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Abstract 

The worldwide incidence of bone disorders has increased steeply in the past 

decade; in the craniofacial region specifically, congenital disorders, traumatic 

incidents and tumour removals are the major causes of bone loss. This has 

encouraged the emergence of bone tissue engineering substitutes as an 

alternative method to conventional bone grafts. However, the current approaches 

in the field face several limitations that has prevented the ultimate translation into 

clinical settings.  

In this project, a light curable methacrylate-based polymer, polypropylene glycol 

dimethacrylate (PPGDMA), was initially investigated for the purpose of 

reconstructing cranial defects. A mixture of monocalcium phosphate monohydrate 

and beta tri-calcium phosphate was incorporated in the polymer as the powder 

phase of choice. The experimental work involved optimisation of flowability of the 

polymer for 3D printing. Subsequently, the composite discs were fabricated by 

exposing 11 mm diameter discs to blue light; the rate of the monomer conversion 

was also determined upon photo-polymerisation with minimum of 62% conversion 

rate. Finally, the cytocompatibility of the composite discs was verified by seeding 

MC3T3 osteoprogenitor cells. 

The second part of this project involved the synthesis of a novel degradable 

polymer which was aimed at resorting maxillofacial deficiencies: 

((((((((((((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl)bis(oxy))bis(ethane-

2,1 diyl))bis(oxy))bis(carbonyl))bis(azanediyl))bis(methylene))bis(3,3,5-

trimethylcyclohexane-5,1-diyl))bis(azanediyl))bis(carbonyl))bis(oxy))bis(ethane-

2,1-diyl) bis(2-methylacrylate was referred to as CSMA-2. Nuclear Magnetic 

Resonance (NMR) analysis initially confirmed formation of this monomer. Stiffness 

was tested using a biaxial flexural test and the values were found to be 1.8-2.7 x 
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103 N.mm -2 in CSMA-2 and the composites. In vitro cell culture, using human bone 

marrow derived mesenchymal stem cells (BMSCs), confirmed non-toxicity of the 

samples. This was followed by in vivo assessment of CSMA-2 in a rat model; sign 

of neo-bone formation 8 weeks post implantation of CSMA-2 further verified non-

cytotoxicity of the polymer. Finally, Digital Light Processing (DLP) 3D printing 

allowed direct photo-polymerisation and setting of the bio ink into a mesh-like 

construct.  
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Impact Statement  
 
 
Craniofacial defects arise as a result of congenital disorders, traumatic incidents 

and oncological tissue resection. In the UK alone, 6,500 individuals develop oral 

cancer every year. Around 125,000 sustain serious facial injuries out of which 

15,000 receive treatment for facial deformities (Hutchison et al., 2019). Defects in 

the craniofacial region are particularly difficult to restore due to complexity of the 

tissue structure and geometrical configuration in addition to functional 

requirements. Moreover, they have an adverse emotional and psychosocial impact 

on the patients’ aesthetic outcomes. The severity of such defects determine the 

required clinical intervention; while the human body has the capacity to restore 

minor defects, surgical reconstruction is required for critically damaged tissues (Hu 

et al., 2019). The current treatment options for managing the craniofacial defects 

mainly include the use of autologous bone grafts, allogeneic bone grafts and 

alloplastic materials. As it stands, autograft bone substitute is benchmarked as the 

gold standard treatment. However, this is associated with various drawbacks and 

complications such as donor site morbidity, severe pain and discomfort, increased 

risk of infection and high cost. As a result, many attempts have been made to 

fabricate synthetic bone implants that can offer suitable biological and mechanical 

properties. Similarly, the emergence of bone tissue engineering has led to 

introduction of novel strategies, although, successful translation of such 

techniques, especially concerning larger sized defects, remains a major challenge. 

Furthermore, the need for patient-specific treatments to address aesthetic 

concerns is yet to be achieved.  

The main aim of this project is to utilise current tissue engineering approaches to 

develop novel light curable polymers combined with calcium phosphate phases, to 

promote regrowth of damaged cranio-maxillofacial tissues. This will be employed 

in conjunction with 3D printing technology to precisely create custom-fit implants 



8 

with complex geometries. Ultimately, such constructs can offer a good alternative 

to current treatment options to be applied directly without the need for further 

surgical procedures. Moreover, they can positively impact patients’ quality of life 

by offering the potential to restore functional outcomes in parallel with aesthetic 

requirements. 
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1) Chapter 1: Review of the Literature 

 
1.1. Bone 

Bone is a dynamic tissue that provides physiological support and structural 

protection with the ability to remodel during human life (Clarke, 2008). This 

connective tissue is comprised of an internal matrix with a complex hierarchical 

structure to ensure optimum rigidity and strength. In addition to mechanical 

support, bone function involves storing minerals, blood-cell formation 

(haemopoiesis) and enabling mobility. The three main components of bone are: 1. 

the organic matrix, known as the osteoid, which accounts for 25% of the bone 

content, 2. the inorganic mineral salts making up to 50% of this tissue and 3. 25% 

water content (Lopes et al., 2018). The osteoid contains a mixture of type-1 

collagen (90%) fibres and a group of proteins (10%), including glycoprotein, 

osteocalcin and proteoglycans. The mineral phase in bone, however, may be 

subject to change over time as a result of biomineralisation; this phase mainly 

contains varying ratio of calcium and phosphates, with hydroxyapatite 

(Ca10(PO4)6(OH)2) as the major salt. The stiffness of the bone also depends on the 

type and quantity of the available minerals in the matrix  (Isaacson, 2018). While 

the osteoid makes the framework for bones, the hardening process of this tissue 

takes place via deposition of the minerals. Ossification, the process of bone 

hardening, leads to deposition of calcium phosphates within the collagen fibre 

gaps; this is followed by accumulation of minerals around the layers of collagen 

which eventually results in crystallisation of the salts and tissue hardening 

(Luczynski et al., 2015). It must be noted that even though sufficient strength is 

critical in bone, flexibility is also as important in order to withstand the applied force 

and prevent the tissue from failing. This is delivered by the production of collagen 

fibres which can be impacted by mineralisation of the inorganic salts causing 

brittleness as a result (Lopes et al., 2018). 
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1.1.1. Bone Cells  
 
Bone remodelling is the continuous process of bone resorption followed by new 

bone formation. This is controlled by a group of cells; including osteoblasts, 

osteoclasts and osteocytes. This lifelong process involves the removal of 

mineralised bone by osteoclasts followed by the formation of bone matrix through 

osteoblasts that subsequently become mineralised. Bone disorders can mainly 

result from imbalances in bone remodelling as this process provides skeletal 

integrity and blood mineral homeostasis. 

 

1.1.1.1. Osteoblasts 
 
 
Osteoblasts are originated from immature mesenchymal stem cells via several 

transcription steps. Bone morphogenic proteins are known to facilitate 

differentiation of these cells into osteoblast phenotypes. Osteoblasts are 

mononucleate cuboids that have the potential to form various types of cells, 

including chondrocytes, muscle, fat, ligament and tendon cells. The cell lineage 

involved in osteoblasts exhibit three main cell development stages; proliferation, 

maturation of the matrix and mineralisation. 

Osteoblasts are involved in both bone formation and bone remodelling; they are 

produced by differentiation of osteogenic cells in the periosteum. The cellular 

processes on the surface of the bone creates a network of osteoblasts which 

facilitates the process of bone development. A regular supply of blood is required 

to ensure osteogenic differentiation and inhibit excessive formation of 

chondroblasts. Moreover, osteoblasts are involved in production of growth factors, 

enzymes such as alkaline phosphatase, collagen and non-collagenous proteins 

(e.g. osteocalcin) (Nguyen et al., 2019). 
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1.1.1.2. Osteoclasts 
 
Osteoclasts are known as bone resorbing cells that are derived from mononuclear 

monocyte-macrophage precursors in the bone marrow (Ramaswamy et al., 2018) 

with 2-12 nuclei per cells. The main function of osteoclasts is maintaining the 

balance between bone development and remodelling. Deficiency of bone turnover 

arises as a result of osteoclast dysfunction, which could also lead to osteopetrotic-

like diseases. Osteoclasts are intimately associated with the bone matrix; this is 

via attachment to vitronectin, a bone protein, that binds to their surface integrins. 

This apposition subsequently allows formation of a suitable microenvironment, by 

closing off an area of the bone beneath osteoclasts to resorb bone. Osteoclasts 

dissolve crystalline hydroxyapatite through an efficient mechanism which also 

allows degradation of the collagenous bone matrix (Paiva and Granjeiro, 2017). 

During the process of bone resorption, extensive reorganisation of the cytoskeleton 

takes place, furthermore, three membrane domains are evolved as a result of 

osteoclasts polarisation; this includes a secretory domain, a sealing zone and a 

ruffled border 

 

1.1.1.3. Osteocytes 
 

Osteocytes are the most abundant cells in bone, playing a significant role in the 

process of bone remodelling. Followed by migration of osteoblasts into the growing 

bone matrix, calcification takes place which results in entrapment of cells into a 

space called lacuna. This causes the osteoblasts to become inactive and form 

osteocytes. During this process, the cells tend to lose a substantial part of their 

organelles and are packed with microfilaments. Osteocytes stay in contact with 

each other as well as the cells on the bone surface via small channels, the 

canaliculi, through the matrix. It is also worth mentioning that in presence of applied 

mechanical strain, osteocytes communicate with surface osteoblasts and 
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osteoclasts via canaliculi channels, as they are sensitive to mechanical strain. It is 

known that extensive cytoplasmic processes through the bone matrix enable the 

communication of osteocytes with each other as well as the bone surfaces (Fujii et 

al., 2017). The main functions of osteocytes are maintaining the strength of the 

bone matrix by continuous bone formation, active involvement in the process of 

bone turnover, 2) in ion exchange through the cell-matrix surface and lastly, they 

play an important role in functional adaptation of bone. 

 

1.1.2. Classification of Bone 
 

1.1.2.1. Cortical Bone 
 
There are two types of mineralised bone tissues: cortical and cancellous. Cortical 

bone is also known as compact bone, with the main function to provide support for 

the inner cancellous tissue due to its dense structure. The three main elements of 

this tissue are: periosteum, endosteum and the intracortical area. Periosteum has 

a highly vascularised structure including small channels (Volkmann’s canals) that 

connects osteons and the blood vessels with the periosteum. The inner layer of 

the periosteum contains osteoblasts and osteoclasts responsible for bone 

remodelling and repair after fracture. This tissue has a tough outer membrane to 

protect and nourish the bone (Alvira-Gonzalez and De Stavola, 2019). The 

endosteum, however, is a thin layer of connective tissue that consists of a single 

cellular pattern to cover the inner surface of bones. Endosteum is responsible for 

growth, remodelling and repair of bones (Grabowski, 2015). 

The intracortical bone is comprised of cylindrical structural units of osteons covered 

with layers of lamellae and osteocytes to maintain the strength of the cortical bone. 

The centre of the osteons consists of parallel Haversian canals allowing flow of 

blood vessels and nerves through the surface of the intracortical layer (AlTarawneh 

et al., 2018).  
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1.1.2.2. Cancellous bone 
 
Cancellous bone, also known as the spongy bone, is lighter and less dense than 

cortical bone with the main function to provide flexibility and structural support. This 

tissue contains lamellae in an irregular structure and is usually surrounded by 

cortical bone to ensure greater rigidity.  The main role of the cancellous bone is 

reducing the risk of fracture; this is achieved by the irregular lattice appearance of 

this tissue. Besides, the lamellae are organised along the lines of stress to withhold 

the exerted force. The large gaps between the spongy structures of the cancellous 

bone provides a lightweight build for this tissue to improve mobility; this can also 

smoothen the load transmission across the tissue. Red or yellow bone marrow are 

present in these gaps for production of erythrocytes, leucocytes and platelets 

(Merheb et al., 2015).  

 

 
 
Figure 1.1  Structural organisation of bone: cortical and cancellous bone, osteons 
with Haversian systems, lamellae, collagen fibre assemblies of collagen fibrils, 
bone mineral crystals, collagen molecules, and non-collagenous proteins. Image 
taken from (Henkel et al., 2013) 
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1.2. Bone Development 
 

Mesenchymal cellular condensation is the main step in the bone formation 

process. There are two routes involved in this procedure; the intramembranous 

and endochondral pathways. Direct differentiation of the mesenchymal cells into 

osteoblasts allows subsequent development of parts of the mandible and cranial 

bone, which is known as the intramembranous pathway. Conversely, in the 

endochondral pathway, a cartilaginous template is deposited as the progenitor 

cells differentiate into chondrocytes. This is followed by mineralisation of the 

cartilaginous layer which is eventually replaced by the bone. It must be highlighted 

that most bones in the body (such as long bones and the vertebrae) are formed 

through the latter route (Hwang et al., 2019).  

1.3. Bone Defect Repair 
 
Bone has the ability to naturally repair and restore small fractures and non-critical 

sized defects. This is via regenerative healing and development of vascular factors 

in a callus environment. Within this environment bone regeneration utilises many 

of the same cellular and molecular mechanisms form embryonic bone. Bone 

fracture repair uses both intramembranous and endochondral pathways; following 

haematoma formation, an inflammatory response causes the recruitment of a 

group of growth factors to initiate the process of bone formation. This includes 

Bone Morphogenic Proteins (BMPs), Vascular Endothelial Growth Factors 

(VEGF), Tumour Necrosis Factor alpha (TNF-α) and Fibroblast Growth Factors 

(FGFs). Intramembranous pathway initially occurs at the periosteum to stabilise 

the fractured site by callus formation. Subsequent to callus formation, 

chondrogenesis takes place and the tissue begins to mature upon matrix 

calcification. Finally, remodelling of the newly formed bone ensures the mechanical 

continuity of the cortex (Wang et al., 2018). 
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1.4. The Clinical Need for Facial Reconstruction 

Trauma, cancer and congenital defects are the major causes of tissue loss in the 

human body (Brasileiro, de Bragança and Van Sickels, 2012). The craniofacial 

region can especially suffer from these conditions, and is commonly associated 

with significant scarring, deformation and asymmetry with potential psychological 

impairments (Jalali et al., 2014). Although bone has the internal regeneration 

capacity for repair, clinical intervention is often required for bone reconstruction in 

critical-sized defects (Santos Kotake et al., 2018). 

1.4.1. Congenital Disorders     

Based on work published in the Journal of Oral and Maxillofacial Surgery (Visser 

et al., 2008), about 7% (227,500) of the new born every year in the United Kingdom 

are affected by congenital defects of the head and face. Reconstruction of such 

defects presents a significant challenge in order to provide suitable aesthetic and 

functional outcomes to the patients. Cleft lip and palate are congenital facial 

deformities that occurs while the child is developing in the womb. It affects 1 in 700 

live births and can range from cleft lip, cleft palate or a combination both (Stock et 

al., 2016).Treacher Collins syndrome and Pfeiffer Syndrome can also be 

mentioned as craniofacial congenital defects that account for major tissue loss in 

infants.  

1.4.2. Traumatic Incidents 

Traditionally most traumatic incidents were caused by automobile accidents. 

However, more recently, nearly 60% of severe facial injuries are the result of 

assaults, domestic violence in women and falls in children, which can severely 

damage the cranio-maxillofacial region (Lello, Allen and Haig, 2015). Also, 

approximately 13,000 burns occur every year in England and Wales that are 

serious enough to require maxillofacial surgery for injuries to the face and jaw 

(Stylianou, Buchan and Dunn, 2015). 
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1.4.3. Cancer 

There are over 30 types of cancers that can significantly impact the craniofacial 

region, leading to deformation of the bony constructs. Hereditary predisposition 

and environmental factors, such as sunlight exposure, tobacco and alcohol 

consumption are the leading causes of such conditions. This affects approximately 

55,000 people in the UK each year (McCarthy et al., 2015), where men are two to 

four times more likely to be impacted. 

Reconstruction of bone defects following the aforementioned incidents is a critical 

procedure; this requires a suitable material to act as an implant and will ideally offer 

aesthetic restoration as well as functional rehabilitation. The main properties of 

such material are listed below: 

1. Suitable mechanical strength in order to provide optimum support; 

furthermore, this ensures maintaining structural integrity which is crucial in 

restoring hard tissue deficiencies (Arabnejad et al., 2016) .  

2. Promoting osteogenesis (new bone formation) which can be acquired 

through the bioactive nature of the implant (Lee et al., 2016).  

3. Osteoinductive and osteoconductive properties: osteoinduction refers to 

the ability of a material to induce differentiation of mesenchymal stem cells 

into pre-osteoblasts, while osteoconduction suggests stimulating bone 

growth on the surface of the material post implantation. Such features 

ultimately lead to appropriate osteointegration with the native tissue and 

can consequently prevent implant loosening (Epple et al., 2019).  

4. It should not trigger pain, infection or adverse foreign body response.  

5. It should offer flexibility respecting the size and complex geometry to 

accordingly fit into the defect size. 
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Since development of an ideal material with the abovementioned properties is yet 

to be accomplished, the main focus of this research will be on rehabilitation of the 

mandible in the oral cavity, due to its unique structure and function, and fabrication 

of cranial plates for the purpose of cranioplasty considering the complex anatomy.  

 

Firstly, the limitations and disadvantages of the current techniques will be 

discussed below: 

1.5. Current Techniques 

1.5.1. Mandibular Reconstruction 

In addition to being the aesthetic highlight of the face, the mandible provides oral 

competence, mastication, airway support and verbalisation. Within the last few 

decades, advances in the craniofacial surgical techniques have significantly 

improved the rehabilitation of maxillofacial defects, nevertheless restoring the 

function in conjunction with the aesthetics still remains a complex challenge 

((Chanchareonsook et al., 2013). 

A successful mandibular reconstruction should restore the arrangement of the 

lower third of the face by establishing the alveolar height, the arch width and facial 

contours.  

1.5.1.1. Alloplastic Materials  

Conventionally, the reconstruction of the mandible was performed using Vitallium 

which is an alloy composed of cobalt, chromium and molybdenum (van de 

Vijfeijken et al., 2018). Although this alloy presented suitable short-term results, 

plate fracture and screw loosening led to poor long-term outcome. Currently, 

mandible hardware is usually made from titanium. The Titanium Hollow Screw 

Osseointegrating Reconstruction Plate System, also known as THORP, is the first 

reconstruction plate that allows osseointegration at the bone and is superior to 

traditional solid steel screws and titanium plates (Ferreira et al., 2015). 
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Low cost, short operative time and reliability of these materials have been 

appealing to the clinicians. However, poor aesthetic outcomes, chronic pain 

syndrome especially in oncologic patients and poor long-term results have led to 

developing alternative options (Ridwan-Pramana et al., 2015).  

1.5.1.2. Autologous Bone Replacement   

Emergence of autologous bone grafts since 1978 has made a significant revolution 

in the field of facial reconstruction (Steel and Cope, 2015). In this approach, bone 

is taken from the patient’s own body which contains living cellular elements and 

eliminates the risk of implant rejection. 

Autografts are still considered as the gold standard technique, considering their 

osteogenic, osteoconductive and osteoinductive features; they are classified into 

two main groups of vascularised and non-vascularised grafts.  

1.5.1.2.1. Non-vascularised Bone Grafts (small defects): 

In the case of small defects, the harvested bone is taken from a well vascularised 

environment. Ribs and the iliac crest are two of the main donor sites used, as they 

can recreate the parabolic arch of the mandible, allowing suitable aesthetic 

outcomes (Lenze et al., 2017). However, donor site morbidity, recovery time, high 

cost and the risk of infection at the recipient site must be noted as their major 

drawbacks.  

1.5.1.2.2. Vascularised Free Flaps 

Introduction of free flaps in microvascular reconstructive techniques has 

considerably improved restoration of maxillofacial defects. This option allows 

tissue transfer with characteristics of size, composition and volume to meet the 

reconstructive needs (Lanzer et al., 2015). However, higher economical and 

biological cost due to the need for an additional complex surgery and significant 

donor site morbidity are the main disadvantages of this technique (Alfotawi et al., 

2016).  
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Even though autologous bone grafts provide excellent osseointegration and 

osteogenesis, drawbacks of the harvesting procedure, postoperative pain, 

infection, excessive blood loss and poor bone volume argue in favour of alternative 

techniques (Tsuchiya et al., 2013). 

1.5.1.3. Allogeneic Bone Grafts 

Another option used in reconstruction of mandibular defects is allograft. Allogeneic 

bone, or allograft is harvested from a cadaver and it typically acts as a scaffold by 

allowing bone from the neighbouring bony walls to grow into the defect (Yamaguchi 

et al., 2017). Allografts are obtained from tissue banks and go under subsequent 

processing procedures such as sterilisation and freeze drying to reduce the risk of 

contamination. These bone grafts help remodelling of the bone while providing 

structural integrity without complications of donor site morbidity. However, 

significant risk of disease transmission, infection and immunological reactivity limit 

their use as an ideal source of restorative material (Guerrissi, 2016). Moreover, 

unlike autografts, allogeneic bone is unable to fabricate new bone on its own. 

1.5.2. Cranioplasty 

Followed by severe defects affecting the cranium, cranioplasty takes place in order 

to reconstruct the damaged area for aesthetic and tissue protective purposes; this 

addresses the potential psychological drawbacks and eventually reduces social 

anxiety. 

There has been a significant change towards the repair approach over time 

considering the cranial size defect and the material of choice. The emergence of 

tissue engineering and regenerative medicine approaches have also played an 

important role in this field to facilitate restoring the defects.  

The ideal features of a cranial implant, besides offering the right geometry to 

achieve complete closure, is radiolucency, resistance to infection as well as 
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dilatation upon exposure to heat, biomechanically strong structure and cost 

effectiveness (Aydin et al., 2011). Traditionally, autografts were used to reconstruct 

cranial defects; tibia, sternum, fibula, ilium and the rib are the most commonly used 

graft materials (Mueller et al., 2015). However, as reviewed previously, there are 

several limitations facing such techniques, especially in cranioplasty due to 

anatomic complexity and larger geometry in comparison to the mandible 

(Piitulainen et al., 2015).  

This has led to the development of alloplastic materials, which are classified into 

three main groups: metals, polymers and ceramics offering certain advantages and 

limitations that will be discussed below: 

1.5.2.1. Alloplastic Bone Substitutes:  

1.5.2.1.1. Metals 

The use of metallic implants in the field of orthopaedics has a long history due to 

offering high strength, malleability and accessibility. With respect to cranial 

implants, aluminium was initially used in the late 1800s as an optimum bone 

substitute. However, aluminium was prone to infection and exhibited surrounding 

tissue irritation and ultimately disintegration from the native bone. This was 

subsequently replaced by gold, as it did not present any adverse tissue reaction, 

nevertheless, the high cost of this material similarly limited its application. 

Utilisation of titanium as tissue substitutes emerged since World War II; to this day 

titanium is extensively used as a porous mesh-like construct, solid plates as well 

as fixation devices (Goldstein, Paliga and Bartlett, 2013). This is as a result of 

possessing excellent mechanical properties, biocompatibility, corrosion resistance 

and relatively satisfactory osseointegration. However, it has been reported that 

traces of materials can be released over time, stimulating an immunological 

response (Kim et al., 2019). Furthermore, insufficient perfusion of the overlying 

scalp flap and mechanical irritation from underlying fixation devices, may lead to 
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inflammation, seroma, infection and eventually implant fenestration through the 

scalp (Hill et al., 2012). Given the aforementioned challenges, current research has 

been shifted toward polymeric bone substitutes. 

 

1.5.2.1.2. Polymers 

 
The most commonly used polymer in cranioplasty is Poly (methyl methacrylate) 

(PMMA), e.g., (Cranioplastic™, DePuy Synthes, Raynham, MA).  

Methyl methacrylate was discovered in 1939 with substantial success in their use 

as dental prostheses (Huang et al., 2015). This material is a polymerised ester of 

acrylic acid with particularly comparable mechanical strength to native bone. 

PMMA allows a protective, defect-filling replacement that eliminates post-operative 

inflammation (Unterhofer et al., 2017). Furthermore, this chemically inert material 

offers radiolucency, heat resistance and great compressive strength. 

Nevertheless, the highly exothermic polymerisation process upon polymer 

moulding can severely damage soft and hard tissue. Additionally, PMMA can be 

prone to infection and is associated with pulmonary embolism and lack of 

osseointegration. 

Another sought-after polymeric bone substitute is Polyetheretherketone (PEEK); 

PEEK is a semi-crystalline polymer that is strong, radiolucent and can be easily 

sterilised, through gamma irradiation, to reduce the risk of infection. Major 

advantages of PEEK implants compared to alternative options include the 

translucent nature which prevents creation of artefacts in Computed Tomography 

(CT) and Magnetic Resonance Imaging (MRI) scans, lower density helping the 

adaptation phase post-surgical insertion and lastly protecting the brain tissue as a 

result of low thermal conductivity (Kim, Boahene and Byrne, 2009). 

Despite the abovementioned advantages, PEEK implants are very costly, and they 

do not offer osteointegration with the surrounding tissues. Various cases of 
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adverse foreign body reactions to PEEK implants have been reported in patients 

(Knaus, Schaffarczyk and Colfen, 2020); this is solely due to the lack of 

osteointegrative properties of this implant which can also, ultimately lead to 

material extrusion and dislocation.  

 

                

           

Figure 1.2 Image (A) shows a PMMA cranial Implant (Stryker, Kalamazoo, MI), 
while image (B) illustrates a titanium mesh cranial implant (Medtronic, 
Minneapolis); both images have been taken from (Bonda et al., 2015). 

 

1.5.2.1.3. Ceramics  

Calcium phosphate-based components are the most commonly used ceramics in 

reconstruction of cranium defects as a result of offering suitable bioactivity (Lin et 

al., 2019) Calcium Phosphates (CaP) are available in both porous and dense 

forms; the porous CaP encourages bone ingrowth whereas the dense form can be 

applicable in enhancing mechanical strength (Chen, Kawazoe and Chen, 2018).  

CaP components can be categorised based on the ratio of calcium to phosphorous 

(Ca:P). This specific ratio is dependent on the reaction conditions and changes in 

pH, pressure, temperature and other determining variables in kinetics (Catauro et 

al., 2016).  The most commonly type of calcium phosphate used in non-load 

bearing orthopaedic applications are hydroxyapatite and tricalcium phosphates; 

this is due to offering similar chemical compositions to the bone minerals. Excellent 

A B 
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osteoconductivity of CaP bio-ceramics, biocompatibility and resorbability have 

driven considerable amount of success in their use in cranial bone defect repair 

(Foster et al., 2016). HydroSet, is an FDA-approved calcium phosphate cement for 

repair of cranial fracture gaps of less than 5 mm (Benichou et al., 2014). However, 

this is significantly constricted by the defect size and can only be applied to small 

cranial deficiencies. Moreover, the lack of mechanical strength can limit their 

applications as a solo material.    

1.5.3. Tissue Engineering   

As discussed above, current methods in maxillofacial reconstruction are unable to 

deliver the ideal geometry in addition to being associated with donor site morbidity 

and limited availability. Tissue engineering is an interdisciplinary field that 

combines material science, principles of engineering and biology to restore, 

replace or improve biological function (Lanza, Langer and Vacanti, 2011). The 

potential use of tissue engineering in the field of cranio-maxillofacial reconstruction 

has been widely investigated in the last two decades (Borrelli et al., 2020). 

Polymeric based scaffolds in tissue engineering are divided into synthetic and 

naturally occurring. Excellent biocompatibility and structural integrity in natural 

polymers, such as collagen, gelatin and hyaluronic acid, have attracted a 

considerable amount of attention in the field. However, these polymers are 

associated with unpredictable degradation kinetics and they tend to exhibit 

relatively poor mechanical propertie. Consequently, this had led to the emergence 

of synthetic polymers that are biocompatible and biodegradable (Boeckel et al., 

2019). For new bone formation, a successful combination of osteoconduction, 

osteogenesis and osteoinduction is critical. Therefore, synthetic scaffolds need to 

incorporate such features to allow restoration of bony defects (Farré-Guasch et al., 

2015). 

In a recent study, the use of Poly (Propylene Fumarate) PPF polymer was 

assessed (Ma et al., 2019) for restoring mandibular defects; calcium phosphate 
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based microparticles were also incorporated in this polymer. The findings showed 

a significant improvement in the mechanical properties of this composite, 

compressive modulus in particular, following crosslinking, whilst the temperature 

was monitored at a constant rate. The above observations were consistent with 

previous studies  

[(Lalwani et al., 2013) (Trantolo et al., 2003)], which proposes the potential use of 

this polymeric system in the repair of maxillofacial fractures. Nevertheless, for 

successful translation, detailed investigation of biochemical stability of this polymer 

is required and is yet to be achieved. In another study, a polyamide-based 

composite was fabricated where hydroxyapatite particles were added into the 

polymer. The osteogenic potential of mesenchymal stem cells was subsequently 

evaluated on the polyamide/hydroxyapatite composite. Interestingly, excellent cell 

attachment and proliferation resulted in confirming the non-cytotoxicity of this 

system. However, the obtained mechanical stiffness values were far from the 

required range (Ramu et al., 2018). 

Various proteins are often used in conjunction with polymeric scaffolds to promote 

osteogenesis and neovascularisation. Bone Morphogenic Proteins (BMPs) are part 

of the transforming growth factor beta superfamily and can effectively enhance new 

bone growth (Yusa et al., 2016). Vascular Endothelial Growth Factors (VEGF) are 

also signalling proteins, linked with the growth of new blood vessels, that may be 

used with BMPs to further stimulate osteogenesis (Yusa et al., 2016). Ferretti et al 

assessed the potential application of a synthetic osteogenic device in comparison 

with autologous bone grafts in reconstruction of mandibular defects, following 

removal of benign tumours in 13 patients (Ferretti et al., 2016).  Bovine BMPs were 

incorporated into the synthetic construct which consisted of a titanium mesh and 

allogeneic bone matrix. Poor angiogenic response was observed in more than half 

of the patients which resulted in failed osteogenesis. Only two patients who 

received the BMP incorporated mesh indicated histological evidence of new bone 
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formation. In a similar study, an allogenic bone graft was combined with a BMP-

impregnated polymer-based gel to restore a mandibular defect in a patient 

unsuitable for free flap reconstruction; both radiological and histological findings 

indicated signs of functional new bone formation and vascularisation 9 months post 

operation (Melville et al., 2016). However, it must be highlighted that such 

techniques may only have potential in addressing small-sized defects where full 

reconstruction of the mandible is not required. 

The use of resorbable scaffolds, cells and growth factors can similarly offer 

innovative solutions in restoring cranial defects. However, due to the complex 

structure and unique properties of the cranium, limited polymeric-based scaffolds 

have emerged for regeneration of large defects (Wang et al., 2007). 

Amongst various synthetic degradable polymers that have been extensively looked 

at for the repair of cranial defects, poly (glycolic acid), (PGA), polylactic acid (PLA), 

and copolymer (PLGA) have successfully emerged in clinical settings (Zhang et 

al., 2014). Optimum in vivo osteoconductive properties has been observed in solid 

PLGA where the end product can simply be cleared via metabolic processes (Abay 

Akar, Gurel Pekozer and Torun Kose, 2019). Nevertheless, when larger-sized 

PLGA scaffolds experience mechanical strain, bulk degradation occurs resulting in 

a significant drop in the pH value. This is caused by a rapid decrease in the 

molecular weight and loss of strength which eventually releases high levels of lactic 

acid and results in tissue death (Xie et al., 2015). 

Poly (E-caprolactone) PCL, is another biocompatible degradable polymer with 

great mechanical properties that has been investigated for reconstruction of 

craniofacial defects (Thi Hiep et al., 2017). Hung et al has reported (Hung et al., 

2016) the implantation of a 3D printed PCL cranial scaffold incorporated with 

tricalcium phosphates;  sign of bone integration was observed 6 months post 

implantation, however, PCL exhibits long degradation time, approximately 2–3 
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years, as it is degraded by hydrolysis of its aliphatic ester linkage under. Therefore, 

slow degradation rate has limited the clinical use of this biocompatible polymer. 

1.5.4. 3D Printing  

Three-dimensional (3D) printing is an innovative technique that has revolutionised 

the field of science and technology, owing to its ability to create complex constructs 

with high precision. With regards to the medical field, 3D printing can allow surgical 

(pre-operative) planning and medical modelling by providing a better 

understanding of the patients’ condition in comparison to a flat 2D screen (Lim et 

al., 2015). Moreover, direct printing of alloplastic materials with excellent precision 

can improve the aesthetic and functional outcomes as well as decreasing the total 

surgical time and cost. Reconstruction, rehabilitation and regeneration are the 

three main strategies that can benefit from 3D printing in the medical field. In 

rehabilitation, prostheses with complex structures are created to replace damaged 

tissues. Custom fitting implants and medical devices can also be created for the 

purposes of reconstruction through plastic surgery. With respect to tissue 

regeneration, 3D printing allows production of scaffolds and cellular constructs to 

restore various defects. Therefore, by combining these strategies, 3D printing can 

develop personalised treatment plans and manufacture solutions to allow 

acceptable aesthetic and functional outcomes in the field of cranio-maxillofacial 

reconstruction (Nyberg et al., 2017).  

The concept behind 3D printing in the medical field is to capture anatomical scans 

using imaging techniques such as Magnetic Resonance Imaging (MRI) and 

computed tomography (CT). This is followed by generating a STL (Standard 

Tessellation Language) file to allow creation of the model layer by layer to achieve 

the final structure. Finally depending on the application, an appropriate printing 

technique is selected. Fused deposition modelling (FDM), stereolithography (SLA), 

selective laser sintering (SLS), inkjet bioprinting, extrusion bioprinting, and laser 
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assisted bioprinting can be mentioned as the main 3D printing techniques that are 

also commonly used in the medical sector.  

A recent study investigated a combination of a 3D printed polycaprolactone 

scaffold and dual spatiotemporal growth factor delivery for regeneration of the 

temporomandibular joint (TMJ) articular disc (Legemate et al., 2016). Polyglycolic 

microspheres were loaded with profibrogenic and chondrogenic growth factors and 

then placed in a 3D printed polymer matrix (Figure 1.3). This allowed mimicking 

the geometry and biological composition of the TMJ articular disc.  Despite using 

high temperature (120 °C) during the manufacturing process, the growth factors 

bioactivity was preserved and a sustained release over 40 days was observed. 

Although the mechanical properties of the scaffold were in the range of the native 

tissue, introduction of a harder polymer matrix in a soft cartilaginous tissue carries 

the risk of adjacent articular surface damage due to stress shielding. 

               

 

Figure 1.3  3D model of a PCL scaffold for TMJ disc implantation; this image clearly  

demonstrates fabrication of a porous PCL-based (B) scaffold based on a 3D model 

(A), image taken from (Vapniarsky et al., 2018). 

Another case report has shown the translational potential of 3D printed scaffolds 

for patient specific applications in the craniofacial area (Suska et al., 2016). 

Electron beam melting was used to construct an anatomically precise mandible 
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made of titanium. This was then implanted into a patient who had undergone 

severe osteotomy due to resection of a squamous cell carcinoma (Figure 1.4). A 

9-month follow-up demonstrated satisfactory aesthetic and implant stability 

outcomes with optimum osteointegration with the titanium 3D-printed implant. 

 

                        

                                       

 

Figure 1.4  Design and manufacture of a mandible using electron beam melting; 

this figure shows the steps involved in reconstruction of a custom-fit mandibular 

implant where anatomical information is taken from patient’s defect,  image taken 

from (Suska et al., 2016). 

In a proof of concept study, the potential use of 3D printed bio-ceramic implants 

was investigated for craniofacial reconstruction. In this research, the customised 

scaffolds were 3D printed from a bio-ceramic powder bed leading to formation of a 

brushite/monetite resorbable implant. This was further examined by placing the 

scaffold in a 3D printed human skull model where the fixation of the bioceramic 

implant was achieved by using titanium screws and plates (Klammert et al., 2010). 
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Although this is a promising proof of concept, the biomechanical viability of the 

implant was not assessed; hence, the application of bioceramics in a load bearing 

area still requires further testing. 

Shim et al fabricated a porous polymeric scaffold based on the mixture of 

polycaprolactone and poly-lactic-co-glycolic acid, where Beta Tricalcium 

Phosphate (TCP) was incorporated into this composite as the inorganic filler of 

choice (Shim et al., 2014). Additionally, the composite was impregnated with BMP-

2 via dispersion in a collagen solution. The loaded scaffold was subsequently 

placed over a surgically created calvarial defect in a rabbit model. The combination 

of space maintenance property exhibited by the scaffold and the release of BMP-

2 resulted in complete healing of the 8-mm defect 8 weeks post-implantation. 

Although this composite acted primarily as a guided bone regeneration membrane, 

the utilisation of an expensive growth factor (BMP-2) for osteogenesis stimulation 

cannot be a translatable in clinical settings. 

Table 1.1  Overview of commercially available 3D printed cranio-maxillofacial 

materials in the market: these implants provide biomechanical stability, support 

and space maintenance by covering and protecting the defect, where patient’s 

anatomical information is derived from CT scans. 

Company Material Application  
Biomed Research Institute (Belgium) 
 

Titanium 
 

Mandibular 
prosthesis 

 
Oxford Performance Materials 
 

Polyether ether 
ketone 
PEEK 

 
Cranial plate 

 
LayerWise 
 

 
Titanium  

  
Maxillofacial 

 
DepuySynthes (Johnson & Johnson) 
 

 
Titanium  

 
Cranio-
maxillofacial 
implants 
 

Stryker PMMA Cranial plates 
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It is important to highlight the emergence of custom-made implants in cranio-

maxillofacial reconstruction to restore and replace critical size defects in this region 

(Table 1.1). The use of metals is particularly favourable in such products, which is 

as a result of offering optimum mechanical strength, biocompatibility and 

availability. Metals used for maxillofacial surgery have been developed over years 

with a tremendous progress. 3D printing has also addressed one of the main 

drawbacks associated with such implants, being difficult to shape to the required 

form. However, long term use still raises concern related to metal corrosion, late-

onset implant failures and presence of scatters in radiographic examination. The 

goal of facial reconstruction is to restore the shape and functionality of maxillofacial 

region, therefore, even though the specific shape and dimension of the final 

product can be easily tailored to address the patient’s particular anatomy, these 

implants often lack osteoconductive and osteoinductive properties.  

In conclusion, the use of 3D printing approaches in conjunction with an ideal 

biodegradable ink is yet to be achieved. Recent advances in additive 

manufacturing techniques hold great promise in advancing treatment options and 

restoring bone defects in the head and neck region. Consequently, significant 

research is now dedicated to development of an optimum scaffold that can offer 

suitable mechanical strength, biological stability and printability. This can 

potentially be utilised in fabrication of a patient-specific implant to allow 

reconstruction, regeneration and ultimately rehabilitation of cranio-maxillofacial 

bone deficiencies. 
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1.6. AIMS & OBJECTIVES 

In this project, we are aiming to use a degradable polymer for the purposes of 

mandible reconstruction and a non-degradable polymer that is currently under 

development as dental composites, for cranial defect repair. This is to address 

various limitations and drawbacks that are associated with the current techniques 

in cranio-maxillofacial reconstruction.  Both polymeric systems are novel, light 

curable, non-toxic and mechanically strong that can easily be adapted to fit specific 

needs such as flexibility, stiffness and surface energy by small variations in the 

manufacturing process.  

The overall objectives of this project are listed below, which will be discussed in 

detail in the following chapters. 

1. Fabrication of a non-degradable polymeric system can be achieved by 

modifying the current dental composite formulation, for restoring cranial 

defects. 

2. Incorporation of a mixture of monocalcium phosphate monohydrate and β-

tricalcium phosphate into the polymer will facilitate surface apatite 

formation and eventually promote osteointegration. 

3. CSMA-2 is a novel degradable polymer that offers key properties such as; 

fast polymerisation, high mechanical strength, slow degradation and non-

cytotoxicity.  

4. In vivo examination of CSMA-2 and its composite will allow bone integration 

with the native tissue and induce neo-one formation 8 weeks post 

implantation. 

5.  The use of 3D printing will provide precise control over the shape and size 

of CaP incorporated polymeric scaffolds. This will ultimately address the 

aesthetic drawbacks by fabrication of a custom fit-implant where 
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anatomical information obtained from patients can be used to design the 

implant for a target defect. 

 

 
                                                                                       
 
   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 An overview of the project shown in 5 steps: synthesis of a novel 
polymer, addition of calcium phosphates into the polymeric system, fabrication of 
a light-curable bio ink and finally 3D printing to allow fabrication of a custom-fit 
implant. 
 
 

 

 

 

 
 
 
 
 

Polymer Synthesis

Incorporation of calcium 
phosphate particles

Final Product

3D 
Printing 

Custom-Fit Implant
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2) Chapter 2: Exploratory Systems 

 

2.1.  Introduction  

As discussed above, there are several limitations and disadvantages facing the 

current approaches in restoring cranio-maxillofacial defects. The basis of the work 

carried out in this chapter is on two light-curable polymeric systems that are under 

development as dental composites [(Panpisut et al., 2019), (Abou Neel et al., 

2016)]; small modifications in the composition and fabrication techniques can 

extend their application in reconstruction of bony defects in non-load bearing 

regions. The following materials offer fundamental properties such as low toxicity, 

mechanical stiffness, and flexibility by modifying the synthesis process. The source 

of these materials is a dental composite that has been widely investigated by 

Young and colleagues (Aljabo et al., 2016). More recently, the potential of this 

polymeric system has also been evaluated as an injectable bone cement to treat 

osteoporotic fracture of the spine in vertebroplasty (Panpisut et al., 2019).  

It is known that the addition of reactive calcium phosphate powders can promote 

formation of hydroxyapatite (HA) on a material surface (Bigi et al., 2002). This can 

eventually enhance in vivo osseointegration and osteoblast proliferation. 

Therefore, incorporation of two powders, monocalcium phosphate monohydrate 

(MCPM) and β-tricalcium phosphate (TCP), has been thoroughly investigated. 

In summary the main aims of this chapter are as follows: 

1) Fabrication of a non-degradable system and modification of its composition 

accordingly for cranial defect repair. 

2) Synthesis of a degradable system in line with bone tissue engineering 

requirements, for restoring maxillofacial deficiencies. 

3) Exploration of calcium phosphate addition into the polymeric systems 

considering optimum flowability for future assessment of their printability.  
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2.1.1. Non-Degradable Composite  

There are number of events, discussed in Chapter 1: Review of the Literature that 

can severely affect the cranium. Cranioplasty takes place in order to reconstruct 

the damaged area for protection of the brain and restoring the skull for aesthetic 

purposes. The current gold standard technique remains the use of autografts which 

are associated with multiple drawbacks. The complexity and size of the defect can 

also further complicate the suitable material of choice. This has led to developing 

alloplastic materials, which can be classified into three groups: metals, polymers 

and ceramics, all offering certain advantages and limitations. Therefore, it is 

essential to create a polymeric system that can address the current limitations 

associated with alloplastic materials used in cranioplasty.  

Dimethacrylates are the most commonly used monomers in dental composites. 

They can also match the properties of a bone cement due to their rigid structure 

upon polymerisation. These linear monomers contain a methacrylate group at each 

end of the molecular structure (CH2C(CH3) C(OH)OR–) (Podgorski, 2010). The 

chain polymerisation simply takes place via thermal or photo initiation, determined 

by their application, and ultimately results in radical formation. The bulk monomer 

used in this study is urethane dimethacrylate (UDMA) that tends to have high 

viscosity. This allows formation of stronger polymers upon curing (Luo et al., 

2019b). In order to manage the viscosity of the liquid phase, diluent monomers are 

incorporated alongside the bulk monomer. Properties such as stiffness and 

flexibility can also be adjusted based on the ratio of the two monomers. The diluent 

monomer of choice in this study is poly (propylene glycol). PPGDMA can offer great 

flexibility due to its low double bond concentration compared to alternative 

systems, such as tri (ethylene glycol) dimethacrylate (TEGDMA) and has been 

reported to improve the rate of conversion and consequently enhance 

cytocompatibility (Walters et al., 2016). 
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In order to allow suitable mixing between UDMA and PPGDMA, 2-hydroxyethyl 

methacrylate (HEMA) was used as the final component of the liquid phase. HEMA 

is a water-soluble methacrylate monomer that is commonly present in dental 

adhesives (Sofan et al., 2017). It can enhance the dispersion of the liquid phase, 

bond strength and homogeneous miscibility based on its polar properties and 

hydrophilic nature. 

Finally, camphorquinone (CQ) was used to allow photopolymerisation upon 

exposure to blue light. CQ is a light-activated free radical photo-initiator that is 

commonly used in dental composites with an absorbance range between 400 and 

500 nm. CQ offers efficient curing, improved flexural strength, a high degree of 

double bond conversion and low toxicity levels (Schneider et al., 2009). Therefore, 

in this part of the work, we have incorporated it into all formulations to allow rapid 

formation of crosslinked polymers.  

2.1.2. Degradable Composite  

Biodegradable polymers in the field of tissue engineering have drawn significant 

attention over the past few decades (Ifkovits and Burdick, 2007). This is as a result 

of offering tailored mechanical properties and allowing fabrication of scaffolds into 

desired shapes to facilitate new tissue in-growth. Furthermore, the degradation 

kinetics can be modified according to the final application.  

In this chapter we have re-synthesised a degradable polymer, previously 

developed by Young and colleagues (Ho and Young, 2006). The specific base 

polymer, poly (lactide-co-propylene glycol co-lactide) dimethacrylate (PPGLDMA), 

contains methacrylate groups at each end of the polymer chain and two blocks of 

polylactide and polypropylene glycol. Rapid setting of this polymer is achieved 

through crosslinking of the methacrylate groups while the lactide allows 

subsequent degradation, therefore, achieving the right ratio of MA:LA is a key 

factor in designing the liquid phase of this polymeric system and controlling the end 

properties. 
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Proportionality of the methacrylate groups with heat generation and shrinkage is 

another critical factor to consider. It has also been reported that higher molecular 

weights can have an adverse effect on water sorption and bulk degradation, 

therefore, a shorter chain of PPGDMA has been used in this study to optimise 

photo-polymerisation of the monomer upon curing, degradation kinetics and the 

mechanical stiffness (Abou Neel et al., 2012).  

2.1.3. Filler phase  
 
Calcium phosphates are the natural inorganic minerals found in human bones; they 

consist of calcium cations and phosphate anions. Incorporation of certain calcium 

phosphate fillers in orthopaedic restorative bone substitutes has been extensively 

investigated over the past century (Campana et al., 2014). This is due to their ability 

to dissolve in body fluids and ultimately undergo phase transition to form a more 

stable mineral such as HA. Some phases of calcium phosphates have also been 

shown to exhibit osteoconductive and osteoinductive characteristics which can 

promote osteogenic differentiation of mesenchymal stem cells (Care et al., 2019). 

This is as a result of stimulating osteoblasts adhesion, proliferation and eventually 

new bone formation. Moreover, combining CaP powders with scaffolds is highly 

advantageous, since they can allow control of the porosity and provide stable 

properties to reduce cytotoxicity (Polo-Corrales, Latorre-Esteves and Ramirez-

Vick, 2014). The type and amount of CaP incorporation can also determine the 

porosity of the scaffold as degradation occurs. This can eventually improve 

angiogenesis and revascularisation of the composite when implanted in vivo. In 

this study, we have used a mixture of MCPM, due to its bioactive nature, and inert 

TCP as the filler phase of choice to promote formation of HA upon remineralisation.  
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2.2. Methods (Polymer Synthesis) 
2.2.1. Non-Degradable Polymer Synthesis and Composite Preparation  

Urethane dimethacrylate was mixed with poly (propylene glycol) (400) 

dimethacrylate, hydroxyethyl methacrylate and camphorquinone using a magnetic 

stirrer (Stuart UC151, Bibby Scientific, UK). The mixture was fully dissolved to 

achieve the final monomer phase. In order to prepare the composite paste, a 

mixture of monocalcium phosphate monohydrate (50 wt%) and beta tricalcium 

phosphate (50 wt%) was mixed with the monomer using a centrifugal planetary 

mixer (SpeedMixer, Hauschild Engineering, Hamm, Germany). The speed was set 

at 1700 rpm and the paste was mixed for the duration of 2 min. Additionally, the 

ratio of powder to the liquid phase was set at 50, 60 and 70% CaP mixture to 

polymer. 

The specimens were then fabricated by applying the mixture of composites into 10 

mm diameter disc shaped metal circlips. The pastes were pressed between two 

acetate sheets in order to ensure formation of same thickness samples and to 

prevent oxidation during the polymerisation reaction. Finally, to allow 

photopolymerisation of the composite discs, blue light emitting diode with a 

wavelength of 450-470 nm was applied to the specimens for 40 seconds.  

 

Figure 2.1 Shows a series of abbreviations used throughout the thesis.  

CaPCalcium
Phosphate

Mono Calcium 
Phosphate 

Monohydrate MCPM

TCPBeta 
Tricalcium 
Phosphate

Polypropylene 
Glycol 

Dimethacrylate
PPGDMA



56 

 

 

 

 

 

 

 

Figure 2.2 Shows an overview of the non-degradable composite specimen 
preparation: the specific composition of the liquid phase has been designed to 
ensure optimum viscosity for filler incorporation. Similarly, the size of CaP fillers, 
MCPM and TCP, is critical in determining powder dispersion in the final composite. 

 

 

•(DMG Chemisch-Pharmazeutische Fabrik GmbH, Hamburg 
Germany) 

UDMA (70%) Bulk monomer 

•(Polysciences Inc, Germany)

PPDGMA (25%) Diluent monomer

•(Sigma-Aldrich, Gillingham, UK) 

HEMA (4%) Aids dispersion

•(DMG Chemisch-pharmazeutische Fabrik GmbH, Hamburg 
Germany

CQ (1%) Light initiator

•(Plasma Biotel Ltd, Tideswell, UK)

MCPM powder phase ~ 53 μm 

•(Himed, NY, US)

TCP powder phase ~ 30 μm 
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2.2.2. Degradable Polymer Synthesis  

The synthesis of polypropylene glycol -co- lactide dimethacrylate (PGLA-DMA) 

was carried out in two steps: it initially comprised of addition of the lactide group 

(LA) to polypropylene glycol (PPG) to produce polypropylene glycol -co- lactide 

(PGLA) and the second step was methacrylation of PGLA for the production of 

PGLA-DMA. 

2.2.2.1.  Synthesis of PGLA 

0.04 mol of PPG was reacted with 0.16 mol of D, L-LA (in a 250 ml flask equipped 

with a magnetic stirrer) at 120 °C in a nitrogen atmosphere for 6 h, using stannous 

octoate (0.05 wt% of PPG) as a catalyst.  

The resultant product was cooled to room temperature; 100 ml of propan-2-ol was 

added into the flask and the mixture was vacuum filtered to remove any unreacted 

solid LA. The propan-2-ol was then removed by rotary evaporation at 45°C for 2 h. 

2.2.2.2. Synthesis of PGLA-DMA 

Purified PGLA was dissolved in 50 ml dichloromethane at concentration of 0.1 mol. 

L-1. To end-cap both ends with methacrylate units, methacryloyl chloride (MAC) 

and triethylamine (TEA) were added whilst maintaining the temperature 0 °C (the 

reaction was performed in a 250 ml three-neck round bottom flask equipped with 

a magnetic stirrer. Two necks of the flask were fitted with a dropping funnel: one 

contained MAC and the other TEA, each dissolved in 25 ml dichloromethane and 

both solutions were added dropwise into the PGLA/ dichloromethane solution at a 

rate of approximately 15 ml/h. The molar ratio of MAC to TEA was fixed at 1 but 

MAC to PGLA set as 4. After complete addition of MAC and TEA, the reaction 

mixture was stirred for 2 h at 0 °C and then at room temperature (approximately 

20 ̊C) for 24 h.  
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2.2.2.3. Purification  

The mixture of PGLA-DMA and dichloromethane was filtered under vacuum to 

remove any large white crystals of TEA·HCl.  Rotary evaporation at 45°C under 

vacuum for 15 - 20 min produced further TEA·HCl crystals that were removed. The 

filtrate was dissolved in 100 ml acetone, rotary evaporated at 45°C under vacuum 

for 15 - 20 min and filtered again. This acetone addition / filtration step was 

repeated three times.  After the last wash, the mixture of PGLA-DMA with residual 

acetone was kept in a fume hood overnight to allow slow formation of TEA·HCl 

crystals of larger size for easier filtering.  The mixture of PGLA-DMA and acetone 

was finally condensed via rotary evaporation under vacuum at 45°C for 2 h to 

remove residual acetone.   

 

2.2.2.4. Further Purification  

The dried mixture was washed with 100 ml hexane three times in order to obtain 

the final product. In this step partial fractionation was achieved as two layers were 

obtained; the final product (lactide to PPG molar ratio of 4 extracted into the top 

filtrate layer) was collected, condensed via rotary evaporation and finally dried 

under the vacuum overnight (Ho, 2006)     
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Table 2.1 Overview of the compounds used in fabrication of the degradable 
polymer (PGLADMA): the formula weight (FW), density and the quantity used in 
the synthesis process as well as the chemical suppliers are shown below. 

 

Compound  FW D (g.ml-1) Quantity Supplier  

1 Poly (propylene glycol) 

(PPG) 

~ 1000 

 

1.005 40 g or 39.9 ml Sigma-Aldrich, 

Gillingham, UK 

2 D, L-lactide 144.13 - 23.1 g Purac, Gorinchem, 

the Netherlands 

 

3 Stannous octoate 

 

405.12 1.251 0.02 g or 0.016 

ml 

Sigma-Aldrich, 

Gillingham, UK 

4 Propan-2-ol 

 

60.1 0.785 ~ 100 ml Sigma-Aldrich, 

Gillingham, UK 

5 Poly (propylene glycol -

co- lactide) (PGLA) 

 

~1580 - < 63.2 g  

6 Dichloromethane 

 

84.93 1.325 < 1 ml to make 

~ 50 ml of 

0.2 M solution 

Sigma-Aldrich, 

Gillingham, UK 

7 

Methacryloyl chloride 

104.53 1.07 16.7 g or 15.6 

ml 

Sigma-Aldrich, 

Gillingham, UK 

8 Triethylamine 

 

101.19 0.726 6.2 g or 22.3 ml Fluka, Gillingham, 

UK 

9 

Acetone 

58.08 0/791 ~ 600 ml Sigma-Aldrich, 

Gillingham, UK 

10 Hexane 

Hexane 

 

86.18 0.659 ~ 600 ml Sigma-Aldrich, 

Gillingham, UK 

11 Poly (propylene glycol -

co- lactide) 

dimethacrylate (PGLA-

DMA) 

 

~ 1716  < 68.64 g  
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Figure 2.3. The reaction scheme of PGLADMA including three main steps: 1. 
synthesis of PGLA 2. Synthesis of PGLADMA and 3. Purification of the final 
polymer via rotary evaporation followed by further purification by the aid of partial 
fractionation. 

 

2.3.  Material Characterisation  

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR allows the analysis of infrared light interacting with materials at a molecular 

level (Chen et al., 2015). This technique is used to obtain an infrared spectrum by 

measuring the wavelength and intensity of light absorption by the sample. The 
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resulting signals correlates with vibration frequencies between the atomic bonds of 

the material.  

2.3.1.1. Monomer Conversion Calculation (Non-Degradable) 

The degree of monomer conversion, also known as the degree of polymerisation, 

is the successive linking of monomeric units in a macromolecule (Chen et al., 

2015). This primarily depends on micro-kinetics of the reactants which is 

determined by their concentration and the reaction rate (Gody et al., 2016). 

Properties such as exhibiting high flexural strength, low shrinkage and improved 

cytocompatibility have been shown to correlate with higher polymerisation degree 

(Walters et al., 2016).  

The rate of monomer conversion of the composites in this study was determined 

by FTIR spectroscopy (Perkin Elmer series 2000 FTIR spectrometer, Seer Green, 

UK). In order to investigate the continual change of the spectra, the composite 

paste was placed on a 10 mm diameter circlip in contact with the Attenuated Total 

Reflectance accessory (Golden Gate ATR, Specac, Slough, UK) diamond (ATR). 

The temperature was set at 37 °C and Timebase software was used to record the 

observed changes. Initially the spectrum of the uncured specimen was recorded. 

Subsequently, blue light was applied to the sample for 40 s which allowed 

photopolymerisation of the paste. The resolution was set at 4 cm-1 with wavelength 

range of 800-1800 cm-1. Absorbance profiles were obtained at 1335 cm-1 ± 1 

(baseline) 1320 ± 1 cm-1 (C–O stretch bond) to calculate the rate of monomer 

conversion using the following Equation 2.1: 

𝐶 = 1 − %
𝐴𝑓
𝐴0
) 𝑥	100 

Equation 2.1. Shows the rate of monomer conversion; where C is conversion and 
A0 and Af are initial and final absorbance peaks respectively. 
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2.3.1.2. Detection of Degradable Polymer Groups  

In order to confirm the attachment of LA to PPG and MA groups to PGLA in 

synthesis of PGLADMA, FTIR spectroscopy was used. Spectra were obtained by 

placing the polymer in contact with the ATR. Spectrum software v 5.0.1 (Perkin 

Elmer, Beaconsfield, UK) identified the peak intensities of each chemical group; 

the wavenumber was fixed at 500-4000 cm-1 with resolution of 4 cm-1. 

2.3.2. Mechanical Characterisation  

In order to examine the mechanical properties of the composite discs, a biaxial 

flexural test was run. The specimens were prepared as mentioned previously (Non-

Degradable Polymer Synthesis and Composite Preparation) and were left 

overnight to allow full polymerisation. The flexural modulus of elasticity (E) of three 

different formulations were then investigated; this included 50, 60 and 70% powder 

incorporation in the polymer phase. A 2 kN load cell and a ball-on-ring jig 

(Autograph AGS-X, Shimadzu Milton Keynes, UK) was applied at a speed of 1 

mm.min-1 until specimen failure and E was calculated using the following equation: 

𝐸 = (!"
!#

) x ($!%
"

&#
)  

Equation 2.2 shows modulus of elastic (Et0, where (ΔP/ΔW) and βc are gradient 
of elastic region and centre deflection function (0.5024) respectively. 

 

2.3.3. Biocompatibility Studies  

2.3.3.1. Alamar Blue Metabolic Activity 

Alamar blue assay was used to assess the biocompatibility of the specimen discs 

by measuring the level of MG-63 cells (European Collection of Cell Cultures at the 

Health Protection Agency, Salisbury, UK) metabolic activity at different time points.  

MG-63 osteosarcoma cell line was cultured in polystyrene flasks in Dulbecco’s 

Modified Eagle’s Medium (Gibco®, Life Technologies Ltd., Paisley, UK) 

supplemented with 10% foetal bovine serum (FBS), 50 IU.ml-1 of penicillin and 50 
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μg.ml-1 of streptomycin at 37 °C. Confluent cells were then passaged by using 

trypsin-EDTA (Invitrogen, Paisley, UK).  

The composite discs were sterilised under UV light (254 nm) for 30 min and were 

subsequently placed in a 24 well tissue culture plates (Thermo Fisher Scientific, 

Loughborough, UK). 1 ml of MG-63 cell suspension (1 x 104 cells.ml-1) was added 

to each well and incubated at 37 °C 5% CO2. To determine cell proliferation, at day 

1, 4 and 7 of culture, 100 μl of alamar blue dye (alamar blue, ABD Serotrec) was 

added to each well and incubated for a further 4-h period. Fluorescence 

measurements (excitation wavelength of 530 nm and emission wavelength of 590 

nm) were then taken using a Fluoroskan Ascent plate reader (Labsystems, 

Helsinki, Finland). Finally, the fluorescence intensity ratio of the reduced alamar 

blue was compared with the coverslip control (Thermanox plastic coverslips, 

Thermo Fisher Scientific, UK) to evaluate the relative cell viability.  

In order to further investigate the biocompatibility of the polymer discs and the 

effect of filler addition on cell viability, MC3T3-E1 osteoblast precursor cell line 

(MC3T3 for the remainder of this thesis) from mouse calvaria was seeded on four 

different formulations (polymer, 25, 65 and 80% CaP) in normal and osteogenic 

media. The osteogenic media was prepared by supplementing DMEM with 10mM 

β-glycerol phosphate, 50 μM ascorbic acid and 0.1 μM dexamethasone (all 

purchased from Sigma-Aldrich, UK). This experiment was conducted at RAFT 

institute; hence, a slightly different protocol was used. On each specimen disc 

approximately 5000 cells (in 25 µl of media) were seeded, the discs were then 

tested with 1ml of a 10% alamarBlue® (DAL1025, Invitrogen™, Paisley, UK) 

solution, made up in phenol free supplemented DMEM (11880, Gibco, Paisley, UK) 

and incubated for 4h at 37 °C with 5% CO2. The 1 ml test samples were placed 

into a cuvette (FB55147, Fisher Scientific, Loughborough, UK) and the absorbance 

at 570 nm was read against air in a M550 double beam UV/visible 

spectrophotometer (Spectronic Camspec Ltd, Garforth, UK). As per the 
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manufacturer’s instructions, the absorbance at 600 nm of the phenol-free DMEM 

was read and subtracted from the test sample absorbance to obtain the final 

absorbance value.  

 
2.3.3.2. LIVE and DEAD Imaging  

Following seeding of MC3T3 cells, three discs from each composition were placed 

in a 24 well tissue culture plate in DMEM. This was followed by incubating the well 

plates at 37°C, 5% CO2 for 1 and 7 days. At each time point, discs were washed 

with phosphate buffer solution (PBS) and a mixture of 2.5 µl Calcein + 5 µl EthD-1 

(LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells, Thermo Fisher 

Scientific Inc) was added to the well. 

The discs were left in a Petri dish, immersed in PBS for 20 min in the dark and 

were visualised under a confocal laser scanning microscope (Leica DM IRE2, 

Leica, Germany). Finally, live and dead cells were identified, by using fluorescence 

colours (Green representing live cells and red representing the dead).  

2.3.4. Remineralisation Properties  

2.3.4.1. X-Ray Diffraction  

X-ray diffraction (XRD) is an analytical technique used for phase identification of a 

crystalline material (Keller and Dollase, 2000). The atomic and molecular structure 

of the specimen determines the scattering of the x-ray beam diffraction. 

In this study, XRD was used to investigate and identify the precipitation of different 

calcium phosphate crystals; accordingly, the composite discs were immersed in 

simulated body fluid (SBF) and incubated for 28 days. The specimens were then 

placed flat and XRD spectra were obtained using a Brüker D8 advance 

diffractometer (Karlsruhe, Germany), with Ni filtered Cu Kα radiation. A Scintillation 

counter with a step size of 0.02° was finally used for data collection with grazing 

incidence geometry (incident angle 1°) and a count time of 10 s. 
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2.3.4.2. Raman Microscopy  

In order to further investigate the precipitation CaP powders on the surface of the 

composites, Raman microscopy was used. Raman microscopy is a spectroscopic 

technique which provides chemical fingerprints for a material by determining the 

vibrational modes of the molecules (Aljabo et al., 2016).  

Post immersion of the discs in SBF, the chemical changes were recorded up to 28 

days of incubation. In order to allow peak assignment, spectra were generated for 

pure TCP, MCPM and HA.  All spectra were obtained using a Labram spectrometer 

(Horiba, Jobin Yvon, France), equipped with a 633 nm He–Ne laser, in the range 

of 850–1700 cm−1 and resolution of 2 cm−1. For each composite disc, spectra were 

collected by mapping areas of 40 × 40 μm through a microscope objective (50×) 

and for each area, several spectra were generated and normalised. 

2.3.4.3. Scanning Electron Microscopy (SEM) 
 
Qualitative visualisation of the composite discs was carried out with the aid of 

scanning electron microscopy. SEM is a type of electron microscopy that produces 

images by scanning the surface of the material with a focused beam of electrons 

(Fischer et al., 2012). Followed by atomic interaction of the material with the 

electron beam, signals are produced in correlation with composition of the 

specimen. 

To image, the composite discs were coated with 95% gold and 5% palladium 

(Polaron E5000 Sputter Coater, Quoram Technologies, Laughton, UK) and SEM 

(Philips XL30 Field Emission SEM, Amsterdam, Netherlands) was used to 

visualise the surface of the specimen discs. 

2.4. Statistical Analysis  

The data are represented in the form of means ± standard deviation (SD). In order 

to compare the samples in each group ordinary one-way AVOVA, and for the 

purpose of analysing two sets of variables in one group, unpaired t-test were 
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performed. The results are stated to be significantly different with a P value of less 

than 0.05.  

2.5. Results  

2.5.1. FTIR Spectroscopy  

2.5.1.1. The Rate of Monomer Conversion (Non-Degradable 

Composite) 

The analysis of monomer conversion rate of three different formulations, 50, 60 

and 70% composite discs, was carried out by the aid of Equation 2.1. All samples 

were found to show above 50% conversion rate. 60% CaP incorporated composite 

disc showed a significantly higher degree of conversion compared to other 

formulations. Addition of less filler in 50% formulation in comparison with the 70% 

sample also exhibited a higher degree of polymerisation (Figure 2.4).   

 

Figure 2.4 50, 60 and 70% CaP incorporated discs FTIR spectra, showing C–O 
stretch bond peak; the highest degree of conversion was observed in the 60% CaP 
sample with over 77 ± 5 percentage of polymerisation , this was followed by 50% 
and 70% formulations respectively. However, the only significant difference in 
value was exhibited by the 60% CaP sample p < 0.05. 
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2.5.1.2. Degradable (PGLADMA) Chemical Groups  

Attachment of LA to PPG (Figure 2.5) was identified at peaks 1744 cm-1 (C=O), 

1184 and 1268 (C-O). C-O benzoic ester rings at 1248 and 1145 cm-1, 

corresponding with cyclic lactide peaks, were not present in the spectrum, which 

indicates full reaction of PPG with LA.  Small peaks at 1678 cm-1, 1640 cm-1 and 

1719 cm-1 confirmed attachment of MA to PGLA in the methacrylation step, shown 

in Figure 2.6. Furthermore, absorption peaks at 3446 cm -1 of PPG and PGLA 

disappears in this spectrum.  

 

Figure 2.5 FTIR spectrum identifying attachment of LA to PPG in PGLA synthesis:  
peaks 1744 cm-1 (C=O), 1184 and 1268 (C-O) confirm full reaction of PPG with LA 
where various optimisation techniques were applied to ensure formation of PGLA.  
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Figure 2.6 Synthesis of PGLADMA followed by the methacrylation step. Peaks at 
1678 cm-1, 1640 cm-1 and 1719 cm-1 confirm attachment of MA to PGLA, which is 
a clear indication of optimum methacrylation efficiency. Furthermore, absorption 
peaks at 3446 cm -1 of PPG and PGLA disappears in this spectrum. 
 
 
 

In order to increase the final yield of PGLA and PGLADMA as well as the purity, 

various optimisation techniques were applied. Initial synthesis of PGLADMA 

resulted in formation of a viscous orange polymer, Figure 2.7, (A). The colour 

indicated the presence of oxygen during the synthesis of PGLA. Furthermore, low 

methacrylation efficiency can also result in such an observation. Providing a fully 

nitrogenous atmosphere upon addition of LA to PPG improved the colour of the 

final monomer to a pale-yellow liquid (B) and finally increasing the PGLA: MA ratio 

enhanced the final product yield.  
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Figure 2.7 Image A shows PGLADMA with presence of oxygen, B displays 
optimised reaction condition indicating the colour change in PGLADMA and C is 
the final monomer after improving the yield of the synthesis. Ensuring a fully 
nitrogenous atmosphere upon addition of LA to PPG improved the colour of the 
final monomer from orange to a pale-yellow liquid (B) and finally increasing the 
PGLA: MA ratio enhanced the final product yield (C). 
 
 

2.5.2. Mechanical Properties  

The biaxial flexural modulus values of dry specimen discs with 50, 60 and 70% 

CaP, shown in Figure 2.8, were statistically significant (p < 0.05, n = 5) with 70% 

formulation showing the highest value of 3.78 ± 0.53 x 103 N.mm -2. This was 

followed by 2.58 ± 0.47 x 103 N.mm -2 in 60% specimen disc and 1.72 ± 0.38 x 103 

N.mm -2 in 50% disc respectively.  
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Figure 2.8 Biaxial flexural modulus values of 50, 60 and 70% TCP + MCPM  
incorporation in the polymer: the amount of filler addition showed a linear 
correlation with the modulus where 70% CaP showed the highest value of 3.78 
x103 N.mm -2 followed  by 2.58 x 103 N.mm -2 and  1.72 x 103 N.mm -2  in 60 and 50 
% formulations respectively. 

 
In order to assess the potential of HA as a more inert filler phase, 50% MCPM + 

50% TCP mixture was replaced with 90% HA and 10% MCPM. Addition of HA into 

the powder phase, allowed incorporation of a lower total amount of powder; 

therefore, to achieve optimum dispersion of the powder mix in the liquid phase 40, 

50 and 60% CaP composite discs were fabricated.  

The biaxial flexural modulus stiffness values for 40%, 50% and 60% HA  + MCPM 

filled discs (Figure 2.9) were 1.72 ± 0.38 x 103 N.mm -2, 2.36 ± 0.47 x 103 N.mm -2 

and 2.79 ± 0.36 x 103 N.mm -2 respectively (p < 0.05). 
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Figure 2.9  Biaxial flexural modulus values of PPGDMA + 40, 50 and 60% HA + 
MCPM; 40% specimen exhibited a significantly less modulus with the average 
value of  1.72 x 103 N.mm – 2 compared to the 60% composite disc. The 50% disc 
did not show any significant difference in the modulus compared to the other two 
formulations, with the average value of 2.36 x 103 N.mm -2. 

 
2.5.3. Biocompatibility Assays  

2.5.3.1. Alamar Blue Metabolic Activity  

60% CaP incorporated composite was selected as the optimum formulation based 

on the degree of polymerisation, the observed modulus value and the suitable 

viscosity for 3D printing. The initial alamar blue dataset, followed by cultivation of 

MG-63 cell line, presented significant increase in the metabolic activity of the cells 

within the incubation period. This finding was obtained by comparing the 

fluorescence intensity readings in each group at day 1, 4 and 7 respectively (Figure 

2.10). Both control and composite readings revealed substantially higher metabolic 

activity on day 7 compared to the findings at day 1 and 4; where an increase in the 

fluorescence intensity reading was observed from an initial value of 800 to 1600 

(Figure 2.11), (p < 0.05). It must be noted that the observed metabolic activity 
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difference between the control and composite discs on each day was not 

significantly different; therefore, one-way Anova with Dunn's multiple comparisons 

test was carried out to determine the p value (p > 0.99).  

 

Figure 2.10 Metabolic activity of MG-63 cells on 60% CaP incorporated composite 
disc at 1, 4 and 7 days post incubation. The values are compared to a coverslip 
control in this experiment, where no significant difference is observed between the 
control and the 60% CaP disc. However, there is an increase in the metabolic 
activity values of the cells at day 7 compared to day 1 and 4, p < 0.05.  

  

Figure 2.11 illustrates the metabolic activity of MC3T3 cell line by taking 

absorbance measurements in this experiment. In order to investigate the role of 

CaP addition, 25%, 65% and 80% CaP was incorporated into the polymer. 

Subsequently, photopolymerisation was carried out to allow fabrication of the 

abovementioned formulations. Proliferation of MC3T3 pre-osteoblast cells was 

compared between a coverslip control, polymer and CaP filled discs, additionally, 

an osteogenic media was prepared to further examine the metabolic activity in 

different conditions. No significant difference in the absorbance values was 

observed in either osteogenic or standard condition amongst the polymer and CaP 
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incorporated samples (p > 0.05); this trend was also consistent at both day 1 and 

day 7 time-points.   

 
 
Figure 2.11  Viability of MC3T3 cell line on the polymer, polymer + 25, 65 and 80% 
CaP discs at 1 and 7 days post incubation in comparison to a coverslip control. No 
significant difference was observed in the absorbance values of the cells in either 
normal or osteogenic media amongst the polymer and the CaP incorporated discs. 
The only significant increase in the metabolic activity (measured by the absorbance 
in this experiment) was exhibited by the control disc in the osteogenic growth 
condition, where the obtained p value was less than 0.05.  

 
2.5.3.2. LIVE/DEAD Imaging  

Live/dead imaging demonstrated cell viability in control discs in both osteogenic 

and standard conditions at day 1 and day 7 (Figure 2.12). Polymer discs also 

confirmed presence of live cells, 7 days post incubation in osteogenic media. 

However, no growth was observed in the remaining CaP incorporated specimens.  
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                                         Composite Discs 

                                                         

Figure 2.12 Confocal microscopy imaging confirming the presence of live cells on 
the control and polymer discs: A is osteogenic and B is normal. Viable MC3T3 
osteoblasts are clearly observed in the control specimens where a more abundant 
proliferation can be noticed on day 7 osteogenic media. Similarly, cells can be seen 
on the polymer samples at the latter time-point. The final images are representative 
of all the remaining CaP incorporated discs which failed to demonstrate any sign 
of viable cell growth. 

2.5.4. Remineralisation Properties  

2.5.4.1. X-Ray Diffraction  

A mixture of HA, MCPM and TCP precipitation was observed in 60% CaP 

composite disc, as the optimum formulation, 28 days post SBF immersion. Patchy 

crystals consistent with brushite were also identified on some areas of the 

specimen disc.  

 

 

Figure 2.13  XRD analysis confirming precipitation of CaP particles inside the 60% 
composite disc at 28 days post incubation in SBF. A sharp HA peak can be 
observed along with brushites-like crystals.  
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2.5.4.2. Raman Microscopy 

Raman microscopy confirmed formation of a variety of CaP particles on the surface 

of the 60% composite disc over the 28-day incubation period. The intensity of the 

Raman shift directly correlates with the amount of particle precipitation. The 

highest peak, representing TCP at 900 cm -1, was observed at day 10 on the 

specimen surface. This was significantly reduced on day 28 as a result of hydration 

and further reaction of TCP to form brushite as a pre-HA component. 

 

 

 
Figure 2.14 Raman Microscopy investigating precipitation of calcium phosphate 
particles in the 60% formulation at 1, 10 and 28 days post incubation in SBF. The 
highest intensity of TCP can be observed at day 10, which was significantly 
reduced upon formation of brushite particles at day 28.  
 

2.5.4.3. SEM Imaging  

SEM images further verified the presence of CaP mineralisation on the surface of 

composite discs. A thin layer of precipitation was observed on 60% CaP (A) with 

pits still visible 1-day post immersion in SBF. At day 10 of incubation, there 
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appeared to be a layer of precipitates on the disc (B), though it did not cover the 

entire surface. Finally, at day 28 CaP particles covered the surface of the 

composite (C) with a continuous layer of merged crystals, which appeared to be 

HA, forming a layer on top. 

        

          `    

Figure 2.15 SEM images showing CaP precipitation on the surface of 60% 
composite discs after storage and incubation in SBF for 1 (A), 10 (B) and 28 (C, D) 
days. A thin layer of precipitation can be observed at day 1 (A) and day 10 (B), 
whereas a continuous layer of merged crystals of CaP particles appears to be 
covering the surface of the composite (C, D) at day 28. 
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2.6. Discussion   

Synthesis of the degradable polymer was a challenging procedure, particularly to 

ensure polymerisation of the monomer upon exposure to blue light. Initially, the 

products of the synthesis failed to present the right chemical groups in the FTIR 

spectroscopy. This was as a result of inadequate heat transfer of the heater bath, 

presence of O2 in the reaction system and insufficient purification of the product, 

post methacrylation. Various modifications such as exploiting a Radley’s reaction 

system to allow thorough heat transfer, providing an inert and moisture free 

environment by repeating the vacuum/nitrogen purging technique and finally 

further purification of PGLADMA by partial fractionation and hexane addition were 

carried out. Based on PGLA colour change as a qualitative indicator, the optimum 

temperature was also found to be 150 °C, which was slightly higher than the 

suggested temperature in previous work (Zhao et al., 2010). MAC addition to PGLA 

in the methacrylation step has previously been reported to be problematic (Zhao, 

2010), consequently the reaction conditions were improved by monitoring the rate 

of MAC addition to increase the final synthesis yield. Also, the final yield of the 

product considerably enhanced by increasing the initial mass of PPG and LA. 

PGLADMA with shorter unit length of PPG has been previously introduced as a 

more optimum bone substitute (Zhao et al., 2011), as PGLADMA consisting of 

shorter PPG unit length (e.g., PPG with molecular weight of 425 g.mol-1 and unit 

length = 7) exhibits higher modulus values post polymerisation. In this study higher 

molecular weight of PPG of P17L4 formulation was chosen due to higher 

methacrylation efficiency. Therefore, an appropriate balance needs to be achieved 

between the stiffness value and methacrylation yield. In order to further optimise 

the methacrylation efficiently, MAC: PGLA molar ratio can be doubled in the future 

to improve the incorporation of MAC in the polymer. This will also enhance the light 
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curability of the composite and eventually should result in a more biocompatible 

system. 

Since 3D printing is one of the key elements of this project, the powder to liquid 

ratio incorporation in composite preparation was carried out with respect to 

appropriate extrudability. 50, 60 and 70% CaP addition was investigated according 

to various printing parameters (see section 5.3.1 3D printing chapter) such as 

nozzle tip, printing speed and applied pressure. The mechanical stiffness and 

printing resolution were also considered as other contributing factors. Moreover, it 

is crucial to design a system that is sufficiently viscous since viscosity of the liquid 

phase has a direct impact on the level of wettability of the fillers (AlShaafi, 2017). 

Accordingly, 60% CaP was found to exhibit the optimum properties as a result of 

uniform filler dispersion in the monomer phase and was selected for further 

investigation.  

Followed by establishing the optimum formulation, various material 

characterisation techniques were run to evaluate the composite biochemical 

properties. Monomer conversion rate and the degree of polymerisation is a critical 

measurement in determining various material properties. The ISO 4049 standard 

[ISO 4049  (Aljabo et al., 2015)] requires a minimum of 50% conversion in a 

polymer to be non-cytotoxic (Xia and Young, 2014); also in regards to 3D printing 

a relatively quick setting time is desired to allow appropriate polymerisation for 

layer-by-layer extrusion. It has been shown that the addition of filler content can 

have an adverse effect on the rate of polymerisation (Mehdawi et al., 2013), though 

60% CaP allowed appropriate dispersion and bonding between the filler and 

monomer phase, which resulted in over 70% rate of polymerisation. To further 

verify the biocompatibility of the 60% CaP composite discs, MG-63 cells were 

initially seeded and alamar blue activity increased over the culture period which 

was comparable to the control discs. This suggests the cells were viable and 

proliferated on the material 7 days post incubation. Even though the use of 
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osteosarcoma cell lines provides an initial indication of cell viability, there is 

controversy arguing the accuracy of this cell line (Czekanska et al., 2014). 

Therefore, MC3T3 osteoprogenitor cells were subsequently used to draw a more 

valid conclusion. Also, LIVE and DEAD fluorescence images were taken to provide 

a qualitative indication of cell proliferation on the composite discs. The results in 

these two assays were found to be considerably different from the previous cell 

line. No significant growth was observed one-day post incubation in either assay. 

After 7 days of incubation, the polymer disc was found to show the presence of live 

cells particularly in the osteogenic medium. No viable cells were observed under 

the confocal microscope in any of the composite discs, which is potentially due to 

acidity of the filler phase (predominantly MCPM). Formation of brushite in the first 

24 h accounts for the release of strong acids due to high reactivity of MCPM (the 

immediate colour change of the media from bright pink to yellow is a clear 

indication of a strongly acidic environment). It must be noted that this may not be 

a setback in a more dynamic in vivo environment where there is a continuous flow 

of fluids (Gronthos et al., 2000). Nevertheless, in order to further explore the impact 

of this powder on the composite biostability, the amount of MCPM was decreased 

to 10% and a more biologically stable calcium phosphate, HA, was added. 

Although HA has good osseointegration properties, in a non-porous 2D composite 

(especially in a degradable system) incorporation of reactive components would 

be more ideal. Therefore, the remaining 90% of the powder phase was filled with 

three types of small-sized HA due to offering higher surface energy; this was a 

mixture of HA <10 micron, <6 micron plus nano-sized HA particles.  

Subsequently, the mechanical stiffness value of the HA composites was also 

investigated. The 70% HA formulation failed to form a homogeneous paste and 

60% discs were too viscous to allow extrusion through the syringe for 3D printing. 

Therefore, the powder incorporation was decreased to 50% to allow applicable 

flexibility.  
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Although 50% HA showed good mechanical properties, amalgamation of small 

sized HA particles and inconsistency of the composite paste led to difficulties in 

flowability; this was overcome by applying intense mixing for a longer period and 

applying an ultrasonic probe to the paste. Whilst this modification resulted in 

formation of a more homogeneous paste, poor incorporation of the filler within the 

monomer prevented printing post extrusion of the first two layers (see Appendix). 

Hence no further investigation of HA was carried out regarding the biocompatibility 

studies and this filler will be replaced back with TCP in the next chapters. However, 

it is crucial to keep the amount of MCPM incorporation at 10% to avoid any drastic 

acidic release in the composite system. 

Finally, 60% CaP composite (polymer + MCMP +TCP) disc was observed under 

the SEM at 1, 10- and 28-days post immersion and incubation in SBF. Formation 

of brushite crystals and HA-like precipitation were seen in the specimen disc. This 

was further investigated by looking into XRD and Raman microscopy and the 

peaks were noticed to be sharper 28 days post incubation. One of the main issues 

associated with the current polymeric cranial implants in the market, PEEK being 

the gold standard, is the lack of integration with the surrounding tissues. Therefore, 

addition of higher amount of CaP can provide a more promising composite paste 

for the ultimate aim of osseointegration. This however can similarly affect the 

acidity of the polymeric system with an adverse effect on the cytocompatibility. 

Therefore, the 60% formulation can offer the most optimum balance amongst 

various properties as a potential cranial implant.    

  

The studies carried out in this chapter were purely an exploration of the two 

polymeric systems and assessment of their potential use in cranio-maxillofacial 

reconstruction. Regarding the non-degradable polymer, interesting findings were 

observed in comparison with the current approaches in the field. The mixture 
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ofPPGLADMA and CaP particles holds promising future in addressing the current 

drawbacks associated with commercial materials, particularly in restoring critical-

sized cranial defects. However, the main focus of this thesis will be dedicated to a 

degradable system: a novel isosorbide-based polymer has been synthesised in 

collaboration with Dankook University of South Korea. Detailed in vitro and in vivo 

biocompatibility as well as the chemical kinetics, mechanical stiffness and 

remineralisation properties of this system will be investigated in the next two 

chapters. 
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3) Chapter 3: Synthesis and Characterisation of a Degradable 

Polymer (CSMA) 

3.1. Introduction  

As discussed in Chapter 1: Review of the Literature, there has been a significant 

change over time towards the repair approach in the field of maxillofacial 

reconstruction; the defect size and the material of choice are the determining 

factors in successful restoration of the affected region. Although reconstruction of 

cranio-maxillofacial bone defects has significantly advanced in the past 50 years, 

the ideal material to address both aesthetic and functional complications is yet to 

be achieved.  

The use of degradable polymeric systems in the field of tissue engineering has 

brought forth promising advances which has been extensively reviewed in previous 

chapters. It is important to also highlight the importance of isosorbide based 

dimethacrylic monomers, as biodegradable and photocurable polymers, in the field 

of bone tissue engineering. As explained in Chapter 2: Exploratory Systems, the 

proposed composite consists of an inorganic filler phase and an organic matrix. 

This 3D organic matrix is fabricated as a result of free radical polymerisation of 

dimethacrylic monomers.  Such systems are highly advantageous due to exhibition 

of lower polymerisation shrinkage, reduced monomer leaching and relatively high 

chemical resistance (Lukaszczyk, Janicki and Frick, 2012).  

 In a recent work by  Cheng and colleagues on PCL diacrylate (PCLDA) (Cheng 

and Kao, 2015), such photo curable and biodegradable polymeric systems were 

explored for their potential use in scaffold fabrication. Similarly, Yang et al 

developed a light activated polymeric matrix, PEG diacrylate (PEGDA) (Yang et 

al., 2005), offering new options in the field of tissue engineering. In several similar 

studies, the synthesis and characterisation of isosorbide based dimethacrylic 

monomers have been thoroughly investigated [(Zhang et al., 2013), (Lukaszczyk 



84 

et al., 2014)]., though it is critical to remember that fabrication of a suitable 

polymeric composite to exploit in the field of bone tissue engineering must offer 

high Young’s modulus and reduced degradation rate [(Liu and Ma, 2004), (Bose, 

Vahabzadeh and Bandyopadhyay, 2013)]. Therefore, successful translation of 

such scaffolds into the biomedical field as bone replacement implants remains a 

significant challenge; this is subject to achieving the right balance between tailored 

degradation and optimal mechanical strength.  

In this chapter, we have developed two light curable degradable polymers, CSMA-

1 and CSMA-2, targeted at reconstruction of maxillofacial defects. Furthermore, 

these polymeric systems have the potential to be used in 3D printing. Both CSMA-

1 and CSMA-2 were synthesised using bis(2-hydroxyethyl) isosorbide (BHIS) as a 

starting material. The two monomers have methacrylate units that are linked to 

isosorbide through a urethane linkage; the urethane coupling reaction between 

isocyanate group and hydroxyl group allows synthesis of the final monomers. The 

reaction also utilises a simple K2CO3 catalyst which is easily removed and final 

purification of CSMA-1 and CSMA-2 is easily achieved by column chromatography. 

It is important that mechanical properties of the polymers can simply be controlled 

by incorporation of a solvent such as triethylene glycol dimethacrylate (TEGDMA), 

at different ratios with the CSMA-1 and CSMA-2.  

 
3.2. Methods 

3.2.1. CSMA Synthesis  

Table 3.1 shows an overview of the components used in the synthesis of CSMA 

monomers with a list of the suppliers. All the methacrylate-based compounds, 

Isophorone diisocyanate (IPDI, 98%), 2-hydroxyethyl methacrylate (HEMA, 97%), 

triethylene glycol dimethacrylate (TEGDMA, 95%), Dibutyltin dilaurate (95%) and 

2-isocyanatoethyl methacrylate (IEM, 98%), were distilled prior to use in order to 

remove inhibitors and ensure maximum purity. 
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Table 3.1. Overview chemical components and the manufacturer details.  

Compound 
 

Supplier 

1,4:3,6-dianhydro-D-sorbitol 
(isosorbide, 98%) 

Tokyo Chemical Industry (Tokyo, 
Japan) 

1,3-dioxolan-2-one (Ethylene 
carbonate, 99%) 

Alfa Aesar (Haverhill, MA, USA). 

 
Potassium carbonate 

Daejung Chem. Co. Ltd. (Seoul, 
Korea) 

Isophorone diisocyanate (IPDI, 
98%) 

Sigma-Aldrich (St Louis, MO, USA) 

2-hydroxyethyl methacrylate 
(HEMA, 97%) 

Sigma-Aldrich (St Louis, MO, USA) 

triethylene glycol dimethacrylate 
(TEGDMA, 95%) 

Sigma-Aldrich (St Louis, MO, USA) 

Dibutyltin dilaurate (95%) 
 

Sigma-Aldrich (St Louis, MO, USA) 

2-isocyanatoethyl methacrylate 
(IEM, 98%) 

Sigma-Aldrich (St Louis, MO, USA) 

 
 

3.2.1.1. CSMA-1 

Preparation of bis(2-hydroxyethyl) isosorbide (BHIS) 

Synthesis of BHIS was carried out by reacting together the two main components 

of isosorbide and ethylene carbonate. Initially, a mixture of 100 g of isosorbide 

(684.27 mmol) was mixed with 132.57 g of ethylene carbonate (1505.45 mmol) in 

a 500 ml two-neck round bottom flask. The mixture was then degassed under a 

dry nitrogen atmosphere for a period of 1 hour. This was followed by heating the 

flask at 70 °C for a further 30 min to melt all the solid contents. 3 g of K2CO3 (21.706 

mmol) was subsequently added while the temperature was kept at 170°C and the 

mixture was left to react for the duration of 48 hours. Column chromatography was 

finally used to purify the synthesised BHIS product by the aid of methanol/ethyl 

acetate (1/9) under vacuum for 48 hours. 
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Figure 3.1 Preparation of BHIS (((3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-
diyl)bis(oxy))bis(ethane-2,1-diyl) bis((4-methyl-3-oxopent-4-en-1-yl)carbamate). 

 
In order to prepare CSMA-1, the purified BHIS was mixed with an inert diluent 

(TEGDMA) to ease the reaction process; in a 500 ml two-necked round bottom 

flask, 100 g of BHIS (246.89 mmol) was mixed with 172.14 g of TEGDMA (601.22 

mmol). The mixture was then degassed under nitrogen for 1 hour and the 

components were left to mix thoroughly. After complete mixing was achieved, 

72.14 g of 2-isocyanatoethyl (IEM, 518.47 mmol) was added to the round bottom 

flask. This aided the components to react for a further 12-hour period at 70 °C until 

a viscous and sticky colourless fluid was obtained.   
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Figure 3.2 Final reaction scheme of CSMA-1 

 

3.2.1.2. CSMA-2 

Preparation of bis(2-hydroxyethyl) isosorbide (BHIS) was carried out as explained 

previously (Figure 3.1). Followed by the synthesis of BHIS, a two-step reaction 

including BHIS, slight excess of IPDI and TEGDMA (as a diluent monomer) allowed 

production of the final CSMA-2. This was accomplished by the addition of HEMA 

as a bonding reagent, due to its highly hydrophilic nature, to react with the NCO-

terminated monomer. 

Accordingly, 32.149 g of BHIS (79.37 mmol) was mixed with 125 g of TEGDMA 

(436.56 mmol) in a 1000 ml two-necked round bottom flask. Similar to CSMA-1 

production, the mixture was degassed in a nitrogenous atmosphere for 1 hour.  

After thorough mixing of the two reactants, 57.145 g of IPDI (257.07 mmol) was 

added to the mixture for a further 12-hour period of mixing at 70 °C in the flask. 

This resulted in formation of an NCO-terminated monomer, which was mixed with 

71.42 g (548.82 mmol) of HEMA plus 0.1 g of dibutyltin dilaurate for another 12 

hours where the temperature was kept at 70 °C. The final CSMA-2 monomer was 
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subsequently produced as a viscous (higher viscosity in comparison with CSMA-

1) sticky colourless fluid.  

 

 

Figure 3.3 Final reaction scheme of CSMA-2  

 
Modified Monomers 

It is important to mention that ethylene glycol derivatives are added to both ends 

of isosorbide in the synthetic protocols of CSMA-1 and CSMA-2 production. This 

is for the purpose of softening the polymer to ensure biodegradability. Therefore, 

in CSMA-1 synthesis, the addition of ethylene glycol groups to BHIS prior to its 

reaction with IEM can be used to improve degradability. The cyclic ring structure 

in CSMA-2 makes this polymer harder than CSMA-1; however, similarly in CSMA-

2 synthesis, further addition of glycol groups can be carried out before subsequent 

reaction with IPDI to soften this polymer and increase degradability as a result.  

For example, addition of up to five ethylene glycol groups to isosorbide prior to IEM 

(CSMA-1 synthesis) and IPDI (CSMA-2 synthesis) reaction can tailor the 
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degradability of these polymeric systems. The structure of the monomers with such 

modification is shown in Figure 3.4. 

CSMA-1 

 

 

CSMA-2 

 

Figure 3.4 Addition of ethylene glycol groups to modify degradability of CSMA-1 
and CSMA-2 monomers.  

 

In terms of viscosity and hardness, the monomers from hardest to softest are as 

follows: 

 CSMA-2 (1) > CSMA-2 (2) > CSMA-2 (3) > CSMA-2 (4) > CSMA-2 (5) > CSMA-1 

(1) > CSMA-1 (2) > CSMA-1 (3) > CSMA-1 (4) > CSMA-1 (5),  

In terms of degradability, the polymers from least to most degradable are as 

follows: 

 CSMA-2 (1) > CSMA-2 (2) > CSMA-2 (3) > CSMA-2 (4) > CSMA-2 (5) > CSMA-1 

(1) > CSMA-1 (2) > CSMA-1 (3) > CSMA-1 (4) > CSMA-1 (5),  

Where the number in parentheses is the number of ethylene glycol groups in the 

monomer (equivalent to n in the representations above). 
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3.3. Material Characterisation 

3.3.1. Nuclear Magnetic Resonance (NMR) and Gas Chromatography 

high resolution Mass Spectra (GC-MASS) 

In order to detect the chemical structure of the two monomers, CMSA-1 and 

CSMA-2, an AVANCE III 600 spectrometer (600 MHz, Bruker, Germany) allowed 

recording the 1H NMR spectra where CDCl3 was used as a solvent. The data was 

subsequently collected and presented as δ, ppm chemical shifts downfield from 

tetramethylsilane. Further analysis of the monomer components was carried out 

with the aid of GC-MASS on a JEOL JMS-700 (JEOL, Japan) spectrometer in Fast 

Atom Bombardment (FAB) mode. This technique investigates the relative gas 

chromatographic retention times combined with fragmentation patterns of a 

compound's chemical structure. Consequently, the monomer components were 

separated in the GC and ultimately identified in the mass spectrometer.  

3.3.2. FTIR Spectroscopy 

3.3.2.1. Detection of Chemical Groups: See section 2.3.1.2 

3.3.2.2. Degree of Conversion: See section 2.3.1.1 

 

3.3.3. Composite preparation 

As explained in section 2.2.1, to prepare the liquid phase of the final composites, 

1 wt % photoinitiator, camphorquinone (CQ, DMG), was mixed with the monomer. 

Accordingly, both CSMA-1 and CSMA-2 were mixed with 1% CQ and were then 

left to stir overnight. The new composition of the powder phase, 10% MCPM + 90% 

TCP, was mixed with the liquid phase to facilitate formation of 10 mm diameter 

discs for further characterisation of this polymeric system.  
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3.3.4. Mechanical Properties: See section 2.3.2 

3.3.5. Percentage Mass Change 

CSMA-2 plus 40, 50 and 60% CaP incorporated composite discs were immersed 

in deionised water (pH 7.0 ± 0.1) and incubated for the duration of 7 months. This 

was to assess the discs mass change over the incubation period at the following 

time intervals; day 1, 4, 7, 14, 28, 60, 90, 120 and 240. At each time-point, the 

discs were manually dried and weighted using a balance (OHAUS, US), which was 

accurate to 4 decimal places. The composite discs were re-immersed in deionised 

water until the last time point and the final weight measurement was recorded by 

transferring the specimens to a vacuum oven for two hours at 40 °C. The following 

equation (Equation 3.1) was finally used to calculate the percentage mass change.  

 %	𝑀𝑎𝑠𝑠	𝐶ℎ𝑎𝑛𝑔𝑒 = 	 &'(	*+,-.	/01	2(+3'&4&'(	+,&+-.	2(+3'&	
&'(	+,+&+-.	2(+3'&	

	𝑥	100	 

Equation 3.1. Percentage mass change  

3.3.6. pH Values 

Measuring the acidity of the specimen discs provides an initial indication of the 

composite biocompatibility. Therefore, three discs from each sample were 

immersed in 10 ml of Dulbecco’s modified Eagle’s medium (Gibco®, Life 

Technologies Ltd., Paisley, UK) and placed in a CO2 incubator overnight. The pH 

of the disc extract was then measured by an Orion star A111 pH meter (Thermo 

Scientific, UK). Standard solutions of pH 4 and 7 allowed calibration of the pH 

electrode prior to the experiment.  

3.3.7. Biocompatibility Studies:  

3.3.7.1. Human Bone Marrow Derived Mesenchymal Stem Cells 
(BMSCs)  

  
Human BMSCs (Institute of regenerative medicine at the Texas A&M Health 

Science Centre College of Medicine (USA)) were cultured in minimum essential 

medium (α-MEM, Gibco BRL) which was supplemented with 10% foetal bovine  

serum (FBS) (Invitrogen) and 100 U.ml-1  of  penicillin/streptomycin (Sigma-Aldrich, 
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UK). Once the cells reached 80% confluency, they were harvested by trypsin-

EDTA (Invitrogen, Paisley, UK) to investigate the proliferation and interaction of 

the cells with the surface of the specimen discs (with the seeding density of 1 x 104 

cells.ml-1 where the passage number was 5). 

3.3.7.2. Alamar Blue Metabolic Activity and LIVE/DEAD Imaging:  

See sections 2.3.3.1 and 2.3.3.2 

 
3.3.7.3. Phalloidin Staining  

Phalloidin is a bicyclic peptide that is used to investigate the distribution of actin 

filaments via light microscopy imaging. This allows in-depth qualitative analysis of 

the cellular cytoskeleton based on the concentration of cytoplasmic actin. Firstly, 

the discs were stained with phalloidin-iFlour 488 (Abcam, UK) in PBS (1:1000) for 

20 min and then fixed with 4.0% paraformaldehyde for 1 hour at room temperature. 

This was followed by staining the cells with 4′, 6-diamidino-2-phenylindole (DAPI) 

(Abcam, UK) for the duration of 10 min to allow nuclear visualisation. Finally, the 

discs were washed with PBS and viewed under a fluorescence microscope (Leica 

– DMIRB). 

3.3.7.4. SEM Microscopy Images for Cellular Visualisation 
 
Visualisation of the cellular morphology and cell interaction with the material 

surface was observed via SEM microscopy (Philips XL30 Field Emission SEM, 

Amsterdam, Netherlands). The discs were initially fixed in 3% glutaraldehyde and 

0.1M cacodylate buffer and stored at 4˚C overnight. This was followed by a series 

of ethyl alcohol dehydration for the duration of 10 min with subsequent drying in 

hexamethyldisilazane. The specimen discs were finally coated with 95% gold and 

5% palladium (Polaron E5000 Sputter Coater, Quorum Technologies, Laughton, 

UK) for visualisation under the SEM microscope.  
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3.3.8. Water Contact Angle Measurement 

In order to determine the hydrophilic/hydrophobic nature of the polymer discs and 

the effect of CaP addition into the composite, water contact angle measurements 

were recorded. This was performed using a CAM 200 Optical Contact Angle Meter 

instrument (KSV, Finland) and the angles were obtained upon encounter of the 

specimen surface with the water drop and were measured between the sample 

surface-water interface and the water-air interface. The contact angles with values 

less than 80°θ are considered to be hydrophilic and samples with values higher 

than 90°θ are hydrophobic.   

 

3.3.9. Remineralisation Properties: See section 2.3.4 

 
3.4. Results 

 

3.4.1. NMR, GC MASS Spec Analysis  
 
Formation of CSMA-1 and CSMA-2 monomers from isosorbide was confirmed by 

the analysis of 1H NMR (Figure 3.5) and GC-MASS (Figure 3.6); this was achieved 

by the identification of BHIS, CSMA-1, and CSMA-2 spectra based on the expected 

chemical shifts. Ethylene groups in BHIS corresponded with the proton signal of 

H2-C-C-H2 at 3.58~3.73 ppm. The presence of isophorone cycle was shown by 

signals between 2.92 and 0.91 ppm. In the CSMA-1 spectrum, the singlet peaks at 

6.12, 5.60 and 1.95 ppm correlated with the protons of the methacryl group 

(CH2=C-CH3), whereas in CSMA-2 spectrum, the presence of methacryl group 

was confirmed by the three singlets at 6.14, 5.59 and 1.96 ppm. Protons 

corresponding with the urethane group could not be identified on the 1H NMR 

spectrum which suggests being superimposed by other signals. In the case of GC-

MASS, the spectra of BHIS, CSMA-1, and CSMA-2 were detected at mass to 

charge ratios (m/z) of 235, 545, and 939 respectively. The peaks were also 
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matched with molecular ions of the three components. The methacrylate and ethyl 

methacrylate groups in CSMA-1 and CSMA-2 were identified according to mass 

fragment peaks at 69 and 113 m/z correspondingly.  

 
       

  

 

 

 

BHIS          B 
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Figure 3.5 1H NMR spectra showing the presence of chemical bonds formation of 
isosorbide (A), BHIS (B) and the final CSMA-1(C) and CSMA-2 (D) monomers. 
Ethylene groups in BHIS corresponded with the proton signal of H2-C-C-H2 at 
3.58~3.73 ppm. The presence of isophorone cycle was shown by signals between 
2.92 and 0.91 ppm. In the CSMA-1 spectrum, the singlet peaks at 6.12, 5.60 and 
1.95 ppm correlated with the protons of the methacryl group (CH2=C-CH3), 
whereas in CSMA-2 spectrum, the presence of methacryl group was confirmed by 
the three singlets at 6.14, 5.59 and 1.96 ppm. 

 

CSMA-1 C 

CSMA-2 D 
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Figure 3.6  GC-MASS spectra of BHIS (A), CSMA-1 (B), and CSMA-2 (C) were 
detected at mass to charge ratios (m/z) of 235, 545, and 939 respectively. The 
peaks were also matched with molecular ions of the three components. The 
methacrylate and ethyl methacrylate groups in CSMA-1 and CSMA-2 were 
identified according to mass fragment peaks at 69 and 113 m/z correspondingly. 
 
 
 
 

3.4.2. FTIR 
 

3.4.2.1. Detection of Chemical Groups  
 
FTIR spectroscopy was also used to confirm the successful synthesis of the 

CSMA-2 monomer. Figure 3.7 shows the absorbance values of various peaks 

observed in CSMA-2; attachment of carbon to oxygen has been identified at 1744 

cm-1, which is a carbonyl (C=O) peak, followed by 1184 and 1268 peaks 

correlating with carbon single bond oxygen (C-O). The presence of these groups 

with the relevant absorbance measured via the FTIR can verify optimum 

methacrylation in production of CSMA monomers.  
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BHIS

CSMA-1
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Figure 3.7 FTIR spectrum of CSMA-2 monomer; the sharp peaks at 1100, 1600 
and 2800 represent C-O, C=C and C-H stretches respectively. Attachment of 
carbon to oxygen can also be identified at 1744 cm-1, which is a carbonyl (C=O) 
peak, followed by 1184 and 1268 peaks correlating with carbon single bond oxygen 
(C-O). The presence of these groups with the relevant absorbance measured via 
the FTIR can verify optimum methacrylation in production of CSMA monomers. 

 
 

3.4.2.2. Monomer Conversion  
 
 
Calculation of the optimum curing time upon photo polymerisation in the liquid 

phase was achieved through investigation of degree of monomer conversion. 

Equation 2.1 was used to evaluate CSMA-2 polymerisation percentage after 

exposure to blue light; in this equation absorbance profiles were received at 

1320 ± 1 cm−1 (C–O stretch bond) and 1335 ± 2 cm−1 was set as the baseline. 

Over 75% conversion was achieved in the polymerisation of CSMA-2 within the 

first 40 s, which suggested a 40s curing time in composite preparation. Hence, in 

fabrication of the discs, CSMA-2 as well as all the filler incorporated formulations, 
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40 s curing time was applied to both sides of the specimens to allow ideal setting 

and polymerisation of CSMA-2 monomers. 

 

Figure 3.8 FTIR spectrum of CSMA-2 showing the percentage of reacted 
monomers post curing; over 75% of polymerisation was achieved in this 
formulation after exposure to blue light for 40 s.  Absorbance profiles were received 
at 1320 ± 1 cm−1 (C–O stretch bond) and 1335 ± 2 cm−1 was set as the baseline. 

 
3.4.3. Mechanical Properties  

 

The flexural modulus values of the polymer and the composite discs were 

investigated by running a biaxial flexural modulus test; initial comparison between 

the stiffness of CSMA-1 and CSMA-2 indicated relatively higher values for CSMA-

2. Therefore, the focus of this research remained on the evaluation of CSMA-2 

properties and the application of CSMA-1 can be dedicated to smaller sized defects 

in the craniofacial region. The modulus values of the discs was predicted to show 

a linear relationship with the filler content (Basha, Kumar and Doble, 2015), where 

CaP ceramics increases the stiffness value. However, this trend was not observed 

in CSMA-2 and its composites.  
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The modulus values varied in the range of 1.8 to 2.9 x 103 N.mm -2 with 40% CaP 

exhibiting the lowest modulus and 50% formulation showing the highest mean 

value. While all the values remained within the required modulus of the native 

bone, the optimum formulation was found to be 50% CaP, also, interestingly this 

formulation did not show any significant difference in comparison with the unfilled 

polymer discs.  

  

Figure 3.9 Biaxial Flexural Modulus comparison between CSMA-1, CSMA-2, 40%, 
50% and 60% CaP discs: the highest value is observed in 50% CaP sample with  
the modulus of 2.9 x 103 N.mm -2 (*p < 0.05) followed by 60% CaP, CSMA-2 and 
40% CaP respectively. The lowest modulus was exhibited by CSMA-1 with an 
average value of 1.1 x 103 N.mm -2. 

 
3.4.4. Percentage Mass Change  

 
The cumulative percentage mass change was investigated across a 7-month 

incubation period. Equation 3.1 allowed calculation of the rate of degradation with 

respect to the initial dry weight. CSMA and all the CaP incorporated formulations 
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exhibited a relatively slow degradation behaviour; where the highest mass loss 

percentage was seen in the 60% composite disc with 10% drop in weight over the 

incubation period. The lowest rate of degradation was observed in CSMA-2 

followed by 40 and 50% CaP incorporated formulations with an approximate mass 

loss of 5% over 210 days of immersion in deionised water (Figure 3.10). 

 
 

 

Figure 3.10  Shows the cumulative percentage mass change across a 7-month 
incubation period. Equation 3.1 allowed calculation of the rate of degradation with 
respect to the initial dry weight percentage mass change of CSMA-2 compared to 
the CaP incorporated composite discs in deionised water: the highest rate of mass 
change is observed in the 60% CaP disc with 10% drop in weight, while the lowest 
value was exhibited by CSMA-2 polymer. 

 
3.4.5. pH Values 

 
The acidity of CSMA-2 and the composite discs was investigated by immersing the 

specimens into a neutral culture media solution as shown in Figure 3.11; all 

samples gave rise to an alkaline solution post incubation with pH values ranging 

from 8 to 8.4, but no significant difference was observed between the polymer and 
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the CaP incorporated formulations. The only statistically significance in the pH 

value was found in the 60% formulation in comparison with the control disc (p < 

0.05). 

 

 

Figure 3.11 pH values of a glass control in comparison with CSMA-2, 40, 50 and 
60% CaP incorporated composite discs post 24-hr immersion in a neutral culture 
media. All samples showed alkaline behaviour with the values ranging from 8 to 
8.4. 60% formulation exhibited the lowest pH (p < 0.05), however, it still remained 
in the basic range. 

 
3.4.6. Biocompatibility Studies 

 
 

3.4.6.1. Alamar Blue Metabolic Activity  
 

In order to investigate the cytocompatibility of the monomers, metabolic activity 

and proliferation of MG-63 osteosarcoma cells were initially assessed on two 

different ratios of TEGDMA: CSMA. As explained in 3.1, the amount of TEGDMA 

addition can play a vital role in various properties of the liquid phase.  

Figure 3.12 shows a significant difference in fluorescence intensity value of 7:3 

TEGDMA: CSMA in comparison to the control and the 5:5 formulation, whereas no 
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statistically significant difference was observed between the glass control and the 

5:5 formulation. Hence, the focus of this study remained on the 5:5 monomer which 

is referred to as CSMA-2. 

      

Figure 3.12 Alamar blue metabolic activity of MG3-63 cells on 5:5 and 7:3 polymer 
discs compared to a coverslip control 7 day posts incubation in culture media. 5:5 
formulation showed a significantly higher fluorescence intensity value, correlating 
with cell proliferation, compared to the 7:3 sample (P < 0.05), whereas no 
significant difference was observed between the control disc and 5:5 formulation. 

 
The biocompatibility of CSMA-2 was further analysed by using MC3T3 cell line. 

Additionally, incorporation of various filler percentages into the composite and its 

effect on the metabolic activity of the cells was evaluated. 50% CaP composite disc 

was the only formulation that did not show any significant difference in metabolic 

activity of MC3T3 cells in comparison with the glass control over the incubation 

period. All the remaining formulations exhibited a different behaviour with 60% 

composite disc exhibiting the lowest fluorescence intensity value followed by 

CSMA-2 and the 40% specimen discs.  
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Figure 3.13 Alamar blue metabolic activity of MC3T3 cell line on polymer plus 40, 
50 and 60% CaP composite discs in comparison with the control at day 1, 4 and 7 
post incubation; 50% CaP disc did not show any significant difference in the 
fluorescence intensity value of MC3-T3 cells in comparison with the glass control 
7 days post incubation. The lowest cell proliferation was observed in the 60% CaP 
disc with exhibiting significantly lower metabolic activity readings (p < 0.05) 
compared to the remaining discs, this was followed by the 40% CaP sample 
respectively. 

 

Following investigation of the filler impact on the metabolic activity of MC3T3 cells, 

the optimum formulations, of 40 and 50% CaP specimen discs, were selected for 

further analysis. Human BMSCs were then used to compare the fluorescence 

intensity values as a result of metabolic activity over 7 days of incubation. No 

significant difference was observed between the control and composite discs 

(shown in Figure 3.14) with an approximate fluorescence intensity value of 800 in 

all formulations.  
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Figure 3.14  Alamar blue metabolic activity of BMSCs (passage 5) on 40 and 50 % 
CaP incorporated discs compared to a coverslip control at day 1, 4 and 7 post 
incubation; no significant difference was observed in the fluorescence intensity 
readings amongst the three specimen discs with an approximate fluorescence 
intensity value of 800 in all formulations..   

 

 

3.4.6.2. LIVE and DEAD Imaging  
 

Visualisation of MG-63 cell line on the surface of the monomers, 5:5 and 7:3 

TEGDMA: CSMA, was carried out via LIVE and DEAD imaging. As shown in Figure 

3.15; 7:3 formulation failed to demonstrate the presence of viable cells whereas on 

the 5:5 ratio, the cells (shown by green fluorescence) are seen to be spreading 

across the surface of the disc. This mirrored the findings from the metabolic activity 

readings (Figure 3.12) which helped determine the more biocompatible ratio of 

TEGDMA: CSMA for further analysis and subsequent filler incorporation. 
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 Figure 3.15 Live/Dead Imaging presenting MG-63 cell line on the surface of 5:5 
(A, B) and 7:3 (C, D) TEGDMA: CSMA: dead cells are highlighted in red in both C 
and D images showing the 7:3 formulation failed to exhibit presence of any viable 
cells whereas on the 5:5 ratio, the cells (shown by green fluorescence) are seen to 
be spreading across the surface of the disc. Accordingly, 5:5  formulation was 
selected as the optimum ratio of TEGDMA: CSMA for further analysis and 
subsequent filler incorporation. 

 
 

3.4.6.3. Phalloidin Staining  
 
After selecting the optimal ratio of TEGDMA to CSMA, phalloidin staining was used 

to investigate cytoskeletal F-actin and DAPI staining to show the presence of nuclei 

of BMSCs. This allowed analysis of cell interaction with the surface of the polymer 

in comparison with the control discs. Figure 3.16 shows proliferation of the cells 

over 7 days of incubation with no adverse effect observed in CSMA-2 discs. 

Moreover, qualitative assessment of filler addition into the composite was carried 

out; this interestingly showed an auto-fluorescent behaviour where a bright green 

image was seen via the microscope.  

D 

A 

C 

B 



107 

 
 Day 1  
 

       
                                                            

      
 
Day 4   
 

        
 

      
 
 
 

                       50 µm 

B 

D 

D 

B 

A 

C 

A 

C 

                       50 µm 



108 

  Day 7 
 

      
 
           

       
 
 

                          
 
Figure 3.16 Actin & DAPI Fluorescence Imaging: proliferation and spreading      of 
BMSCs on the surface of CSMA-2 (A, B) was assessed and compared to control 
(C,D) at 1, 4 and 7 days post incubation respectively. The images at day 1 confirm 
attachment and proliferation of the cells on the surface of the polymer in a similar 
pattern in comparison with the control discs. This pattern can also be observed at 
day 4 whereas a confluent state is reached at both control and CSMA-2 at 7 days 
post incubation. Furthermore, BMCSs were seeded on the CaP incorporated discs, 
however, due to an auto-fluorescent behaviour (E), BMSC proliferation could not 
be detected on these samples.  
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3.4.6.4. SEM Imaging  
 
 
Since observation of cellular morphology on any of the CaP incorporated discs was 

not accomplished through fluorescence imaging, SEM microscopy allowed further 

evaluation of cell proliferation and integration of MC3T3 cells as well as BMSCs on 

the surface of CSMA-2 and a range of composite discs. As shown in Figure 3.17, 

the cells can be seen to be adhering and spreading throughout the surface during 

the incubation period. The morphological changes can also be observed as a 

function of surface remineralisation; where clear structure of the cells is apparent 

at earlier time points-especially day 1-and as more calcium deposition takes place 

over time, the cells integrate with the material surface. 50% CaP incorporated discs 

seem to exhibit the highest quantity of cells present at all-time points with no 

difference with the glass control.   
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Figure 3.17 SEM images showing MC3T3 cell proliferation on the control (A), 
polymer (B), 40% CaP (C), 50% CaP (D) and 60% CAP (E) at 1, 4 and 7 days post 
incubation in culture media. Topographical changes can be observed as a function 
of surface remineralisation, this is particularly apparent at day 7 in D and E where 
a higher concentration of CaP is present. A uniform layer of cells with clear 
morphology is also revealed at day 1 and 4 confirming spreading and integration 
of the cells throughout the surface of the polymer and CaP incorporated discs. A 
clear image of cell division is also displayed at image F (50% CaP) at 2000 x 
magnification. 

 
 
Followed by culturing and seeding of MC3T3 cells on CSMA-2, 40, 50 and 60% 

CaP discs, BMSC morphology was also observed on two of the most optimal 

formulations, 40 and 50% CaP incorporated composites, compared to the control. 

Figure 3.18 shows formation of a monolayer of cells on the surface of the discs 

with no obvious difference in morphology compared to the control group. Also, an 

overall increase in cell alignment and orientation can be observed where the cells 

processes and spreading is apparent within the incubation period with higher cell 

quantities at day 7. 
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   Day 7    

      

                               

    

Figure 3.18 SEM images of control (A), 40% CaP (B) and 50% CaP (C) at day 1, 
4 and 7 respectively; a monolayer of cells is formed on the surface of all the 
specimen discs with an overall rise in cell spreading and alignment throughout the 
7-day incubation with higher cell quantities at day 7. No significant difference can 
be observed amongst the three formulations in terms of cell proliferation and 
morphology; this can consequently confirm non-cytotoxic nature of CaP 
incorporated CSMA-2 discs. 
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3.4.7. Water Contact Angle Measurement  
 
Water contact angle measurements confirmed the hydrophilic nature of the 

monomer and a range of filler incorporated discs. As expected, the addition of CaP 

fillers had a direct correlation with hydrophilicity of the composites; 60% formulation 

showed the most hydrophilic behaviour, though this was not significantly higher 

than the 50% CaP composite disc. CSMA-2 monomer without any filler addition 

was still in the hydrophilic range whereas the glass control exhibited hydrophobicity 

with a significantly lower contact angle value compared to CSMA-2 and the 

composite discs. 

 

  

 

 
Figure 3.19 Water contact angle measurements investigating the hydrophilicity of 
the polymer compared to CaP incorporated composite discs: a direct correlation 
can be observed between hydrophilicity and addition of CaP fillers. 60% 
formulation showed the most hydrophilic behaviour (however not statistically 
significant, P > 0.05, from the 50% formulation), this was followed by 40%, CSMA-
2 and the control discs respectively (p < 0.05). 
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3.4.8. Remineralisation Properties  

 

Finally, in order to investigate surface remineralisation and potential HA 

precipitation of three different ratios of fillers to CSMA-2, SEM, XRD and Raman 

microscopy were used. SEM images, shown in  

 

Figure 3.20, present a series images of CaP deposition on the surface of the 

composite discs. 60% CaP formulation displays the highest quantity of precipitants 

on the surface, followed by 50 and 40% composites respectively. Interestingly, 

these findings are not consistent with the quantity measurements obtained via 

Raman microscopy; the highest peak can be spotted at 50% formulation followed 

by 60 and 40. Subsequently, the presence of CaP precipitates observed via SEM 

microscopy was confirmed through XRD analysis 10- and 28-days post SBF 

immersion and incubation.  

 

3.4.8.1. SEM Imaging 
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Figure 3.20 Surface remineralisation of 40 , 50 and 60% CaP incorporated 
composite discs post incubation in SBF at day 1, 10 and 28. Deposition of CaP 
particles can be clearly observed on the surface of the discs as a function of time. 
Later time-point samples exhibit a higher quantity of surface precipitation; this can 
be particularly noticed in 50 and 60% CaP formulations at day 10 and 28. A thin 
layer of precipitants are present on 40% with pits visible at day 10. 50 and 60% 
formulations, by contrast, are covered with a continuous layer of merged crystals 
which appears to be brushite-like. At day 28 all formulations seem to have a HA-
like layer formed, though this does not cover the entire surface and seems thinner 
at 40% CaP. 50 and 60% formulations, however, are covered with a thick with layer 
forming on top. 

 

 

50% CaP 

60% CaP 
CaP 



120 

3.4.8.2. Raman Microscopy 
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Figure 3.21 Raman microscopy investigating  the amount and type of calcium 
phosphate deposition on the surface of 40, 50 60% CaP composite discs at day 
1, 10 and 28 days post incubation; presence of TCP peak at 963 can be 
observed at all formulations. This is particularly clear at a higher level in 60% 
CaP. The highly reactive nature of MCPM has led to the above observations 
where this precipitate is completely washed out from the surface of the discs. 
Moreover, the drop in the intensity of TCP at day 28 compared to day 10 may 
suggest formation of brushite crystals. 
 

3.4.8.3. XRD Analysis  
 

       

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

17
41

17
14

16
86

16
59

16
32

16
04

15
76

15
48

15
20

14
92

14
63

14
35

14
06

13
77

13
48

13
19

12
90

12
60

12
31

12
01

11
71

11
41

11
11

10
80

10
50

10
1998

8
95

7
92

6
89

4
86

3
83

1

IN
TE

N
SI

TY

WAVENUMBER CM -1

60% CaP
Day 1 Day 10 Day 28

Day 28

00-009-0077 (*) - Brushite, syn - CaPO3(OH)·2H2O - Y: 7.67 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 6.36300 - b 15.19000 - c 5.81500 - alpha 90.000 - beta 118.500 - gamma 90.000 - Base-centered - Cc (9) - 4 - 493.933 - F30= 68(0.0119,3
00-009-0169 (I) - Whitlockite, syn - Ca3(PO4)2 - Y: 25.10 % - d x by: 1. - WL: 1.5406 - Rhombo.H.axes - a 10.42900 - b 10.42900 - c 37.38000 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - R-3c (167) - 21 - 3520.91 - F30= 54(0.014
Operations: Y Scale Add 42 | Y Scale Add 208 | Background 1.000,1.000 | Import
50% CAPS DAY28 - File: XRD3838.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 100.025 ° - Step: 0.020 ° - Step time: 18.9 s - Temp.: 25 °C (Room) - Time Started: 14 s - 2-Theta: 10.000 ° - Theta: 5.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0.0 
Operations: Background 1.000,1.000 | Import
40% CAPS DAY28 - File: XRD3837.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 100.025 ° - Step: 0.020 ° - Step time: 18.9 s - Temp.: 25 °C (Room) - Time Started: 15 s - 2-Theta: 10.000 ° - Theta: 5.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0.0 
Operations: Y Scale Add 417 | Background 1.000,1.000 | Import
60% CAPS DAY28 - File: XRD3839.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 100.025 ° - Step: 0.020 ° - Step time: 18.9 s - Temp.: 25 °C (Room) - Time Started: 15 s - 2-Theta: 10.000 ° - Theta: 5.000 ° - Chi: 0.00 ° - Phi: 0.00 ° - X: 0.0 

Li
n 

(C
ou

nt
s)

0

100

200

300

400

500

600

700

800

900

2-Theta - Scale
10 20 30 40 50 60

Whitlockite

Brushite 40

50

60

 

Day 10 



122 

 

 

Figure 3.22 XRD analysis of CaP precipitation in the 40, 50 and 60% CaP 
composite discs at 10 and 28 days post immersion in SBF. This diffraction 
technique precisely examines formation of precipitates inside the CaP incorporated 
samples; HA peaks can be observed in both 50 and 60% specimens, at day 28 
while in the 40% sample, there is a brushite peak present at this timepoint.  
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3.5. Discussion  
 

In this chapter we have introduced two novel photocurable degradable polymers 

with potential for application in maxillofacial reconstruction. One of the major 

benefits of such systems is very rapid photopolymerisation which is a highly 

beneficial property in comparison with traditional crosslinking methods. Light 

curable polymers have been shown to offer a range of advantages in biomedical 

applications in a minimally invasive approach; properties such as fast setting upon 

light exposure due to rapid cure reaction, improved biological cytocompatibility as 

a result of reduced emission of volatile organic compounds, low energy 

requirements, production of in situ scaffolds at room temperature and finally cost 

effectivity (Kumar et al., 2014). It also opens up a range of processing methods 

that offer significant advantages in clinical use. For example, the material may be 

supplied in a sterile cassette and printed sterile and ready to go via either an 

extrusion or layer by layer curing method. Therefore, a significant amount of 

research in the field of bone tissue engineering has focused on development of 

natural photopolymerisable polymers. 

In a recent study, Zheng and colleagues (Zheng et al., 2018) fabricated a 

photocurable scaffold by simultaneous cross linking of sodium alginate with silk 

fibroin. Calcium silicate was also incorporated in this composite to improve the 

surface structure and ultimately enhance osteointegration. Even though the 

compressive modulus showed a higher value compared to conventional hydrogel 

systems, the maximum stiffness remained far from the ideal modulus value in an 

in vivo environment. Similarly, Arakawa et al., developed a chitosan-based 

photocrosslinkable degradable composite from a mixture of semi-interpenetrating 

collagen (Col) and methacrylated glycol chitosan (MeGC). Combining MeGC with 

Col exhibited a relatively improved modulus value. Moreover, addition of riboflavin 

as the photoinitiator further optimised the biocompatibility of this system as a result 
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of rapid solidification. Although such findings have played an important role in re-

emergence of natural hydrogels, significant optimisation of the mechanical strength 

is still considered as an unmet challenge and limits their use. 

In the synthesis of CSMA-1 and CSMA-2, addition of ethylene glycol groups to 

isosorbide delivered optimal mechanical stiffness in both monomers. As expected, 

Initial comparison between CSMA-1 and CSMA-2 showed a higher elastic modulus 

in CSMA-2 monomer due to its cyclic ring structure. While the modulus value 

exhibited by CSMA-1 is high and remained in the range of cortical bone in non-

load bearing regions [0.1-0.5 GPa (Johnson and Herschler, 2011)], a major drop 

in the value is expected to take place upon in vivo implantation of a polymeric 

scaffold  (Carlsson et al., 2015) due to water absorption. Hence, further 

characterisation of CSMA-1 will be carried out in another study, targeted at 

reconstruction of smaller-sized maxillofacial defects.  

With respect to mechanical properties of the CaP incorporated systems containing 

a liquid polymeric phase, the biaxial flexural modulus value tends to be directly 

proportional with the filler content (Basha, Kumar and Doble, 2015), where addition 

of the filler enhances the overall stiffness of the composite. This trend was not seen 

in CSMA-2 in comparison with the CaP incorporated specimens; this could 

essentially be as a result of unique rheology of the CSMA-2 and its highly viscous 

nature (Ryabenkova et al., 2017). This means higher resistance to flow is exhibited 

as a function of shear rate which inevitably impacts the flow and dispersion of the 

CaP fillers and tends to increase the biaxial flexural modulus of the discs. It is 

important to mention that a more viscous polymeric phase will only permit a limited 

amount of CaP powder incorporation without triggering agglomeration and poor 

filler dispersion. Therefore, 50% CaP incorporated specimen was established as 

the optimum formulation within the range investigated, as a result of suitable mixing 

between the two phases (Jang et al., 2018), moreover, exhibiting no significant 
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difference compared to the modulus value of CSMA-2 can easily facilitate 

modification of this polymeric system. One of the most fundamental criteria in 

designing biomaterial-based scaffolds is matching the mechanical strength of the 

synthetic material to the native tissue; since failing to do so can lead to material 

extrusion and ultimately may increase the risk of infection. Mismatched stiffness of 

currently available implants in the market, such as cobalt chromium/PMMA and 

PEEK/Titanium, has led to severe complications (Anguiano-Sanchez et al., 2016). 

Stress shielding must be highlighted as one of the main concerns, which 

corresponds to reduction in bone mass density and implant loosening (Filardi, 

2018). Plus, local stress concentrations at the implant interphase can result in 

implant detachment, extrusion and increases the risk of infection. Consequently, 

the close elastic modulus of this novel composite (CMSA-2) to the native cortical 

bone can allow sharing the mechanical load across the tissue interface in a 

biologically relevant manner, in return preventing micro-movement, tension and 

extrusion. 

Achieving tunable biodegradability and high mechanical strength were two of the 

main objectives of this chapter. The degradation rate is a critical variable in 

designing polymeric scaffolds with potential clinical applications (Chen and Liu, 

2016), since the rate of new tissue formation must match the rate of degradation. 

Hence, a tailorable degradation rate in a filler incorporated composite system is 

often required. CSMA-2 polymer and the composites showed a relatively slow 

degradation, with the highest mass loss observed in the 60% formulation. This 

property can be highly beneficial especially in a dynamic in vivo environment since 

slow degradation prevents sudden pH changes and ultimately offers more long 

term stability (Mata et al., 2015).  

Degradation of the polymer, through the backbone of CSMA, is a complex process, 

based on its cyclic ring structure. The only element that can be indicated to have 
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played a role in degradation of CSMA is the degree of monomer conversion during 

photopolymerisation. This is inversely linked with degradability (Niaounakis, 2013) 

and is predominantly dependent on the type and amount of the photoinitiator of 

choice.  As discussed in Chapter 1: Review of the Literature, PLGA is a well-

researched degradable polymer, however, fast degradation has limited its 

application in clinical settings  (Stratton et al., 2016). Therefore, CSMA may 

address one of the major drawbacks associated with the currently reviewed 

synthetic degradable polymers.  

The type and the amount of filler addition are similarly two important variables in 

determining several properties of polymeric based composites, particularly in 

modification of degradability. In this chapter, a mixture of CaP powders was used 

as the filler phase of this hybrid system with the MCPM phase reduced to 10% 

content and 90% TCP as a result of the findings in Chapter 2: Exploratory Systems. 

Initial degradation of the composite discs was achieved through the hydrolysis of 

the filler phase, particularly the hydrophilic MCPM due to its highly reactive nature 

(Eliaz and Metoki, 2017). MCPM has been shown to undergo relatively quick 

dissolution upon water immersion, which stimulates the reaction with inert TCP 

particles and ultimately triggers precipitation of brushite. This will subsequently 

promote further remineralisation and hydroxyapatite formation and is considered 

as an important factor in encouraging osteogenesis in new tissue formation.  It 

should be highlighted that even though TCP incorporation can be advantageous 

based on its bone-like mineral structure, finding the right balance in addition of the 

filler components is critical. This simply prevents volumetric swelling and rapid 

degradation which is a major drawback in current degradable systems. Albert et 

al., (Abert et al., 2016), developed a polylactide based composite where the filler 

phase was a mixture of TCP and calcium carbonate, an adverse effect on 

biodegradability of the polymeric system was observed as excessive water uptake 



127 

by the tricalcium phosphate particles resulted in volumetric swelling. This can also 

further complicate the potential translation of such systems with defined 

dimensions in a 3D construct.  

Wettability is an important factor in determining biocompatibility of a polymeric 

scaffold as hydrophilic nature of biomaterials can encourage cell attachment and 

proliferation on the surface of the material (Menzies and Jones, 2010). This is 

highly dependent on powder dispersion, amount and type of filler of choice, and 

surface roughness [(Riva et al., 2020), (Cipitria et al., 2011)]. In this study all 

composite specimens exhibited a hydrophilic behaviour with a significantly higher 

value observed in the 60% CaP formulation which essentially reflects on optimum 

adhesion between CaP particles and the liquid phase. Calcium phosphate particles 

tend to demonstrate a direct link with surface energy, where filler incorporation at 

higher quantities increases the surface energy (Uskokovic et al., 2013). This is as 

a result of presenting polar groups of OH- and Ca2+ and is explained by Wenzel’s 

equation; larger surface area and greater roughness of the surface also improves 

hydrophilicity by reducing the contact angle (Carrier and Bonn, 2015).  As well as 

hydrophilicity, acidity of a scaffold is similarly a determining factor in 

biocompatibility (Alpaslan et al., 2015). In Chapter 2: Exploratory Systems, 

incorporation of 50% MCPM created a highly acidic environment which adversely 

affected the cytocompatibility of PGLADMA + CaP composite system. In this 

chapter, reduction of MCPM to 10% with 90% TCP has allowed formation of 

specimen discs where all formulations gave rise to a slight increase in pH upon 

water immersion.  

With respect to cell culture, both metabolic activity and visual investigation of the 

cell morphological changes were assessed; initially MG-63 was seeded on the 

surface of two ratios of CSMA: TEGDMA, 5:5 and 7:3; which established the ideal 

formulation of CSMA-2. Subsequently, MC3T3 cells were used to investigate the 
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impact of filler addition on proliferation of the cells.  As mentioned previously, 

calcium phosphates can significantly influence various biochemical properties of 

composite systems in bone tissue engineering. Gao et al., looked at the effect of 

TCP particles on cell growth and proliferation in an in vitro study (Gao et al., 

2016), which showed that tricalcium phosphates can stimulate osteogenic gene 

expression as a result of improved osteoblast proliferation. In a similar study, 

the role of HA incorporation in a polyetheretherketone (PEEK) and polyglycolic 

acid (PGA) composite was assessed (Feng et al., 2014). Fabrication of this system 

was carried out by the aid of laser sintering technique to facilitate uniform 

dispersion of the filler into the hybrid. After cell cultivation on the surface of the 

scaffold, a higher cell growth and attachment was observed in the HA 

incorporated composite in comparison with PEEK/PGA hybrid.  

The metabolic activity of the polymer, and also 40, 50 and 60% filler incorporated 

discs was examined; the most optimum formulations were found to be 50% CaP 

with no significant difference compared to the glass coverslip followed by the 40% 

disc. This resulted in further assessment of biocompatibility of these two 

formulations compared to the control where BMSCs were selected as the cell type 

of choice. No significant changes were observed in the readings within the week 

of incubation. This was a consistent pattern amongst both formulations with no 

difference in proliferation values with the control; hence the cytocompatibility of the 

discs can be further confirmed as a result of such consistent observation 

(Rampersad, 2012). Furthermore, qualitative investigation of all three cell lines, 

MG-63, MC3T3 and BMSCs, was in parallel with the quantitative cell proliferation 

findings. 

Calcium phosphate incorporation has traditionally been shown to enhance 

cytocompatibility of scaffolds as a result of their osteoconductive nature (Perez, 

Kim and Ginebra, 2012). Nonetheless, it is important to consider the importance of 

achieving uniform dispersion between the liquid and the powder phase in hybrid 
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systems. This is especially critical regarding cell proliferation and the overall 

biocompatibility of the composite. In our study, addition of 90% TCP and 10% 

MCPM has helped achieve a more uniform distribution of the powder phase into 

the polymer (Abou Neel et al., 2012). This explains the obtained values from 

metabolic activity of the cells over the incubation period.   

Lastly, it must be noted that incorporation of growth factors can be considered as 

a clinically relevant method for further improvement of the biocompatibility of such 

polymeric systems. Bone Morphogenic Proteins (BMP) and Vascular Endothelial 

Growth Factors (VEGF) have exhibited successful results in enhancing 

osteogenesis as well as neovascularisation in bone regeneration (Yusa et al., 

2016). BMPs are transforming growth factors that tend to play a major role in 

stimulating bone growth while VEGF can promote bone formation as a result of 

encouraging angiogenesis (Garcia and Garcia, 2016). Therefore, including both 

into a scaffold can significantly improve tissue formation, however, delivery of such 

growth factors can be a complex procedure. Moreover, the high cost and achieving 

optimum mechanical stiffness could be a limiting factor in exploiting BMPs and 

VEGFs in bone regeneration (de Grado et al., 2018). In conclusion, feasibility of 

using such factors on a large scale might not be achievable just yet, though, future 

work of this area should involve incorporation of clinically relevant growth factors 

considering the current limitations. This can ultimately address the lack of 

osteoinductivity of currently reviewed polymeric systems. 
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4) Chapter 4: in vivo Studies  
 

4.1. Introduction  
 

As discussed in Chapter 3: Synthesis and Characterisation of a Degradable 

Polymer (CSMA),  in vitro biocompatibility of CSMA resins, particularly CSMA-2 

and its composites, were investigated in detail. 

In vitro evaluation in tissue engineering often takes place through cell seeding. 

Biochemical properties as well as physical signaling can also be assessed prior to 

implantation. Ideally such characterisation techniques need to mimic a dynamic 

microenvironment, where physiological performance of the scaffold is comparable 

to its function in native tissues. Therefore, it is essential to design various 

parameters in alignment with an in vivo environment; this involves modifying 

multiple variables such as the level of oxygen concentration, pH, nutrients and ionic 

potentials to create a similar means of comparison. Hence, designing such 

systems will provide precise control over the scaffold and can help deliver crucial 

insights into fundamental mechanisms of biocompatibility. Additionally, there has 

been a recent interest in bioreactors for the growth of tissue substitutes; however, 

the expectations have only been somewhat achieved since properties such as 

biological function and mechanical strength are still unmet challenges compared 

to a dynamic in vivo environment (Nokhbatolfoghahaei et al., 2017). Even though, 

all the above methods have advanced biomimetic techniques respecting in situ and 

in vitro strategies, the use of in vivo experiments still remains crucial to represent 

a true native microenvironment. Consequently, a mixture of cells and growth 

factors within a scaffold needs to be cultivated at the damaged region to support 

tissue regeneration.  

A fundamental benefit of in vivo tissue engineering is avoiding unnecessary 

manipulation of cellular activity and solely depending on the body’s unique capacity 
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for tissue regeneration. Such an approach also improves cellular attachment and 

proliferation and it can promote angiogenesis and vascularisation (Mendes et al., 

2018). Hence, functional neo-tissues are fabricated as a result of selecting suitable 

scaffolds followed by anatomical placement. This allows implantation of patient 

specific tissues into the damaged area to ultimately improve functional and 

aesthetic outcomes.   

Therefore, the main aim of this chapter is to further assess the biocompatibility of 

CSMA-2 polymeric system by combining the data and findings from chapter 3 to 

deliver more accurate evidence from the perspectives of biological stability for the 

ultimate goal of bone tissue engineering. This will include: 

1. Preparation of CSMA-2 and CSMA-2 + 50% CaP scaffolds in 3D, as the 

optimum formulations, to surgically implant into a rat’s femur.  

2. Two timepoints are selected for retrieval of the implants, 4 and 8 weeks 

post-surgical insertion. 

3. CT images will be used to determine integration of the implants with native 

bone as well as formation of new bone and neo-bone ingrowth. 

4.2. Immunohistochemistry staining will be performed to investigate 

morphological changes and tissue structure of the sectioned samples. 

Methods  

 
4.2.1. Scaffold preparation  

As explained in Chapter 3: Synthesis and Characterisation of a Degradable 

Polymer (CSMA), CSMA-2 + 50% CaP was selected as the optimum filler 

incorporated specimen. Therefore, for the purposes of in vivo implantation, this 

formulation will be assessed and discussed. Additionally, as CSMA-2 exhibited a 

relatively similar pattern to the control disc in a number of characterisation 

procedures, the suitability of the unfilled polymer will also be evaluated.  
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This investigation of in vivo biocompatibility in this study was carried out in 

conjunction with, and in accordance with the standards of Dankook University and 

approved by Institutional Animal Care and Use Committee, South Korea 

(Appendix).  

In order to prepare CSMA-2 and 50% incorporated composite for implantation, 

both formulations were injected into a PTFE mould with dimensions of 2 mm in 

diameter and 4 mm in length. This was followed by exposure to blue light for 1 

minute on each side to ensure optimum curing and photopolymerisation. Prior to 

anatomical placement, the samples were UV sterilised in a fume hood for the 

duration of 24 hours. The in vivo models used in this study were 10-week-old male 

Sprague–Dawley rats. A controlled environment was provided, where a fixed 

temperature of 20 - 24 °C with 30-70% humidity was maintained with 12-hour light 

and dark cycles, and the nutrients comprised of water and standard pellet foods. 

Finally, in order to prepare the rats for surgical insertion of the implants, 80 mg.kg-

1 body weight of ketamine and xylazine were injected and consequently the rats 

were anaesthetised.  

4.2.2. Surgical Implantation 
 
For surgical implantation of CSMA-2 and CSMA-2 + 50% CaP implants, a 

controlled sterile environment was maintained. The rats were subsequently shaved 

and prepared for implant insertion by performing a thorough diiodine wash. The 

use of a scalpel and mayo scissors allowed creating a defect size of 2 x 4 mm. 

Each defect was located in the left and right femur of the rats. Insertion of the 

polymer scaffolds were carefully carried out within the tissue at a suitable depth to 

avoid any unnecessary movement (n=5). Post implantation of the specimen, 

suturing of the incision was completed by the aid of monofilament 4-0 absorbable 

suture material (Prolene). The rats were then transferred to a controlled 

environment with fixed temperature and humidity. Also, the same number of rats 
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were kept in the cage with equal supply of nutrients throughout the time-points to 

avoid biased tissue regeneration. For the aim of histological and micro CT 

examination, the rats were sacrificed 4- and 8-week post implantation. Post 

sacrifice of the animals, the tissues were harvested and fixed in neutral buffer 

overnight. Serial dehydration and decalcification were subsequently carried out 

after micro CT by immersion of the tissues in graded ethanol (20-100% ethanol) 

and RegularCal solution (BBC Chemicals, USA) respectively. Finally, the tissue 

sections were embedded in paraffin wax for histological sectioning and analysis. 

                            

 

Figure 4.1 Illustration of scaffold preparation (A) by injecting a mixture of polymer 
and CaP incorporated polymer through a 4-mm diameter PTFE sheet. Upon 
exposure to blue light, both formulations were solidified to respectively form 
CSMA-2 (B) and CSMA-2 + 50% CaP (C) for surgical implantation into a rat’s 
femur. 

A 

B C 
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Table 4.1 an overview of abbreviations assigned to CSMA-2 and CSMA-2 + 50% 
CaP in surgical implantation. 

Group Sample writing  

N Normal 

E Empty 

A CSMA-2 + 50% CaP 

B CSMA-2 

 

 

         

            

Figure 4.2 The above images illustrate surgical procedure during the implantation 
of CSMA-2 and CSMA-2 + 50% CaP in a rat’s femur. The implant was initially 
inserted into a rat’s femur where the positioning can be clearly observed in a series 
of images (A, B and C). Image D, however, shows the final suturing prior to retrieval 
of the specimens after 4 and 8 weeks.  
 
 

A B 

C D 
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4.3. Material Characterisation  
 

4.3.1. Micro CT 
 
In order to capture CT images of the harvested samples, the tissue sections were 

wrapped in a transparent plastic film. Afterward, the specimens were mounted on 

a micro-CT (Skyscan 1176, Skyscan, Belgium) for overnight scanning at 

submicron-level resolution. The voltage of the device was set at 45 kV, the source 

current of 556 μA was applied through a 0.2 mm aluminium filter and the degree 

of rotation was arranged at 0.5 degrees with a 180 ms exposure time duration. 

Following capture of the scans, Skyscan NRecon software (Bruker micro-CT, 

Belgium) facilitated 3D reconstruction of the images. Finally, in order to evaluate 

volumetric quantification of the new bone, the reconstructed dataset was rendered 

and segmented. 

 

4.3.2. CT Quantification: Raw Data Acquisition, Processing and 
Volumetric Analysis  

 
Tissue samples were scanned to obtain Raw Tomographic image sequences. This 

was followed by Raw Data Processing and Rotation Using NRecon software. The 

Raw Tomographic image sequence was reconstructed based on multi-dimensional 

projection into a grayscale image sequence. The reconstructed data was contained 

in a separate subfolder <_RECON> and then loaded into the DataViewer software 

for rotation and data subset preparation. All rotated data sets were cropped to 

uniform dimensions and generated inside a sub folder <_ROT>. Finally Volumetric 

Analysis and 3D Rendering was carried out. Rotated data set was loaded into 

CTAn software for: examination of histogram and thresholding values, defining 

regions of interest (ROI), programming task list, running 3D/volumetric analysis 

and finally generating subsets of binarised image sequence for 3D rendering.  Data 

subsets were similarly loaded into Ctvox software for: visualising the implant in 3D 



136 

space, visualising the new bone tissue surrounding the implant in 3D space and 

visualising the whole implant site in 3D space. 

Consequently, the reconstructed data was loaded in DataViewer software and 

viewed in 3D where the defect area was used as a reference point. A separate 

dataset was saved by selecting a volume of interest (VOI) within the rotated 

reconstructed data containing the defect/ implant area. All recon data was saved 

using a specific VOI dimensions to reduce the size of the resulting rotated data for 

more manageable subsequent processing and analysis. 

The rotated dataset was loaded into CTAn software to create selections for 

analysis by indicating regions of interests (ROI) across the defect area. In order to 

determine whether the implant and bone exhibit a distinctive range, Histogram was 

surveyed across the whole data by viewing the “From dataset” pane of the <Binary 

Selection preview>.  

 

 

Figure 4.3 an overview of CTAn software where the Raw Tomographic image 
sequence is reconstructed based on multi-dimensional projection into a grayscale 
image sequence. The bottom left images shows the suitable threshold range for 
segmenting the implant from bone tissue. 
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All rotated data sets were then processed using multi-level Otsu thresholding 

through batch manager (BatMan).  This serves as a preliminary segmentation 

process to determine the possibility of selecting the implant from the surrounding 

bone. A sub-dataset was also created containing the thresholded images. Multi-

level Otsu thresholding separates pixels of the image into classes depending on 

the intensity of the gray levels of the image; This algorithm can either be performed 

in 2D (fast) or based on individual images or in 3D (slow). 

The histogram of all the threshold sub-datasets was compiled and checked for a 

common range that can be used to identify the sample and bone. Ideally the 

specific range can be used to segment the implant from the surrounding bone 

tissue. The histogram range of 50-255 was designated as bone for segmentation 

purposes. For the current analysis, the range of 80-255 was designated as the 

range containing implant with attenuation (CMSA-2 + 50% CaP #X-A). 

After determining the suitable threshold range for segmenting the implant from 

bone tissue, the rotated dataset (#X-X_ROT) was loaded into CTAn. 

The part of the data that is not analysed (IMG-nANA) was saved as a separate 

dataset. The tissue volume containing the implant sample and the regenerated 

bone was also saved as a separate dataset. 

IMG-ANA-TV was then loaded with the custom ROI for the sample. The data set 

was converted into a binary image using 80-255 range for segmentation of the 

implant. Sample volume was saved as a separate data subset and subtracted from 

the current data set. The data with the subtracted implant volume was saved as a 

separate data subset IMG-ANA_2 and is used for the volumetric analysis. 

 

 



138 

  

       

 

            

Figure 4.4  Illustration of the region of interest (ROI) loading into the Batch manager 
(BatMan) for volumetric analysis of the regenerated bone and subsequent sub data 
generation for 3D rendering. Data sets are binarised using the range of 50-255 
(representing bone) and volumetric analysis was conducted to quantify the amount 
of bone within the specified region.  A subset is generated for rendering the 
regenerated bone (RBn) and the void space (VOID, 0-49). 
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Finally, followed by obtaining volumetric analyses from CTAn software, the 

generated data subsets were loaded into CTVox for 3D visualization: 

Transfer function (TF) was loaded for each data set to enhance contrast/visual 

appeal of the composite 3D volume. The volume was cropped and exported as a 

VXM. The exported VXM file can be reloaded for further visualisation/examination. 

 

 

Figure 4.5 3D visualisation of the data on CTVox software  

 
 

4.3.3. Histology 
 

4.3.3.1. Hematoxylin and Eosin (H&E) + Masson's Trichrome 
Staining  

 
 
The harvested bone tissue samples were fixed in 4% paraformaldehyde solution 

for 24 h followed by decalcification by RegularCal solution (BBC Chemicals, USA). 

Dehydration of the decalcified sections was subsequently carried out by a graded 

series of ethanol followed by embedding the sections in paraffin blocks. The serial 

paraffin sections, cut to 5 μm thickness, were deparaffinised and stained by 

haematoxylin & eosin (HE) and Masson's trichrome (MT) stains. A light microscope 
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(Olympus BX50) was used to capture images of the sections. For further analysis 

and processing, Image-Pro Plus (Media Cybernetics, USA) and ImageJ were used 

respectively. Haematoxylin stains the nucleic acids by displaying the nuclei with a 

deep purple/blue colour while Eosin stains the nonspecific proteins of the 

cytoplasm and the extracellular matrix by presenting them in pink. Additionally, 

Masson’s stains the osteoid red and the mineralised bone is presented in blue. 

 

4.3.3.2. Osteocalcin, Osteopontin and CD31 
 

For immunohistochemical staining, the deparaffinised sections were washed with 

PBS and incubated overnight at 4 °C with CD31 (Santacruz, USA), osteocalcin 

(OCN; Santacruz) and osteopontin (OPN; Santacruz) antibodies. After rinsing with 

PBS, the sections were incubated in AlexaFluor488-conjugated secondary 

antibody (Cell Signaling, USA) in a humidified chamber for 1 hr at room 

temperature. The nucleus was stained with DAPI. The fluorescence images were 

observed and analysed by confocal laser scanning microscope, Zeiss LSM 510 

(Carl Zeiss, Germany). 

 
4.4. Results  

 
4.4.1. Micro CT 

 
 
4-week results  
 

In order to examine CSMA-2 and CSMA-2 + 50% CaP 4- and 8-weeks post 

implantation, CT images were captured. There is an obvious difference between 

the two time-points as the growth of new bone is clearly present at the latter 

timepoint. While signs of osteogenesis can be noticed at CSMA-2 + 50% CaP, 

there is an ideal integration between the implant and the femur in CSMA-2 samples 

with no indication of material extrusion. 
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Figure 4.6 Implantation of CSMA-2 polymer and CSMA-2 + 50 CaP composite in 
the femur of a rat’s model 4 weeks post-surgical insertion (n=5, out of which 3 
samples have been demonstrated above and the remaining can be observed in 
the appendix). Both images clearly show integration of CSMA-2 based implants 
with the native bone. This is particularly noticeable where the blue arrows are 
pointing; due to nature of the CaP filled composite, clearer bone ingrowth is 
observed in CSMA-2 + 50% CaP. 

CSMA-2 + 50% CaP 

A 

B C 
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Figure 4.7 The above CT images (empty) show the femur of a rat’s model at 4-
week post creation of a defect; no implant was inserted in the bone post-surgical 
procedure. The normal samples, presented in the bottom, however, are the control 
group where no defect was created in the bone (n=2).  
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Figure 4.8  This figure similarly presents the captured CT images of a rat’s femur; 
CSMA-2 polymer and CSMA-2 + 50% CaP are shown respectively at 8 weeks 
post-surgical implantation of the samples (n=5, out of which 3 samples have been 
demonstrated above and the remaining can be observed in the appendix). There 
is a clear indication of new bone in-growth in both figures (areas marked with a 
blue arrow). This is particularly clear in the CaP incorporated specimens. There is 
also a substantial increase in regard to new bone formation and integration with 
the native tissue in both set of specimens compared to the 4-week data. 

   

 

CMSA-2 + 50 % CaP  

   A 

B C 
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4.4.2. CT Quantification 
 

In order to further evaluate neo-tissue formation at the implant interphase with the 

native bone, quantification of the collected CT data was carried out as explained 

in 4.3.2. Two approaches were accordingly used to confirm the observed findings; 

initially, the solid cylindrical tissue volume was calculated which included the 

volume of the implant plus the growth of new tissues surrounding the material. 

Secondly, the hollow cylindrical tissue volume was assessed; in this method the 

implant volume was subtracted from the image, therefore, the received value was 

purely representative of the new bone at the integration phase. Figure 4.9 shows 

a schematic of the aforementioned techniques where the implant is highlighted in 

orange and the new bone is presented in light blue. 

 

Figure 4.9 A schematic of two techniques used in CT quantification; the top section 
shows a solid cylindrical tissue volume approach and the bottom image presents 
a hollow cylindrical method. Both techniques assess formation of neo-bone 8 
weeks post-surgical implantation of CSMA-2 and CSMA-2 + 50% CaP implants at 
the implant interphase.  

 
 
 
 
 

Solid Cylindrical Tissue Volume

Hollow Cylindrical Tissue Volume
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Figure 4.10 shows a diagram of the solid cylindrical tissue volume to bone volume 

ratio at 4- and 8-weeks post implantation of CSMA based implants. The 

quantitative analysis exhibited a slightly higher tissue growth in CSMA-2 + 50% 

CaP implant at 4 weeks whereas no significant difference was observed between 

the two implants at 8 weeks post implantation. 

 

 

Figure 4.10 the use of a solid cylindrical approach in quantitative analysis of new 
bone formation in CSMA-2 and CSMA-2 + 50% CAP implants at 4 and 8 weeks 
post implantation in a rat’s femur; CSMA-2 + 50% CaP is shown in yellow while 
CSMA-2 implant is highlighted in green. Moreover, CT schematics are also 
illustrated alongside the graphs for the aim of further qualitative assessment.  

 

The hollow cylindrical approach was alternatively used to further investigate the 

growth of new bone at the implant interphase; as expected a higher overall bone 
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volume percentage was obtained through this method. Although the schematics 

argue in favour of the CaP filled implants, Figure 4.11, quantitative measurements 

showed no significant difference between the two models. It is also important to 

highlight the increase in the value of bone formation at 8-week post implantation 

compared to 4 weeks, from approximately 50% to 70% bone volume/tissue volume 

ratio.  

 

 

Figure 4.11 a hollow cylindrical approach in quantitative analysis of new bone 
formation in CSMA-2 and CSMA-2 + 50% CAP implants as opposed to the solid 
cylindrical technique; CSMA-2 + 50% CaP is shown in yellow while CSMA-2 
implant is highlighted in green. Moreover, CT schematics are also illustrated 
alongside the graphs for the aim of further qualitative assessment of the implants 
at 4- and 8-weeks post implantation in a rat’s femur. 
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4.4.3. Histology  
 

4.4.3.1. Hematoxylin and Eosin (H&E) + Masson's Trichrome 
Staining  

 
 
In order to further evaluate the performance of CSMA implants, histological 

staining was carried out; initially, H&E staining provided a general overview of the 

sectioned samples where a network of collagen fibres and cells were observed.  

The presence of cells around the implant interphase with the native bone was also 

demonstrated; in both CSMA-2 and CSMA-2 + 50% CaP models, morphology of 

the cytoplasmic structures was clearly visible. As shown in Figure 4.14 and the 

implant integration with the native tissue at 8 weeks post implantation seems to 

exhibit a more distinctive colour with less inflammatory cell response compared to 

the 4-week data, Figure 4.12 and Figure 4.13. Moreover, in CaP incorporated 

specimens an optimum integration can be seen at the margins of the harvested 

sections. Subsequently, Masson’s trichome allowed further identification of neo-

bone growth at the implant interface with the rat’s femur at 4- and 8-weeks post 

implantation; osteoid presence (shown in red) surrounding the implant verified the 

process of new bone formation within the 2 months of implantation (Figure 4.15). 

The mineralised bone was presented in blue which also contained a cluster of 

osteoblast-like cells and Haversian canals, particularly at the later time-point, 

bordering the implant. It must be noted that even though the empty sample at 8-

week managed to the fill the hollow region, substantial quantities of blood clot 

formation was revealed in the H&E analysis. Also, the 4-week empty specimen 

seems to show a disorganised accumulation of infiltrated blood cells confirming 

inflammatory response at this stage. It should be noted that sectioning of the tissue 

and implant was not a trivial task due to the rigid nature of the polymeric implants. 
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4.4.3.1.1. 4-week Histology Data 
 
 
H&E 

 

   

   

Figure 4.12 Histological evaluation and illustration of H&E stains 4 weeks post-
implantation of the empty (A), CMSA-2 (B) and CSMA-2 + 50% CaP (C and D) 
samples (Scare bars are: A, C = 500 µm, B = 1000 µm and D = 200 µm): a general 
overview of the sectioned samples can be observed where a network of collagen 
fibres is present. In both CSMA-2 and CSMA-2 + 50% CaP models, cells (white 
arrow) can be seen around the implant interphase with the native bone. 
Morphology of the cytoplasmic structures is also visible in both specimens whereas 
a disrupted structure is spotted in the empty sample.  
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Figure 4.13 Histological evaluation and illustration of Masson’s Trichome 4 weeks 
post implantation of the empty (A), CMSA-2 (B) and CSMA-2 + 50% CaP (C and 
D) samples (Scale bars are: A, B = 500 µm, C = 1000 µm and D = 200 µm ): the 
empty specimen seems to show a disorganised accumulation of infiltrated blood 
cells confirming inflammatory response at this stage (blue arrow).  The mineralised 
bone is presented in blue which contains a cluster of osteoblast-like cells (white 
arrow). This can be clearly spotted in both CSMA-2 and CSMA-2 + 50% CaP (A, 
B and C).  
 

4.4.3.1.2. 8-week Histology Data 
H&E 

  

  

   
 
Figure 4.14 Histological evaluation and illustration of H&E stains 8 weeks post 
implantation of the empty (A), CMSA-2 (B) and CSMA-2 + 50% CaP (C and D) 
samples (all scale bars are at 500 µm): a more distinctive colour with less 
inflammatory cell response can be observed at the implant interphase with the 
native tissue compared to the 4-week data. Moreover, in both samples, B, C and 
D, a firm integration can be spotted at the margins of the harvested sections 
(white arrow). 
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Masson’s Trichome 
 

     

      

Figure 4.15 Histological evaluation and illustration of Masson’s Trichome 8 weeks 
post implantation of the empty (A), CMSA-2 (B) and CSMA-2 + 50% CaP (C and 
D) samples (all scale bars are at 500 µm): further identification of neo-bone 
growth at the implant interface with the rat’s femur can be observed (white 
arrow). Osteoid presence (blue arrow) surrounding the implant can also confirms 
the process of new bone formation within the 2 months of implantation 
 
 
 

4.4.3.2. Osteocalcin, Osteopontin and CD31 
 

4.4.3.2.1. 4-week Results  
 
Finally, in order to detect the presence of non-collagenous bone proteins at the 

implant interface, osteocalcin and osteopontin immunohistochemical staining was 

performed. In Figure 4.16, a clear difference between CSMA-based implants and 

the empty sample can be observed; the presence of viable cells are in favour of  

CSMA-2 and CSMA-2 + 50 % CaP in terms of uniform spreading of both DAPI and 

osteocalcin.  The osteopontin/DAPI findings presented a full network of cells at the 

border of the native bone specifically in CSMA-2 + 50% CaP, shown in Figure 4.17. 

A B 

C D 
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In regard to the empty sample, a far less organised cell alignment was observed 

in comparison with the implants. Signs of neo-vascularisation was also 

investigated by CD31 antibodies, Figure 4.18 shows a distinct blue colour at the 

margin between the bone and both CSMA-2 and CSMA-2 + 50% CaP 4 weeks 

post implantation of the implants while a disrupted structure is observed in the 

empty specimen.  
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Figure 4.16 Assessment of OCN/DAPI markers 4 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = OCN, B = DAPI and C = a 
merged image of OCN and DAPI. A clear difference between CSMA-based 
implants and the empty sample can be observed; the presence of viable cells and 
non-collagenous proteins is in favour of CSMA-2 and CSMA-2 + 50 % CaP. A white 
arrow is pointed at the interphase between the native tissue and the implants.  
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Figure 4.17 Assessment of OPN/DAPI markers 4 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples to detect presence of non-
collagenous proteins: A = OPN, B = DAPI and C = a merged image of OCN and 
DAPI. Similar to the OCN staining findings, there is a clear difference between 
CSMA-based implants and the empty sample where a full network of cells at the 
border of the native bone, particularly in CSMA-2 + 50% CaP can be observed. 
Overall, the spreading of the cells is in a uniform pattern across both CSMA-2 and 
CSMA-2 + 50% CaP formulations. However, a far less organised cell alignment 
was observed in comparison with the implants. A white arrow is pointed at the 
interphase between the native tissue and the implants.  
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Figure 4.18 Assessment of CD31/DAPI markers 4 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples to detect sign of neo-
vascularisation: A = CD31, B = DAPI and C = a merged image of CD31 and DAPI. 
A distinct blue colour at the margin between the bone and both CSMA-2 and 
CSMA-2 + 50% CaP can be spotted (pointed by the white arrow) while a less 
organised and rather disrupted structure is observed in the empty specimen. 

 
 
 

4.4.3.2.2. 8-week Results 
 
At 8 weeks post implantation, there seems to be a clear difference compared to 

the 4-week data in terms of the quantity of the observed cells defined by all three 

antibodies, OCN/DAPI, OPN/DAPI and CD31. It must be noted that this trend is 

particularly clear at the margins of CSMA-2 and CSMA-2 + 50% CaP implants 

(Figure 4.19, Figure 4.20 and Figure 4.21). Also, in the empty sample there is a 

substantial increase of viable cells in comparison with the earlier timepoint. 

However, the distribution of the cells in this specimen seems to present a different 

performance compared to the CSMA-based implants as no uniform distribution of 

the cells can be spotted. Finally, quantitative assessment of the viable cells was 
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carried out; Figure 4.22 showed no significant difference between CSMA-2 and 

CSMA-2 + 50% CaP, but a considerable increase in the measurement of cells in 

all three antibodies was obtained at 8 weeks compared to 4 weeks post 

implantation of the samples.  
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Figure 4.19  Assessment of OCN/DAPI markers 8 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = OCN, B = DAPI and C = a 
merged image of OCN and DAPI. There is a clear difference in terms of the quantity 
of the observed cells compared to the 4-week data across all samples. This trend 
is particularly obvious at the margins of CSMA-2 and CSMA-2 + 50% CaP implants 
where a white arrow is pointing. 
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Figure 4.20 Assessment of OPN/DAPI markers 8 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = OPN, B = DAPI and C = a 
merged image of OCN and DAPI, to detect the non-collagenous proteins at the 
implant interphase with the native tissue. Similar to the OCN observation at 8 
weeks, a clear difference in terms of alignments and higher quantity can be spotted 
compared to the 4-week data across all samples. 
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Figure 4.21 Assessment of CD31/DAPI markers 8 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples to detect sign of neo-
vascularisation: A = CD31, B = DAPI and C = a merged image of CD31 and DAPI. 
A substantial increase of viable cells in comparison with the earlier timepoint can 
be observed. However, the distribution of the cells in this specimen seems to far 
less uniform to the CSMA-based implants. 
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Figure 4.22  Expression of OCN, OPN and CD31 in CSMA-2 and CSMA-2 + 50% 
CaP 8 weeks post implantation: the fluorescence intensity measurements were 
carried out by ImageJ analysis software to record the intensity within regions of 
interest (ROIs). Subsequently, thresholding tool was used to quantify the staining 
intensity. To compare 3 antibodies across all specimens, staining and image 
acquisition were performed in parallel for the entire set, where no significant 
difference can be observed (p > 0.05, n=3). 
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4.5. Discussion  
 

In vivo tissue engineering plays a pivotal role in assessing the potential translation 

of biomaterials into clinical settings; this has been convincingly demonstrated by 

clinical investigation of tissue-engineered constructs in the past decade (Luo et al., 

2019a). 

In this chapter, biocompatibility of CSMA-2 and CSMA-2 + 50% CAP was 

extensively examined in vivo. Furthermore, the capability of these implants to 

enhance neo-bone formation and bone ingrowth was investigated; bone ingrowth 

must be highlighted as a critical factor in integration of the implant with the bone 

as it simply allows bone formation onto the surface of biomaterials (Huang et al., 

2016). Initially, CT images were captured and analysed to detect the 

aforementioned remarks; while acquiring conclusive quantitative data was found 

to be challenging, implant integration was particularly clear in CaP incorporated 

samples with signs of neo-bone formation at 8 weeks post implantation. This was 

followed by performing histological analysis on the harvested sections; although 

time-consuming, a combination of micro CT and histology has been proven to 

provide evidence based information on bone healing as these two methods tend 

to complement each other (Senter-Zapata et al., 2016). Therefore, for   

investigating morphological changes as well as tissue structure of the sectioned 

samples, Haematoxylin and Eosin (H&E) stains were primarily used. H&E is a 

standard staining procedure that makes use of a combination of two dyes, forming 

the basis of current histopathological diagnostic techniques (Nativ et al., 2014). 

Various structures such as the extracellular matrix, nucleus and the cytoplasm can 

be clearly shown as a result of exploiting differences in the chemistry of the named 

features (Fischer et al., 2008). Similarly, Masson’s trichrome stain was used with 

the aim of evaluating new bone formation. This stain generally targets nuclear, 

collagenous and cytoplasmic parts of tissues (Rentsch et al., 2014). In this study, 
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followed by decalcification of the harvested sections, calciphylaxis zones were 

stained for detecting the presence of collagen around blood vessels in the bone 

matrix. 

Initial observation post harvesting the implants indicated that the state of the 

tissues was stable with no visible sign of inflammation and fibrous invasions. 

Histological staining with H&E revealed the presence of visible nuclei in all 

samples; the red colour at the border of the implants was found to be far more 

distinctive at 8 weeks post implantation, especially in the CaP filled samples, than 

those observed in the early stages. The empty group at 4 weeks exhibited the most 

disrupted structure with the lowest nuclei compared to CSMA-2 and CSMA-2 + 

50% CaP specimens by quite a substantial margin.  Staining with Masson’s 

suggested newly formed lamellar bone by demonstrating osteons including 

Haversian canals in red. Moreover, the presence of blood vessels in a bright pink 

colour indicated regular bone formation at the border of the native bone at 8 weeks 

post implantation. This was followed by further assessment of the implants’ 

performance by investigating osteocalcin, octeopontin and CD31 antibodies; non-

collagenous proteins hold significant importance as critical components of the bone 

matrix (Bailey et al., 2017), as a result of intimate interaction with the collagenous 

matrix as well as the mineral components of the bone. 

Osteopontin is a multifunctional glycoprotein that has been shown to have a high 

affinity for hydroxyapatite (Si et al., 2020). Within the bone formation process, high 

levels of pre-osteoblasts, osteoblasts and osteocytes can secrete this glycoprotein 

in the bone matrix. It must be noted that, osteopontins have been demonstrated to 

promote cell attachment and proliferation in vivo (Schedlbauer et al., 2008). 

Osteocalcin is known as the bone gamma-carboxyglutamic acid-containing protein 

and is regarded as a late bone marker; its role is focused on the process of 

remineralisation as opposed to ostepontin which is involved in the matrix 

production. Higher osteocalcin level has been shown to significantly enhance the 
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bone mineral density (Iline-Vul et al., 2019). In histological analysis, plasma 

concentration of osteocalcin correlate with the formation rate of neo-bone. Finally, 

CD31 was used to assess neo-vascularisation as a critical factor in bone repair 

due to the highly vascularised nature of this tissue. CD31 (PECAM-1) is found on 

the surface of endothelial cells for monitoring of blood vessels and as a result, it 

can help evaluate the degree of angiogenesis. Post histological evaluation of the 

above-mentioned antibodies, both implants were observed to demonstrate a 

biocompatible behaviour; this was confirmed by the presence of osteopontin, 

osteocalcin and CD31 at the interphase between CSMA-2/CSMA-2 + 50% CaP 

and the native bone. Although the histological observations of the antibodies as 

well as the micro CT data seemed to be in favour of CSMA-2 + 50% CaP samples, 

particularly at 8 weeks post implantation, the quantitative measurements did not 

show any significant difference between the two samples. The biocompatible 

nature of CSMA-2 must be highlighted as a critical factor in designing a scaffold-

based system in the future. Incorporation of calcium phosphates has been shown 

to improve cellular and physiological responses, surface remineralisation and the 

overall cytocompatibility in bone tissue engineered constructs (Liu et al., 2020), 

however, demonstrating no significant difference between this novel synthetic 

polymer and the composite can simply provide flexibility in the amount of CaP 

addition. This as a result can allow tailoring the biodegradability, mechanical 

strength and various biochemical properties of CSMA-2 depending on the specific 

application.  

 

As mentioned previously, synthetic biodegradable polymers are particularly 

important in the field of bone tissue engineering, as they can provide a tuneable 

range of properties. In a recent study, the feasibility of a polymer/bioceramic 

composite scaffold was investigated in vivo. A gas foaming and particulate 

leaching (GF/P) method was used in fabrication of PLGA/HA composite (Zhang et 
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al., 2017). This novel technique allowed formation of a highly porous construct 

resulting in exhibition of great in vivo bone formation and higher HA exposure at 

the surface of the material. Although acidic release upon degradation of PLGA 

polymeric scaffolds still remains an unmet challenge, fabrication of a porous 

construct considerably improved the rate of bone formation compared to 

conventional casting methods. Therefore, a critical point to consider in designing 

CSMA-2 based scaffolds in the future would be fabrication of a porous system, 

which can be easily achieved by the aid of 3D printing. This will simply facilitate a 

more detailed examination of neo-bone formation and faster rate of defect repair 

by evoking cellular proliferation. 

Finally, it must be noted however, that in vivo studies on small engineered 

constructs provide valuable insights on the performance of implants, scaling up 

prior to clinical translation, respecting the material of use and the animal model, 

can be quite challenging. While utilising 3D printing technology holds significant 

importance on addressing the scalability issue, investigation of CSMA-2 

biocompatibility in a larger model needs to be accomplished. It should be borne in 

mind that there are limitations with the model used (as there are with all in vivo 

models) in that as it was a solid implant it was difficult to quantify new bone as the 

space between the cortical bone and the implant is minimal. Future work will make 

use of porous implants to facilitate quantification of new bone formation. 
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5) Chapter 5: 3D Printing  
 

5.1. Introduction  
 
Recent advances in 3D printing and reconstruction of craniofacial defects were 

thoroughly reviewed in chapter 1. 3D printing technology has drawn significant 

attention in the past decade compared to alternative methods in producing custom-

made implants. This is as a result of offering a particularly sustainable and efficient 

approach in scaffold fabrication while reducing the overall cost (Wang, Zhao and 

Wang, 2017). Scaffold design in regenerative medicine is considered a key 

element; direct printing produces 3D constructs with precise control over the exact 

size and complex internal structure of scaffolds. Subsequently, cell attachment and 

proliferation can be enhanced, mechanical strength of the construct can be tailored 

by controlling variables such as porosity and finally guided tissue regeneration is 

achieved by generating a biomimetic of the native ECM (Rindone, Nyberg and 

Grayson, 2018).  Therefore, the current challenges in regeneration of bone defects 

can be addressed by exploiting 3D manufacturing approaches to ultimately 

overcome the shortage of organ transplant. 

In this chapter two 3D printing methods were investigated, direct extrusion printing 

and digital light processing, exploring printability of PPGDMA and CSMA-2 that will  

be discussed in detail below.  

5.1.1. Direct Extrusion Pressure-based Printing  
 
Extrusion based printing technology is a direct pressure-based bioprinting method 

that has advanced rapidly in the last decade (Chen et al., 2016). This technique 

offers great potential in fabrication of custom-fit implants in the field of tissue 

engineering. For deposition of the bioink of use, extrusion-based printing 

commonly uses a pneumatic actuator to allow dispensing the material into a nozzle 

through a cartridge. Consequently, this will facilitate layer by layer deposition of the 

bioink where positioning of the nozzle is regulated in three dimensions, x, y and z. 
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One of the main advantages of this printing method is flexibility and the 

compatibility that it offers with a broad range of materials, from light activated 

polymers to chemically cured composite pastes (Placone and Engler, 2018). Also, 

this technology has great versatility in incorporation of different biological 

compounds into the bioink which has potential in the clinical applicability of a 3D 

printed construct.  

 

5.1.2. Digital Light Processing 3D Printing  
 
 
Stereolithography, also known as photopolymerisation additive manufacturing, is 

one of the oldest 3D printing techniques, dating back to the late 1980’s (de Grado 

et al., 2018). This printing technology primarily uses a light source and a laser 

projector with the aim of polymerisation of the resin into a specific shape. In 

stereolithography, the build platform, the light source and the photopolymer resin 

tank are the three major parts in determining various printing parameters as well 

as the quality of the end product. The photopolymer resin is comprised of a 

thermoset material that is light sensitive, and therefore, upon exposure to a certain 

wavelength of light, chain polymerisation of the monomers takes place to generate 

a solid construct  (Skoog, Goering and Narayan, 2014). 

Resolution and accuracy are considered two of the most sought-after parameters 

in 3D printing; Stereolithography (SLA) offers the highest resolution and accuracy 

amongst other additive manufacturing techniques. This includes precise control 

over the details of both smooth surfaces as well as the sharp edges, which is critical 

in biomedical applications. Flexibility of this technology should also be mentioned 

as another beneficial factor since it allows the manufacturers to design a wide 

range of resin materials (Gomez et al., 2016). 

In this work, a specific type of light-supportive 3D printing which is similar to 

stereolithography was used for the purpose of CSMA scaffold fabrication. Digital 
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light processing technology similarly allows setting and polymerisation of light 

sensitive materials by utilising a light source. Also, production of high-resolution 3D 

constructs with excellent accuracy can be achieved. Although the same 

requirements are needed for the curing procedure, the light source in DLP 

technology is exposed differently compared to conventional stereolithography 

printing. In this technique, the light is emitted to the entire surface of the polymer 

resin through a light source. This facilitates quicker polymerisation of the resin as 

a result of faster light exposure, moreover, this technique uses a more sustainable 

approach by reducing the running cost and the overall waste (Hong et al., 2019). 

5.2. Methods  
 

5.2.1. Cellink INKREDIBLE direct extrusion printing  
 
Initially, direct printing technology was used in Chapter 2: Exploratory Systems to 

allow extrusion of the composite paste through a pressure-based printer. In this 

technique, the most optimum PLGADMA formulation was selected which was a 

mixture of 60% CaP powder with the polymer liquid phase; Table 5.1 Shows a 

series of variables used in designing the final parameters for the Cellink Inkredible 

3D printer. 
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Table 5.1: Tissue engineering scaffold GCODE generation program for the 

Inkredible Cellink 3D printer  

 

 
 
  

Target overall 

X-size 

9.6 Actual: 9.6 mm These values dictate the 

boundary lines printed 

for each scaffold. Target overall 

Y-size 

3.6 Actual: 3.6 mm 

Target overall 

height (Z-size) 

7.2 Actual: 7.175 mm 

Layer height 0.175 mm The increase in height of the print nozzle 

between layers. 

Filament 

diameter 

0.3 mm This is set by adjusting the screw feed 

rate in the printer software settings. It is 

used in the macro here to calculate the 

spacing between lines. 

Gap between 

filaments 

0.3 mm The gap in between printed filaments. 

Print speed 16 mm/s The speed at which the nozzle moves 

when printing the filaments. 

End angle 45 degrees The angle used to move between 

adjacent polymer strands. 
    
          

 

 

The construct was designed using 3D Computer Aided Design software (Autodesk 

Inventor Professional 2016 from Autodesk). It was then exported from the CAD 
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software in STL format, which is the universal 3D format used in 3D printing. With 

the aid of slicing software, the construct was sliced converting the STL file into 

GCODE for the INKREDIBLE 3D bioprinter.  INKREDIBLE (CELLINK, Sweden) is 

an extrusion-based 3D printer, where an air compressor provides the optimum 

pressure (controlled manually by the aid of an external knob on the printer) for 

direct extrusion of materials through a syringe. With respect to the inserted x, y, z 

values and design of the file (Figure 5.1), the material was then printed layer by 

layer and set by being exposed to an externally applied blue light emitting diode 

curing unit (Demi Plus, Kerr Dental, Orange, CA, USA). Various factors such as 

the printing speed, size of the nozzle tip, viscosity of the material and the applied 

pressure had to be optimised in order to achieve consistent extrusion to accomplish 

3D printing of the final construct. The resolution of printing, which is dependent on 

the tip size and nozzle tip diameter, was 250-micron and the printing speed was 

recorded to be 15 mm.s-1 with an applied pressure of 30 KPa. 

 

Figure 5.1  Presentation of the printer x/y coordinates facilitating the layer by 
layer extrusion technique. 

5.2.2. Digital Light Processing  
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3D printing of CSMA-2 was carried out with the aid of Digital Light Processing 

(DLP) technique; this facilitated creating a highly accurate printed construct upon 

exposure of the polymer resin to light. The DLP printer of use, the ‘Nobel 

Superfine’, was purchased from XYZ printing, the Netherlands.  

In order to prepare the liquid resin, CSMA-2 was mixed with 1 wt % photoinitiator 

(CQ); this was consistent with the material preparation in 3.2.1. After thorough 

dispersion of CQ in the liquid phase, the mix was placed in the resin tank to allow 

photopolymerisation. The main parameters to optimise DLP printing of CSMA-2 

were established followed by a trial and error method; two sets of variables were 

set for the base and the model setups. Initially, this included the power intensity of 

100 W.m-2
, the exposure time of 19,000 ms and the base setup of 8 layers was 

applied for the base setting. The model setup was similarly arranged with the power 

intensity of 100 W.m-2 while the exposure time was set at 8300 ms. The waiting 

time, the power level as well as the peeling speed were set at 0 s, 33% and 0.25 

mm.s-1 accordingly.  Following successful DLP printing, 99.9% methanol (Sigma-

Aldrich, UK) was used to clear the remaining residues by immersion of the 

construct in methanol for the duration of 5 min. Finally, to ensure in-depth curing, 

a UV chamber (XYZ Printing, The Netherlands) facilitated post curing for another 

10 mins.  

 

 

 

 

 

 

5.3. Results  
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5.3.1. Cellink INKREDIBLE direct extrusion printing  
 
 
Figure 5.2 illustrates a simple method in scaffold fabrication where a porous 

structure was achieved by pouring the liquid PGLADMA into a mould. This 

technique was an example of what could potentially be achieved by direct 3D 

printing of the polymer paste. 

 

    
 
Figure 5.2 An example of scaffold fabrication followed by photo polymerisation of 
PGLADMA in a mould; this is a simple technique that  initially used in order to 
optimise the viscosity of CaP incorporated polymer. 

 
 
Followed by modifying a series of parameters including the applied pressure, the 

speed of printing, the tip size of use and finally the ratio of powder to liquid, the 

most optimum variables were selected. Addition of 60% of CaP to PGLADMA 

allowed extrusion and setting of the paste. This was, however, a challenging 

procedure even after finding the ideal parameters. The main issue can be 

mentioned as agglomeration of the CaP particles following extrusion. Therefore, in 

order to further modify the PGLADMA + CaP mixture, intense mixing was applied 

for a longer period by the aid of an ultrasonic probe. This allowed printing of a cube-

like construct, shown in Figure 5.3, upon continuous exposure to blue light. 
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Figure 5.3 illustration of 3D printed PGLADMA + 60% CaP with the aid of Cellink 
Inkredible printer through the direct extrusion printing technique.  

 
 

5.3.2. DLP Stereolithography  
 
 
DLP technique was used for printing of CSMA-2 scaffolds; Figure 5.4 shows a 

series of 3D printed CSMA-2 constructs under the SEM for precise observation of 

the porosity and the printing resolution. In order to compare the quality of the final 

structure, post curing, cross-sectional measurements were taken; the cross-

sectional dimension of the original STL file was designed at 0.50 mm X 1.00 mm, 

the file was subsequently loaded into the software to allow DLP printing 

accordingly.  

To determine the accuracy of this printing technique, the dimensions were 

measured on the SEM after printing, shown in Figure 5.5; an average 
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measurement of 0.54 mm ± 0.10 mm X 1.03 mm ± 0.14 mm was obtained. Also, 

for assessing the ease of printability upon exposure to light and the final print 

quality, the incorporation of the photoinitiator in CSMA-2 was increased to 2%; the 

dimensions were re-measured which exhibited an average of 0.60 mm ± 0.02 mm 

X 1.12 mm ± 0.06 mm. 

 

  
 

    
 

            
 
Figure 5.4 Generalised view and SEM images of CSMA-2 polymer matrix 
fabricated by DLP printing technique.  
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Figure 5.5 Illustration of a series of measurements on the SEM to determine the 
accuracy of CSMA-2 DLP printing. A and B shows the oriented constructs with 
incorporation of 1% photoinitiator, C and D present the improved printed shapes 
by increasing the amount of CQ to 2%.  

 
 

5.3.2.1. Cell Proliferation on 3D Printed CSMA-2 
 

Finally, MC3T3 pre-osteoblasts were seeded on the surface of the printed CSMA-

2; proliferation of this cell line was observed via SEM imaging at day 1, 4 and 7 

days post incubation in DMEM culture medium (the same cell cultivation technique 

was used as 2.3.3 in Chapter 2: Exploratory Systems). Interestingly, attachment of 

MC3T3 cells can be clearly noticed at day 1 post incubation, especially at the edge 

of the polymer matrix. Abundant growth of the cells throughout the printed surface 

was seen at day 4, where a monolayer of cells was formed. Lastly, at day 7, the 

cells had reached confluency on the surface of the printed polymer. 

 

 
                                                     Day 1 

B 

C D 

A 
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                                                      Day 7 
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Figure 5.6  Observation of MC3T3 proliferation on the surface of DLP printed 
CSMA-2 at 1, 4 and 7 days post seeding: the cells exhibit optimum spreading over 
the incubation period with preference in attachment towards the edges of the 
samples. Abundant growth of the cells throughout the printed surface can be 
spotted as early as day 4, where a monolayer of cells is formed. A confluent single 
cell layer filling the entire surface area is reached at the final timepoint (day 7). 
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5.4. Discussion  
 

3D printing is an emerging technology in the field of tissue engineering and 

regenerative medicine that offers great advantages by addressing the current 

challenges in development of patient specific models (Yi et al., 2019).  In this 

chapter, the potential use of 3D printing techniques in fabrication of bone tissue 

engineering scaffolds was explored; initially, direct printing of PGLADMA through 

an extrusion-based method was investigated. Various optimisation techniques had 

to be applied to allow extrusion of the non-degradable paste through the syringe; 

this included finding the right balance between biocompatibility of the composite, 

the optimum mechanical strength and remineralisation properties. Direct printing 

of biomaterials holds great potential in the biomedical field, as it can allow cell 

printing through an extrusion based device (Kim et al., 2018). However, the 

applicability of this technique in such viscous systems containing high percentages 

of CaP is very challenging. Therefore, significant amount of work needs to be 

dedicated to improving the printing resolution which will ultimately contribute to cell 

proliferation and bone ingrowth. Furthermore, various features of the final printed 

construct, i.e. filament diameter, gaps between the filaments and the overall height 

need to be compared to the original values to determine the printing accuracy. 

This was followed by utilising DLP 3D printing for the fabrication of CSMA-2 based 

composites. This printing technique provided fast curing upon photopolymerisation 

of the final CSMA-2 construct. Followed by successful printing, SEM imaging 

allowed taking various measurements to determine the printing accuracy of the 

final print compared to the original CAD file. Increasing the amount of photoinitiator 

into the polymeric mix enhanced the ease of printability, which resulted from 

achieving a higher degree of photopolymerisation. Although addition of 2% CQ 

reduced the printing time, an increase in the amount of photoinitiator is known to 

have an adverse effect on the biocompatibility of light curable polymeric systems 
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(Daikos et al., 2016). Hence, in order to improve the overall print quality, it is critical 

to achieve a balanced compromise between the amount of photoinitiator of use, 

cure time and cytotoxicity.  

In a recent study Chen et al., developed a hydrogel-based scaffold with the aid of 

DLP printing technology (Chen et al., 2018). In this work poly (ethylene glycol) 

diacrylate was combined with gelatin-methacryloyl hydrogels to form a porous 

construct. Utilising DLP lithography allowed production of a complex hybrid 

structure where murine-bone-marrow derived cells were also encapsulated in this 

system. Various properties such as enhanced mechanical strength, uniform 

distribution of the cells and controlling the interconnected pores were achieved by 

using digital light processing technique. Similarly, Hong et al., (Hong et al., 2019) 

fabricated a glycidyl-methacrylate based scaffold which was mixed with silk fibroin 

for the aim of bone tissue engineering; DLP printing allowed formation of the final 

Silk-GMA composite through layer by layer deposition of the polymer resin. Rapid 

printing of this scaffold resulted in good cell biocompatibility, moreover, native like 

structure of the printed construct was another advantage obtained from this printing 

technique that can be beneficial in clinical applications. 

Despite the abovementioned benefits of 3D printing, particularly DLP lithography, 

substantial amount of work is currently dedicated to utilising this technique for 

printing hydrogel-based scaffolds. Even though the mechanical strength of such 

systems has significantly improved compared to conventional hydrogels, the 

obtained values are still far from the modulus of bone in non-load bearing regions. 

Therefore, establishing a novel, mechanically strong and biocompatible synthetic 

polymer, such as CSMA, holds great promise in the field.  

While additive manufacturing offers numerous advantages in the field of 

regenerative medicine, it is important to mention that depending on the type of 

printing, cost limitation can be a matter of concern for this method and clinical 

applications. This includes the price of the starting material, the software of use 
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and the device itself. Therefore, the total production cost must be accurately 

evaluated, especially in larger scale manufacturing systems.  Another point to 

consider, which again is determined by the type of additive manufacturing of use, 

is the time to create the 3D printed models. The construct size and geometry as 

well as the printing resolution and accuracy are the factors that contribute to the 

required printing time. This will allow the manufacturer to generate a 3D prototype 

by capturing anatomical scans and facilitate layer-by-layer fabrication of the 

construct, which can be as quick as 1 hour or take up to 24 hours (Park et al., 

2018). Finally, incorporation of active biological molecules in the final 3D printed 

structure needs to be highlighted as a challenge facing the field (Bracaglia et al., 

2017). Bioactive molecules tend to exhibit extreme sensitivity to printing 

environments, whether for the use of solvent-based components or high 

temperature during the fabrication process. As a result, this can adversely affect 

the folding of proteins and denature the molecule. Moreover, in direct organ 

fabrication, which is the ultimate goal of additive manufacturing in tissue 

engineering, the patterning of cells and materials in a printed scaffold would need 

to be carefully designed (Neufurth et al., 2017). Hence, the aforementioned 

challenges need to be addressed to bridge the gap between the current concepts 

to clinical applications; a simple approach however in addressing such challenges 

would be designing materials in a way to secure faster manufacturing and optimum 

biological properties without sacrificing the mechanical strength. In this chapter, 

the direct extrusion of PGLADMA was used a proof of concept for the fabrication 

of CaP incorporated polymers with the aid of direct inkjet printing; small variations 

in the manufacturing process towards increasing the printing resolution considering 

the shape of the final construct and its handleability can secure formation of 

custom-fit implants for smaller defects in the craniofacial region. Also, the work on 

DLP lithography in CSMA-2 printing has a promising future as incorporation of the 

photoinitiator of choice which facilitated relatively fast printing, moreover, the non-
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cytotoxic nature of CSMA-2, confirmed in chapter 3 (Biocompatibility Studies:) and 

chapter 4 (Histology), can allow fabrication of biocompatible constructs with 

suitable mechanical properties. Furthermore, regarding the printing resolution, a 

well-balanced system with a suitable compromise between the print time and the 

resolution can be designed. Alternatively, a new proposition could be fabrication of 

a system with two phases; one offering high resolution and precision which 

increases the print time and the other phase allowing faster deposition of the bioink. 

Following the implantation, the section in contact with bone can exhibit higher 

resolution to encourage bone growth while for the other phase, potentially in 

contact with soft tissues, a lower resolution may suffice. 

In summary, utilisation of 3D printing holds great promise in the manufacturing of 

custom-fit implants in the craniofacial region. Such techniques can allow 

production of complex constructs accurately with optimum printing resolution 

while precise control over the unique contour of the defect is provided. This is a 

critical factor in designing any biomaterial-based scaffold in the field of tissue 

engineering as it encourages vascularisation and ultimately neo-tissue formation 

(Ma et al., 2018). Furthermore, using a highly accurate printed construct can 

considerably enhance in vivo cell attachment and proliferation. This will ultimately 

improve the aesthetic and functional outcomes in replacement of bone defects 

without requiring an additional surgery (Aldaadaa, Owji and Knowles, 2018). 
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6) General Discussion and Conclusion  

 
Bone tissue engineering in reconstruction of craniofacial defects is most successful 

when it can mimic and interact with the surrounding native macro- and micro- 

environment for the ultimate aim of osteogenesis. The use of current approaches 

and devices in maxillofacial reconstruction is limited by various complications and 

drawbacks, mainly due to insufficient biochemical stability, poor mechanical 

properties and lack of durability. Recent strategies have been trying to overcome 

such limitations by development of novel materials. However, in order to bridge the 

transition from research to clinical applications, there must be a balance between 

the physiochemical properties and biocompatibility.  

In this study we initially explored the translation of a polymeric system that is 

currently under development as dental composites for bone defect repair in non-

load bearing regions. The basis of the work was on a light-curable polymeric 

system, consisting of an inorganic filler phase and an organic matrix, where small 

modifications in the composition and fabrication techniques allowed extending their 

application in cranio-maxillofacial reconstruction. Although interesting findings 

were observed in exploring the mixture of PPGDMA and CaP particles, the main 

focus of this thesis was dedicated to a degradable isosorbide based dimethacrylic 

system, referred to as CSMA-2. This is a highly advantageous photocurable 

polymer due to exhibition of low polymerisation shrinkage, reduced monomer 

leaching and improved biological cytocompatibility. Furthermore, rapid 

photopolymerisation can offer a range of advantages in a minimally invasive 

approach. A mixture of CaP particles, MCPM (10%) and TCP (90%), was 

subsequently added into CSMA-2 for further characterisation. Since matching 

mechanical strength of synthetic materials to the native tissue is a fundamental 

principle in designing biomaterial-based scaffolds, modulus values of CSMA-2 and 

CaP incorporated CSMA-2 samples were initially investigated. CSMA-2 + 50% 
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CaP was established as the optimum formulation amongst the investigated range, 

as a result of suitable mixing between the two phases. Interestingly this did not 

show any significant difference to the modulus value of CSMA-2 polymer. 

Therefore, these two formulations were selected for further investigation of in vitro 

and in vivo biocompatibility. Following cultivation of MC3T3 cells on the surface 

CSMA-2 and CSMA-2 + 50% CaP compared to a coverslip control, no difference 

in proliferation values were detected. This observation was consistent and in 

parallel with the quantitative cell proliferation findings; hence, the cytocompatibility 

of the discs were confirmed. The in vivo study assessed the capability of these 

implants to enhance neo-bone formation and bone ingrowth; initial investigation of 

the CT images revealed clear signs of bone integration at 4 weeks and neo-bone 

formation at 8 weeks post implantation, particularly in CaP incorporated samples. 

This was followed by performing histological analysis. Initial observation post 

harvesting the implants indicated that the state of the tissues was stable with no 

visible sign of inflammation and fibrous invasions. The presence of visible nuclei in 

both CSMA-2 and CSMA-2 + 50% CaP samples at the border of the implants was 

found to be far more distinctive at 8 weeks post implantation than those observed 

in the early stages. Moreover, blood vessels were present in a bright pink colour 

confirming regular bone formation at 8 weeks post implantation. The empty group, 

however, exhibited the most disrupted structure with the lowest nuclei compared 

to CSMA-2 and CSMA-2 + 50% CaP specimens by quite a substantial margin.  

Finally, the potential use of 3D printing techniques in fabrication of bone tissue 

engineering scaffolds was explored; initially, direct printing of PGLADMA through 

an extrusion-based method helped designing the optimum powder to liquid ratio of 

CaP to PGLADMA. Although incorporation of CaP particles was found to be 

considerably challenging, small variations in the manufacturing process of this 

polymeric system can allow it to be applicable in restoring non-critical cranial 

defects. This was followed by utilising DLP 3D printing for the fabrication of CSMA-
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2 based composites. This technique facilitated fast printing and high resolution 

which can ultimately allow production of complex constructs accurately while 

precise control over the unique contour of the defect is provided.  Moreover, using 

a high-resolution printing technique can considerably enhance cell attachment and 

proliferation in a dynamic in vivo environment. This will ultimately improve the 

aesthetic and functional outcomes in replacement of bone defects without requiring 

an additional surgery. 

 In conclusion, we successfully fabricated a light curable methacrylate-based 

system offering flexibility, printability, non-cytotoxicity and mechanical strength 

which can fit to specific needs in restoring cranio-maxillofacial defects. This 

material holds promising features compared to current polymeric systems that are 

widely reviewed in the field. Moreover, the use of 3D printing can address the 

aesthetic concerns linked with commercially available materials by fabricating a 

custom-fit implant. 

 

The main areas that require to be further investigated in future work are as follows:  

1. Detailed evaluation of polymer kinetics to investigate the rate of 

polymerisation, inhibition time, polymerisation shrinkage and heat 

generation.  

2. Exploring the use of an alternative photo-initiator in order to further improve 

the light curability of CSMA-2. 

3. Investigating the ratio of diluent monomer to the bulk monomer to modify 

degradation properties of CSMA-2. 

4. Detailed assessment of CaP precipitation by using elemental analysis to 

evaluate osteoconductive potential of this novel system. 

5. Optimising the printing resolution and incorporating of CaP powders in DLP 

3D printing of CSMA-2 . 
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8) Appendix 
 
 

8.1. Polymer synthesis 
 

    

    

Figure 8.1: Optimisation of PGLADMA synthesis by improving heat transfer and 
applying further purification. 

 

 

 



202 

 

 

Figure 8.2: Illustration of polymer and three composite discs with 40, 50 and 600 
% filler content; incorporation of higher amount of CaP powder changes the colour 
of the discs to a white mix. 
 

      

Figure 8.3: Challenges faced in direct extrusion-based 3D printing in order to find 
the optimum ratio of CaP to polymer. Moreover, the printing speed, tip size and 
the pressure had to be adjusted in parallel with the extrudability of the PPGDMA 
+ CaP paste. 
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8.2. Remineralisation Properties  
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Figure 8.4: Surface remineralisation of 40 , 50 and 60% CaP incorporated 
composite discs post incubation in SBF at day 1, 10 and 28. Deposition of CaP 
particles can be clearly observed on the surface of the discs as a function of time. 
Later time-point samples exhibit a higher quantity of surface precipitation; this 
can be particularly noticed in 50 and 60% CaP formulations at day 10 and 28. 
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8.3. CSMA Synthesis  
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Figure 8.5 Elemental analysis of BHIS, CSMA-1 and CSMA-2 synthesis; this was  
performed using a Flash 2000 elemental analyse where  fabrication of BHIS  and 
CSMA can be subsequently confirmed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



208 

 
 

8.4. In Vivo Certificate 
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8.5. Micro-CT images 
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 Figure 8.6 Implantation of CSMA-2 polymer (A, B) and CSMA-2 + 50 CaP 
composite (C,D) in the femur of a rat’s model 4 weeks post-surgical insertion 
(n=2). Both images clearly show integration of CSMA-2 based implants with the 
native bone. This is particularly noticeable where the blue arrows are pointing; 
due to nature of the CaP filled composite, clearer bone ingrowth is observed in 
CSMA-2 + 50% CaP demonstrated in C and D. 
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Figure 8.7 Image A shows the femur of a rat’s model at 4-week post creation of a 
defect; no implant was inserted in the bone post-surgical procedure. The normal 
sample (B), presented in the bottom, however, are the control group where no 
defect was created in the bone (n=2). 
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8-week Data 
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Figure 8.8 This figure similarly presents the captured CT images of a rat’s femur; 
CSMA-2 polymer (A, B) and CSMA-2 + 50% CaP (C, D)are shown respectively at 
8 weeks post-surgical implantation of the samples (n=2). There is a clear indication 
of new bone in-growth in both figures (areas marked with a blue arrow). This is 
particularly clear in the CaP incorporated specimens. There is also a substantial 
increase in regard to new bone formation and integration with the native tissue in 
both set of specimens compared to the 4-week data. 
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8.6. Reconstructed Data Rotation in DataViewer 
 
 

 
Reconstructed data was loaded in DataViewer software and viewed in 3D. 
 
 

 

Figure 8.9: Reconstructed data was rotated using the defect area as a reference 
point.  
Re-orientation of the data set should allow selection of a regular shape/ volume 
(box/cylinder). 
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Figure 8.10 A hollow cylindrical approach in quantitative analysis of new bone 
formation in two empty samples at 4 and 8 weeks post implantation in a rat’s 
femur; 3R-E represents 4-week and 10L-E represents 8-week. The above 
findings were compared with neo-bone formation observations achieved in 
evaluation of CSMA-2 and CSMA-2 + 50% CaP implants. 
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8.7. Histology  
 

      

     

         

 Figure 8.11 Assessment of osteocalcin marker 4 and 8 weeks post implantation 
of the empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = 4 weeks and B = 8 
weeks.A clear difference between CSMA-based implants and the empty sample 
can be observed; the presence of viable cells and non-collagenous proteins is in 
favour of CSMA-2 and CSMA-2 + 50 % CaP. A white arrow is pointed at the 
interphase between the native tissue and the implants. 
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Figure 8.12 Assessment of osteopontin marker 4 and 8 weeks post implantation 
of the empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = 4 weeks and B = 8 
weeks. A clear difference in terms of alignments and higher quantity can be 
spotted between in CSMA-based implants and the empty sample compared to 
the 4-week data across all samples. 
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Figure 8.13 Assessment of CD-31 marker 4 and 8 weeks post implantation of the 
empty, CSMA-2 and CSMA-2 + 50% CaP samples: A = 4 weeks and B = 8. A 
distinct blue colour at the margin between the bone and both CSMA-2 and 
CSMA-2 + 50% CaP can be spotted (pointed by the white arrow) while a less 
organised and rather disrupted structure is observed in the empty specimen. 
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    4-week Data 

                                                      

     

      

       

Figure 8.14 Histological evaluation and illustration of H&E and Masson’s 
Trichrome 4 weeks post-implantation of CMSA-2 (A, B) and CSMA-2 + 50% CaP 
(C and D): a general overview of the sectioned samples can be observed where 
a network of collagen fibres and cytoplasmic structure is present. 
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8-week Data 

       

     

 

     
 
Figure 8.15 Histological evaluation of H&E and Masson’s Trichrome 8 weeks 
post-implantation of CMSA-2 (A, B) and CSMA-2 + 50% CaP (C and D): osteoid 
presence surrounding the implant suggests that the process of new bone 
formation is taking place within 2 months of implantation. A network of cells at the 
implants interphase also confirms non-cytotoxicity of CSMA-2 based scaffolds.  
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