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Abstract 

Synthetic bone graft substitutes are frequently used to fill defects with significant 

bone loss to prevent fibrous tissue ingrowth and loss of function. Bone grafts are 

often used to augment deficient alveolar ridges allowing placement of dental 

implants subsequent to prior bone loss. Although autografts, allografts and 

xenografts have been used and researched extensively, they have inherent 

limitations. To overcome these, synthetic alternatives, such as calcium 

phosphate cement-based biomaterials are being developed. Brushite and 

monetite are acidic calcium phosphates having similar chemical composition. 

However, their in vivo behavior differs in terms of resorption and bone response. 

Although brushite and monetite have been shown to resorb faster in vivo than 

hydroxyapatite (HA), a significant reduction in the rate of resorption occurs 

following phase conversion of brushite to insoluble HA. 

 

 As such differences between bone grafts are attributed to material composition 

even though physical properties such as surface area and porosity invariably 

differ. This thesis focuses on determining the factors and mechanisms that 

makes these chemically similar materials behave differently in vivo. We produced 

brushite cement grafts and converted them to two types of monetite by using wet 

(autoclaving) and dry heat (under vacuum) dehydration which resulted in 

materials with differing physicochemical properties. These grafts were then aged 

in vitro using bovine serum and phosphate buffered saline (PBS) solutions, 

implanted subcutaneously, in femoral condyles and onlay grafted on calvaria. 

The dissolution, resorption and bone formation potential of these dicalcium 

phosphate cement grafts was assessed and compared. Also, we developed a 

new alkali ion (sodium and potassium) substituted calcium phosphate cement, 

reinforced with silica and set using phytic acid. The set cement blocks were aged 

in PBS solutions and their in vitro dissolution and degradation along with other 

physico-chemical properties was assessed. 
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Results presented in this Ph.D thesis discuss and shed light on the fundamental 

yet not understood questions regarding the relative contributions from chemico- 

vs physico-biomaterial properties in graft resorption and bone regeneration. This 

will allow in future the preparation of improved calcium phosphate-based bone 

substitute grafts with potential to achieve higher clinical efficiency.  
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Re’sume’ 

 

Les substituts synthétiques de greffe osseuse sont fréquemment utilisés pour 

remplir les défectuosités avec perte osseuse significative, ceci afin d‟empêcher la 

croissance à l‟intérieure de tissu fibreux et la perte de fonction. Les greffes 

osseuses sont souvent utilisées pour augmenter les crêtes alvéolaires 

déficientes en permettant le placement d'implants dentaires avant la perte 

osseuse. Bien que les autogreffes, allogreffes et xénogreffes ont été utilisées et 

étudiées de façon intensive, elles présentent des limites inhérentes. Pour 

surmonter cela, des alternatives synthétiques tels que les biomatériaux à base 

de ciment de phosphate de calcium ont été développées. La brushite et la 

monétite sont des phosphates de calcium acides à composition chimique 

similaire. Toutefois, leurs comportements in vivo diffèrent en terme de résorption  

ett réponse osseuse. Bien qu'il ait été démontré que la brushite et la monétite 

résorbent plus rapidement que l'hydroxyapatite (HA) in vivo, une réduction 

significative du taux de résorption se produit après la conversion de phase de la 

brushite en l‟insoluble HA. 

  

En soi, les différences entre les greffons osseux sont attribuées à la composition 

du matériau même si les propriétés physiques telles que la surface spécifique et 

la porosité diffèrent invariablement. Cette thèse vise à déterminer les facteurs et 

les mécanismes qui font que ces matériaux bien que chimiquement similaires se 

comportent différemment in vivo. Nous avons produit des greffes de ciment de 

type brushite et les avons converties en deux types de monétite en utilisant la 

déshydratation soit humide (autoclave) soit sèche (sous vide) afin de produire 

des matériaux ayant des propriétés physico-chimiques différentes. Ces greffes 

ont ensuite subit un vieillissement in vitro dans du sérum bovin ou dans une 

solution saline tamponnée au phosphate (PBS) et in vivo, avec des implantations 

en sous-cutanée ou alors dans les condyles fémoraux et finalement en greffant 

sur le dessus de la calotte crânienne. Le potentiel de la dissolution, de la 

résorption et de la formation osseuse de ces greffes à base de ciment de 
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phosphate dicalcique a été évalué et comparé. En outre, nous avons développé 

un nouveau ciment de phosphate de calcium substitué par un ion alcalin (sodium 

et potassium), renforcé par la silice et pris à l‟aide d'acide phytique. Les blocs de 

ciment durcis ont été vieillis dans les solutions de PBS et leur dissolution et 

dégradation in vitro ainsi que d'autres propriétés physico-chimiques ont été 

évaluées. 

 

Les résultats présentés dans cette thèse de doctorat répondent aux questions 

fondamentales mais pas encore comprises, concernant les contributions 

relatives des propriétés chimiques versus physique des biomatériaux durant la 

résorption et la régénération osseuse. Cela permettra dans le futur de préparer 

des substituts améliorés de greffe osseuse à base de phosphate de calcium 

avec un potentiel d'atteindre une efficacité clinique supérieure. 
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Chapter 1: General Introduction 

 

Although bone has the potential to repair itself following injury, disease, surgical 

removal and tissue loss following trauma; placement of bone grafts is frequently 

indicated to prevent fibrous tissue in-growth, facilitate repair and to maintain 

mechanical function. Bone grafting is a common surgical procedure which is 

performed in approximately 10% of all orthopaedic reconstruction cases (1). 

More than 2.2 million bone grafting procedures are carried out annually 

worldwide in order to repair orthopaedic, dental, congenital and neurosurgical 

defects (2, 3). 

 

The most frequently used bone graft material is autologous bone which is 

commonly harvested from ribs and the iliac crest (1, 4, 5). Currently, autologous 

bone grafting is considered to be the gold standard as autografts have suitable 

biological compatibility (6-8). However, donor site morbidity and the limited 

amounts which can be obtained have a restricting effect on their use and have 

stimulated research towards exploring suitable alternatives (9-11).  

 

Ideally, bone substitutes should demonstrate good local and systemic 

compatibility, undergo bioresorption and have the capability to be substituted by 

the regenerating bone (10, 12). Recent studies have shown that synthetic grafts 

prepared from acidic calcium phosphates, brushite and monetite, resorb faster in 

vivo than hydroxyapatite (HA) (13-16). Although both materials have similar 

chemical composition, their in vivo behaviour differs. Monetite, unlike brushite, 

does not reprecipitate as HA in vivo, and recent animal studies have 

demonstrated its good osteoconductive and osteoinductive properties (14, 17, 

18).  

 

Biomaterial-bone tissue interactions are interpreted in terms of material chemistry 

even though physical properties are not controlled. As such the differences 

between bone grafts are attributed to material composition even though surface 
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area and porosity invariably differ. These potentially are the key factors that 

affect the in vivo response and behavior and require investigation. The primary 

objectives of this research were to: 

 

 Investigate and assess the dissolution, degradation and resorption of 

dicalcium phosphate bone grafts in an in vitro ageing model and after 

subcutaneous implantation. 

 

 Investigate the ability of dicalcium phosphate grafts to be resorbed and 

replaced by newly forming bone after implantation in orthotopic sites. 

 

 Assess the ability of dicalcium phosphate onlay grafts to achieve vertical 

bone augmentation.  

 

 Develop an alkali ion substituted calcium phosphate cement set with a 

strong chelating agent and evaluate the physico-chemical properties 

before and after in vitro ageing. 

 

This thesis comprises of four manuscripts that report experiments which target 

these objectives providing a new insight to how altering the physico-chemical 

properties of calcium phosphate cements affects graft resorption and bone 

response towards them.  

 

The work was performed by the author between September 2010 and March 

2014 in the laboratory and hospital surgical facilities and under the supervision of 

Dr. Jake Barralet at the Faculty of Dentistry, McGill University.  
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Chapter 2: Literature review 

 

2.1 Introduction 

This literature review will provide an overview of the development, architectural 

structure and constituents of bone tissue. The processes of bone repair and 

regeneration will be briefly discussed leading to the introduction of bone grafting 

as a technique used in dental and orthopaedic surgery. Various bone grafting 

materials (natural and synthetic) will be reviewed followed by an introduction to 

calcium phosphate cements being used as biomaterials. A greater emphasis will 

be on discussing dicalcium phosphate cements namely: brushite and monetite.  

 

 

2.2 Bone 

Evolutionary process has led to the existence of the complex, multiphasic, 

anisotropic and heterogeneous microstructure of bone. It is a highly specialized 

tissue forming a supporting framework of the body, characterised by its hardness, 

stiffness and the intrinsic ability to regenerate and repair itself (19, 20). It 

provides protection to vital organs, acts as a mineral reservoir for growth factors 

and cytokines, plays a role in calcium homeostasis, provides space to enclose 

marrow, and helps in muscle based movements (21). Bone is not inert but in fact 

is a dynamically metabolized connective tissue (22). It continuously undergoes a 

remodelling process in order to adapt to the changing biomechanical forces, as 

well as to replace damaged and old bone with newer tissue maintaining bone 

strength (23). 

 

2.2.1 Bone composition 

Bone is a composite material comprised of specific cells, collagen, 

mucopolysaccharides, non-collagenous proteins, and minerals. The dry weight of 

bone comprises (24): 
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 Inorganic component (~70%), consisting mainly of hydroxyapatite (HA) 

(~99%). 

 

 Organic component (~30%), having Type I collagen (~90%) and non-

collagenous structural proteins (~10%) . 

 

The following subsections will discuss the origin and role of the variety of cell 

types, matrix components and minerals in formation and maintenance of bone. 

 

2.2.1.1 Bone cells 

There are three cell types that play a vital role in the development and 

maintenance of bone tissue throughout the life of an individual. These cell types 

will briefly be discussed in this section. 

 

● Osteoblasts: The precursor mesenchymal (osteoprogenitor) or stromal stem 

cell for osteoblasts is pluripotent and can also differentiate into marrow support 

cells and/or adipose cells, and possibly also into muscle cells, fibroblasts, or 

cartilage cells (25). Osteoblasts are formed and reside in the periosteum and 

bone marrow. These cells produce bone by the synthesis of matrix and its 

subsequent mineralization. Osteoblasts are mononucleated cells, and their 

shape varies from flat to plump, reflecting the level of cellular activity and maturity. 

They have a cuboidal shape during periods of high activity but become flat and 

line the bone surface at end of the matrix synthesis cycle (22). These cells line 

up along the bone forming surfaces and are responsible for deposition of bone 

matrix and regulation of osteoclasts (bone resorbing cells) (26). Osteoblasts 

possess receptors for estrogen and parathyroid hormones and have a high 

content of alkaline phosphatase, an organic phosphate-splitting enzyme. A 

variety of growth factors, hormones and physical stimuli act mainly through 

osteoblasts to bring about their effects on bone (27). 
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Table 2.2.1.1.1: Various cell types that play a role in bone formation and 

resorption. 

 

 

 

● Osteocytes: These are terminally differentiated osteoblasts which get trapped 

in the matrix secreted by them. These cells are the most numerous in bone and 

possess the ability to communicate with not only each other but also with 

surrounding matrix through extensions of their plasma membrane (syncytial 

network of filopodial cellular processes) (27). Once osteocytes stop secreting 

osteoid they act as mechanosensors, instructing osteoclasts and osteoblasts to 

resorb and form bone respectively (28), hence ensuring a highly-coordinated and 

controlled remodelling process (29). 
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Figure 2.2.1.1.1: Interaction of stromal and hematopoietic cells leading to the 

formation of the osteocyte.  

 

 

● Osteoclasts: These are multinucleated giant cells responsible for the 

resorption of bone tissue. Activated osteoclasts are derived from the 

mononuclear precursor cells of monocyte-macrophage lineage (30). Active 

osteoclasts come in contact with calcified bone surface and exist within 

Howship‟s lacunae which are eroded  pits created by their own resorptive activity 

(31). A feature that distinguishes osteoclasts from other cells is the presence of 

multiple nuclei and their relatively large size. In addition to multiple nuclei, 

osteoclasts also contain tubular and non-tubular lysosomes, vacuoles, numerous 

mitochondria, endoplasmic reticulum and well a developed Golgi apparatus (31, 

32). The presence of these structures indicates the high activity of osteoclasts in 

energy production and protein synthesis, especially the production of lysosome 

enzyme (22).  
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Figure 2.2.1.1.2: A diagrammatic representation of the interaction of stromal and 

hematopoietic cells forming osteoclasts and osteoblasts.  

 

 

2.2.1.2 Bone matrix 

Matrix by definition is an environment or a substance in which something 

develops. Bone matrix is the intercellular substance of bone which consists of 

collagenous fibers, ground substance (non-cellular component), 

muccopolysaccharides and non-collagenous proteins (33). Newly formed bone 

matrix does not mineralize immediately and this non-calcified matrix is known as 

osteoid, which exists under the regulation of osteoblasts (34). The quantity of 

osteoid is dependant and directly proportional to the bone forming activity of 

osteoblasts. A brief discussion about the components that make up the bone 

matrix follows: 
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● Collagen: Collagen is a fibrous protein that is assembled into fibrils that form 

fibers and bundles. The bonds present between collagen molecules provide 

stability and mechanical strength to bone. Collagen Type I constitutes ~90% of 

the organic matrix of bone, with little amounts of Type III, V, and FACIT (Fibril-

Associated Collagens and Interrupted Triple Helices) collagens (35). FACIT are 

non-fibrillar collagens that are important for the organization and stability of 

extracellular matrices. Osteoblasts are responsible for the synthesis and 

deposition of precursors of collagen Type I in a parallel fashion or in concentric 

layers to produce mature (lamellar) bone (discussed later) (36).  

 

● Mucopolysaccharides: This term is given to any group of polysaccharides 

which contain an amino sugar and uronic acid; a constituent of mucoproteins and 

glycoproteins. Muccopolysaccharides were previously known as 

Glycosaminoglycans (GAGs). The most predominant mucopolysaccharides 

include hyaluronic acid, dermatan sulfate, heparin, chondroitin sulfate, keratan 

sulfate, and heparin sulfate (37). These are highly negatively charged molecules 

located primarily on the surface of cells or in the extracellular matrix (ECM). Due 

to their high viscosity and low compressibility, these molecules are ideal for 

acting as a lubricating fluid in joint capsules (37). At the same time, their rigidity 

renders structural integrity to cells and provides passageways between cells, 

allowing for cell migration (37). 

 

● Non-collagenous proteins: Osteoblasts are responsible for the synthesis and 

secretion of non-collagenous proteins, such as osteocalcin (most abundant non-

collagenous protein in bone matrix), bone sialoprotein, osteopontin, osteonectin, 

glycosylated proteins with and without potential cell-attachment activities, 

proteoglycans (decorin and biglycan), and γ-carboxylated (Gla) proteins (38, 39). 

Alkaline phosphate is the main glycosylated protein present in bone which is 

thought to be responsible for the mineralization of bone (40). 

 

 

http://themedicalbiochemistrypage.org/extracellularmatrix.php
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2.2.1.3 Bone minerals 

The main mineral component of bone is crystalline HA having a chemical formula 

of Ca10(PO4)6(OH)2. This accounts for approximately 25% by volume and 69% by 

weight the mass of adult bone (41, 42). HA is formed through several stages of 

maturation of amorphous calcium phosphate into small plates and rods. The 

crystals which form bone structure are deposited along the collagen fibrils and 

are located in spaces around the collagen molecules (43). Inorganic ions of these 

crystals like calcium and phosphorous are derived from blood plasma (44). The 

integral strength and hardness that is required for bone to serve the mechanical 

functions of the skeleton are a result of the mineral part of the bone composite. 

 

 

2.2.2 Bone development  

Intramembranous and intracartilaginous ossifications are the two essential 

processes during the development of mammalian skeletal tissue.  

 

2.2.2.1 Intramembranous ossification 

This is characterised by the laying down of bone into a primitive connective 

tissue (mesenchyme). This takes place by the formation of an ossification center, 

followed by calcification leading to the formation of trabeculae and eventually 

development of periosteum around the forming bone tissue (45). The process of 

intramembranous ossification is the direct mineralization of highly vascular 

connective tissue and it starts at certain points known as the centers of 

ossification (46). At these centers, the MSCs multiply and condense around a 

profuse capillary network. Among these proliferating cells and vessels is the 

amorphous ground substance with a fine network of collagen fibers (47). The 

MSCs differentiate and convert to osteoblasts and deposit osteoid in the center 

of the aggregated cell mass. At this point osteoid becomes mineralized and this 

creates the nidus which contains mineralized osteoid (entrapping osteoblasts to 

form the osteocytes) that is lined by active osteoblasts (45). The nidus which 

starts as a collection of MSCs becomes a rudimentary bone tissue and the 
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process of entrapment of osteoblasts continues as trabeculae thicken and 

vascular spaces become progressively narrower (19, 46). This process also 

occurs during the healing process of fractures (particularly compound fractures) 

treated by open reduction and stabilized by metal plates and screws (48, 49). 

Some examples of bones formed by intramembranous ossification are the skull, 

clavicle, maxilla, and mandible.  

 

 

 

 

Figure 2.2.2.1.1: A diagrammatic representation of the microscopic structure of 

bone. 
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2.2.2.2 Intracartiaginous ossification 

In this process, there is a cartilage model which acts as a precursor for bone 

formation. Intracartilaginous ossification requires an initial hyaline cartilage and is 

initiated at points which are called primary ossification centers, which mostly 

appear during fetal development (46). Secondary ossification occurs after birth 

and is responsible for the formation of epiphyses of long bones and the 

extremities of flat and irregular bones (50). The diaphysis and epiphysis are 

separated by a growing zone of cartilage (the epiphyseal plate). Upon reaching 

the age of maturity (~18-25 years, with variation between males and females), all 

of the cartilage is replaced by bone and the diaphysis and both epiphyses are 

fused together termed as epiphyseal closure (51). Intracartilaginous ossification 

takes place via following stages (46): 

 

 Development of cartilage. 

 Growth of cartilage. 

 Development of the primary ossification center. 

 Development of the secondary ossification center. 

 

Intracartilaginous ossification is the most dominant process which occurs during 

fracture healing when treated by cast immobilization (43). Some bones which 

form by cartilaginous ossification are the humerus, radius, tibia, and femur. 

 

2.2.3 Bone types according to morphology 

Bone can be divided into two cortical and trabecular types based on morphology. 

 

2.2.3.1 Cortical bone 

The cortical or compact bone is the dense and solid component of bone 

surrounding marrow space and the cancellous bone. Cortical bone is 

characterised by having an outer periosteal surface and an inner endosteal 

surface (52). The periosteum is a fibrous connective tissue sheath that contains 

nerve fibers, blood vessels, osteoblast, and osteoclasts. Periosteum nourishes, 
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protects, aids in bone formation, and also plays a vital role in fracture repair and 

appositional growth (53). The endosteum is the membranous structure covering 

the inner surface of cortical bone (also cancellous) and the canals present which 

contains blood vessels. Cortical bone consists of cylindrical structures known as 

osteons or Haversian systems, with a diameter of ~200 µm formed by cylindrical 

lamellae surrounding the Haversian canal (52). The boundary between the 

osteon and the surrounding bone is commonly known as cement line. Cortical 

bone has ~5-10% porosity with varying pore sizes (33). The largest pore sizes 

(~50 µm diameter), are formed by the Haversian canals (aligned with the long 

axis of the bone) and Volkmann‟s canals (transverse canals connecting 

Haversian canals) with capillaries and nerves (54). Other porosities are 

associated with lacunae (cavities connected through small canals known as 

canaliculi) and with space between collagen and HA (~10 nm) (55).  

 

 

Figure 2.2.3.1.1: A long bone (femur) showing various types of bone tissue 

according to morphology. (Adapted from: Queen Mary, University of London 

handout notes). 
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2.2.3.2 Trabecular bone 

Cancellous bone, also known as trabecular or spongy bone is composed of a 

honeycomb-like network of trabecular plates and rods interspersed in the bone 

marrow compartment. Cancellous bone has ~50-95 % porosity, usually found in 

cuboidal bones, flat bones and at ends of long bones (55). The bone matrix of 

cancellous bone has variable patterns of struts and plates called trabeculae, with 

a thickness of about 200 µm (56). These pores present are interconnected and 

filled with marrow tissue (composed of blood vessels, nerves, and cells whose 

main function is production of blood cells). The cancellous endosteum covers the 

inner surface of all cancellous bone. 

 

 

 

Figure 2.2.3.2.1: An inverted X-ray image of Long bone (femur) showing: 2 

green arrows – Trabecular bone, 1 blue arrow – Cortical bone, and 1 red arrow – 

Marrow cavity. 
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Figure 2.2.3.2.2: Micro-computed tomographic images of cross sections of A: 

cortical bone, and B: cancellous bone. 

 

 

2.2.4 Bone types according to collagen pattern in osteoid 

According to collagen patterns observed in the osteoid tissue, bone tissue can be 

divided into the woven and the lamellar types. 

 

2.2.4.1 Woven bone 

Woven bone is characterised by the haphazard laying down of collagen fibers 

and crystals, with absence of any organized pattern (57). It is produced when 

osteoblasts produce osteoid rapidly, which usually occurs during the initial 

phases of bone formation in the fetus; hence, the skeletal embryo consists 

entirely of woven bone (52). This woven bone is ultimately replaced by the 

process of bone remodeling that deposits more lamellar bone (19). Normally, 

there is no woven bone in the human skeleton after 4 or 5 years post birth but it 

reappears during the initial stages of healing process after suffering bone fracture 

(19, 55). Woven bone may also be seen in conditions that cause a high bone 

turnover such as, osteitis fibrosa cystica, hyperparathyroidism, and Paget‟s 

disease (52). 
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2.2.4.2 Lamellar bone 

This type of bone is characterised by having a regular parallel alignment of 

collagen into sheets (lamellae) (52). Lamellar bone, as a result of the alternating 

orientations of collagen fibrils, has increased mechanical strength. In a healthy 

mature adult human, virtually all bone tissue is of lamellar type unless there is 

damage and the healing process takes place resulting in woven bone formation 

(53). Lamellar bone formation is a slower process in comparison with the less 

organized woven counterpart (58). 

 

 

2.2.5 Bone types according to shape 

Bones can be classified according to various shapes. 

 

2.2.5.1 Flat bones 

Flat bones are generally curved and thin with two parallel layers of cortical bones 

sandwiching a layer of cancellous bone. Flat bones include the skull, scapulae, 

mandible, ribs and the sternum. 

 

2.2.5.2 Long bones 

The long bones are composed of a hollow shaft (diaphysis), flared, cone-shaped 

metaphysis below the growth plates, and a rounded epiphyses above the growth 

plates (52). The diaphysis is primarily composed of dense compact bone, 

whereas the metaphysis and epiphysis are composed of cancellous (spongy) 

meshwork of bone surrounded by a very thin compact bone. Long bones include 

the clavicles, radii, humeri, metacarpals, femurs, tibiae, ulnae, fibulae, 

metatarsals and phalanges.  
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Figure 2.2.5.2.1: Bone according to varying shapes. (Adapted from: Queen 

Mary, University of London handout notes). 

 

 

2.2.5.3 Short bones 

Short bones are roughly cubical in shape and only have a very thin layer of 

compact bone surrounding a cancellous interior (59). These include the tarsals, 

carpals, and the bones of ankles and wrists.   

 

2.2.5.4 Sesamoid bones 

Sesamoid bones are bones embedded within the tendons. They act to hold the 

tendon further away from the joint which increases the angle of the tendon 

leading to increased leverage of the muscle. Patella and pisiform are examples 

of sesamoid bones.   
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2.2.5.5 Irregular bones 

These are bones which do not conform to a particular shape. They consist of thin 

layers of compact bone surrounding a spongy interior. Their irregular shape is 

thought to be caused by their many centers of ossification or due to the presence 

of bony sinuses within them (60). Irregular bones include the vertebrae, coccyx, 

sacrum, ethmoid, sphenoid and the hyoid bone. 

 

 

2.3 Bone remodelling and repair 

Physiological bone remodelling is a process by which bone is maintained by 

removal from and addition to the skeleton. It is a lifelong continuous process of 

removal of portions of old bone to be replaced with newly synthesized 

proteinaceous matrix, and its subsequent mineralization (61-63). It is a balance 

to maintain bone mass and can provide minute-to-minute exchanges of minerals 

from bone matrix. Bone remodelling is essential in maintenance of bone strength 

and mineral homeostasis by responding to functional demands (64). Remodelling 

not only regulates the reshaping and replacement of bone during growth and 

fracture healing, but is also responsible for healing bone micro-damage which 

occurs through normal activity (24, 63). The bone remodelling cycle involves a 

series of highly regulated steps that depend on the interaction of osteoblasts and 

osteoclasts, coupled via paracrine cell signalling (65). Bone remodelling process 

can be subdivided into six phases (64): 

 

 Quiescence 

 Activation 

 Resorption 

 Reversal 

 Formation 

 Mineralization 
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The quiescent phase is a state of bone at rest prior to the activation phase that 

involves the stimulation of bone surface through retraction of bone lining cells (29, 

66, 67). The recruitment of mononuclear monocyte-macrophage osteoclast 

precursors from the blood, results in the interaction of osteoclast and osteoblast 

precursor cells. This results in differentiation, migration, and fusion of the 

osteoclasts, which attach to mineralized bone surface and initiate resorption (68). 

In the resorptive phase osteoclasts begin to dissolve the mineral matrix and 

cleave the osteoid matrix resulting in formation of resorption pits (66). Osteoclast-

mediated resorption takes two to four weeks during each remodeling cycle. In the 

reversal phase, bone resorption transitions to bone formation and preosteoblasts 

are recruited to begin new bone formation (68). During the formation phase 

osteoclasts detach from the bone surface and are replaced by cells of osteoblast 

lineage which initiate bone formation. The differentiated osteoblasts synthesize 

the osteoid matrix which fills the resorbed cavity (54). The osteoblasts continue 

to produce bone and ultimately stop and transform to quiescent lining cells that 

cover the newly formed bone surface connecting the osteocytes in bone matrix 

through a network of canaliculi (66, 68). The mineralization phase is 

characterised by the precipitation of HA in the osteoid matrix.  This begins by ~30 

days after deposition of osteoid, ending at ~90 days in trabecular and at ~130 

days in cortical bone (66, 69). The quiescent (or the rest phase) commences 

again after this mineralization phase is completed and the cycle starts again (63, 

70). 

 

Bone structure undergoes fractures or develops defects due to excessive 

stresses (e.g. micro-fractures) or because of trauma which can lead to larger 

defects. Fracture repair involves the following three phases (71, 72): 

 

 Inflammation 

 Repair 

 Remodelling 
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Following injury, inflammation takes place immediately peaking after about 48 h 

and resolving by 1 week following the injury (73). Inflammation serves to provide 

stabilization of the fracture via protection due to pain (limits movement) and 

hydrostatic pressure due to swelling at the injury site (53). Also, a hematoma is 

formed between the ends of the fracture during the inflammatory phase of repair 

(74). The reparative phase begins within a few days of the injury and lasts 

several weeks. The formation of callus occurs which stabilizes the fracture 

through lateral support. Early into the phase, callus is a mixture of fibrous 

connective tissue, cartilage, blood vessels, woven bone and osteoid (72). With 

time, ossification occurs and the callus calcifies connecting the two fracture ends 

(53, 74). The woven bone which is formed by this process is replaced with 

lamellar bone and the resorption of excess callus takes place in the remodelling 

phase (72). This remodelling process is very similar to that occurring in normal, 

uninjured bone tissue but occurs at an accelerated rate for some time until 

stability is achieved comparable to prior to injury (53, 74). 

 

 

2.4 Bone grafting 

Bone grafting is required in conditions of significant skeletal bone defects and is 

frequently used to prevent fibrous tissue in-growth and to maintain mechanical 

function. The treatment of fractures and other defects provide a great challenge 

to orthopaedic and dental surgeons. Apart from the fractures that heal in an 

uncomplicated manner, 5-10% of patients face problems because of bone 

defects or impaired fracture healing, sometimes a combination of both (75). Bone 

grafting is a common surgical procedure which is performed in approximately 

10% of orthopaedic reconstruction cases (32). It has been estimated that around 

2.2 million surgical grafting procedures are performed annually (2, 3).  

 

Bone grafts serves as a structural framework that ideally leads to bone formation 

within defects (72). After implantation, hard and soft tissue host bed surrounding 

the graft must be viable and have adequate blood supply for the graft material to 
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be resorbed and infiltrated by new bone (43, 76, 77). In the weeks following 

implantation, new blood vessels, interstitial cells and woven bone (by new 

osteoblasts) are produced by the host bed (23, 76). These tissues embedded 

within the graft create the graft-woven bone complex. Bone formation in grafting 

procedures involves one or more of the following mechanisms: 

 

 Osteogenesis: New bone formation by osteoblasts (76). 

 Osteoinduction: The ability of a material to induce the differentiation of 

osteoblasts from the surrounding tissue at the graft host site, resulting in 

new bone formation and growth (78, 79). 

 Osteoconduction: The ability of graft material to support the growth of 

bone over its surface (7, 43, 80). 

 

From a periodontal viewpoint, an ideal bone replacement graft should also be 

able to induce osteogenesis, cementogenesis and formation of periodontal 

ligament (PDL) (11, 81).  

 

 

2.5 Bone replacement graft materials 

Bone replacement grafts can generally be divided into natural and synthetic 

grafts according to their origin. The natural sources of these grafts can be human 

and/or animal tissues. Bone substitutes should ideally demonstrate good 

localized and systemic compatibility and have the capability to be substituted by 

the regenerating bone and to completely fill any defect (12). To achieve these 

objectives it is of prime importance that the implant demonstrates 

osteoconductive and osteoinductive properties comparable to those of the 

natural bone (52). Most bone replacement grafts are osteoconductive, relatively 

inert filling materials; integrate with new bone without providing much histological 

evidence of extensive regeneration (1, 3, 12). These osteoconductive graft 

materials provide a scaffold allowing bone deposition and in-growth. Although 

osteointegration, which is the ability to bind to surrounding bone, is not directly 
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responsible for bone formation, is a desirable property that aids in the 

incorporation of graft material at host site (1, 82). The most important aspect for 

the success of a bone graft is to be completely resorbed and remodelled, 

allowing the graft to not interfere with physiologic bone adaptation (63).  

 

Table 2.5.1: Requirements of bone grafts for successful bone tissue 

replacement. 
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 Table 2.5.2: Different types of bone replacement graft tissues and materials. 

 

              PGA: Poly-glycolic acid, PLA: Poly-lactic acid, PGLA: Poly-glycolic-lactic acid and  

              HA: Hydroxyapatite. 

 

 

2.5.1 Autografts 

Autogenous bone grafts, commonly referred to as autografts, are transferred 

from one site to another within the same individual. Autografts remain the gold 

standard to which all other graft materials are compared with (1, 83). Being from 

the host itself, there is no risk of antigenicity and graft compliance is near ideal 

(84). Autografts provide optimal osteoconductive, osteoinductive and 

osteogeneic properties (23). The disadvantages of autografts include the limited 

amount of bone available and morbidity associated with the harvesting procedure. 

Also a major concern is the increase in operating time leading to extensive 

hospitalization and procedural cost elevation. Moreover, residual pain and poor 

cosmetic outcomes are added disadvantages of autografts (4, 85-87). It has also 

been noted that at times, they may fail in clinical practice as the majority of 

cellular (osteogeneic) elements do not survive the transplantation procedure (88). 
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Table 2.5.1.1: Merits and demerits of using autogenous bone grafts. 

 

 

 

Autografts can be cancellous or cortical in nature or a combination of both. 

Owing to their sponge like architecture, cancellous grafts have the ability to 

revascularize sooner than cortical grafts (83). This revascularization begins on 

around the fifth day post transplantation (89). Prior to the revascularization, 

cellular survival in the graft tissues is heavily dependent upon the plasma 

diffusion for providing adequate nutrition and waste product removal. Osteocytes 

residing in their lacunae have been shown to survive if they are within 0.3 mm of 

the perfusion surface (90). In comparison, cortical autografts undergo 

considerable osteoclast mediated resorption before osteoblastic bone formation 

can commence (91). Cortical grafts show initial high strength which diminishes 

overtime before increasing again (81). Dynamic loading has been shown to be a 

critical factor for the preservation of bone mass after implantation and on a 

cellular level for the modulation of osteoclastic and osteoblastic processes (92, 

93). After several weeks to 6 months post implantation, cortical autografts have 

been shown to be 40-50% weaker than normal bone (89). Conversely, 

cancellous autografts are weak initially after implantation because of their porous 
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architecture. Over a period of time they continue to gain strength and mechanical 

loading is imperative for achieving adequate dimensional stability and strength 

(84). 

 

 

2.5.2 Allografts 

Allografts are bone grafts harvested from other individuals of same species. 

There has been great interest in allografts due to their abundance in supply and 

also because they match closely match human bone in elemental constitution 

and architecture (84, 94). Though allografts undergo various treatments prior to 

use, risk of disease transmission is still a possibility (95-97). Despite these risks, 

the recognition of distinct advantages associated with allografts has resulted in 

the widespread use of bone grafting procedures with them (93, 98). Allografts are 

mostly prepared as fresh, frozen, freeze-dried, mineralized and demineralized, 

and each of these are available as cortical chips, cortical granules, cortical 

wedges or cancellous powdered grafts (84). 

 

2.5.2.1 Fresh or frozen iliac cancellous bone and marrow grafts 

Fresh or frozen iliac cancellous bone and marrow tissues possess the highest 

osteoconductive and osteoinductive potential among all the available allografts 

(10). The risk of disease transmission, antigenicity and extensive cross-matching 

and treatment required has rendered the use of frozen iliac allografts 

unacceptable in modern orthopaedic and dental surgery (99, 100). 

 

2.5.2.2 Mineralized freeze-dried bone allografts (FDBA) 

There has been an extensive use of FDBA in treatment of periodontal defects 

(101, 102). This can be attributed to evidence that the health risks associated 

with fresh frozen bone are markedly reduced (100), and also due to the 

successful results of grafting procedures with them (103). It is assumed that the 

process of freeze drying affects immune recognition in the host by distorting the 

three dimensional presentation of human leukocyte antigens on the surface of 
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these allografts (100, 104). Cortical FDBA does not appear to elicit an immune 

response in non-human primates (105). The use of cortical FDBA is 

recommended over their cancellous counterparts because there is more bone 

matrix present and a higher inductive potential and also because the cortical 

bone is less antigenic (83). FDBA is considered osteoconductive (83) and studies 

have shown that mixing these with autografts enhances the osteogeneic potential 

(103, 106).  

 

2.5.2.3 Demineralized freeze-dried bone allografts (DFDBA) 

Research has indicated that the removal of mineral component from grafts allows 

greater expression of osteoinductive proteins (98, 107). This is because the 

minerals present, blocks the effect of factors stimulating bone growth 

sequestered in bone matrix including bone morphogenetic proteins (BMPs) (107, 

108). Animal studies have shown that DFDBA has osteogeneic potential (106, 

109, 110). However, Unlike FDBA, the addition of autograft materials to DFDBA 

does not increase the osteogeneic potential to a significant degree (111, 112). 

The bioactivity of DFDBA has been shown to be age dependent, with grafts 

harvested from the younger individuals having higher osteogeneic potential in 

comparison to grafts procured from older individuals (19, 113). DFDBA is used 

frequently for maxillofacial and periodontal grafting procedures. In maxillary sinus 

augmentation procedures, DFDBA showed 29% new bone formation while 

autogenous grafts showed 40% in comparison (5). It has also been observed that 

DFDBA particles situated near pre-existing bone were enclosed by new bone, 

whereas particles located near the center of the graft showed no signs of 

remineralization or new bone formation (5, 114).  
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 Table 2.5.2.3.1:  Autografts versus Allografts. 

 

 Scores: 0 (none), 1 (moderate), 2 (good) and 3 (excellent) 

 

 

2.5.3 Xenografts 

These are graft materials that are harvested from non-human species. Currently, 

there are two kinds of xenografts commercially available for bone replacement 

therapy and regenerative applications; bovine bone and natural coral (23, 114). 

Both sources provide bone grafts that are biocompatible and structurally similar 

to human bone, however, their processing techniques are quite different. 

Xenografts are osteoconductive in nature and are readily available for clinical use 

(114, 115).  

 

2.5.3.1 Bovine-derived xenografts 

Commercially available bovine bone is processed to yield natural bone mineral 

without the organic component. Inorganic bone derived from bovine origin is the 

HA skeleton that retains the microporous and macroporous structure of 

cancellous and cortical bone (116), following low-heat and chemical extraction of 

the organic component. A given advantage of these grafts is the improved 

osteoconductive potential compared with synthetically derived materials. Bovine-



 59 

derived HA bone replacement grafts increase the available surface area that can 

act as an osteoconductive scaffold owing to their higher level of porosity and 

have a mineral content that is comparable to human bone facilitating integration 

with host bone (115). Previously, bovine xenografts have failed due to graft 

rejection (117), probably because of chemical detergent extraction techniques 

which left residual proteins (118). Xenografts of bovine origin carry a theoretical 

risk of disease transmission (bovine spongiform encephalopathy). Although 

evidence suggests that the risk is negligible, concerns still exist (119, 120). 

Bovine-derived bone grafts have successfully been used for the treatment of 

intrabony defects and also in ridge augmentation procedures (115, 121). 

 

2.5.3.2 Calcium carbonate xenografts 

Coralline calcium carbonate is obtained from natural coral, genus porites, and is 

composed primarily of aragonite (>98% CaCO3). It has a pore size of 100 to 200 

µm which is quite similar to that seen in cancellous bone (122). The relative high 

porosity of ~45% provides a large surface area for graft resorption and 

replacement by new bone (123). Unlike HA, calcium carbonate is resorbable in 

vivo and can also be derived from the same coral by heat conversion. Calcium 

carbonate does not require surface transformation to carbonate like other grafts 

in order to induce bone formation; hence it can potentially initiate new bone 

deposition rapidly (122). Coralline calcium carbonate has also shown to have 

high levels of osteoconductivity because it does not undergo fibrous 

encapsulation (124). Coralline calcium carbonate have demonstrated a gain in 

PDL clinical attachment, reduction of probing depths and greater defect fill in 

periodontal applications (125-127). 

 

 

2.5.4 Alloplasts 

Alloplastic bone grafts are synthetic materials that have been manufactured and 

investigated extensively for clinical use. Alloplasts include synthetic polymers, 

bioactive glasses, glass-ionomers and ceramics. The major advantage of using 
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alloplastic materials are: their unlimited availability, no risk of disease 

transmission and the absence of antigenic response from host towards them 

(128). Alloplasts can be manufactured in various forms and with varying physico-

chemical properties. They can be made available in both resorbable and non-

resorbable forms and can be customized with varying levels of porosity and pore 

sizes (129).  

 

2.5.4.1 Polymers 

Polymers can be classified based on their origin: natural or synthetic. Natural 

polymers that have been utilized in the fabrication of bone grafts include 

polysaccharides (e.g., alginate, argose, chitosan and hyaluronic acid) and 

polypeptides (e.g., gelatin and collagen) (130). Natural polymers possess low 

mechanical properties and variable or negligible rates of degradation, hence their 

use is limited as bone grafting materials. However, natural polymers play an 

important role in composite graft production by serving as polymeric shell 

capsule which incorporate allograft particles (131). Synthetic polymers (e.g., 

poly-glycolic acid, poly-lactic acid and poly-anhydride) provide a platform for 

regulating and controlling the biomechanical properties of scaffolds and also 

serve as drug delivery carriers in tissue engineering applications (132). 

 

HTRTM Synthetic Bone (Bioplant, Norwalk, CT) is a biocompatible microporous 

composite made up of poly-methylmethacrylate, poly-hydroxylethylmethacrylate, 

and calcium hydroxide.  The acronym HTR stands for „Hard Tissue Replacement‟ 

and acceptable clinical results have been achieved in treatment of intrabony and 

furcation defects with its use (123, 133). Histologically, new bone growth has 

been observed on the particles of this material (134, 135). This material has 

hydrophilicity that enhances clotting, and the negative particle charges on the 

surface allows adherence to bone. Clinically acceptable defect fill and resolution 

has been achieved and supports the use of HTRTM as a biocompatible alloplastic 

bone substitute (136, 137).  
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2.5.4.2 Bioactive glasses 

Bioactive glasses were invented for use as bone substitutes more than 3 

decades ago. The designation “bioactive” is in relation to their ability to bond to 

bone and soft tissues and enhance bone-tissue formation. This is attributed to 

their inherent similarity with the architecture of host bone. Bioactive glasses are 

non-porous and consist of silicon dioxide (SiO2), calcium oxide (CaO), 

phosphorous pentaoxide (P2O5), and sodium oxide (Na2O) (138, 139). The 

solubility of these grafts is directly dependent upon the proportion of sodium 

oxide found in the formulation. By alteration in the concentrations of sodium 

oxide and calcium oxide, glasses with different properties can be produced (140, 

141). Bioactive glasses are essentially non-resorbable bone graft materials and 

when exposed to tissue fluids, these bioactive glass particles are encompassed 

in a double layer composed of silica gel and a calcium-phosphorous rich (apatite) 

layer. The calcium-phosphorous rich layer attracts, promotes and concentrates 

the adsorption of proteins which are utilised by osteoblasts to form a mineralized 

extracellular matrix (142, 143). It is thought that these bioactive properties guide 

and promote osteoconduction and osteogenesis (58, 126, 143), allowing the 

rapid bone formation that is subsequently observed (140, 144).  

    

2.5.4.3 Ceramics 

Ceramics are inorganic, non-metallic materials. Bioceramics have been in use in 

orthopaedics and dentistry since the 1980s (145, 146). Ceramics or bioceramics 

(owing to their biological use) are alloplastic materials comprising mainly of 

calcium phosphate or sulfates. They have been used as load bearing surfaces 

for joint replacements and as dental implants for tooth replacement (147). 

Ceramics are strong under compression but weak in tension (146). They are 

brittle solids and can easily undergo catastrophic failure upon crack initiation (148, 

149). This inherent weakness of bioceramics has limited their use to non-load 

bearing applications in orthopaedic surgery (146). In subsequent sections we will 

discuss in detail calcium phosphates as a class of bioceramics used for bone 

replacement and repair applications in dentistry and orthopaedics. 
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2.5.4.4 Calcium phosphates 

Calcium phosphates are a group of minerals that contain calcium ions (Ca2+) in 

combination with orthophosphates (PO4
3-). There are a number of calcium 

phosphate compounds that exist (Table 2.5.4.4.1). Some compounds precipitate 

at room temperature in aqueous systems whereas other compounds are 

obtained by thermal decomposition or thermal synthesis. A subdivision can be 

made between calcium phosphate ceramics and calcium phosphate cements. 

For calcium phosphate ceramics the thermal treatment known as sintering is 

often used to change powders to granules or monoliths (150). This process 

removes volatile chemicals and increases the crystal size, often resulting in a 

porous solid material (151). Calcium phosphate cements comprise of powder or 

a mixture of powders which, upon mixing with water or an aqueous solution, 

react forming a precipitate of crystals and set solid by the entanglement of 

crystals (152).  

 

Calcium phosphates are used for a variety of orthopaedic and dental applications. 

The two most commonly used synthetic graft materials are tricalcium phosphate 

(TCP) and hydroxyapatite (HA) (150). TCP is often used clinically as a porous 

form. TCP has two crystallographic forms, β-tricalcium phosphate (β-TCP) and α-

tricalcium phosphate (α-TCP) (16). The most common type is β-TCP and it is 

used as a filler that is partially resorbable allowing bone formation and 

replacement (153-155). Over the years TCP has gained clinical acceptance as a 

bone filler material. However, when a direct comparison is made, the allogenic 

grafts outperform TCP in terms of resorption and bone formation (156). There is 

evidence that TCP granules undergo fibrous tissue encapsulation and do not 

stimulate bone growth sufficiently for bone replacement applications (157, 158).  
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  Table 2.5.4.4.1:  List of existing calcium phosphate compounds. 

 

 

 

Synthetic HA has been marketed for use in variety of forms: porous non-

resorbable, solid non-resorbable, and resorbable (porous). The resorbability of 

HA is dependent upon the temperature at which it is processed. When prepared 

at high temperatures, the HA produced is dense and has non-resorbable crystals 

(159). Dense HA is osteoconductive and acts primarily as a biocompatible filler 

material. It has been shown that HA when used in conjugation with periodontal 

flap debridement results in greater defect fill in comparison to flap debridement 
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alone in active treatment of intrabony periodontal defects (160, 161). Resorbable 

HA, which is particulate and porous, processed at low temperatures is a non-

sintered (not fired) precipitate with particles measuring 300 to 400 µm in size. It is 

believed that this non-sintered HA acts as a mineral reservoir inducing bone 

formation via osteoconductive mechanisms (162). This HA has slow resorption 

rate, yet it acts as a scaffold for bone replacement (163) [111]. In summary; HA is 

non-osteogenic, neither conclusively osteoinductive, but rather functions as an 

osteoconductive graft material which performs as a scaffold for in-growth and 

deposition of new bone.  

 

 

2.6 Introduction to dicalcium phosphate dihydrate (DCPD) cements 

Dicalcium phosphate dihydrate (DCPD) cements were first prepared in 1989 by 

Mirtchi and Lemaître who mixed a powder consisting of an acidic calcium 

phosphate (monocalcium phosphate monohydrate) and a basic calcium 

phosphate (β-TCP) with water (164). The result of this mixture was a mouldable 

paste that solidified over time forming set DCPD also known as brushite (mineral 

name) (165). Brushite cements are biocompatible and possess a unique 

advantage over HA cement, which is the ability to be resorbed under 

physiological conditions due to higher solubility. This original formula of brushite 

cement resulted in a material that was weak in terms of mechanical properties 

(~1MPa compressive strength) and set quickly (~30s) not allowing adequate 

working time for in vivo applications. Since then, research has been conducted to 

improve mechanical properties and optimize the setting time of these cements. 

 

2.6.1 Cement composition 

The main constituents of dicalcium phosphate (DCP) cements are an alkaline 

calcium source, an acidic phosphate source and water. Additives are often used 

to increase cement setting time, increase mechanical properties and improve 

handling. Different compositions of brushite cements have been formulated and 

evaluated  (166). 
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2.6.1.1 Alkaline calcium source 

Since brushite has calcium to phosphate (Ca/P) ratio of 1, calcium phosphate 

compounds with higher Ca/P ratios can be used as alkaline calcium source in 

brushite cements. The most common basic calcium source in brushite cements is 

TCP which has Ca/P ratio of 1.5. TCP has two crystallographic forms: (1) β-TCP, 

and (2) α-TCP.  Both of these minerals can and have been used to prepare DCP 

cements, but since β-TCP has lower energy requirements for its production, it is 

most frequently used (167-169).   

 

Other alkaline calcium sources can be used such as calcium oxide (170) and 

calcium hydroxide, both of which are very alkaline (171). Tetracalcium phosphate 

(TTCP) has calcium to phosphate ratio of 2. This ratio is ideal for DCP cements 

but its preparation is rather complex and since it confers no benefit, its use in 

DCP cement preparation has been very limited (172). HA has Ca/P ratio of 1.67, 

and its ions can be easily substituted (173-175). Nano-crystalline HA (nHA) has 

also been used to prepare DCP cements (172). 

 

2.6.1.2 Acidic phosphate sources                                  

Acidic phosphate ions are needed to prepare DCP cements. The simplest source 

is phosphoric acid which is inexpensive and has been used in many cement 

preparations (167, 169, 172). Acidic calcium phosphates can also be used in the 

preparation of DCP cements but only if they have Ca/P ratio lower than 1. The 

only calcium phosphates with this ratio are monocalcium phosphate 

monohydrate (MCPM) and monocalcium phosphate anhydrous (MCPA) (170, 

176). Both of these calcium phosphates have been used to prepare DCP 

cements. Cements containing MCPM are easier to handle because the presence 

of a water molecule in MCPM facilitates the setting reaction of by donating one of 

the two water molecules required to form each unit of dihydrate. 
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2.6.1.3 Additives     

In addition to the alkaline and acidic calcium and phosphate sources respectively 

other additives can be added to alter or improve the properties of the set DCP 

cements. Some of the additives that have been added to cement formulations 

include pyrophosphates, sulphate ions, carboxylates and polymeric materials. 

Pyrophosphates are natural inhibitors of mineralization and when added to DCP 

cement formulae, regulate cement setting reaction. Calcium pyrophosphate 

(164), sodium pyrophosphate (177-179) and pyrophosphoric acid (180) are some 

of the pyrophosphate salts that have also been used as additives. 

 

Sulfate ions interact with calcium phosphates and substitute for phosphate ions; 

hence they can be used to modify the setting reaction of DCP cements (178). 

Calcium sulfate dihydrate and calcium sulfate hemihydrate can be added to the 

cement powder phase (164, 181), or those such as sulfuric acid to the cement 

liquid phase (177, 179). 

 

Carboxylates and carboxylic acids such as sodium citrate (178) and citric acid 

(182) have been used and evaluated as retardants in DCP cements. Other α-

hydroxyl acids such as tartaric acid (183) and glycolic acid (176) have also been 

assessed. Acetic and oxalic acid have also been studied as additives in DCP 

cements (176, 184). 

 

Polymeric materials can be added to brushite to improve the mechanical 

properties and injectibility of the cements. Studies have tested the effect of 

collagen and other hydrophobic polymers added to reinforce DCP cements (185, 

186). Type I collagen can be added to cement by dissolving it in an acidic cement 

liquid phase (187). Other hydrophobic polymers, such as poly(lactic acid–co-

glycolic acid), are added as fibers or dissolved in organic solvents after the 

cement has already set (187, 188). Polymeric materials can also be combined 

with DCP cements by adding small amounts of cement powder into a polymeric 

matrix. The cement acts as filler that reinforces the polymeric matrix in these 

materials (189).  For improving the injectibility of cement pastes, hydrophilic 
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polymers hydrogels such as xanthan gum, hydroxypropyl methylcellulose, 

polyacrylic acid, silica gel, hyaluronic acid, albumin and fibrinogen can be 

dissolved in small quantities in the cement liquid phase (189-193).  

 

Metallic ions such as strontium and magnesium can be added by mixing the 

cement powder with a salt containing metallic ion (194, 195).  Another way of 

adding metallic ions can also be added by doping the cement precursors with the 

different ions. This can be done by preparing the alkaline calcium source from 

calcium and metal ion salts mixture instead of pure calcium and phosphate 

precursors. In this way zinc and silicon ions have been doped into β-TCP (196, 

197), strontium ions into α-TCP and β-TCP (168, 197, 198) and magnesium ions 

into α-TCP, β-TCP and nHA (175, 199, 200). 

 

        

2.6.2 Cement setting reaction 

The brushite cement setting reaction consists of: 

(1) The dissolution of cement powder in a solvent; 

(2) The formation of a super-saturated solution; 

(3) Nucleation within the solution; 

(4) Crystal growth and interlocking of crystals forming a hardened material (16). 

 

Cements prepared with β-TCP/MCPM powder mixtures begin their setting 

reaction by the dissolution of MCPM, which is accompanied by a rapid decrease 

in pH (201, 202). This low pH (<4) is required for the setting of brushite (or 

monetite if lower than 2). Low pH during setting is due to the presence of acidic 

phosphate source used. If the cement has excess MCPM in comparison with β-

TCP then the pH remains low even after the setting reaction is complete. 

However, if the cement has excess β-TCP the cement pH settles at 5 (201). Final 

setting of the cement is usually confirmed by the use of Gilmore or Vicat needles 

(176, 182). The cement is considered to be set when the needles do not create a 

visible indentation on the surface. 
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2.6.2.1 Effect of additives and other factors on setting reaction 

Additives present in brushite cements have the potential to modify the setting 

reaction by affecting the dissolution of DCP powders and precipitation of brushite 

crystals. Sulfate, citrate and pyrophosphate ions present in the setting cement 

have been shown to inhibit brushite precipitation (202).  Citrate ions have been 

shown to interact with β-TCP particles in the β-TCP/MCPM systems, limiting their 

dissolution (183). The effect of sulfate ions present in the cement systems is 

concentration dependent. They delay cement setting reaction when used at low 

concentrations but at high concentrations result in the formation of calcium 

sulfate dihydrate crystals that act as nuclei for the crystallization of brushite thus 

accelerating the setting reaction. Sodium sulfate, sulfuric acid, gentamicin 

sulfate, the polysaccharide C4S, calcium sulfate dihydrate and calcium sulfate 

hemihydrate are some sources of sulfate ions that have been utilised to prolong 

the cement setting time (164, 178, 179, 181, 203, 204).  

 

Pyrophosphate compounds such as sodium pyrophosphate, calcium 

pyrophosphate and pyrophosphoric acid have also been used to delay setting 

time of brushite cements (180, 202, 205). Organic acids bind with calcium ions 

enabling them to interact with growing brushite crystals and inhibit cement 

setting. α-Hydroxyl carboxylic acids such as tartaric, citric and glycolic acid show 

an inhibitory effect on brushite cement setting. In comparison, carboxylic acids 

with no hydroxyl groups, such as oxalic acid and acetic acid, have no inhibitory 

effect on brushite crystal growth and may even reduce the cement setting time 

(176, 184).  

 

The presence of strontium ions in strontium-doped β-TCP and in α-TCP shows 

evidence of prolonging the setting time of cements (168, 197, 206). On the other 

hand, the addition of strontium chloride results in a decrease in setting time of 

brushite cements (183). The addition of magnesium ions prolongs the cement 

setting time due to the strong inhibitory effect they have on brushite crystals (184, 
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199). Brushite cements with silicon-substituted β-TCP have increased setting 

times when compared with cements that do not have silica (196). 

 

During cement mixing the amount of water available is an important factor 

regulating the setting reaction. Cements mixed with a lower powder to ratio tend 

to have longer setting times (164). Limiting the water available for the setting 

reaction by using higher powder to liquid ratio results in the acceleration of 

setting time of cements by causing a faster precipitation of brushite crystals (190, 

203). 

 

 

2.6.3 Monetite preparation 

Brushite can be utilised as a precursor to the anhydrous form of DCP cements, 

which is DCPA (also known as monetite). Heating pre-set brushite cements can 

result in conversion of brushite to monetite (14). Monetite can also be 

precipitated by modifying the precipitation conditions of brushite cements in order 

to favour DCPA crystallization. Under appropriate conditions DCP cement can 

react to form monetite. This occurs when the cements are prepared in water-

deficient environments, with very low pH or in the presence of metallic ions 

(strontium) that disrupt brushite crystals favouring monetite formation.  

 

2.6.3.1 Hydrothermal and dry thermal methods 

Brushite cements that have already been set can be dehydrated into monetite 

through heating above 60 °C (167, 180). Thermal dehydration alone can result in 

cracking and shrinkage of the monetite material formed. Studies have shown that 

if pre-set brushite cements are autoclaved, sufficient moisture is maintained 

during the dehydration process, and shrinkage can be avoided accompanied by 

internal pore size increase (14, 207, 208).  
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2.6.3.2 Low pH during cement setting 

Monetite can form with low pH (equal or lower than 2) during cement setting. 

Solutions of calcium nitrate mixed with sodium dihydrogen phosphate and urea 

can precipitate as monetite at low pH (209). Monetite can also form when 

calcium nitrate is reacted with concentrated phosphoric acid solutions (210). 

Monetite can also be formed when β-TCP powder is mixed with excess MCPM 

(167, 202) or with 1.5 M citric acid (211). Calcium hydroxide can also be mixed 

with phosphoric acid and sodium hydrogen carbonate to form crystalline monetite 

(171). Monetite can also be prepared by dipping pre-set macro-porous α-TCP 

cements in phosphoric acid (212). 

 

2.6.3.3 Limiting the free water during cement setting 

When brushite cements are set at extremely low concentrations of water they 

can partially react to form monetite instead of brushite (213). Also the 

precipitation of DCP in solutions rich in alcohol groups, and with less water 

content (ethanol or glycerol) favors monetite formation instead of brushite. It has 

also been seen that cements which are dried soon after initial mixing, or DCP 

cement powders stored under partially humid conditions, react to form monetite 

instead of brushite (169, 213).  

                              

2.6.3.4 Altering cement reaction with additives 

DCP cement powders containing strontium-doped β-TCP react to form monetite 

instead of brushite. The slow introduction of large strontium ions into brushite 

crystal lattice destabilizes it, favoring the formation of monetite (198). Cements 

loaded with gentamycin sulfate also have shown to form monetite upon setting 

(214). Cements with high silicate content, such as the phosphoric 

acid/wollastonite system react to form a mixture of brushite, monetite and 

dicalcium phosphate monohydrate (214, 215).  
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2.6.4 Mechanical properties 

According to the standards set for testing bone cements by the American Society 

for Testing and Materials (ISO 5833, 2002), cements should be allowed to set for 

at least 24 h prior to being cured under either dry conditions (room temperature 

and humidity) (203) or physiological conditions (37 °C and 100% humidity) (216). 

Data relevant to clinical applications is best obtained when cement samples are 

stored under physiological conditions. Usually two types of mechanical 

assessments are performed on DCP cements, tensile strength and compressive 

strength tests. Tensile strength is difficult to measure in brittle materials (217) 

and compressive strength measurements in brushite and monetite cements are 

performed on cylindrical samples with an aspect ratio of 2 until fracture occurs. 

The compression modulus of DCP cements is 10% higher than the tensile 

modulus (218). The compressive and tensile strengths of DCP cements are 

inversely correlated to the total porosity present (179, 216). Hence, by 

decreasing the porosity present it is possible to increase the mechanical 

strength. This can be done by better compaction of the setting cement (182). 

One can theoretically produce near zero porosity cements by optimizing the 

powder to liquid ratio, adjusting the particle size of the cement powders and by 

inhibiting crystal growth (by using setting retardants) which increases the cement 

compaction aided by crystal size decrease (216). 

 

The extent of cement setting plays an important role in the mechanical properties 

of cements. Introduction of additives, such as acetic acid that accelerate the 

setting reaction of DCP cements have a negative impact on the mechanical 

properties (176). Whereas, cement setting retardants such as pyrophosphates, 

sulfates, carboxylic acids, and addition of ions like magnesium, strontium, silicon 

and zirconia improve the mechanical strength (170). However, these additives 

have to be present in optimal concentration to have the beneficial effects. 

Optimization of P/L ratio, cement particle size and cement retardant 

concentration (800 mM citric acid in the cement liquid phase) can result in a wet 

compressive strength of 52 MPa for hand mixed brushite cements (216). There 
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have also been attempts to freeze cements during mixing process which results 

in a 4-fold increase in compressive strength (219). The formation of ice crystals 

during the freezing process is thought to help arrange growing brushite crystals 

upon precipitation.  

 

In order to increase the tensile strength of brushite cements many studies have 

been aimed at the combination of DCP cements with polymeric materials. 

Addition of Type I collagen to TTCP/MCPM cements has shown an increase in 

the compressive strength from 17 to 22 MPa (186). In addition, after ageing 

these cements in simulated body fluid (SBF) the compressive strength increases 

to 31 MPa due to the HA crystals precipitating on the collagen fibers resulting in 

material reinforcement (186). By adding hydrophobic polymers, such as 

polyglycolic acid resorbable suture fibers in proper arrangement in the cement 

matrix the tensile strength can be increased up to 7 times than the original 

strengths recorded (188). 

 

 

2.6.5 Dissolution and resorption 

Studies have demonstrated that DCP cements resorb to a greater extent when 

compared with HA cements (220, 221). Following implantation, during the first 

week simple dissolution and cellular activity seems to be the main factors 

causing resorption of brushite cements (177, 222, 223). Cellular activity seems to 

dominate the resorption process (224). Out of the cellular components, in vivo 

observations have shown that early resorption of DCP cements is modulated by 

macrophage and not as much by osteoclasts (223, 225). Osteoclasts penetrate 

DCP cements at an early stage post implantation and demineralize them to a 

certain extent (226). Brushite cements in vivo show a linear degradation rate of 

0.25mm per week (44), which is faster than the bone regeneration capacity 

(227). This results in a small gap at the bone material interface initially (227). 

This gap is later filled as the newly forming bone catches up due to the 

conversion of brushite into less soluble apatite (205). When this conversion to 
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apatite takes place there is almost no dissolution of the cement and the 

resorption is solely dependent upon osteoclast activity instead of macrophage 

mediated phagocytosis (224, 225).  

 

In vitro analysis has demonstrated that the mass loss noted for cements 

incubated can occur due to disintegration and fragmentation of the grafts rather 

than dissolution (228). When DCP cement grafts are incubated under 

physiological conditions they exhibit a decrease in mass, an increase in total 

percentage porosity and deterioration in mechanical properties (229). DCP 

cement physico-chemical properties, the properties of surrounding medium, the 

fluid exchange rate and adsorption of serum proteins also affect initial resorption 

(184, 228). In vitro ageing regimens have shown that brushite cements are stable 

and do not convert to apatite when stored in distilled water or under alkaline 

conditions (167, 230). Addition of certain organic molecules such as citrate ions 

can result in the reduction in the interfacial energy barrier between the brushite 

solution and HA solution and allow conversion of brushite to apatite (230). 

 

Monetite bioceramics that are obtained by hydrothermal conversion of brushite 

cements show greater resorption than their original brushite precursors in vivo 

(18, 207). The mechanism for monetite resorption is similar to that of brushite 

with passive dissolution and cellular activity being the main factors (224). So, the 

reason for monetite showing greater resorption is due to their non-conversion to 

apatite after implantation (18, 231).   

 

 

2.6.6 Bone formation 

Brushite and monetite based bioceramics have been prepared and tested by in 

vitro and in vivo experiments. Both have been used for bone regeneration 

applications in different physical forms such as pre-set casted blocks (16, 232, 

233), injectable pastes (13, 82, 157, 220, 223, 233, 234), granules (14, 15, 235) 

and 3D printed blocks (17, 231, 236). In vitro experiments on brushite cements 
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loaded with zinc and strontium have shown an increased alkaline phosphatase 

activity, collagen type I secretion and fiber deposition in the extracellular matrix 

(197). Cell cultures performed on magnesium-doped brushite cements have 

demonstrated increased cell differentiation and proliferation (199). Polymeric 

additives, such as collagen have been shown to improve cell adhesion to 

brushite (185), while xanthan results in greater formation of fibrous tissue and 

less bone hence has a negative biological effect (191). The surfaces of brushite 

and monetite grafts have been shown to stimulate osteoblasts activity in vitro 

(237). 

 

Brushite and monetite have been utilised for regeneration of bone at various 

surgical sites in animal models, including bone defects at the distal femoral 

condyle, metaphysis and epiphyses (191, 220, 234, 238, 239), in the tibial 

condyle (234), and the calvaria (223, 235), as well as for bone augmentation in 

the craniofacial area (13, 231). Brushite and monetite cement based grafts have 

shown the potential to be osteoconductive (14, 17, 18, 225, 235), and upon 

intramuscular implantation (236) they have also shown signs of osteoinduction. 

The amount of bone formation is dependent on the site of implantation and the 

vascular supply. Increased blood supply enhances cement resorption and 

replacement by new bone (225). Both brushite and monetite have been used on 

their own or combined with other materials such as β-TCP  (44) and bioglass 

granules (240, 241). In these mixtures the cement provides mechanical stability 

to the granules and fast resorption, while the granules resorb at a slower pace 

acting as bone anchors that stimulate the formation of mature bone (157). 

 

The fast resorption rate of brushite cements in vivo (20 µm/day), results  in a 

physical gap between the cement and newly formed bone during the first weeks 

following implantation (16). This might be the reason for osteoblast differentiation 

occurring in vivo at some distance from the graft surface. Later, when brushite 

converts to HA, new bone is formed in direct contact with the cement margins, 

resulting in osteointegration of the cement (82, 234). DCP cements show greater 
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resorption in vivo and this frees up space for new bone to form and hence the 

amount of bone regenerated is usually higher than that obtained with non-

resorbable materials (15, 158, 220). 

 

Bone formation has also been stimulated by the release of growth factors from 

the DCP biomaterials (239, 242). Vascular endothelial growth factor (VEGF), 

receptor activator of nuclear factor ligand (RANKL) and platelet-derived growth 

factor (PDGF) are some of the growth factors that have been evaluated. PDGF-

loaded brushite–chitosan scaffolds demonstrated a significantly increased bone 

formation (239). RANKL is a growth factor that encourages osteoclast 

differentiation which in turn increases DCP biodegradation. Resorption of 

brushite is imperative for the creation of space required for newly forming bone 

(242).  

 

 

2.6.7 Applications 

DCP cements have been tested in vitro and in vivo for a variety of orthopaedic 

and dental clinical applications. They have also been evaluated for other 

biotechnological uses, such as drug delivery, biosensor productions and cancer 

therapy.  

 

2.6.7.1 Orthopaedics 

Treatment with casts of bone defects in the proximity of joints (metaphyseal 

defects) is not always successful, especially in older patients. Treatment with 

angle stable plating systems can result in bone defects which require autologous 

bone grafting that cause morbidity of the donor site (243). DCP cements have 

been evaluated in both animals and humans to treat metaphyseal defects (222, 

243). Animal studies have demonstrated their potential in the treatment of 

fractures in tibia (222), clinical studies have shown a success rate of 76% in 

distal radial metaphysic fractures and 89% in tibial plateau fracture reconstruction 

(243).  
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Injectable brushite cements have also been evaluated as filling material to repair 

vertebrae that have been damaged due to osteoporosis. Cadaver studies have 

shown that brushite cement has the ability to increase the bone mineral density 

by up to 20–50% of osteoporotic vertebrae (244). Osteosynthesis screw fixation 

is challenging in patients with poor bone quality, especially those suffering from 

osteoporosis. It is imperative to have a stable and securely fixed osteosynthesis 

screw for the treatment of complicated fractures to be successful. Poly(methyl 

methacrylate) (PMMA) cement is non-resorbable in vivo, has an exothermic 

setting reaction and its monomer is cytotoxic. Resorbable brushite cements have 

been tested as a solution to these problems. In vitro assessment of the force 

required to remove an osteosynthesis screw from bone has revealed a 3-fold 

increase in the pull-out force when using brushite cements (245). 

 

The potential of brushite cements to be used for anchoring ligaments to bone by 

the creation of an optimal mechanical interface has also been evaluated (246).  

3D printing techniques have been used for preparing brushite and monetite 

brackets for bone–ligament–bone replacement. The in vitro testing has revealed 

a wet compressive strength similar to hand-made brackets (247). Anterior 

cruciate ligament (ACL) reconstruction in rabbits has also been carried out with 

brushite cements used to anchor the bone–tendon interface demonstrating a 

reduction in the number of intra-tunnel mechanical failures and also improvement 

in the bone-tendon interface strength (248). Preparation of bone ligament sinews 

have also been evaluated by connecting cast brushite ceramic anchors to 

fibroblasts embedded fibrin gels (249).  

 

2.6.7.2 Craniofacial repair and augmentation 

DCP cements have been tested for vertical bone augmentation and bone defect 

healing in oral and maxillofacial surgery. Brushite has been evaluated for these 

procedures as injectable cements and as pre-set cement granules (13, 235). 

Brushite cements for minimally invasive craniofacial vertical bone augmentation 

have been tested in animals by injecting cement under the periosteum and 
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allowing it to set on the bone surface (13). Clinical studies have shown that 

injectable brushite cements are capable of regenerating bone in buccal 

dehiscence defects, atrophic areas and maxillary sinuses (250). However, the 

limited in vivo resorption of brushite cements results in incomplete vertical bone 

growth in the treated site (13). Animal models have demonstrated the efficacy of 

brushite cement granules towards promotion of craniofacial vertical bone 

augmentation in animal models (235). In vivo studies have revealed a greater 

amount of vertical bone growth obtained with brushite granules was higher than 

with commercially available xenografts (HA) (14). Craniotomy defects have been 

treated with brushite cements in several animal models. The implanted cements 

showed a certain amount of resorption and bone formation but considerable 

fibrous tissue formation was observed (223). Brushite cements have also been 

used clinically in attempt to prevent temporal depression in cases of parietal 

craniotomies. The results were not ideal as complete resorption and replacement 

by bone did not occur (251). 

 

3D printed monetite onlay blocks have also been tested for vertical bone 

augmentation and in the form of granules for bone defect healing with promising 

results (14, 15, 17). Monetite blocks for synthetic onlay bone grafting have shown 

to achieve vertical augmentation of bone sufficiently to allow dental implant 

placement (17, 231). Monetite granules have also shown to promote bone 

healing in dental alveolar sockets (post teeth extraction) in humans (15), and of 

craniofacial defect in animals (14). When the clinical performance of monetite 

granules is compared with commercial bovine HA, the monetite granules show 

greater resorption and bone formation in the alveolar ridge sockets (15). Monetite 

granules have also demonstrated bone regeneration in craniotomy defects when 

placed in rabbit calvarial defects with promising resorption profiles (14). In an 

experimental study, 3D printed monetite grafts have shown the ability to provide 

accurate patient-specific craniofacial implants for bone defects in cadavers (252).  
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2.6.7.3 Bioactive delivery 

In order to improve the biological properties of brushite cements various bioactive 

molecules have been added; these include antibiotics, metallic ions and growth 

factors. These can be added by dissolving them into the cement liquid phase or 

by immersing the set cements in a solution containing the drug (253, 254). 

Chlorhexidine-loaded cements can be used for dental applications (255). 

Ciprofloxacin is often prescribed for the treatment of bone infections. However, 

when added to brushite cements, due to having low water solubility, the release 

of the drug is very slow and incomplete (216).   

 

At very low concentrations, copper ions are known to possess angiogenic 

properties. 3D printed brushite cements loaded with copper sulfate have been 

seen to induce angiogenesis (256). For the release of growth factors in vivo, 

such as VEGF and PDGF, brushite cement matrices have been used (239). 

These growth factors stimulate angiogenesis and bone growth and by their 

release the bone formation capacity of the scaffolds was considerably enhanced 

(239). In an attempt to enhance biodegradation of brushite cements they have 

been coated with RANKL. This lead to an increase in the in vitro osteoclast 

activity on brushite cements (242). BMP2 is a bone growth factor has great 

potential for use in bone tissue engineering owing to its osteoinductive properties. 

3D printed brushite cements have been evaluated by adding BMP2 to them (257). 

VEGF which is an angiogenic growth factor has also been added to the 3D 

printed grafts (236). 

 

2.6.7.4 Biosensors 

Biosensors are electronic devices which have the ability to detect and quantify 

small amounts of specific molecules in solutions or gasses. Most of the 

biosensors are used to monitor enzymatic reactions on highly sensitive 

electrodes. Brushite cements have the ability to conduct electricity through a 

mechanism known as proton conduction. They also have the ability to adsorb 

proteins and these properties of brushite cements make them suitable 
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candidates for use as biosensors. Brushite-based biosensors have been used for 

the detection of glucose using the enzyme glucose oxidase (258) and also for 

phenol detection by combing the cement with the enzyme tyrosinase (259).  
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Chapter 3: Characterisation techniques 

 

This chapter discusses the main characterisation techniques used by the 

candidate for the completion of experiments for this thesis. 

       

             

3.1 X-ray diffraction (XRD)                        

X-ray diffraction is used to ascertain the spacing between crystallographic planes, 

and from this the crystal phases present in a sample are analysed. It provides a 

non-destructive analysis and identification of the ultrastructural crystallography of 

a material. The measurement of constructive and destructive interferences of the 

X-rays as a function of diffraction angle and wavelength is the basis of this 

technique.  

 

3.1.1 Theory 

X-rays are known to be scattered elastically from regularly spaced atoms 

(lattices) in crystals. If these elastic waves are in phase they interact 

constructively and increase the intensity of the scattered radiation (constructive 

interference). However, if they are out of phase they interact destructively which 

results in a decrease in intensity (destructive interference). In order for 

constructive interference to occur the path length difference of the diffracted X-

ray beams must be an integer multiple of the wavelength. The path length 

difference is determined by the spacing between atoms in a lattice (d), and the 

sine function of the angle formed between the incident angle and the scattering 

angle (2θ). This is mathematically explained by what is known as the Bragg‟s law 

which is defined as: 

                                                   Nλ = 2dsinθ                                                    [3.1] 

 

In this equation n is an integer (other than zero), λ being the wavelength of the 

incident X-rays, d is the spacing between the planes of crystal lattice and 2θ is 

the angle between the incident and diffracted X-ray beams. 
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Figure 3.1.1.1: Representation of (a) destructive and (b) constructive 

interference based on Bragg condition being not satisfied and satisfied. 

 

                        

3.1.2 Instrumentation & measurement 

An X-ray diffractometer is fitted with a source of usually copper-Kα X-rays, a 

sample goniometer, a detector for the diffracted X-rays, a data recording system, 

and devices for displaying and printing the spectra obtained. It is usually possible 

for the source and the detector to be moved and rotated around the sample in 

order to select different diffraction angles. Diffracted X-rays are collected on a 

charge-coupled device (CDD). The obtained diffraction pattern is then utilised to 

determine spacing of the crystal plane, crystal orientation, crystal size, and 

crystal phase identification with a database that has reference spectra of known 

materials. 

 

In order to obtain a diffraction pattern with an extremely sharp peak that matches 

exactly with that predicted by Bragg‟s law, we would need a perfect crystal of 

infinite size that is measured using a perfect diffractometer. This is practically not 
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possible and the diffraction patterns and peak profiles obtained are dependent on 

a variety of factors. Imperfections in the instrumentation (mostly in the X-ray 

source and physical geometry of diffractometer) result in aberrations (peak shift 

and broadening). Peak broadening from the sample may arise if there are 

imperfections in the crystal structure and dimensions (which cause strain in the 

lattice). Peak broadening may also be observed when crystallite size is greatly 

reduced. It was Scherrer first who described the relationship between crystallite 

size and the x-ray diffraction peak width, which is the full width (in 2θ) at half the 

maximum intensity of the peak being observed (260). This can be used to 

calculate the crystallite size after subtracting the effects caused by lattice strain 

and instrumental conditions and errors (261). 

 

                                     Bcrystallite = kλ/Lcos θ                                                [3.2] 

 

Where λ is the wavelength of the x-rays, L is the “average” crystallite size 

measure (perpendicular to the specimen surface), θ is the Bragg angle, and k is 

a constant (mostly assumed to be =1).                   

 

 

3.2 Scanning electron microscopy (SEM) 

This is a form of electron beam analysis that is very useful to image the 

microscale and nanoscale features of materials. A high energy beam of electrons 

are used as a source for illumination of the sample for imaging. The popularity of 

the SEM is due its capability to obtain three-dimensional images of the surfaces 

of a very wide range of materials. 

         

3.2.1 Theory 

The SEM permits the observation and characterisation of materials on a 

nanometer to micrometer scale due to the use of electrons to form an image. 

Unlike the optical microscope that forms an image from light reflected from a 

sample surface, the use of electrons in SEM results in different resolution levels 
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due to the difference in wavelengths of these radiation sources. The electrons 

have a much shorter wavelength than light photons, and hence are capable of 

generating higher-resolution information. The enhanced resolution in SEM allows 

for higher magnification without the loss of detail. The wavelength of electrons is 

less than 0.5 A, which theoretically allows the maximum magnification of SEMs 

to be beyond 800,000X. Another feature of the SEM imaging is the greater depth 

of field (distance between nearest and farthest object in an image that can 

appear sharp) provided by using electrons having shorter wavelengths.  

 

3.2.2 Instrumentation 

The SEM instrumentation can be divided into four subsystems. Their 

components and the functions are:  

 

(I) The illuminating/imaging system: This system includes an electron gun and 

several magnetic lenses that produce a collimated beam of electrons which is 

focused onto the specimen. The electron gun can be subdivided into (1) a 

filament (cathode) or electron source, which generates electrons; (2) an aperture 

shield held at slightly negative potential relative to the filament; and (3) an anode 

held at very high positive potential with respect to the filament. Together these
 

components function as an electrostatic lens. The electrons are produced by 

passing a current through the filament and heating it and then accelerated by the 

potential difference between the anode and filament. The common electron 

sources that are employed in SEMs are the tungsten hairpin filament, Schottky 

field emitters, lanthanum hexaboride, thermal field emitters and cold field 

emitters. The difference in potential between the filament and the anode 

determines the accelerating voltage (262). 
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Figure 3.2.2.1: Schematic representation of the parts of a scanning electron 

microscope (61). 

 

 

Electromagnetic lenses are responsible for the diameter of the electron beam, 

focus and magnification of the image. Focus is achieved by varying the current 

passing through the final lens (objective lens) and thus changing the focal length. 

Stigmators are weak lenses which exert a magnetic field that correct the 

aberration known as astigmatism. An aperture intercepts electrons which are not 

part of the imaging beam and prevents stray electrons from striking the 

specimen, thereby reducing the background noise in the image. The resolution, 

depth of field, and image clarity are enhanced with the use of smaller apertures. 

Larger apertures may be preferred when conducting an X-ray analysis, where a 

more intense electron beam probe is required (263). 
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(II) The information system: This includes the data signals released from the 

sample after the electron beam strikes it and the associated detectors for these 

corresponding signals.  

 

The various signals that are created are: 

 Backscattered electrons (BSE) 

 Secondary electrons (SE1, SE2, SE3) 

 Characteristic X rays 

 Bremsstrahlung X rays 

 Auger electrons 

 Cathodoluminescence  

 

We will limit our discussion to backscattered (BSE) and secondary electrons and 

their respective detectors as they were used by the candidate for completion of 

experiments presented in this thesis.  

 

The BSEs are electrons which undergo elastic collisions with a high angle of 

scattering and negligible loss of energy. The number of BSEs produced depends 

upon the atomic number of the material. The higher the atomic numbers, the 

more the BSEs are produced due to the higher probability of elastic scattering. 

 

 

Figure 3.2.2.2: The cosine distribution of Backscatter electrons (61). 
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The solid state detector is the most common type of detector employed for BSE 

imaging. The detector consists of a silicon wafer coated by a layer of gold. The 

solid state detector functions upon the principle of electron-hole pair production 

by pushing an electron into the conduction band. The BSEs strikes the detector 

and results in the production of a hole in the valence band and the electron-hole 

pair recombination is prevented by the external bias. The current produced by 

this process is utilized to create an image on the screen. 

 

 

 

 

Figure 3.2.2.3: Schematic representation of a solid state detector for BSE 

imaging (262). 

 

 

The SEs are produced via inelastic collisions of the beam electrons with the 

specimen‟s outer valence electrons of the atoms. These SEs usually have low 

energy (less than 50eV) and hence can only escape from shallow depth in the 

sample surface. 

 

The Everhart-Thornley type of detector is commonly and widely used for 

collection of the SEs in the SEM. The detector has a Faraday cage that is biased 

with positive voltage which attracts the SEs. The SEs are accelerated (10kV to 
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12kV) towards the scintillator and upon striking produces light photons which are 

passed through the photomultiplier tube which works on the principle of total 

internal reflection. This part of the detector converts the photons to electrons 

again and multiplies them before they are passed on to the amplifier and used to 

create a signal forming the image (61).  

 

 

 

 

Figure 3.2.2.4: Schematic representation of Everhart-Thornley detector (262). 

 

 

(III) The display system: SEM images are displayed on the screen of a cathode-

ray tube (CRT).  

 

(IV) The Vacuum system: The SEM column and specimen chamber are 

required to operate under high vacuum (10-4 Torr or more). Without high vacuum 

the residual gas molecules result in the scattering of the electron beam, and 

electrons start travelling at different velocities, giving rise to chromatic aberration 

which limits the resolution. Hence, the SEM is equipped with pumps that operate 

continuously to maintain high vacuum. Turbomolecular pumps are preferred over 

diffusion pumps because they minimize contamination and achieve a very high 

level of vacuum (262). 
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3.3 Energy dispersive X-ray spectroscopy (EDX)                         

This is a non-destructive technique for the chemical analysis and characterisation 

of a material.  

  

3.3.1 Theory 

This techniques works on the principle that a surface being irradiated with a 

beam of electrons (usually penetrate 0.5–10 µm into the specimen) emit 

characteristic X-rays (264). These characteristic X-rays generated are due to 

inelastic scattering (loss of energy) and can be collected to determine the 

quantitative elemental composition of a material. 

 

3.3.2 Instrumentation & measurement 

The characteristic X-rays emitted are collected by the EDX unit that is fitted to the 

SEM. A highly penetrating electron beam of ~1 mm in diameter is required to 

emit these X-rays which are generated beneath the sample surface. Due to this 

reason the resolution is highly limited. The information collected by the EDX 

detector can be obtained as an overall spectrum of a selected area of the sample 

or as an elemental map whereby colors are assigned to each element and pixels 

of these colors are assigned as a map in two dimensions in relation to the 

position of the electron beam where they are detected.                          

 

 

3.4 Brunauer–Emmett–Teller (BET) method  

Specific surface area (SSA) is a measure of the total surface area per unit of 

mass, bulk volume or cross-sectional area of solid materials. SSA can be 

calculated geometrically from particle size distribution and making assumptions 

about the particle shape. However, this method of SSA measurement does not 

take into consideration the surface associated with the surface texture of 

particles. SSA can be more accurately measured by gas adsorption using the 

BET method which commonly utilizes nitrogen physiosorption that has the 

advantage of measuring and taking into account the texture of the particle 
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surface. BET method is also used to determine pore size distribution and 

estimate primary particle size (265, 266).                  

 

3.4.1 Theory 

BET method is an extension of the Langmuir theory, for monolayer molecular 

adsorption, to multilayer adsorption. BET theory was developed by Brunauer, 

Emmett and Teller (BET) in 1938 is based on adsorption of gas on a surface with 

the amount of gas adsorbed at a given pressure allows calculation of the surface 

area. The hypothesis for the BET theory is that gas molecules physically adsorb 

on a solid infinitely in layers; there is no interaction between each adsorbed layer; 

and the Langmuir theory can be applied to each layer is adsorbed (266).                       

 

3.4.2 Measurement 

The SSA is measured by the adsorption and desorption of nitrogen gas on the 

surface of a material (usually particulate) of known mass in a chamber of know 

volume. The minimum surface required for accurate measurement is 1 m2 and 

the results obtained are dependent upon the amount of gas adsorbed. The 

measured of the amount of gas adsorbed is relative to the relationship between 

the surface area and the resistance to gas-flow of porous powders. Particles in 

the micron size range have a specific surface areas less than 10 m2/g range 

whereas nano-sized particles have higher specific surface areas (265, 266). 

 

 

3.5 Helium pycnometry 

Gas pycnometers are devices that are used to calculate the true density of 

porous and non-porous solid materials and particulate matter.               

 

3.5.1 Theory 

Helium pycnometry is a method to calculate the true density of solids by 

employing a method of gas displacement and the volume-pressure relationship 

known as the Boyle‟s Law. Although pycnometers are known as density 
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measuring devices they in fact measure volume only. Density of the material is 

calculated as the ratio of mass to volume (267, 268). 

            

3.5.2 Instrumentation & measurement     

The helium pycnometer consists of two chambers, one to hold the sample (with a 

removable air-tight lid) and a second chamber of fixed, known internal volume 

which is known as the reference volume. The pycnometer additionally has a 

valve to allow helium under pressure to one of the chambers. There is also a 

pressure measuring device known as transducer connected to the first chamber 

and a tube with a valve connecting the two chambers. The volume measured in a 

gas pycnometer is the amount of three-dimensional space which the helium 

cannot gain access to. Helium is used due to the small size of its molecules but 

also because it is inert. A disadvantage of this technique is that the closed pores, 

which do not communicate with the surface of the materials, are included in the 

measured volume (267-269). 

           

 

3.6 Mercury intrusive porosimetry 

Porosity affects adsorption, density, mechanical properties and it is of acute 

importance to be able to measure it. Mercury intrusive porosimetry is an 

extremely useful technique for the determination of the range of pore sizes 

present in the materials being investigated. Mercury porosimetry provides 

information regarding the pore size distribution, the total porosity present, the 

skeletal and apparent density and also the specific surface area of the sample.  

Porosity present in a material affects its physical properties and subsequently its 

performance in its application (270, 271).  

 

3.6.1 Theory 

The non-wetting property of mercury along with its high surface tension allows it 

to be utilized for evaluating pore spaces. When mercury is placed along a pore 

opening, the surface tension of mercury acts along the line of contact with the 
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opening equal in length to the perimeter of the opening a creating a force that 

resists the entry of mercury into to the pore. An external pressure being applied 

forces the mercury inside the pore. By measuring the volume of mercury that 

intrudes the pore space with each pressure change the volume of pores can be 

calculated (270-272).  

                        

3.6.2 Instrumentation & measurement 

The intrusion of mercury into the pore space is measured by a mercury 

penetrometer. This penetrometer is made of glass and is very sensitive having 

the ability to measure mercury volume changes under 0.1 µL. The stem of this 

glass penetrometer is a capillary that functions as a mercury reservoir for the 

analytical volume of mercury. The glass acts as an insulator and the mercury is a 

conductor. The stem is placed against a metal which also acts as a conductor 

thus these two conductors separated by the middle glass insulator acts as a 

coaxial capacitor.  As pressure forces mercury out of the capillary into the sample 

the volume of mercury within the capillary decreases and so does the resistance. 

This decrease in resistance is directly proportional to the amount of volume 

intruding the material (pore space) with each pressure change. A limitation of 

mercury intrusive porosimetry is that it does not take into account closed pores 

as there is no way for the mercury to access closed spaces within a material. 

Hence the pore size measurements are somewhat arbitrary (270, 272, 273).  

 

 

3.7 Digital radiography 

Digital radiography is an advanced form of X-ray imaging, where digital sensors 

are used for collecting X-rays for image formation instead of traditional 

photographic film. Time efficiency by not requiring chemical processing and the 

ability to digitally transfer and obtain images with high quality and sharpness are 

the advantages of using digital radiography (274, 275). Also lower levels of 

radiation can be used to produce an image in comparison to conventional 

radiography (276). 

http://en.wikipedia.org/wiki/X-ray_imaging
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3.7.1 Instrumentation & image formation 

The X-ray source is the same as used in conventional radiography although the 

voltage and current required is greatly reduced. Digital radiography uses a digital 

image capture device instead of radiographic film. This allows immediate image 

previewing ability. There are two types of digital image capture devices available 

for use: flat panel detectors (FPDs) and high-density line-scan solid state 

detectors. The FPDs can be indirect in which a silicon detector is coupled with a 

scintillator and converts X-rays to light (277). The light is converted to a digital 

output signal. The digital signal is then sent to a computer for display. Whereas, 

the direct FPDs convert X-ray photons directly to charge. A high-density 

detector is composed of a barium fluorobromide doped with caesium 

bromide phosphor. The phosphor detector records the X-ray energy during 

exposure and is scanned by a laser diode to excite the stored energy which is 

released, captured and displayed as a digital image (276, 278). 

        

            

3.8 Computed tomography (CT) 

Tomography is obtaining cross-sections from a set of external measurements of 

a spatially variable function. Computed tomography (CT) is conventionally 

performed using X-rays and is based on the difference in radiation absorption by 

different materials (279). CT uses computer processed X-rays to 

produce tomographic images of specific areas of the scanned object. CT can be 

used to analyse bone samples and graft materials implanted (280). Analysis can 

be used to reveal information regarding total volume, bone volume and tissue 

volume ratio and total porosity (open and closed). By doing comparison between 

a CT scan of a graft before implantation and after it is also possible to quantify 

the total volume of resorption (280, 281). 

 

3.8.1 Principle & scanning 

Computed tomography is based on the principle of X-rays traversing an object 

along a straight line. The attenuated signals from various directions are recorded 

http://en.wikipedia.org/wiki/Caesium_bromide
http://en.wikipedia.org/wiki/Caesium_bromide
http://en.wikipedia.org/wiki/Phosphor
http://en.wikipedia.org/wiki/Laser_diode
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Tomography
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providing the individual slices for the reconstruction algorithms that are used to 

convert the projections. The three dimensional image of the inside of a specimen 

is generated from a series of two dimensional radiographic images by utilising 

digital geometric processing (282). The radiographic images are taken around a 

single axis of rotation before the reconstruction of all the slices which can be 

analysed (281). Data for slices is generated by using an X-ray source that is 

rotated around the object. The X-ray sensors are positioned on the opposite side 

from the X-ray source. The continuous rotation (degree of rotation decided by the 

operator) of the object to be imaged is carried out slowly and smoothly (281). The 

time required for scanning an object is dependent on the resolution and number 

of scans required (for averaging each frame) selected by the operator (279, 282).  
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Chapter 4: Surgical models and procedures 

 

Bone repair and regeneration processes give rise to a highly complex in vivo 

environment with a variety of mechanisms that remain largely unknown nor 

controlled. Since bone repair involves a combination of many factors and 

interactions it is not well suited towards in vitro modelling, computational 

modelling, or tissue culture alone (28). The in vivo animal studies can evaluate 

the bioresorption, osteconduction and osteinduction capacity of the test grafts in 

orthotopic and ectopic sites with and without loading.  

  

4.1 Factors to be considered in choosing a model 

Biomaterials have to be tested in animal models before being used in human 

trials as animal testing is a midway step between in vitro studies and human 

clinical applications. For studying bone repair and regeneration choosing a 

suitable animal model is imperative in order to obtain results which have 

relevance to human systems (28). The animal species and the site of 

implantation chosen depends on the research question that is being asked. 

Several factors are of major importance which may modulate the final choice of 

the model used. 

 

4.1.1 Model relevance 

A model is only relevant if the experimental conditions and the effects generated 

are linked. For the evaluation of in vivo biocompatibility, biodegradation, 

osseointegration, osteoconductivity, osteogeneic and osteoinductive potential, 

simple tests such as implantation in ectopic (subcutaneous or intramuscular) and 

orthotopic (femural condyle and calvaria) sites of animals are employed (283). 

The main use of bone replacement materials in orthopaedic surgery is bone loss 

replacement or augmentation (283). The most commonly designs for such 

evaluations are surgically induced bone defects also known as critical size defect 

that progress to non-union if not replaced with graft materials. Critical sized 

defects were first described by Schmitz as “the smallest intraosseous wound that 
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does not heal by bone formation during the life time of the animal” (31).  Hollinger 

further defined it as “a defect which has less than 10% of bony regeneration 

occurring within the lifetime of the animal” (32). 

 

4.1.2 Bone healing and remodelling features 

Bone healing and remodelling in the animals being used for the study depend on 

a variety of variables such as the species or age of the animal, bone blood 

supply and mechanical loading after implantation. Bone repair capacity is higher 

in rodents and rabbits than in other species (32). The type of bone remodelling 

and rate of formation also differ between species. Large animals such as dogs, 

cats, rabbits, pigs and non-human primates show Haversian type remodelling in 

cortical bone, whereas rodents do not (34). The rate of bone remodelling in 

rabbits is twice as fast in dogs and three times as fast when compared with 

humans (36). Younger animals have higher bone repair and regeneration 

capacity compared with older animals. For this reason the magnitude of a critical 

size defect is therefore inversely related to the age of the animal being used (37). 

Local blood flow is also critical when assessing the bone healing procedures as it 

has been observed that increased blood supply promotes heterotopic 

osteoinduction by rhBMP-2 (38). Skeletal loading or lack of it post implantation 

can greatly affect results as unloading in weight bearing bones decreases 

osteoblast count, bone mass, bone formation rate, bone maturation and 

mechanical strength (39).  

 

4.1.3 Anatomical and morphological features 

The feasibility of performing surgical procedures in preclinical tests is dependent 

upon specific anatomic features such as the shape and size of the animal bones. 

Rodents and rabbits have small-sized bones and thin fragile cortices, hence 

requiring delicate surgical techniques and custom made smaller implants for 

bone fixation (41, 42). Dogs, sheep, cats and pigs have larger bones, hence 

allowing the use of conventional surgical techniques and implants designed for 

human clinical use (42). The types of bone tissue in which the bone replacement 
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materials will be tested are selected based on the intended future applications of 

the materials. Trabecular bone (metaphysial extremities) or cortical bone 

(diaphysis) are preferred if the graft materials are to be used for filling defects in 

long bones (41). Membranous bone (calvaria) is selected for testing if the 

materials are to be used in cranioplasties (41). 

 

4.1.4 Gender of the animals 

Bone healing and regeneration procedures are usually performed in male 

animals because hormonal cycles can have a significant effect on bone turnover 

(43). However, bone loss models developed by ovariectomy of rats and mice to 

mimic human osteoporosis are also used (53). Preliminary studies have also 

been carried out using ovariectomised sheep (34) or ferret (47). 

 

4.1.5 Species used for the models 

There are a variety of species which are used for orthopaedic research (56, 284). 

An analysis by Martini el al. (285) revealed that the most common choice were 

rats (36%), mice (26%), rabbits (13%), dogs (9%), non-human primates (3%), 

sheep, cats and pigs (~2% each).  

 

There is a variation in the anatomy, biochemistry and biomechanics of normal 

bone, and the repair processes do not always match with the properties of 

human bone (56, 61, 70). Rats have lamellar type of bone and show good 

cancellous but less cortical remodelling. Rats are used for both long bone and 

calvarial models. They are cost effective to house and female rats can be kept in 

one cage (56). There are significant differences in composition, quality and 

density between rat and human bones (56). Mice lack a Haversian canal system 

(62), but are still chosen due to their ease of handling, low cost, an increasing 

knowledge of their genetic blueprint and availability of genetic knockout varieties 

(breeding of animals with specific genes deactivated) (62).  
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The rabbit is one of the most commonly used animals for musculoskeletal 

research studies (260). They have larger skeletons in comparison with rats and 

mice and are easily housed. Another reason for the increased use of rabbits is 

that they reach skeletal maturity shortly after sexual maturity around 6 months of 

age (261). However, there are size  and number  limitations (implant not larger 

than 2mm in diameter and 6 mm in length and maximum of 6 implants per 

animal) when accessing implants for orthopaedic and dental applications (284). 

Rabbit bone remodels quickly (284) and has different microstructure from 

humans (61). In contrast to the secondary bone structure of mature human bone, 

rabbits have a vascular longitudinal tissue structure. Vascular canals of osteons 

run parallel with long axis of the bone, which surround the medullary canal as 

well as the periosteal surface. The bone between these layers is composed of 

dense Haversian type bone (264). There is limited literature on the differences 

between human and rabbit bone composition and density, some similarities are 

observed in the bone mineral density (BMD) and fracture toughness of mid-

diaphyseal rabbit and human bone (61, 262). 

 

Dogs have bone composition, architecture and remodelling similar to humans but 

have a combination of lamellar and plexiform bone (284, 286). Their 

biomechanical properties differ and remodelling is highly variable (61, 284, 286). 

Dogs are expensive to keep and use for animal studies and have additional 

ethical issues regarding their use. Cats are an uncommon choice and pigs have 

been used in models for investigating systemic response towards trauma, but 

rarely for bone healing studies (75, 89). The size of pigs, their short limbs and 

expensive housing requirements make them an unpopular choice. Sheep have 

cancellous and cortical bone, but also have a woven bone like plexiform bone 

and very few Haversian canals (56, 284). Their bones undergo remodelling at a 

rate similar to humans but there is a difference in composition and fracture stress 

levels (56, 74, 284). 
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4.2 Animal models currently used for bone replacement material evaluation 

There are a variety of animal models that are used for bone material replacement 

evaluation for orthopaedics, maxillo-facial and spinal surgery applications. 

Evaluation of bone replacement materials and implants are performed in animal 

models prior to preclinical studies are performed to determine whether the 

materials are to reach the clinical trial stage in humans.  

 

4.2.1 Heterotopic implantation 

The gold standard for testing the biocompatibility, osteogenic and osteoinductive 

potential of bone replacement materials and constructs in vivo is intramuscular 

implantation (in large animals). Biocompatibility and graft resorption can also be 

assessed by subcutaneous implantation in rats (207). These tests are mostly 

performed on rabbits and rats due to them being cost effective and also because 

of their technical simplicity (The bone replacement materials are directly 

implanted into the recipient bed). They have also been tested on larger species 

such as sheep (78) and goats (287, 288). 

. 

4.2.2 Orthotopic implantation 

Orthotopic implantation models allow the assessment of osteoconductivity, 

osteointegration, osteointegration and biodegradability in a bone environment. 

Implantation in the rat calvaria is the gold standard model for orthotopic 

implantation (289). Calvarium undergoes membranous bone formation having 

poor blood supply and little bone marrow therefore creating a hostile setting for 

bone healing. When single mid-sagittal circular lesion (8 mm) and bilateral 

parietal lesions (5 mm) are created in rats: both result in critical size defects and 

fibrous non-union occurs and bone loss is not replaced (31, 289). Craniotomies 

are relatively easy to perform, are highly reproducible, have low morbidity rates 

and granular or paste like materials can be implanted on a large number of 

animals allowing statistically significant analysis (290, 291). 
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Orthotopic implantations using bone chamber models (diaphysis of long bones) 

can be used to test biomaterials in loaded or unloaded environments (283). Bone 

chambers have been used at the femoral level in rabbits and goats. This model 

can be used to study differences in scaffold processing, to compare scaffolds 

loaded with various growth factor concentrations and to assess the effects of 

loads on bone healing (291). 

 

4.2.3 Cranial surgery 

Studies on skull defects have been performed on rabbits, sheep, dogs, minipigs, 

and non-human primates (31, 290, 292). These lesions are highly reproducible, 

created easily and demonstrate low morbidity rates (31, 32). Different 

biomaterials can be compared in the same animal by creating multiple defects to 

obtain positive and negative control data on the same animal (290). 

 

 

4.2.4 Maxillo-facial surgery 

4.2.4.1 Filling defects 

Alveolar bone resorption at tooth extraction sites results in defects and models 

using dogs have been developed by performing maxillary and mandibular 

premolar extractions (293). Particulate bone fillers have also been tested for 

unicortical and bicortical mandibular filling defects in sheep (36), dogs (32) and 

minipigs (294). 

 

4.2.4.2 Segmental bone defects 

Segmental bone resections are performed in oncological maxillofacial surgery 

and mandibular discontinuity defects in animal models have been created to 

mimic these resections (31, 32, 295). These models to an extent simulate the 

adverse clinical settings in which bone replacement usually take place after 

maxillofacial surgery has been performed. Models have been described in the 

rabbit, rat, sheep, dog and non-human primates (32, 295). Mandibular bone is 

very thin in rodents and rabbits and it is preferable to induce mandibular 
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discontinuity defects in sheep, dogs or non-human primates, where resections 

are easier to perform (32). Orbital wall defects have been performed in sheep 

(296) and the reproducibility is greater and morbidity lower of this model when 

compared with mandibular defects.  However, since these defects are created in 

unstressed bones; this model should be used only to test biomaterials to be used 

with unloaded bones (296). 

 

4.2.4.3 Onlay grafting 

Vertical alveolar bone loss in patients who are partially or completely edentulous 

makes prosthetic rehabilitation difficult and does not allow for dental implant 

placement. There are anatomical restrictions based on the maxillary sinus, nasal 

cavity and the inferior alveolar nerve that limit the height available for implant 

placement and present surgical challenges. Data obtained from clinical studies 

support the use of bone grafts to allow placement of dental implants. The most 

commonly used procedures for this purpose include distraction osteogenesis 

(297-301), guided bone regeneration (GBR) (302-305) and onlay bone grafting 

(306-311). Although distraction osteogenesis and GBR can produce greater or 

equal bone height than onlay grafting, there are more complications associated 

with this technique (312). Onlay grafting using bone blocks was first introduced 

clinically in the early 1900s to augment the maxillary and mandibular bone height 

(313). Onlay grafting involves the extraction a block of autologous bone from a 

donor site (iliac crest or the mandibular ramus) or a synthetic graft, and fixing 

with osteosynthesis screws onto the recipient site. Currently there is no 

satisfactory alloplastic alternative to the conventional autologous bone grafts for 

maxillofacial bone augmentation applications. Animal studies using onlay bone 

grafting on rabbit calvaria have shown promising results and limited 

complications (17, 314, 315). Dog models have also been used to evaluate onlay 

bone grafting (316, 317). 
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4.2.5 Orthopaedic surgery 

4.2.5.1 Filling defects 

Bone fillers are often used to fill defects resulting from bone procurement for 

grafting procedures, metaphyseal traumas, or surgical removal of tumors (benign 

or malignant). Bone fillers are used as granules, pastes or preset blocks (318-

322). Metaphyseal defects have been induced using animal models in sheep 

(232), rabbit (323) and in the dog proximal tibia (324).  No special immobilization 

is required for these defects and statistical analysis can be carried out on the 

histological data obtained due the high reproducibility of these models (232, 323, 

324). 

 

4.2.5.2 Segmental bone defects 

Segmental long bone defects created 1.5 times the size of the diaphyseal 

diameter under experimental conditions are beyond the regenerative capacities 

of bone in skeletally mature dogs and results in non-union when the missing 

bone is not replaced (325). This is also observed in the case of feline tibia (37). 

The length of the bone resections at which non-union occurs is species and bone 

dependent and must therefore be established whenever a new model is 

developed. 

 

Segmental defects must be kept in a stable biomechanical environment while 

healing occurs (by plating or intramedullary rods) and this is more difficult in 

animals than in humans. Femoral (98, 326, 327), tibial (328), radial (329) and 

ulnar (329) resections performed on dogs have been stabilized using either 

external fixation methods (328) or bone plating (326, 327). Femoral, tibial, ulnar, 

and humeral resections have been performed on non-human primates (330-332). 
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4.2.6 Spinal surgery 

Bone replacement materials have two major applications in spinal surgery: 1) as 

bone filler to maintain or augment the vertebral body volume (vertebroplasty) 

when bone loss has resulted due to osteoporosis or tumors, 2) in spinal fusion as 

an augmenting bone healing procedure. 

 

4.2.6.1 Vertebroplasty 

In literature, a model of vertebral bone loss has been demonstrated in sheep 

(263) where a defect was surgically created in the vertebral body (lumbar), filled 

with coral or with autologous corticocancellous graft or left intact (negative 

control). The purpose of this model is to develop and research upon materials 

that can be used in patients suffering from osteoporosis (333, 334). 

 

4.2.6.2 Spinal fusions 

Spinal fusion is performed in order to achieve a mechanically optimal solution in 

a damaged spinal unit, and not just to restore normal anatomy in bone loss 

situations (335). There are two types of spinal fusion procedures that may be 

used in combination with each other: interbody fusion and posterolateral fusion 

(335). Spinal fusion with synthetic bone graft materials or constructs is very 

challenging since even the use of autologous bone is associated with relatively 

high failure rates (287). Interbody vertebral fusion procedures have been 

described in the sheep (336-338), goat (339-342), dog (343, 344),  rat (345, 346), 

rabbit (347), pig (348, 349), and non-human primates (345, 350, 351). These 

animal models are used to make a cost-effective comparison between different 

osteoinductive materials and scaffolds (347).  
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4.3 Surgical methodology employed during PhD experiments 

The following sections describe the surgical methodology and techniques 

employed by the student towards the completion of the animal implantation 

experiments for the PhD. 

 

4.3.1 Subcutaneous implantation procedure 

Male rats for the subcutaneous implantation were received and acclimatized for 

72 hours. Prior to the surgical procedure, the surgical area and instruments were 

prepared. The rats were anesthetized using isoflurane. Aseptic procedures were 

carried out once the animals shown complete signs of being under anesthesia. 

The animals were placed on their bellies and their backs shaved and disinfected. 

A 1 inch mid-scapular incision made in the skin along the length of the animal‟s 

back.  Using a blunt probe a subcutaneous pocket was created laterally on either 

side of the incision down the flanks of the animals. The cement cylindrical grafts 

(6X12 mm) were next introduced through the incision down the flanks on either 

side. The wound was irrigated with sterile normal saline and closed in layers: the 

subcutaneous tissue was closed closed with 3-0 vicryl, and the skin closed with 

4-0 monocryl sutures. Then animals received 5-10 mg/kg carpofen analgesic 30 

mins prior to surgery and 24 hours post operatively for 3 days. The animals were 

allowed to recover from the anasthetic and monitored for the next 3 days. After 4 

and 12 weeks the animals were sacrificed using carbon dioxide and the grafts 

retrieved.  
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                   Figure 4.3.1.1: Subcutaneous implantation: surgical steps. 

 

 

 4.3.2 Orthotopic implantation procedure 

Male rabbits for orthotopic implantation were received and acclimatized for 14 

days before surgical procedure. Prior to starting the procedure, the surgical area 

and the surgical instruments were sterilized and prepared in order to avoid post 

operative infections. Anasthesia premedication was induced with I.M. injection of  

10 mg/kg of xylazine and 1mg/kg of acepromazine followed by I.M injection of  

35-50mg/kg of ketamine. Isoflurane mask was used for anasthesia induction. 

Following induction, the rabbits were intubated and anasthesia was maintained 

with  isoflurane 2% endotracheal intubation. Aseptic procedures were carried out 

after the animals showed signs of being fully anaesthetized (lack of response to 

pinching the toe). The animals were next placed on their back and both their legs 

shaved and prepared for surgery. 
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Using a lateral approach to the knee, a two inch incision was made below and 

above the knee joint through the skin (from points 1 inch above and 1 inch below 

the joint) to expose the lateral condyle of the femur. Two drill holes (3.2 X 4 mm 

each)  were created below the femoral condylar region to accommodate the 

cylinderical calcium phosphate grafts (3 X 4 mm). The grafts were next gently 

tapped into place. The wound was irrigated with sterile normal saline and closed 

in layers: the fascia and muscle was closed closed with 3-0 vicryl, and the 

subcutaneous tissue and skin closed with a 3-0 running subcuticular monocryl. 

The same procedure was repeated on the other leg for each animal. 

 

The entire procedure for each animal lasted approximately 1.5 hours. With this 

procedure the animals were able fully to walk within 24 hours after the surgery. 

The rabbits received 0.05 mg/kg buprenorphine 30 minutes prior to the end of 

surgery and then a post-op regimen of buprenorphine every 8 to 12 hours was 

administered (0.02-0.05 mg/kg), for a minimum of 72 hours.  

 

 

                  Figure 4.3.2.1: Orthotopic implantation: surgical steps. 
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The protocol period was 4-12 weeks. Sacrifice was effected after sedation of the 

animals. Animals were sedated with a subcutaneous injection of buprenophrine 

0.2mg/kg and acepromazine 1mg/kg. Once the animals were fully sedated 

sacrifice would be effected with an intravenous overdose of nembutal. Post 

mortem, femurs containing the implanted calcium phosphate grafts were 

retrieved from the animals and processed for µ-CT/histology, XRD, SEM and 

histomorphometric analysis. 

 

All of the surgical procedures including the post surgical X-ray and live animal 

CT-scanning was done at the Montreal General Hospital (MGH) Animal 

Research Facility, in the same room where the surgery was perfomed, to avoid 

possible distress to the animals. The digital X-ray images obtained for the femur 

obtained post sacrifice of the animals was performed at the Center for Bone & 

Periodontal Disease (McGill University). 

 

 

4.3.3 Onlay grafting procedure 

Male rabbits for onlay grafting were received and acclimatized for 14 days for 

onlay grafting. Prior to starting the surgical procedure, the surgical area and the 

surgical instruments were sterilized and prepared in order to avoid post operative 

infections. Anasthesia premedication was induced with I.M. injection of  10 mg/kg 

of xylazine and 1mg/kg of acepromazine followed by I.M injection of  35-50mg/kg 

of ketamine. Isoflurane mask was used for anasthesia induction. Following 

induction, the rabbits were intubated and anasthesia was maintained with  

isoflurane 2% endotracheal intubation. Aseptic procedures were carried out after 

the animals showed signs of being fully anaesthetized (lack of response to 

pinching the toe). The animals were next placed in sternal recumbency, the head 

shaved and the cutaneous surface disinfected with povidone iodine solution, and 

the animal was covered with a sterile drape. 
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The calvaria bone was exposed through a skin incision approximately 4 cm in 

length over the linea media. A pair of tweezers were used to lift the skin before 

the periosteum was also incised in the same place. A periosteal elevator was 

used for separating the periosteum from the bone surface. Two holes (1.4 mm 

diameter) were drilled in the parietal bone using a trephine on a slow-speed 

electric handpiece by applying 0.9% physiologic saline irrigation. The drill holes 

were made on each side of the median sagittal suture without crossing it. The 

bioceramic implant discs (9.5 mm diameter by 3 mm thickness)  were stabilized 

by utilising stainless steel screw (1.5 mm screw diameter and 5 mm screw 

length) on either side. The wound was irrigated with sterile normal saline and 

closed in layers: the fascia was closed closed with 3-0 vicryl, and the skin closed 

with a 3-0 running subcuticular monocryl.  

 

 

  

                   Figure 4.3.3.1: Onlay grafting: surgical steps. 
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The entire procedure for each animal lasted approximately 1 hour. This 

procedure  necessitated no cutting of musculature or major disruption of blood 

supply. Similar procedure has been used previously for calvaria implantation 

studies (17, 158). With this procedure the animals were able fully to walk within 

24 hours after the surgery. The rabbits received 0.05 mg/kg buprenorphine 30 

minutes prior to the end of surgery and then a post-op regimen of buprenorphine 

every 8 to 12 hours was administered (0.02-0.05 mg/kg), for a minimum of 72 

hours.  

 

The protocol period was 12 weeks. Sacrifice was effected after sedation of the 

animals. Animals were sedated with a subcutaneous injection of buprenophrine 

0.2 mg/kg and acepromazine 1mg/kg. Once the animals were fully sedated 

sacrifice would be effected with an intravenous overdose of nembutal. Post 

mortem, bone blocks containing the stainless steel screw stabilized bioceramic 

discs were retrieved from the animal's calvaria and processed for µ-CT/histology, 

XRD, SEM and histomorphometric analysis. 

 

All of the surgical procedures including the post surgical X-ray and live animal 

CT-scanning was done at the Montreal General Hospital (MGH) Animal 

Research Facility, in the same room where the surgery was perfomed,  in order 

to avoid possible distress to the animals.  
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Chapter 5:     In vitro degradation and in vivo resorption of 

dicalcium phosphate cement based grafts. 

  

                 

5.1 Preface   

Dicalcium phosphate cements setting to form brushite and monetite are of great 

interest as bone replacement substitutes for orthopaedic and dental applications. 

The clinical success of these materials depends upon the rate and extent of in 

vivo resorption. This chapter details experiments performed to gain an insight 

into the effect of physicochemical properties of brushite and monetite cements on 

the in vitro dissolution/degradation and in vivo resorption processes. Bovine 

serum and phosphate buffered saline (PBS) was chosen for the in vitro 

comparison after ageing between bioceramics produced with differing levels of 

porosity, density and specific surface areas. In oral maxillofacial applications, 

bone substitute materials are often in direct contact with soft tissues and hence a 

subcutaneous rat model was employed for in vivo testing comparing resorption in 

a soft tissue environment between the implanted bioceramics. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 110 

In vitro degradation and in vivo resorption of dicalcium 

phosphate cement based grafts 

 

Zeeshan Sheikh1, Yu Ling Zhang1, Liam Grover2, Faleh Tamimi1, Jake 

Barralet1,3 

 

1Faculty of Dentistry. 3640 McGill University, Montreal. Quebec, H3A 0C7,     

Canada 

2School of Chemical Engineering, University of Birmingham, Edgbaston,  

Birmingham, B15 2TT, UK 

3Division of Orthopaedics, Department of Surgery, Faculty of Medicine,  

McGill University, Montreal, Quebec, Canada. 

 

             

5.2 Abstract  

Dicalcium phosphates (DCP) are acidic calcium phosphates used in orthopaedic 

and dental bone repair and regeneration applications. There are two types of 

DCPs: dihydrated (brushite) and unhydrated (monetite). After implantation, 

brushite converts to HA which resorbs very slowly and negligibly, limiting the 

success of bone replacement procedures. This conversion is not observed after 

implantation in monetite cements and results in greater resorption. However, the 

mechanisms of resorption and degradation remain largely unknown. This study 

was designed to investigate the effect of: porosity, surface area and hydration on 

in vivo resorption and in vitro degradation of DCP. Brushite and two types of 

monetite cement based grafts (produced by wet and dry thermal conversion) 

were aged in PBS, bovine serum solutions and implanted subcutaneously in rats. 

Here we show that for high porosity grafts, solubility and surface area does not 

play a significant role towards in vitro mass loss with disintegration and 

fragmentation being the main factors dictating mass loss. For grafts having lower 

porosity, solubility plays a more crucial role in mass loss during in vitro ageing 

and in vivo resorption. Also, in vitro serum inhibits the formation of HA in 
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brushite. However, when aged in PBS, brushite undergoes phase conversion to 

a mixture of octacalcium phosphate (OCP) and HA. This phase conversion is not 

observed for monetite when aged (PBS or serum) or implanted subcutaneously. 

The results obtained provide a greater understanding of the degradation and 

resorption process of DCP based grafts, allowing us to prepare bone 

replacement materials with greater clinical efficacy. 
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5.3 Introduction 

Dicalcium phosphates (DCP) are acidic calcium phosphates of great interest for 

orthopaedic and dental applications. Brushite cements set via a 

dissolution/precipitation process at low pH  (<6) (145, 151). One of the methods 

by which brushite cements can be prepared is by mixing an acidic calcium 

phosphate such as monocalcium phosphate monohydrate (MCPM) and a basic 

calcium phosphate like beta tricalcium phosphate (β-TCP) with water. This 

method results in a mouldable paste that sets into a solid cementitious material 

composed mainly of dicalcium phosphate dihydrate (DCPD) (164, 165, 352). 

Brushite cements can also be utilized as precursors to the anhydrous form of 

dicalcium phosphate (DCPA), also known as monetite. Brushite crystals when 

heated above 60°C start to dehydrate into monetite (167), and if moisture is 

maintained during the heating process (as in autoclaving)  then bulk shrinkage is 

prevented and an increase in the internal pore size is observed (208). This 

conversion into monetite can also be carried out by dry heating preset brushite 

cements (16). These wet and dry heat conversions of brushite to monetite results 

in two materials that are chemically very similar yet differ with respect to physical 

properties (total porosity, pore size distribution, density and surface area) (16, 

18). 

 

The success of bone replacement procedures is limited by the low or negligible 

resorption rates associated with the use of calcium phosphate cements (145). A 

significant reduction in the rate of resorption is frequently reported due to the 

phase conversion of brushite to HA (225, 353). It has been observed that 

monetite does not re-precipitate into HA in vivo, and recent research 

demonstrates its good osteoconductive and osteoinductive properties (14-18, 

231). 

 

Studies investigating behaviour of brushite cements after implantation or 

immersion in aqueous media have reported resorption, disintegration or long-

term stability (44, 177, 232). Brushite cements have been shown to exhibit a 
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decrease in mass, an increase in porosity, and a deterioration in mechanical 

properties upon in vitro incubation (229). It has been reported that the inherent 

cement properties (i.e. cement porosity), as well as the properties of surrounding 

medium and the rate of fluid exchange affects initial brushite resorption (228). 

Disintegration and fragmentation of cement matrix rather than simple dissolution 

can also contribute to mass loss during brushite incubation in vitro (228). 

 

Brushite cements experience an initial linear degradation rate of 0.25 mm per 

week once implanted in vivo (44). After implantation, during initial few weeks 

brushite cements appear to resorb by disintegration, simple dissolution and 

cellular activity (macrophages and osteoclasts) (177, 222, 223). It has also been 

observed that serum can adsorb onto cement surface altering the interfacial 

properties promoting brushite resorption in vivo and in vitro (228). The resorption 

mechanism of monetite is similar to that observed for brushite cement grafts, in 

that it is mainly mediated by cellular activity and simple dissolution (224). Recent 

studies have shown that monetite grafts produced by autoclaving of preset 

brushite cements appear to resorb more in comparison to the original brushite 

grafts (18, 207).  

 

In this study, brushite cement grafts were prepared and monetite grafts obtained 

from them via wet heat and dry heat conversion. The in vitro and in vivo 

behaviour of these grafts was investigated by ageing in PBS and bovine serum 

solutions and also after subcutaneous implantations in rats. We attempted to 

discern the effect of DCP hydration, porosity and surface area on in vitro and in 

vivo degradation and resorption. 
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5.4 Results    

The powder to liquid (P/L) ratio employed to prepare brushite and monetite grafts 

had a marked influence on their compressive strengths. The compressive 

strength approximately doubled when the P/L ratio for brushite grafts was 

increased from 1 to 3 g/ml (Table 5.9.1). An approximate three-fold increase and 

a four-fold increase was observed when the P/L ratio was increased from 1 to 3 

for the dry heat and autoclave converted monetite grafts respectively (Table 

5.9.1). The increase in compressive strength of brushite grafts when the P/L ratio 

was increased from 1 to 3 was associated with a reduction in the relative porosity 

from ~65% to ~36%. Similar effects of reduction in relative porosity with increase 

in the P/L ratio were observed for the dry heat monetite and autoclaved monetite 

grafts. 

 

Mercury porosimetry of the grafts prepared with a P/L mixing ratio of 3 prior to 

immersion in PBS, serum and subcutaneous implantation showed that the 

diameter of the majority of pores were between ~500 nm and ~600 nm for 

brushite, ~800 nm to ~1 µm for autoclaved monetite, and ~700nm to ~1 µm for 

the dry heat monetite (Figure 5.9.1 a). The results for the 1:1 P/L ratio grafts 

revealed  bimodal pore diameter distribution with modal values of ~4 µm and ~9 

µm for brushite, ~5 µm to ~8 µm for autoclaved monetite, and ~3 µm to ~8 µm for 

the dry heat monetite (Figure 5.9.1 b). 

 

Upon visual inspection and mass loss quantification of the retrieved grafts 

(prepared with P/L ratio of 3) from rats, brushite explants after 4 weeks of 

implantation showed slightly less resorption (~6%) (Figure 5.9.2 a) in 

comparison to the dry heat (~9%) (Figure 5.9.2 b) and autoclaved (~12%) 

(Figure 5.9.2 c) monetite explants. Similar observations were made for the 

brushite (~17%) (Figure 5.9.2 d), dry heat monetite (~25%) (Figure 5.9.2 e), and 

autoclaved monetite (~30%) (Figure 5.9. 2 f) grafts retrieved after 12 weeks. 

The radiographs obtained from the animals after implantation of the grafts 

(Figure 5.9.2 g), after 4 weeks (Figure 5.9.2 h), and after 12 weeks (Figure 
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5.9.2 i) also demonstrated the visual difference in the extent of resorption 

between brushite and the monetite grafts in vivo. 

 

X-ray powder diffraction (XRD) and phase analysis confirmed that the prepared 

bioceramic grafts were brushite, and that the autoclaving and dry heating 

processes resulted in conversion of brushite to monetite (Figures 5.9.3 and 

5.9.4). The brushite grafts aged in PBS showed phase conversion from brushite 

to a mixture of octacalcium phosphate (OCP) and HA after 60 days (Figure 

5.9.3). The brushite grafts aged in serum did not show phase change at any time 

point (data not shown). Similar results were obtained for the brushite grafts after 

4 weeks of implantation with no phase change observed. A mixture of OCP and 

HA peaks were seen in the XRD patterns of the surface of brushite at 12 weeks 

in vivo (Figure 5.9.4). The monetite cement grafts (autoclaved and dry heated), 

aged in vitro, and implanted subcutaneously, did not show any phase change or 

conversion to apatite when characterised (Figures 5.9.3 and 5.9.4). 

 

SEM micrographs of the prepared brushite grafts showed blade like crystals in 

the ~5 µm size range (Figure 5.9.5 a). When aged in PBS, the brushite grafts 

showed blade or needle like crystal growth of OCP (Figure 5.9.5 b). When the 

same brushite grafts were aged in serum, smaller crystals were observed with 

the size being less than 2-3 µm (Figure 5.9.5 c). Subcutaneously implanted 

brushite grafts showed similar blade like crystal morphology of OCP (Figure 

5.9.5 d). These microstructural observations were consistent irrespective of P/L 

ratio used to prepare the bioceramics. The primary crystal morphology of the 

autoclaved monetite grafts when prepared showed crystals mostly in the ~2-4 µm 

size range (Figure 5.9.5 e). After ageing in serum, the microstructure of 

autoclaved monetite grafts changed to ~1 µm in size (Figure 5.9.5 g). 

Autoclaved monetite grafts aged in PBS solution and implanted subcutaneously 

also showed small sized crystals (Figures 5.9.5 f and h). The dry heat monetite 

grafts prepared for the ageing experiments and implantations had mostly 

extremely small crystals with size smaller than 1 µm (Figure 5.9.5 i). After ageing  
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in PBS, we observed similar crystal morphology with the original grafts yet the 

crystal size had become smaller (Figure 5.9.5 j). It was interesting to note the 

appearance of the dry heat graft microstructure after ageing in serum as the 

original brushite crystal morphology seemed to have been maintained but they 

had transformed into porous assemblies of nanocrystals (Figure 5.9.5 k). After 

subcutaneous implantation the dry heat monetite grafts showed an appearance 

which was a mixture of that seen in the PBS aged samples (smaller crystals) and 

the subcutaneously implanted samples (porous blocks) (Figure 5.9.5 k). No 

blade like crystals of OCP were observed in any of the monetite grafts after being 

in PBS, serum or in vivo for any given time period. 

 

Elemental analysis of the bioceramics revealed that brushite and both the 

autoclaved and dry heat monetite grafts had a similar calcium-to-phosphate 

(Ca/P) ratio, slightly higher than 1.0 (Table 5.9.3). However when the samples 

were aged in PBS and implanted subcutaneously it was observed that the Ca/P 

ratio for brushite grafts increased, matching closely to the Ca/P ratio expected for 

OCP (1.33). This increase was not observed for the grafts aged in serum. The 

autoclaved and dry heat monetite grafts did not show significant changes in the 

Ca/P ratio after being aged in PBS or implanted (Table 5.9.3). 

 

All grafts aged in serum showed a greater loss of mass over 60 days when 

compared to ageing in PBS (p < 0.05) (Table 5.9.2 and Figure 5.9.6). Brushite 

grafts prepared with P/L ratio of 3 after 26 days of ageing in PBS started to lose 

more mass daily and this trend continued till about day 56 (Figure 5.9.6 a). After 

day 56, the brushite seemed to have stopped losing mass (Figure 5.9.6 a). 

When this was compared with the results from the in vitro ageing in serum for the 

3:1 P/L ratio grafts, we observed that brushite lost mass continuously till day 60 

(Figure 5.9.6 b). When the 1:1 P/L ratio grafts were aged in PBS and serum, 

they lost similar amount of mass (~10%) during the first 10 days (Figures 5.9.6 c 

and d). However after the first 10 days, the grafts aged in serum continued to 

lose more mass daily over the next 50 days. The 1:1 P/L ratio grafts being more 
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porous than their 3:1 P/L ratio counterparts demonstrated a quicker rate of 

disintegration (Figures 5.9.6 c and d). In comparison, the 3:1 P/L ratio grafts 

underwent less fragmentation and maintained physical integrity better. The 

difference in the mechanical properties of these grafts also matches with this 

observation, since 3:1 P/L ratio grafts had higher compressive strength when 

compared with the 1:1 P/L ratio grafts (Table 5.9.1). The 3:1 P/L ratio grafts aged 

in PBS showed minimal mass loss for the first 26 days (~2.5%). Autoclaved 

monetite grafts continued to lose mass at a similar rate for the next 34 days and 

at the end lost ~4.5% of its starting mass. Autoclaved monetite demonstrated the 

greatest amount of in vivo resorption (p < 0.05) followed by dry heat monetite 

grafts, while the least amount of resorption was shown by brushite grafts for the 

similar P/L ratios employed (Table 5.9.2 and Figure 5.9.7). 
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5.5 Discussion  

 

5.5.1 In vitro dissolution & in vivo resorption 

                      Passive dissolution, fragmentation, cellular activity (macrophage and osteoclast 

mediated) and phase conversion are the key mechanisms that determine the rate 

and amount of mass loss from brushite cements during in vitro incubation and in 

vivo implantation  (183, 228, 354). Dissolution occurs when brushite is placed in 

an environment that is under saturated in calcium and phosphate ions and 

proceeds according to the following equation: 

 

CaHPO4·2H2O → Ca2+ + HPO4 
2- + 2H2O                                                                         

 

The process of dissolution stops once the solubility limit has been reached (228, 

229, 355). Brushite dissolution supersaturates the environment with respect to 

HA, ultimately resulting in HA precipitation. Brushite conversion to HA occurs via 

two steps; dissolution and precipitation (356) and proceeds according to the 

following equation: 

 

10CaHPO4·2H2O → Ca10(PO4)6(OH)2 + 4H3PO4 + 18H2O                                               

 

Once the cement was immersed, the process of brushite dissolution could begin 

immediately since PBS used in our study contained no calcium ions. This would 

be expected to increase the calcium and phosphate ion concentration, slowing 

the rate of cement dissolution. By removing the dissolution products on a daily 

basis a relatively higher rate of dissolution was maintained, analogous to the in 

vivo process of fluid turn over. 

 

Phase conversion to OCP and HA along with limited mass loss observed for 

brushite grafts aged in PBS match with the results obtained from same grafts 

after subcutaneous implantation. It is already known that the Ca/P ratio of OCP 

and HA are 1.33 and 1.67 respectively (16, 18). The Ca/P ratio noted for the PBS 
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aged and subcutaneously implanted brushite grafts was between these two 

values indicating a mixed phase content of the remaining cement. In a previous 

study, brushite cement set by mixing β-TCP with orthophosphoric acid showed 

the presence of HA after 14 days of immersion in PBS resulting in reduction in 

the rate at which mass was lost from the cement (228).  It has been reported that 

formation of HA in brushite cement can occur as early as 72 h after initial 

immersion in PBS, reaching complete conversion within 19 days of ageing (357). 

In our in vitro and in vivo experiments this early conversion of brushite grafts was 

not observed. The late conversion of brushite phase to a mixture of OCP and HA 

observed in our study can be attributed to the in vitro media refreshment 

performed daily and fluid turnover in vivo after subcutaneous implantation.  

 

The presence of calcium in serum (~50-90%) reduces solubility of brushite to 

between ~2% and 4% of that in the absence of calcium (201). However, we did 

not observe this reduction in solubility when the grafts were aged in bovine 

serum. Conversion of brushite cements to HA has been observed in vivo (232, 

357), and therefore this could be expected after ageing in serum. As there was 

no HA detected at any time point investigated it appeared that serum 

constituents inhibited apatite formation. Several studies have reported that 

proteins depending on their types and levels can either inhibit or encourage the 

formation of HA or its precursor (OCP) in calcium phosphates (18, 358). It has 

been observed that the proteins present in serum can adsorb onto cement 

surfaces, altering the interfacial properties of the crystals (184), favoring  in vitro 

resorption. It has already been demonstrated in vitro previously that albumin 

retards the transformation of brushite to HA (356, 359). Since serum contains all 

of the proteins and ionic constituents that are present in vivo, other factors such 

as enzymes or cellular activity may be responsible for HA formation in brushite 

cements after implantation. These observations are also supported by the results 

from our in vivo study which demonstrated phase conversion of brushite to OCP 

& HA after subcutaneous implantation.  
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The results from our study showed that monetite grafts although having lower 

solubility than brushite cements (16), still resorbed faster in vivo. This was also 

observed in other recent studies (207). The mechanism of in vivo resorption of 

monetite cements is similar to that of brushite, with cellular activity accounting for 

most of the resorption with passive dissolution being less crucial (224). The 

possible reason for the monetite grafts showing greater resorption in vivo could 

be the greater total porosity present than brushite. Another reason could be the 

presence of higher levels of macroporosity in monetite in comparison with 

brushite cements. It has been reported that materials with macroporosity can be 

invaded by resorbing cells and show an increase in the rate and amount of 

resorption (360).  

 

5.5.2 Disintegration 

It was observed that a large proportion of mass lost in PBS and serum for 

cement grafts prepared with P/L ratio of 1 could be attributed to disintegration of 

the cements due to their highly porous and mechanically weak structure rather 

than dissolution. This mass loss due to disintegration has also been noted in 

other in vitro (228) and also in vivo (357) studies. The fragmentation of high 

porosity grafts was observed with serum solutions collected every day having 

murky appearance. As a consequence, higher porosity brushite grafts lost mass 

throughout the experiment at a constant rate. The greater mass loss of the 1:1 

P/L ratio brushite and monetite cements when compared with the 3:1 P/L ratio 

cements aged in serum and PBS is thought to be due to higher relative porosity 

of the 1:1 P/L ratio grafts. The differences in weight loss observed for the less 

porous 3:1 P/L ratio brushite and monetite cements could be attributed to the 

difference in the solubility constants and not so much dependent upon 

fragmentation or disintegration of the cement matrix.  
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5.5.3 Physical properties 

The relationship between porosity and strength is inversely logarithmic  (179, 

216); thus the effect of increase in relative porosity resulted in the loss of 

compressive strength observed (Figure 5.10.7). Relative porosity, crystal 

morphology, degree of conversion, homogeneity of the cement matrix, 

compaction of the setting cement and critical flaw size are a number of factors 

which may influence cement strength (166, 182, 361, 362). The highest wet 

compressive strength value measured for our prepared cement grafts was for the 

brushite cylinders prepared with P/L ratio of 3 being ~16 MPa. This when 

compared with the highest compressive strength of ~52 MPa reported in 

literature for hand mixed brushite cements (216); is significantly lower. The 

reduction in compressive strength observed after ageing was likely to have been 

caused by dissolution of the brushite cement resulting in the increase in the 

relative porosity in vitro and in vivo.  Mirtchi et al. have reported a similar 

reduction in compressive strength in brushite cements formed from β-TCP and 

MCPM following ageing in water (363). A significant reduction in the compressive 

strength was also noted upon the conversion of brushite grafts to monetite by 

autoclaving. This detrimental effect can be attributed to the increase in the 

relative porosity observed after autoclaving. Interestingly, the brushite grafts 

converted to monetite by dry heating demonstrated a much higher compressive 

strength in comparison to their autoclaved counterparts and did not exhibit as 

great a loss of compressive strength after ageing and implantation. We believe 

that the dry heating process under vacuum not only converts brushite to monetite 

but also the crystals get aggregated as observed in the SEM micrographs. This 

aggregation and interlocking of monetite crystals is probably the reason for the 

higher compressive strength recorded. 

 

The density of the brushite grafts was higher than what is expected from phase 

pure brushite (2.27 g/cm3) (16). This was possibly due to the presence of small 

amounts of dense β-TCP (3.14 g/cm3) in the brushite cement grafts. The 

monetite grafts prepared by the two different conversion methods had lower 
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density than the pure form of monetite (2.92 g/cm3) (16), indicating some trace 

amounts of brushite cement may have remained unconverted. The increase in 

the SSA observed after conversion of brushite to monetite was due to the 

autoclaving process resulting in smaller sized monetite crystals and an increase 

in total porosity percentage. The brushite cement grafts converted to monetite by 

dry heating under vacuum demonstrated a greater increase in the SSA and this 

was observed via SEM imaging which showed decreased crystal size in 

comparison with the autoclaved monetite crystals. 

 

     

5.6 Conclusion 

This study shows that serum inhibits the formation of HA in brushite cement. 

Monetite cements produced by autoclaving and dry heating methods do not 

demonstrate any phase conversion when aged in PBS or serum. While surface 

area does not play a significant role, disintegration and fragmentation of grafts 

seems to be the main factors which dictate mass loss in high porosity 

bioceramics. For cements having lower porosity, solubility plays a more crucial 

role towards mass loss during in vitro ageing and in vivo resorption. It appears 

that it is not only the material composition that dictates cement behavior in vitro 

and in vivo, but is a combination of various physical and chemical characteristics. 

Cement removal from implant site is a complex phenomenon and dependent on 

a variety of physiologic processes other than simple dissolution. The results 

obtained from this study lays down the ground work for further investigation to 

obtain a better understanding of the degradation processes and hence achieving 

the possibility of graft preparation with higher clinical efficacy. 
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5.8 Experimental 

 

5.8.1 Method and materials        

5.8.1.1 Synthesis        

Brushite cement grafts were prepared with a mixture of β-TCP (Merck) and 

commercially available monocalcium phosphate hydrate (MCPM) (ABCR, GmbH 

& Co.KG) using a ratio of 1.2 to 1 respectively. In order to investigate the effect of 

powder to liquid (P/L) ratio on physical properties and degradation, brushite and 

monetite cements were produced at P/L mixing ratio of 3 and 1 g/ml. The 

powders were hand ground with a pestle and mortar and cement pastes 

prepared by mixing the powder with appropriate amount of distilled water on a 

glass slab for 20 s. Once all of the powder was combined with the liquid, the 

cement paste was kneaded for a further 30 s. The manipulated cement slurry 

was cast into a polytetrafluoroethylene (PTFE) split mould forming hardened 

cement cylinders Ø (~12 х 6 mm). The cylinders were allowed to set for 24 h at 

37°C ± 1˚C in a vacuum desiccator to form hard brushite. At the end of the 

incubation period, the samples were removed from the mould and weighed until 

constant mass was reached.  Five different batches of thirty cylinders each were 

produced to obtain a total of one hundred and fifty cylinders with 3 and 1 P/L 

ratios. Even though the sample homogeneity was very high (either within a batch 

or between batches), the sample assignment was randomized.  

 

Monetite cement grafts (n=70 in total) were synthesized by conversion of the 

preset brushite cement cylinders utilizing two different methods: thermal and 

hydrothermal conversion. For thermal conversion, the brushite cylinders (n=35) 

were dry heated at 250°C for 30 minutes under vacuum (80 mTorr). 

Hydrothermal transformation was performed with the brushite cylinders (n=35) 

being autoclaved at sterilizing conditions (120°C, 100% humidity and 15 psi, for 

30 minutes).  

 

 



 124 

5.8.1.2 Characterisation      

The phase purity of the prepared brushite and the monetite grafts was confirmed 

using X-ray diffraction (XRD). XRD data was collected (Bruker Discover D8 

diffractometer) with Ni filtered CuKα radiation (λ = 1.54A) with a two dimensional 

VANTEC area detector at 40 kV and 40 mA. A step size of 0.02° was used to 

measure from 10 to 50° 2θ over 3 frames with a count time of 300 s per frame. 

The phase composition was compared and confirmed with the International 

Centre for Diffraction Data reference patterns for brushite (PDF Ref. 09-0077) 

and monetite (PDF Ref. 09-0080), JCPDS 2010 database. 

 

The compressive strength of all prepared grafts was measured before and after 

in vitro ageing and subcutaneous implantation. Before testing, geometrical 

measurements of the graft cylinders were made in triplicate and the samples 

weighed. Samples were mounted on the testing machine (5544, Instron) so that 

the long axes of the cement cylinders were perpendicular to the lower anvil. A 

compressive force was then applied to the upper surface of the cylinders at a 

constant crosshead displacement rate of 1 mm/min until failure occurred. The 

applied load was measured using a 100 N load cell (5544, Instron). Mean 

compressive strength was determined from the average of 10 measurements. 

 

After testing in compression, cement fragments were retrieved, weighed and 

dried in a vacuum desiccator at a temperature of 37°C. The fragments were then 

ground to powder using a pestle and mortar. The true density of the powdered 

grafts was determined using a helium pycnometer (Accupyc 1330, 

Micromeritics). The volume of each sample was measured 10 times following 10 

purges of the measurement chamber with helium. The relative porosity (bulk 

porosity) of the cements was calculated from apparent and true density 

measurements. The specific surface area (SSA) of cements was determined by 

using the Brunauer–Emmett–Teller (BET) method with helium adsorption–

desorption (Tristar3000, Micromeritics). 

 



 125 

Bioceramic microstructure was observed using scanning electron microscopy 

(Hitachi S-4700 FE-SEM; Tokyo, Japan), at an accelerating voltage of 2 kV. 

Elemental composition of the bioceramics was assessed with energy dispersive 

X-ray (EDX) analysis using Oxford detector and INCA software (Oxford 

Instruments, Abingdon, UK). The pore size distribution of the prepared brushite 

and monetite cement grafts prior to in vitro and in vivo experiments was 

measured by using mercury intrusion porosimetry (9420, Micromeritics, 

Bedfordshire, UK). 

 

5.8.1.2 In vitro ageing      

After initial characterisation was complete, the graft cylinders were stored at 37 ± 

1°C and ~100% relative humidity for 24 h. Brushite and the autoclaved and dry 

heat monetite grafts (n=3) were immersed in PBS solutions, and also in bovine 

serum containing sodium azide (Sigma-Aldrich) at a concentration of 0.1%. The 

graft cylinders were aged at a liquid to cement volume ratio (LCVR) of 60 as 

used by Grover et al. (228) for 7, 30 and 60 days at 37 ± 1°C. Dynamic ageing 

protocols were achieved by refreshing the liquid every 24 h throughout the 

experiment to remove any dissolution products. To quantify the amount of mass 

loss over time, the graft cylinders were removed daily from the ageing medium 

and weighed. After periods of 7, 30 and 60 days of ageing, the grafts were 

removed from the solutions and tested in compression and characterised for 

changes in phase composition, SSA, density and porosity. 

 

5.8.1.3 Animal study      

The surgical protocol for animal testing for research was approved by the McGill 

University Ethical Committee (Animal use protocol # 6020). For evaluation of bio-

resorption and changes in the physicochemical properties in vivo, the prepared 

calcium phosphate grafts were implanted subcutaneously in rats (n=6). 36 male 

Wistar rats (35-40 days old, 126-150 g weight) were purchased from Charles 

River Laboratories, Montreal, Quebec, Canada. Briefly, two subcutaneous 

pockets on either side in the flanks of the animals were accessed via a mid-
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scapular surgical incision. The implants were placed (unfixed) into the pocket. It 

was ensured using blunt dissection that the subcutaneous pocket is made and 

that the graft does not rest directly beneath the incision, as this could have 

potentially interfered with wound healing. After placement of grafts in their 

respective pockets, the incision was closed using resorbable monocryl sutures. 

After 4 and 12 weeks of implantation, animals were sacrificed and implants 

retrieved. Digital radiographs were obtained using Kubtec® XPERT80 X-ray 

system (KUB Technologies Inc. Milford, CT) employing a voltage of 90 kV and a 

tube current of 1.0 µa. The retrieved grafts were tested in compression, 

characterised for changes in phase structure, SSA, density, porosity and mass 

loss.  

 

5.8.1.4 Statistical analysis      

Data are presented as the mean plus or minus the standard deviation. Statistical 

analysis was performed using the statistical software IBM®SPSS® (v. 19, IBM 

SPSS Inc., Chicago, IL). Statistical significance (p < 0.05) between groups was 

determined by non-parametric analysis with Wilcoxon sign rank test. Statistical 

significance was set at a value of p < 0.05. 
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5.9 Tables & Figures   

Table 5.9.1: Summary of physicochemical properties of brushite, autoclaved and 

dry heat monetite cement grafts. 

Graft type and 

P/L ratio 

 

Porosity (%) 

 

S.S.A (m
2
/g) 

 

Density (g/cm
3
) 

Compressive 

strength (MPa) 

3:1 Brushite 36 ± 2 0.62 ± 0.21 2.42 ± 0.06     16.6 ± 1.0 

3:1 AC monetite 53 ± 2 1.66 ± 0.09 2.87 ± 0.02       8.1 ± 1.3 

3:1 DH monetite 45 ± 3   20.05 ± 1.14 2.85 ± 0.05     15.0 ± 1.6 

1:1 Brushite 65 ± 2 0.89 ± 0.12 2.45 ± 0.04 8.4 ± 1.1 

1:1 AC monetite 60 ± 3 1.12 ± 0.13 2.89 ± 0.04 2.4 ± 0.8 

1:1 DH monetite 60 ± 2   19.36 ± 1.77 2.83 ± 0.09 5.3 ± 0.6 

AC- Autoclaved 

DH- Dry heat 

S.S.A - Specific surface area 

      

        
Table 5.9.2: Summary of the total percentage of mass loss of brushite and 

monetite cements after in vitro ageing in PBS and bovine serum and after 

subcutaneous implantation.    

Biomaterial 

(P/L ratio) 

PBS 60 days 

(mass loss %) 

Serum 60 days 

(mass loss %) 

Subcutaneous 84 

days (mass loss %) 

3:1 Brushite   13 ± 1.0     16 ± 1.0 17 ± 2.0 
3:1 Dry heat monetite  10 ± 1.5          12.5 ± 1.0 25 ± 2.5 
3:1 Autoclaved monetite        4.5 ± 0.5   7.0  ± 0.5 30 ± 2.0 
1:1 Brushite  26 ± 2.0          42.5 ± 2.0 29 ± 3.0 

1:1 Dry heat monetite  29 ± 1.5     37 ± 2.0 39 ± 2.0 
1:1 Autoclaved monetite  33 ± 1.5     47 ± 1.5 48 ± 4.5 
   

 

 Table 5.9.3: Summary of changes in calcium-to-phosphorous ratio of brushite 

and monetite grafts after ageing in PBS, serum, and subcutaneous implantation. 

 

Biomaterial 

Before 

experiments 

PBS 

(60 days) 

Serum 

(60 days) 

Subcutaneous 

(84 days) 
3:1 Brushite 1.10 ± 0.08  1.42 ± 0.08* 1.10 ± 0.11  1.44 ± 0.13* 
1:1 Brushite 1.04 ± 0.11 1.38 ± 0.07* 1.15 ± 0.07  1.42 ± 0.08* 
3:1Autoclaved monetite 1.17 ± 0.06  1.13 ± 0.06 1.14 ± 0.09 1.16 ± 0.06 
1:1Autoclaved monetite 1.15 ± 0.10 1.18 ± 0.08 1.12 ± 0.11 1.15 ± 0.14 
3:1 Dry heat monetite 1.13 ± 0.07 1.11 ± 0.12 1.11 ± 0.12 1.13 ± 0.09 
1:1 Dry heat monetite 1.06 ± 0.12 1.15 ± 0.10 1.14 ± 0.05 1.12 ± 0.11 
(*) signifies the statistical significance of increase in Ca/P ratio from start of experiments  

(P < 0.05) 
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Figure 5.9.1: Pore size distribution of (a) 3:1 P/L ratio brushite, 
autoclaved monetite and dry heat monetite grafts, and (b) 1:1 P/L ratio 
brushite, autoclaved monetite and dry heat monetite grafts. 
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Figure 5.9.2: Photographs of the retrieved brushite, dry heat monetite and 

autoclaved monetite grafts after 4 weeks of implantation (a,b,c) and after 

12 weeks (d,e,f) [yellow dotted lines denote 6 x 12mm initial dimensions of 

the grafts]. Radiographs showing brushite (right) and autoclaved monetite 

(left), (g) upon implantation, (h) after 4 weeks, and (i) after 12 weeks in 

vivo. 
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Figure 5.9.3: X-ray diffraction patterns indicating the initial and post 

ageing in PBS phase composition of brushite, autoclaved and dry heat 

monetite grafts. Grafts initially consisted of phase pure DCPD (*). The dry 

heat and autoclaved monetite grafts show the conversion from DCPD to 

DCPA (†). After ageing in PBS for 60 days the brushite shows conversion 

from DCPD to OCP (O) and HA (X) and remnants of DCPD. The dry heat 

and autoclaved monetite grafts do not show any phase change upon 

ageing in PBS for 60 days. 
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Figure 5.9.4: X-ray diffraction patterns showing phase composition before and 

post implantation of:   

a. Brushite graft cylinders. The grafts initially consisted of phase pure DCPD 

(*). After 12 weeks of subcutaneous implantation, the analysis of the grafts 

revealed the presence of a mixture of OCP (O), HA (X) and remnants of 

DCPD. 

b. Autoclaved and dry heat monetite grafts. Analysis of both monetite grafts 

confirmed conversion from DCPD to DCPA (†) before implantation. The 

autoclaved and dry heat monetite grafts did not show any phase change upon 

implantation for 12 weeks. 
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Figure 5.9.5: SEM images of brushite (a, b, c, d), autoclaved monetite (e, f, 

g, h) and dry heat monetite (i, j, k, h) grafts before and after immersion in 

PBS, serum, and subcutaneous implantation in rats on Days 0, 60, and 84 

respectively (Scale bars represent 5µm). 
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Figure 5.9.6: Mass loss of grafts in vitro for up to 60 days; (a) 3:1 P/L ratio 

brushite and monetite grafts in PBS, (b) 3:1 P/L ratio brushite and 

monetite grafts in serum, (c) 1:1 P/L ratio brushite and monetite grafts in 

PBS, and (d) 1:1 P/L ratio brushite and monetite grafts in serum. 
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Figure 5.9.7: Comparison between mass loss of all bioceramic grafts 

implanted subcutaneously. 
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5.10 Supplementary figures   

 

 

 

Figure 5.10.1: Effect of in vitro ageing on relative porosity of, (a) 3:1 P/L 

ratio grafts in PBS; (b) 3:1 P/L ratio grafts in serum; (c) 1:1 P/L ratio grafts 

in PBS; and (d) 1:1 P/L ratio grafts in serum. (Grey-brushite, Blue- 

autoclaved monetite, and Red-dry heat monetite). 
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Figure 5.10.2: Effect of subcutaneous implantation on relative porosity of, 

(a) 3:1 P/L ratio grafts, and (b) 1:1 P/L ratio grafts. (Grey-brushite, Blue- 

autoclaved monetite, and Red-dry heat monetite). 
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Figure 5.10.3: Effect of in vitro ageing on specific surface area (SSA) of, 

(a) 3:1 P/L ratio grafts in PBS; (b) 3:1 P/L ratio grafts in serum; (c) 1:1 P/L 

ratio grafts in PBS; and (d) 1:1 P/L ratio grafts in serum. (Grey-brushite, 

Blue- autoclaved monetite, and Red-dry heat monetite). 
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Figure 5.10.4: Effect of subcutaneous implantation on specific surface 

area (SSA) of, (a) 3:1 P/L ratio grafts, and (b) 1:1 P/L ratio grafts. (Grey-

brushite, Blue- autoclaved monetite, and Red-dry heat monetite). 
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Figure 5.10.5: Effect of in vitro ageing on density of, (a) 3:1 P/L ratio 

grafts in PBS; (b) 3:1 P/L ratio grafts in serum; (c) 1:1 P/L ratio grafts in 

PBS; and (d) 1:1 P/L ratio grafts in serum. (Grey-brushite, Blue- 

autoclaved monetite, and Red-dry heat monetite). 
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Figure 5.10.6: Effect of subcutaneous implantation on density of, (a) 3:1 

P/L ratio grafts, and (b) 1:1 P/L ratio grafts. (Grey-brushite, Blue-

autoclaved monetite, and Red- dry heat monetite). 
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Figure 5.10.7: Effect of powder to liquid ratio on the compressive 

strength and relative porosity of cements. (B: brushite, H-M: dry 

heat monetite and AC-M: autoclaved monetite). 
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Chapter 6:  Monetite grafts prepared by wet and dry dehydration 

of brushite bioceramics: An orthotopic implantation 

study. 

 

6.1 Preface   

In the previous chapter, the effect of physical properties of prepared bioceramic 

grafts on in vitro dissolution/degradation and subcutaneous resorption was 

investigated. As a direct continuation of this work, the higher P/L ratio (3) 

bioceramics were assessed for resorption and bone formation response after 

orthotopic implantation. The reason for excluding the lower P/L ratio (1) 

bioceramics from this study was due to their tendency to fragment and having 

extremely poor mechanical properties rendering them clinically unusable for 

dental or orthopaedic applications. The in vivo model used in the preceding 

chapter revealed information regarding resorption of dicalcium phosphate 

bioceramics in a soft tissue enclosed environment. However, that model has 

inherent limitations such as the absence of osteoclasts which play a crucial role 

in graft resorption once implanted within bone. This chapter focuses on revealing 

information regarding the differences between brushite and two types of monetite 

grafts in terms of resorption. Also discussed is the new bone formation within and 

around the implanted bioceramics. The chapter compares three implanted graft 

materials (brushite, autoclaved monetite and dry heat monetite) and discusses 

their in vivo behaviour and bone response towards them in relation to the 

physicochemical differences between them.  
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6.2 Abstract    

Dicalcium phosphate cements (brushite and monetite) are resorbable 

biomaterials with osteoconductive potential in bone repair and regeneration 

applications. Brushite can be converted to monetite by heat treatment resulting in 

various additional changes in the physicochemical properties. However, since 

most commonly conversion is performed during sterilisation (wet heating), it is 

uncertain whether heating brushite under dry conditions affects resorption and 

bone formation favourably. This study was designed to produce monetite grafts 

by autoclaving and dry heating to be compared with brushite bioceramics in an 

orthotopic pre-clinical implantation model for 12 weeks. This is the first study that 

reports complete resorption of calcium phosphate cement based grafts. We 

observed that the monetite grafts had higher porosity, density and specific 

surface area than their brushite precursors. Results from in vivo experiments 

revealed that the higher levels of total porosity and macroporosity of the 

autoclaved monetite grafts appeared to have resulted in greater new bone 

formation than the higher specific surface area of the dry heat monetite grafts. 

Both type of monetite bioceramics resorbed faster than brushite grafts and more 
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bone formation was noted. The implanted brushite grafts underwent phase 

conversion to form insoluble hydroxyapatite limiting bioresorption. However, this 

was not observed in monetite grafts and they continued to resorb in vivo. In 

summary, autoclaving and dry heating pre-set brushite cement grafts resulted in 

biomaterials which were completely resorbable with improved properties for bone 

repair and regeneration procedures. 
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6.3 Introduction   

Bone substitutes are frequently used in dental and orthopaedic surgery (75, 146, 

250). Currently, autologous bone grafting is considered to be the best option due 

to having high biological acceptability after implantation (7, 9, 364). However, 

disadvantages such as limited availability, donor site morbidity and increased 

procedural cost (9, 10, 365, 366) give rise to reservations over its use and have 

lead towards research to find more suitable substitutes. 

 

Calcium phosphate biomaterials have similar composition to bone and are of 

interest as bone substitutes (16). The mineral named brushite (dicalcium 

phosphate dihydrate, DCPD), has the ability to support new bone generation but 

with varying amounts of woven bone and fibrovascular tissue (12, 177, 220, 225). 

Resorption of bone graft substitutes allows simultaneous replacement of the 

grafts material with newly forming bone. Ideally, the rate of resorption should  be 

the same as the rate of new bone formation, in order to obtain stabilized repair 

and eventually a fully healed bone defect with no remnants of the graft material 

(236). The rate of dissolution and resorption is thought to be dependent on the 

chemical composition and physical characteristics of the calcium phosphate 

bioceramics (367). Although initially after implantation brushite bioceramics do 

resorb, they tend to react with the surrounding environment and convert to 

insoluble HA (16, 202), whereupon resorption slows down. This phase 

conversion affects the rate of resorption negatively and so ultimately limits their 

clinical usefulness (18, 222, 368). 

 

Dicalcium phosphate anhydrous can be prepared by either modifying the 

precipitation conditions of brushite to promote setting as monetite (202, 369-371), 

or by dehydration of pre-set brushite bioceramics (14, 16). The following equation 

represents conversion of DCPD to DCPA: 

 

CaHPO4·2H2O → CaHPO4 + 2H2O 
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Dehydration of brushite can be carried out under humid or dry conditions which 

alter the physical properties of produced monetite bioceramics.  Dry heating is 

known to cause shrinkage of the material (16). However, by maintaining 

humidity, pressure and adequate temperature (by autoclaving which is also used 

for sterilisation) this can be prevented (208). Monetite prepared by autoclaving 

has inferior mechanical properties in comparison to their brushite precursor 

bioceramics (18) but have shown the ability to regenerate bone in animal and 

human bone defects and to also stimulate vertical bone augmentation (14, 15, 

17, 18, 231). These monetite bioceramics have also demonstrated higher 

volumes of bone regeneration achieved than with hydroxyapatite based graft 

substitutes (14, 158). Monetite bioceramics prepared by autoclaving resorb in 

vivo at a quicker rate than brushite (18, 207) and do not convert to HA (14, 158).  

 

Within the limit of our knowledge, there has been no direct comparison in 

literature between autoclaved and dry heat converted monetite grafts with 

regards to resorption and the ability to regenerate new bone in vivo. This study 

was designed to compare resorption and bone response in vivo between brushite 

grafts and the two types of monetite grafts prepared by autoclaving and dry heat 

conversion. The study was tested for the hypotheses, that both monetite 

bioceramics would resorb to a greater extent forming more bone in vivo 

compared to brushite and that there would be a discernable difference between 

the two monetites. 
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6.4 Results  

  

6.4.1 Physicochemical analyses of grafts prepared 

The density was ~20% higher in autoclaved and dry heat monetite grafts than in 

brushite grafts (Table 6.9.1). SSA was ~3 and ~35 times higher for the 

autoclaved and dry heat monetite grafts respectively in comparison with brushite 

grafts (Table 6.9.1).  Total porosity was ~52% and ~27% higher in autoclaved 

and dry heat monetite grafts respectively than in the brushite ones. The µ-CT 

measurements revealed that the brushite and monetite graft types were mostly 

microporous (brushite ~31.5%, autoclaved monetite ~46.5% and dry heat 

monetite ~39% of the total graft volume) having limited macroporosity (brushite 

~3.6%, autoclaved monetite ~9% and dry heat monetite ~6.5% of the total graft 

volume) (Table 6.9.1).  Brushite samples had a compressive strength ~100% 

and ~11% greater than the autoclaved and dry heat monetite grafts respectively 

(Table 6.9.1).  

 

Elemental analysis of the bioceramics revealed that the brushite and both types 

of monetite grafts had a similar calcium-to-phosphate ratio, slightly higher than 

1.0 (Table 6.9.1). This confirmed that the graft composition was mainly of 

dicalcium phosphate. The small amount of excess calcium indicated that there 

were traces of unreacted β-TCP in the final composition of the graft cements 

because the initial composition of the cement reactants was not stoichiometric, 

and included excess β-TCP. 

 

SEM micrographs of the brushite and autoclaved monetite bioceramics revealed 

that they were both composed of small crystals (Figures 6.9.1 a and b). 

However, the dry heat monetite crystals were thinner and smaller in size (Figure 

6.9.1 c) in comparison with brushite and autoclaved monetite crystals. X-ray 

diffraction patterns obtained before implantation confirmed that the prepared 

bioceramics were brushite and monetite respectively (Figures 6.9.5 a, c and d).  

 



 148 

6.4.2 In vivo study 

After implantation of grafts in the femoral condylar region of rabbits, digital 

radiographs were obtained to confirm the positioning of bioceramics in bone 

(Figure 6.10.1). Post sacrifice, femural bones were retrieved and digital 

radiographs obtained to visually compare differences between the grafts. The 

brushite grafts along with autoclaved and dry heat monetite grafts could be seen 

on radiographs after 4 weeks of implantation (Figure 6.9.2). After 12 weeks, 

brushite grafts could still be observed but the autoclaved and dry heat monetite 

grafts appeared to have resorbed completely (Figure 6.9.2). 

 

After 4 weeks of implantation in rabbits, brushite and both monetite grafts 

appeared to be integrated in the femur bone and bone formation was observed 

on the outer surface (Figures 6.9.3 a, c and e & Figures 6.9.4 a, c and e). 

However, brushite grafts showed limited signs of resorption as compared to 

monetite grafts. A ring of material differing in appearance was seen enveloping 

the original brushite graft material (Figure 6.9.4 a). The monetite grafts, 

especially autoclaved monetite showed greater resorption and more bone 

growing inwards from the surface of the grafts (Figures 6.9.3 c and e).  BSE-

SEM images also confirmed that bone infiltration was more pronounced in the 

monetite grafts than in the brushite ones (Figures 6.9.4 a, c and e & Figures 

6.9.6). After 12 weeks of implantation, brushite grafts appeared to have resorbed, 

but the core was surrounded but a material that appeared darker in color upon 

histological examination (Figure 6.9.4 b). This ring surrounding the core could 

also be observed in the BSE-SEM micrographs (Figure 6.9.4 b & Figure 6.9.6 

a). For the autoclaved and dry heat monetite grafts, the histological sections and 

the BSE-SEM images did not show any graft material remaining within the 

cancellous bone (Figures 6.9.3 d and f & Figures 6.9.4 d and f). 

 

Histomorphometric analysis revealed consistent differences between the three 

types of implanted grafts (Table 6.9.2). After 4 weeks of implantation, autoclaved 

monetite grafts and dry heat monetite grafts showed greater new bone formation 
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when compared with brushite grafts (p < 0.05). The autoclaved monetite grafts 

demonstrated slightly more new bone formation in comparison to the dry heat 

counterparts but the difference was not significant (p > 0.05). Autoclaved and dry 

heat monetite grafts also showed greater in vivo resorption when compared with 

brushite grafts after 4 weeks (p < 0.05). The autoclaved monetite grafts showed 

slightly greater resorption than the dry heat monetite grafts after 4 weeks but the 

results were insignificant (p > 0.05). Kruskal-Wallis one-way analysis revealed 

that the differences between the implanted brushite and the two monetite grafts 

for resorption and bone formation were statistically significant (p < 0.05). 

 

After 12 weeks of implantation, histomorphometry revealed that the monetite 

grafts showed a tendency towards being more infiltrated with bone (p < 0.05) and 

resorbed more (p < 0.05) than the brushite grafts. When comparing the two 

monetite grafts it was noted that the autoclaved monetite grafts had more new 

bone formation than its dry heat counterparts, reaching the level of statistical 

significance (p < 0.05). Although autoclaved monetite grafts resorbed slightly 

more than the dry heat monetites, the difference was not significant (p > 0.05). 

The difference in resorption and bone formation between the three groups of 

bioceramics was significant (p < 0.05). Both autoclaved and dry heat monetite 

showed similar amounts of resorption with ~6% of the both graft materials 

remaining after 12 weeks. On average, both monetite graft types appeared to 

have resorbed 3.3 times more than brushite grafts, whereas bone in-growth 

within autoclaved monetite was 5 times more and within dry heat monetite 4 

times more than in brushite grafts.  

 

X-ray powder diffraction and phase analysis of the brushite grafts embedded in 

bone after 4 weeks of implantation revealed peaks of HA along with the peaks 

typical for brushite (Figure 6.9.5 a). The analysis from the 12 weeks brushite 

samples showed phase conversion to a mixture of HA and brushite (Figure 6.9.5 

a). When point analysis was performed on the darkened ring around brushite, the 

pattern showed peaks for HA (Figures 6.9.6 a and b). The XRD patterns 
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obtained from the remaining autoclaved and dry heat monetite grafts after 4 

weeks in vivo matched with those of monetite before implantation and did not 

show any phase conversion (Figure 6.9.5 b & Figure 6.9.5 c). The XRD analysis 

after 12 weeks of the area of bone where monetite grafts were originally 

implanted revealed a pattern matching with that of rabbit cancellous bone 

showing broad peaks of amorphous HA with absence of monetite peaks (Figure 

6.9.5 b & Figure 6.9.5 c).        
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6.5 Discussion  

 

6.5.1 Physicochemical characteristics of the bioceramics 

The dehydration of brushite via autoclaving and dry heating resulted in producing 

monetite bioceramics with similar calcium phosphate content but different 

physical properties. The conversion of brushite into monetite induced changes in 

four physical characteristics: density, porosity, surface area and mechanical 

properties. The autoclaving process provides  humidity, heat and pressure to the 

brushite grafts that results in increase in skeletal density without causing overall 

shrinkage  (208). The dry heating process under vacuum removed water quickly 

from brushite to also produce monetite with increased density. The density of 

brushite grafts was higher than pure brushite (2.27 g/cm3), which indicates the 

presence of small amounts of denser β-TCP (3.14 g/cm3) in the grafts (14, 15, 

202). The autoclaved and dry heat monetite bioceramics had the similar density 

to the pure form (2.92 g/cm3). The slightly less density noted could be due to the 

presence of unreacted trace amounts of brushite (14, 15, 18, 202). The 

autoclaving and dry heating of brushite resulted in a 52% and 27% increase in 

porosity in the monetite bioceramics respectively. The increase in the surface 

area for autoclaved and dry heat monetite was almost 3 and 35 times more 

respectively than that of brushite grafts. µ-CT analysis revealed that the 

autoclaved and dry heat monetite grafts had macroporosity almost 3 and 2 times 

more than the brushite grafts respectively. Autoclaved monetite grafts also had 

more open macroporosity and microporosity than the dry heat monetite and 

brushite grafts. Dehydration of brushite using wet heat has already been shown 

to increase surface area significantly (18). However, it was interesting to note the 

greatly increased surface area produced by the dry heating process. We 

hypothesize that dry heating under vacuum removes water quickly resulting in 

the aggregation of smaller sized monetite crystals. The compressive strength of 

the monetite grafts produced by autoclaving was reduced to half of that observed 

for their brushite precursors. It is already known that increasing cement porosity 

results in reduction of mechanical properties (16). Since our prepared autoclaved 
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monetite grafts had both higher total porosity and microporosity, this explains the 

dramatic reduction in the compressive strength observed in comparison to 

brushite grafts. On the other hand, dry heat produced monetite grafts had 

compressive strength comparable with that of brushite grafts. The tightly 

aggregated monetite crystals were probably responsible for the higher 

mechanical strength noted. Also, the dry heating process resulted in less 

increase in total porosity as compared to the autoclaving process leading to 

higher compressive strength. Therefore, the incorporation of macropores within 

cement structure has to occur ideally without increasing total porosity to maintain 

sufficient mechanical strength. This can be achieved by the use of porogens like 

manitol (372) or by using gelatin powder template, which produces closely 

packed macroporous cement structures (373). The autoclaving process provides 

increased surface area and porosity (202, 208), but the limitation is the decrease 

in the mechanical properties. The results from this study have shown that by dry 

heating under vacuum we can produce monetite grafts that possess greatly 

increased surface area, and higher porosity than brushite without severely 

compromising the original mechanical properties. 

 

6.5.2 In vivo  

Brushite and monetite bioceramics have been compared and assessed in vivo 

following subcutaneous (207) and tibial bone (18) implantation. 3D printed 

brushite and monetite cement blocks have also been evaluated for vertical bone 

formation in vertebrae (236). However, this is the first in vivo study that prepared 

monetite bioceramics by two different heating methods and provided a direct 

comparison between them and also with brushite bioceramics.  

 

Results from several other studies (18, 207) have shown monetite bioceramics to 

resorb at a quicker rate and to a greater extent than their original brushite 

precursors. However, this is the first time that complete resorption of calcium 

phosphate graft materials has been reported. The  resorption mechanism of 

brushite and monetite bioceramics is similar with cellular activity being mainly 
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responsible and, to a lesser extent, by passive dissolution (224). After 

implantation, during the first weeks brushite resorbs by simple dissolution, 

disintegration/fragmentation and cellular activity (177, 222, 223, 228). In  vivo 

and in vitro observations have shown that early resorption of brushite cement is 

regulated by macrophages (223, 225, 226) and later predominately via 

osteoclasts (226). The Initial resorption of calcium phosphate bioceramics is 

affected by the physicochemical properties  and the rate of fluid exchange of the 

surrounding medium (228). 

 

It was observed in this study that after implantation, brushite grafts initially 

resorbed but then started to convert to less soluble apatite limiting graft 

resorption. It has also been noted previously that due to this phase 

transformation, resorption of the remaining cement becomes very slow (205). 

Previously it has been observed that brushite converts to apatite completely after 

24 weeks of implantation in sheep and there is almost no dissolution of the 

cement (353). Our study confirmed that monetite bioceramics prepared by dry 

heating brushite under vacuum do not convert to HA in vivo. Also this non-

conversion following implantation for autoclaved monetite cements was noted in 

our study and has also previously been observed (231). Monetite cements are 

known to have lower water solubility than brushite cements (16). This lower 

solubility of monetite results in release of ions at a slower rate providing 

adequate time for the removal of ions from the in vivo environment before they 

can reprecipitate into insoluble apatite (14, 158). 

 

The difference in bone response to the implanted bioceramics was revealed by 

histomorphometry. Previous research has shown that monetite resorbs more 

than brushite upon subcutaneous implantation (207). This was also confirmed by 

our study where monetite grafts showed greater resorption than brushite grafts, 

and this difference was statistically significant. Graft resorption does not always 

occur parallel to new bone formation, with the implanted material at times being 

surrounded by fibrovascular tissue (151, 225). This was not observed in our 
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study as grafts appeared to be surrounded by new bone without any soft tissue. 

Brushite grafts demonstrated bulk volume reduction with new bone forming at the 

graft perimeter mostly. In contrast, monetite grafts, especially those prepared by 

autoclaving demonstrated not only bulk resorption but also resorption patterns 

that weaved inwards from the graft surface. This resulted in bone growing not 

only around but also inwards within the monetite bioceramic grafts. 

 

The rate at which new bone formation occurs is dependent upon cement 

composition, implantation site and physical characteristics of the biomaterials (9, 

220, 225, 233). The compositional differences between the grafts in our study 

were minimal as brushite and monetite grafts are chemically very similar having 

same Ca/P ratio (16). Differences in results due to implantation site are 

expected, since vascularity, and thus the appearance of cellular components of 

resorption process varies with the bone type (9). Areas with higher vascularity, 

such as cancellous bone of the femoral condyle and metaphysis in the proximal 

humerus are known to enhance resorption when used as sites for cement 

implantation (177, 225).  

 

The differences in biological behaviour observed in this study between the two 

types of monetite grafts and the brushite grafts were heavily dependent on the 

physical characteristics of the bioceramics. Porosity present in bioceramics is 

crucial towards resorption and rate of bone growth and integration in vivo as 

macroporosity affects the final volume of generated bone (148). Both autoclaved 

and dry heat monetite grafts had higher levels of total porosity and macroporosity 

than the brushite grafts. It has been reported that macroporosity of bioceramics 

plays a major role in enhancing in vivo resorption by invasion of resorbing cells 

(360). Since brushite and monetite implants are mainly resorbed by cellular 

activity (224), it seems probable that the higher porosity present in monetite 

bioceramics resulted in more resorption leading to enhanced new bone growth 

and higher degree of bone infiltration compared to brushite. Previous studies 

have also shown that the supplementation of microenvironment with calcium and 
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phosphate ions due to increased resorption seems to encourage bone 

regeneration and mineralization (374, 375). The higher levels of porosity and the 

increased ability of monetite to stimulate bone cells have also been reported 

recently in in vitro experiments (18).  

 

In summary, both the autoclaved and dry heat converted monetite grafts 

demonstrated improved bioresorption and bone regeneration than their brushite 

precursors. Also, autoclaved monetite grafts demonstrated greater bone 

formation than the dry heat monetite grafts. The higher total porosity and 

macroporosity levels of autoclaved monetite grafts seemed to favour bone 

formation more than the higher surface area of the dry heat monetite grafts. 

These differences observed in vivo can be attributed to the changes in the 

material physical characteristics caused by varying the monetite processing 

conditions.  

 

                 

6.6 Conclusions 

Autoclaving and dry heating pre-set brushite bioceramics resulted in their 

transformation to monetite-based biomaterials with higher porosity, density and 

specific surface area than their original brushite precursors. It was observed that 

the dry heat monetite grafts demonstrated much higher surface area and had 

mechanical properties that were comparable with brushite grafts. Whereas, the 

autoclaved monetite grafts had significantly reduced mechanical properties. 

These bioceramics were implanted in a rabbit model, with the aim of comparing 

materials with different physicochemical properties with regards to resorption and 

bone response. Upon in vivo implantation for 12 weeks, both types of monetite 

bioceramics demonstrated complete resorption and more bone formation than 

brushite. The brushite grafts underwent phase conversion to form insoluble HA. 

No phase conversion was observed for any of the monetite grafts. The 

autoclaved monetites had significantly greater amount of new bone formation 

than the dry heat monetite grafts. The increase in surface area observed for the 
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dry heat grafts did not result in an increase in bone formation in comparison to 

the autoclave prepared monetite grafts. Our study confirmed that the differences 

in the physical and chemical characteristics of monetite and brushite grafts had a 

profound effect on their in vivo behaviour and that monetite bioceramics perform 

much better than their brushite precursors. 
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6.8 Experimental 

 

6.8.1 Method and materials    

6.8.1.1 Synthesis        

Brushite cement grafts were prepared with a mixture of β-TCP (Merck) and 

commercially available monocalcium phosphate hydrate (MCPM) (ABCR, GmbH 

& Co.KG) using a ratio of 1.2 to 1 respectively. The cements were produced at 

P/L mixing ratio of 3 g/ml. The powders were hand ground with a pestle and 

mortar and cement pastes prepared by mixing the powder with appropriate 

amount of distilled water on a glass slab for 20 s. Once all of the powder was 

combined with the liquid, the cement paste was kneaded for a further 30 s. The 

manipulated cement slurry was cast into a polytetrafluoroethylene (PTFE) split 

mould forming hardened cement cylinders Ø (~4 х 3 mm). The cylinders were 

allowed to set for 24 h at 37°C ± 1˚C in a vacuum desiccator to form brushite. At 

the end of the incubation period, the samples were removed from the mould and 

weighed until constant mass was reached. Three different batches of fifteen 

cylinders each were produced to obtain a total of forty five cylinders. Even though 

the sample homogeneity was very high (either within a batch or between 

batches), the sample assignment was randomized.  

 

Monetite cement grafts (n=30 in total) were synthesized by conversion of the 

preset brushite cement cylinders utilizing two different methods: dry heat and wet 

heat conversion. For dry heat conversion, brushite cylinders (n=15) were heated 

at 250°C for 30 minutes under vacuum (80 mTorr). Wet heat transformation was 

performed with brushite cylinders (n=15) being autoclaved at sterilizing 

conditions (121°C, 100% humidity and 15 psi, for 20 min).  

 

6.8.1.2 Characterisation of grafts prepared    

The phase purity of the prepared brushite and monetite grafts was confirmed 

using X-ray diffraction (XRD). XRD data was collected (Bruker Discover D8 

diffractometer) with Ni filtered CuKα radiation (λ = 1.54A) with a two dimensional 
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VANTEC area detector at 40 kV and 40 mA. A step size of 0.02° was used to 

measure from 10 to 50° 2θ over 3 frames with a count time of 180 s per frame. 

The phase composition was compared and confirmed with the International 

Centre for Diffraction Data reference patterns for brushite (PDF Ref. 09-0077) 

and monetite (PDF Ref. 09-0080), JCPDS 2010 database. The true density of 

the powdered grafts was determined using a helium pycnometer (Accupyc 1330, 

Micromeritics). The volume of each sample was measured 10 times following 10 

purges of the measurement chamber with helium. The relative porosity (bulk 

porosity) of the cements was calculated from apparent and true density 

measurements. Macroporosity of the prepared grafts was calculated by using µ-

CT (SkyScan 1172; SkyScan; Kontich, Belgium) set at a resolution of 6.0 µm and 

0.5 mm Al filter. The specific surface area (SSA) of cements was determined by 

using the Brunauer–Emmett–Teller (BET) method with helium adsorption–

desorption (Tristar3000, Micromeritics). The compressive strength of all prepared 

brushite and monetite grafts was measured. Before testing, geometrical 

measurements of the graft cylinders were made in triplicate and the samples 

weighed. Samples were mounted on the testing machine (5544, Instron) so that 

the long axes of the cement cylinders were perpendicular to the lower anvil. A 

compressive force was then applied to the upper surface of the cylinders at a 

constant crosshead displacement rate of 1 mm/min until failure occurred. The 

applied load was measured using a 100 N load cell (5544, Instron). Mean 

compressive strength was determined from the average of 10 measurements. 

Electron microscopy was used to examine the microstructure of grafts prepared 

with scanning electron microscopy (Hitachi S-4700 FE-SEM; Tokyo, Japan) 

operating at an accelerating voltage of 10 kV using a secondary electron (SE) 

detector. Elemental composition (Ca/P ratio) of the bioceramics was assessed 

with energy dispersive X-ray (EDX) analysis using Oxford detector and INCA 

software (Oxford Instruments, Abingdon, UK). All the physical-chemical 

characterization analyses of the grafts were performed in triplicate. 
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6.8.1.3 In vivo study   

An animal study was performed in order to evaluate in vivo differences between 

the three prepared bioceramic grafts upon orthotopic implantation. After obtaining 

approval from McGill University Health Care Center Ethical Committee, the study 

was performed on eight male New Zealand rabbits (4-6 months) weighing 3-4 kg 

each. The animals were anaesthetized, by using a lateral approach to the knee, 

a two inch incision was made below and above the knee joint through the skin to 

expose the lateral condyle of the femur. Two drill holes, 4 х 3.1 mm Ø each, were 

created below the femoral condylar region medially and laterally to accommodate 

the cylinderical calcium phosphate grafts. The grafts were next gently tapped into 

place and the surgical site was sutured. The procedure was performed on both 

legs with each femur receiving two grafts and the animals were left to heal. The 

placement of brushite and monetite grafts was randomized. Post implantation 

digital  radiographs were obtained using Fidex imaging system (Animage, LLC, 

Pleasanton, CA, U.S.A) with a voltage of 110 kv and a current of  0.080 µa  to 

confirm the graft location. The animals were sacrificed after 4 and 12 weeks and 

the femurs were dissected and retrieved for histological analysis.  

 

Once the implant sites were retrieved, radiographs were obtained using Kubtec® 

XPERT80 digital cabinet X-ray system (KUB Technologies Inc. Milford, CT) 

employing a voltage of 90 kV and a tube current of 1.0 µa. The femurs were then 

fixed in 4% formaldehyde for 1 day before being dehydrated in ascending 

concentrations of ethanol and infiltrated with polymethyl methacrylate histological 

resin (Technovit® 9100, Heraeus Kulzer, Wehrheim, Germany). After the resin 

was polymerized, samples were sectioned into histological slides with a diamond 

saw (SP1600, Leica Microsystems GmbH, Wetzlar, Germany) and dyed with 

basic fuchsine and methylene blue for histological analysis with optical 

microscopy. A series of three slides (~20 µm each), cutting through the centre of 

the cylindrical implants, were prepared for each sample. Histomorphometry 

analysis of the slides was performed using a Ziess microscope Axio Imager.M2 

(Ziess®  Gottingen, Germany) with a digital AxioCam IC camera (Ziess®  
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Gottingen, Germany) and the image software GIMP2 (v2.10).  All 

histomorphometric measurements were calculated as percentage values ± the 

standard deviation. 

 

XRD data from sections with grafts embedded within the bones was collected 

(Bruker Discover D8 diffractometer) with Ni filtered CuKα radiation (λ = 1.54A) 

with a two dimensional VANTEC area detector at 40 kV and 40 mA. A step size 

of 0.02° was used to measure from 10 to 50° 2θ over 3 frames with a count time 

of 300 s per frame. The resin embedded cut sections were sputter coated with 

gold–palladium alloy prior to electron beam analysis at high vacuum. Back-

scattered electron micrographs (BSE-SEM) were taken using scanning electron 

microscopy (Hitachi S-4700 FE-SEM; Tokyo, Japan) operating at an accelerating 

voltage of 30 kV using a back scatter electron (BSE) detector. 

 

 

6.8.1.4 Statistical analysis    

Statistical analysis was performed using IBM® SPSS® (v. 19, IBM Corp.; New 

York; USA) statistical software. Mann-Whitney test was used to evaluate head-

to-head differences between the implanted bioceramics. Kruskal-Wallis one-way 

analysis was used to evaluate any differences among the three implanted grafts 

materials. Statistical significance was set at a value of p < 0.05. 
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Table 6.9.2: Histomorphometric analysis of the implanted bioceramic grafts. 

 

Values are presented as mean percentages ± standard deviation (n=5). 

              AC-autoclaved & DH- dry heat. 

 

 

 

 

   

 

Figure 6.9.1: SEM images of: (a) brushite, (b) autoclaved monetite, and (c) 

dry heat monetite before implantation. (Scale bars in the images represent 

1µm). 
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Figure 6.9.2: Digital radiographic assessment of the retrieved femurs with 

bioceramic grafts after 4 and 12 weeks of implantation (dotted areas 

represent original graft dimensions of 3 х 4 mm). 
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Figure 6.9.3: Histological sections (H&E stain) of brushite (a & b), 

autoclaved monetite (c & d), and dry heat monetite (e & f) after 4 and 12 

weeks of implantation (dotted areas represents original graft diameter of 3 

mm). 
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Figure 6.9.4: BSE-SEM images of brushite (a & b), autoclaved monetite  

(c & d), and dry heat monetite (e & f) after 4 and 12 weeks of implantation. 

 

 

 

 

 

Figure 6.9.5: X-ray diffraction patterns obtained from core of: (a) brushite grafts 

before and after 4 and 12 weeks in vivo, (b) autoclaved monetite grafts before 

and after 4 and 12 weeks in vivo, and (c) dry heat grafts before and after 4 and 

12 weeks in vivo. (*) represents brushite, (X) represents HA, and (†) represents 

monetite peaks. 
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Figure 6.9.6: (a) BSE-SEM image showing brushite cement core 

surrounded by a dark zone of material and new bone (NB) at the graft 

perimeter after 12 weeks of implantation (scale bar represents 1 mm).  

(b) The XRD point analysis of the darkened zone revealed phase 

conversion of brushite to hydroxyapatite (X represents peaks of HA).  
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6.10 Supplementary figures 

 

                    

 

Figure 6.10.1: Post implantation radiographs (inverted) to confirm 

position of the bioceramics in bone. 

 

            

 

 

Figure 6.10.2:  BSE-SEM images of (a) autoclaved monetite and (b) dry 

heat monetite after 4 weeks of implantation showing the resorbing cement 

grafts surrounded by new formed bone (NB). 
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Chapter 7:  Vertical bone augmentation: A comparison between 

monetite onlay grafts prepared by wet and dry heat 

conversion of brushite. 

     

               

7.1 Preface  

It was established in the previous chapter that monetite grafts prepared by wet 

and dry heating of pre-set brushite cements had differing physical properties. The 

dry heat converted monetite grafts had higher specific surface area and 

compressive strength but lower levels of porosity (micro and macro-porosity) 

when compared with their autoclaved counterparts. These monetite cement 

grafts resorbed to a significantly greater extent and had much higher bone 

formation in comparison with their original brushite precursors. Also, unlike 

brushite, the monetite grafts showed no phase conversion to insoluble apatite 

hence improving their bioresorption. These promising results in an orthotopic 

implantation model encouraged us to assess monetite cement implants in an 

onlay grafting calvarial model in rabbits. Bone augmentation of deficient alveolar 

ridges is frequently required prior to dental implant placement. To assess the 

ability of monetite bioceramics to be used for vertical bone augmentation, 

monetite cement discs were prepared by wet and dry heat conversion of brushite 

and onlay grafted on rabbit calvaria for twelve weeks. This chapter provides a 

head to head comparison between the performances of two types of monetite 

grafts in terms of vertical bone height gained, bone volume generated within the 

augmented area and the total graft resorption achieved.    
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7.2 Abstract   

Vertical bone augmentation procedures are frequently carried out to allow 

successful placement of dental implants in otherwise atrophic ridges. Onlay 

autografting is one of the most popular and predictable techniques to achieve 

this, however, there are several complications associated with it and synthetic 

alternatives are being researched upon. Monetite is a bioresorbable dicalcium 

phosphate with osteoconductive and osteoinductive potential that has been 

previously investigated for onlay bone grafting. In this study we produced 

monetite disc grafts by wet (autoclaving) and dry heating (under vacuum) 

methods which altered their physical properties such as porosity, surface area 

and mechanical strength. Histological observations after 12 weeks of 

implantation on rabbit calvaria revealed higher bone volume (38%) in autoclaved 

monetite grafts in comparison to the dry heat monetite grafts (26%). The vertical 

bone height gained was similar for both the autoclaved and dry heat monetite 

grafts (up to 3.2 mm). However, it was observed that bone height augmented 

was greater in lateral than the medial areas of both types of monetite grafts. It 

was also noted that the higher micro and macro-porosity of autoclaved monetite 

grafts increased the bioresorbability, whereas, the dry heat monetite grafts 
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having lower porosity but higher surface area resorbed significantly to a lesser 

extent. This study provides information regarding two types of monetite onlay 

grafts prepared with different physical properties that could be utilised for clinical 

vertical bone augmentation applications. 
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7.3 Introduction                   

Dental implants are used commonly used to replace lost teeth and maintain 

surrounding bone and other periodontal tissues in good health (376-378). 

Sufficient bone volume and ridge height is imperative for achieving long-term 

success of osteointegrated dental implants (302, 376). Trauma and/or pathology 

such as advanced periodontitis often results in reduction of bone height and 

quality (302). Partial or completely edentulous patients also present with vertical 

alveolar bone loss which makes dental implant placement and prosthetic 

rehabilitation extremely challenging due to anatomical restrictions and surgical 

difficulties (302, 378).   

 

A variety of graft materials and surgical techniques have been investigated to 

enable implant placement in severely resorbed alveolar bone (379). Autografts, 

allografts, xenografts and alloplasts have been tested for vertical ridge 

augmentation with surgical techniques such as distraction osteogenesis (297, 

298, 300, 301, 380-384), guided bone regeneration (GBR) (302-305, 385-387), 

and onlay block grafting (231, 306-311, 315, 384). It has been observed that 

although distraction osteogenesis produces greater bone height than GBR and 

onlay block grafting used alone, it has higher rate of complications associated 

with it (57, 312). GBR was first used in the early 1900s for the treatment of 

vertical defects in atrophic jaws (303). Although the results of GBR for vertical 

bone augmentation are promising, clinical success is limited due to the 

procedure being highly technique sensitive (302-305, 385-388) and often failing 

due to wound dehiscence (302, 304, 385, 389-391). 

 

Onlay block grafting is also used to increase the vertical height of the mandible 

and maxilla and usually requires extraction of an autologous bone block from 

donor site (mandibular ramus or iliac crest) and its fixation with screws onto the 

recipient site (313, 392). Autologous onlay grafting appears to have acceptable 

bone augmentation results but complications are frequently noted at the donor 

site (309, 392, 393). Also, autologous onlay grafts are associated with rapid 
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resorption in sites that receive mechanical load and soft tissue tension (309, 

394). Hence, research has been focused upon development and investigation of 

biomaterials that could successfully replace autologous onlay bone grafts (231, 

394-396).  

 

Calcium phosphates such as HA and β-TCP have limited capacity to remodel 

and resorb in vivo and therefore are unsuitable for onlay grafting procedures (16, 

145, 150). Dicalcium phosphate cements, brushite and monetite, show 

osteoconductive, osteoinductive and in vivo resorption potential (14, 15, 18, 158, 

236, 314). They can and have been used with success for vertical bone 

augmentation (17, 231, 315). However, brushite tends to reprecipitate as 

insoluble HA in vivo that slows resorption and limits replacement by new bone. 

Monetite has been shown not to convert to HA and demonstrates greater 

resorption than brushite (14, 18, 207, 236). 

 

The purpose of this study was to develop monetite disc grafts by varying the 

heating conditions which results in different physical properties and to assess 

and compare their efficacy in vertical bone augmentation procedures on rabbit 

calvaria. To achieve this objective, monetite disc grafts prepared by wet and dry 

heat conversion of brushite were fixed on rabbit calvaria for 12 weeks and later 

assessed and compared for vertical height gained and bone volume occupied of 

the total initial graft volume. 

 

 

 

 

 

 

 

 

 



 173 

7.4 Results  

                

7.4.1 Physicochemical properties of the prepared disc grafts 

The density was similar for both the autoclaved and dry heat monetite disc grafts 

(Table 7.9.1). The SSA was ~12 times higher and total porosity ~10% less in dry 

heat monetite grafts in comparison with autoclaved monetite grafts (Table 7.9.1). 

The µ-CT measurements revealed that both types of monetite grafts were mostly 

microporous (autoclaved monetite ~44% and dry heat monetite ~38% of the total 

graft volume). Macroporosity present in the autoclaved monetite grafts was ~12% 

and ~7% in the dry heat monetite grafts (Table 7.9.1).  The compressive strength 

of the dry heat grafts was almost twice greater than that of the autoclaved 

monetite grafts (Table 7.9.1).  

 

BSE-SEM micrographs of the grafts prepared revealed that the dry heat monetite 

crystals were thinner and much smaller in size (Figure 7.9.4 B) in comparison 

with autoclaved monetite crystals (Figure 7.9.4 A). XRD patterns obtained before 

implantation confirmed that the prepared disc grafts were composed of monetite 

(Figures 7.9.4 C and D).  Elemental analysis of the bioceramics revealed that 

both type of monetite grafts had a similar calcium-to-phosphate ratio, slightly 

higher than 1.0 (Table 7.9.1). This confirmed that the graft composition was 

mainly of dicalcium phosphate anhydrous.  

 

7.4.2 In vivo study 

7.4.2.1 Surgical and clinical observations 

No complications were noted during the surgical phase of onlay grafting (Figures 

7.9.1 A, B, C and D). Healing progressed uneventfully for all surgical sites during 

the 12 weeks post implantation without any signs of rejection being observed. 

Animal CT was carried out upon implantation (Figure 7.9.1 E) and before 

sacrifice at 12 weeks (Figure 7.9.1 F). Surgical re-entry and animal CT 

constructed images revealed that the shape of the grafts had been preserved 
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when compared with at the time of implantation (Figures 7.9.1 C, D, E and F). 

The blocks appeared to be stable and fused to the calvarial bone. 

 

Prior to sectioning and histological examination, the retrieved bone with grafts 

was scanned using µ-CT. The CT slices acquired for the autoclaved and dry heat 

monetite grafts after 12 weeks of implantation (Figure 7.9.1 J for autoclaved and 

Figure 7.9.1 N for dry heat monetite grafts) showed resorption areas in cement 

structure when compared with the CT slices from the same grafts before 

implantation (Figures 7.9.1 I and M for autoclaved and dry heat grafts 

respectively). 3D-modelling of the autoclaved and dry heat monetite grafts before 

(Figures 7.9.1 K and O respectively) and after 12 weeks of onlay grafting 

(Figures 7.9.1 L and P respectively) was performed. Autoclaved monetite grafts 

had a more porous appearance (Figure 7.9.1 L) than the dry heat monetite 

grafts (Figure 7.9.1 P). 

 

7.4.2.2 Histological observations 

Upon histological observation, the monetite grafts appeared to be infiltrated with 

newly formed bone and well integrated with the calvarial bone (Figure 7.9.2). 

There were no histological signs of necrosis, osteolysis or foreign body reaction 

(Figures 7.9.2 C and D). Soft tissue was seen covering both the autoclaved and 

dry heat monetite grafts and both grafts were partially resorbed and substituted 

with newly formed bone (Figure 7.9.2, [+]). Resorption appeared to be greater in 

the autoclaved monetite grafts (Figure 7.9.2 A) than in dry heat monetite grafts 

which showed incomplete areas of resorption (Figure 7.9.3 A). Resorption and 

subsequent infiltration with new bone was more pronounced on the lateral side of 

both type of monetite grafts as well as for areas in close contact with the calvarial 

bone surface. The medial ends of both types of grafts showed limited resorption. 

 

At higher magnification, the remaining graft material in both type of monetite 

grafts (Figures 7.9.2 C and D, [*]) appeared to be surrounded by surrounded by 

new bone (Figures 7.9.2 C and D, [+]). However, the thickness of the bone 
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trabeculae growing within the autoclaved monetite grafts appeared to be greater 

than that in the dry heat monetite grafts. 

 

7.4.2.3 SEM and XRD analysis 

The BSE-SEM cross-section micrographs of the implanted monetite grafts 

revealed a dense porous structure where the material was unresorbed (Figure 

7.9.3). After 12 weeks the remaining unresorbed autoclaved and dry heat 

monetite graft material (Figures 7.9.3 C and D, [*]) could be easily differentiated 

from the original calvarial surface and the newly formed bone within the original 

implant area. The remaining monetite within the newly forming bone (Figures 

7.9.3 C and D, [+]) appeared lighter grey than the bone tissue (Figures 7.9.3 C 

and D). Isolated sites of new bone formation were observed away from the 

original bone surface in the autoclaved monetite grafts which indicated good 

osteoconductive properties (Figure 7.9.3 C).  

 

Phase analysis via XRD of the unresorbed area of monetite grafts after 12 weeks 

matched with patterns before implantation and did not show any phase 

conversion (Figure 7.9.4 C and D). The XRD analysis after 12 weeks of the area 

of monetite grafts that were infiltrated with bone revealed a pattern with peaks of 

HA originating from bone and peaks of monetite from remaining graft material 

(Figures 7.9.4 C and D). 

 

 

7.4.2.4 Histomorphometrical analysis 

Histomorphometry revealed information regarding vertical height gained, amount 

of bone augmented, and graft resorption in the autoclaved and dry heat monetite 

onlay grafts.  

 

7.4.2.4.1 Vertical bone height gained 

The maximum bone height gained in the autoclaved monetite grafts on average 

was 3.2 ± 0.3 mm in comparison to 2.9 ± 0.4 mm for the dry heat monetite grafts 
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on the distal side of the implants (Figure 7.9.5 A). The height of bone decreased 

progressively from lateral area to the screw in the middle of both grafts (Figure 

7.9.5 A, C and D). On the medial side adjacent to the screw, the average height 

of bone gained for autoclaved and dry heat monetite grafts was 2.1 ± 0.8 mm 

and 1.9 ± 0.4 mm respectively. The least amount of bone augmented was noted 

for the most medial area of the onlay grafts (0.7 ± 0.1 mm for autoclaved 

monetite and 0.4 ± 0.3 for dry heat monetite). Similar to the trend observed for 

the height gained in the lateral area, the area from the screw to the most medial 

part of the grafts showed a progressive decrease in bone height gained (Figure 

7.9.5 C and D). Bone height gained in the distal areas was significantly greater 

(p < 0.05) than height gained in the medial areas of the grafts. Although 

autoclaved monetite grafts showed slightly greater bone height gained than their 

dry heat counterparts, the Mann-Whitney test showed that the differences 

between the autoclaved and dry heat monetite grafts with regards to vertical 

bone height gained were not statistically significant (p > 0.05).  

 

7.4.2.4.2 Bone augmented within onlay grafts 

Histomorphometric analysis revealed that the total percentage of new bone 

tissue measured within the autoclaved monetite grafts‟ augmented area (38.2 ± 

7.8%) was more than that for the dry heat monetite grafts (25.7 ± 6.6%) (p < 

0.05) (Figure 7.9.5 B). Histomorphometrical analysis of the specific smaller 

areas of the cross-sections was carried out by dividing the grafts into lower ¼, 

lower middle ¼, upper middle ¼ and upper ¼ areas. (Figure 7.9.6 A & Figure 

7.6 C). The analysis revealed that bone growth was heterogeneous within both 

type of monetite grafts in the lower ¼ area. The lower middle ¼ area showed a 

reduction in bone volume from lateral to medial side. Also noted was that from 3 

mm onwards to 9.5 mm of the graft, the dry heat monetite grafts had significantly 

less bone volume than the autoclaved monetite grafts in the lower middle ¼ area 

(p < 0.05). In the upper middle ¼ section of the grafts, the lateral area (0-1 mm 

and 2-3 mm) of autoclaved monetite grafts had significantly greater bone volume 

than the dry heat monetite grafts in the same area (p < 0.05). The bone volume 
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on the medial side of the grafts was greatly reduced in comparison to the lateral 

side. From 7.5 mm onwards on the medial side, bone volume was negligible for 

both types of monetite grafts. The upper ¼ of the grafts had ~12% and ~8% bone 

volume in the lateral most part of autoclaved and dry heat monetite grafts 

respectively. Apart from this the rest of the area either had negligible or 

nonexistent bone volume.  

 

7.4.2.4.3 Onlay graft resorption 

The percentage of remaining unresorbed monetite onlay grafts ranged between 

43.5 ± 5.9% (in autoclaved grafts) and 61.8 ± 6.2% (in dry heat grafts) (Figure 

7.9.5 B). The autoclaved monetite grafts showed significantly greater levels of 

resorption (~55%) than the dry heat prepared grafts (~38%) (p < 0.05).  
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7.5 Discussion   

7.5.1 Physicochemical properties of the prepared disc grafts 

The dehydration of brushite using autoclaving and dry heating process resulted 

in producing monetite bioceramics with similar calcium phosphate content but 

different physical properties. The conversion of brushite into monetite affected 

density, porosity, surface area and mechanical properties. The autoclaved and 

dry heat monetite bioceramics had the similar density to the pure form (2.92 g 

cm3). The slightly less density noted could be due to the presence of unreacted 

trace amounts of brushite (14, 15, 18, 202). The greater SSA noted for the dry 

heat monetite grafts could be attributed to the heating process carried out under 

vacuum. Dry heating under vacuum resulted in smaller sized monetite crystals 

and efficient removal of water causing monetite crystal aggregation. Autoclaved 

monetite grafts had more open macroporosity and microporosity than the dry 

heat monetite and brushite grafts. Dehydration of brushite using wet heat has 

already been shown to increase porosity (15, 16, 18). The compressive strength 

of the monetite grafts produced by autoclaving was reduced to half of that 

observed for their dry heated counterparts. Since the prepared autoclaved 

monetite grafts had both higher total porosity and microporosity, this explains the 

dramatic reduction in compressive strength observed. The tightly aggregated 

monetite crystals probably resulted in the higher mechanical strength noted. 

Also, the dry heating process resulted in less increase in total porosity, resulting 

in better mechanical properties as compared to the autoclaving process. 

Although the compressive strength of prepared monetite grafts was lower than 

that of cortical bone, it resembled that of cancellous bone (9.4-25.2 MPa) which 

is commonly used for maxillofacial bone augmentation procedures receiving 

masticatory loads (397).   

 

7.5.2  Vertical bone height gained 

Both calvaria and mandible originate from intra-membranous type of bone. The 

parietal bone of adult mammals has low bone marrow content and limited 

vascular supply and hence resembles an atrophic mandible. Some authors have 



 179 

suggested that calvaria can be considered a reliable site for testing bone 

augmentation procedures (31, 398).  

 

Histomorphometric analysis indicated that the bone height gained was slightly 

higher in the autoclaved monetite grafts than in the dry heat monetite grafts, but 

the difference was not significant. This suggests that ~10% total porosity and 

~4% macroporosity that was greater in the autoclaved monetite onlay grafts than 

their dry heat counterparts was did not produce a statistically significant 

difference. The maximum gain in vertical bone height was similar in both onlay 

monetite grafts (~3.2 & ~2.9 mm in autoclaved and dry heat monetite grafts 

respectively). The bone thickness of calvarium is 2 mm, this when added to the 

~3.2 mm of vertical height gained with autoclaved monetite grafts results in a 

total height of ~5.2 mm. This amount of bone height is sufficient for the 

placement of short implants (5.0-6.0 mm) (399-402). However, it was observed 

that in the distal areas of the grafts the bone height gained was higher than in the 

medial areas. This was consistent for both the autoclaved and dry heat monetite 

onlay grafts. The anatomical contouring of the rabbit calvarial bone along with 

differences in blood supply between lateral and medial areas might be 

responsible for this observation. The posterior branch of the middle meningeal 

artery that emanates from the maxillary artery supplies the parietal bone. One 

perfused major branch of the meningeal artery runs laterally, curving towards the 

sagittal suture on each parietal bone with the arterial blood flow towards the linea 

media (403). This strongly indicates that the anatomical arrangement of blood 

vessels in calvaria results in lateral portions of grafts are better irrigated than the 

medial portions and hence can resorb to a greater extent providing opportunity 

for bone growth to reach higher levels vertically in comparison to the poorly 

perfused medial areas.  

 

Prior to the screw fixation of the grafts, periosteum was removed from the midline 

laterally on either side of linea media. Majority of the outer surface of the 

craniofacial skeleton is supplied by tiny perforators by the overlying periosteum 
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(404). It is highly plausible that by the removal of periosteum, the medial areas of 

grafts were deprived of resorptive and bone forming cellular components to a 

greater extent in comparison to the lateral areas of grafts closer to the ends of 

the remaining periosteum distally. Previous studies have suggested that although 

periosteum covering the calvarial bone has a minor role in osteogenesis, they 

enhance bone formation in areas in close proximity to it (405, 406).  To confirm 

this, further studies would be required where periosteum is stripped from distal 

ends towards the medial side or left in contact with the medial side of the grafts 

to observe if the findings are reversed in terms of vertical bone height gained. 

 

7.5.3  Bone augmented within onlay grafts 

Upon histological observation, both types of monetite onlay grafts appeared to be 

infiltrated by newly formed bone. This has also been observed previously in 

studies utilising monetite bioceramics for onlay grafting and bone augmentation 

(15, 17, 314). Dental implants can be successfully placed into regenerated bone 

having a volume of 30-40% (407, 408). The volume of new bone formed within 

the remaining graft materials was 38.2 ± 7.8% and 25.7 ± 6.6% for the 

autoclaved and dry heat monetite onlay grafts respectively. This indicates that 

the volume of bone augmented using autoclaved monetite grafts is likely to be 

sufficient for placement of titanium dental implants as has been reported in other 

bone augmentation procedures (15, 409-411). The higher levels of porosity 

present, especially macroporosity in the autoclaved monetite grafts affected the 

bone volume augmented. This is strongly indicates that the increased porosity 

results in increased bone volume in the augmented areas of grafts. However, 

increase in porosity results in a drastic decrease in the mechanical properties of 

grafts. A recent study by Tamimi et al. has reported that their graft designs 

having groove facing calvarial bone had a higher percentage volume of new 

bone formation in comparison to the designs facing periosteum (17). This 

indicated that bone formation might be originating from calvarial bone rather than 

from periosteum. In our study the periosteum was stripped prior to graft fixation. 
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In future it would be interesting to perform onlay grafting with periosteum 

remaining intact to confirm this observation.  

 

Although the dry heat monetite grafts had less bone volume, they had 

significantly higher mechanical strength (twice than autoclaved monetite grafts). 

This suggests that by altering the P/L ratio it is possible in future to fabricate dry 

heat monetite grafts with the ability to generate greater bone at the expense of 

mechanical strength by increasing total porosity present. The results from this 

study provide a comparison between a high strength, lower porosity (less bone 

volume achieved) and low strength, higher porosity (greater bone volume 

achieved) grafts.  However, we also prepared autoclaved monetite grafts with a 

lower P/L of 1 which had a total porosity of ~62% and compressive strength of ~3 

MPa. Upon implantation of these highly porous grafts on rabbit calvaria it was 

observed that the grafts collapsed within the few weeks leaving the screw without 

any monetite material and no bone growth (Figures 7.10.1 A, B,C and D). So, it 

has to be taken into consideration that although higher porosity grafts may 

provide greater bone regeneration, the drastic decrease in mechanical strength 

associated with this increased porosity may render the grafts unsuitable for 

clinical use. 

 

7.5.4 Onlay graft resorption 

The percentage of remaining monetite material after 12 weeks of onlay grafting 

was ~43% and ~60% for the autoclaved and dry heat grafts respectively. In 

previous studies the remaining monetite has been shown to be approximately 

43% (17) and 50% (231) when implanted as onlay grafts and 66% (207) when 

implanted intramuscularly. Since the resorption of monetite is mainly regulated by 

passive dissolution or by cellular activity (224), the total porosity and especially 

macroporosity would be expected to greatly influence the total resorption of 

grafts by providing access to resorptive cellular components (osteoclasts and 

macrophages). The average total resorption noted for the autoclaved monetite 

grafts was ~55% in comparison to ~38% for the dry heat monetite grafts. The 
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multifold greater surface area of the dry heat monetite grafts did not appear to 

enhance resorption. The higher total porosity and macroporosity levels of the 

autoclaved monetite grafts can be attributed to the greater resorption and 

ultimately the enhanced biological behaviour observed in terms of bone volume 

augmented. This can be explained by the fact that monetite being an 

osteoconductive material,  allows new bone formation throughout its material 

matrix after resorption by allowing greater infiltration of bone forming cells. In 

addition, the higher rate of resorption of autoclaved monetite grafts results in a 

localized concentration of calcium and phosphate ions that can potentially aid in 

the mineralization and bone formation process (145, 150).                 

 

 

7.6 Conclusion 

This study has demonstrated that monetite onlay grafts produced by two different 

heating methods can be used to achieve vertical bone augmentation as high as 

~3.2 mm and can be directly fixed to bone surfaces using screws. Onlay monetite 

grafts prepared by autoclaving and dry heat conversion of brushite achieved 

similar levels of vertical bone augmentation. However, the total resorption and 

the bone volume percentage of the area augmented with autoclaved monetite 

grafts were significantly greater than their dry heat counterparts. The dry heat 

monetite grafts had greater mechanical strength and can possibly be investigated 

further for use in specific clinical applications where higher graft strength is a 

prerequisite. 
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7.8 Experimental 

 

7.8.1 Method and materials        

7.8.1.1 Synthesis 

Monetite grafts were prepared by conversion of preset brushite cement discs. 

Brushite was prepared with a mixture of β-TCP (Merck) and commercially 

available MCPM (ABCR, GmbH & Co.KG) using a ratio of 1.2 to 1 respectively. 

The cements were produced at P/L mixing ratio of 3. The powders were hand 

ground with a pestle and mortar and cement pastes prepared by mixing the 

powder with appropriate amount of distilled water on a glass slab for 20 s. Once 

all of the powder was combined with the liquid, the cement paste was kneaded 

for a further 30 s. The manipulated cement slurry was cast into polyvinylsiloxane 

mould forming hardened cement discs having a diameter of ~9.5 mm and 4 mm 

thick. The center of the mould had a 1.5 mm thick needle to produce space for 

the screw to fix the discs during experiments.  The discs were allowed to set for 

24 h at 37°C ± 1˚C in a vacuum desiccator to form hard brushite. At the end of 

the incubation period, the samples were removed from the mould and weighed 

until constant mass was reached.   

 

Monetite grafts were prepared next by conversion of set brushite cement discs 

utilizing two different methods: wet heat and dry heat conversion. Wet heat 

transformation was performed with the brushite cylinders being autoclaved at 

sterilizing conditions (121°C, 100% humidity and 15 psi, for 30 min). For dry heat 

conversion, the brushite discs were heated at 250°C for 30 minutes under 

vacuum (80 mTorr).  

 

 7.8.1.2 Characterisation of the prepared discs  

The phase purity of prepared brushite and the monetite grafts was confirmed 

using X-ray diffraction (XRD). XRD data was collected (Bruker Discover D8 

diffractometer) with Ni filtered CuKα radiation (λ = 1.54A) with a two dimensional 

VANTEC area detector at 40 kV and 40 mA. A step size of 0.02° was used to 
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measure from 10 to 40° 2θ over 3 frames with a count time of 300 s per frame. 

The phase composition was checked by means of the International Centre for 

Diffraction Data reference pattern for monetite (PDF Ref. 09-0080), JCPDS 2010 

database. Microstructural morphology of the prepared monetite grafts was 

examined with a scanning electron microscope (Hitachi S-4700 FE-SEM; Tokyo, 

Japan) operating at an accelerating voltage of 20 kV using a back-scattered 

electron (BSE) detector. Elemental composition (Ca/P ratio) of the bioceramics 

was assessed with energy dispersive X-ray (EDX) analysis using Oxford detector 

with a scanning electron microscope (Hitachi S-4700 FE-SEM; Tokyo, Japan) 

and INCA software (Oxford Instruments, Abingdon, UK). The true density of the 

disc grafts was determined using a helium pycnometer (Accupyc 1330, 

Micromeritics). The volume of each sample was measured 10 times following 10 

purges of the measurement chamber with helium. The relative porosity (bulk 

porosity) of the cements was calculated from apparent and true density 

measurements. The specific surface area (SSA) of cements was determined by 

using the Brunauer–Emmett–Teller (BET) method with helium adsorption–

desorption (Tristar3000, Micromeritics). Macroporosity of the prepared grafts was 

calculated by using µ-CT (SkyScan 1172; SkyScan; Kontich, Belgium) set at a 

resolution of 6.0 µm and 0.5 mm Al filter. µ-CT was also employed to scan the 

prepared monetite grafts to generate 3D models of the onlay grafts before 

implantation. The compressive strength of the prepared monetite discs was 

measured before implantation. The geometrical measurements were made in 

triplicate and the samples were mounted on the testing machine (5544, Instron) 

so that the long axes of the discs were perpendicular to the lower anvil. A 

compressive force was then applied to the upper surface of the cylinders at a 

constant crosshead displacement rate of 1 mm/min until failure occurred. The 

applied load was measured using a 100 N load cell (5544, Instron). Mean 

compressive strength was determined from the average of 5 measurements.      
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7.8.1.3 Surgical procedure  

After obtaining approval from McGill University Health Care Center Ethical 

Committee, the study was performed on six male New Zealand rabbits (4-6 

months) weighing 3-4 kg each. Briefly, calvarial bone was exposed through a 

skin incision approximately 4 cm in length over the linea media. A pair of 

tweezers were used to lift the skin before the periostium was also incised in the 

same place. A periosteal elevator was used for separating the periosteum from 

the bone surface and two holes (1.4 mm diameter) were drilled in the parietal 

bone using a trephine bur on a slow-speed electric handpiece. The drill holes 

were made on each side of the median sagittal suture without crossing it. The 

bioceramic disc grafts were stabilized by utilizing stainless steel screws (1.5 mm 

screw diameter and 5 mm screw length) on either side of the midline. The wound 

was next closed with 3-0 running subcuticular monocryl sutures. Post 

implantation, computed tomography (CT) was performed at day 0 and 4, 8 and 

12 weeks  using Fidex imaging system (Animage, LLC, Pleasanton, CA, U.S.A) 

with a voltage of 110 kv and a current of  0.080 µa.  The total protocol period was 

12 weeks after which the animals were sacrificed. Post mortem, bone blocks 

containing the stabilized bioceramic discs were retrieved from the animal's 

calvaria and processed for further characterisation and analysis. 

 

 7.8.1.4 Histomorphometric analysis 

Once the implant sites were retrieved, blocks of bone with grafts were fixed in 4% 

formaldehyde for 1 day before being dehydrated in ascending concentrations of 

ethanol and infiltrated with polymethyl methacrylate histological resin (Technovit® 

9100, Heraeus Kulzer, Wehrheim, Germany). After the resin was polymerized the 

samples were sectioned into histological slides with a diamond saw (SP1600, 

Leica Microsystems GmbH, Wetzlar, Germany) and dyed with basic fuchsine and 

methylene blue for histological analysis. A series of three slides (~20 µm each), 

cutting through the centre of the discs, were prepared for each sample. 
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Histomorphometric analysis of the implanted area from the images of histological 

coronal sections crossing the centre of grafts was performed using a Ziess 

microscope Axio Imager.M2 (Ziess®  Gottingen, Germany) with a digital AxioCam 

IC camera (Ziess®  Gottingen, Germany) and the image software GIMP2 (v2.10).  

Bone growing within the onlay grafts, as well as the area occupied by the 

remaining unresorbed graft material was identified and measured. This was used 

to calculate the percentage bone volume, bone height gained, and remaining 

material within the onlay. In each image section, the augmented bone area was 

divided into 16 smaller squares (1mm х 1mm) using 4 column х 4 row computer 

generated grid which was adjusted to cover entire onlay in the image. Localized 

histomorphometrical analysis was performed for each square [13, 21]. The 

amount of graft resorption was measured by subtracting the area of remaining 

monetite in histological sections from the original cross-sectional area of each 

onlay disc including microporosity. 

 

In order to evaluate the gain in bone height in the onlay grafts during 

implantation, vertical bone height was measured by calculating the distance 

between original calvarial surface and the maximum bone height gained. The 

maximum bone height in each square was measured and a map was created 

indicating bone height for the entire mediolateral axis of the grafts. 

 

7.8.1.5 Scanning electron microscopy and micro-computed tomography  

Electron microscopy was used to examine the microstructural progression upon 

onlay grafting with a scanning electron microscope (Hitachi S-4700 FE-SEM; 

Tokyo, Japan) operating at an accelerating voltage of 20 kV using a back-

scattered electron (BSE) detector. The resin embedded sections were sputter 

coated with gold–palladium alloy prior to electron beam analysis at high vacuum. 

µ-CT (SkyScan 1172; SkyScan; Kontich, Belgium) set at a resolution of 6.0 µm 

and 0.5 mm Al filter was employed to scan the retrieved implant sites to construct 

3D models of the onlay grafts. 
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7.8.1.6 Statistical analysis  

Statistical analysis was performed using IBM® SPSS® (v. 19, IBM Corp.; New 

York; USA) statistical software. Mann-Whitney test was used to evaluate head-

to-head differences between the implanted onlay grafts. Statistical significance 

was set at a value of p < 0.05. 
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Figure 7.9.1: (A) Retraction of tissues after incision, (B) Disc onlay graft 

being fixed onto the calvaria, (C) Screw stabilized monetite grafts, (D) 

Appearance of retrieved grafts after 12 weeks of onlay grafting, (E) 

Computed tomographic 3D image of grafts immediately after implantation, 

(F) Computed tomographic 3D image of grafts after 12 weeks of 

implantation, (G) Resin embedded bone blocks with autoclaved monetite 

graft after sectioning, (H) Resin embedded bone blocks with dry heat 

monetite graft after sectioning, (I) µ-CT slice of autoclaved monetite graft 

before implantation, (J) µ-CT slice of autoclaved monetite graft after 12 

weeks of implantation, (K) 3D-modelling of autoclaved monetite graft 

before implantation, (L) 3D-modelling of autoclaved monetite graft after 

12 weeks of implantation, (M) µ-CT slice of dry heat monetite graft before 

implantation, (N) µ-CT slice of dry heat monetite graft after 12 weeks of 

implantation, (O) 3D-modelling of dry heat monetite graft before 

implantation, and (P) 3D-modelling of dry heat monetite graft after 12 

weeks of implantation. (Single arrow represents autoclaved monetite 

grafts and double arrows represent dry heat monetite grafts in the 

images). 
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Figure 7.9.2: Histological micrographs of a coronal section from the bone 

explant sites stained with H&E of: (A) autoclaved monetite onlay graft (1 

arrow) after 12 weeks, (B) Dry heat monetite onlay graft (2 arrows) after 

12 weeks, (C) Higher magnification image of the area marked in image A, 

(D) Higher magnification image of the area marked in image B. The 

sections show remaining monetite block material (*), bone augmented free 

of unresorbed graft material (+), and the original bone calvarium (X). 

(Scale bars in images A & B represents 2 mm and in images C & D 

represents 0.5 mm). 
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Figure 7.9.3: BSE-SEM images of: (A) autoclaved monetite graft after 12 

weeks, (B) dry heat monetite graft after 12 weeks, (C) higher magnification 

image of the area marked in image A, (D) higher magnification image of the 

area marked in image B. The images show remaining monetite graft 

material (*), bone augmented (+), and the original bone calvarium (X). 

(Scale bars in the images A & B represents 2 mm and in images C & D 

represents 0.5 mm). 
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Figure 7.9.4: BSE-SEM images of disc grafts prepared: (A) autoclaved 

monetite, and (B) dry heat monetite. (Scale bars in the images represent 

0.5 µm). X-ray diffraction patterns obtained before and after implantation 

from: (C) autoclaved monetite grafts, and (D) dry heat monetite grafts. 

[(†) represents monetite and (х) represents HA peaks]. 
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Figure 7.9.5: (A) Relative bone height gained along the mediolateral 

axis of the grafts. The measurements represent percentage of bone 

height (mean plus standard deviation) gained between the original 

calvarial surface and the superior surface of the monetite grafts. (B) The 

percentage of bone tissue within the grafts‟ augmented area. (C) 

Mapping of average bone height augmented with autoclaved monetite 

grafts. (D) Mapping of average bone height augmented with dry heat 

monetite grafts. 
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Figure 7.9.6: (A) Graft and bone block histological section divided 

into 16 smaller areas (1х1mm each), using a 4х4 grid for 

histomorphological measurements. (B) The percentage of remaining 

graft area after 12 weeks of onlay grafting. (C) Histomorphological 

measurements showing percentage of bone volume present in the 

areas delimited by the grids. (D) 3D-model of autoclaved monetite 

onlay graft from above (top image) and surface in contact with 

clavarial bone (bottom image) constructed after 12 weeks of 

implantation. Lateral area shows more bone augmented than the 

medial area.  (E) 3D-model of dry heat monetite onlay graft from 

above (top image) and surface in contact with calvarial bone (bottom 

image) constructed after 12 weeks of implantation. The lateral most 

area shows more bone than the medial area, but less in comparison 

to the autoclaved monetite graft. 
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7.10 Supplementary figures 

 

 

 

Figure 7.10.1: (A) 3D image of grafts immediately after implantation.  

(B) 3D image of grafts after 4 weeks of implantation. (C) Appearance of 

retrieved grafts after 12 weeks of onlay grafting. (D) 3D image obtained 

by removing the calvarial surface to visualize the graft and screw from 

underneath after 4 weeks of implantation. (Single arrows in the images 

represent autoclaved monetite grafts prepared with a P/L ratio of 1). 
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Chapter 8: Development of alkali ions substituted-silica 

reinforced calcium phosphate cement, set with 

phytic acid. 

 

8.1 Preface   

Previous chapters have discussed and conclusively demonstrated the superior in 

vivo performance of monetite grafts in comparison with brushite grafts. These 

results are attributed to the phase conversion of brushite grafts to the slowly 

resorbing insoluble apatite. This phase conversion was not observed for wet heat 

and dry heat converted monetite grafts. However, it was noted that the 

autoclaving process used to convert brushite to monetite affected mechanical 

properties adversely. Conversely, the dry heating conversion process resulted in 

production of monetite grafts with mechanical properties comparable with their 

original brushite precursors. The results from the preceding studies in this thesis 

led to the experiments presented in this chapter. This chapter reports the 

development of alkali ions substituted calcium phosphate cements that were 

reinforced with silica to potentially improve the mechanical properties. The 

cements were set by utilising phytic acid (a strong chelating agent) with varying 

concentrations. The objective and focus of the experiments was to prepare 

calcium phosphate cements that would have improved mechanical properties 

and not convert to insoluble HA resulting in continued dissolution upon in vitro 

ageing in PBS.          
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8.2 Abstract   

Research in the past few decades has focused towards exploring suitable 

alternatives to autologous bone grafting. Among the other available bone 

substitutes, inorganic calcium phosphates are commonly used. Sodium and/or 

potassium phosphate can be added in the calcium phosphate cements to 

improve their biodegradability. Ca2KNa(PO4)2 is a calcium alkali orthophosphate 

that stimulates osteoblast growth and shows excellent biocompatibility both in 

vitro and in vivo. Most commonly, alkali ion substituted calcium phosphate 

cement reactants are prepared via sintering or molten processing routes. These 

cements traditionally are mechanically weak and convert to slowly resorbing 

apatite. We report the development and assessment of the physico-chemical 

properties of alkali ions substituted calcium phosphate cements reinforced with 

the silica and set using phytic acid after in vitro ageing in PBS. The concentration 

of phytic acid used to set cements was found to have an inverse effect on 

mechanical properties. Cements set with lower concentration of phytic acid had 

higher compressive strengths in comparison to the higher concentration acid 

cements. All cements set with different concentrations of phytic acid showed no 

phase conversion to apatite upon in vitro ageing. This indicated their potential to 
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be evaluated further for orthopaedic and dental bone repair and regeneration 

applications as fully resorbable bone graft substitutes. 
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8.3 Introduction                                  

Bone grafts are frequently used as substitutes for diseased, damaged or missing 

bone tissue. This is imperative to prevent fibrous tissue ingrowth into the defect 

and to maintain mechanical function. The most commonly used graft materials 

for orthopaedic and dental applications are the autologous bone grafts which are 

considered to be the gold standard (1, 83). Although they have higher biological 

acceptability (7, 412), they have disadvantages such as donor site morbidity, the 

need for a second surgery, increased cost due to hospitalization and limited 

amounts that can be procured (412). Research in the past few decades has 

focused towards exploring suitable alternatives for the said purpose (9-11). 

Among the other available bone substitutes, inorganic calcium phosphates are 

commonly used (16, 116, 145, 150). Cements made from calcium phosphates 

known as calcium phosphate cements are non-toxic and do not induce cell lysis 

in the surrounding tissues after being implanted (222). The calcium phosphate 

cements undergo a process of dissolution and precipitation leading to a strong 

material-bone interface (366, 413-415). Due to their relatively fast setting time 

and ease of manipulation, these materials are a good option as bone substitutes 

(145, 150, 416).  

 

Sodium and/or potassium phosphate can be added in the calcium phosphate 

cements to improve their biodegradability (417), and cell cultures have shown 

that materials like Ca2KNa(PO4)2 which is a calcium alkali orthophosphate 

stimulates osteoblast growth (418). In addition, these cements show excellent 

biocompatibility both in vitro and in vivo (419), so Ca2KNa(PO4)2, is one of the 

promising materials that can be used as bone filler to heal bone defects. 

However, calcium alkali orthophosphates remains underrated as materials for 

bone repair and augmentation applications. The literature shows research on 

development of alkali ion substituted calcium phosphate cements via sintering or 

molten methods but only few cements prepared from acids (417, 420). These 

cements prepared by sintering or molten methods are mechanically weak and 

convert to apatite upon implantation limiting the success of orthopaedic and 
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dental procedures due to the extremely low resorption (rate and extent) 

associated with the less soluble HA (145). 

 

We report the development of a calcium phosphate cement which is reinforced 

with the addition of silica (SiO2) and set using inositol phosphate 

(C6H6(OPO3H2)6; IP6), also known as phytic acid  which is a chelating agent (419, 

421-423). Phytic acid is found in rice, corn, wheat, and soybean (424), and has 

strong chelating capability towards calcium ions due to its 6 phosphate groups, in 

comparison with other chelating compounds such as ethylenediaminetetraacetic 

acid (EDTA), which have only 3 phosphate groups (425). The newly developed 

cement was created by mixing Ca2KNa(PO4)2 + SiO2 powders that were set by 

the chelate bonding of phytic acid at different concentrations. In this study we 

have evaluated the physico-chemical effects of alkali ion substitution and addition 

of silica to calcium phosphate cements set with phytic acid with different 

concentrations after ageing in PBS solutions.  
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8.4 Results and discussion 

The preparation of the Ca2KNa(PO4)2 cements reinforced with silica was carried 

out with relative ease. However, it was noted that the cements set with higher 

concentrations of phytic acid (40% and 50%) were clumpy and had a relatively 

shorter working time in comparison to the 20% and 30% concentration phytic 

acid set cements. Setting of cements such as Ca2KNa(PO4)2 using H2O is 

thought to take place via the following two steps (426):  

 

[1] The formation of an alkali ion containing nano-apatite which results in the 

quick hardening of cement paste: 

 

  5Ca2KNa(PO4)2 + 4H2O → 2[Ca5K2Na2(HPO4)(PO4)4(H2O)] + Na+ + K+ +2OH- 

 

[2] The conversion of this substituted apatite to calcium deficient HA: 

 

18[Ca2K2Na2(HPO4)(PO4)4·(H2O)] → 10Ca9(PO4)5(HPO4)(OH) + 18(K, Na)2HPO4 

+ 12(K, Na)3PO4 + 8H2O 

 

Apatitic calcium phosphate cements are used very commonly as bone substitute 

biomaterials in orthopaedic, craniofacial and maxillofacial surgery because of 

their excellent biocompatibility in soft and hard tissue contact (427-429). However, 

the setting of cements as HA is undesired due to the slow or negligible resorption 

upon implantation (15). By utilising phytic acid to set Ca2KNa(PO4)2 powders, we 

prepared cements that did not set as HA (Figure 8.9.6). 

 

8.4.1 Compressive strength 

Before the Ca2KNa(PO4)2+6%SiO2 cements were set using different 

concentrations of phytic acid (Table 8.9.1), the powders alone and with 3% and 

6% silica added to them were set using 40% phytic acid. This was performed in 

order to determine whether addition of 3% or 6% would affect mechanical 

properties of the set cements. It was observed that the Ca2KNa(PO4)2 powders  
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without the addition of silica, set with 40% phytic acid having a compressive 

strength of 2.54 ± 0.33 MPa (n=6). The Ca2KNa(PO4)2 powders with 3% and 6% 

silica added to them had compressive strengths after setting with 40% phytic acid 

of 2.51 ± 0.59 and 7.72 ± 0.22 MPa respectively (n=6). Based on these results it 

was decided to use Ca2KNa(PO4)2 powders reinforced with 6% silica.  

 

After cements were set using 20, 30, 40 and 50% concentration phytic acid, 

compressive strengths were measured before and after in vitro ageing in PBS 

(Table 8.9.1 and Figure 8.9.2). The cements set with 20% phytic acid had the 

highest recorded compressive strengths (22.01 ± 5.33) which reduced as the 

concentration of phytic acid was increased (Table 8.9.1). Cements set with 

higher concentrations of phytic acid (30, 40 and 50%) had 2, 3 and 5 times less 

compressive strengths noted respectively than the 20% phytic acid cements 

(Table 8.9.1). Upon ageing in PBS for 1 week the compressive strength of the 

Ca2KNa(PO4)2 cements set with 20% phytic acid reduced to 17 ± 3.1 MPa and 

after 4 weeks it reduced to ~50% of the original strength observed (Figure 8.9.2). 

The higher concentration phytic acid set cements after 4 weeks of ageing had a 

significantly greater decrease in compressive strength (Figure 8.9.2).   

 

8.4.2 Porosity 

The concentration of phytic acid used to set cements had an effect on total 

porosity present (Table 8.9.1). Cements set with 20% phytic acid had ~35% initial 

porosity which increased to ~38% after 7 days and to ~52% after 4 weeks in 

PBS. The 30% phytic acid cements had an initial porosity of ~44% which went up 

to ~60% after 4 weeks in PBS. Similarly, the 40 and 50% phytic acid set cements 

had starting porosities of ~53 and 61% which increased to ~68 and 72% 

respectively after 4 weeks of ageing in vitro (Figure 8.9.3). 
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8.4.3 In vitro dissolution and mass loss 

The mechanical properties and porosity of cements had a direct effect upon the 

mass loss observed after ageing in PBS. As would be expected, the higher 

compressive strength and lower porosity cements (set with 20% phytic acid) lost 

the least amount of mass after 4 weeks in PBS ~29% (Figure 8.9.4). The 30, 40 

and 50% phytic acid set samples lost ~45, 55 and 62% mass respectively after 4 

weeks of ageing in vitro (Figure 8.9.4). The mass loss observed for these 

cements set by phytic acid was more when compared with that of the dicalcium 

phosphate cements aged in PBS for similar time period (Chapter 5). The high 

energy ball milling of the Ca2KNa(PO4)2 powders was probably responsible for 

the increase in solubility of these materials as also shown by Gbureck et al. 

(420). The dissolution of Ca2KNa(PO4)2 has the effect of being antimicrobial due 

to the cations present in the biomaterial that are released (430, 431). Ca2+, Na2+ 

and K+ are released from the surface of these cements which result in elevated 

osmotic pressure locally influencing the viability of micro-organisms in the 

immediate environment (430-433). However, further in vitro and in vivo 

experiments are required to assess the antimicrobial properties of these 

cements. 

 

8.4.4 Scanning electron microscopic imaging 

The SEM images revealed the changes in microstructural appearance of 

cements upon ageing. The cements set with higher concentrations of phytic acid 

had a more porous appearance than the ones set with lower concentration acid 

(Figures 8.9.5 a, b, c and d). Upon ageing for 7 days and 28 days, the 20 and 

30% phytic acid cements showed cracks in their structure (Figures 8.9.5 e, f, I 

and j). The 40 ad 50% phytic acid cements got progressively more porous upon 

ageing and disintegrated (Figures 8.9.5 g, h, k and l).   

 

8.4.5 X-Ray diffraction 

X-ray diffraction data revealed the phase composition of set cements before and 

after ageing (Figure 8.9.6). All cements prepared showed peaks representing 
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[Ca2KNa(PO4)2 (●)] (420, 434) and [SiO2 (▼)] (435, 436) and it was observed that 

phytic acid concentration inversely affected peak intensity (Figures 8.9.6 a, b, c 

and d). The amorphous broad peak (at 10-15 2ϴ) observed prior to ageing and 

after 7 days in PBS disappeared after 28 days in PBS (Figures 8.9.6 a, b, c and 

d). During preparation, the high energy ball milling of the Ca2KNa(PO4)2 in 

ethanol for 24 hours probably resulted in the mechanically induced phase 

transformation form crystalline to amorphous state. Upon ageing for 7 and 28 

days in PBS, no phase transformation was observed for any cement group. The 

non-conversion of phytic acid set Ca2KNa(PO4)2 cements reinforced with silica is 

encouraging and these biomaterials can potentially be used as bone substitutes. 

However, further studies are required to prove that similar results can be 

achieved in vivo.  

 

8.4.6 Density and specific surface area 

The initial density of the Ca2KNa(PO4)2+6%SiO2 cements set with phytic acid was 

in the range of 2.14 to 2.20 g/cm3. The density slightly increased with the higher 

concentration of phytic acid used to set the cements (Table 8.9.1). Upon ageing 

for 4 weeks, the density for all cements increased significantly from the initial 

values recorded (p < 0.01). However it was interesting to note that the lower 

concentration of phytic acid set cements had a much greater increase in density 

upon ageing (Figure 8.9.7). The initial SSA of the prepared cements was low (~2 

to 5 m2/g). The lower phytic acid concentration cements had higher SSA in 

comparison with the higher concentration prepared samples (Table 8.9.1). After 

ageing in PBS it was observed that the highest increase in SSA was recorded for 

the 50% phytic acid cements (from ~2 to ~56 m2/g) (Figure 8.9.8). The SSA 

increased significantly from the initial recorded values for all other cements after 

4 weeks in PBS as well (Figure 8.9.8). 
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8.5 Conclusion 

In conclusion, the alkali ion substituted calcium phosphate cements reinforced 

with silica were prepared with the aim of improving solubility of the cements. The 

concentration of phytic acid used to set the cements was found to have an 

inverse effect on mechanical properties. The lower concentration (20%) phytic 

acid set cements samples had higher compressive strength in comparison to the 

brushite cements discussed earlier (Chapter 5). All cements set with different 

concentrations of phytic acid showed no phase conversion to apatite upon in vitro 

ageing. The results obtained indicate their potential to be evaluated further for 

orthopaedic and dental bone repair and regeneration applications. 
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8.8 Experimental 

 

8.8.1 Method and materials        

8.8.1.1 Synthesis        

Ca2KNa(PO4)2+ 6%SiO2 was prepared by sintering CaHPO4,Na2CO3, K2CO3 and 

SiO2 in a molar ratio of 4:0.63:0.63:0.79 for 24 h at 1050 °C. The sintered cakes 

were crushed and sieved with 355 µm pore size-mesh followed by ball milling 

with ethanol in a planetary ball mill for 24 h at 250 rpm. Finally the cement 

powder was vacuum dried at 60 °C. In order to investigate the effect of 

concentration of the chelating agent cements were produced by mixing the 

Ca2KNa(PO4)2+6%SiO2 powders with phytic acid having 20, 30, 40 and 50% 

concentration respectively, using a powder of liquid ratio of 2. The cement pastes 

were prepared on a glass slab for 20 s. To mix the cement paste, powder mixture 

was divided into four equal portions and added to liquid phase a quarter at a time 

and mixed using a non-corrodible spatula for a period of 10 s. Once all of the 

powder was combined with the liquid, the cement paste was kneaded for a 

further 30 s. The manipulated cement slurry was cast into silicone moulds 

forming hardened cement blocks (~6 х 12 mm), and cement discs (~15 mm 

diameter, 2mm thickness). The samples were allowed to set for 24 h at 37°C ± 

1˚C in a water bath for 24 hours. At the end of the incubation period, the samples 

were removed from the mould, dried and weighed until constant weight was 

reached. Five different batches of ten samples each (for each phytic acid 

concentration) were produced to obtain a total of fifty blocks respectively. Even 

though the sample homogeneity was very high (either within a batch or between 

batches), the sample were randomized before testing.  

 

8.8.1.2 Characterisation      

The phase purity was confirmed for the alkali substituted calcium phosphate 

cement samples set by phytic acid by using X-ray diffraction (XRD). XRD data 

was collected (Siemens D5005 X-ray diffractometer) with Ni filtered CuKα 

radiation (lamda = 1.54A) with 2 dimensional area detector at 40 kV and 40 mA. 
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A step size of 0.02° was used to measure from 10 to 40° over a count time of 2 s 

per degree. The phase composition was compared and confirmed with the 

International Centre for Diffraction Data reference JCPDS 2010 database. The 

compressive strength (wet) of the prepared cement blocks was measured before 

and after in vitro ageing in PBS solutions. Before testing, geometrical 

measurements of the samples were made in triplicate and their weight noted. 

Samples were mounted on the testing machine (Zwick/ Roell Z010) so that the 

long axes of the cement cylinders were perpendicular to the lower anvil. A 

compressive force was then applied to the upper surface of the cement samples 

at a constant crosshead displacement rate of 1 mm/min until failure occurred. 

The applied load was measured using a 2kN load cell (Zuick/Roell Z010). Mean 

strength was determined from the average of 6 measurements. After testing in 

compression, cement fragments were retrieved, weighed and dried in a vacuum 

desiccator at a temperature of 37°C. The cement fragments were then ground to 

powder using a pestle and mortar. The true density of the powders was 

determined using a helium pycnometer (Accupyc 1330, Micromeritics). The 

volume of each sample was measured 10 times following 10 purges of the 

measurement chamber with helium. The relative porosity (bulk porosity) of the 

cements was calculated from apparent and true density measurements. The 

specific surface area (SSA) of cements was determined by using the Brunauer–

Emmett–Teller (BET) method with helium adsorption–desorption (Tristar3000, 

Micromeritics). Bioceramic microstructure was observed using scanning electron 

microscopy imaging (Hitachi S-4700 FE-SEM; Tokyo, Japan), at an accelerating 

voltage of 2 kV.  

 

8.8.1.3 In vitro ageing     

After initial characterisation was completed, the samples were stored at 37 ± 1°C 

and ~100% relative humidity for 24 h. The cement discs prepared were 

immersed in PBS solutions (n=5). The samples were aged at a liquid to cement 

volume ratio (LCVR) of 60 as used by Grover et al. (228)  for 28 days at 37 ± 1°C. 

Dynamic ageing protocols were achieved by refreshing the liquid every 24 h 
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throughout the experiment to remove any dissolution products. To quantify the 

amount of mass loss over time, the samples were weighed daily. The sample 

weight loss was measured according to:  

 

                                                 ΔW = (W1 – W2)/W1  

(Weight before in vitro incubation was measured as W1, weight after incubation 

washed by distilled water and dried until constant was measured as W2).  

 

After a time period of 7 and 28 days, all the samples were removed from the 

solutions and tested in compression and characterised for changes in phase 

structure, SSA, density and porosity. 

 

8.8.1.4 Statistical analysis      

Statistical analysis was performed using IBM® SPSS® (v. 19, IBM Corp.; New 

York; USA) statistical software. Mann-Whitney test was used to evaluate head-

to-head differences between the aged cement blocks. Statistical significance was 

set at a value of p < 0.05. 
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 8.9 Tables & Figures 

 

 

     Table 8.9.1 Characterisation of cements produced by setting with different 

     concentrations of phytic acid. 

Concentration of 

phytic acid used to 

set the cements 

 

Total relative 

porosity (%) 

 

SSA  

(m
2
/g) 

 

Density 

 (g/cm
3
) 

 

Compressive 

Strength (MPa) 

20 %   35.26 ± 1.41     5.08 ± 0.07     2.14 ± 0.04 22.01 ± 5.33 

30 %   43.84 ± 1.81     4.51 ± 0.08     2.18 ± 0.05   8.45 ± 1.60 

40 %   53.30 ± 1.32     3.93 ± 0.41     2.19 ± 0.04   7.86 ± 0.18 

50 %   60.98 ± 1.03     2.18 ± 0.40      2.20 ± 0.06    4.03 ± 1.04 

                     Values are presented as mean ± standard deviation (n=5). 

                 SSA- specific surface area 

 

   

 

 

Figure 8.9.1: Photograph of cement blocks prepared for in vitro experiments. 
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Figure 8.9.2: Effect of in vitro ageing time on the mechanical properties of 

cement blocks. 

 

 

Figure 8.9.3:  Effect of in vitro ageing time on total porosity of cement 

blocks set with 20, 30, 40 and 50% concentrated phytic acid. 
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Figure 8.9.4: Effect of phytic acid concentration on resorption of 

cements in vitro. 
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Figure 8.9.5: SEM images of surface of cements set with varying 

concentrations of phytic acid respectively after in vitro ageing at day 0 (a, b, c, 

d), day 7 (e, f, g, h) and day 60 (i, j, k, h) (Scale bars represent 10 µm). 
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Figure 8.9.6: X-ray diffraction patterns showing phase composition before and 

after ageing of:   

a. Cement set with 20% phytic acid. 

b. Cement set with 30% phytic acid. 

c. Cement set with 40% phytic acid. 

d. Cement set with 50% phytic acid. 

None of the cements showed any phase conversion to apatite. 

(●) represents Ca2KNa(PO4)2, and (▼) represents SiO2 peaks. 
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Figure 8.9.7:  Effect of in vitro ageing on density of cement blocks set 

with 20, 30, 40 and 50% concentrated phytic acid. 

 

    

Figure 8.9.8:  Effect of in vitro ageing on specific surface area of 

cement blocks set with 20, 30, 40 and 50% concentrated phytic acid. 
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Chapter 9:  Final discussion and conclusions 

 

Autoclaving and dry heating pre-set brushite bioceramics resulted in 

transformation to monetite-based biomaterials with higher porosity, density and 

specific surface area than their original brushite precursors. It was observed that 

the dry heat monetite grafts demonstrated much higher surface area and had 

mechanical properties that were comparable with brushite grafts. Whereas, 

autoclaved monetite grafts had significantly reduced mechanical properties. 

Alkali ionic substitution of calcium phosphate cements and their setting with a 

strong chelating agent resulted in biomaterials that upon in vitro ageing resorbed 

consistently without any phase transformation to insoluble apatite.  

 

The in vitro ageing study revealed that serum inhibited both the dissolution of 

brushite and formation of HA in brushite cement. Monetite cements produced by 

autoclaving and dry heating methods did not demonstrate any phase conversion 

when aged in PBS or serum. While surface area did not play a significant role, 

fragmentation of cements seemed to be the main factor which dictated mass loss 

in high porosity grafts. For cements having lower porosity, solubility played a 

more crucial role towards mass loss during in vitro ageing and subcutaneous in 

vivo resorption. When the prepared bioceramics were implanted in rabbit femurs, 

both types of monetite grafts demonstrated more resorption and greater bone 

formation than brushite grafts. The brushite grafts underwent phase conversion 

to form insoluble HA. Conversely, no phase conversion was observed in both 

types of monetites. The autoclaved monetites upon implantation generated 

greater amounts of new bone than the dry heat monetite grafts. 

 

The onlay grafting experiments revealed that both types of monetite grafts 

achieved similar levels of vertical bone augmentation (as high as 3.2 mm). 

However, total resorption and bone volume percentage of the area augmented 

with autoclaved monetite grafts were significantly greater than their dry heat 

counterparts. The dry heat converted monetite grafts had greater mechanical 
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strength and could potentially be used in applications where higher graft strength 

is a prerequisite. 

 

The alkali ion substituted calcium phosphate cements reinforced with silica 

appeared to have improved the solubility and the mechanical properties 

depending on the concentration of phytic acid used to set the materials. The 

concentration of phytic acid used to set cements had an inverse effect on 

mechanical properties. Lower concentration phytic acid set cements samples had 

higher compressive strengths in comparison to the brushite cements prepared in 

the first study. All cements set with different concentrations of phytic acid showed 

no phase conversion to apatite upon in vitro ageing. This indicates their potential 

to be utilised for orthopaedic and dental bone repair and regeneration 

applications. 

 

It appears that it is not only the material composition that dictates graft behavior 

in vivo and in vitro, but is a combination of various physical and chemical 

characteristics. The differences in the physical and chemical characteristics of 

graft materials have a profound effect on the in vivo bone response and graft 

resorption. Graft cement resorption from implant site is a complex phenomenon 

and dependent on a variety of physiologic processes other than simple 

dissolution. The results obtained from the studies presented in this Ph.D thesis 

provides a better understanding of the graft degradation, resorption and bone 

formation processes allowing graft preparation in future with higher clinical 

efficacy. 
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Chapter 11:  Additional co-authored articles published by the  

                      candidate during Ph.D studies 

 

Included in this section is the collection of the first pages of research and review 

articles written and published by the candidate as co-author during the Ph.D 

studies not included in the main text of the thesis. In each of these articles the 

candidate contributed a significant amount of technical and scientific content and 

was involved in the preparation of the text.  
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