mass (kg)

Mf= final mass (kg)

5.3.2 Ion Release

The performance of calcium phosphate ceramics in a biological environment is 

dictated by their dissolution profile (Sanchez-Salcedo et al, 2009). On exposure to 

physiological fluids, HA and (3-TCP release ions as a result of surface hydration of 

calcium (Ca2*) and phosphate (P04v) species (Barrere et al, 2008). Consequently 

measuring the release of Ca and PO4 ions into solution can allow the dissolution of 

the sample to be monitored.

Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) is an 

analytical technique used to determine the elemental composition of a material in 

solution. In ICP-OES analysis, the liquid sample is nebulised into a plasma at which 

point the temperature is high enough to break chemical bonds, liberating elements 

and enabling them to form a gaseous atomic state (ICP-OES, 2011). Of the atoms 

present, a number will pass into the excited state and emit radiation. The frequency
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of the radiation is characteristic of the element that emitted it and can be used to 

identify the element and its concentration within the solution (ICP-OES, 2011).

An Optima 4300 DV Optical Emission Spectrometer (Perkin Elmer, Waltham, 

Massachusetts, USA) was used to determine the concentration of Ca and PO4 ions 

released into the buffer solution. At each time point during the dissolution tests, 10 

mL of solution was drawn off for ICP-OES analysis (Figure 5.1). After placement of 

the specimen container in the spectrometer, the solution is drawn through a capillary- 

tube using a peristaltic pump. The solution is passed through a nebuliser in which it 

is mixed with argon gas resulting in the formation of an aerosol.

Figure 5.1: Schematic of Inductively Coupled Plasma-Optical Emission Spectrometry - redrawn

from Springer Images (n. d.)
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The spectrometer uses a plasma in the analysis of the sample. This necessitates the 

addition of the sample in aerosol form as an excess of liquid could extinguish the 

plasma. The solution is passed through an injector tube to the plasma. The plasma is 

formed by ionised argon gas at 8,000 - 10,000 K and it is relatively inert. The 

sample is subjected to high levels of heat and energy when it is passed through the 

plasma.

If an element such as Ca is present in the sample, electrons in the ground state will be 

encouraged to move up to higher energy states. When located within the plasma, 

electrons constantly move up to higher energy states and fall down again. When they 

fall back down to a lower energy state, the electrons release energy as light. Each 

element gives off a different wavelength of light allowing elemental identification. 

The light is collected through a small window and is focused through a set of lenses 

and prisms. Two detectors are present for visible and ultra violet light. The image 

obtained is that of a black screen with pin points of light corresponding to different 

ions, producing a qualitative result. The greater the concentration of a particular ion, 

the stronger the signal produced which provides a quantitative result. The 

spectrometer has a detection level of 0.01 mg/L for all elements and prior to analysis 

calibration was carried out using known standards.

5.3.3 Mechanical Properties

The compressive strength and modulus of the solid tablets as a result of time in 

solution w'ere measured using a Lloyd Instruments EZ50 Advanced Materials Testing 

System (Lloyd Instruments Ltd, Lareham, UK). The tablets were subjected to a 

compressive to failure at 1 mm/min using a 30 kN load cell.
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5.3.4 Structural Analysis

A SkyScan 1174 compact desktop micro-CT scanner system (SkyScan N.V., 

Belgium) was used to scan synthetic and natural scaffolds undergoing static 

dissolution at pH 4.0 under scan parameters detailed in Table 5.3. One specimen at 

each HA:P-TCP ratio/structure combination was scanned at specified time points (0, 

24, 72 and 120 h) allowing changes in scaffold architecture as a function of time in 

solution to be quantified. The relevant specimen was scanned prior to immersion (t = 

0 h) and subsequently submerged in pH 4.0 buffer solution. Following 24 h, the 

specimen was removed from solution, rescanned using the same scan parameters and 

placed back in solution. This process was repeated after 72 and 120 h.

Table 5.3: Instrument settings for scan performed on synthetic and natural scaffolds undergoing static

dissolution at pH 4

Scan Parameter Setting

Voltage 50 kV
Current 800 pA
Filter Aluminium, 0.75 mm

Exposure time 5 s
Total scan time 1.5 h

Averages Taken over four frames

Rotation
Rotated over 180°

Fixed rotation step of 1°

Pixel size
Synthetic scaffolds 20.64 pm

Natural scaffolds 14.26 pm

The scan process has been detailed previously (Section 4.4.3.2). Briefly, the 

specimen was mounted in the scanner and rotated in angular increments over a total 

angle of 180°. A transmission image was produced at each angular increment, 

generating a collection of transmission X-ray images for each scan. The
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transmission X-rays were reconstructed using Skyscan NRecon software (Version 

1.6.3.1) producing a stack of BMP images (Figure 5.2a). Skyscan CTan software 

(Version 1.10.1.0) was used in the analysis of the image stack obtained for each scan.

In order to assess changes in the bulk volume of the solid structure, it was necessary 

first to designate a volume of interest (VOI) around the scaffold to isolate it from the 

empty space surrounding the specimen (Figure 5.2b). A thresholding procedure was 

applied to the VOI to segregate the solid structure from the empty space within the 

specimen, i.e. the pores (Figure 5.2c). As the images were 8 bit, consisting of 256 

greyscale levels, the upper threshold for volume analysis was set at 255. An 

appropriate lower threshold value (x) was selected so that a voxel with a greyscale 

value between the lower threshold and 255 (x < value < 255) was designated as solid. 

Otherwise if the greyscale value was less than the lower threshold value (0 < value < 

x) the voxel was designated as space (Figure 5.2c).

The threshold value selected was validated by determining structure volume and 

porosity using a method external to the p-CT analysis as recommended by Ding et 

al. (1999). The specimen porosity was calculated using the weight and dimensions 

of the specimens as detailed in Section 4.4.3.1 and compared with the porosity 

derived from the p-CT analysis. The threshold value was determined for the t = 0 h 

scans for all scaffold types (0:100 HA:(3-TCP Natural, 50:50 HA:P-TCP Natural, 

100:0 HA:p-TCP Natural, 0:100 HA:P-TCP Synthetic, 50:50 HA:p-TCP Synthetic, 

100:0 HA:P-TCP Synthetic). The threshold determined at t = 0 h for each respective 

scaffold was applied to the scans carried out at subsequent time points for that 

scaffold allowing changes in structure due to dissolution to be determined.
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Figure 5.2(a): 8-bit cross-sectional image of natural scaffold (b): Identification of volume of interest 

(c): 1-bit binarised image with scaffold isolated, white = solid, black = space, threshold range: x -255 

(d): 1-bit binarised image with pores isolated, white = space, black = solid, threshold range: 0 - x

A different thresholding procedure was applied in the determination of pore 

interconnectivity of the structures. The previously determined threshold range 

allowed the solid structure to be isolated from the pores. When this threshold value 

was set as the upper threshold value and the lower threshold set at 0, it was possible 

to isolate the pores within the structure as shown in Figure 5.2d (0 < value < x). 

Once the pores were isolated, the determination of pore interconnectivity was based 

on assessment of the fragmentation index, also known as the trabecular pattern 

factor, Tb.Pf (Collins et ai, 2010). The fragmentation index is an inverse index of 

connectivity and a low Tb.Pf signifies a better connected structure while higher Tb.Pf 

is indicative of a more disconnected structure (Teo et ai, 2007). In highly connected 

networks Tb.Pf will have a negative value (Filmon et ai, 2009). This parameter is
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best considered as a relative index for the comparison of scanned objects and its 

absolute value does not have much meaning (Structural Parameters Measured by 

Skyscan, 2009) therefore it provided a measure of how the pore connectivity was 

influenced as a consequence of time in solution.

5.3.5 Optical Inspection

The natural scaffolds and solid tablets were imaged using stereomicroscopy (Nikon 

SMZ800 stereomicroscope, Nikon Instruments Inc, Surrey, England) and SEM 

(JEOL JSM-6500F, JEOL Ltd., Japan) allowing the impact of dissolution on 

structure to be observed. The synthetic scaffolds were imaged via stereomicroscopy 

alone. It was quite difficult to reliably image the synthetic scaffolds using SEM due 

to the very porous structure and irregular surfaces. The highly porous structure led to 

difficultly in maintaining the vacuum during SEM imaging and the very irregular 

surface frequently caused charging on the images due to difficulty in achieving an 

even coating of gold on the sample surface. The synthetic scaffolds were imaged 

using optical microscopy in deference to this.

5.4 Statistical Analysis

Mean values and standard deviations were calculated where appropriate. One-way 

ANOVA, with Fisher’s a priori post hoc testing where necessary, and t-tests were 

used where indicated and statistical significance was assessed at a confidence 

interval of 95% (p values > 0.05 indicated no significant difference). MINITAB 

Student Version 14.11.1 software was used in statistical analyses.
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5.5 Results 

5.5.1 Mass Change

5.5.1.1 Active Dissolution - pH 4.0 Buffer Solution

NATURAL SCAFFOLDSOUD TABLET SYNTHETIC SCAFFOLD

+ 40.0

30.0 -

MASS2 10.0 - LOSS

Time(h)

■50:50■50:50 ■ 100:0 ■ 100:00:100 ■50:50 ■100:0 ■0:100 0:100

Figure 5.3: Mass loss of structures undergoing static dissolution at pH 4.0

Figure 5.3 shows the change in mass for structures assessed using pH 4.0 acetate 

buffer solution. All structures displayed a mass loss which increased with increasing 

time in solution. The synthetic scaffolds exhibited the greatest average mass loss 

(average loss over test period and all HA:P-TCP ratios - 18.55 ± 15.68%), followed 

by the natural scaffolds (16.48 ± 7.26%) with the solid tablets yielding the smallest 

average mass loss (3.85 ± 2.10%).

With respect to HA:(3-TCP ratio, the order of mass loss varied depending on the 

structure under consideration. Within the solid tablets when mass losses were 

averaged over the test period, the 50:50 and 100:0 HA:(3-TCP tablets underwent 

similar average mass losses of 4.47 ± 2.07% and 4.37 ± 2.27% respectively. The 

0:100 solid tablets experienced a lower average mass loss of 2.70 ± 1.87%. A mass 

loss was observed at all time points and the mass loss for each ratio increased with
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increasing time in solution with the greatest % mass loss observed at 120 h for all 

solid tablet ratios (0:100 - 5.22 ± 1.44%, 50:50 - 7.25 ± 0.14%, 100:0 - 7.10 ± 

0.44%). The pattern of mass loss at each time point was 50:50 > 100:0 > 0:100.

For the synthetic scaffolds the 0:100 HA:p-TCP structures demonstrated the greatest 

average mass loss at 28.83 ± 24.26%, followed by the 50:50 HA:p-TCP scaffolds at 

14.68 ± 4.70% and then the 100:0 HA:p-TCP scaffolds at 12.13 ± 6.15%. The % 

mass loss increased over the time period with the greatest mass loss occurring at 120 

h for the 0:100 (56.71 ± 0.95%) and 100:0 (19.10 ± 4.44%) samples. For the 50:50 

FIA:P-TCP scaffolds the greatest mass loss occurred at 72 h at 20.46 ± 3.33% 

dropping to 17.10 ± 2.94% at 120 h. The general order of mass loss with respect to 

HA:P-TCP composition was 0:100 > 50:50 > 100:0.

On averaging the mass losses for the natural scaffolds over each HA:P-TCP ratio, the 

100:0 HA:P-TCP natural scaffolds underwent the greatest mass loss at 18.63 ± 

5.25%. The 0:100 HA:P-TCP natural scaffolds experienced an average mass loss of 

16.10 ± 9.78 % over all time points while the 50:50 HA:P-TCP natural scaffolds lost 

an average of 14.73 ± 7.18%. As with all structures types, mass loss increased as the 

time exposed to solution increased and the greatest mass loss was observed at 120 h 

for all HA:P-TCP ratios (0:100 - 30.56 ± 4.45%, 50:50 - 25.03 ± 4.33%, 100:0 - 

25.44 ± 4.67%). The order of mass loss for the natural scaffolds was 100:0 >0:100 

>50:50.

Statistical analysis was performed on the dissolution data in two steps. Firstly the 

average mass loss data of the samples at 0:100, 50:50 and 100:0 FIA:P-TCP
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composition were compared to each other within each of the structure types, i.e. 

solid, synthetic and natural. Secondly, within each structure type the mean mass loss 

of samples at each HA:P-TCP ratio were compared with each other, e.g. within the 

solid tablets the 0:100, 50:50 and 100:0 average mass losses were compared.

The influence of HA:P-TCP ratio on mass loss was assessed using one-way 

ANOVA. There was found to be no significant difference between the mean mass 

loss values at each HA:P-TCP ratio for the solid tablets (p = 0.352), synthetic 

scaffolds (p = 0.200) and natural scaffolds (p = 0.712).

One-way ANOVA was performed to test if the mean mass loss of each structure type 

within the three HA:P-TCP ratios were significant different. The mean mass loss of 

the solid tablets, synthetic scaffolds and natural scaffolds were found to be 

significantly different at all HA:P-TCP compositions (0:100 - p = 0.002, 50:50 - p = 

0.011, 100:0 - p = 0.002). The statistical analysis indicated that structure may play a 

bigger role in mass loss at pH 4.0 than HA:P-TCP composition. Fisher's a priori 

post hoc tests were performed which indicated that within all HA:P-TCP ratios the 

mass loss from the solid tablets was significantly different from the porous structures 

(p < 0.05). Conversely the average mass losses of the synthetic and natural scaffold 

were found to be not significantly different from each other.
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5.5.1.2 Passive Dissolution - pH 7.4 Buffer Solution

1 7 14 1 7 14 1 7 14
Time (D)

0:100 ■50:50 ■ 100:0 ■ 0:100 ■50:50 ■ 100:0 0:100 ■ 50:50 ■ 100:0

Figure 5.4(a): Mass loss and gain of structures undergoing static dissolution at pH 7.4 (* denotes p <

0.05)

(b) SOLID TABLET
0.4 -r«—

-1.2
1 7 14

Time(D)

0:100 ■50:50 ■100:0

Figure 5.4(b): Enlargement of mass loss and gain of solid tablets undergoing pH 7.4 static dissolution

Figure 5.4 shows mass changes for the calcium phosphate structures in pH 7.4 buffer 

solution. For the passive dissolution test condition, both mass losses and gains were 

evident (note that a bar situated below the x-axis signifies a mass gain). Structure 

type and HA:P-TCP ratio appeared to have little impact on whether a mass loss or a 

mass gain was experienced. For example, a ratio that experienced mass loss in one 

structure type could experience a gain in another structure type.
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The changes in mass were averaged across all time points and HA:(3-TCP ratios for 

the different structures. On average, the solid tablets experienced a mass gain of 0.19 

± 0.44% and the synthetic scaffolds a gain of 0.40 ± 0.53%. The natural scaffolds 

however underwent an average mass loss of 0.45 ±1.18%.

To gain an overview of the influence of HA:P-TCP ratio on mass change of solid 

tablets as a consequence of pH 7.4 dissolution, mass changes were averaged for each 

ratio over all time points. Within the 0:100 HA:(3-TCP solid tablets a mean mass 

change of 0.00 ± 0.04% occurred over all time points. On averaging the mass 

changes for the 50:50 and 100:0 solid tablets, mean mass gains of 0.44 ± 0.74% and 

0.13 ± 0.13% respectively were determined.

For 0:100 HA:P-TCP tablets a mass loss of 0.03 ± 0.04% occurred after 3 D. The 

mean mass loss decreased with increasing time in solution, falling to 0.02 ± 0.06% 

after 7 D and falling further to 0.01 ± 0.06% at 14 D. Following 21 D in solution 

however a mass gain of 0.06 ± 0.07% was observed. The trend observed for the 

50:50 HA:(3-TCP solid tablets was somewhat different with a mass loss observed at 

earlier times points (0.04 ± 0.03% at 1 D) and a mass gain at later time points (1.49 ± 

0.03% at 21 D). For the 100:0 HA:P-TCP tablets a mass gain occurred at all time 

points apart from 3 D where a loss of 0.01 ± 0.07% occurred. Following 1 D in 

solution, a mass gain of 0.07 ± 0.00% was observed and at time points greater than 7 

D, the mass gain increased with increasing time in solution increasing from 0.06 ± 

0.02% at 7 D to 0.30 ± 0.22% at 21 D.
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The 0:100 and 50:50 HA:P-TCP synthetic scaffolds experienced a mass gain at all 

time points while the 100:0 HA:p-TCP scaffolds underwent a gain at early time 

points (1 and 3 D) and a loss at later time points (7 to 21 D). For the 0:100 scaffolds 

the mass gain increased from 1 D (0.43 ± 0.59%), reaching a maximum gain at 7 D 

(1.68 ± 0.20%). The average mass gains decreased at time points greater than 7 D 

and at 14 and 21 D were 0.28 ± 0.18% and 0.76 ± 0.28% respectively.

For the 0:100 and 50:50 HA:|3-TCP natural scaffolds, a mass gain occurred at earlier 

time points, changing to a mass loss at later time points. For the 100:0 natural 

scaffolds a mass loss occurred at all time points. When the mass changes at each 

time point w'ere averaged over the test period for the natural scaffolds, the 0:100 

scaffolds experienced an average mass gain of 0.41 ± 0.93% while the 50:50 and 

100:0 HA:P-TCP scaffolds experienced an average mass loss of 0.31 ± 0.95% and 

1.45 ± 0.95% respectively. After 21 D in solution natural scaffolds at all HA:(3-TCP 

ratios underwent a mass loss (0:100 - 1.16 ± 2.45%, 50:50 - 1.10 ± 0.22%, 100:0 - 

1.96 ± 1.16%).

Generally within the solid tablets, small changes in mass were observed with mass 

loss at earlier time points and mass gain at later time points. Within the synthetic 

scaffolds, a mass gain typically occurred at all time points. The natural scaffolds 

tended to experience a mass gain at early time points and a loss at later times.

One-way ANOVA was performed to determine whether there was a significant 

difference between the mean values of mass change with respect to HA:P~TCP ratio 

and structure. Where the conditions for ANOVA were not satisfied, a Kruskal-
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Wallis test was performed (denoted by *) to test for a difference between the median 

mass change values. No significant difference existed between the average mass 

change values of each HA:P-TCP ratio within the solid tablets (p = 0.369*) and 

synthetic scaffolds (p = 0.113). There was a significant difference between the three 

ratios within the natural scaffolds (p = 0.027) with post hoc testing indicating 

significance between 0:100 and 100:0 (p < 0.05). The average mass loss of the solid 

tablets, synthetic scaffolds and natural scaffolds were found to be significantly 

different from each other at HA:P-TCP compositions of 0:100 (p = 0.002*) and 

100:0 (p = 0.005). Further analysis found significance when comparing the synthetic 

to natural structures (Fisher’s, p < 0.05) and natural to solid structures for both HA:P- 

TCP ratios. However there was no significant difference in the average mass losses 

of the three structure types at 50:50 HA:P-TCP (p = 0.404*).

5.5.2 Ion Release

5.5.2.1 Active Dissolution - pH 4.0 Buffer Solution

The concentration of Ca and PO4 ions released into solution as a result of dissolution 

in pH 4.0 are shown in Figure 5.5 and Figure 5.6 respectively.

SOLID TABLET

+ 1.5

Z 1.0

I 24 120

0:100 ■50:50 "100:0

NATURAL SCAFFOLDSYNTHETIC SCAFFOLD

1 24 120 1 24 120

Time(h)

0:100 ■ 50:50 ■ 100:0 0:100 ■ 50:50 "100:0

Figure 5.5(a): Ca ion release as a result of submersion in pH 4.0 buffer solution under static

conditions
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(b) SYNTHETIC SCAFFOLD NATURAL SCAFFOLD 
0.7 t -

1 24 120 1 24 120
Time(h)

■0:100 ■50:50 ■ 100:0 0:100 ■ 50:50 ■100:0

Figure 5.5(b): Enlargement of Ca ion release from porous structures as a result of submersion in pH

4.0 buffer solution under static conditions

Both Ca and PO4 ion release increased with increasing time in solution. With respect 

to structure type, the same patterns were observed for both Ca and PO4 ion release. 

When averaged over all HA:|3-TCP ratios and time points, the solid tablets exhibited 

the greatest ion release (Ca - 0.76 ± 0.43 mg/kg, PO4 - 1.10 ± 0.57 mg/kg), followed 

by the synthetic scaffolds (Ca - 0.20 ±0.15 mg/kg, PO4 - 0.30 ± 0.23 mg/kg) with 

the natural scaffolds yielding the least (Ca - 0.10 ± 0.06 mg/kg, PO4 - 0.13 ± 0.08 

mg/kg).

Within the solid tablets the mean ion release was greatest for the 50:50 HA:(3-TCP 

tablets (Ca - 0.91 ± 0.46 mg/kg, PO4 - 1.35 ± 0.65 mg/kg), followed by the 100:0 

HA:P-TCP solid tablets (Ca - 0.84 ± 0.47 mg/kg, PO4 - 1.09 ± 0.56 mg/kg) then the 

0:100 HA:P-TCP tablets (Ca - 0.52 ± 0.32 mg/kg, PO4 - 0.86 ± 0.51 mg/kg). At each 

HA:P-TCP ratio, the smallest ion release was observed after 1 h in solution and the 

greatest after 120 h in solution. For the 0:100 HA:P-TCP tablets Ca and PO4 release 

increased by 86.55% and 85.54% respectively from 1 to 120h in solution. For the
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50:50 HA:(3-TCP tablets, Ca release increased by 69.03% and PO4 increased by 

67.22% and for the 100:0 HA:(3-TCP tablets Ca and PO4 release increased by 

84.23% and 81.60% respectively.

SOLID TABLET SYNTHETIC SCAFFOLD
4.0 

oi 3,5 

^ 3.0

2.5

- 1.5

1.0

0.5

0.0

U
r I 1

24 120

0:100 ■ 50:50 ■ 100:0

1 24 120

Time(h)

0:100 ■ 50:50 ■100:0

NATURAL SCAFFOLD

24 120

0:100 ■50:50 ■100:0

Figure 5.6(a): P04 ion release as a result of submersion in pH 4.0 buffer solution under static

conditions

Figure 5.6(b): Enlargement of P04 ion release from porous structures as a result of submersion in pH

4.0 buffer solution under static conditions

For the synthetic scaffolds the 0:100 HA:P-TCP structures experienced the greatest 

mean ion release over all time points (Ca - 0.27 ± 0.20 mg/kg, PO4 - 0.42 ± 0.32
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mg/kg), followed by the 100:0 HA:P-TCP scaffolds (Ca - 0.19 ± 0.14 mg/kg, PO4 - 

0.26 ± 0.20 mg/kg) and the 50:50 HA:(3-TCP scaffolds experienced the least (Ca - 

0.14 ± 0.09 mg/kg, PO4 - 0.22 ±0.13 mg/kg). Ion release increased progressively 

with increasing time in solution. For each HA:|3-TCP ratio, the percentage Ca and 

PO4 release increased from 1 to 120 h as follows:

- 0:100 HA:(3-TCP - Ca release: 95.04% P04: release 95.52% |

- 50:50 HA:p-TCP - Ca release: 83.62% P04: release 78.00% j

- 100:0 HA:p-TCP - Ca release: 97.67% P04: release 97.29% |

The natural scaffolds showed comparable levels of ion release at all HA:P-TCP ratios 

when averaged across all time points. The 0:100 HA:P-TCP natural scaffolds 

experienced release of Ca at 0.09 ± 0.07 mg/kg and PO4 at 0.14 ± 0.11 mg/kg. The 

Ca and PO4 release of the 50:50 HA:P-TCP scaffolds were 0.11 ± 0.08 mg/kg and 

0.13 ± 0.09 mg/kg respectively while for the 100:0 HA:P-TCP specimen Ca release 

was 0.11 ± 0.04 mg/kg and PO4 release was 0.11 ± 0.04 mg/kg. The 50:50 HA:P- 

TCP scaffolds underwent the greatest percentage increase in ion release from 1 to 

120 h (Ca - 91.50% T, P04 - 90.59% T), followed by the 0:100 HA:P-TCP specimen 

(Ca - 78.31% t, P04 - 77.44% |) and then the 100:0 HA:P-TCP scaffolds (Ca - 

57.62% t, P04 - 57.69% |).

Where appropriate, one-way ANOVA was used to check for significance between 

the mean ion release and if the conditions for ANOVA were violated, a Kruskal- 

Wallis test was performed (denoted by *) to test for significance between the median 

ion release values.
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Initially the ion release from the different HA:|3-TCP ratios was assessed to 

determine whether there was any significance between the average ion release values 

from each HA:P-TCP composition. There was no significant difference in either Ca 

or P04 release from the three HA:(3-TCP ratios within the solid tablets (Ca - p = 

0.328, PO4 - p = 0.433), synthetic scaffolds (Ca - p = 0.412, PO4 - p = 0.380) or 

natural scaffolds (Ca - p = 0.877, PO4 - p = 0.843), i.e. within each structure type no 

ratio released significantly more ions than another.

The ion release with respect to structure type was assessed within each HA:(3-TCP 

ratio to establish whether there was any significant difference between the three 

structure types. The average Ca and PO4 release from the three structure types were 

significantly different within samples of HA:P-TCP compositions 0:100 (Ca - p = 

0.030, P04 - p = 0.028), 50:50 (Ca - p < 0.001, P04 - p < 0.001) and 100:0 (Ca - p = 

0.014*, PO4 - p = 0.014*). Application of Fisher’s a priori post hoc testing indicated 

that within all ratios, the Ca and PO4 ion release from the solid tablets was 

significantly different from both the synthetic and natural scaffolds (p < 0.05). As 

with the mass loss data for the tests performed at pH 4.0, statistical analysis indicates 

that structure plays a bigger role in sample dissolution than HA:(3-TCP content.

5.5.2.2 Passive Dissolution - pH 7.4 Buffer Solution

Figures 5.7 and 5.8 detail the concentrations of Ca and PO4 ions released into 

solution as a result of dissolution in pH 7.4 buffer solution. As with dissolution at 

pH 4.0, both Ca and PO4 ion release increased with increasing time in solution. The 

same patterns were observed for both Ca and PO4 ion release with respect to 

structure type. When averaged over all HA:(3-TCP ratios and time points, the solid
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tablets exhibited the greatest ion release (Ca - 0.06 ± 0.04 mg/kg, PO4 - 0.07 ± 0.03 

mg/kg), followed by the synthetic scaffolds (Ca - 0.03 ± 0.02 mg/kg, P04 - 0.03 ± 

0.02 mg/kg) with the natural scaffolds exhibiting the smallest (Ca - 0.02 ± 0.01 

mg/kg, PO4 - 0.01 ± 0.01 mg/kg).

0:100 "50:50 "100:0 "0:100 " 50:50 "100:0 0:100 "50:50 "100:0

Figure 5.7(a): Ca ion release as a result of submersion in pH 7.4 buffer solution under static

conditions

0:100 "50:50 " 100:0 0:100 "50:50 "100:0

Figure 5.7(b): Enlargement of Ca ion release from porous structures as a result of submersion in pH

7.4 buffer solution under static conditions
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Time(D)

0:100 ■ 50:50 "100:0 "0:100 "50:50 "100:0 0:100 "50:50 "100:0

Figure 5.8(a): P04 ion release as a result of submersion in pH 7.4 buffer solution under static

conditions

(b) SYNTHETIC SCAFFOLD NATURAL SCAFFOLD
0.08

a 0.07

0.06 -

= 0.05

o
a- 0.01

14 1 7 14

Time(D)

0:100 "50:50 "100:0 0:100 "50:50 "100:0

Figure 5.8(b): Enlargement of P04 ion release from porous structures as a result of submersion in pH

7.4 buffer solution under static conditions

For the solid tablets when the ion release was averaged across all time points at each 

HA.'P-TCP ratio, the 100:0 HA:(3-TCP yielded the greatest ion release (Ca - 0.08 ± 

0.04 mg/kg, PO4 - 0.09 ± 0.03 mg/kg), followed by the 50:50 HA:p-TCP tablets (Ca 

- 0.07 ± 0.04 mg/kg, PO4 - 0.08 ± 0.04 mg/kg) and the 0:100 HA:p-TCP tablets (Ca - 

0.03 ± 0.01 mg/kg. PO4 - 0.05 ± 0.01 mg/kg). For the solid tablets, only the 100:0
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HA:[3-TCP structures demonstrated increasing amounts of ion release as time in 

solution increased, with Ca release increasing by 72.43% from 1 to 21 D and PO4 

release increasing by 56.22%. For the 0:100 and 50:50 HA:P-TCP tablets the Ca and 

PO4 release initially increased with time in solution, reaching a maximum at 14 D, 

and subsequently decreased from 14 to 21 D. The structures did however experience 

and overall increase in ion release from ID to 21 D in solution (0:100 HA:P-TCP - 

Ca release: 34.32% P04: release 5.87% T, 50:50 HA:|3-TCP - Ca release: 83.65%

T, P04: release 37.27% T).

When the ion release was averaged across all time points for the synthetic scaffolds, 

levels were comparable at all HA:(3-TCP ratios. The 0:100 HA:|3-TCP synthetic 

scaffolds released Ca at 0.02 ± 0.09 mg/kg and PO4 at 0.03 ± 0.01 mg/kg. The 50:50 

HA:P-TCP structures experienced a Ca and P04 release of 0.02 ± 0.01 mg/kg and 

0.03 ± 0.02 mg/kg respectively. The mean Ca and PO4 release from the 100:0 HA:P- 

TCP scaffolds were 0.04 ± 0.02 mg/kg and 0.03 ± 0.02 mg/kg. Although the amount 

of Ca and PO4 ions released did not progressively increase with increasing time in 

solution, an overall increase occurred from 1 D to 21 D in solution (0:100 HA:P-TCP 

- Ca release: 75.48% T, P04: release 71.45% T, 50:50 HA:P-TCP - Ca release: 

77.40% T, P04: release 77.37% 100:0 HA:p-TCP - Ca release: 82.70% f, P04:

release 79.42% |).

Unlike the solid tablets and synthetic scaffolds, where the same trends were observed 

for Ca and PO4 release, for the natural scaffolds the trends were not the same. 

Within the natural scaffolds the order of Ca and PO4 release were as follows:

194



Static Dissolution

- Ca: 100:0 (0.026 ± 0.013 mg/kg) > 50:50 (0.013 ± 0.008 mg/kg) > 0:100 

(0.012 ±0.006 mg/kg)

- P04: 0:100 (0.012 ± 0.006 mg/kg) > 50:50 (0.007 ± 0.004 mg/kg) > 100:0 

(0.006 ± 0.005 mg/kg)

At all HA:P-TCP ratios, the natural scaffolds experienced an overall increase in ion 

release from 1 to 21 D (0:100 HA:J3-TCP - Ca release: 67.89% ], PO4: release 

48.88% T, 50:50 HA:p-TCP - Ca release: 85.49% T, P04: release 84.03% ], 100:0 

HA:P-TCP - Ca release: 66.35% T, P04: release 88.04% t).

One-way ANOVA and Kruskal-Wallis tests were carried out where appropriate to 

test for statistical significance in the average Ca and P04 ion release for dissolution 

at pH 7.4. Assessment of the release from the solid tablets at the three HA:P-TCP 

compositions revealed that release of Ca from the different ratios was significantly 

different at p = 0.049* however this p-value borders on non-significance so should 

be interpreted with care. Additionally the release of P04 was not significantly 

different (p = 0.080*). There was no significant difference in either Ca or P04 

release between the three HA:P-TCP ratios within the synthetic scaffolds (Ca - p = 

0.135, P04 - p = 0.972) or natural scaffolds (Ca - p = 0.074, P04 - p = 0.114).

The average Ca and P04 release from the three structure types were significantly 

different within samples with a HA:P-TCP ratio of 0:100 (Ca - p = 0.017, P04 - p < 

0.001), 50:50 (Ca - p = 0.046*, P04 - p < 0.001) or 100:0 (Ca - p = 0.008, P04 - p < 

0.001). Post hoc testing of structures with HA:P-TCP ratio 0:100 suggested 

significance when comparing the solid structures to the synthetic and natural 

structures (Fisher’s, p < 0.05). For both the 50:50 and 100:0 HA:P-TCP structures.
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Fisher’s post hoc testing indicated that Ca ion release was significantly different 

when comparing the solid structures to the synthetic and natural structures (p < 0.05) 

while significance was found between all structure types for PO4 release (p < 0.05). 

Statistical analysis performed on the ion release data at pH 7.4 indicated that 

structure plays a greater role in sample dissolution than HA:(3-TCP content, similar 

to ion release data at pH 4.0.

5.5.3 Mechanical Properties

5.5.3.1 Active Dissolution - pH 4.0 Buffer Solution

Compression tests performed on solid tablets following 24 h submersion in pH 4.0 

buffer solution are shown in Figure 5.9 and a representative stress-strain curve for 

50:50 HA:(3-TCP solid tablets assessed at 1, 24 and 120 h is given in Figure 5.10. 

Tables 5.4 and 5.5 detail the compressive modulus and strength for the solid tablets 

with respect to time in pH 4.0 buffer solution.

Figure 5.9: Mechanical testing of solid tablets after 24 h in pH 4.0 buffer solution (a): 0:100 HA:(3- 
TCP prior to and (b): following compression (c): 50:50 HA:P-TCP prior to and (d): following 

compression (e): 100:0 HA:p-TCP prior to and (0: following compression
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-----120 h----- 1 h -----24 h

Strain (%)

Figure 5.10: Stress-strain curve for 50:50 HA:P-TCP solid tablets tested after 1, 24 and 120 h

exposure to pH 4.0 buffer solution

Observation of the stress-strain curve of 50:50 HA:P-TCP tablets assessed after 1, 24 

and 120 h allowed an overview of how the compressive modulus of the tablets at 

each time point compared with each other. The compressive modulus was 

determined from the gradient of the initial straight line portion of the stress-strain 

curve, consequently, the steeper the slope the greater the compressive modulus. 

From Figure 5.10 it was evident that the average compressive modulus of the 50:50 

HA:P-TCP tablets should occur in the order 24 h > 120 h > 1 h as evident in Table 

5.9.

Table 5.4: Compressive modulus of solid tablets in pH 4.0 buffer solution

COMPRESSIVE MODULUS (MPa)

TIME POINT (h) 0:100 HA:P-TCP 
SOLID

50:50 HA:p-TCP 
SOLID

100:0 F1A:P-TCP 
SOLID

699.27 ± 633.25 1685.21 ± 533.72 1654.89 ± 107.63
1473.02 ±439.34 2107.84± 918.55 1900.81 ± 953.14

1052.18 ±398.20 2077.33 ±271.76 2031.56 ± 786.83

1

24

120
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Table 5.5: Compressive strength of solid tablets in pH 4.0 buffer solution

TIME POINT (h)

COMPRESSIVE STRENGT

0:100 HA:p-TCP 50:50 FIA:p-TCP 
SOLID SOLID

H (MPa)

100:0 HA:p-TCP 
SOLID

1 34.77 ±23.48 66.09 ±33.73 57.30 ±7.11

24 58.08 ± 16.09 106.83 ±60.23 84.98 ± 47.59

120 36.30 ± 17.07 91.96 ± 10.04 85.49 ±51.83

Compressive modulus and strength followed the same pattern of 50:50 > 100:0 > 

0:100. Within the 0:100 and 50:50 HA:|3-TCP tablets, both compressive modulus 

and strength underwent an initial increase and subsequent decrease with time in 

solution. The compressive modulus and strength of the 100:0 HA:[3-TCP tablets 

increased with increasing time in solution. For all HA:{3-TCP ratios there was an 

overall increase in mechanical properties from 1 h to 120 h in solution. Over the 

whole test period the compressive modulus and strengths of the 0:100 HA:(3-TCP 

tablets demonstrated increases of 50.45% and 4.40% respectively. For the 50:50 

HA:(3-TCP structures an increase of 23.27% was noted for the compressive modulus 

and an increase of 39.15% for the compressive strength. An increase in modulus of 

22.76% and in strength of 49.21% was observed for the 100:0 HA:P-TCP tablets. 

Significance was observed between compressive modulus (ANOVA, p = 0.017) and 

compressive strength (ANOVA p = 0.040) data of each HA:P-TCP ratio. Further 

analysis of compressive modulus using Fisher’s a priori showed significance when 

comparing 0:100 to 100:0 (p < 0.05) and 50:50 to 100:0 (p < 0.05). Significance was 

found when comparing compressive strengths between 0:100 and 50:50 (p < 0.05).

5.5.3.2 Passive Dissolution - pH 7.4 Buffer Solution

Figure 5.11 shows a typical stress-strain curve for 50:50 FIA:P-TCP solid tablets 

assessed after 1, 7 and 14 D in pFI 7.4 buffer solution. The compressive modulus of
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the solid tablets with respect to time in pH 7.4 buffer solution are shown in Table 5.6 

with the corresponding compressive strengths detailed in Table 5.7.

D -----7 D ----- 14 D

Strain (%)

Figure 5.11: Stress-strain curve for 50:50 HA:(3-TCP solid tablets tested after 1, 7 and 14 D exposure

to pH 7.4 buffer solution

Close examination of Figure 5.11 indicated that the gradient of the initial straight line 

portion of the curve for 7 D in solution was the steepest, followed by the curve for 14 

D while the 1 D curve was the least steep. The gradients of the respective curves 

indicated that the compressive modulus of the 50:50 HA:|3-TCP tablets should occur 

in the order 7 D > 14 D > 1 D. The curves in Figure 5.11, particularly that at 14 D, 

were not smooth for the duration of the test, demonstrating a number of sharp drops 

followed by a rise. These peaks and troughs are due to the nature of the fracture. 

The samples did not experience a clean break, rather the material buckled and 

separated into fragments as shown in Figure 5.12. As fragments of the tablets broke 

off, a drop in stress occurred as evidenced by the drops in the stress-strain curves. 

As the loading on the tablets continued to increase, more material fragments 

continued to break off, reducing the amount of material present to bear the load.
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Figure 5.12: Mechanical testing of 0:100 HA:P-TCP solid tablet after 1 D in pH 7.4 buffer solution 

(a): prior to and (b, c & d): following compression in which fragmentation of sample can be seen

Table 5.6: Compressive modulus of solid tablets in pH 7.4 buffer solution

COMPRESSIVE MODULUS (MPa)

TIME POINT (D) 0:100 HA:P-T( P 
SOLID

50:50 1 IA:|1-TCP 
SOLID

100:0 HA:p-TCP 
SOLID

1 1931.31 ±549.79 1090.82 ±454.60 2554.19 ± 421.61
7 2106.65 ±658.38 1476.26 ±292.74 2522.68 ±372.71
14 2284.96 ± 129.18 1240.44 ±380.34 2604.38 ±350.31

Table 5.7: Compressive strength of solid tablets in pH 7.4 buffer solution

COMPRESSIVE STRENGTH (MPa)

TIME POINT (D) 0:100 HA:p-TCP 
SOLID

50:50 HA:p-TCP 
SOLID

100:0 HA:p-TCP 
SOLID

1 67.23 ± 29.59 47.16 ±23.80 112.78 ±41.13
7 68.12 ±24.69 65.14 ± 19.07 121.60 ±33.94

14 72.23 ±2.14 51.71 ± 13.69 117.27 ±24.32

For solid tablets subjected to dissolution at pH 7.4 the compressive moduli and 

strength followed the same pattern of 100:0 > 0:100 > 50:50. The compressive 

modulus and strength of the 0:100 HA:|3-TCP tablets experienced a gradual increase
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with increasing time in solution. However an initial increase followed by a decrease 

in both compressive modulus and strength occurred for the 50:50 HA:P-TCP and 

100:0 HA:P-TCP tablets as the test time progressed.

Over the entire test period, overall increases in compressive modulus and strength 

were observed for all HA:P-TCP ratios. From 1 D in solution to 14 D in solution the 

compressive modulus of the 0:100 HA:P-TCP tablets increased by 18.31% and the 

compressive strength by 7.43%. Increases of 13.72% and 9.64% in compressive 

modulus and strengths respectively were experienced by the 50:50 HA:p-TCP 

structures. The smallest increase over the test period occurred for the 100:0 HA:p- 

TCP solid tablets for which the compressive modulus increased by only 1.97% and 

the compressive strength by 3.98%.

For the three HA:P-TCP ratios, the mean compressive modulus and strengths of the 

tablets were assessed for statistical significance using one-way ANOVA tests. A 

significant difference was found between compressive modulus (p < 0.001) and 

compressive strength (p < 0.001) data for the three compositions. Further analysis of 

compressive modulus and strength using the Fisher’s a priori test found significance 

when comparing all HA:P-TCP ratios (p < 0.05).

5.5.4 Micro-Computed Tomography (p-CT) Analysis

Micro-computed tomography is a useful technique in the assessment of changes in 

structure of in vivo implants, allowing degree of resorption and bone in-growth to be 

determined. It also has potential in tracing changes in structure volume as a result of 

dissolution. p-CT analysis was utilised to determine the volume and porosity
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changes of a porous scaffold undergoing static dissolution at pH 4.0 at discrete time 

points i.e. the same sample was scanned at t = 0, 24, 72 and 120 h. Six structures 

were assessed:

- Three synthetic scaffolds at 0:100, 50:50 and 100:0 HA:P-TCP wt. %

- Three natural scaffolds at 0:100, 50:50 and 100:0 HA:P-TCP wt. %

Figure 5.13 shows the experimentally determined volumes of the synthetic scaffolds 

(Exp) compared to the volume determined via p-CT analysis (p-CT). The 0:100 

HA:[3-TCP synthetic scaffold fractured on removal from solution at 24 h and 

therefore was removed from analysis at this point. Due to time constraints it was not 

possible to repeat this test. The volumes of the 50:50 and 100:0 HA:|3-TCP 

structures decreased with increasing time in solution. There was a good agreement 

between the experimentally detennined volumes and those determined via p-CT 

analysis for both the 50:50 (R2 = 0.980) and 100:0 (R2 = 0.867) HA:P-TCP 

structures.

E
E,
O
E

"o

>

■ 0:100 Syn (Exp)

■ 50:50 Syn (p-CT)

■ 0:100 Syn (p-CT) ■ 50:50 Syn (Exp)

■ 100:0 Syn (Exp) ■ 100:0 Syn (p-CT)

0 24 72 120
Time (h)

Figure 5.13: Synthetic scaffold volume as a result of time in pH 4.0 solution determined 

experimentally and via p-CT analysis
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For the 50:50 HA:P-TCP synthetic scaffold at t = 0 h, the volume determined 

experimentally was 327.51 mm3 while the volume for the same structure determined
T #

from p-CT analysis was 327.39 mm . The close agreement in the sample volumes 

validated the use of the determined threshold for this sample. The same threshold 

was applied to the subsequent scans of the sample at later time points. The total 

structure volume decreased with increasing time in solution, with the experimentally 

determined volume showing an overall decrease of 21.73% from 0 h to 120 h and the 

p-CT determined volume decreasing by 26.98% over the same time period.

The experimentally and p-CT determined volumes of the 100:0 FIA:|3-TCP synthetic 

scaffold at 0 h were 321.29 mm’ and 319.52 mm3 respectively. The total percentage 

decrease in sample volume for the 100:0 HA:P-TCP synthetic scaffold from 0 h to 

120 h was less than that of the 50:50 HA:P-TCP scaffold (Exp - 16.57%, p-CT - 

11.04%) suggesting the 100:0 FIA:P-TCP scaffold did not undergo the same level of 

dissolution as the 50:50 HA:P-TCP structures.

The experimentally and p-CT determined porosities of synthetic scaffolds 

undergoing dissolution at pH 4.0 are shown in Figure 5.14. The relationship between 

the experimentally and p-CT determined porosities of the 50:50 HA:P-TCP synthetic 

scaffolds (R2 = 0.984) was much stronger than that for the 100:0 HA:P-TCP 

synthetic scaffolds (R = 0.216). As time in solution increased, so too did sample 

porosity, reaching a maximum following 120 h in solution for both HA:P-TCP ratios. 

Experimental values for the 50:50 HA:P-TCP scaffold indicated a linear increase in 

porosity from 64.40% at 0 h to 72.14% at 120 h while the p-CT determined values at 

0 and 120 h were 72.97% and 81.84% respectively.

203



Static Dissolution

g.
&o
oo.

■ 0:100 Syn (Exp) BOilOO Syn (p-CT) ■ 50:50 Syn (Exp)
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Time(h)

Figure 5.14: Synthetic scaffold porosity as a result of time in pH 4.0 solution determined 

experimentally and via p-CT analysis

The porosity of the 100:0 HA:P-TCP scaffold followed a similar pattern increasing 

linearly from 64.73% at 0 h to 70.57% at 120 h. The p-CT determined porosities 

however did not show a linear increase. From 0 to 24 h a decrease in porosity 

occurred (70.22% to 66.74%). After 24 h the porosity began to increase reaching 

71.80% at 72 h and 72.83% at 120 h.

Figure 5.15 details the volumes at each time point for the natural scaffolds 

determined experimentally (Exp) and through p-CT analysis (p-CT). Prior to 

dissolution the experimentally determined volume of the 0:100 HA:p-TCP natural 

scaffold was 71.34 mm and the p-CT determined volume was 70.69 mm . The 

calculated volume decreased by 37.50% as a result of 24 h in solution while the p- 

CT analysis indicated a volume decrease of 32.38%. At 72 h the 0:100 HA:P-TCP 

natural scaffold was very degraded and could not be scanned.
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The volumes of the 50:50 and 100:0 HA:P-TCP structures decreased with increasing 

time in solution and a good correlation was observed between volumes detennined 

experimentally and via p-CT analysis (50:50 HA:|3-TCP - R2 = 0.885, 100:0 HA:(3- 

TCP - R2 = 0.965). The initial calculated volume of the 50:50 HA:[3-TCP scaffold
-j

was 132.78 mm and the sample underwent a decrease in volume of 22.45% over the 

course of the study, falling to 102.92 mm following 120 h in solution. The volumes 

determined via p-CT analysis revealed a similar volumetric decrease of 19.96% for 

the duration of the study falling from 137.02 mm3 at 1 h to 109.67 mm3at 120 h. The 

100:0 HA:P-TCP scaffold experienced a similar decrease in volume of 25.46% from 

an initial volume 138.15 mm to 102.98 mm over the duration of the study. The 

volumetric changes determined from the p-CT analysis of the 100:0 HA:P-TCP 

sample were comparable falling from 143.49 mm to 111.57 mm , a decrease of 

22.25%.

■ 0:100 Nat (Exp) ■0:100 Nat (p-CT) ■ 50:50 Nat (Exp)

■ 50:50 Nat (p-CT) ■ 100:0 Nat (Exp) ■ 100:0 Nat (p-CT)
160.0 ------------- - ------------

Time(h)

Figure 5.15: Natural scaffold volume as a result of time in pH 4.0 solution determined 

experimentally and via p-CT analysis
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Figure 5.16: Natural scaffold porosity as a result of time in pH 4.0 solution determined 

experimentally and via p-CT analysis

The experimentally and p-CT determined porosities of synthetic scaffolds 

undergoing dissolution at pH 4.0 are shown in Figure 5.16. As with the synthetic 

scaffolds, the correlation between the experimentally and p-CT determined porosities 

of the 50:50 HA:P-TCP structures (R2 = 0.963) was much stronger than that of the 

100:0 HA:P-TCP structures (R = 0.012). The relationship between the experimental 

and p-CT values of the 100:0 HA:P-TCP natural scaffold was very weak with a R" 

value of 0.012.

As the test period progressed, so too did sample porosity reaching a maximum 

following 120 h in solution for both HA:P-TCP ratios. The experimentally 

determined porosity of the 50:50 HA:P-TCP scaffold increased linearly over the 120 

h in solution from 54.88% to 65.02% while the p-CT determined demonstrated an 

increase from 58.89% to 71.77%. A linear increase in porosity of the 100:0 HA:P-
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TCP scaffold was noted in the experimentally determined values, increasing from 

68.52% at 0 h to 76.54% at 120 h. The p-CT determined values however did not 

follow the same pattern, showing an initial decrease from 78.213% to 76.47% at 24 h 

following which it increased to 80.69% at 72 h. This rise was followed by a further 

decrease to 77.63%.

Tb.Pf was used to determine how pore interconnectivity was affected as a result of 

time in solution. As Tb.Pf is a relative index, used in the comparison of scanned 

objects, it was appropriate to use in the assessment of the scaffolds. The lower the 

Tb.Pf value, the better connected the structure and a negative Tb.Pf value indicates a 

highly connected network. Tables 5.8 and 5.9 detail the Tb.Pf values for the 

synthetic and the natural scaffolds respectively.

Table 5.8: Tb.Pf values of synthetic structures indicating relative connectivity of pores as a result of

pH 4.0 dissolution

Sample Time Point (h) Tb.Pf (mm )
50:50 HA:p-TCP Synthetic 0 -27.24
50:50 HA:P-TCP Synthetic 24 -17.37
50:50 HA:p-TCP Synthetic 72 -30.03
50:50 HA:p-TCP Synthetic 120 -20.53
100:0 HA:P-TCP Synthetic 0 -23.23
100:0 HA:P-TCP Synthetic 24 -20.97

100:0 HA:p-TCP Synthetic 72 -22.22

100:0 HA:p-TCP Synthetic 120 -19.48

The negative Tb.Pf values for all synthetic structures indicated that the pores are 

highly connected. For the 50:50 HA:(3-TCP synthetic scaffolds there was an overall 

increase of 24.65% in Tb.Pf from 0 to 120 h (-27.24 mm'1 to -20.53 mm'1) indicating
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that the interconnectivity decreased over the test period. The Tb.Pf value for the 

100:0 HA:p-TCP also demonstrated a decrease from 0 to 120 h in solution (16.13% 

decrease from -23.23 mm'1 to -19.48 mm"1). Although the interconnectivity of the 

synthetic scaffolds decreased over the course of the study, the fact that the Tb.Pf 

values remained negative after 120 h in solution implies that the pores were still 

highly interconnected.

Table 5.9: Tb.Pf values of natural structures indicating relative connectivity of pores as a result of pH

4.0 dissolution

Sample Time Point (h) Tb.Pf (mm'1)

0:100 HA:p-TCP Natural 0 -34.91

0:100 HA:p-TCP Natural 24 -43.97
50:50 HA:P-TCP Natural 0 -43.66
50:50 HA:P-TCP Natural 24 -35.17
50:50 HA:p-TCP Natural 72 -39.02

50:50 HA:P-TCP Natural 120 -58.83
100:0 HA:P-TCP Natural 0 -49.97
100:0 HA:P-TCP Natural 24 -51.20
100:0 HA:p-TCP Natural 72 -44.00
100:0 HA:P-TCP Natural 120 -50.05

As for the synthetic scaffolds, the Tb.Pf values of the natural scaffolds were all 

negative indicating the pores were highly interconnected. For all HA:P-TCP ratios, 

there was an overall decrease in Tb.Pf value over the time period signifying an 

increase in interconnectivity. The 0:100 HA:P-TCP value of Tb.Pf decreased by 

25.93% (-34.91 mm'1 to -43.97 mm'1), that of the 50:50 HA:P-TCP structure 

decreased by 34.75% (-43.66 mm'1 to -58.83 mm"1) while the 100:0 HA:P-TCP 

scaffold demonstrated the smallest decrease of 0.24% (-49.97 mm'1 to -50.05 mm'1).
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5.5.5 Visual Inspection

5.5.5.1 Active Dissolution - pH 4.0 Buffer Solution

Figure 5.17 shows a 0:100 HA:(3-TCP natural scaffold after 24 h (a-c) and 120 h (d-f) 

in pH 4.0 buffer solution. After 24 h the presence of precipitate can be clearly seen 

(a, b) and microporosity was observed on the surface of the scaffold (c). After 

further time in solution, a more porous microstructure was evident (f).

Figure 5.17: 0:100 HA:p-TCP natural scaffold static pH 4.0 dissolution (a): Optical micrograph 24h 

(b): SEM 24h (c): SEM 24h (d): Optical micrograph 120h (e): SEM 120h (f): SEM 120h

Figure 5.18 shows a 50:50 HA:P-TCP natural scaffold after 24 h (a-c) and 120 h (d-f) 

in pH 4.0 buffer solution. Again, after 24 h in solution the presence of precipitate 

was observed (a, b) and microporosity was evident (c). After further time in 

solution, the precipitate was still present (d, e) and the microstructure was 

increasingly porous (f).

The structure of a 100:0 HA:P-TCP natural scaffold after 24 h (a-c) and 120 h (d-f) 

in pH 4.0 buffer solution is shown in Figure 5.19. Precipitate (a, b) and
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microporosity was observed on the structure surface (c) after 24 h in solution. 

Following 120 h in solution the sample was substantially degraded, losing much of 

its bulk and an increase in porosity of microstructure was noted (f).

Figure 5.18: 50:50 HA:p-TCP natural scaffold static pH 4.0 dissolution (a): Optical micrograph 24h 

(b): SEM 24h (c): SEM 24h (d): Optical micrograph 120h (e): SEM 120h (0: SEM 120h

Figure 5.19: 100:0 HA:P-TCP natural scaffold static pH 4.0 dissolution (a): Optical micrograph 24h 

(b): SEM 24h (c): SEM 24h (d): Optical micrograph I20h (e): SEM 120h (f): SEM 120h
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Changes in structure of the solid tablets as a result of time in solution were also 

observed. Figure 5.20 shows a 0:100 HA:(3-TCP solid tablet after 24 h (a-c) and 120 

h (d-t). The microstructure following 24 h was quite rough with microporosity 

evident (b) although the unevenness of the surface may be attributed to the location 

at which the image was captured, e.g. on a fracture surface. Figure 5.20c reveals a 

finer microstructure at higher magnification. Following 120 h in solution, changes in 

the microstructure were evident with a more porous structure observed at higher 

magnifications (f).

Figure 5.20: 0:100 HA:p-TCP solid tablet static pH 4.0 dissolution (a): Optical micrograph 24h (b): 

SEM 24h (c): SEM 24h (d): Optical micrograph 120h (e): SEM 120h (f): SEM 120h

A 50:50 HA:P-TCP solid tablet is shown in Figure 5.21 after 24 h (a-c) and 120 h (d- 

f). Precipitate (a, b) and microporosity (c) were observed after 24 h. Following 120 

h in solution changes in the microstructure were evident with a more porous structure 

observed at higher magnification (f). After 120 h in solution there was very little 

change in microstructure compared to 24 h. The degree of porosity was not 

dissimilar however the grain boundaries appear more defined (f).
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Figure 5.22: 100:0 HA:(3-TCP solid tablet static pH 4.0 dissolution (a): Optical micrograph 24h (b): 

SEM 24h (c): SEM 24h (d): Optical micrograph 120h (e): SEM 120h (0: SEM 120h

Figure 5.22 details a 100:0 HA:p-TCP solid tablet after 24 h (a-c) and 120 h (d-f). 

After 24 h precipitate (a) was clearly observed and patches with a rough texture were
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evident (b). The microstructure was moderately porous (c) and the presence of 

precipitate was plainly evident after 120 h in solution (d-f).

Table 5.10 shows how the structure of synthetic scaffolds was affected as a result of 

time in solution. Precipitate formation was evident on synthetic scaffolds of all 

HA:(3-TCP ratios after 6 h in solution. Three scaffolds were assessed at each time 

point and although precipitate was present on scaffolds at every ratio and time point 

post 6 h, it was not present on every scaffold within the set of three tested per time 

point. This was also true of precipitate formation on the solid tablets and natural 

scaffolds with precipitate forming on all ratios and time points post 6 h. The 0:100 

HA:p-TCP solid tablets were the only exception as they did not exhibit any 

precipitate formation.
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Figure 5.23 shows the precipitate in greater detail. At low magnifications the 

precipitate was transparent and appeared to form in triangular sheets. The precipitate 

formed in layers or in a spoke like pattern. At higher magnifications the spoke like 

pattern could be clearly seen. Additionally, the fact that each sheet was made up of 

many sheets layered together was evident at high magnifications and triangular 

etchings were observed on some sheets.

Figure 5.23: Precipitate formation on tablets and scaffolds in pH 4.0 buffer solution

The precipitate formed on the surface of the structure that was in contact with the 

container the test was carried out in. Pores also appeared to be a location favoured 

by precipitate formation.

S.5.5.2 Passive Dissolution - pH 7.4 Buffer Solution

A 0:100 HA:P-TCP natural scaffold after 3 D (a-c) and 14 D (d-f) in pH 7.4 buffer 

solution is shown in Figure 5.24. After 3 D microporosity was observed (b. c) 

although the surface was not dissimilar to the surface of the natural scaffolds prior to 

testing (Section 4.0). After 14 D in solution, there was little change in the 

microstructure (e) although precipitate formation was evident inside pores (f).
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Figure 5.24: 0:100 HA:P-TCP natural scaffold static pH 7.4 dissolution (a): Optical micrograph 3D 

(b): SEM 3D (c): SEM 3D (d): Optical micrograph 14D (e): SEM 14D (f): SEM 14D

Figure 5.25 shows a 50:50 HA:|3-TCP natural scaffold after 3 D (a-c) and 14 D (d-f). 

Surface microporosity was evident at 3 D (b, c) which was comparable to the 

scaffolds prior to testing (Section 4.0). There was minimal change in the 

microstructure after 14 D (e) although there was extensive precipitate formation on 

the scaffold surface (f).

The impact of submersion in pH 7.4 buffer solution after 3 D (a-c) and 14 D (d-f) on 

a 100:0 HA:P-TCP natural scaffold can be seen in Figure 5.26. After 3 D, precipitate 

formed in patches on the scaffold surface (c). Following 14 D in solution the 

precipitate appeared to blanket the scaffold surface (f).
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Figure 5.25: 50:50 HA:P-TCP natural scaffold static pH 7.4 dissolution (a): Optical micrograph 3D 

(b): SEM 3D (c): SEM 3D (d): Optical micrograph 14D (e): SEM 14D (0: SEM I4D

Figure 5.26: 100:0 HA:p-TCP natural scaffold static pH 7.4 dissolution (a): Optical micrograph 3D 

(b): SEM 3D (c): SEM 3D (d): Optical micrograph I4D (e): SEM I4D (f): SEM 14D

The influence of pH 7.4 dissolution on solid tablets was examined and Figure 5.27 

shows SEM images of a 0:100 HA:P-TCP solid tablet after 3 D (a, b) and 14 D (c, d)
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in solution. A somewhat porous microstructure was evident after 3 D (b) and very 

little change was observed at 14 D (d).

Figure 5.27: 0:100 HA:P-TCP solid tablet static pH 7.4 dissolution (a), (b): SEM following 3D 

submersion (c), (d): SEM following 14D submersion

A 50:50 HA:P-TCP solid tablet after 3 D (a, b) and 14 D (c, d) in solution is shown 

in Figure 5.28. The surface was quite uneven after 3 D in solution and microporosity 

was evident (b). After 14 D there were minimal changes in the surface of the tablet 

(c) although slight precipitate formation was evident (d).

Figure 5.29 shows a 100:0 F1A:(3-TCP solid tablet after 3 D (a, b) and 14 D (c, d). 

Again, the surface appeared somewhat irregular after 3 D with noticeable 

microporosity (a, b) and following further submersion in pFI 7.4 buffer solution, 

changes in structure were not striking (c, d).
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Figure 5.28: 50:50 HA:P-TCP solid tablet static pH 7.4 dissolution (a), (b): SEM following 3D 

submersion (c), (d): SEM following 14D submersion

Figure 5.29: 100:0 HA:p-TCP solid tablet static pH 7.4 dissolution (a), (b): SEM following 3D 

submersion (c), (d): SEM following 14D submersion

The impact of submersion in pH 7.4 buffer solution on the structure of synthetic 

scaffolds is shown in Table 5.11. The synthetic scaffolds tested in pH 7.4 buffer 

solution did not undergo as obvious a change as those tested at pH 4.0. The structure
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of the synthetic scaffolds did not appear to have altered dramatically from the 

structure of the untested scaffolds (Section 4.0). Precipitate formation did occur 

however it was not as abundant or as observable as in the tests performed at pH 4.0. 

At low magnifications the precipitate formation was only evident as an iridescent 

sheen on the structure surface of some of the synthetic scaffolds.

Table 5.11: Structure of synthetic scaffolds with respect to time in pH 7.4 solution

Time
Ratio

.0:100
HA:p-TCP

50:50
HA:p-TCP

100:0
HA:p-TCP

The precipitate formation in pH 7.4 buffer solution is shown in greater detail in 

Figure 5.30. The precipitate was very different from the precipitate formed under the 

pH 4.0 dissolution conditions. The precipitate could only be clearly seen at higher 

magnifications and it took a different form depending on whether it formed in a pore 

or on the outer surface of the structure. If the precipitate was situated in a pore it 

formed in separate bundles and resembled fanned out semi-circular petals. If the 

precipitate was located on the outer surface it appeared to blanket the structure and
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on closer inspection it was in the form of spikes clustered together interspersed with 

larger leaf like structures.

Figure 5.30: Precipitate formation on tablets and scaffolds in pH 7.4 buffer solution

5.6 Discussion

Degradation of calcium phosphate ceramics in vivo occurs by a combination of cell 

mediated resorption and dissolution, a physical chemistry process which is controlled 

by factors such as surface area, material solubility (dictated by Ca:P ratio) and 

environment including local acidity, fluid convection and temperature (Dorozhkin, 

2010). In this chapter the influence of surface area, dictated by structure type; 

material solubility, determined by HA:P-TCP ratio; and, environment acidity, altered 

by use of buffer solutions, were investigated.

The solubility of calcium phosphates decreases with increasing pH (Blokhuis et al, 

2000) as can be seen in Figure 5.31 which shows the solubility curves for a number 

of calcium phosphate phases as a function of pH under equilibrium conditions at 

37°C (Barrere et al., 2008). From observation of the solubility curves it would be 

expected that the calcium phosphate structures undergoing analysis would experience 

greater dissolution in the pH 4.0 as opposed to the pH 7.4 environment.
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Additionally, the solubility curves indicate that tricalcium phosphates such as p-TCP 

possess a greater solubility than HA. Solubility of calcium phosphate compounds 

increases as the Ca:P ratio decreases. The 100:0, 50:50 and 0:100 HA:(3-TCP 

structures possessed Ca:P ratios of 1.67, 1.58 and 1.50 respectively, assigning the 

greatest solubility to the 0:100 HA:P-TCP structures.

1 i 1 r

DC P D

DCPA-

OCP-^ -4-

i i i i i

12 34 56 789 10 11

Figure 5.31: Solubility curves for a number of calcium phosphates (HA - hydroxyapatite, TCP - 
tricalcium phosphate, OCP - octacalcium phosphate, DCPA - dicalcium phosphate anhydrous, DCPD 

- dicalcium diphosphate dehydrate) - redrawn from Barrere et al., 2008

5.6.1 Mass Change

Following immersion in pH 4.0 buffer solution, all structures displayed a mass loss 

that increased with increasing time in solution. The synthetic scaffolds exhibited the 

greatest average mass loss at 18.55 ± 15.68% over all HA:P-TCP ratios, followed by 

the natural scaffolds at 16.48 ± 7.26% with the solid tablets yielding the lowest mass 

loss at only 3.85 ±2.10 %. This order of mass loss can be attributed to the surface 

area of the structures exposed to the buffer solution.
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The surface area of the solid tablets is just that, the visible external surface area; 

whereas the surface area of the scaffolds, both synthetic and natural, takes into 

account both the external visible surface and the internal surface area created by the 

presence of pores. An average surface area for the solid tablets was calculated using 

algebraic methods. The surface areas of 20 samples were determined using 

measurements of sample radius (r) and height {h) data using Equation 5.2 and 

averaged to give a mean surface area of 541.24 ± 14.63 mm .

Surface Area = Itv1 + 2rtrh Equation 5.2

The surface areas of the porous scaffolds were detennined via p-CT analysis (Section 

4.5.3.2). The synthetic scaffolds possessed the greatest surface area (1206.94 ± 

163.98 mm ), which can be attributed to the large number of struts present and the 

high degree of open pores. The smaller number of open pores and lower porosity of 

the natural scaffolds gave a lower surface area (882.68 ± 184.80 mm ). The solid 

tablets exhibited the lowest surface area (541.24 ± 14.63 mm ), characteristic of their 

lack of porosity.

According to the literature, the degradation rate of (3-TCP is much higher than that of 

HA (Damien and Parsons, 1991), (LeGeros, 1993), (Koerten and Meulen, 1999), 

(Hsu et al, 2009), (Dorozhkin, 2010). Consequently, the expected order of mass loss 

for all sample types was as follows:

0:100 HA:p-TCP > 50:50 HA:p-TCP > 100:0 HA:P-TCP 

With respect to HA:P-TCP ratio, the order of mass loss varied depending on the 

structure under consideration and it was not always in agreement with the expected 

order. Within the solid tablets, the order of mass loss was not as expected with the 

50:50 and 100:0 HA:P-TCP tablets demonstrating similar average mass losses of
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4.47 ± 2.07% and 4.37 ± 2.27% respectively and the 0:100 HA:P-TCP solid tablets 

experiencing the lowest loss at 2.70 ± 1.87%. In contrast, the mass loss order for the 

synthetic scaffolds did follow the expected sequence (0:100 - 28.83 ± 24.26% > 

50:50 - 14.68 ± 4.70% > 100:0 - 12.13 ± 6.15%). The pattern for the natural 

scaffolds was different again, with the 100:0 HA:[3-TCP structures exhibiting the 

greatest mass loss (18.63 ± 5.25%) followed by the 0:100 HA:P-TCP structures 

(16.10 ± 9.78 %), and the 50:50 HA:P-TCP structures displaying the smallest (14.73 

±7.18%).

As the synthetic scaffolds, which possessed the structure most comparable to that of 

trabecular bone, did follow the expected mass loss pattern, a potential explanation 

could be that the discrepancies for the solid tablets and natural scaffolds are an 

artefact of the structure in question rather than the HA:P-TCP ratio under 

investigation. This was further reinforced by the statistical analysis in which there 

was no significant difference found between the three HA:P-TCP ratios within each 

structure type. Conversely a significant difference was found to exist between the 

mean mass losses of the three structure types when assessed within each HA:P-TCP 

ratio. Additionally, precipitate formation was clearly observed during the static 

dissolution tests performed at pH 4.0. The formation of the precipitate, as evidenced 

by microscopical analysis, could have had an impact on the mass change results. 

The results of the ICP analysis may work to corroborate the mass change data, or 

may prove to be a more reliable method of tracking the dissolution of calcium 

phosphate materials.
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Although there are numerous studies investigating the dissolution of calcium 

phosphate structures, very few are concerned with dissolution performed at pH 4.0. 

A study by Hsu et al. (2009) concerned the dissolution of porous calcium phosphate 

structures produced using 20 PPI sponge as a preform at three different HA:a-TCP:(3- 

TCP ratios. The three ratios were as follows: 75.96:2.31:21.73 HA:a-TCP:P-TCP 

(referred to as 75.96HA), 37.21:20.81:41.98 HA:a-TCP:(3-TCP (referred to as 

37.21 HA) and 3.28:0.00:96.72 HA:a-TCP:p-TCP (referred to as 3.28HA). Although 

the authors did not report the porosity of the resultant structures, it can be assumed 

that the use of 20 PPI sponge would result in relatively porous structures. 

Consequently comparisons will be made with the synthetic scaffolds assessed in this 

study.

Samples were tested at pH 4.0 and pH 7.2 for periods up to 26 weeks with 

temperature maintained at 37°C. Their dissolution studies performed at pH 4.0 

showed a significant increase in mass for the 37.21 HA specimen of -4.72% while a 

slight decrease in mass occurred for the 75.96HA (-0.30%) and 3.28HA specimen 

(-0.50%). The 3.28HA samples experienced a greater mass loss than the 75.96HA 

samples although the magnitudes of the mass losses were much lower than those 

which occurred in this investigation. Despite the increase in mass for the 37.21 HA 

specimen, the result for the 75.96HA and 3.28HA specimen are in line with the 

results of this study.

The greater decrease observed for the 3.28HA specimen (greatest P-TCP content) 

compared with that of the 75.96HA specimen (greatest HA content) was in 

agreement with the mass loss results found for the synthetic scaffolds produced in
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this study (0:100 - 56.71 ± 0.95%, 100:0 - 19.10 ± 4.44% at 120 h). The results 

found by Hsu ct al. (2009) support the prediction that P-TCP possesses a greater 

degradation rate than HA. Although the changes in mass for the 37.21 HA specimen, 

which are most comparable in composition to the 50:50 HA:p-TCP specimen in this 

investigation, would be expected to lie somewhere between the other two 

compositions, the increase in mass experienced by these specimen highlight the 

unpredictability of mass changes as a result of dissolution.

The overall patterns of mass changes for the specimen submerged in pH 7.4 buffer 

solution were less obvious. Mass loss and gain occurred for structures undergoing 

passive dissolution. The incidence of a mass gain or loss appeared to be unaffected 

by structure type and HA:P-TCP ratio. Further to this, mass changes were not 

proportional to time in solution as with structures undergoing dissolution at pH 4.0. 

It should also be noted that the magnitude of mass changes were much smaller than 

at pH 4.0.

When averaged over all time points and HA:P-TCP ratios, the solid tablets 

experienced a gain of 0.19 ± 0.44%, the synthetic scaffolds increased in mass by 0.40 

± 0.53% with the natural scaffold demonstrating a loss of 0.45 ± 1.18%. In most 

cases, mass loss was observed at earlier time points and mass gain at later time points 

for solid tablets. The synthetic scaffolds typically experienced a mass gain at all time 

points and natural scaffolds tended to experience a mass gain at early time points and 

a loss at later times.
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With respect to HA:P-TCP ratio within the solid tablets, averaging the mass changes 

over all time points resulted in a mean mass change of 0.00 ± 0.04% for the 0:100 

HA:P-TCP solid tablets. An average mass gain of 0.44 ± 0.74% was experienced by 

the 50:50 HA:P-TCP structures while the 100:0 HA:P-TCP tablets gained in mass by 

0.13 ±0.13%.

Hsu et al. (2009) found that the 37.21 HA samples submerged in pH 7.2 solution 

tended to increase in mass throughout the test period (~5.95%). In comparison the 

75.96 HA and 3.28 HA specimen experienced no significant mass changes, showing 

slight mass gains and losses at different time intervals. The mass changes at 

individual time points were all <0.05%. The random occurrences of mass losses and 

gains, regardless of time in solution and structure composition, is in agreement with 

the results found in this study for dissolution at pH 7.4. Hsu et al. (2009) attributed 

the mass increases to the formation of precipitate on the surface of the specimen, a 

phenomenon also observed in this investigation.

Zhang et al. (2007a) investigated the degradation of P-TCP specimen of three 

structure types: porous, porous core with dense outer shell (porous/dense) and dense. 

The three structure types of varying porosities can be likened to the three structure 

types examined in this work: synthetic scaffold, natural scaffold and solid tablets. 

Following submersion in pH 7.4 buffer solution at 37°C for 120 h, all samples 

displayed mass loss with the porous structure experiencing the greatest mass loss 

(0.65 ± 0.03%), followed by the porous/dense structure (0.51 ± 0.03%) with the 

dense structure showing the least mass loss (0.16 ± 0.02%). Although the study by 

Zhang et al. (2007a) showed a mass loss for samples tested in pH 7.4 solution which
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was not conclusive in this study, the order of mass loss with respect to structure 

porosity was as determined in this work. It must be noted however that specimen 

were rinsed following removal from the buffer solution in the study by Zhang et al. 

(2007a) which potentially could have halted or removed any precipitate formation, 

which has been attributed for the discrepancies in mass changes in this study.

A lower pH environment induces a greater degree of calcium phosphate dissolution, 

which was quite clear in observations of mass loss at pH 4.0 compared to pH 7.4 

(Table 5.12). Structures exposed to pH 4.0 underwent a progressive decrease in 

mass throughout the test period whereas structures subjected to pH 7.4 demonstrated 

both decreases and increases in mass that could not be attributed to time in solution. 

The increase in mass may be as a result of the formation of precipitate on the 

structures. The mass change data demonstrated that the greater the surface area, the 

greater the mass loss. This occurrence could be due to the fact that a greater surface 

area provides a larger area over which dissolution reactions can occur.

Table 5.12: Average mass changes of structure undergoing dissolution at pH 4.0 and pH 7.4

Structure pH 4.0
Loss/
Gain

pH 7.4
Loss/
Gain

Solid tablets 3.85 ±2.10% Loss 0.19 ±0.44% Gain

Synthetic scaffolds 18.55 ± 15.68 Loss 0.40 ± 0.53% Gain

Natural scaffolds 16.48 ± 7.26%% Loss 0.45 ± 1.18% Loss

5.6.2 Ion Release

In considering the dissolution of calcium phosphate materials with respect to surface 

reactivity, it can be viewed as transfer of ions from the solid phase to the aqueous 

liquid through the surface hydration of the calcium (Ca ) and phosphate (P(V)
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species present (Barrere et al, 2008). The equations for the dissolution reactions of 

HA and p-TCP are given in Equations 5.3 and 5.4, respectively:

Ca5(P04)30H + 7H+ 5Ca2+ + 3H2PO4' + H20 Equation 5.3

Ca3(P04)2 + 4H+ -> 3Ca2+ + 2H2PO4' Equation 5.4

The concentration of Ca and PO4 ions released as a result of dissolution in pH 4.0 

buffer solution progressively increased as time in solution increased. The continual 

increase in ion release over the course of the study with no levelling off indicated 

that the dissolution process had the potential to continue until ionic equilibrium of 

the buffer solution was reached or until the sample had dissolved completely. As 

would be expected, the same patterns were observed for both Ca and P04 ion release 

although PO4 release was slightly higher than that of Ca which was unexpected when 

the dissolution reaction equations (Equations 5.2 and 5.3) were observed.

To allow comparison of the different structures, the ion release determined via 1CP 

analysis (given in mg/L) were normalised to the sample mass (mg/kg). The solid 

tablets produced the greatest ion release (Ca - 0.76 ± 0.43 mg/kg, PO4 - 1.10 ± 0.57 

mg/kg), followed by the synthetic scaffolds (Ca - 0.20 ±0.15 mg/kg, PO4 - 0.30 ± 

0.23 mg/kg) with the natural scaffolds exhibiting the least (Ca - 0.10 ± 0.06 mg/kg, 

P04 - 0.13 ± 0.08 mg/kg). The tendency of the solid tablets to give the greatest ion 

release could be attributed to the greater mass of the solid tablets (2.50 ± 0.17 g) 

compared to that of the porous scaffolds (synthetic: 0.71 ± 0.12 g, natural: 0.45 ±

0.06 g).

228



Static Dissolution

The lower levels of ion release for the porous scaffolds despite their greater surface 

area indicate that their inner surfaces may play a limited role in the static dissolution 

process. When the porous structures were initially placed in the buffer solution, the 

pores were infiltrated with solution. As a consequence of the static environment, 

there was no means for removal of this buffer solution once it was situated in the 

pores of the scaffolds. This, in effect, removed the inner surfaces from the 

dissolution process as access of fresh buffer solution to active surfaces was limited. 

The greater release from the synthetic scaffolds compared to that of the natural 

scaffolds is as a result of the greater surface area, both external and internal, 

available over which dissolution reactions could occur (synthetic scaffold surface 

area - 1206.94 ± 163.98 mm", natural scaffold surface area - 882.68 ± 184.80 mm2). 

The higher porosity of the synthetic scaffold structures at 72.67 ± 3.72% compared to 

the natural scaffolds at 64.24 ± 3.39% permitted the easier entrance of fluid resulting 

in a higher dissolution rate.

As with the mass loss data for the active dissolution tests, the dissolution with respect 

to HA:[3-TCP did not follow the expected pattern of 0:100 > 50:50 > 100:0. The 

trend for the solid tablets showed the greatest release for the 50:50 HA:P-TCP 

structures (Ca - 0.91 ± 0.46 mg/kg, P04 - 1.35 ± 0.65 mg/kg) followed by the 100:0 

HA:p-TCP (Ca - 0.84 ± 0.47 mg/kg, P04 - 1.09 ± 0.56 mg/kg) with 0:100 HA:p-TCP 

samples yielding the lowest ion release (Ca - 0.52 ± 0.32 mg/kg, P04 - 0.86 ± 0.51 

mg/kg).

For the synthetic scaffolds a pattern of 0:100 HA:P-TCP > 100:0 HA:P-TCP > 50:50 

HA:P-TCP was observed. For the 0:100 structures Ca release was 0.27 ± 0.20 mg/kg
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and PO4 was 0.42 ± 0.32 mg/kg. The 100:0 HA:(3-TCP scaffold Ca and P04 release 

were 0.19 ± 0.14 mg/kg and 0.26 ± 0.20 mg/kg respectively. While for the 50:50 

HA:(3-TCP scaffolds ion release was as follows: Ca - 0.14 ± 0.09 mg/kg, PO4 - 0.22 

±0.13 mg/kg. With respect to HA:P-TCP ratio, the ion release from the natural 

scaffolds at each time point was comparable when averaged across all time points:

Ca: 0:100 - 0.09 ± 0.07 mg/kg, 50:50 - 0.11 ± 0.08 mg/kg, 100:0 - 0.11 ± 0.04 mg/kg 

P04: 0:100 - 0.14 ± 0.11 mg/kg, 50:50 - 0.13 ± 0.09 mg/kg, 100:0 - 0.11 ± 0.04 

mg/kg

Of further interest was the fact that despite ion release did not following the expected 

trends, it did not follow the mass change trends either (Table 5.13). The synthetic 

scaffolds showed the greatest similarity between the two measures of dissolution 

with the 0:100 HA:P-TCP structures displaying the greatest mass loss and ion 

release. The tendency for the 50:50 HA:p-TCP structures to give the greatest ion 

release in the case of the solid tablets and natural scaffolds could potentially be as a 

result of the variable grain boundaries found in the 50:50 samples compared to the 

0:100 and 100:0 samples as stated by Schaefer et al. (2011).

Table 5.13: Comparison of trends for mass loss and ion release

Structure Order of Mass Loss Order of Ion Release

Solid Tablet 100:0 > 50:50 >0:100 50:50 > 100:0 >0:100

Synthetic Scaffold 0:100 > 50:50 > 100:0 0:100 > 100:0 >50:50

Natural Scaffold 100:0 >0:100 >50:50 50:50 > 100:0 >0:100

Figure 5.32 displays a schematic interpretation of the possible reason for the 

tendency of 50:50 HA:P-TCP structures to give a greater mass loss. Figure 5.32a
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shows the mixture of HA and (3-TCP particles present in such a sample where a HA 

particle, or grain as they are referred to post sintering, is surrounded mainly by P- 

TCP grains. In Figure 5.32b the grain boundaries boarded by HA on one side and P- 

TCP on the other are highlighted. As dissolution begins at the boundaries between 

grains resulting in the liberation of grains (Koerten and Meulen, 1999) and P-TCP 

undergoes dissolution preferentially to HA, it stands to reason that if a HA grain is 

bounded by P-TCP grains, dissolution will initiate at the P-TCP grain boundaries 

releasing the HA grains they border.

Figure 5.32: Varying grain boundaries present in 50:50 HA:|3-TCP structures

Pilliar et al. (2001) investigated the degradation of porous calcium polyphosphate 

(CPP) discs at pH 4.0 and evaluated them for periods of 1, 5, 10, and 30 days at 

37°C. Phosphorous release increased with increasing aging time with an initial rapid 

release up until 5 D (~0.17% of available phosphorous released over first 5 days) and 

a decreasing rate for the remaining test period (~0.47% of available phosphorous 

released over 30 days). In this study the ion release increased throughout the 120 h 

test period with no indication of levelling which is comparable to the trends observed 

at early time points in the study by Pilliar et al. (2001).
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Koerten and Meulen (1999) investigated the dissolution of HA and (3-TCP ceramic 

spheres at low pH levels of 4.0, 4.8, and 5.6. Ca ion release was measured at 1 and 4 

h, the results of which indicated that (3-TCP (459.9 ± 12.7 ppm after 4 h) dissolved 

faster than HA (134.9 ± 4.2 ppm after 4 h). Both materials showed an initial rapid 

release of Ca ions after 1 h ((3-TCP - 441.1 ± 22.0 ppm after 1 h, HA - 115.3 ± 0.0 

ppm after 1 h) but at later time points a significant further increase was not observed. 

The tendency of the (3-TCP spheres to result in greater Ca ion release than the HA 

spheres was reflected by the synthetic scaffolds in this study where the 0:100 HA:(3- 

TCP structures demonstrated greater Ca ion release than the 100:0 HA:(3-TCP (0:100 

HA:(3-TCP - Ca: 0.27 ± 0.20 mg/kg, 100:0 HA:(3-TCP - Ca: 0.19 ± 0.14 mg/kg).

The trends for ion release in studies performed at pH 7.4 were much clearer than 

mass change data at the same pH. The ion release for the solid tablets and synthetic 

scaffolds increased continually throughout the course of the study with no tendency 

to level off. The results for the natural scaffolds however indicated that ion release 

was beginning to level off at later time points with comparable levels observed at 7 

and 14 D. This levelling off may be as a result of saturation of the buffer solution 

with released Ca and PO4 ions. As with the pH 4.0 results, the order of ion release 

with respect to structure type was solid tablets (Ca - 0.06 ± 0.04 mg/kg, PO4 - 0.07 ± 

0.03 mg/kg) > synthetic scaffolds > (Ca - 0.03 ± 0.02 mg/kg, PO4 - 0.03 ± 0.02 

mg/kg) natural scaffolds (Ca - 0.02 ± 0.01 mg/kg, PO4 - 0.01 ± 0.01 mg/kg). The 

much greater initial starting mass of the solid tablets (2.41 ± 0.44 g) compared to that 

of the porous scaffolds (synthetic: 0.81 ± 0.10 g, natural: 0.41 ± 0.10 g) may be 

responsible for the greatest ion release from the solid tablets.
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However, unlike the pH 4.0 tests, the same patterns were not observed for both Ca 

and PO4 release with respect to structure type. Only the PO4 ion release for the 

natural scaffolds followed the expected pattern of 0:100 (0.012 ± 0.006 mg/kg) > 

50:50 (0.007 ± 0.004 mg/kg) > 100:0 (0.006 ± 0.005 mg/kg). For all structure types, 

the 100:0 HA:(3-TCP specimen gave the greatest Ca release and for the solid tablets 

and synthetic scaffolds, the 50:50 specimen yielded the greatest P04 release.

Yang et al. (2008b) examined the dissolution of filaments of varying HA:P-TCP 

ratios at pH 7.4. Ca and PO4 ion release from ratios of 100:0, 75:25, 50:50 and 25:75 

HA:(3-TCP were examined at 27.8 and 90.3 D. Little difference was observed in the 

concentrations of Ca and PO4 released between 27.8 and 90.3 D, e.g. ion Ca release 

for 100:0 HA:P-TCP after 27.8 D (4 weeks) was ~5.0 ppm, while after 90.3 D (3 

months) Ca release was ~5.5 ppm, indicating that the ion release began to level off 

after 27.8 D. As the results for the natural scaffolds had begun to plateau in this 

study, it could be inferred that if tested to longer time points such as those used by 

Yang et al. (2008b), comparable results would have been found.

A study performed by Ducheyne et al. (1993) investigated the pH 7.4 dissolution of a 

range of calcium phosphates, including HA and P-TCP, in powder form at time 

points of 0.25, 0.50, 1, 3, 6, 24, 48 and 72 h. Their findings revealed and that Ca 

and PO4 ion release were comparable at early time points, e.g. after 0.25 h HA 

experienced a Ca release of 0.61 ± 0.06 pg/mL and after 0.5 h Ca release was 0.68 ± 

0.10 pg/mL). The release of Ca and PO4 both increased as time in solution increased 

reaching a maximum at 72 h, which was typical of the findings of this work at earlier
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time points. This indicated that there is some agreement between the results 

published in the literature and the results of this study.

Comparison of the average ion release at pH 4.0 and pH 7.4 further reinforced the 

observation that the lower the pH, the greater the degree dissolution (Table 5.14). 

The ion release at pH 4.0 was much greater than that at pH 7.4 for the respective 

structures.

Table 5.14: Average ion release from structures undergoing dissolution at pH 4.0 and pH 7.4

Structure

Ca (mg/kg)

pH 4 pH 7.4

% difference 
between

pH 4.0 & 7.4

P04 (mg/kg)

pH 4 pH 7.4

% difference 
between

pH 4.0 & 7.44

Solid tablets 0.76 ± 
0.43

0.06 ± 
0.04 92.11 1.10±

0.57
0.07 ± 
0.03 93.64

Synthetic
scaffolds

0.20 ± 
0.15

0.03 ± 
0.02 85.00 0.30 ± 

0.23
0.03 ± 
0.02 90.00

Natural
scaffolds

0.10±
0.06

0.02 ± 
0.01 80.00 0.13 ± 

0.08
0.01 ± 
0.01 92.31

5.6.3 Mechanical Properties

The mechanical properties of the porous structures, both synthetic and natural, varied 

greatly due to dissimilarities in starting preform materials, leading to discrepancies in 

determined values for structures of the same type. Additionally, when undergoing 

dissolution in pH 4.0 the porous structures lost much of their mechanical integrity as 

a consequence of increasing time in solution and proved difficult to assess 

mechanically. The solid tablets however retained their solid structure regardless of 

time in solution and as a result were used to assess the impact of dissolution on 

mechanical properties.
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Both the compressive modulus and strength determined for the solid tablets 

following submersion in pH 4.0 buffer solution occurred in the order 50:50 HA:[3- 

TCP > 100:0 HA:(3-TCP >0:100 HA:(3-TCP at all time points. This pattern reflected 

the order of ion release for the solid tablets with the 50:50 HA:[3-TCP structures 

giving the greatest ion release followed by the 100:0 HA:(3-TCP with 0:100 HA:(3- 

TCP samples producing the lowest release. It would be expected that the mechanical 

properties would occur in the order opposite to the ion release, for example the order 

of ion release implies that the 50:50 samples undergo the greatest amount of 

dissolution so it would be expected that they would have the lowest mechanical 

properties.

The mechanical properties of the 0:100 and 50:50 HA:P-TCP tablets undergoing pH 

4.0 dissolution tended to increase initially with time in solution and then decreased 

towards the end of the study. The subsequent drop in mechanical properties with 

increasing time in solution could be as a result of the gradual dissolution of the 

material throughout the course of the study. The compressive modulus and strength 

of the 100:0 HA:P-TCP tablets increased with increasing time in solution. Over the 

duration of the test there was an overall increase in both compressive modulus and 

strength for all HA:P-TCP ratios (0:100 - modulus: 50.45% j, strength: 4.40% 

50:50 - modulus: 23.27% f, strength: 39.15% 100:0 - modulus: 22.76%

strength: 49.21% |). This overall increase in mechanical properties may be due to 

the layer of precipitate forming on the surface of the specimens providing additional 

reinforcement to the microstructure and, as a consequence, increasing the mechanical 

properties.
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For the solid tablets undergoing pH 7.4 dissolution the compressive modulus and 

strength followed the trend 100:0 HA:(3-TCP >0:100 HA:(3-TCP > 50:50 HA:P-TCP. 

Although the mechanical properties of the structures experienced improvements and 

declines throughout the course of the study, there was an overall increase in the 

mechanical properties over the whole dissolution time, as observed in the pH 4.0 

dissolution of solid tablets (0:100 - modulus: 18.31% t, strength: 7.43% |, 50:50 - 

modulus: 13.72% |, strength: 9.64% |, 100:0 - modulus: 1.97% |, strength: 3.98% 

|). The overall increase may be as a result of precipitation reactions adding 

reinforcement to the structure.

In the study by Hsu et al. (2009), the impact of composition, immersion time and pH 

on compressive strength was assessed. Their findings revealed that the 75.96HA 

structure demonstrated the greatest compressive strength followed by the 37.21 HA 

structure with the 3.28HA structure exhibiting the lowest. Over the 26 week test 

period there was no obvious tendency for the compressive strength to alter with 

immersion time with both increases and decreases observed over the test period. No 

significant effect of pH on compressive strength was noted as similar values of 

compressive strength were observed for samples of the same composition after 

immersion in the pH 4.0 and pH 7.2. This proclivity for improving and diminishing 

mechanical properties was reflected in the mechanical properties of this study. As 

shown in Table 5.15, the average mechanical properties determined across all time 

points for this study were not significantly different at pH 4.0 and pH 7.4 as 

determined by two sample t-tests, echoing the findings by Hsu et al. (2009).
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Table 5.15: Average solid tablet mechanical properties as a result of dissolution at pH 4.0 and pH 7.4

Compressive Modulus (MPa) Compressive Strength (MPa)
HA:(3- 

TCP ratio pH 4 pH 7.4 pH 4 pH 7.4

0:100 1074.82 ±387.37 2107.64 ± 176.83 43.05 ± 13.04 69.19 ±2.67
50:50 1956.79 ±235.69 1269.17 ± 194.32 88.29 ±20.62 54.67 ±9.35
100:0 1862.42 ± 191.25 2560.42 ±41.20 75.92 ± 16.13 117.22 ±4.41

p value 0.501 0.653

5.6.4 Micro-Computed Tomography (ji-CT) Analysis

The use of p-CT analysis allowed changes in structure volume, porosity and pore 

connectivity as a result of dissolution to be detennined. To validate the threshold 

value selected, the structure volumes were assessed mathematically from the mass 

and dimensions of the structures. The threshold value selected was such that the 

volume calculated by the p-CT software matched the experimentally calculated 

volume as closely as possible. Table 5.16 details the experimentally and p-CT 

derived volumes of the porous structures at time t = 0 h. A two sample t-test 

indicated there was no significant difference between the sample volumes derived via 

the two methods (p = 0.983). The threshold values determined for the various 

structures at t = 0 h was applied across all subsequent scans of that scaffold to allow 

changes in volume as a result of dissolution to be accurately tracked.

Table 5.16: Comparison of experimentally and p-CT derived sample volumes

Structure Volume determined 
experimentally (mm ’)

Volume determined by 
p-CT analysis (mm3)

0:100 Synthetic Scaffold 175.478 176.207
50:50 Synthetic Scaffold 327.510 327.385
100:0 Synthetic Scaffold 321.293 319.521
0:100 Natural Scaffold 71.338 70.691
50:50 Natural Scaffold 132.783 137.018
100:0 Natural Scaffold 138.150 143.495
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A good agreement was found between the experimentally determined volumes and 

those determined via p-CT analysis. For the synthetic scaffolds the relationship 

between the experimental and p-CT volumes were strong for both the 50:50 (R = 

0.980) and 100:0 (R2 = 0.867) HA:(3-TCP structures. The results for the natural 

scaffolds demonstrated similarly strong correlations (50:50 FIA:P-TCP - R = 0.885, 

100:0 HA:P-TCP - R2 = 0.965).

Typically the % change in structure volume as a result of dissolution was comparable 

for the two methods. The % decrease in the calculated volume of the 50:50 HA:P- 

TCP synthetic scaffold was 21.73% from 0 h to 120 h while that determined from p- 

CT scans was 26.98%. Over the same time period the decrease in volume for the 

100:0 HA:P-TCP synthetic scaffold was 16.57% as calculated from mass and 

dimensions and 11.04%o from p-CT analysis. The 50:50 HA:P-TCP natural scaffold 

experienced a 22.45% decrease in volume of over the course of the study (p-CT 

analysis - 19.96%). Calculated and p-CT analysis returned volumetric decreases of 

25.46% and 22.25% respectively for the 100:0 HA:P-TCP natural scaffold.

While the relationships between the experimentally and p-CT determined porosities 

of 50:50 HA:p-TCP synthetic (R2 = 0.984) and 50:50 HA:p-TCP natural (R2 = 0.963) 

scaffolds were strong, the correlation between the 100:0 HA:P-TCP synthetic (R2 = 

0.216) and 100:0 HA:P-TCP natural (R2 = 0.012) scaffolds were much weaker. 

Porosity increased with increasing time in solution and was at maximum after 120 h 

in solution for all structures. The experimental and p-CT derived porosities for the 

50:50 HA.'P-TCP scaffolds of both structures were linear as porosity increased as 

dissolution time progressed. While the experimentally determined volumes of the
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100:0 HA:P-TCP synthetic and natural scaffold increased linearly, the (J.-CT derived 

porosities did not follow a linear pattern. Both structures displayed an initial drop in 

porosity followed by a rise.

For both the synthetic and natural scaffolds, the structure volumes decreased with 

increasing time in solution while porosity increased. These changes in volume and 

porosity are as a direct consequence of mass loss during dissolution and resultant 

physical disintegration of the structures. Analysis of the results indicates that the use 

of p-CT analysis is a useful technique in the assessment of scaffold dissolution and 

as such it holds promise in the assessment of scaffold efficacy under in vivo 

conditions.

The Tb.Pf calculated by the p-CT software was used to establish whether dissolution 

influenced pore interconnectivity. Tb.Pf is not an indicator of absolute pore 

connectivity but rather a relative measure which can be used to determine how the 

scanned structures relate to each other. The analysis of the structures at each time 

point returned a negative Tb.Pf value, indicative of a highly connected network 

which was retained throughout the dissolution test. The interconnectivity of the 

synthetic structures decreased over the test period while that of the natural scaffolds 

increased. It is possible that the Tb.Pf value for the synthetic scaffolds was 

influenced by the precipitate formation which was more abundant on the synthetic 

scaffolds compared to the natural scaffolds. The maintenance of an interconnected 

porous network is desirable to ensure the continual movement of cells and waste 

products through the scaffold structure.
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The retention of the interconnected porous structure was echoed in a study by Yue et 

al. (2011) in which p-CT imaging was used to study the degradation behaviour of 

bioactive glass foam scaffolds in SBF at a flow rate of 1 mL/min. The bioactive 

glass scaffolds were scanned at 0 h, 24 h, 7 D and 28 D enabling changes in density 

of the scaffold to be monitored. The use of p-CT enabled the changing structure of 

the scaffold during dissolution to be captured. The scans indicated that the structures 

retained their interconnected porous network throughout the 28 D degradation 

period.

5.6.5 Visual Inspection

Following submersion in pH 4.0 buffer solution, structural changes were clearly 

evident in the synthetic and natural scaffolds but less obvious in the solid tablets. 

The formation of a distinctive plate like precipitate was evident on all structure types.

SEM images of the natural scaffolds indicated changes in microstructure related to 

increasing time in solution. Structures of the three HA:(3-TCP ratios exhibited a 

more porous structure at 120 h in solution when compared to 24 h in solution. The 

porosity was in the form of pits on the surface of the structures which are thought to 

have formed as a result of the freeing of grains during dissolution (Koerten and 

Meulen, 1999) (Schaefer et al., 2011). The increased surface porosity at later time 

points was evidenced by the greater number and larger size of such pits.

The 100:0 HA:(3-TCP natural scaffolds revealed the least porous microstructure at 

both 24 and 120 h, followed by the 50:50 HA:(3-TCP scaffolds with the 0:100 HA:P- 

TCP structures possessing the most porous structures at both time points. The 0:100
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HA:(3-TCP structures also experienced the greatest structural changes between 24 

and 120 h, showing the greatest increase in surface porosity between the two time 

points. This pattern of increased porosity with respect to HA:P-TCP ratio (0:100 > 

50:50 > 100:0) followed the expected order of dissolution of the respective ratios due 

to the greater degradation rate of p-TCP compared to HA (Damien and Parsons, 

1991), (Koerten and Meulen, 1999), (Hsu et al, 2009), (Dorozhkin, 2010). 

Precipitate formation was evident on all HA:P-TCP ratios at all time points and 

appeared to form preferentially in pores. This may be as a result of the confinement 

of dissolution by-products in the pores giving high concentrations of Ca and PO4 

ions. Precipitate formation is frequently observed in dissolution experiments due to 

high concentrations of Ca and PO4 ions (Hsu et al, 2009).

Changes in structure of solid tablets might be less evident due to the fact that initial 

large pores were not present to hold ionic by-products close to surface. Changes to 

the structure of the solid tablets as a result of time in solution were not as obvious as 

for the porous scaffolds. Generally, an increase in microporosity, again evidenced by 

the presence of pits on the surface, was observed at later time points.

The 0:100 HA:P-TCP structures exhibited the greatest structural changes with 

increasing time in solution. As time in solution increased, a finer microstructure was 

evident and grain boundaries appeared more defined. For the 50:50 HA:P-TCP solid 

tablets there was very little change in microstructure evident between the 24 h and 

120 h in solution. Although the amount of porosity was not dissimilar, the grain 

boundaries appear more defined at 120 h. The 100:0 HA:|3-TCP tablets possessed 

the least amount of microporosity, which would seem to agree with the theory that
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HA is the least soluble structure. It was also noted that there was very little change in 

the microporosity when comparing the early and later time points.

The presence of patches of surface roughness could indicate the initiation of 

dissolution at preferential locations, perhaps caused by surface defects or 

imperfections. Precipitate formation was observed at all time points for the 50:50 

and 100:0 HA:P-TCP solid tablets. Despite the appearance of little or no change in 

the microstructure between 24 and 120 h in solution, the possibility of alterations in 

structure cannot be overlooked. On investigation of the degradation of HA discs at 

pH levels of 6.8, 7.0 and 7.4, Wang et al. (2003) observed pitting after 3 D in 

solution. The incidence of pitting on the surface was higher the lower the pH. After 

15 D exposure, the extent of the pitting was similar to that observed after 3 D in 

solution however the depth of the pitting was significantly greater. Such an 

occurrence cannot be disregarded in this study, although further analysis would be 

necessary to confirm this.

The synthetic scaffolds were affected the most structurally by the time in solution. 

At later time points, structures of all HA:P-TCP compositions suffered obvious 

physical degradation and in some cases specimen could not be readily retrieved from 

the buffer solution. Precipitate formation was evident on synthetic scaffolds of all 

HA:P-TCP ratios at all time points greater than 6 h in solution. The precipitate 

tended to form on the surface of the scaffold in contact with the container as detailed 

in Figure 5.33. A potential reason for this is the build up of Ca and PO4 ions in both 

the pores of the synthetic scaffold and in the region between the curved outer surface 

of the scaffold and the container.
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Figure 5.33: Schematic of region of precipitate formation

At low magnifications the precipitate was transparent and appeared to form in 

triangular sheets. The precipitate was layered densely on the synthetic and solid 

structures but it was not as abundant on the natural scaffolds. This could be due to 

the orientation of the natural scaffolds in the container. Whereas the synthetic 

scaffolds and solid tablets were horizontally located in the containers as shown in 

Figure 5.33, the natural scaffold were situated vertically in the container.

As a flat face, opposed to a curved surface, was in contact with the container, the 

incidence of ion build-up between the structure and the container would have been 

reduced, decreasing the amount of precipitate formation. It was not possible to 

isolate the precipitate in sufficient volumes to facilitate elemental analysis using X- 

Ray Diffraction Analysis (XRD). Flowever, it was possible to identify the plate-like 

precipitate as dicalcium phosphate dihydrate (DCPD), CaHPCVZFbO, also known as 

brushite, from consultation of the literature (Figure 5.34).
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Figure 5.34(a): SEM image of DCPD from literature (Brushite, n. d., a) (b): SEM image of 
precipitate resulting from pH 4.0 dissolution

In its natural form, brushite is a rare mineral that forms colourless to pale-yellow, 

transparent to translucent crystals and it occurs in small quantities in many phosphate 

deposits, particularly as an incrustation on ancient bones (Brushite, n. d., b). It is 

known to be the predominant phase at pH levels below 6.5 (Arifuzzaman and 

Rohani, 2004), is stable in weakly acidic environments (pH between 4 and 6) and is 

known to be a precursor of HA (lafisco et ai, 2011).

Following submersion in pH 7.4 buffer solution, dramatic structural changes were 

not readily evident in any of the specimens tested. SEM images of the natural 

scaffolds indicated changes in microstructure related to increasing time in solution 

were not dramatic. The natural scaffold surfaces following 3 D in solution were 

comparable to the scaffold surface prior to testing. Further time in solution did not 

alter the structure in any significant way but the presence of precipitate was noted.

In the case of the 0:100 HA:P-TCP natural scaffolds at 14 D the precipitate formed 

initially in the pores of the scaffold and had not spread to the outer surface. For the
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50:50 HA:(3-TCP structures at 14 D, precipitate formed on the outer surface of the 

scaffold. The precipitate formation was more widespread on the 100:0 HA:P-TCP 

natural scaffolds, forming in patches at 3 D and covering the surface at 14 D. The 

precipitate possessed a different morphology depending on its location, i.e. 

precipitate formed in the pores was different in appearance to precipitate fonned on 

the surface.

Examining the influence of pH 7.4 on the dissolution of the solid tablets, very little 

change was observed with increasing time in solution. For all HA:[3-TCP ratios a 

moderately porous surface was observed after 3 D in solution which was potentially 

as a result of the liberation of grains during the dissolution process. The 

microporosity was still evident at 14 D but it had not significantly increased from 3 

D. Precipitate formation was not as obvious for the solid tablets as it was for the 

natural scaffolds with only the 50:50 HA:(3-TCP solid tablet showing slight 

precipitate formation after 14 D.

As with the natural scaffolds and solid tablets, the impact of submersion in pH 7.4 

buffer solution on the structure of synthetic scaffolds was not apparent under optical 

microscopy. The structure of the synthetic scaffolds did not appear to have altered 

drastically from the untested scaffolds, and any physical disintegration was as a 

result of handling rather than an artefact of the dissolution process. Precipitate 

formation was not as obvious and was only evident as an iridescent sheen on the 

surface of some of synthetic scaffolds at low magnifications. The detail of the 

precipitate could only be detected at the high magnifications achievable using SEM,
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unlike the precipitate formation at pH 4.0, which was readily visible to the naked 

eye.

The precipitate formation in pH 7.4 buffer solution was very different from the 

precipitate formed at pH 4.0. Unlike the DCPD precipitate at pH 4.0, which could be 

readily seen without the use of an optical microscope, the precipitate at pH 7.4 could 

only be clearly seen at higher magnifications. It also differed from the DCPD 

formation in that it did not readily form on the solid tablets indicating that the 

presence of pores contributed to the precipitate formation at pH 7.4. The precipitate 

also possessed a different structure depending on where it was located on the scaffold 

structure. If the precipitate formed inside a pore it occurred in discrete bundles 

resembling fanned out semi-circular petals. Precipitate formation on the outer 

surface of the structure was in the form of spikes clustered together and interspersed 

with larger leaf like structures.

As the precipitate could not be isolated from the structures, again it was not possible 

to use techniques such as XRD to identify it. Despite this, the precipitate was 

identified as either octacalcium phosphate (OCP), Cas^CPC^VSHaO, or carbonated 

hydroxyapatite (CHA) (Figure 5.35). OCP is a precursor phase in the in vivo 

mineralisation of biological tissues and has been shown to transform into CHA under 

physiological conditions (Horvathova et ai, 2008). Precipitation starts at individual 

granules and the granules gradually grow together to form a dense layer on the 

specimen surface. Precipitations with similar morphologies have been reported in 

the literature and were identified as OCP (Xin et ai, 2005), (Horvathova et a/., 2008) 

and CHA (Ribeiro et ai, 2004), (Deng et ai, 2005).
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Figure 5.35(a): SEM image of OCP from literature (Horvathova et at, 2008) (b): SEM image of 

precipitate resulting from pH 7.4 dissolution (c): SEM image of CHA from literature (Ribeiro et al, 

2004) (d): SEM image of precipitate resulting from pH 7.4 dissolution

The bioactivity of bioceramics is dependent on their ability to form a bonelike apatite 

layer on the material surface in the physiological environment (Ducheyne and Qiu, 

1999), (Leng et al, 2003), (Ribeiro et al, 2004), (Xin et al, 2005), (LeGeros, 2008). 

In this case bioactivity is defined as 'She property of the material to develop a direct, 

adherent, and strong bonding with the bone tissue'" (Park et al., 2006). The increase 

in concentration of Ca and PO4 ions in regions close to the implant is very important 

for osteoconductivity and the formation of a tight chemical bond between the 

bioactive ceramic and the surrounding tissue (Ribeiro et al, 2004). It has been noted 

however that HA is not the only calcium phosphate phase that may form in the 

physiological environment and that other phases, such as OCP and DCPD, have been 

misidentified as HA on ceramic surfaces (Xin et al, 2005). This difficulty in
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distinguishing between the different phases goes some way to explaining the dual 

identification of the precipitate formed at pH 7.4.

The formation of bone-like apatite on the calcium phosphate surface is a process of 

phase transformation in which a new solid phase develops from a liquid phase (Duan 

et al., 2005). The process begins with nucleation which occurs when the 

concentration of Ca ions in the area close to the surface of the sample reaches a 

certain threshold level. Once the crystal nucleus reaches a certain size the crystal 

becomes stable and will continue to grow if adequate ions are present (Duan et al., 

2005). This ability to form an apatite layer on the ceramic surface suggests the 

bioactivity of the structures, an important property of scaffolds for bone tissue 

engineering.

5.7 Conclusion

The dissolution of calcium phosphate ceramics is a complex process with many 

variables that cannot easily be replicated in vitro. Despite this, in vitro experiments 

have been developed in which the biological environment has been greatly simplified 

in an attempt to better understand their dissolution behaviour. A number of factors 

are known to impact dissolution of calcium phosphates, including solubility and 

structure, and environmental conditions such as local acidity. The impact of Ca:P 

ratio, structure and pH were investigated in a static environment.

The pH level is known to impact dissolution and the lower the pH, the greater the 

dissolution. This was confirmed by the greater level of dissolution occurring at pH 

4.0, indicated by greater mass loss and ion release, compared to pH 7.4. For the pH
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4.0 test condition, dissolution was greater at later time points as mass loss and ion 

release increased with increasing time in solution. Precipitate, identified as DCPD, 

was evident on all structure types at pH 4.0 and obvious structural changes were 

noted in the porous structures. SEM analysis revealed changes in microstructure 

related to increasing time in solution, with a more porous structure observed at later 

time points. Dissolution performed at pH 7.4 resulted in both mass losses and gains. 

The mass gains were as a consequence of precipitate formation, identified as either 

OCP or CHA. Ion release at pH 7.4 increased with increasing time in solution for all 

structures. Structural changes were not readily evident in any of the structures at pH 

7.4.

Mass loss and ion release were shown to be more strongly influenced by structure 

than HA:(3-TCP composition. The order of mass loss with respect to structure type at 

pH 4.0 was synthetic scaffolds > natural scaftolds > solid tablets which was as a 

result of the surface area available over which dissolution reactions could occur. The 

order of ion release with respect to structure type for both pH 4.0 and pH 7.4 

dissolution followed the same pattern of solid tablets > synthetic scaffolds > natural 

scaffolds. This trend of a much lower ion release for the porous structures indicates 

that the inner surfaces of the porous scaffolds may play a limited role in the static 

dissolution process. Mechanical properties of solid tablets were shown to not be 

significantly influenced as a result of dissolution at either pH. The changes in 

structure of porous scaffolds as a result of pH 4.0 dissolution were assessed through 

p-CT analysis. A good agreement was found between the experimentally determined 

volumes and those determined via p-CT analysis indicating the effectiveness of p- 

CT analysis in the assessment of scaffold dissolution.
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The results of this investigation highlight the range of factors including HA:(3-TCP 

ratio, structural properties and pH condition which have an impact on the dissolution 

of calcium phosphates. These findings go some way towards allowing predictions of 

the dissolution properties of samples of intermediate HA:(3-TCP ratios and structural 

characteristics to be made.
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6.0 In Vitro Dynamic Dissolution of Calcium Phosphates

6.1 Introduction

Dissolution experiments were executed to better understand how composition, 

architecture and environment impact on structure resorption rate. Section 5.0 details 

the static dissolution of structures performed at pH 4.0 and 7.4. While the static 

condition provides a general picture of the dissolution process, assessment of 

scaffolds under dynamic conditions potentially offers a number of advantages over 

static conditions, including the fact that it is more analogous to the environment an 

implant will experience in vivo.

In a static environment dissolution products are constrained close to the structure 

surface, increasing the possibility of the system surrounding the scaffold reaching an 

equilibrium state, thereby restricting dissolution. The application of a dynamic 

condition guarantees that the dissolution products are continually drawn away from 

the scaffold, ensuring that an equilibrium state is not reached prematurely. As static 

culture of cell seeded scaffolds generally results in thin tissue growth confined to the 

scaffold periphery (Porter et al, 2005), (Singh et al, 2005) it stands to reason that 

static dissolution of scaffolds will result in the restriction of dissolution reactions to 

the outer extremities of the scaffold. A dynamic environment ensures the removal of 

dissolution products and the continual submergence of the scaffold in fresh 

dissolution media.

The method used to apply dynamic flow varies from study to study with a number 

using some form of agitation, e.g. through the use of a shaker bath, and others using 

a specially designed perfusion system to achieve flow. In this study, the decision
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was made to design and produce a bespoke flow rig in order to assess the dynamic 

dissolution of the scaffolds as it is thought that in a system where agitation is used, 

the inner surfaces of the scaffold play a limited role in the dissolution process 

compared to in a perfusion system (Impens et al, 2008).

6.2 Design and Development of Test Rig

In the design of the test rig, scaffold bioreactor designs were considered. The 

function of a bioreactor is to aid the growth and development of new tissue in a 

scaffold in vitro prior to implantation in the body. Bioreactors were considered in 

the design of the flow rig as one of their main functions is the provision of 

appropriate stimuli to cells located in the scaffold, and as such they must supply 

conditions similar to that of the in vivo environment.

Bioreactors play a key role in situations where scaffolds are utilised in conjunction 

with cells. Scaffolds are seeded with cells and cultured until enough new tissue has 

grown, following which the tissue/scaffold construct is implanted in the patient. A 

suitable environment is crucial for the culturing process and bioreactors are widely 

used in the reproduction and maintenance of the specific physiological environment 

necessary for tissue growth (Hutmacher and Singh, 2008). Suitable bioreactors are 

crucial to the success of cell seeded scaffolds as they are active in the supply of 

nutrients and the removal of waste products at the in vitro culturing stage. These 

systems are also instrumental in the delivery of flow mediated mechanical stimuli to 

cells resident in the scaffold. In the case of scaffolds for bone tissue engineering, the 

mechanical stimuli inside the scaffold appear to influence the growth of new tissue 

(Porter et al. 2005), (Hutmacher and Singh, 2008).
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A bioreactor can be defined as “a device capable of creating the proper environment 

for the creation of a certain biological product " (Alvarez-Barreto and Sikavitsas, 

2006) and a number of bioreactor designs exist including:

Spinner-Flask Bioreactors (Figure 5.1a) (Bancroft et ai, 2003) (Alvarez-Barreto and 

Sikavitsas, 2006)

The spinner flask is one of the simplest bioreactor models, utilising the principle of 

convection to maintain a well balanced system. Cell seeded scaffolds are suspended 

from the lid of the flask via needles. Enough medium is added to cover the scaffolds 

and mixing of the medium is maintained by a magnetic stir bar or a shaft that 

continually rotates ensuring a reasonably homogeneous distribution of oxygen and 

nutrients. The convection currents created by the rotation of the stir bar facilitate the 

infiltration of cells and also lessen the effect of nutrient concentration gradients at the 

scaffold surface.

Rotating-Wall Vessels (Figure 5.1b) (Bancroft et ai, 2003), (Alvarez-Barreto and 

Sikavitsas, 2006), (Lin et al. 2009)

The rotating wall vessel was originally designed by NASA to provide a microgravity 

environment for cell culture. The design is now widely used in the production of 

tissue engineered bone and cartilage amongst other tissues. The most popular 

rotating-wall bioreactor design consists of two concentric cylinders, the inner of 

which is fixed and stationary and the outer cylinder rotates in a controllable manner. 

The scaffolds are located in the annular space between the two cylinders. Rotating- 

wall vessel bioreactors provide a dynamic culture environment to the scaffold, with 

low shear stresses and high mass-transfer rates.
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Figure 6.1: Bioreactor Types (a): Spinner-Flask Bioreactor (b): Rotating-Wall Vessel (c): 
Mechanical Stimulation Bioreactor System (d): Direct Perfusion Bioreactor - redrawn from Martin et

al. (2004)

Mechanical Stimulation Bioreactor Systems (Figure 5.1c) (Bancroft et al, 2003), 

(Karande et al, 2004)

A number of bioreactor designs exist in which controlled mechanical forces, e.g. 

dynamic compression, are applied to scaffolds. Such bioreactors can be used to 

investigate mechanical factors influencing tissue regeneration and are used to 

produce functional tissue grafts. Compressive deformation forces are applied by a 

computer-controlled micro-stepper motor, and a load cell measures the stress on the 

constructs.
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Direct Perfusion Bioreactors (Figure 5.Id) (Bancroft et al, 2003), (Alvarez-Barreto 

and Sikavitsas, 2006)

A direct perfusion bioreactor supplies continuous medium flow through the pores of 

the scaffold. In recent designs the fluid path has been confined so as to ensure the 

flow path is through the scaffold, rather than around the edges. The flow of culture 

medium through the structure enhances the transport of nutrients and oxygen at both 

the periphery and within internal pores. Generally a pump is used to provide the 

flow of medium, enabling it to continuously perfuse through the interconnected 

porous network of the scaffold.

The various bioreactor designs offer a number of advantages and disadvantages. For 

example, cell/scaffold constructs cultured in spinner flasks have been shown to be 

larger and contain more cells than cell/scaffold constructs grown in petri dishes 

under static conditions (Bancroft et al., 2003). However, spinner flasks suffer from 

internal diffusional restrictions, i.e. medium and other nutrients have difficulty 

infiltrating the structure of the scaffold, resulting in confinement of cell growth and 

matrix production to the scaffold periphery (Bancroft et al, 2003).

The basic principle behind direct perfusion bioreactors, of providing fluid flow 

through the internal porous structure of the scaffold, was one of the main 

requirements demanded of the dynamic dissolution flow rig design. The 

constraining of dissolution medium, in this case pH 4.0 and pH 7.4 buffer solution, 

flow through the porous channels of scaffold ensures that the entire scaffold internal 

structure is exposed to the dissolution medium, not just the outer surface. The use of 

a pump to apply dynamic flow would also ensure the removal of dissolution by-
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products from the vicinity of the scaffold, preventing ionic build up and precipitate 

formation. Consequently the basic test rig design consisted of a pump to provide the 

dynamic flow and a chamber to house the scaffold during the application of flow. 

Additionally a system of reservoirs was necessary to supply and collect the 

dissolution medium. A schematic of the basic flow rig design is shown in Figure 6.2.

/

i
Chamber 

housing structure 
under analysis

Pump

V

V

^_________ /
Reservoir for used buffer 

solution collection

A

V________/
Reservoir tilled with 
fresh buffer solution

Figure 6.2: Schematic of basic dynamic flow rig design

A positive displacement peristaltic pump was used to provide the dynamic fluid flow 

to the system. The pump casing housed a flexible tube in which the fluid was 

contained. A number of rollers attached to the exterior of a rotor compressed the 

flexible tube against the pump casing as the rotor turned. As the rotor turned, the 

region of the tube under compression changed with respect to the position of the
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rollers, forcing the fluid to move through the tube. Once the rollers pass and the tube 

was no longer under compression, it returned to its natural open state and fluid was 

pulled into the pump. This principal is known as peristalsis. A peristaltic pump was 

chosen as they offer a number of advantages including:

- No contamination as fluids only come into contact with the tubing interior;

- Little maintenance is required when compared to other pump types due to 

an absence of seals and valves; and,

- Backflow and siphoning is prevented, therefore there is no need to use 

valves (Watson-Marlow, n. d.).

Another favourable property of peristaltic pumps is that they are available in multi

channel designs, i.e. multiple individual tubes enabling a number of tests to be 

performed simultaneously while keeping the flow streams for each test separate.

Once the basic design of the dynamic dissolution apparatus had been finalised, the 

next step was to design the chamber to house the scaffolds during the test period. 

The design process began with identification of necessary and desirable features the 

chamber should possess, for example:

- Ability to test multiple scaffolds simultaneously;

- Ease of introduction and removal of structures;

- Ease of cleaning;

- Ease of manufacture; and

- Chemically resistant, i.e. not adversely affected by buffer solution.

With these requirements in mind a number of preliminary designs were developed 

through a brainstorming process (Figure 6.3).
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Each design was considered in turn and a list of advantages and limitations were 

presented. All designs possessed the advantage of allowing multiple scaffolds to be 

tested at the same time. Designs (a) and (b) allowed multiple scaffolds to be 

assessed with the use of a single channel peristaltic pump, they could be 

manufactured with relative ease using a limited number of components, and they 

allowed for ease of placement and removal of scaffolds. However, in designs (a) and 

(b) the buffer solution streams from multiple scaffolds would not have been kept 

separate, preventing analysis of variations in buffer solution due to the scaffold under 

consideration, e.g. changes in ion concentration. Furthennore, in adoption of either 

design (a) or (b) it would not have been possible to stop flow for individual scaffolds 

due to the use of a single channel pump, making it difficult to conduct independent 

tests concurrently.

(s

(c) (d)

under analy
Scaffold

NOTE: Single chamber is displayed

Figure 6.3: Preliminary flow chamber designs
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Designs (c) and (d) were dependent on the use of a multi-channel peristaltic pump 

which would allow multiple scaffolds to be tested simultaneously, permitting data 

such as ion release to be collected from individual structures. A further benefit was 

that tests could be terminated independently, allowing different tests conditions to be 

run at the same time. Despite the advantages, disadvantages exist for (c), for 

example, scaffold removal post analysis was more arduous than in other designs. In 

design (d) however, scaffold placement and removal was straightforward. The 

decision was made to use a variation of design (d) with a number of modifications 

made to the design of the chamber and the system as a whole.

In the new flow rig design (Figure 6.4) the flow for each scaffold under investigation 

could be isolated. Maintaining separate buffer solution streams for each scaffold 

permitted analysis to be performed for the individual structures. To that end. the new 

design utilised multiple reservoirs, one per test. The reservoir both delivered and 

collected the buffer solution so that the same initial volume of buffer solution was 

circulated around the system for the duration of the test. The initial volume of buffer 

solution stored in the reservoir was 100 mL to ensure a comparable test condition to 

that of the static dissolution tests, in which structures were exposed to 100 mL of 

buffer solution in a closed system.
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Structure 
under analysis

Peristaltic pump

Reservoir filled with 
buffer solution

Figure 6.4: Schematic of improved dynamic flow rig design

The modified flow chamber (Figures 6.5 and 6.6) consisted of an acrylic chamber 

(Acrylic Rod Stock, RS Components Ltd., UK) and a polypropylene adaptor 

(TECAFINE PP, Ensinger Ltd, UK). The polypropylene adaptor was designed to 

connect the chamber to the pump tubing. The tapered inflow tube allowed ease of 

tubing attachment and the stepped nature of the taper ensured the tubing was held 

firmly in place without the utilisation of external clamping devices. The use of a 

threaded portion allowed for the ease of insertion and removal of the adaptor at the 

beginning or end of the test period. The acrylic chamber featured a tapered outflow 

tube similar in principal to the inflow tube on the adaptor. The outflow tube allowed 

the tubing leading to the reservoir to be easily attached to the flow chamber.
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Figure 6.5: Improved flow chamber design

The main modification to the flow chamber design was to make it a modular based 

system (Figure 6.7). The new design enabled individual flow chambers to be 

coupled together or separated as and when required. This feature also improved the 

ease of scaffold introduction and removal from their respective chambers. The 

acrylic flow chambers and polypropylene adaptors were manufactured in the School 

of Mechanical and Aerospace Engineering at Queen's University Belfast from draft 

drawings produced using Solid Edge software (Siemens, Texas, USA). Appendix A 

contains the draft drawings for the flow chamber and adaptor.
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A Watson-Marlow 12 channel 205S/CA12 Manual Control Multi-Channel Cassette 

Pump (Watson-Marlow, England, UK) provided the dynamic flow and PVC tubing 

(PVC Manifold Connecting Tubing, internal diameter - 2.790mm, AlteVin 

Laboratory PVC Tubing, internal diameter - 8.00mm) supplied by Altec Products 

Limited (England, UK) was used to connect the pump, flow chambers and reservoirs. 

Tubing fed from the reservoir, through the pump to the inflow tube of the adaptor. 

The outflow tube of the flow chamber was connected to the reservoir via another 

length of tubing (Pigure 6.8). The reservoirs were located in a water bath (Thermo 

Haake, Thermo Fisher Scientific Inc, MA, USA) maintained at 37±1°C to make the 

test condition as similar to the static condition as possible, where samples were 

stored in an oven at a temperature of 37±1°C.
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Figure 6.8: Dynamic dissolution experimental set-up

Figure 6.9 provides a more detailed view of the flow chambers as part of the test rig 

as a whole.

Figure 6.9 (a) & (b): Close up view of flow chamber within dynamic dissolution experimental set-up
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6.3 Materials

6.3.1 Sample Production

Scaffolds and solid tablets were prepared as detailed in Section 4.0. As in the static 

dissolution experimental set-up, scaffolds and tablets were examined at the three 

HA:p-TCP ratios: 0:100, 50:50 and 100:0 HA:|3-TCP.

6.3.2 Solution Preparation

Sodium acetate buffer solution and Tris-HCl buffer solution were prepared as 

detailed in Sections 5.2.2.1 and 5.2.2.2.

6.4 Dissolution Test Procedure

The ceramic structure under consideration was placed into an acrylic flow chamber 

and subjected to flow of the appropriate solution depending on whether active or 

passive dissolution conditions were under assessment. The peristaltic pump was set 

at 4.25 RPM, which delivered fluid through the chamber from top to bottom at a rate 

of 1.02 mL/min. A flow rate of 1 mL/min has been established as an effective flow 

rate for the culturing of engineered bone in perfusion bioreactors (Bancroft et al, 

2003), (Du et al., 2009) and was utilised by Yue et al., (2011) in the assessment of 

the dynamic degradation of Bioglass scaffolds.

In order to ensure the buffer solution passed through the porous scaffolds rather than 

around them, PTFE tape was wrapped around the circumference of each scaffold to 

achieve an interference fit within the flow chamber. There was no requirement to 

support the solid tablets with PTFE as this would have prevented flow of the buffer 

solution through the system.
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The mass and dimensions of eaeh sample were recorded prior to testing to allow 

changes due to the dissolution step to be determined. Each porous scaffold was 

weighed after it was wrapped in PTFE tape. Once measured and weighed, the 

scaffold was placed in the acrylic flow chamber and the polypropylene adaptor 

screwed in place. Sterile polypropylene 120 mL containers (SARSTEDT AG & Co, 

Germany) containing 100 mL of the appropriate buffer solution acted as reservoirs 

and were placed in a water bath at 37±1°C. The pH of the buffer solution was 

measured and recorded before starting each test.

Tubing connecting the pump and the flow chamber to the relevant reservoir were 

placed in position. As a 12 channel pump and 12 flow chambers were utilised, 12 

individual reservoirs were necessary. The fact that 12 flow chambers were available 

meant that four different tests, consisting of a sample set of three, could be 

performed simultaneously. The dissolution test began when the buffer solution 

introduced to the system reached the scaffold under examination (t = 0 h) and ended 

when the specimen was removed at a specified time point as follows:

- pH 4.0: 1 h, 6h, 24 h, 72 h, 120 h

- pH 7.4: 1 D, 7 D, 14 D

Three scaffolds were tested at each time point. Upon termination of the test, each 

specimen was removed from the flow chamber, placed in a weigh boat and stored in 

an oven at 37±1°C for approximately 1 week to ensure it was thoroughly dried. The 

buffer solution in the system was returned to the reservoir, solution pH recorded and 

10 mL removed on which to perform analysis of ionic composition. Following the 

drying step, each specimen was weighed and measured and observed using an optical
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microscope or SEM to determine any changes in structure due to dissolution. Where 

appropriate, structures were subjected to mechanical testing to gauge the impact of 

dynamic dissolution on mechanical properties.

6.4.1 Mass Change

The specimen change in mass was determined as detailed in Section 5.3.1 using 

Equation 5.1.

% Mass Change =-------- — x 100 Equation 5.1
M,

At later time points (72 and 120 h) the pH 4.0 dynamic flow condition had a 

destructive effect on the porous scaffolds. In such cases, as much of the remaining 

structure was retrieved as possible and the buffer solution was filtered in an attempt 

to salvage the fragments. The final mass value for the scaffold was determined by 

adding mass of the remains of the structure and the fragmental mass.

6.4.2 Ion Release

An Optima 4300 DV Optical Emission Spectrometer (Perkin Elmer, Waltham, 

Massachusetts, USA) was used to determine the concentration of calcium and 

phosphate ions released into the buffer solution. The procedure was previously 

described in Section 5.3.2.

6.4.3 Mechanical Properties

The compressive strength and modulus of the solid tablets as a result of time in 

solution were measured using a Lloyd Instruments EZ50 Advanced Materials Testing
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System (Lloyd Instruments Ltd, Fareham, UK). The tablets were subjected to 

compressive loading to failure at a rate of 1 mm/min using a 30 kN load cell.

6.4.4 Visual Inspection

The porous scaffolds and solid tablets were imaged using stereomicroscopy (Nikon 

SMZ800 stereomicroscope, Nikon Instruments Inc, Surrey, England) and the solid 

tablets by SEM (JEOL JSM-6500F, JEOL Ltd., Japan) allowing the influence of 

dissolution on structure to be observed.

6.5 Statistical Analysis

Average and standard deviations were calculated wherever possible. All statistical 

analyses were performed using MINITAB Student Version 14.11.1 software. 

Statistical significance was assessed at a confidence interval of 95% (p values > 0.05 

indicated no significant difference) with tests indicated as appropriate.

6.6 Results

6.6.1 Mass Change

6.6.1.1 Active Dissolution - pH 4.0 Buffer Solution

Figures 6.10a and b show the change in mass for structures assessed using pH 4.0 

acetate buffer under dynamic flow. When subjected to pH 4.0 buffer solution under 

dynamic flow conditions, all structures displayed a mass loss which increased with 

increasing exposure time. For all HA:|3-TCP ratios investigated, the natural scaffolds 

exhibited the greatest average mass loss (48.17 ± 20.31%), followed by the synthetic 

scaffolds (23.18 ± 17.60%), with the solid tablets experiencing the least (5.97 ± 

4.30%).
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Figure 6.10(a): Mass loss of structures undergoing dynamic dissolution at pH 4.0

Figure 6.10(b): Enlargement of mass loss solid tablets undergoing dynamic dissolution at pH 4.0

With respect to the three structures, the order of mass loss varied in relation to the 

HA:|3-TCP ratio under consideration. When considering the mass loss of the solid 

tablets, the 50:50 HA:(3-TCP tablets demonstrated the greatest average loss at 7.50 ± 

5.41%, followed by the 0:100 HA:P-TCP structures at 5.72 ± 4.26% with the 100:0 

solid HA:(3-TCP tablets showing the smallest average mass decrease of 4.70 ± 

3.52%. On averaging mass loss across all time points within the synthetic scaffolds, 

the 0:100 HA:(3-TCP samples experienced the greatest average mass loss (39.33 ± 

16.10%), followed by the 100:0 HA:[3-TCP structures (19.72 ± 12.03%) and the
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50:50 HA:(3-TCP scaffolds experienced the least (10.49 ± 11.78%). The order of 

average mass losses of the natural scaffolds with respect to HA:{3-TCP ratio was 

0:100 (53.55 ± 30.45%) > 50:50 (46.68 ± 17.80%) > 100:0 (44.39 ± 12.03%).

The mean mass loss data was analysed using one-way ANOVA. There was no 

significant difference between the mean mass loss values of the three HA:P-TCP 

ratios within the solid tablets (p = 0.618) or the natural scaffolds (p = 0.791). The 

mean mass loss values for the three compositions within the synthetic scaffolds 

however were significantly different (p = 0.016) and a Fisher’s a priori post hoc test 

indicated the mean mass loss of the 0:100 scaffolds was significantly different from 

both the 50:50 and 100:0 scaffolds (p < 0.05). The mean mass loss values of the 

structures were significantly different from each other when assessed within each 

HA:p-TCP ratio (0:100 - p = 0.001, 50:50 - p = 0.001, 100:0 - p < 0.001). Further 

analysis using Fisher’s a priori found significance (p < 0.05) when comparing solid 

to synthetic and natural within 0:100 HA:(3-TCP, natural to synthetic and solid within 

50:50 HA:P-TCP and between all structure types within 100:0 HA:P-TCP.

6.6.1.2 Passive Dissolution - pH 7.4 Buffer Solution

(a) SOLID TABLET SYNTHETIC SCAFFOLD NATURAL SCAFFOLD
60.0 t------------------------------------------------ -----------------------------------------------  -----------------------------------------------

g, 50.0 - -
£
tfl
+ 40.0----

1 7 14 1 7 14 l 7 14

Time(D)

0:100 ■ 50:50 ■ 100:0 ■0:100 ■50:50 "100:0 0:100 ■ 50:50 ■ 100:0

Figure 6.11(a): Mass loss of structures undergoing dynamic dissolution at pH 7.4
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Figure 6.11(b): Enlargement of mass loss solid tablets undergoing dynamic dissolution at pH 7.4

Figure 6.11 shows the mass loss for the calcium phosphate structures subjected to pH 

7.4 buffer solution under dynamic flow conditions. Due to time constraints samples 

were assessed at only three time points, t = 1, 7 and 14 D. In contrast to the static 

test condition at pH 7.4, mass gain did not occur at any time point. The 100:0 HA:(3- 

TCP solid tablets gave the results most comparable to the expected result, that is, 

mass loss that increased progressively with increasing time in flow, rising from 0.05 

± 0.05% at 1 D to 0.51 ± 0.22% at 14 D. For both the 0:100 and 50:50 HA:(3-TCP 

tablets, the greatest mass loss occurred at 7 D (0:100 - 0.10 ± 0.05%, 50:50 - 0.45 ± 

0.04%), and decreased after 14 D (0:100 - 0.05 ± 0.05%, 50:50 - 0.43 ± 0.09%).

The synthetic scaffolds displayed minimal mass loss after 1 D (0:100 - 0.35 ± 0.69%, 

50:50 - 0.25 ± 0.35%, 100:0 - 0.86 ± 1.13%), followed by an unprecedented increase 

at 14 D (0:100 - 29.12 ± 3.83%, 50:50 - 4.45 ± 9.40%, 100:0 - 19.36 ± 12.23%). 

This may be due to the synthetic scaffolds losing a portion of their structural integrity 

as a result of being acted on by the flowing buffer solution.
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The natural scaffolds experienced their highest mass loss at 1 D (0:100 - 16.97 ± 

24.93%, 50:50 - 7.44 ± 7.77%, 100:0 - 28.05 ± 27.35%) with a lower mass loss at 7 

and 14 D (14 0-0:100-2.91 ±2.65%, 50:50 - 2.33 ± 1.28%, 100:0 - 4.00 ± 2.24%). 

This could be an artefact of the structures under assessment at the respective time 

points. Due to the variability in natural sponge preforms it is possible that the 

scaffolds assessed at 1 D possessed less mechanical integrity that those tested at the 

later time points. If samples possessed large internal pores prior to testing, the 

application of dynamic flow would have a more detrimental effect on the integrity of 

the structure. On averaging mass losses across all HA:[3-TCP ratios and time points, 

the natural scaffolds experienced the greatest mass loss of 7.93 ± 8.85%, followed by 

the synthetic scaffolds at 6.32 ± 10.52% and the solid tablets at 0.21 ± 0.20%.

When considering the three structure types, the order of mass loss varied with respect 

to HA:[f-TCP ratio. Within the solid tablets the 50:50 HA:|3-TCP tablets showed the 

greatest mass loss (0.33 ± 0.20%) followed by the 100:0 (0.26 ± 0.23%) and 0:100 

(0.05 ± 0.05%) HA:(3-TCP tablets. The order of mean mass loss of the synthetic 

scaffolds followed the pattern 0:100 (10.09 ± 16.48%) > 100:0 (6.99 ± 10.71%) > 

50:50 (1.89 ± 2.24%). The 100:0 HA:P-TCP natural scaffolds demonstrated the 

greatest mass loss at 11.96 ± 13.93% compared to 7.47 ± 8.23% for 0:100 HA:P-TCP 

scaffolds and 4.36 ± 2.72% for the 50:50 HA:P-TCP structures.

One-way ANOVA or Kruskal-Wallis (*) analyses were performed where appropriate 

to assess the mean mass loss data from the dynamic dissolution tests performed at pH 

7.4. The mean mass losses of each HA:P-TCP ratio within each structure type were 

not significantly different (solid tablets - p = 0.226, synthetic scaffolds - p = 0.681,
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natural scaffolds, - p = 0.636). The mean mass losses of the three structure types 

were compared within each HA:(3-TCP ratio to determine if structure type 

significantly influenced the mass loss values. The mass losses for the three structure 

types were not significantly different from each other all HA:P-TCP ratios (0:100 - p 

= 0.061*, 50:50 - p = 0.148*, 100:0 - p = 0.051*).

6.6.2 Ion Release

6.6.2.1 Active Dissolution - pH 4.0 Buffer Solution

The concentration of Ca and PO4 ions released into solution as a result of dynamic 

dissolution in pH 4.0 buffer solution are shown in Figures 6.12 and 6.13 respectively. 

As a result of time constraints, ICP-OES analysis was not carried out on the samples 

undergoing dynamic dissolution in pH 7.4 buffer solution.

0:100 ■SOiSO ■100:0 •0:100 "50:50 "100:0 0:100 "50:50 "100:0

Figure 6.12: Ca ion release as a result of submersion in pH 4.0 buffer solution under dynamic

conditions

For the solid tablets, both Ca and PO4 ion release increased with increasing exposure 

time to flow. In the case of the synthetic and natural scaffolds, there was an initial
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increase in ion release until 72 h and after this time a plateau was evident. With 

respect to structure type, similar patterns were observed for both Ca and PO4 ion 

release. When averaged across all HA:(3-TCP ratios and time points, the solid tablets 

exhibited the greatest ion release (Ca: 1.71 ± 1.17 mg/kg, PO4: 2.63 ± 1.91 mg/kg), 

followed by the synthetic scaffolds (Ca: 0.39 ± 0.23 mg/kg, PO4: 0.55 ± 0.35 mg/kg) 

with the natural scaffolds yielding the least (Ca: 0.26 ± 0.11 mg/kg, PO4: 0.38 ±0.17 

mg/kg).

SOLID TABLET SYNTHETIC SCAFFOLD NATURAL SCAFFOLD

1 24 120 1 24 120 1 24 120
Time(h)

0:100 ■ 50:50 "100:0 "0:100 "50:50 "100:0 0:100 "50:50 "100:0

Figure 6.13: P04 ion release as a result of submersion in pH 4.0 buffer solution under dynamic

conditions

On consideration of the average ion release from the solid tablets at each HA:p-TCP 

ratio, the 0:100 structures produced the greatest ion release for Ca and PO4 at 1.79 ± 

1.36 mg/kg and 2.94 ± 2.34 mg/kg respectively. The 50:50 HA:|3-TCP solid tablets 

gave an average Ca release of 1.75 ± 1.30 mg/kg and PO4 release of 2.74 ± 2.06 

mg/kg. Within the solid tablets, the 100:0 HA:P-TCP tablets yielded the smallest 

release of Ca (1.58 ± 1.11 mg/kg) and PO4 (2.22 ± 1.63 mg/kg) ions. For the 

synthetic scaffolds the mean Ca and PO4 ion release order due to HA:P-TCP ratio 

was 100:0 (Ca: 0.47 ± 0.25 mg/kg, PO4: 0.62 ± 0.35 mg/kg) > 0:100 (Ca: 0.35 ± 0.16
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mg/kg, P04: 0.58 ± 0.28 mg/kg) > 50:50 (Ca: 0.33 ± 0.29 mg/kg, P04: 0.46 ± 0.45 

mg/kg). The average ion release from the 0:100 HA:[3-TCP natural scaffolds (Ca: 

0.32 ±0.13 mg/kg, PO4: 0.50 ± 0.20 mg/kg) exceeded that of the 100:0 (Ca: 0.24 ± 

0.09 mg/kg, P04: 0.31 ± 0.11 mg/kg) and 50:50 (Ca: 0.21 ± 0.09 mg/kg, P04: 0.31 ± 

0.14 mg/kg) HA:P-TCP natural scaffolds.

One-way ANOVA and Kruskal-Wallis analysis (*) were used to test for statistic 

significance in the mean ion release values. Mean ion release levels from the three 

HA:P-TCP ratios were not significantly different from each other within the solid 

tablets (Ca - p = 0.963, PO4 - p = 0.848), synthetic scaffolds (Ca - p = 0.619, PO4 - p 

= 0.789) or natural scaffolds (Ca - p = 0.293, PO4 - p = 0.130). The mean levels of 

Ca release from each structure type were significantly different from each other at 

each HA:P-TCP composition (0:100 - p = 0.031, 50:50 - p = 0.014, 100:0 - p = 

0.028). The same trend was not observed for the release of PO4 ions with respect to 

structure, with no significant difference found between the three structure of 

compositions 0:100 (p = 0.070) and 100:0 (p = 0.075*) but a significant difference 

found for HA:P-TCP ratio 50:50 (p = 0.012). Fisher’s post tests indicated 

significance when comparing solid to synthetic and to natural within all HA:P-TCP 

ratios for Ca release (p < 0.05), and within a HA:P-TCP ratio of 50:50 for P04 

release (p < 0.05).

6.6.3 Mechanical Properties

6.6.3.1 Active Dissolution - pH 4.0 Buffer Solution

The stress-strain curve for 0:100 HA:P-TCP tablets tested after 1, 24 and 120 h 

exposure to pH 4.0 dynamic flow gave an indication of how the compressive
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modulus of the tablets at each time point compared with each other (Figure 6.14). 

The gradient of the initial straight line portion of the stress-strain curve was 

calculated to find the compressive modulus, consequently the steeper the slope the 

greater the compressive modulus. From the 0:100 stress-strain curves it was 

apparent that the average compressive modulus of the tablets should occur in the 

order 24 h > 1 h > 120 h. The compressive modulus and strength of the solid tablets 

with respect to pH 4.0 buffer solution exposure time are detailed in Tables 6.1 and 

6.2 respectively.

-----Ih ------24 h ----- 120 h

Strain (%)

Figure 6.14: Stress-strain curve for 0:100 HA:p-TCP solid tablets tested after 1, 24 and 120 h
exposure to pH 4.0 buffer solution

Table 6.1: Compressive modulus of solid tablets in pH 4.0 buffer solution

COMPRESSIVE MODULUS (MPa)

TIME POINT (h) 0:100 HA:(3-TCP 
SOLID

50:50 HA:p-TCP 
SOLID

100:0 HA:P-TCP 
SOLID

1 1868.96 ± 550.00 2100.44 ± 620.20 2908.26 ± 184.51
24 1913.10 ±272.58 1554.24 ±203.77 2449.28 ± 539.47
120 1547.55 ±321.53 1734.90 ±309.43 2091.05 ±286.37
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Table 6.2: Compressive strength of solid tablets in pH 4.0 buffer solution

TIME POINT (h)

COMPRESSIVE STRENGTH (MPa)

0:100 HA:p-TCP 50:50 I lA:p-1 CP 100:0 HA:p-TCP 
SOLID SOLID SOLID

1 57.09 ± 15.93 93.68 ±43.28 138.42 ± 10.21

24 63.06 ± 16.94 51.88 ±8.67 102.96 ±35.72
120 44.80 ± 1.61 56.01 ±9.77 92.76 ± 20.05

When averaged over all time points, the mechanical properties were greatest for 

100:0 HA:P-TCP tablets (modulus: 2459.87 ± 562.59 MPa, strength: 118.35 ± 41.87 

MPa), followed by 50:50 HA:P-TCP tablets (modulus: 2083.70 ± 592.82 MPa, 

strength: 82.86 ± 32.34 MPa) with 0:100 HA:P-TCP tablets demonstrating the lowest 

mechanical properties (modulus: 1505.56 ± 148.93 MPa, strength: 53.18 ± 6.95 

MPa).

Within the 0:100 HA:P-TCP tablets, both compressive modulus and strength 

underwent an initial increase and subsequent decrease as test time progressed with an 

overall decrease observed from 1 h to 120 h (modulus: 17.20% f, strength: 21.52% 

j). The compressive modulus and strength of the 50:50 HA:P-TCP tablets 

experienced the opposite, with an initial decrease followed by an increase. An 

overall decrease in properties was noted with the compressive modulus and strength 

decreasing by 17.40% and 40.21% respectively from 1 to 120 h. The modulus and 

strength of the 100:0 HA:P-TCP tablets indicated an initial increase but subsequently 

decreased as time in flow continued. An overall decrease in both modulus and 

strength occurred over the duration of the test period (modulus: 28.20% j, strength: 

32.99% 1).
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The mean compressive modulus and strengths of tablets at the three HA:P-TCP ratios 

were assessed for statistical significance using one-way ANOVA or Kruskal-Wallis 

(*) analyses. There was found to be no significant difference between compressive 

modulus (p = 0.051) but there was a significant difference between compressive 

strengths (p = 0.007) at the three HA:P-TCP ratios. Fisher’s post hoc test indicated 

that the mean compressive strength of the 100:0 FlA:p-TCP solid tablets was 

significantly different from that of the 0:100 and 50:50 HA:P-TCP solid tablets (p < 

0.05).

6.6J.2 Passive Dissolution - pH 7.4 Buffer Solution

Figure 6.15 displays the stress-strain curves for the 0:100 HA:P-TCP tablets exposed 

to pH 7.4 dynamic flow at 1, 7 and 14 D and Tables 6.3 and 6.4 detail the 

compressive modulus and strengths of the solid tablets with respect to time in pH 7.4 

buffer solution. The gradients of the respective curves suggested the compressive 

modulus of the 0:100 HA:P-TCP tablets should occur in the order 7 D > 14 D > 1 D. 

The sharp decreases in stress followed by an increase indicate fragments were 

beginning to break off prior to complete failure of the tablets. The average 

compressive modulus and strength across all time points followed a pattern of 100:0 

(modulus: 1777.43 ± 160.18 MPa, strength: 82.54 ± 22.53 MPa) > 50:50 (modulus: 

1697.57 ± 537.13 MPa, strength: 64.53 ± 20.21 MPa) > 0:100 (modulus: 1213.86 ± 

245.36 MPa, strength: 43.36 ±6.10 MPa).

277



Dynamic Dissolution

7D ---- 14 D-----1 D

Strain (%)

Figure 6.15: Stress-strain curve for 0:100 HA:P-TCP solid tablets tested after 1, 7 and 14 D exposure

to pH 7.4 buffer solution

Table 6.3: Compressive modulus of solid tablets in pH 7.4 buffer solution

COMPRESSIVE MODULUS (MPa)

TIME POINT (D) 0:100 HA:p-TCP 
SOLID

50:50 HA:|3-TCP 
SOLID

100:0 HA:P-TCP 
SOLID

1 964.00 ±288.70 1564.28 ±697.33 1913.66 ± 760.81
7 1223.12 ±346.22 2288.80 ±254.41 1817.67 ± 197.20
14 1454.46 ±468.65 1239.65 ±268.50 1600.98 ±93.67

Table 6.4: Compressive strength of solid tablets in pH 7.4 buffer solution

COMPRESSIVE STRENGTH (MPa)

TIME POINT (D) 0:100 HA:p-TCP 
SOLID

50:50 HA:p-TCP 
SOLID

100:0 HA:P-TCP 
SOLID

1 38.02 ±2.17 63.03 ±29.16 108.48 ±93.34
7 42.06 ± 19.73 85.45 ±20.37 71.34 ± 15.54
14 50.00 ±21.95 45.11 ±4.43 67.81 ± 15.92

The compressive modulus and strengths of the 0:100 HA:(3-TCP tablets 

demonstrated a gradual increase with increasing test time, increasing by 50.88% and 

31.52% respectively from 1 to 14 D. Within the 50:50 HA:|3-TCP tablets, an initial
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increase followed by a decrease for both the compressive modulus and strength were 

noted. There was an overall decrease in mechanical properties from 1 to 14 D 

exposure to flow (modulus: 20.75% strength: 28.43% f). The 100:0 HA:(3-TCP 

tablets demonstrated a gradual decrease in both compressive modulus (16.34%) and 

strength (37.49%) over the course of the test.

One-way ANOVA was carried out to determine if the mean compressive modulus 

and strengths of tablets of different HA:P-TCP compositions were significantly 

different. When comparing the three HA:P-TCP ratios there was no significant 

difference in compressive modulus (p = 0.188) and strength values (p = 0.093).

6.6.4 Visual Inspection

At later time points of 72 and 120 h, the dynamic flow condition had a destructive 

effect on the porous synthetic and natural scaffolds at all HA:P-TCP ratios. The solid 

tablets tested at pH 4.0 were analysed using SEM and optical microscopy was used 

to observe the change in structure of the porous scaffolds following time in solution.

6.6.4.1 Active Dissolution - pH 4.0 Buffer Solution

Figure 6.16 shows a 0:100 HA:P-TCP solid tablet after 24 h (a, b) and 120 h (c, d) 

exposure to pH 4.0 buffer solution dynamic flow. After 24 h the surface had an 

irregular texture (a, b) and at 120 h the surface was comparable (c, d).
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Figure 6.16: 0:100 HA:p-TCP solid dynamic pH 4.0 dissolution (a), (b): SEM following 24h 

exposure to flow (e), (d): SEM following 120h exposure to flow

A 50:50 HA:(3-TCP solid tablet after 24 h (a, b) and 120 h (c, d) is shown in Figure 

6.17. Similarly to the 0:100 HA:P-TCP solid tablet, the surface appeared irregular 

with micropores present at 24 h (a, b) and the surface at 120 h was comparable (c. d).

Figure 6.17: 50:50 HA:P-TCP solid dynamic pH 4.0 dissolution (a), (b): SEM following 24h 

exposure to flow (c), (d): SEM following 120h exposure to flow
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Figure 6.18: 100:0 HA:p-TCP solid dynamic pH 4.0 dissolution (a), (b): SEM following 24h 

exposure to flow (c), (d): SEM following 120h exposure to flow

Figure 6.18 shows the influence of pH 4.0 dynamic flow on a 100:0 HA:p-TCP solid 

tablet after 24 h (a, d) and 120 h (c, d). After 24 h exposure to flow, the surface 

appeared uneven. When the tablets were subjected to 120 h of pH 4.0, flow the 

surface was comparable to that at 24 h (a, b) although smoother regions could be 

identified at lower magnifications (c).

Table 6.5 shows the influence exposure to flow of pH 4.0 buffer solution had on the 

structure of synthetic scaffolds. At later time points (24 to 120 h), pH 4.0 dynamic 

flow had a negative impact on the structure of the synthetic scaffolds and frequently 

the scaffolds did not survive the test period intact and breaking down into fragments. 

In cases like this, the buffer solution was filtered upon return to the reservoir to 

retrieve scaffold fragments, which were then weighed allowing changes in mass to be 

calculated. PTFE fibres can be observed in some of the images due to difficulties in 

removal following the test period.
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Table 6.5: Optical Micrographs of synthetic scaffold structure with respect to time in pH 4.0 solution

Time
Ratio

24 h

0:100
HA:p-TCP

50:50
HA:p-TCP

100:0
HA:p-TCP

120 h

Samples too 
unstable to image 

following test

Samples too 
unstable to image 

following test

Samples too 
unstable to image 

following test

The influence of dynamic dissolution at pH 4.0 on the structure of the natural 

scaffolds is shown in Table 6.6. As in the case of the synthetic scaffolds, dynamic 

flow conditions had a deleterious effect on the natural scaffold structure at time 

points beyond 72 h. In the case of the 0:100 HA:P-TCP structure, after 24 h 

exposure to flow the scaffolds were extensively degraded and could not be readily 

imaged to a sufficiently high quality.
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Table 6.6: Optical Micrographs of natural scaffold structure with respect to time in pH 4.0

Time
Ratio

24 h 120 h

0:100
HA:f3-TCP

50:50
HA:p-TCP

100:0
HA:p-TCP

Samples too 
unstable to image 

following test

Samples too 
unstable to image 

following test

Samples too 
unstable to image 

following test

6.6.4.2 Passive Dissolution - pH 7.4 Buffer Solution

Table 6.7 shows how the structure of synthetic scaffolds was affected as a result of 

time exposed to flow of pH 7.4 buffer solution. The impact of pH 7.4 flow was not 

as obvious as that of the pH 4.0 buffer solution. The synthetic scaffolds retained 

much of their mechanical integrity throughout the course of the study, generally 

remaining intact throughout the course of the analysis. The open porous structure 

was readily observed at all HA:P-TCP ratios and time points. The influence of pH 

7.4 dynamic flow conditions on natural scaffolds is shown in Table 6.8. As with the 

synthetic scaffolds, pH 7.4 flow did not have as obvious an effect on the structure as 

that of pH 4.0. The natural scaffolds remained relatively stable throughout the study.
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Table 6.7: Structure of synthetic scaffolds with respect to time in pH 7.4 solution

Time
Ratio

D 7 D 141)

0:100
HA:(TTCP

50:50
HA:f3-TCP

100:0
HA:p TCP

Table 6.8: Structure of natural scaffolds with respect to time in pH 7.4 solution

Time
Ratio

D 7 D 14 D

0:100
HA:p-TCP

50:50
HA:(3-TCP

100:0
HA.p-TCP
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6.7 Discussion

Factors including surface area, material solubility relating to Ca:P ratio and 

environmental pH have been considered so far in the dissolution of calcium 

phosphate ceramics. In this chapter, the impact of flow on dissolution was examined 

in combination with the influence of surface area, material solubility and acidity of 

the environment. The impact of dynamic flow on the dissolution behaviour of 

scaffolds must not be overlooked as the implant will not experience a static 

environment when implanted in vivo. The implant will be exposed to a 

thermodynamically open system in vivo, i.e. it will be subjected to a constant flow of 

bodily fluids by and through it (Fulmer et ai, 2002). Consequently, a dynamic 

condition is more comparable to the in vivo environment than a static one when 

considering the dissolution of scaffolds. The use of a dynamic flow condition is a 

more realistic representation of the biological environment than a static condition 

(Deng et ai, 2005) and as such should provide more realistic dissolution results.

6.7.1 Mass Change

Following the application of pH 4.0 buffer solution flow, all specimens displayed a 

mass loss, which increased with increasing time in solution. The natural scaffolds 

exhibited the greatest mass loss (48.17 ± 20.31%), followed by the synthetic 

scaffolds (23.18 ± 17.60%) with the solid tablets yielding the smallest mass loss 

(5.97 ± 4.30%). The average mass loss of the natural scaffolds was eight times that 

of the solid tablets while the average mass loss of the synthetic scaffolds was nearly 

four times greater than the solid tablets. As in the static experimental condition, the 

smaller surface area of the solid tablets (541.24 ± 14.63 mm ) resulted in their lower
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mass loss as there was a smaller surface area over which dissolution reactions could 

take place.

Despite the fact that the synthetic scaffolds possessed a greater surface area (1206.94 

± 163.98 mm2) than the natural scaffolds (882.68 ± 184.80 mm2), created by the 

large number of struts present and the high degree of open pores, the natural 

scaffolds experienced a greater mass loss. The order of mass loss for the porous 

scaffolds was a function of the pore network within the scaffolds. During the test 

period, the scaffolds were situated in the flow chamber in such a way that the fluid 

could only flow straight through the scaffolds rather than around them, ensuring that 

the only path the fluid could take was through the interconnected pore network of the 

scaffolds (Figure 6.19).

Figure 6.19: Schematic illustration desired path of flow through scaffold

The synthetic scaffolds possessed a high porosity of 72.67 ± 3.72% on account of 

their open, interconnected network of pores. Despite the high level of 

interconnectivity, the path the fluid must take from one face of the scaffold to the
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other is very tortuous i.e. twisted with many turns (Figure 6.20). The natural 

scaffolds were less porous at 64.24 ± 3.39% and their pore network was much more 

direct as described in Section 4.2.2. Briefly, the numerous small diameter pores on 

the inhalant surface converged to a series of larger diameter pores on the exhalent 

surface. As a result, the majority of pores travelled directly though the scaffold 

providing relatively straight routes through the scaffolds which were not very 

tortuous. As stated previously, tortuosity is the relationship between the actual path 

length through the connected pores and the linear distance between the two faces of 

the structure (Chang and Wang, 2011) and is calculated using Equation 6.1.

r=— Equation 6.1

where: r = tortuosity

L = actual path length (mm)

X= shortest linear distance (mm)

Synthetic Scaffold Natural Scaffold

Figure 6.20: Schematic of synthetic and natural scaffolds identifying flow path through the structures
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The more tortuous the path, the greater the physical obstruction to liquid flow and the 

longer it takes for fluid to flow through the scaffold (Figure 6.21). The unhindered 

path of buffer solution flow through the natural scaffolds, in combination with their 

smaller height (~9 mm) compared to the synthetic scaffolds (~18 mm), ensured that 

the buffer solution took less time to flow through them. Additionally, the higher and 

more tortuous porosity of the synthetic scaffold meant it would take longer for the 

buffer solution to fully infiltrate and flow through the scaffold structure.

Figure 6.21: Schematic of tortuosity of synthetic and natural scaffolds

The same volume of buffer solution was delivered to the two structure types from the 

peristaltic pump. The more restricted path of fluid flow through the natural scaffolds 

meant that a lower surface area was exposed to the buffer solution compared to that 

of the synthetic scaffolds. As a smaller surface area in the natural scaffolds was 

acted on by the same volume of buffer solution as in the synthetic scaffolds, 

proportionally the buffer solution to surface area ratio in the natural scaffolds was 

greater than that of the synthetic. Due to the greater volume acting on a smaller
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surface area, the erosive influence of the flow on the natural scaffolds would be 

greater than that of the synthetic scaffolds.

The dynamic flow ensured that any dissolution by-products, e.g. Ca and PO4 ions, 

were continually drawn away from the structure surfaces. The continual exposure of 

the structure to dynamic flow guarantees the constant removal of ionic build up and 

the application of fresh buffer solution to the structure, allowing the dissolution 

process to continue to progress. As stated previously, dissolution starts at grain 

boundaries and proceeds with the liberation of grains (Koerten and Meulen, 1999). 

The flow of buffer solution past the surface leads to the freeing of grains, creating 

cavities on the structure surface (Figure 6.22).

Continual flow of buffer 
solution through structure.

Removal of grains from 
structure due to dissolution 
action of buffer solution.

Surface recedes through continual 
removal of grains through 
dissolution and the abrasive action 
of flow and dislodged particles.

Figure 6.22: Schematic of dissolution of structure due to dynamic flow

Continual flow past the same surface encourages the release of further grains leading 

to weakened areas of the surface. When the weakened surface is exposed to further 

flow, debris may break off which could cause an abrasive action as it flows through 

the remainder of the structure. The outcome of the dynamic flow of buffer solution
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is a combination of dissolution as a result of the pH environment and of the abrasive 

action of the dynamic flow through the structure.

As stated previously (Section 5.5.1), the expected order of mass loss was 0:100 > 

50:50 > 100:0 as a result of dissimilarities in the solubility of HA and P-TCP. On 

analysis of mass loss of the structures at the three HA:(3-TCP ratios, the order of 

mass loss varied depending on the structure under consideration and it was not 

always in agreement with the expected order. Within the solid tablets, the 50:50 

HA:p-TCP tablets experienced the greatest mass loss (7.50 ± 5.41%), followed by 

the 0:100 HA:(3-TCP tablets (5.72 ± 4.26%) and the 100:0 HA:p-TCP tablets gave 

the lowest mass loss (4.70 ± 3.52%).

For the synthetic scaffolds, the 0:100 HA:p-TCP structures exhibited the greatest 

mass loss (39.33 ± 16.10%), followed by the 100:0 HA:p-TCP and the 50:50 HA:P- 

TCP structures with mass losses of 19.72 ± 12.03% and 10.49 ± 11.78% 

respectively. In contrast, the mass loss order for the natural scaffolds exposed to pH 

4.0 flow followed the expected sequence of with the 0:100 HA:P-TCP specimens 

undergoing the greatest mass loss at 53.55 ± 30.45%, followed by the 50:50 HA:P- 

TCP natural scaffolds with a loss of 46.68 ± 17.80%. The 100:0 HA:P-TCP 

demonstrated the lowest percentage mass loss of the natural scaffolds at 44.39 ± 

12.03%.

As with the static dissolution test condition, it is unclear why the mass loss for the 

solid tablets and synthetic scaffolds did not follow the predicted pattern with regards 

to HA:P-TCP ratio. Although the order of mass loss was not as expected, it was
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more in line with the predicted trend than the static results as the 100:0 structures did 

not experience the greatest mass loss in any structure type. The greatest mass loss of 

the 0:100 HA:[3-TCP structures within the synthetic and natural scaffolds was as 

predicted due to the greater solubility of (3-TCP compared to HA.

In contrast with the static dissolution tests performed at pH 7.4, where mass losses 

and gains were experienced regardless of HA:P-TCP ratio and structure type, for the 

dynamic dissolution tests performed at pH 7.4 a mass loss was always experienced. 

Despite the fact that a mass loss occurred rather than a mass gain, the loss did not 

always increase with increasing time in solution as would be expected. In fact only 

the solid tablets demonstrated an increasing mass loss with time in flow although, the 

mass loss of the solid tablets was much lower than the porous structures (solid 

tablets: 0.21 ± 0.20%, synthetic scaffolds: 6.32 ± 10.52%, natural scaffolds: 7.93 ± 

8.85%). In the case of the synthetic scaffolds, a minimal mass loss occurred at 

earlier time points, with very little difference in mass loss between 1 and 7 D, and a 

large drop in mass occurring at 14 D. It is suggested that this jump in mass loss may 

be as a consequence of the weakening of the synthetic scaffold by the flowing buffer 

solution over such a long time and the resultant physical disintegration of the 

structure.

The natural scaffolds experienced their highest mass loss at 1 D with a smaller mass 

loss at 7 and 14 D. This discrepancy in the results could be attributed to the 

particular structures under analysis at this time point. Due to the variability in 

structure of the natural sponge precursors in scaffold production, it is not always 

possible to ensure that scaffolds tested do not possess internal defects, such as large
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pores, which would impact negatively on the structural integrity of the scaffolds. If 

the scaffolds possess such a structural flaw prior to testing, the application of flow 

will further weaken the structure, leading to portions of the structure breaking off 

giving a disproportionally large mass loss for the specimen. The large error bars 

present for the natural scaffolds at 1 D add further weight to this explanation.

The level of mass loss within the three structure types varied depending on the HA:(3- 

TCP ratio. For the solid tablets the greatest mass loss was evident from the 50:50 

HA:p-TCP tablets (0.33 ± 0.20%) followed by the 100:0 (0.26 ± 0.23%) and 0:100 

(0.05 ± 0.05%) tablets. Within the synthetic scaffolds a mass loss of 10.09 ± 16.48% 

was determined for the 0:100 HA:(3-TCP structures, a loss of 6.99 ± 10.71% occurred 

for the 100:0 scaffolds and the 50:50 HA:(3-TCP synthetic scaffolds demonstrated the 

lowest mass loss of 1.89 ± 2.24%. The order of mass loss within the natural 

scaffolds was 100:0 (11.96 ± 13.93%) > 0:100 (7.47 ± 8.23%) > 50:50 (4.36 ± 

2.72%).

The use of a dynamic dissolution environment is not extensively covered in the 

literature reviewed. One study which used a dynamic condition was that of Lin et al. 

(2011) who considered the dynamic dissolution of (3-TCP scaffolds at pH 7.4 using a 

shaking water bath to supply a dynamic environment. The mass loss of samples was 

assessed at 1, 3, 7, 14 and 21 D. They found that degradation increased with 

increasing time in solution, which was the case for the solid tablets in this study.

Generally the natural scaffolds exhibited the greatest mass loss, followed by the 

synthetic scaffolds with the solid tablets experiencing the smallest mass loss. The
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solid tablets always experienced the lowest mass loss as a consequence of their 

smaller surface area compared to the porous structures. For both the synthetic and 

natural scaffolds, the 0:100 HA:P-TCP structures experienced the greatest mass loss 

which was in line with expectations.

6.7.2 Ion Release

As mentioned previously, the pH 7.4 dynamic dissolution was not assessed by 1CP 

analysis therefore this section concerns only the results of the pH 4.0 dissolution. 

Calcium phosphate dissolution can be characterised by the release of Ca and PO4 

ions from the solid phase to the liquid through hydration of the calcium (Ca ) and 

phosphate (PO4 ') species in the solid phase (Barrere et al, 2008) for this reason 

levels of ion release are indicative of degree of dissolution.

The solid tablets undergoing dynamic pH 4.0 dissolution released increasing amounts 

of both Ca and PO4 ions with increasing time in flow. This increase in ion release 

implies that the dynamic dissolution of the solid tablets had the potential to continue 

until ionic equilibrium of the flowing buffer solution was reached, or until the sample 

had dissolved completely. In contrast, both the synthetic and natural scaffolds 

demonstrated an initial increase in ion release as time progressed until 72 h when it 

began to level out. This levelling off may be as a result of saturation of the buffer 

solution with released Ca and PO4 ions, indicating that mass loss of the porous 

structures after this time point may be due to abrasion of the structure as a 

consequence of flow rather than further dissolution due to the low pH.
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As with the results from the static tests, the ion release determined via ICP analysis 

(given in mg/L) were normalised to the sample mass (mg/kg) to allow comparison of 

the different structures. The release of PO4 ions from all structure types was greater 

than that of Ca release. As in the static dissolution of structures at pH 4.0 the solid 

tablets exhibited the greatest ion release (Ca: 1.71 ± 1.17 mg/kg, PO4: 2.63 ±1.91 

mg/kg), followed by the synthetic scaffolds (Ca: 0.39 ± 0.23 mg/kg, P04: 0.55 ± 0.35 

mg/kg). The natural scaffolds resulted in the lowest release of Ca and PO4 at 0.26 ± 

0.11 mg/kg and 0.38 ±0.17 mg/kg respectively. The larger starting mass of the solid 

tablets (2.56 ± 0.21 g) with respect to the porous structures (synthetic: 0.72 ± 0.10 g, 

natural: 0.33 ± 0.04 g) contributed to their greater ion release. The application of 

dynamic flow to the structures ensured the continual removal of the released Ca and 

PO4 ions from the surrounding region, preventing ionic build up around the sample. 

The repeated exposure of the solid tablet surface to fresh buffer solution in 

combination with the comparatively high initial sample mass ensured the continual 

and greater release of ions throughout the course of the study.

As with the mass loss data and the static test condition, the dissolution with respect 

to HA:P-TCP did not follow the expected pattern of 0:100 > 50:50 > 100:0 except in 

the case of the solid tablets 0:100 (Ca: 1.79 ± 1.36 mg/kg, PO4: 2.94 ± 2.34 mg/kg) > 

50:50 (Ca: 1.75 ± 1.30 mg/kg, P04: 2.74 ± 2.06 mg/kg) > 100:0 (Ca: 1.58 ± 1.11 

mg/kg, PO4: 2.22 ± 1.63 mg/kg). Within the synthetic scaffolds the greatest ion 

release resulted from the 100:0 structures at 0.47 ± 0.25 mg/kg for Ca and 0.62 ± 

0.35 mg/kg for PO4 while for the natural scaffolds the 0:100 structures demonstrated 

the greatest ion release (Ca: 0.32 ±0.13 mg/kg, PO4: 0.50 ± 0.20 mg/kg).
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The literature does not cover the release of ions as a consequence of dynamic 

dissolution at pH 4.0. However Impens et al. (2008) examined the dynamic 

dissolution of porous of 100% HA, 60:40% HA:|3-TCP and 100% P-TCP calcium 

phosphate scaffolds at pH 7.4. The scaffolds were subjected to a perfusion flow 

regime and ion release as a result of dissolution was determined. The ion release 

levels after 12 D subjection to flow were detailed and the ion release order found was 

100% P-TCP > 60:40% HA:P-TCP > 100% HA. Although this study considered 

only the release of ions at pH 4.0 and not pH 7.4, the pattern of ion release for the 

solid tablets mirrored the results of the study by Impens et al. (2008).

6.7.3 Mechanical Properties

Compressive modulus and strength of the solid tablets after subjection to dynamic 

pH 4.0 flow followed the sequence 100:0 > 50:50 > 0:100. The 100:0 HA:P-TCP 

specimens demonstrated the best mechanical properties, with a modulus of 2459.87 ± 

562.59 MPa and strength of 118.35 ± 41.87 MPa, and also the lowest percentage 

mass loss (4.70 ± 3.52%). The low mass loss implies that they retain a greater bulk 

of material in comparison with the 0:100 HA:P-TCP (mass loss: 5.72 ± 4.26%) and 

50:50 HA:P-TCP (mass loss: 7.50 ± 5.41%) compositions. This could explain the 

superior mechanical properties at each time point for the 100:0 HA:P-TCP 

specimens.

The average mechanical properties of the 50:50 HA:(3-TCP fell between that of the 

100:0 and 0:100 structures with a modulus of 2083.70 ± 592.82 MPa and strength of 

82.86 ± 32.34 MPa. The 0:100 tablets demonstrated the lowest mechanical 

properties with a compressive modulus and strength of 1505.56 ± 148.93 MPa and
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53.18 ± 6.95 MPa respectively. Generally for the dynamic condition at pH 4.0 the 

mechanical properties showed an overall decrease with increasing time in solution 

(0:100 - modulus: 17.20% J., strength: 21.52% f, 50:50 - modulus: 17.40% j, 

strength: 40.21% j, 100:0 - modulus: 28.20% {, strength: 32.99% J,). The drop in 

mechanical properties could be as a result of the erosion of the material throughout 

the course of the study.

The mechanical properties of the solid tablets at pH 7.4 followed the same pattern as 

that at pH 4.0 of 100:0 (modulus: 1777.43 ± 160.18 MPa, strength: 82.54 ± 22.53 

MPa) > 50:50 (modulus: 1697.57 ± 537.13 MPa, strength: 64.53 ± 20.21 MPa) > 

0:100 (modulus: 1213.86 ± 245.36 MPa, strength: 43.36 ±6.10 MPa) and values for 

compressive strength and modulus were slightly lower than those obtained at pH 4.0. 

The 50:50 and 100:0 HA:(3-TCP tablets demonstrated an overall decrease in both 

compressive modulus and strength throughout the test which could be attributed to 

the gradual loss of material over the course of the study. The compressive modulus 

of the 50:50 HA:P-TCP tablets decreased by 20.75% from 1 h to 120h while that of 

the 100:0 HA:P-TCP tablets dropped by 16.34%. The compressive strengths of the 

50:50 and 100:0 HA:P-TCP tablets decreased by 28.43% and 37.49% respectively 

over the assessment time.

Within the 0:100 HA:P-TCP tablets, a gradual increase was observed in both 

compressive modulus (50.88%) and strength (31.52%) with increasing test time. 

This trend was also observed for the 0:100 HA:P-TCP tablets undergoing static 

dissolution at pH 7.4. In the static test condition this increase in mechanical 

properties was attributed to the increasing presence of precipitate on the structures as
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time in solution progressed. Such precipitate was not as readily obvious in the 

dynamic dissolution tests as it was in the static test condition but the presence of 

precipitate formation cannot be ruled out as the structures tested at pH 7.4 were not 

imaged using SEM.

Feng et al. (2010) investigated how the mechanical properties of structures 

undergoing dynamic degradation were influenced by changes in macropore size. 

Porous calcium phosphate cement (CPC) scaffolds with a range of macropore sizes 

(200 - 300 pm, 300 - 450 pm and 450 - 600 pm) were prepared via porogen leaching. 

The CPC consisted of a homogenous mixture of tetracalcium phosphate (TTCP) and 

dicalcium phosphate anhydrate (DCPA). The CPC scaffolds were subjected to a 

constant flow of PBS at pH 7.4 at a flow rate of 2 mL/min. Four degradation times 

were investigated of 4, 8, 16 and 24 weeks. The compressive strengths of the 

structures were determined following the degradation step and were found to 

decrease with time in solution. The decrease was rapid up to week 8 of degradation 

and slowed down thereafter. They determined that the porous CPCs with larger 

macropore size showed a faster decrease in the compressive strength compared to 

those with smaller macropores. The compressive strength of the 200 - 300 pm CPC 

scaffolds decreased by -27.78% over 24 weeks, the 300 - 450 pm scaffolds 

decreased by -31.25% and that of the 450 - 600 pm structures decreased by — 

57.14%.

It should be noted that the first time point at which compressive strength was 

assessed by Feng et al. (2010) was at 4 weeks, a time point wflich was outside the 

scope of this study. As a consequence, any changes in mechanical properties
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occurring during the initial 4 weeks are overlooked. However, the continual 

decrease in mechanical properties was reflected by the 100:0 HA:(3-TCP tablets in 

this study which underwent a gradual decrease in modulus and strength over 21 D 

exposure to flow, and the 50:50 HA:P-TCP tablets which showed an overall decrease 

in mechanical properties over the same time period.

6.7.4 Visual Inspection

Following exposure to pH 4.0 buffer solution under dynamic conditions, structural 

changes were more obvious in the solid tablets than for the static condition. The 

presence of discrete pits resulting from grain release were not observed as was the 

case in the static condition, rather the surface appeared irregular and uneven. The 

surfaces of the solid tablets as a result of dynamic dissolution possessed a much 

rougher texture than observed in the static tests. This surface roughness confers a 

certain amount of microporosity on the structure surfaces. Despite the apparent 

increase in surface roughness from the static condition to the dynamic condition, 

there was very little change in microstructure evident between the 24 h and 120 h 

structures for all HA:P-TCP ratios.

Unlike the static test condition, precipitate formation was not observed on the solid 

tablets undergoing pH 4.0 dissolution. In Section 5.5.5 the process of crystal 

formation was described. Briefly precipitate formation occurs when the 

concentration of Ca ions in the region close to the surface of the sample reaches a 

certain threshold level prompting crystal nucleation. If adequate ions are present, the 

crystal will continue to grow once its nucleus reaches a certain size and becomes 

stable (Duan et ai, 2005). The absence of precipitate formation in the dynamic
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environment can be explained by the continual removal of the Ca and PO4 ions 

released during dissolution. This process prevented the build up of ions in the region 

surrounding the solid tablets and consequently the ion levels never reached the 

critical value necessary for crystal nucleation.

As the time in buffer solution progressed, the pH 4.0 dynamic flow had a negative 

influence on the structure of the synthetic scaffolds and frequently the scaffolds did 

not survive the test period intact, breaking down into fragments. On removal of the 

PTFE tape from the scaffolds, precipitate could be observed in very small amounts 

within the scaffold structures. The formation of precipitate could be explained by the 

tortuous pore path within the scaffolds. Despite the continual flow of buffer solution 

though the structure it is possible that the tortuous path within the scaffold could 

have resulted in regions which were not as accessible to flow as others, for example, 

the presence of ink-bottle pores (Figure 6.23). It is possible that buffer solution 

could enter these pores but not readily leave them again leading to stagnation within 

such pores. The lack of flow would restrict the washing away of the Ca and PO4 ions 

allowing their concentrations to build up to such a level that crystal nucleation 

occurs. The lesser amount of precipitation compared to the static condition is 

evidence of the removal of the majority of the ionic build up by the dynamic flow.

Dynamic flow of pH 4.0 buffer solution had a negative effect on the structure of the 

natural scaffolds at later time points. In a number of cases the structures did not 

survive the test period intact and broke down into fragments. A slight precipitate 

was noted on the surface of some structures e.g. 50:50 HA:P-TCP at 1 h. The 

precipitate may be due to buffer solution collecting in the micropores on the top face
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of the scaffold in the same manner as in the ink-bottle pores as described previously. 

The small crystals can be attributed to the small volume of the micropores. The 

concentration of ions within the micropores may be high enough to induce nucleation 

and crystal formation but not high enough to permit excessive growth of the crystals.

Flow enters 
pore and cannot 
x easily leave

Ink-bottle
pore

Figure 6.23: Representation of ink-bottle pores leading to ion build up

The application of pH 7.4 buffer solution dynamic flow had no obvious visible effect 

on the structure of the solid tablets. The influence of pH 7.4 solution flow on the 

porous structures was also not as obvious as that of the pH 4.0 buffer solution. The 

synthetic and natural scaffolds remained relatively stable throughout the course of 

the study, generally remaining intact even at later time points. This could be as a 

result of the much lower mass loss experienced by the structures undergoing 

dissolution at pH 7.4 compared to pH 4.0. Although the same flow rate was applied 

regardless of buffer solution pH, the pH 4.0 buffer solution would attack the structure 

much more aggressively causing the breakdown of the structure more readily.
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In a study by Yang et al. (2008) porous polymer/ceramic composite scaffolds 

(PLGA/p-TCP) were fabricated by a combination of thermally induced phase 

separation and porogen leaching. Dynamic degradation of the porous PLGA/p-TCP 

scaffolds was carried out in PBS at 37°C and pH 7.4 at 4, 8 and 12 weeks through the 

application of cyclic loading. Morphological changes in the PLGA/p-TCP 

composite scaffolds as a result of dynamic degradation were assessed using SEM. 

Prior to degradation the walls of the scaffold were smooth. Following degradation at 

4 weeks, porosity could be seen on the walls of the scaffolds. After 8 and 12 weeks a 

greater amount of porosity was observed. Although the samples assessed at pH 7.4 

in this study were not imaged using SEM, the increased porosity and surface 

irregularity observed following dynamic degradation of samples assessed at pH 4.0 

were not dissimilar to the findings of Yang et al. (2008).

6.8 Conclusion

The use of a dynamic condition has the potential to be very useful in the dissolution 

testing of calcium phosphate ceramics as it supplies the structure with an 

environment more comparable to that which it will experience in vivo. It is clear that 

factors such as solubility, surface area and pH impact heavily on calcium phosphate 

dissolution and the impact of flow environment should not be disregarded.

It was evident that the lower pH environment of pH 4.0 invoked greater dissolution 

of calcium phosphates than pH 7.4. Dynamic dissolution of structures at both pH 

levels generally resulted in a progressive decrease in mass as exposure time to flow 

increased. At both pH 4.0 and pH 7.4, the mass change data demonstrated that 

porosity and architecture played a role in the level of mass loss experienced. The
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natural scaffolds, which possessed a porosity which was less tortuous than that of the 

synthetic scaffolds, experienced the greatest mass loss. The lower the tortuosity, the 

easier the buffer solution can flow through the scaffold. Release of Ca and PO4 ions 

from the solid tablets increased with increasing time in flow while that of the 

synthetic and natural scaffolds levelled out after 72 h which may be as a result of 

buffer solution saturation.

An overall decrease was observed for the solid tablets undergoing dynamic 

dissolution at pH 4.0 and 7.4. The influence of material erosion in the dynamic 

condition would be comparatively more than that in the static condition due to the 

abrasive action of structure fragments in the dynamic flow stream. Dynamic flow at 

pH 4.0 resulted in obvious structural changes. The solid tablets exhibited a rough 

microstructure due to the flow of buffer solution. Dynamic flow had a negative 

influence on the porous structures frequently resulting in the breakdown of the 

structures at later time points. Precipitate formation was not obvious for the solid 

tablets due to the fact that the concentrations of released ions were not permitted to 

reach the levels necessary for crystal nucleation.

When implanted in the body, structures experience a thermodynamically open 

system. They are exposed to a constant flow of fluids which is true of the structures 

tested at the dynamic test condition. The dynamic test environment reduces the 

likelihood of ionic saturation and so is a more realistic analogue of the in vivo 

situation.
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7.0 In Vivo Study

7.1 Introduction

Animal models contribute extensively to the preclinical evaluation of tissue 

engineered scaffolds for bone repair. Newly developed medical devices and 

biomaterials must satisfy a number of requirements, for instance biocompatibility, 

mechanical stability and safety. Consequently they must undergo rigorous testing 

both in vitro and in vivo (Pearce et ai, 2007). As it can be difficult to predict in vivo 

outcomes from in vitro studies, the use of animal models is often an essential step in 

the assessment of scaffold materials prior to clinical use (Pearce et al., 2007). To 

assess the effectiveness of tissue engineered bone scaffolds it is necessary to use an 

appropriate animal model which mimics the clinical setting, and relevant techniques 

to monitor implant functionality (Viateau et ai, 2008).

The use of animal models enables assessment of scaffold properties, such as 

biocompatibility (Lu et al, 2006), (Viateau et al, 2008). Additionally, they are 

indispensable if in vitro techniques fail to offer a realistic estimation of the real life in 

vivo situation, for example when examining the biodegradation behaviour of the 

material (Muschler et al, 2010). Histological analysis has traditionally been used to 

assess the in vivo performance of the implant. Histology is the practice of examining 

cells and tissues by staining them, followed by sectioning and subsequent 

examination under a light or electron microscope. Histology has a number of 

advantages including the fact that it can be one of the least expensive of the 

morphological techniques (dependant on the specific stains used) and the user can 

examine large areas of tissue at a range of magnifications (CMM Histology Service 

Lab. n. d.). However it also has disadvantages such as time consuming sample
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preparation techniques and potential distortion in adjacent slices which could lead to 

information loss. Perhaps the greatest disadvantage is that it is a destructive 

technique and, following sectioning of the sample, other assays are no longer 

possible. Non-invasive imaging methods have gained prominence for use in this 

area. Micro-computed tomography analysis particularly has emerged as a valuable 

technique in the assessment of bone as it allows non-destructive imaging of bone 

architecture either through observation of individual slices or through 3D analysis 

(Mani, 2004), (Ho and Hutmacher, 2006), (Numata et al, 2007), (Perilli et ai, 2007), 

(Voor et al, 2008), (Kallai et al, 2011). The aim of this study was to assess the 

efficacy of the CaP scaffolds for use in bone replacement applications through the 

use of an in vivo rabbit model and subsequent p-CT analysis. The use of p-CT 

analysis permitted determination of scaffold resorption and bone in-growth following 

implantation.

7.2 Animal Model

New Zealand White rabbits were used in the assessment of the in vivo performance 

of the implants. Rabbits are a suitable size for surgical operation and analysis (Lu et 

al., 2006) and New Zealand White rabbits are particularly popular in the assessment 

of bone defect repair (Chang et al., 2000), (Tampieri et al, 2001), (Galois and 

Mainard, 2004), (Hing et al, 2005), (Shen et al, 2007). Thirty-two skeletally mature 

(older than 6 months) female rabbits of average mass 3.60 ± 0.68 kg received 

bilateral femoral defects and each defect was randomly assigned to one of four 

implant groups and assessed over three time points. The four implant groups were as 

follows:
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- autograft

- 0:100 HA:P-TCP natural scaffold, 4 mm 0x8 mm L cylindrical scaffold

- 50:50 HA:|3-TCP natural scaffold, 4 mm 0 x 8 mm L cylindrical scaffold

- 100:0 HA:(3-TCP natural scaffold, 4 mm 0x8 mm L cylindrical scaffold

The decision was made to use natural marine sponge to fabricate the scaffolds for use

in the animal study as the natural marine sponge produced more stable scaffolds at 

the dimensions required for the animal study. The more porous nature of the 

synthetic scaffolds did not readily lend itself to the production of 4 mm 0 scaffolds. 

Sixty-four defects were made in total and assigned as follows: 16 autograft, 16 0:100 

HA:(3-TCP, 16 50:50 HA:P-TCP and 16 100:0 HA:p-TCP. The three time points 

over which the implants were assessed were 5, 10 and 20 weeks with 20 defects 

assessed at 5 weeks, 28 defects at 10 weeks and 16 defects assessed at 20 weeks. 

Table 7.1 details how the defects were assigned to implant type and time point.

Table 7.1: Implant group and time point assignment

Implant Material

Time Point 0:100 50:50 100:0
(weeks) HA:p-TCP HA.p-TCP HA:p-TCP

5

10

20

7.3 Surgical Procedure

The surgical procedures (Figure 7.1) were carried out at the Biological Resource Unit 

in Queen’s University Belfast following procedures similar to those set out by Clarke 

et al. (2002). All procedures underwent ethical review and were carried out in
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accordance with the regulations as laid down in the Animals (Scientific Procedures) 

Act 1986. The rabbits received bilateral femoral implants, beginning with the right 

hind limb. Rabbits were anesthetised with Hypnorm (0.2 ml/kg intramuscularly) and 

midazolam (Hypnovel, 0.5-1.5 mg/kg intravenously) and the both hind limbs were 

clipped, draped and swabbed with chlorhexidine (Figure 7.1a). A 5 cm skin incision 

was made medial to the patella and a medial capsulotomy, an incision into the joint 

capsule, performed allowing lateral dislocation of the patella (Figure 7.1b).

Figure 7.1: Surgical procedure (a): Anesthetised rabbits with clipped hind limbs (b): Skin incision 
(e): Reaming of defect (d): Visualisation of defect (e): Insertion of implant (f): Scaffold flush with 
cortical bone (g): Suturing procedure (h): Sutured incision (i): Rabbit following operation

The medial aspect of femoral condyle was visualised and a defect of the exact 

dimensions of the implant (4 mm 0x8 mm L cylinder) was reamed using a stainless 

steel custom made drill fabricated by the School of Mechanical and Aerospace
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Engineering Workshop (Figure 7.1c, d). During implantation of the ceramic 

implants, the relevant scaffold was inserted so that the top of the scaffold lay flush 

with the cortical bone (Figure 7.1e, f). Defects which received an autograft were 

always located in the left hind limb. The cortical bone reamed from both the right 

and left hind limbs during the creation of the respective defects were combined and 

packed into the left defect. Following insertion of the implant, the patella was 

reduced and the incision closed in two layers with interrupted sutures (Figure 7.1g). 

The procedure was then repeated on the left hind limb.

Partial Pressure of Oxygen (PO2) and heart rate were monitored throughout the 

procedure. The animals received postoperative antibiotic cover (Marbocyl, 0.4 mg/kg 

subcutaneously) and postoperative analgesia (Buprenorphine, 0.03 mg/kg 

subcutaneously) and were weight bearing within ~2 - 3 h postoperatively. They were 

housed in single cages with access to food and water ad libitum.

7.4 Micro-Computed Tomography (p-CT) Analysis

As stated in Section 7.1, p-CT analysis has emerged as a powerful technique for the 

non-destructive 3D examination of bone tissue and scaffolds. The non-destructive 

nature of p-CT analysis in combination with the fact that spatial resolution in the 

micrometre range can be achieved has led to its extensive application in orthopaedic 

research in recent years (Perilli et al, 2007). Section 4.4.3.2 details the operating 

principal behind p-CT analysis.

Following sacrifice at the relevant time point, the hind limbs were dissected, 

removing skin but leaving other soft tissues intact, and stored in 70% ethanol. An
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additional specimen was prepared in which a defect was drilled and an implant 

inserted post sacrifice to act as a control (time point, t = 0). The specimens were 

scanned to allow the influence of implantation time and implant type to be assessed 

through the determination of implant volume.

Two p-CT systems were used to perform the analysis in this chapter with 59 of the 

original 64 specimen scanned in total. The scans carried out were spread over all 

implant types and time points as detailed in Table 7.2. The control specimen was 

also scanned to provide a base point for threshold determination.

Table 7.2: Scans performed with respect to implant group and time point

1 Implant Material

Time Point 0:100 50:50 100:0
(weeks) HA:(3-TCP HA:p-TCP HA:p-TCP

5

10

20

It was necessary to use two scanner systems as a result of constraints imposed by the 

time points assessed. A SkyScan 1174 compact desktop micro-CT scanner system 

(as detailed in Section 4.4.3.2) based in the School of Mechanical and Aerospace 

Engineering, Queen’s University Belfast, on loan from the Engineering and Physical 

Sciences Research Council (EPSRC) Engineering Instrument Pool was used to scan 

24 specimens. The loan period did not permit analysis of specimen at the later time 

points, necessitating the use of the second scanning system. The remainder of the 

specimen (n = 35) were scanned using a SCANCO Medical pCTlOO (SCANCO 

Medical AG, Switzerland). These scans were conducted at the School of Mechanical
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Engineering at the University of Leeds, UK. Five of the specimens scanned using 

the SkyScan 1174 (one from each implant group and the control specimen) were 

rescanned in the SCANCO system to allow a comparison to be made between the 

two systems. The two systems specifications are detailed in Table 7.3.

Table 7.3: g-CT system specifications

System SkyScan 1174 SCANCO Medical pCTlOO

micro-CT Type Compact cone-beam Cabinet cone-beam

Sealed, air-cooled, Sealed, air-cooled,
X-ray source maintenance-free maintenance-free

20 - 50 kV, 40 W 20- 50 keV, 4 - 18 W

Detector 1280 x 1024 pixel 3072 x 400 pixel

Resolution 6-30 pm pixel size 1.25 - 200 pm pixel size

Image matrix
512 x 512 or 1024 x 1024 
pixels

512 x 512 to 8192 x 8192 
pixels

Max specimen size 30 x 50 mm (0 x L) 100 x 160 mm (0 x L)

7.4.1 SkyScan 1174

The SkyScan 1174 p-CT scanner was operated at a voltage of 50 kV and current of 

800 pA with a 0.75 mm aluminium filter used for beam hardening reduction. An 

exposure time of 5 s was used, with averages taken over four frames. A pixel size of 

24.36 pm was utilised. Each specimen was mounted on a brass specimen stage using 

modelling clay to hold it in place. The specimen stage was then rotated over 180° at 

a fixed rotation step of 0.5° during data acquisition and a full scan of one specimen 

lasted approximately 3 h. A transmission image (Figure 7.2a) was taken at each 

position. On completion of the scan, reconstruction was carried out on the portion of 

the femur within which the implant was found, resulting in a cross-sectional image
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dataset on which further analysis could be carried out. The reconstruction procedure 

was carried out using Skyscan NRecon software and images were stored in 8-bit file 

format (BMP) (Figure 7.2b). The number of images in the stack varied depending on 

the height of the specimen (minimum = 165 slices, maximum = 287 slices).

(b)

5 mm

Figure 7.2(a): Transmission image of femur with natural scaffold implant (b): Reconstructed cross- 

sectional image of femur with natural scaffold implant

7.4.2 SCANCO Medical nCTlOO

The SCANCO Medical pCTlOO scanner was operated at a voltage of 70 kV and 

current of 114 pA. A 0.5 mm aluminium filter was used for beam hardening 

reduction and an exposure time of 0.3 s was used. A pixel size of 102.60 pm was 

utilised for all scans. The large sample holder (108 mm 0 x 125 mm L) enabled 

multiple samples (n = 10) to be scanned in the same session, greatly reducing the 

scan time (Figure 7.3).

When a scan was carried out in the SCANCO Medical pCTlOO system, raw data was 

collected in the form of a sonogram and saved in a raw sequence, or ‘.rsq’, file 

format. Once the physical scanning was complete the data was automatically
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reconstructed into 2D image slices of the specimen. The resultant images were 

greyscale, made up of 2 byte voxels and saved in an image sequence, or ‘.isq’, file 

format. From the image sequence file it was possible to generate a stack of 2D 

image slices in DICOM format, the industry standard format for medical scans. The 

DICOM flies were then converted to 8-bit file format (BMP) using the image 

processing package Fiji (Fiji, 2011) (Figure 7.3). The number of images in the stack 

varied depending on the specimen (minimum = 34 slices, maximum = 72 slices).

Figure 7.3: Reconstructed cross-sectional image of femur with natural scaffold implant

7.4.3 Analysis

Analysis of the scans performed on both p-CT systems was carried out using 

Skyscan CTan software (Version 1.10.1.10). The first stage of analysis on the 

reconstructed image stacks was the binarisation of the reconstructed images. 

Binarisation reduces the 8-bit grey level images produced by reconstruction, which 

have 256 grey levels, to 1-bit images, displaying only two colours, black and white. 

In the analysis of the animal study specimen white represented solid material, i.e. 

bone or ceramic, and black represented the inter-trabecular spaces, pores of the
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scaffold and surrounding air (Figure 7.4b). A global thresholding procedure was 

used where a single lower threshold grey level density value was assigned. The 

upper threshold level in all cases was the maximum of 255. As a result, every voxel 

with an equal or higher value to that of the lower threshold was represented as solid 

colour (white) and lower values were represented as space (black).

Figure 7.4(a): 8-bit cross-sectional image (b): 1-bit binarised image where white = solid, black =

space

The threshold value selected was such that the implant was isolated from the 

surrounding trabecular bone (Figure 7.5). Consequently only the implant was 

included in the volume analysis. The same threshold value was applied across all 

specimen scanned using the same scanner, however, different thresholds were used 

for the Skyscan 1174 and SCANCO Medical pCTlOO scans respectively. It should 

also be noted that it was necessary to use a different threshold value again on 

specimen that received an autograft as the implant.
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Figure 7.5(a): 8-bit cross-sectional image (b): 1-bit binarised image where white = solid, black =

space

Due to the fact that the scans obtained using the Skyscan system were of higher 

resolution than the SCANCO system scans (Skyscan pixel size - 24.36 pm, 

SCANCO pixel size - 108 pm) the results from the Skyscan system were considered 

to be more accurate. In order to determine an appropriate threshold value for the 

scans obtained via the SCANCO system, the five specimen scanned in both systems 

were utilised. The Skyscan scans of the five specimens were thesholded as detailed 

previously, isolating the implant from the surrounding bone. Volume analysis was 

performed on the isolated implant volume.

The scans of the same five specimens performed on the SCANCO system were then 

analysed. An appropriate threshold value was determined via a trial and error 

method. The threshold value was continually adjusted and volume analysis 

performed until an isolated implant volume comparable to that of the Skyscan scans 

was achieved. The determined threshold was subsequently applied across all 

specimen scanned with the SCANCO system. The application of the same threshold 

value across all scans performed using same system allowed changes in implant 

volume due to resorption and biodegradation to be determined.
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Figure 7.6 details the analysis of a specimen with a ceramic scaffold as the implant. 

The scaffold can be clearly seen in Figure 7.6a. The ceramic scaffolds appeared to 

be more radiopaque to light which may be due to the much greater density of the 

ceramic implants (average scaffold density - 3.148 ± 0.008 g/cm ) than that of rabbit 

femoral trabecular bone (average value - 0.437 ± 0.064 g/cm ’ (Mokhtari-Dizaji et al, 

2005)). It was this difference in densities which also necessitated the use of a 

different threshold value in the case of autograft implants. When an autograft was 

under consideration it was necessary to use a threshold value that highlighted the 

trabecular bone.

After the relevant dataset was loaded, a volume of interest (VOI) was defined (Figure 

7.6b). The VOI was defined by manually drawing around the implant as accurately 

as possible in an attempt to isolate it from the surrounding bone. The VOI was 

drawn on a number of different cross-sectional slices (every fifth slice) and 

interpolated by the software through all intermediate cross-sections to ensure the 

VOI was precise. It was necessary to draw the VOI individually on a range of slices 

as the shape of the scaffold changes in each slice depending on the height at which it 

was taken within the specimen (z-position) (Figure 7.7). The segregated VOI images 

were then converted to binary images and the appropriate threshold value selected 

(Figure 7.6c). Finally the binarised images were processed for image analysis 

(Figure 7.6d) and a full 3D analysis of the selected VOI performed. On completion 

of the analysis, information on parameters such as bone volume, tissue volume and 

bone surface were returned. The process was repeated for all specimens with the 

threshold value adjusted to take into account the system on which the specimen was 

scanned and whether the implant was an autograft or ceramic.
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Figure 7.6(a): 8-bit cross-sectional image (b): Volume of interest (VOl) around scaffold defined (c): 

Threshold value set to isolate implant from surrounding bone (d): Processed VOI for image analysis

As stated previously, there was a need to use two threshold values due to the 

different scan resolutions. When the threshold value determined for the Skyscan 

system was used for scans performed on the SCANCO system, there were large 

discrepancies in the volumes obtained for the same implant. For example, the 

sample labelled 17R scanned using the Skyscan system with a threshold of 178 

applied (optimal threshold determined for the Skyscan system) returned an implant 

volume of 50.505 mm'. When the same sample was scanned using the SCANCO 

system, use of a threshold value of 178 resulted in an implant volume of 44.801 

mm3. When the optimal threshold determined for the SCANCO system of 158 was 

applied, an implant volume of 52.815 mm was determined.
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Figure 7.7: Set of cross-sectional slices through a specimen with a ceramic implant at different 

positions highlighting the need for different VOI within the same sample

The threshold utilised for scans of the autograft implants was different than that of 

the ceramic implants. As it was difficult to determine the optimal threshold for the 

autograft due to the variability of the implants, a threshold value suggested by 

Skyscan for the scanning of trabecular bone was used for the autograft samples 

scanned with the Skyscan system. A lower threshold value of 68 was used which 

allowed the visualisation of the trabecular structure (Salmon, n. d.) (Figure 7.8).

To determine the optimal threshold for the analysis of the SCANCO scanned 

autograft specimen, a process similar to that applied to the ceramic implants was 

used. Due to the difficulties encountered in isolating the autograft from the 

surrounding bone, threshold optimisation was performed on a cylindrical (4 mm 0 x 

8 mm L) isolated region of trabecular bone. The analysis was performed on ten 

specimens scanned using the Skyscan system and an average taken.
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Figure 7.8: Application of lower threshold value of 68 to a Skyscan scan with an autograft implant

A region of the same dimensions (4 mm 0x8 mm L) was isolated in a SCANCO 

scan. The threshold value was adjusted by trial and error until a comparable implant 

volume value to the Skyscan average was achieved. The analysis was repeated on 

nine other SCANCO scans to ensure accuracy. The average implant volume 

determined for a 4 mm 0 x g mm L cylindrical plug in a Skyscan scan with a lower 

threshold of 68 was 40.91 ± 5.98 mm'1. The average implant volume for the same 

dimension plug in a SCANCO scan with a threshold of 97 was 31.40 ± 5.27 mm3.

The discrepancy in implant volumes achieved by the two scanners was as a result of 

the lower resolution achievable in the SCANCO system compared to the Skyscan 

system. Figure 7.9 highlights the difficulty that was encountered in isolating the 

autograft. The similarity between the autograft and the surrounding trabecular bone, 

coupled with irregularities in the trabecular structure which could be mistaken for the 

defect, frequently contributed to difficulties in the establishment of an accurate VOL
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Figure 7.9: Set of cross-sectional slices through an autograft specimen at different positions showing 

how the defect changes with respect to height position within the specimen

7.5 Statistical Analysis

Mean values and standard deviations were calculated where possible and MINITAB 

Student Version 14.11.1 software (Minitab Inc., USA) was used to carry out 

statistical analysis. Statistical significance was evaluated using one-way ANOVA or 

t-tests as indicated. Data was assessed at a confidence interval of 95% with the 

assumption that p values > 0.05 indicated no significant difference.

7.6 Results

7.6.1 Skyscan 1174 and SCANCO Medical jliCTIOO Comparison

As stated previously, there was a need to use two threshold values due to the 

different scan resolutions. When the threshold values determined for the scans 

executed on the Skyscan system were used for scans performed on the SCANCO 

system, large discrepancies in the calculated implant volumes were obtained. As a
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result, it was necessary to carry out a study to determine appropriate threshold values 

for the SCANCO scans which would give comparable implant volumes to that of the 

Skyscan scans. The analysis of the various implants was performed blind apart from 

the five specimens which were scanned on both systems. One specimen from each 

implant group and the control specimen were within this set of five.

Table 7.4 details the implant volume, corresponding to bone volume in the results 

returned by CTan, determined from the Skyscan and SCANCO scans. A paired t-test 

was performed to compare the implant volume values determined from the two 

scanning methods. A p-value of 0.518 indicated that there was no significant 

difference between the two sets of results.

Table 7.4: Implant volume determined from Skyscan and SCANCO scans

Skyscan 1174 SCANCO Medical 
pCTlOO

Specimen Lower
Threshold

Implant vol 
(mm3)

Lower
Threshold

Implant vol 
(mm3)

12L - autograft 68 8.283 97 4.110

16R- 100:0 HA:P-TCP 178 54.837 158 46.031

17R-0:100 HA:|3-TCP 178 50.505 158 52.815

18L-50:50 HA:p-TCP 178 41.405 158 45.050

CONTROL - 100:0 
HA:p-TCP

178 45.203 158 44.234

Figure 7.10 shows the correlation between the implant volumes determined from the 

scans performed on the two systems. A very strong correlation (R2 = 0.9334) was 

found to exist between the two sets of results. Due to the strong correlation between
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the two analyses, the threshold values of 97 (autografts) and 158 (ceramic scaffolds) 

determined for the SCANCO analysis appeared to be appropriate for use for the 

analysis of all subsequent scans performed on the SCANCO system.

E 30

< 10

Skyscan Implant Volume (mm3)

Figure 7.10: Comparison between implant volume determined from Skyscan and SCANCO scans

7.6.2 Analysis of Implant Volume

Table 7.5 details the average implant volumes determined for each implant type at 

each time point. The implant volumes are shown graphically in Figure 7.11.

Table 7.5: Average implant volume (implant volume) determined from analysis of scans

Implant volume (mm ’)

Time Point 
(weeks)

Autograft 0:100 HA:(3- 
TCP

50:50 HA:|3- 
TCP

100:0 HA: P- 
TCP

5 14.73 ±4.39 29.49 ± 15.42 37.72 ±5.48 42.84 ± 9.29

10 17.66 ±9.37 26.46 ± 13.84 29.92 ± 15.21 30.15 ± 13.55

20 9.52 ±4.84 22.64 ± 13.42 46.61 ± 1.11 28.71 ± 8.05
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Figure 7.11: Average implant volume determined from analysis of scans

Due to difficulties in accurately isolating the autograft implant volume from the 

femur as a whole there was potential to over or underestimate the autograft implant 

volume. The average autograft volume increased from week 5 to week 10 by 

19.87% and then decreased by 46.12% between 10 and 20 weeks. The mean 

autograft volumes were not significantly different at each time point as indicated by 

ANOVA analysis (p = 0.310). The average implant volume determined for the 0:100 

HA:P-TCP implants decreased as implantation time increased, albeit the decrease in 

volume was not significant (ANOVA, p = 0.795). The implant volume decreased by 

10.23% between 5 and 10 weeks and by a further 14.43% by 20 weeks. The overall 

decrease from 5 to 20 weeks was 23.23%.

The 50:50 HA:P-TCP implants decreased in volume by 20.68% from 5 to 10 weeks 

although an increase in volume of 55.80% occurred between 10 and 20 weeks. An
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overall % increase in volume was found from 5 to 20 weeks (37.72 mm3 to 46.61 

mm3). This increase in volume could potentially be attributed to variability in the 

initial size of samples implanted in the 50:50 HA:P-TCP 20 week rabbits or it may 

be an artefact of discrepancies in the two scanners. ANOVA indicated that average 

volumes of the 50:50 HA:P-TCP implants with respect to implantation time were not 

statistically significant, p = 0.149. The analysis of the 100:0 HA:P-TCP implants 

showed a decrease in volume over the course of the study however the volume did 

not change significantly with respect to implantation time (ANOVA, p = 0.119). The 

implant volume dropped by 29.63% between 5 and 10 weeks and by 4.76% from 10 

to 20 weeks. An overall decrease of 32.96% was observed from 5 to 20 weeks.

At 5 weeks the autografts occupied the least volume, followed by the 0:100 HA:P- 

TCP specimen, the 50:50 HA:P-TCP specimen and the 100:0 HA:P-TCP occupied 

the greatest volume. At 10 weeks the same pattern (autograft < 0:100 < 50:50 < 

100:0) was observed however there was a much smaller difference between the 

50:50 and 100:0 HA:P-TCP specimen at 10 weeks than at 5 weeks. A similar pattern 

was observed at 20 weeks with the exception of the 50:50 HA:P-TCP specimen 

which possessed the greatest volume of any specimen within the study.

When comparing the four implant types at 5 weeks, the mean implant volumes were 

found to be different at the 95% level of significance (p = 0.001). A Fisher’s a priori 

post hoc test indicated that the mean autograft volume at 5 weeks was significantly 

different from that of the ceramic implants (p < 0.05). After 10 weeks implantation 

there was no significant difference evident in the mean volumes of the implants (p = 

0.279), while at 20 weeks the volumes of the four implant types were significantly
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different (p = 0.005). Fisher’s post hoc testing highlighted that significance was 

found when comparing autograft to 50:50 and 100:0 (p < 0.05), 0:100 to 50:50 (p < 

0.05) and 50:50 to 100:0 (p < 0.05).

7.6.3 Bone In-growth 

7.6.3.1 Visual Inspection

Figure 7.12 contains a number of slices taken from a range of specimens across all 

ceramic implant types and time points and Appendix B contains representative images 

of all implant types implants at 10W. The slices in Figure 7.12 were selected as they 

indicate variations in the uniformity of the scanned ceramic in that some of the voids 

and pores were filled with material similar in appearance to that of the surrounding 

trabecular bone. Flowever it must be noted that it is not possible to confidently 

identify this material as bone in-growth without performing histological analysis.

In Figure 7.12a, b and c, pores of the scaffold were not uniformly coloured black, 

characteristic of the voids in the trabecular bone. The scaffold in Figure 7.12d 

contained a large void in the centre. It is not possible to know whether the void was 

present prior to implantation or if it is an artefact of in vivo implantation. As force 

was necessary to ensure the implant was flush with the surface of the bone, this 

would suggest that the void was either not present or was present but considerably 

smaller at the time of implantation. If a void of this magnitude was present at the 

implantation stage, there was the possibility that the implant would have fractured on 

the application of force. The void in the scaffold contains a material similar in 

appearance to the surrounding trabecular bone. There is a possibility that a smaller 

void was present at the time of implantation but under the action of remodelling it 

increased in size to reach the dimensions shown in Figure 7.12d.
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Figure 7.12: Selection of slices from a range of specimen exhibiting potential bone in-growth

Figure 7.12e contains a scaffold with an apparent crack in it. The crack was filled 

with material of similar density to that of trabecular bone implying that some bone 

in-growth may have occurred. An empty space can be seen alongside the implant in 

Figure 7.12f which occurred due to that fact that the dimensions of the scaffold were
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smaller than the defect size, leaving the scaffold loose on one side within the defect. 

However the pores of the scaffold on the other side do appear to contain material of 

lower density than that of the ceramic scaffold which could signify bone in-growth.

7.6.3.2 Quantification of Bone In-growth

In the Skyscan scans (Figure 7.13) a lower threshold value of 68 was used to isolate 

trabecular bone (Figure 7.13b). In the case of specimen implanted with ceramic 

scaffolds, a lower threshold value of 178 was used to isolate the ceramic implant 

(Figure 7.13c). It stands to reason that if a lower threshold value of 68 and an upper 

threshold value of 178 were applied to a specimen containing a ceramic implant, any 

trabecular bone located within the pores of the scaffold would be isolated (Figure 

7.13d). Using this assumption, a threshold range of 68 to 178 was applied to the 

Skyscan scans and a range of 97 to 158 was applied to the SCANCO scans in an 

attempt to quantify the volume of bone in-growth into the scaffold structures. Note 

that the process could not be applied to specimen containing autografts.

Figure 7.13: Isolation of material within pores of ceramic scaffold

Again, it should be stressed that without histological analysis it is not advisable to 

state definitively that this material represents bone in-growth; however the
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application of this procedure could give an indication of potential bone in-growth. 

The volume of material contained within the pores is shown graphically in Figure 

7.14. The volume of bone in-growth in the 0:100 HA:P-TCP scaffolds increased 

continually as implantation time increased (32.19 ± 21.96 mm' at 5 weeks —> 42.29 ± 

9.38 mm’ at 20 weeks) although the increases were not significant across the time 

points (ANOVA, p = 0.589). Contrastingly, the amount of in-growth within the 

pores of the 50:50 HA:|3-TCP scaffolds did not alter considerably throughout the 

course of the study and changes in volume were not significant (ANOVA, p = 

0.970). It decreased from 35.89 ± 6.36 mm’ at 5 weeks to 34.07 ± 15.17 mm3 at 10

•3

weeks. From 10 to 20 weeks it increased slightly to 35.15 ± 6.29 mm . The 100:0 

HA:P-TCP scaffolds showed a large increase in bone formation from 5 to 10 weeks

T "3 •

increasing from 30.51 ± 5.34 mm to 39.01 ± 7.81mm . A further small increase was 

noted from 10 to 20 weeks where it increased to 40.71 ± 1.64 mm3. Again, changes 

in volume were not significant with respect to time (Kruskal-Wallis, p = 0.058).

Figure 7.14: Average volume of material within pores determined from analysis of scans
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One-way ANOVA at a 95% confidence interval was performed to establish whether 

there was a significant difference between the mean values of bone in-growth 

volume with respect to ceramic implant type. At each time point the mean bone in

growth volume with respect to the three implant types was not significantly different 

(5 weeks - p = 0.801, 10 weeks - p = 0.736, 20 weeks - p = 0.441).

7.7 Discussion

7.7.1 Skyscan 1174 and SCANCO Medical ^CTIOO Comparison

For the Skyscan scans, a threshold value of 178 was used to analyse the specimen 

containing a ceramic implant and a threshold of 68 was used to assess the autograft 

implants. Within the SCANCO system it was necessary to determine threshold 

values which would give a comparable implant volume for structures scanned on 

both systems. From the five specimens re-scanned using the SCANCO system, 

thresholds of 158 and 97 were determined for the ceramic and autograft implants, 

respectively.

There was a large discrepancy between the implant volumes determined for the 

autograft sample scanned on the two systems, with a percentage difference of 

50.38%. This large discrepancy can be attributed to the difficulties encountered in 

isolating the autograft from the surrounding trabecular bone. Despite this large 

discrepancy, there was much better agreement between the implant volumes 

determined for the ceramic implants. The percentage differences in ceramic implant 

volume determined for the two systems were as follows:

- 0:100 HA:p-TCP: 4.57% - 50:50 HA:p-TCP: 8.80%

- 100:0 HA:P-TCP: 16.06% - 100:0 HA:p-TCP CONTROL: 2.14%
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The relatively low percentage differences obtained for the ceramic implant specimen 

scanned by the two systems imply that there is a reasonably good agreement between 

the scanners when using the two threshold values. The determination of a p-value of 

0.518 via a paired t-test indicated that there was no significant difference between the 

two sets of results adding further weight to the use of the determined threshold 

values for the respective systems.

The R value, also known as the coefficient of determination, gives an indication of 

the correlation between two variables. If a perfect relationship existed between the 

two variables, the R value would be 1. Counter to this, if no relationship was 

present between the two variables, the R value would be 0. In the comparison of the 

two scanner systems, a R value of 0.9334 was found to exist between the implant 

volume determined by the Skyscan and the SCANCO systems for the same sample, 

indicating that there was a good correlation between the two analyses. The strong 

correlation between the implant volumes determined via the Skyscan and SCANCO 

analyses lends support to the use of the determined threshold values for all 

subsequent analyses.

7.7.2 Analysis of Implant Volume

When the defect contained an autograft implant it was often difficult to distinguish 

the shape of the implant due to the similarities in appearance between the autograft 

and the surrounding bone. The lack of a clear boundary also made it difficult to 

distinguish between the bulk material of the autograft and any bone in-growth which 

may have occurred during the course of the study. Such difficulties contributed to 

potential inaccuracies in the volumes determined for the autograft implants. An
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overall decrease in autograft volume of 35.41% was observed from 5 to 20 weeks 

although it is impossible to tell through p-C f analysis alone what proportion of the 

volume determined at each time point is the original autograft material versus bone 

in-growth.

From the literature it would be expected that the ceramic implants would resorb in 

the order 0:100 HA:p-TCP > 50:50 HA:|3-TCP > 100:0 HA:p-TCP due to the greater 

degradation rate of P-TCP compared to that of HA (Damien and Parsons, 1991), 

(LeGeros, 1993), (Koerten and Meulen, 1999), (Hsu et al, 2009), (Dorozhkin, 2010). 

Neglecting the autografts, at each time point the implant volume occurred in the 

order:

- 5 weeks, 0:100 < 50:50 < 100:0

- 10 weeks, 0:100 < 50:50 < 100:0

- 20 weeks, 0:100 < 100:0 < 50:50

At all time points the 0:100 HA:P-TCP implants occupied the smallest volume. In 

order to fully appreciate how the implant volume changed with respect to 

implantation time it would have been desirable to scan the implants prior to 

implantation. However, as this was not possible, the implant volume was compared 

from time point to time point, i.e. between 5 and 10 weeks, 10 and 20 weeks and 5 

and 20 weeks.

The average volume of the 0:100 HA:P-TCP implants decreased as implantation time 

increased (a total decrease of 23.23% from 5 to 20 weeks) implying that degradation 

or resorption of the implant was occurring in vivo. The 100:0 HA:P-TCP implants 

also demonstrated a decrease in volume as the study progressed, with an overall drop
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in volume of 32.96% from 5 to 20 weeks. Although the 100:0 HA:(3-TCP scaffolds 

underwent a larger overall decrease in volume from 5 to 20 weeks, the volume of the 

0:100 HA:P-TCP scaffolds at each time point was on average 21.51 ± 9.47% less 

than that of the 100:0 HA:p-TCP scaffolds indicating that the 0:100 HA:|3-TCP 

implants underwent greater degradation (based on the assumption that all implants 

occupied a comparable starting volume). Similar findings were discussed in work by 

Shen et al. (2007) where bone formation after 4 and 12 weeks in porous HA and (5- 

TCP cylinders in New Zealand White rabbits was studied. At both time points, the 

two implant materials experienced degradation and new bone formation was evident. 

The degree of degradation was much greater for the j3-TCP cylinders than the HA 

cylinders.

Although the 50:50 HA:|3-TCP implants did undergo a loss in volume from 5 to 10 

weeks (20.68%), a greater volume was observed at 20 weeks and an overall increase 

in volume occurred from 5 to 20 weeks (23.58%). The increase in volume of the 

50:50 HA:P-TCP implants may be as a result of a discrepancy in the initial implant 

volumes for the samples at 20 weeks, i.e. the initial volume of the 50:50 scaffolds 

implanted in the rabbits assessed at 20 weeks may have been greater than the initial 

volume of those implanted in the rabbits assessed at 5 and 10 weeks. It would have 

been necessary to know the initial mass of the samples prior to implantation in order 

to know this for definite.

The increase in volume of the 50:50 HA:P-TCP implant could also be due to issues 

relating to the isolation of the implant from the surrounding trabecular bone. This 

process was not always straight forward due to the variability in the cross-section of
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the implant, relating to the angle at which the defect was introduced (Figure 7.15). 

As the z position of the slice within the specimen changed, the cross-section altered 

based on the angle at which the cylindrical implant was cut. The process was further 

complicated by the porous nature of the scaffold, i.e. it was necessary to draw around 

the irregular perimeter of the scaffold as opposed to using a regular shape such as a 

rectangle to isolate the scaffold. A further explanation could be the unsuitability of 

the determined threshold values for the 50:50 HA:P-TCP implants. As the analysis 

was performed blind, the same threshold was applied to all ceramic implants 

regardless of composition. Tailoring the threshold value to the various compositions 

could have returned more accurate results.

[

z
position

Cross section of implant changes on each slice depending on the z position within the specimen 

Figure 7.15: Demonstration of how scaffold cross section varied with respect to z position of slice

The system on which the scan was performed also played a role. The lower 

resolution of the SCANCO system (resolution - 108 pm) compared to the Skyscan 

system (resolution - 24.36 pm) meant that the outline of the scaffolds were more
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difficult to distinguish in the SCANCO scans compared to the Skyscan scans (Figure 

7.16).

7.7.3 Bone In-growth 

7.7.3.1 Visual Inspection

It is clear that from the findings of this study and from the literature that CaP 

implants are well tolerated when implanted in vivo, elicit very little or no toxic 

response and may promote bone in-growth to some degree. Visual inspection of 

scans of specimen containing ceramic scaffolds revealed material inside the scaffold 

pores of a lower density than that of the scaffold itself. The material observed within 

the pores was similar in appearance to that of the surrounding trabecular bone, 

possessing a similar density. Although the identity of this material cannot be 

confirmed without the use of histological analysis, it is possible that it represents in

growth of bone into the scaffold structure. The use of a higher resolution p-CT 

scanner would have improved the accuracy of the analysis as the scaffold and the 

bone would be more readily distinguished.
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The cross-sectional images through the specimen showed material of lower density 

in both the pores on the periphery of the implants and those internal to the scaffolds. 

This possible bone in-growth into the pores on the border of the implants implies the 

establishment of a good mechanical inter-lock and the successful integration of the 

scaffold with the surrounding trabecular bone. In situations where the outer 

dimensions of the implants were smaller than the defect dimensions, this was further 

demonstrated. In such a case a void was observed on one side of the scaffold where 

it was not in contact with the surrounding bone. Potential bone in-growth was 

observed on the side of the scaffold that was in contact, ensuring the scaffold was not 

loose in the defect.

The identification of the material located within the pores of the scaffolds as bone in

growth is supported by the literature where histological analysis indicated bone in

growth in CaP implants as early as 1 week (Hing et al, 2005). The integration and 

tight inter-lock of the scaffold within in the defect was also reflected in the literature 

such as in the study by Chang et al. (2000) where the bone in-growth into porous HA 

blocks implanted in New Zealand White rabbits was investigated after 4 and 8 weeks 

in vivo. The implants were well tolerated and were tightly united with the host bone 

with no sign of movement at the implant-bone interface as evidenced by histological 

analysis. Bone in-growth was observed after 4 weeks and at 8 weeks there was 

evidence of remodelling and bone marrow formation within the implants. Tampieri 

et al. (2001) implanted porous HA scaffolds into New Zealand White rabbits and 

examined the degree of bone in-growth after an 8 week implantation period. Their 

findings from analysis of X-rays and light micrographs were that HA scaffolds were
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well integrated with the surrounding tissue and new bone formation was clearly seen 

around and inside the scaffolds.

7.7.3.2 Quantification of Bone In-growth

Volumetric analysis of the potential bone in-growth into the three ceramic implant 

types generally showed an increase as implantation time increased. At 20 weeks in 

vivo the 0:100 HA:P-TCP scaffolds experienced the greatest bone in-growth, 

followed by the 100:0 HA:P-TCP scaffolds with the 50:50 HA:(3-TCP scaffolds 

showing the least. This is in line with the scaffold volumetric analysis at this point 

which saw the 0:100 HA:P-TCP sample occupying the smallest volume, followed by 

the 100:0 HA:P-TCP implant and the 50:50 HA:P-TCP structure possessing the 

greatest volume.

Ideally the rate formation of new bone will match the rate of implant resorption 

(Blokhuis et al, 2000). Interestingly for the 0:100 and 100:0 HA:P-TCP implants, 

the % increase in suspected bone in-growth from 5 to 10 weeks was comparable to 

the % decrease in implant volume over the same time period (Table 7.6). The same 

relationship existed over the time period from 10 to 20 weeks suggesting that the 

rates of resorption and bone formation were reasonably well matched. No such 

relationship existed for the 50:50 HA:P-TCP scaffolds. From 5 to 10 weeks the % 

decrease in implant volume was 20.68 % and over the same time period the % bone 

in-growth also decreased (5.07 %). The implant volume increased by 55.80 % from 

10 to 20 weeks whereas the bone in-growth increased by 3.17 %.
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Table 7.6: Percentage changes in implant volume and bone in-growth volume

5 to 10 weeks 10 to 20 weeks

Sample Implant 
Volume (%)

Bone In-growth 
Volume (%)

Implant 
Volume (%)

Bone In-growth 
Volume (%)

0:100 HA:p- 
TCP

| 10.285 t 11.568 j 14.432 T 17.762

50:50 HA:p- 
TCP

| 20.682 | 5.070 T 55.801 T 3.169

100:0 HA:P- 
TCP

1 29.627 T 27.870 | 4.758 T 4.364

The continual increase in potential bone in-growth of the 0:100 and 100:0 HA:P-TCP 

scaffolds, in combination with the greater bone in-growth into the 0:100 HA:p-TCP 

scaffolds, is echoed by the findings in the literature. Bone formation into porous HA 

and P-TCP cylinders implanted in New Zealand White rabbits after 4 and 12 weeks 

was investigated in a study by Shen et al. (2007). Histology demonstrated that at 

both time points the two implant materials had experienced degradation and new 

bone formation was evident. The degree of degradation and bone in-growth was 

much greater for the P-TCP cylinders than the HA cylinders. After 4 weeks 

regenerated bone was observed at the periphery of the HA implants whereas 

regenerated bone had reached the centre of the P-TCP cylinders. Following 12 

weeks in vivo, regenerated bone was found inside all the pores of the HA cylinders 

whereas for the P-TCP implants it was difficult to distinguish the original shape of 

the implant due to the amount of regenerated bone.

Galois and Mainard (2004) implanted porous HA and P-TCP cylinders into New 

Zealand White rabbits to quantify the amount of bone in-growth and their 

biodegradability. Analysis of light micrographs was performed at time points of 2, 4, 

8, 16, 24 and 48 weeks in vivo. After only two weeks, newly formed bone was
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found around the periphery of and inside both the HA and (i-TCP implants. The 

degree of bone in-growth increased with increasing time in vivo. At 48 weeks the 

surface of the HA specimen were almost completely colonised by newly formed 

bone. Similar observations were noted for the P-TCP implants at 24 weeks. The (3- 

TCP implants were colonised faster and at a higher rate than the HA with ceramic 

resorption reaching 60% for p-TCP and only 10% for HA at 48 weeks, reflecting the 

results of this study i.e. that p-TCP was underwent greater resorption than HA.

Sun et al. (2009) investigated the new bone formation into and degradation of HA 

and P-TCP scaffolds with 75% porosity implanted into the femoral condyle of New 

Zealand rabbits. Histological and p-CT analysis at 3, 6 and 12 months after 

implantation indicated that the HA and P-TCP scaffolds both underwent degradation 

and demonstrated new bone formation, similar to the results of this in vivo study. 

The P-TCP scaffolds underwent greater resorption than the HA scaffolds.

7.8 Conclusions

Animal models supply invaluable information on how implant materials will 

potentially behave upon implantation in the human body. From this study it is clear 

that porous CaP implants, specifically those of composition 0:100, 50:50 and 100:0 

HA:P-TCP, are well tolerated in vivo undergoing biodegradation and potentially 

invoking bone in-growth. At the earlier time points (5 and 10 weeks) the implants 

underwent resorption in the order expected, that is 0:100 HA:P-TCP undergoing the 

greatest resorption followed by 50:50 HA:P-TCP and 100:0 HA:P-TCP undergoing 

the least. The % increase in mean volume of suspected bone in-growth observed for
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the 0:100 and 100:0 HA:(3-TCP implants was approximately equal to the % decrease 

in implant volume over the same time period.

Although the use of p-CT has many useful applications within the field of tissue 

scaffolds, it appears that a very high resolution would be necessary to fully 

appreciate the situation. Also the use of one system would be desirable which 

unfortunately was not possible in this study. A higher resolution scanner would 

allow the easier distinction between the implant and the surrounding bone. Although 

the use of p-CT has advantages, compared to histology, the use of histological 

analysis cannot he dispensed of completely due to the need to confidently indentify 

bone in-growth. However, p-CT analysis and histology could be used in conjunction 

to more accurately track the impact of implantation on the implant. For example, a 

number of samples could be analysed using traditionally methods to ensure the 

accuracy of and validate the p-CT analysis.
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8.0 Further Discussion

8.1 Slip Optimisation and Scaffold Production

The desirable structural and material characteristics of successful scaffolds for bone 

substitution are well documented as detailed in Section 2.1. The range of properties 

the ideal scaffold should posses are numerous, connected and often conflicting. One 

of the aims of this study was the production of porous calcium phosphate scaffolds 

for potential use as bone substitutes which fulfil as many of the desirable properties 

as possible.

Scaffolds were produced using a sponge replication technique developed by 

Cunningham et al. (2010). The slip production protocol devised by Cunningham et 

al. (2009) optimised the slip with respect to HA content, however, the use of both 

HA and (TTCP in this study meant that the procedure for slip production could not 

be applied directly. The study by Cunningham et al. (2009) was used as a basis for 

slip optimisation and similar techniques were applied to optimise the slip with 

respect to both HA and P-TCP content. The aim was to produce slips with varying 

HA and (3-TCP composition, and as high a solid content as possible, but with 

sufficiently low viscosity to permit infiltration of the preforms. Slips of three HA:(3- 

TCP ratios, 0:100, 50:50 and 100:0 HA:(3-TCP, were produced at a solid loading of 

75 wt. %. Although the high solid loading of 80 wt. % powder content achieved by 

Cunningham et al. (2009) could not be achieved in this work, the solid loading 

attained compared favourably with the other literature reviewed.

The achievement of 75 wt. % solid loaded 100:0 and 0:100 HA:p-TCP slips (100% 

HA and 100% P-TCP respectively) denotes an improvement on the literature cited.
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Neglecting the study by Cunningham et al. (2009), the maximum solid loading 

achieved for a HA slip was 60 wt. % (Padilla et al, 2004) whereas the highest 

achieved for P-TCP was 65 wt. % (Descamps et al., 2008b). The solid loading for 

slips combining HA and P-TCP ranged from 50 wt. % (Sanchez-Salcedo et al., 2009) 

to 75 wt. % (Ramay and Zhang, 2004). This confirms that the slips produced in this 

work were equal to if not better than the ceramic slips reviewed.

The broad and comparable particle size distributions of the HA (0.93 ± 0.27 to 4.23 ± 

1.46 pm) and milled P-TCP powders (0.84 ± 0.12 to 6.75 ± 0.64 pm) assisted in 

maximising the packing of the particles (Richerson, 2006), (Rodriguez-Lorenzo et 

al., 2001), contributing to the achievement of a high solid loading of 75 wt. %. The 

addition of 1 wt. % of the ammonium polymethacrylate dispersant Darvan C_N 

provided effective steric and electrostatic repulsion between the particles, further 

facilitating the attainment of the high solid content. The use of Darvan C_N over 

other dispersants available was corroborated by the literature, with several authors 

employing Darvan C_N in various concentrations (Ramay and Zhang, 2003), 

(Descamps et al., 2008b), (Miao et al, 2008).

Rheological analysis of the slips revealed varying viscosities dependant on the HA.'P- 

TCP content. The viscosities of the slips following addition of 1 wt. % Darvan C_N 

were 32.91 cP (0:100 HA:p-TCP), 295.15 cP (50:50 HA:p-TCP) and 73.44 cP (100:0 

HA:P-TCP). Despite the comparatively high viscosity of the 50:50 HA:P-TCP slip 

with respect to that of the 0:100 and 100:0 HA:(3-TCP slips, all slips easily 

penetrated the synthetic and natural sponge preforms and minimal draining of the 

slip from the sponges was encountered.
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The sponge replication technique has been widely used in scaffold production due to 

the fact that final scaffold architecture can be controlled by preform selection. The 

use of two distinct sponge preforms, synthetic and natural sponge, allowed the 

production of porous scaffolds of contrasting architectures. Scaffolds produced from 

synthetic sponge demonstrated poor mechanical integrity, a recognised shortcoming 

of the use of PU sponge in this technique, due to the burn-out of sponge creating 

hollow struts (Deisinger, 2010). Despite the poor mechanical performance of the 

45PPI scaffolds, the compressive strengths achieved (average - 0.133 ± 0.028 MPa) 

were comparable to, and in some cases superior to, the compressive strengths of the 

synthetic sponge replicated scaffolds detailed in the literature, e.g. HA and |3-TCP 

scaffolds with a compressive strength of ~0.06 MPa were fabricated by Miao et al. 

(2008) and HA scaffolds with a compressive strength of 0.07 ± 0.03 MPa were 

produced by Teixeira et al. (2009).

Although the mechanical properties of the PU replicated scaffolds compared 

favourably with the literature, they were not comparable to the mechanical properties 

of cancellous bone (compressive strength: 2-12 MPa, compressive modulus: 50 - 

500 MPa (Bandyopadhyay-Ghosh, 2008)). As one of properties scaffolds for bone 

tissue engineering should demonstrate is that of mechanical properties comparable to 

the host bone repair site, this disparity in mechanical properties had to be addressed.

A modified production technique was applied to the synthetic scaffolds to improve 

their mechanical properties. The modified technique relied on the use of a lower 

viscosity slip (70 wt. % solid loading) and the application of negative pressure to 

infiltrate the hollow struts of the scaffolds, followed by sintering to ensure the
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densification of the second slip coating. The mechanical properties of scaffolds 

produced using the modified technique resulted in improvements of greater than 400 

%. Despite the fact that the average compressive strength of 0.71 ±0.12 MPa was 

still not in the compressive strength range of cancellous bone, it was greatly 

improved on that of the original scaffolds. The average compressive modulus 

however did fall in the range of cancellous bone with an average value of 75.07 ± 

7.31 MPa. The augmentation of mechanical properties indicated that the modified 

replication technique held promise in scaffold production.

There are notable disparities in the mechanical properties of the synthetic replicated 

scaffolds in the literature, e.g. Ramay and Zhang (2003) produced HA scaffolds with 

compressive strengths of ~ 3.9 MPa compared to HA scaffolds fabricated by Swain 

et al. (2011) which possessed compressive strengths of 0.82 MPa. This underlines 

the inconsistency of scaffolds produced using the sponge replication technique. Due 

to variances in sponge preforms and in the sponge coating step, i.e. individuals will 

apply different methods to remove the excess slip leading to variability in coating 

thickness, scaffold properties vary considerably. It should be noted that the porosity 

of the scaffolds produced by Ramay and Zhang (2003) was 76.90 % whereas those of 

Swain et al. (2011) were 67.00 %. It would be expected that the higher porosity 

scaffolds would result in lower mechanical properties but this was not the case. This 

further indicates the unpredictability of the mechanical properties of synthetic sponge 

replicated scaffolds.

Although the scaffolds produced from the synthetic sponge necessitated an additional 

step in the fabrication process, the replication of the natural sponge produced
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scaffolds with suitable mechanical properties without the need for a second slip 

coating. For the natural sponge scaffolds, the average compressive strength achieved 

was 2.24 ± 0.95 MPa and the compressive modulus was 58.15 ± 12.56 MPa, both of 

which fall in the range of properties quoted for cancellous bone and compare 

favourably with the mechanical properties previously reported in the literature.

According to the literature, a range of pore sizes are necessary in a scaffold for bone 

tissue engineering. Pores between 1 - 20 pm are involved in cellular development 

and the type of cells drawn to the scaffold (Sanchez-Salcedo et al., 2008a) whereas 

the presence of pores ranging from 100 - 1,000 pm play an important role in bone in

growth, are vital for blood flow distribution and greatly influence the mechanical 

properties of the scaffold (Sanchez-Salcedo et al., 2008a). MIP analysis of the 

synthetic scaffolds revealed the presence of pores in both ranges, with two main 

peaks at approximately 20 and 220 pm, while visual inspection of optical 

micrographs of the synthetic scaffolds revealed pores in the range 476.80 - 618.15 

pm. The natural scaffolds also displayed a range of pore sizes with MIP analysis 

showing two distinct peaks at approximately 17 and 150 pm and visual assessment 

indicating pore diameters of 345.60 - 438.80 pm. The pore dimensions determined 

via visual assessment were in agreement with the pore sizes reported in the literature, 

which ranged from 100 pm (Saiz et al., 2007), (Sopya and Kaur, 2009), (Teixeira et 

al., 2009) to 1150 pm (Schaefer et al.,20\\).

Due to the number of variables involved when using the sponge replication 

technique, including raw ceramic powders, dispersant choice and concentration, solid 

loading, initial preforms and inter person variability in production techniques, it can
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be difficult to compare like for like scaffolds in the literature. Added to this, a full 

range of properties and detailed descriptions of materials were not always given. 

Comparisons between the scaffolds produced in this study and the literature were 

made as far as possible but discrepancies in results due to inconsistencies cannot be 

overlooked.

Slip optimisation and refinement of the sponge replication procedure allowed the 

production of CaP scaffolds with a range of properties comparable to, and in some 

cases superior to, those cited in the literature. Although use of natural sponge 

produced appropriate scaffolds without the need to apply a second coating of slip 

making them easier and faster to manufacture, the use of synthetic sponge gives 

more control over properties such as pore size, porosity and overall implant 

dimensions. Consequently, both sponge types have merit for use in scaffold 

production with the scaffolds fulfilling the structural requirements laid out in Section

4.1 for ideal scaffold properties.

8.2 In Vitro Dissolution of Bioceramic Structures

From the literature it is clear that the dissolution of CaP ceramics is influenced by 

many variables including:

- Material factors such as composition, surface area and porosity; and,

- Environmental parameters including local acidity, fluid convection and 

temperature (Yang, H. Y. et al, 2008b), (Dorozhkin, 2010), (Schaefer et al., 

2011).

It can be difficult to isolate the impact of the different factors on dissolution 

behaviour and in order to evaluate the influence of any one of these variables on CaP
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dissolution the other variables must be kept constant. In this study, the influence of 

both material and environmental factors on CaP dissolution was examined.

The material composition was modified by varying HA:P-TCP content. The 

solubility of P-TCP is greater than that of HA (Dorozhkin, 2010) with the solubility 

of calcium phosphate compounds increasing with decreasing Ca:P ratio (Blokhuis et 

al, 2000). The three HA:P-TCP ratios used; 0:100, 50:50 and 100:0 HA:P-TCP, 

possessed respective Ca:P ratios of 1.50, 1.58 1.67 and indicating the order of 

dissolution should be:

0:100 HA:P-TCP > 50:50 HA:p-TCP > 100:0 HA:B-TCP

The effect of varying porosity and surface area was also investigated. A greater 

porosity typically results in a greater surface area, which in turn increases dissolution 

due to the larger area over which dissolution reactions can occur. The three 

architectures; solid tablet (surface area: 541.24 ± 14.63 mm2), synthetic scaffold 

(porosity: 72.67 ± 3.72 %, surface area: 1206.94 ± 163.98 mm2) and natural scaffold 

(porosity: 64.24 ± 3.40 %, surface area: 882.68 ± 184.80 mm2) were examined to 

permit assessment of the impact of structure on dissolution. The various porosities 

and surface areas imply the order of dissolution with respect structure should be: 

Synthetic Scaffold > Natural Scaffold > Solid Tablet

The order of dissolution did not consistently follow the expected patterns which 

emphasises the difficulties in reliably predicting CaP dissolution behaviour. 

Inconsistencies in dissolution of materials with the same composition and structure 

imply that other factors may come into play during dissolution and resorption. A

344



Further Discussion

need exists for standards in the assessment of the dissolution of CaP scaffolds. ISO 

standard 10993-14 relates to the assessment of ceramic degradation (ISO 10993-14, 

2001), covering the degradation of ceramics at low and neutral pH and gives 

guidance on identification of degradation products. It should be noted that the 

standard is very general, applying to evaluation of ceramics in medical devices as a 

whole, not taking into account the range of ceramics used and the different 

applications within the body. It’s clear from the wide range of dissolution tests 

detailed in the literature (Section 2.3) that the area of dissolution testing of calcium 

phosphate scaffolds for bone tissue applications suffers from a lack of 

standardisation (Impens et al, 2008). As a consequence, comparison between 

studies is difficult, e.g. there may be variations in dissolution mediums used, 

assessment techniques and sample preparation. Added to this studies frequently 

contain inadequate information relating to materials and methods used, creating 

difficulties in making direct comparisons.

8.2.1 Static Dissolution - Impact of pH, Architecture and Composition

On implantation in the body, an implant will first be exposed to a physiological 

environment at pH 7.4. Many dissolution studies have been carried out at this pH to 

establish implant bioactivity (Xin et al, 2005), (Yang, H. Y. et al, 2008b). The 

breakdown of scaffolds in the in vivo environment is due to both the solubility of 

calcium phosphate in physiological solutions and to resorption by osteoclasts 

(Schaefer et al, 2011). Dissolution studies were performed at pH 4.0 to represent 

osteoclastic resorption (Dorozhkin, 2010), although the use of low pH is not as 

widely documented in the literature. The use of the two pH levels in the assessment 

of the dissolution of the CaP scaffolds in this study permitted a more complete
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picture to be obtained of the dissolution the scaffolds could expect to experience in 

vivo.

The results of the static dissolution experiments clearly indicated the impact of local 

pH levels and implant architecture on dissolution. The solubility of CaP biomaterials 

is known to increase with decreasing pH (Blokhuis et al, 2000) and the greater 

dissolution at pH 4.0, signified by greater mass loss and ion release compared to the 

pH 7.4 condition, confirmed this. The static dissolution results also indicated that 

architecture played a bigger role in the dissolution of the structures than the HA:(3- 

TCP composition. In both pH 4.0 and pH 7.4 test conditions, there was generally no 

significant difference observed in the mass loss and ion release data when analysed 

with respect to HA:P-TCP ratio, whereas there was a significant difference observed 

between the different structure types, i.e. between the solid tablets, synthetic 

scaffolds and natural scaffolds. The mass loss trends for the pH 4.0 condition 

followed the predicted pattern with respect to structure type whereas the expected 

order with respect to HAifTTCP ratio was not evident, reinforcing the conclusion that 

structure was more influential than composition for these samples. This was 

attributed to the differences in porosity and surface areas as the larger the exposed 

surface area, the greater the level of dissolution reactions that could take place 

(Radin and Ducheyne, 1994).

Precipitate formation was clearly observed during static dissolution at pH 4.0 and pH 

7.4. The precipitates were identified as DCPD at pH 4.0 and OCP or CHA at pH 7.4. 

The bioactivity of the structures was confirmed as a result of the precipitate 

formation as bioactivity is dependent on ability of the material to form a bonelike
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apatite layer on its surface (Xin et al, 2005), (LeGeros, 2008). Further to this, the 

precipitate formation verifies the release of Ca and PO4 ions from the structures as 

indicated by ICP analysis. The release of such ions leads to an increase in 

concentration of Ca and PO4 ions in regions close to the implant which improves 

osteoconductivity and aids in the formation of a tight chemical bond between the 

ceramic implant and the surrounding bone (Ribeiro et al., 2004).

The use of static dissolution tests are an important step towards understanding the in 

vivo performance of scaffolds. Accordingly, Ducheyne (1993) stated that the motive 

for carrying out dissolution experiments is the production of a database of 

bioceramic dissolution behaviour such that subsequent in vivo studies can be related 

to fundamental material behaviour parameters. The ability to link the in vitro and in 

vivo perfonnance could potentially lead to a situation where the use of animal studies 

can be reduced.

8.2.2 Review of Dynamic Dissolution Test Rig

The rationale for using a dynamic flow condition in the assessment of dissolution 

was that it would provide a situation more analogous to that of the natural 

environment an implant would experience in vivo. Review of the literature 

concerned with dynamic dissolution testing prompted the design of a custom made 

flow rig. The design evolved from consideration of the particular requirements 

considered necessary for the dynamic rig and how best to address them. The final 

design consisted of:

- Individual flow chambers to house the structure under analysis;

- A peristaltic pump to control the flow of buffer solution;
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- An appropriate reservoir to hold the buffer solution; and,

- A suitable network of tubing to connect the system together.

The flow rig design successfully addressed the requirements set out in the design 

specification. Specifically, the design:

- Possessed the capability to test multiple structures at the same time;

- Permitted the easy insertion and removal of specimen; and,

- Was easy to clean, manufacture and was chemically resistant.

Although the design fulfilled the outlined requirements, there were a number of 

unexpected outcomes which were not evident until the flow rig was in use.

One such issue was the presence of air in the system. Due to the path of the buffer 

solution from the reservoir, through the pump and flow chamber and back to the 

reservoir, it was difficult to fill the system in such a way as to ensure there was no air 

present. The volume of buffer solution required to successfully eliminate air from 

the flow would have exceeded that available for the individual tests (100 mL). This 

volume of buffer solution was selected as it was the volume utilised in the static 

dissolution tests, permitting comparisons to be made between the two test conditions.

A greater volume of buffer solution would have aided the removal of air from the 

flow. As the buffer solution flowed into the tubing, the air present in the tubing was 

forced out. The tubing that fed from the reservoir through the pump had an internal 

diameter of 2.97 mm. This connected to a tubing of internal diameter 8.00 mm, 

leading to the flow chamber. As the fluid flowed from small diameter tubing to a 

large diameter, it was not capable of filling the available space created by the greater
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volume of the 8.00 mm 0 tubing. As the fluid was not constrained in the system, it 

was free to flow back into the reservoir. A method of constraining the fluid within 

the system until the flow path was completely filled and all air within the system was 

eliminated, e.g. a set of valves or taps, would be necessary to address this situation. 

However, the incorporation of valves would have complicated the design somewhat; 

the design would be more expensive and time consuming to manufacture, the system 

would not be as easy to clean and the total volume of buffer solution would still need 

to be increased.

A further option could be to reverse the flow direction of the buffer solution so it 

flows from the bottom of the scaffold to the top (Figure 8.1). This would ensure that 

the scaffold was constantly immersed in buffer solution, with no air around it, 

although it may not address the problem of air in the system as a whole.

Figure 8.1: Schematic demonstrating effect of fluid flow direction through the flow chamber
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There would be disadvantages to this setup however, e.g. potential debris. In the 

current setup, where the buffer solution flows down through the scaffold, any debris 

as a result of the test (e.g. due to the abrasive action of the flow) was washed down 

through the structure aided by gravity and was collected in the tubing and reservoirs. 

If the flow direction was reversed, there is the potential that the debris would settle 

on top of the structure possibly blocking pores, or be carried into the pump tubing, 

blocking it due to the much smaller internal diameter of this tubing (0 = 2.97 mm) 

compared to that of the tubing connected to the flow chamber (0 = 8.00 mm).

Although the flow chamber and rig design fulfilled the necessary requirements and 

was successful in the assessment of the CaP structures, following prolonged use of 

the system it became evident that improvements could be made to the design. The 

current design permitted the reasonably easy insertion and removal of scaffolds. 

However, the need to wrap the scaffolds in PTFE tape, to ensure the flow of buffer 

solution through the pores of the scaffold rather than around the scaffold, made the 

removal of some of the structures more difficult than others. Due to the tight fit of 

some of the structures within the flow chamber, force was necessary at times to 

remove the structures following the test period.

The removal of the structures could have been made easier through the use of a 

hinged design such as that shown in Figure 8.2, incorporating seals to prevent the 

leakage of the buffer solution. Although such a design would make sample retrieval 

easier, it would be more complicated to manufacture and clean.
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Figure 8.2: Potential flow chamber design utilising a hinge and seals

The application of dynamic flow to the porous structures frequently resulted in the 

physical disintegration of the structures and the breaking off of fragments creating 

debris. This debris was washed away from the structure by the dynamic flow. 

Although the majority of the debris was washed into the reservoir, small fragments 

could remain within the tubing, necessitating the flushing out of the tubing network 

with buffer solution following every test.

As the reservoirs were located in a water bath and not directly below the flow 

chambers, the flow had to work against gravity to move the debris from the tubing 

into the reservoirs. The introduction of a trap below the flow chamber to catch 

debris could remove the need to flush the system with buffer solution (Figure 8.3). 

As the trap would be located below the flow chamber, the action of gravity would 

carry the debris into the trap. The debris could then be retrieved from the trap 

allowing accurate mass change data to be obtained.
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Figure 8.3: Introduction of trap to flow rig design to collect debris

8.2.3 Comparison of Static and Dynamic Dissolution

The use of a static test condition in the assessment of CaP dissolution provides a 

general overview of the dissolution process; however it is clear that a dynamic test 

condition supplies a situation more comparable to the in vivo environment. The use 

of a dynamic test condition is a closer approximation to the biological environment 

and as such could prove invaluable in the in vitro assessment of CaP scaffolds. In 

the in vivo environment an implant will experience a constant flow of bodily fluids 

by and through it (Fulmer et al, 2002). The constant exchange of fluid around and 

though the implant will prevent the accumulation of dissolution by-products, such as 

released ions, around and inside the implant. A scaffold exposed to a static condition 

will not experience the drawing away of by-products and it is possible an equilibrium 

state could be reached in the vicinity of the implant.
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As the pH 4.0 test condition produced more pronounced results than the pH 7.4 test 

condition, only the pH 4.0 static and dynamic tests are compared here. The results 

for the solid tablets and the natural scaffolds are presented with similar trends 

observed for the synthetic scaffolds. Figure 8.4 compares the mass changes 

experienced by the solid tablets as a result of static and dynamic pH 4.0 dissolution 

and Figure 8.5 compares the two flow conditions at pH 4.0 for the natural scaffolds. 

It is clear for both the solid tablets and porous scaffolds that the subjection of the 

structures to dynamic flow resulted in a greater mass loss than the static condition.
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Figure 8.4: Solid tablet mass change due to exposure to static and dynamic pH 4.0 buffer solution

In Figure 8.4, the mass of the solid tablets decreased over the test period for all 

HA:P-TCP compositions during both static and dynamic dissolution. The mass loss
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increased with increasing time in solution with the greatest mass loss observed at 120 

h for both flow conditions. Dynamic dissolution resulted in a greater mass loss than 

the static condition for all HA:[3-TCP ratios at time points greater than 1 h. A two 

sample t-test at a 95% confidence interval was performed to test for significance 

between the mass losses for the static and dynamic test conditions. A p-value of 

0.228 indicated there was no significant difference in the mean mass losses observed 

as a result of the two flow conditions. With respect to HA:(3-TCP ratio, the order of 

mass loss was the same for both the static and dynamic condition.

For both flow conditions the 50:50 HA:(3-TCP tablets experienced the greatest mass 

loss, followed by the 0:100 HA:P-TCP with the 100:0 HA:P-TCP solid tablets 

undergoing the least. When the results of the static dissolution tests were first 

considered, the occurrence of the mass loss in this order was unexpected. From 

consultation of the literature the expected mass loss order was 0:100 > 50:50 > 100:0 

due to the higher solubility of P-TCP compared to HA (Damien and Parsons, 1991), 

(LeGeros, 1993), (Koerten and Meulen, 1999), (Dorozhkin, 2010). The fact that the 

solid tablet mass loss for the different HA:P-TCP ratios occurred in the same order 

for both the static and dynamic conditions suggests that the order is an artefact of the 

structures and not due to an external factor such as experimental error.

The mass loss of the natural scaffolds on exposure to static and dynamic pH 4.0 

buffer solution is show in Figure 8.5. In both the static and dynamic tests, the mass 

loss experienced increased as the test period increased. The natural scaffolds 

exposed to the dynamic flow underwent a much greater mass loss than the scaffolds 

tested in the static condition at all time points and HA:P-TCP ratios. The mass loss
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experienced during the dynamic condition was generally more than double the mass 

loss experienced in the static tests and a two sample t-test performed at a 95% 

confidence interval yielded a p-value of 0.001 indicating there was a significant 

difference in the mass losses observed for the two flow conditions.

■ 0:100 Natural Scaffold Static ■ 0:100 Natural Scaffold Dynamic ■ 50:50 Natural Scaffold Static

■ 50:50 Natural Scaffold Dynamic ■ 100:0 Natural Scaffold Static ■ 100:0 Natural Scaffold Dynamic

Figure 8.5: Natural scaffold mass change due to exposure to static and dynamic pH 4.0 buffer

solution

The order of mass loss in relation to HA:(3-TCP composition varied at the different 

time points. For static dissolution the order of mass loss generally followed the order 

100:0 > 0:100 > 50:50, whereas for the dynamic dissolution the order was 0:100 > 

50:50 > 100:0. The variation in order of mass loss could be attributed to differences 

in the porous structures of the scaffolds. As the natural scaffolds were fabricated 

from natural sponge performs, there was greater variability in the structures. For
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example, the scaffolds fabricated at 100:0 HA:(3-TCP may have possessed greater 

porosity than those produced at 0:100 and 50:50 HA:(3-TCP. If the 100:0 HA:P-TCP 

static structures had greater porosity, the surface area available over which 

dissolution reactions could take place would also be greater resulting in a greater 

mass loss. The fact that the order for the dynamic condition echoed the expected 

mass loss order with respect to HA:P-TCP composition adds further credence to the 

idea that a dynamic test condition is a more appropriate representation of the 

dissolution environment.

In the static dissolution environment, the dissolution by-products were constrained 

within pores and close to the surface, potentially restricting dissolution when ionic 

equilibrium was achieved. However, the application of dynamic flow ensured the 

by-products were continually drawn away from the structure, preventing restriction 

of the dissolution process and resulting in a greater mass loss. The greater 

dissolution experienced in the dynamic condition echoed a study by Sanchez-Salcedo 

et al. (2009) in which the in vitro dissolution of scaffolds with a HA:P-TCP ratio of 

26.9:73.1 wt. % were investigated. Their findings were that the application of a 

dynamic condition produced faster dissolution than the static condition. They 

attributed this to the continuous flow of fluid preventing the accumulation of ions 

and permitting faster introduction of fluid into the structures than under static 

condition.

The Ca ions released from the solid tablets due to both static and dynamic dissolution 

are shown in Figure 8.6. It is clear that the dynamic test condition resulted in greater 

Ca ion release than the static test condition. For both flow types, the ion release
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increased with increasing time under examination. Similar trends were observed for 

the release of PO4 ions. For Ca and PO4 release, two sample t-tests performed at a 

95% confidence interval indicated there was not a significant difference in the ion 

release levels from the solid tablets for the two flow conditions (Ca - p = 0.269, PO4 

-p = 0.317).

■ 0:100 Solid Tablet Static ■ 0:100 Solid Tablet Dynamic ■50:50 Solid Tablet Static

■ 50:50 Solid Tablet Dynamic >100:0 Solid Tablet Static ■ 100:0 Solid Tablet Dynamic

Time(h)

Figure 8.6: Solid tablet Ca ion release due to exposure to static and dynamic pH 4.0 buffer solution

The comparison of the Ca ion release from the natural scaffolds indicated a greater 

ion release occurred in the dynamic condition compared to the static condition. A 

similar trend was observed for the release of P04 ions. Two sample t-tests were 

performed at a 95% confidence interval to compare the ion releases from the natural 

scaffolds due to the two flow regimes. The resultant p values (Ca - p = 0.013, PO4 - 

p = 0.006) indicated a significant difference in ion release for the two conditions.
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Figure 8.7: Natural scaffold Ca ion release due to exposure to static and dynamic pH 4.0 buffer
solution

The ion release for the dynamic dissolution of the natural scaffolds appeared to level 

off between 24 and 120 h. Although the use of the dynamic flow results in the 

continual removal of ions from the region surrounding the scaffold, the greater 

release of ions compared to the static condition at the same time point indicates that 

saturation of the buffer solution could occur at an earlier time point for the dynamic 

condition. The release of Ca ions from porous CaP scaffolds under static and 

dynamic flow regimes was examined by Impens et al. (2008). Their findings 

indicated that the ion release for the static system was much lower than for the 

dynamic system as evidenced in this work. Impens et al. (2008) attributed this 

occurrence to the inner surface of the scaffold playing a limited role in the 

dissolution process in the static test compared with the dynamic system. The fact
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that the results observed for the porous structures were significantly different at the at 

the two flow conditions, while those for the solid tablets were not, indicates the role 

the dynamic flow plays, allowing the inner surfaces of the porous scaffolds to take an 

active role in dissolution.

Mechanical tests were performed on the solid tablets following static and dynamic 

dissolution and the effect of dissolution on the compressive modulus and strength are 

shown in Figures 8.8 and 8.9 respectively. Generally the compressive modulus and 

strength values were greater for specimens under dynamic flow conditions when 

compared to the same material composition tested under the static conditions. 

However, for the 50:50 HA.'P-TCP solid tablets at 24 and 120 h, the static condition 

resulted in greater mechanical properties than the static condition.

Figure 8.8: Solid tablet change in compressive modulus due to exposure to static and dynamic flow
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Figure 8.9: Solid tablet change in compressive modulus due to exposure to static and dynamic flow

The mechanical properties of the solid tablets subjected to static and dynamic flow 

regimes were compared with each other by way of two sample t-tests. The results 

indicated that the compressive modulus for the dynamic condition was not 

significantly different from the compressive modulus determined at the static 

condition (p = 0.095). The same was true of the compressive strengths found at the 

two flow conditions (p = 0.518).

It would be expected that the dynamic condition would result in lower mechanical 

properties due to the greater removal of material as a result of the abrasive action of 

the fluid flow. The greater mechanical properties of the dynamically treated 

structures compared to the static condition was echoed in a study by Grover et al.
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(2003). In the study, the authors aimed to compare the effects of static and dynamic 

in vitro ageing on brushite cement. Brushite cement specimens were immersed in 

PBS for up to 28 days at 37 ± 1 °C. In the static condition the PBS was not replaced 

during the course of the experiment whereas for the dynamic protocol the liquid was 

refreshed every 24 h. Their findings were that the compressive strength of the 

cement did not vary significantly with mode or period of ageing until after 28 days, 

when the mean compressive strength of the cement aged using the dynamic protocol 

was shown to be higher than that aged using the static protocol.

Generally, for the static and dynamic conditions, mechanical properties showed an 

overall decrease with increasing time in solution. The drop in mechanical properties 

could be as a result of the erosion of the material throughout the course of the study. 

There is a critical point in degradation where the size and mechanical properties of 

the structure decrease rapidly although further time points need to be investigated to 

identify this.

Comparing dissolution studies can be difficult due to the lack of standardised test 

protocols, the multitude of variations in sample composition and structure, and 

dissimilarities in pH levels and test mediums used. Not to mention discrepancies in 

time points used and techniques used to measure the dissolution process e.g. mass 

changes and ion release. However, the use of a dynamic test condition is advocated 

as it provides a better comparison to the in vivo situation and the development of 

protocols that take this into account should be the next step in this area.
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8.3 In Vivo Study

Although the use of in vitro dissolution studies is a useful technique to gain an 

appreciation of scaffold performance, they cannot altogether replace in vivo 

evaluation of implant degradation (Lu et al, 2006). In vitro analyses of dissolution 

aim to simplify the process of dissolution as much as possible to allow the 

assessment of individual variables. When implanted, the scaffold will experience a 

complex dynamic physiological environment (Grover et al, 2003), which cannot be 

fully replicated in vitro. Differences in dissolution rates in vivo versus in vitro could 

be as a result of pH levels, enzymatic or inflammatory mechanisms, the extent of 

perfusion or mechanical loading (Lu et al, 2006). In general, the overall trend of a 

decrease in implant volume over the course of the in vivo study reflected the static 

pH 4.0 and dynamic pH 4.0 and 7.4 mass loss results in which mass loss increased, 

indicating a volume decrease, as time in solution increased.

The use of two p-CT scanning systems to assess the in vivo implants necessitated the 

use of two thresholding regimes. In order to validate the threshold values used, five 

specimens were scanned using both systems. The scans performed on the Skyscan 

system were first thresholded. Subsequently the thresholds utilised for the SCANCO 

scans were adjusted until comparable results were achieved. As the analysis was 

performed blind, with no knowledge of time point or implant type (apart from 

autografts where it was possible to identify the implant type by sight) at the time of 

analysis, the same threshold was applied to all scans performed on the same scanner 

allowing changes as a result of implantation time to be determined. A strong 

correlation existed between scans performed on the two systems (R = 0.9334) which 

added weight to the use of the determined threshold values for all subsequent scans.
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The analysis was performed by first identifying a volume of interest which isolated 

the implant from the surrounding bone. Such a volume of interest allowed the 

implant volume to be calculated, allowing relative changes in implant volume as a 

result of implantation time to be assessed. Difficulties were encountered in isolating 

the autograft implant from the surrounding bone. The similarity in appearance of the 

autograft to the existing bone, in combination with problems in identifying the 

boundary of the defect, resulted in a large discrepancy between the autograft implant 

volume determined on the two systems (% difference - 50.38 %). There was much 

better agreement between the implant volumes determined for the ceramic implants 

scanned on the two systems (% difference - 0:100 HA:(3-TCP: 4.57%, 50:50 HA:P- 

TCP: 8.80%, 100:0 HA:p-TCP: 16.06%, 100:0 HA:p-TCP CONTROT: 2.14%) and 

the implant volumes determined via the two systems were not significantly different 

(paired t-test, p-value = 0.518).

The p-CT analysis indicated the CaP implants were well tolerated in vivo and 

potential bone in-growth was observed. Material inside the scaffold pores of a lower 

density than the scaffold was preliminarily identified as bone in-growth into the 

scaffold however histological analysis is necessary to confirm this identification. 

The lower density material was also observed in the periphery of the implants 

suggesting the implants were integrated with the surrounding bone as evidenced in 

studies by Chang et al. (2000) and Tampieri et al. (2001) where porous HA implants 

were well tolerated and united with the host bone with bone formation observed on 

the periphery and internal to the structures.
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It would be expected that the 0:100 HA:(3-TCP ceramic implants would undergo the 

greatest resorption and remodelling, followed by the 50:50 HA:P-TCP implants with 

the 100:0 HA:P-TCP scaffolds experiencing the least. At 5 and 10 weeks the 

determined implant volume followed the expected pattern with the 0:100 HA:P-TCP 

scaffold occupying the smallest volume, the 50:50 HA:P-TCP implants possessed an 

intermediate volume and the 100:0 HA:p-TCP scaffolds occupied the greatest 

volume. At 20 weeks however, the 0:100 HA:P-TCP implants occupied the smallest 

volume followed by the 100:0 HA:P-TCP then 50:50 HA:P-TCP samples. While 

implant volume decreased as time progressed, potential bone in-growth increased for 

the 0:100 and 100:0 HA:P-TCP implants. The bone in-growth for the 50:50 HA:P- 

TCP scaffolds was comparable at all time points.

The results for the 0:100 and 100:0 implants were echoed in the literature. In a study 

by Sun et al. (2009), HA and P-TCP scaffolds with 75% porosity were implanted 

into the femoral condyle of New Zealand rabbits to assess new bone formation and 

scaffold degradation. Histological and p-CT analysis were used to assess the 

implants, with one femur with a HA or P-TCP implant selected randomly for p-CT 

imaging at 3, 6 and 12 months after implantation. The results demonstrated 

degradation in both scaffold types and P-TCP scaffold resorption was significantly 

higher than that of HA. New bone fonnation was observed in the porous HA and P- 

TCP scaffolds. They concluded that 75% porous P-TCP scaffolds were more 

suitable for new bone in-growth than the HA scaffolds.

One of the requirements of an ideal scaffold is an implant resorption rate that 

matches the rate of new bone formation (Blokhuis et al, 2000). As the % increase in
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potential bone in-growth volume for the 0:100 and 100:0 HA:p-TCP implants was 

approximately equal to the % decrease in implant volume over the same time period, 

this requirement may have been met. Despite its advantages, the use of p-CT cannot 

fully replace the use of histological analysis. Histological analysis remains vital to 

positively identify bone in-growth and to determine the extent of bone in-growth and 

mineralisation. The two techniques should be used in tandem to fully appreciate the 

in vivo implant behaviour.

The in vitro dissolution of CaP biomaterials is thought to echo resorption in vivo and 

a goal of performing lab based dissolution tests is to gain an understanding of how 

CaP structures will be affected by implantation. Consequently, a comparison must 

be made between the in vitro and in vivo test results. Figures 8.10, 8.11 and 8.12 

show the in vitro and in vivo results for the 0:100, 50:50 and 100:0 HA:P-TCP 

natural scaffolds. The dynamic dissolution at pH 4.0 and pH 7.4 are shown 

alongside the results of the animal study with the time axis displaying key time 

points for all test types (pH 4.0 - 1 h, 24 h, 120 h, pH 7.4-1 D, 7 D, 14 D, Animal 

study - 5 - 10 W, 5 - 20 W).

There was a discrepancy in sample sizes between the dissolution (sample 0 ~ 8 mm) 

and animal study (sample 0 ~ 4 mm). To allow comparisons to be made across all 

studies the mass loss of the dissolution samples was represented as a percentage of 

the original scaffold volume. The change in scaffold volume for the dissolution 

studies were determined by dividing the mass loss by the apparent density of the 

scaffold material, giving the equivalent volumetric loss. The volumetric loss was 

expressed as a % of the original scaffold volume. The volume changes of the
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scaffolds implanted in the rabbits were expressed as the % change in volume from 5 

-10W and from 5 - 20 W to allow a more realistic comparison.

■ Dynamic pH 7.4 ■ Animal StudyDynamic pH 4.0

100.0 - -

= 80.0

VOLUME
LOSS

5- 10 W 5-20 W

Time Point

Figure 8.10: Comparison of 0:100 HA:P-TCP natural scaffolds undergoing dynamic dissolution at

pH 4.0, pH 7.4 and in vivo implantation

Figures 8.10 and 8.12 indicate that that the volumetric changes of the 0:100 and 

100:0 HA:P-TCP scaffolds as a consequence of in vivo implantation lay between the 

volumetric changes experienced at pH 7.4 and pH 4.0. At a HA:P-TCP ratio of 

50:50, the volumetric changes for the implanted scaffolds between 5 - 10 W was in 

line with the 0:100 and 100:0 HA:P-TCP results, however the volume gain that 

occurred from 10 - 20 W was not, as evidenced by the gain in volume as opposed to 

a decrease. Generally the volumetric changes resulting from implantation lay 

between the pH 4.0 and pH 7.4 dissolution results, indicating that in vitro dynamic 

dissolution tests should be performed at both pH levels in order to achieve the most 

accurate approximation of the in vivo environment. Additionally the use of a 

dynamic condition opposed to a static condition is advised.
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Figure 8.11: Comparison of 50:50 HA:P-TCP natural scaffolds undergoing dynamic dissolution at

pH 4.0, pH 7.4 and in vivo implantation
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Figure 8.12: Comparison of 100:0 HA:P-TCP natural scaffolds undergoing dynamic dissolution at

pH 4.0, pH 7.4 and in vivo implantation
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8.4 Summary

The CaP scaffolds produced have been shown to possess desirable architectural and 

biological properties. The synthetic and natural scaffolds displayed porosities and 

pore dimensions within the ranges deemed necessary for successful application to 

bone tissue engineering therapies. The mechanical properties exhibited by the 

scaffolds were comparable to those stated in the literature and to that of cancellous 

bone suggesting their suitability for use in non-load bearing applications.

Bioactivity of the structures was suggested by precipitate formation and the 

appropriateness of devised dissolution testing protocols was demonstrated. The use 

of a dynamic flow regime at pH 4.0 and 7.4 was advocated for use in predictions of 

in vivo dissolution. Although the scaffolds undergoing dynamic dissolution lost 

mechanical integrity as a result of the test process, in the in vivo situation bone in

growth was shown to occur as material was removed, thus the mechanical integrity 

would be maintained in vivo. The in-growth of bone suggested the osteoconductivity 

of the structures and their appropriateness for use in this field, although it should be 

noted that histological analysis would be necessary to confirm this.
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9.0 Conclusions

The successful manufacture of high solid content, biphasic ceramic slips permitted 

the reliable and repeatable production of CaP scaffolds that demonstrated novel 

architecture comparable to that of cancellous bone. The performance of these CaP 

scaffolds under in vitro conditions was assessed and it was demonstrated that 

properties varied with respect to test condition and time. The in vitro dissolution 

tests allowed the influence of scaffold architecture and composition on dissolution to 

be assessed. It was concluded that architecture played a more dominant role than 

material composition and that testing under dynamic flow condition resulted in 

greater level of dissolution when compared to the static equivalent. The influence of 

test condition on scaffolds and the importance of appropriate characterisation prior to 

implantation were highlighted, further indicating the need for relevant standards and 

protocols.

The overall aim of the project was the production and subsequent characterisation of 

porous ceramic structures for potential use as bone substitutes. This was fulfilled by 

the:

- Optimisation of fabrication techniques to produce CaP scaffolds of varying material 

composition and architecture.

- Design, development and application of in vitro dissolution test protocols to assess 

impact of variables, including composition, architecture, pH and flow condition, on 

dissolution.

- Assessment of in vivo behaviour and verification of scaffold efficacy using an 

appropriate animal model.
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In summary the project outcomes were:

- High solid content (75 wt. %) ceramic slips of varying compositions (0:100, 50:50 

and 100:0 HA:P-TCP) with appropriate viscosity to allow infiltration of selected 

preforms were successfully produced.

- Synthetic PU and natural marine sponges were effectively replicated using the 

sponge replication technique producing, porous structures of varying HA:(3-TCP 

ratios and architectures.

Technique developed and successfully applied to improve the mechanical 

properties of the polymer sponge replicated scaffolds. Improvements of over 400% 

were observed in mechanical properties while appropriate levels of porosity and pore 

size were maintained. The modified technique has shown promise in the production 

of reliable and repeatable structures with appropriate properties for use in this field.

Natural sponge replicated scaffolds and those produced via the modified 

production technique demonstrated desirable architectural features required of 

scaffolds for bone tissue substitution (Table 9.1).

Table 9.1: Summary of architectural and mechanical properties of natural and synthetic scaffolds

Structure Natural Synthetic Desirable Range

Pore Dimensions (pm) 345.6 ±45.5- 
438.8 ±71.0

476.8 ± 160.0- 
618.2 ± 157.6 > 100

Porosity (%) 64.24 ± 3.39 72.67 ±3.72 50-90
Interconnected Pores / / Essential

Compressive Modulus (MPa) 58.15 ± 12.56 75.07 ±7.31 50-500
Compressive Strength (MPa) 2.24 ± 0.95 0.71 ±0.12 2-12

- In vitro dissolution protocols were developed to allow assessment of dissolution as 

a consequence of scaffold architecture, composition, pH and flow condition.

- A test rig to assess the dynamic dissolution of CaP structures was successfully 

designed, constructed and implemented.
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- Dissolution was shown to be more strongly influenced by architecture than HA:(3- 

TCP composition for both static and dynamic dissolution.

- Precipitate was readily formed under static conditions suggesting the bioactivity of 

the structures.

- CaP implants were well tolerated in vivo, underwent degradation and appeared to 

invoke potential bone in-growth, further confirming their appropriateness for use in 

bone tissue replacement applications.

- Effectiveness of p-CT analysis in the assessment of scaffold dissolution was 

demonstrated, however the use of p-CT alone in the assessment of in vivo resorption 

was not deemed appropriate, rather it should be used to compliment current 

histological techniques. However p-CT has the potential to become a standard 

technique in the in vivo assessment of scaffolds for bone tissue engineering.

In conclusion, scaffolds were produced which possessed pore dimensions, porosity 

and mechanical properties within the ranges quoted in the literature. It was indicated 

that the structures were:

- Bioactive, suggested by the formation of precipitate in dissolution studies;

- Biocompatible, as evidenced by their toleration in vivo and their ability to 

be remodelled following implantation; and,

- Potentially capable of being resorbed at a rate in line with that of bone 

regeneration.

The ideal properties scaffolds for bone tissue engineering should possess, as laid out 

in Chapter 2.0, were addressed by the scaffolds developed in this study. The 

production and characterisation techniques used and developed in this study could 

potentially be used in the production of viable bone substitutes.
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10.0 Future Work

The work conducted within this PhD research program provides a foundation for the 

production of viable CaP scaffolds with controllable composition and architecture for 

use in bone substitution. Further work in this area could potentially include:

- Use of PU sponge in a range of PPIs to produce scaffolds with an array of 

porosities and pore sizes. This would permit a more comprehensive 

understanding of the impact of structure on subsequent scaffold properties.

- Production of scaffolds with graded porosity to better mimic the structure of 

bone, cancellous and cortical, e.g. a low porosity PU sponge could be 

attached to a high porosity sponge to give a porosity gradient as shown in 

Figure 10.1.

Figure 10.1: Demonstration of how a range of PPI sponges can be used to produce a porosity gradient

- Production of slips of intermediate HA:[3-TCP ratios, e.g. 25:75 and 75:25 

HA:(3-TCP, to allow a full assessment of the impact of HA:|3-TCP ratio.
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The dissolution tests developed were successful in the assessment of structure 

dissolution. They present a basis for the prediction of how CaP implants may behave 

on implantation in vivo, however large volumes of data on a wider range of variables 

must be accumulated in order to fully appreciate the processes of dissolution and 

resorption, and allow accurate predictions to be made. To achieve this, work in this 

area should include:

- Completion of the dynamic dissolution performed at pH 7.4 i.e. assessment at 

the remaining time points of 3 and 21 D and ICP analysis to be performed at 

all time points.

- Potential modifications to flow rig as detailed in Chapter 8.0.

- Development of a flow rig which would permit the application of mechanical 

loading to the scaffold during dissolution to gain an understanding of its role 

in the dissolution process.

- Use of dissolution time points to coincide with the time points assessed in the 

animal study, for both static and dynamic dissolution and at both pH levels, to 

allow a more complete and realistic comparison to be made between the in 

vitro and in vivo scaffold assessments.

- Application of p-CT analysis to all dissolution studies, static and dynamic, to 

allow more accurate dissolution results to be determined.

- Histological analysis of animal study results to confirm the results of the p- 

CT analysis.
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Appendix A: Dynamic Flow Chamber Design 
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Appendix B: Representative Images of Implants at 10W
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