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[bookmark: _Toc444002855](i) Abstract
Membranes are used in maxillofacial surgery to provide a barrier against soft tissue in-growth into a bone defect, to retain a bone filler if used, and therefore to facilitate guided bone regeneration. Although there are membranes already available on the commercial market, these do little to actively promote bone regeneration, and instead merely provide a barrier function. Issues surround the two “gold standard” materials; a natural resorbable porcine collagen membrane and a synthetic non-resorbable polytetrafluoroethylene membrane. Additionally, neither of these materials contain a bioactive component to help promote bone regeneration. Scaffolds can be used in conjunction with membranes, and provide a mechanical support for the defect site and a structure for cells to proliferate on. 

The aims of this research were therefore to investigate the potentials of resorbable polymer-ceramic membranes and scaffolds with bioactive properties to be viable options for use in guided bone regeneration procedures. Heterogeneous membranes were successfully fabricated via electrospun poly(lactide-co-glycolide) and combined with a hydroxyapatite coating to promote osteoinduction. Several coating methods were tested and the most promising, a titration coating with an average particle size of 30 x 11 nm and an average coating of 7.67 μg/mm2 (15 wt%), was taken forward for in vitro testing. The average size of hydroxyapatite found within the body is 20 nm; particles close of a similar size are expected to have better bioactive properties due to their biomimetic nature.  Biocompatibility experiments using human and rat mesenchymal stem cells demonstrated that the membranes were able to support cell proliferation for up to 21 days. DNA and alkaline phosphatase levels were quantified to investigate the degree of osteogenic differentiation. The coating supported an increased rate of cell proliferation in comparison to uncoated membranes. 

Composite polycaprolactone-hydroxyapatite scaffolds were fabricated via 3D printing at a range of hydroxyapatite concentrations (0-40 %). The addition of a surfactant made printing of higher weight concentrations of hydroxyapatite possible at lower temperatures and pressures than previously reported. 40 wt% HA scaffolds had an average fibre width of 720 x 1320 μm and pore size of 960 x 540 μm, The bioactivity of the scaffolds was investigated using rat mesenchymal stem cells. In vitro results suggest that the pore size is critical for the attachment of cells. Pure PCL scaffolds had the best cell attachment at day 1, quantified by levels of DNA. This work demonstrated that a custom-built low cost 3D printer can be used to produce scaffolds intended for bone tissue regeneration, although they must have a higher resolution in order to print scaffolds with smaller pore sizes.
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[bookmark: _Toc444002858]Introduction
The collection of specialised tissues collectively referred to as the periodontium have the essential role of supporting the teeth in the maxillary and mandibular bones. These tissues include the gingival, periodontal ligament (PDL), cementum and alveolar bone, which are involved in accommodating tooth movement and provide support against functional stresses, such as those exerted during chewing. However, the periodontium is susceptible to diseases that can damage the soft tissue and bone supporting the teeth. In its milder form this disease is known as gingivitis, and is caused by poor dental hygiene that allows for the build-up of plaque on the teeth to occur. If left untreated, this disease can develop into the more serious periodontitis, which can lead to the destruction of the periodontium, including the resorption of the alveolar bone which can result in tooth loss. 

The Centers for Disease Control and Prevention have estimated that 47 % of American adults suffer from mild, moderate or severe periodontitis (Eke et al., 2012). Tooth loss affects the patient’s quality of life, not only though functional limitations that can cause problems eating and a resulting poorer diet, but also self-esteem, with sufferers reporting feelings of shame (Davis et al., 2000). Teeth have long held social and cultural significance, and indeed, the rise to the throne of African kings could be halted by a mere broken tooth, as this was symbolic of emasculation (Ziolkowski, 1976).

Treatment of periodontitis initially focuses on control of the infection. However, if the patient desires to have the missing tooth replaced by an implant, or if the affected tooth is still loosely attached, then the issue of the loss of supporting tissues needs to be addressed.  Different treatment methods to repair the damaged or lost alveolar bone are discussed in more depth in the following chapter, but the most common technique uses a membrane, often in conjunction with a bone filler or graft material, to act as a barrier between the bone defect site and the soft tissue. This technique is referred to as “guided bone regeneration” (GBR). 

Membranes utilised for GBR can be fabricated from synthetic or natural polymers, and be either resorbable or non-resorbable. The advantages and limitations of these different materials are discussed in the next chapter. The current gold standard is a porcine collagen membrane, a natural and resorbable material. However, concerns about this material exist, including ethical and cultural issues surrounding the source of the collagen as well as risks of disease transmission. In addition to these limitations, this membrane provides only a barrier function, and does not promote bone regeneration to enhance the healing process.  In addition, barrier membranes are at risk of collapse if used to treat larger defects without additional mechanical support. Surgeons frequently use a graft (either synthetic hydroxyapatite or natural bone) in order to boost repair and provide support to the membrane. These may however limit the migration of regenerative cells within the defect. Current scaffold options include pastes, which fill the defect but no not allow infiltration of cells, whilst particulate fillers have random porosity. 

Despite recent advances in the discipline of regenerative medicine, and the opportunities to optimise material properties for bone tissue regeneration, there are no synthetic and resorbable membranes currently available that promote regeneration in addition to providing a barrier function. The basic biology and function of the tissues of the periodontium will be considered overleaf, before continuing to a detailed review of membrane technology. Polymers suitable for guided bone regeneration applications will be reviewed, and the design criteria and materials for scaffolds will be discussed in chapter 2.3. An overview of hydroxyapatite synthesis methods will be reviewed, and manufacturing methods for the production of guided bone regeneration membranes and scaffolds will be discussed in chapter 2.6

[bookmark: _Toc444002859]Literature review
[bookmark: _Ref400370670][bookmark: _Toc444002860] The healthy periodontium 
The periodontium refers to the collection of specialised tissues that surround the teeth and attach them to the jawbone. These tissues include the gingival, periodontal ligament (PDL), cementum and alveolar bone. The function of these tissues is summarised in Table 2.1 below. Figure 2.1 overleaf shows the components of the periodontium surrounding a tooth. 

[bookmark: _Ref422234546][bookmark: _Toc349684303][bookmark: _Toc349846815][bookmark: _Toc349846928][bookmark: _Toc444003135]Table 2.1. Tissues that comprise the periodontium and their function. Adapted from (JS Nield-Gehrig, 2008).
	Structure
	Function

	Gingiva
	Provides a tissue seal around the neck of the tooth and holds the tissue against the tooth during mastication. 

	Periodontal ligament
	Supports and maintains tooth in its socket by providing attachment for the cementum to the alveolar bone. Contains progenitor cells which aid restoration of lost bone and cementum (Yamamoto et al., 2014).

	Cementum
	Mineralised tissue that covers the outermost layer of the tooth and anchors the ends of the PDL fibres to the tooth to retain the tooth in the socket (Yamamoto et al., 2010). 

	Alveolar bone
	Surrounds and supports roots of the tooth.
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[bookmark: _Ref422234401][bookmark: _Toc348696517][bookmark: _Toc349764723][bookmark: _Toc443571243]Figure 2.1. Tissues of the periodontium involved in tooth support. 

To summarise, the functions of the healthy periodontium are to support and maintain the dentition. Diseases and injuries that involve these tissues and structures are therefore potentially serious, and can eventually result in tooth loss and impaired quality of life. 

[bookmark: _Toc444002861] Periodontal diseases 
Periodontitis is an inflammatory disease caused by microbial accumulation around the teeth (i.e. plaque) that calcifies into tartar or calculus. The bacterial plaque can secrete collagenase which results in destruction of the components of the periodontium (Sorsa et al., 2011). As the plaque accumulates, the body releases cells such as neutrophils, which leads to inflammation as the cells attempt to engulf the bacterial pathogens (Hao et al., 2015). To fight the infection, the body also releases chemical mediators such as cytokines. Excessive production of these mediators can become destructive, and cause further breakdown of the alveolar bone and connective tissue attachment (Page, 1991). When this inflammation is localised to gingival tissue but does not result in the destruction of bone or attachment apparatus, the condition is called gingivitis. Gingivitis does not always develop into periodontitis, however, if left untreated, it is likely to do so (Obiechina, 2011). Figure 2.2 shows comparative X-ray radiographs of healthy and diseased periodontium, demonstrating the recession of the alveolar bone that occurs with untreated periodontitis. 
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[bookmark: _Ref349862130][bookmark: _Toc348696518][bookmark: _Toc349764724][bookmark: _Toc443571244]Figure 2.2. X-rays of (a) healthy teeth and periodontium and (b) diseased periodontium, showing recession of the alveolar bone and loss of tooth-bone contact tissue (Layport, 2010).

In addition to the effects on oral health, links have been established between periodontitis and other diseases, including peripheral arterial disease and hypertension (Chen et al., 2008b, Tsioufis et al., 2011). Furthermore, possible links between periodontitis and osteoporosis, rheumatoid arthritis and even preterm low birth weight babies have been identified (Persson et al., 2011, de Smit et al., 2011, Clothier et al., 2007). Additionally, diabetes has been accepted as a risk factor for periodontitis (Chang and Lim, 2012). Some studies have found that patients whose diabetes was well managed still experienced periodontal problems, suggesting that even with glycaemic control, diabetes-induced periodontal modifications may be irreversible (Iacopino, 2001). 

[bookmark: _Toc444002862]Treatment of periodontitis
Whilst the main focus of the literature review is periodontal regenerative therapy involving the use of membranes and bone graft materials, this section will discuss alternative methods available for the treatment of periodontitis, and their limitations. Several alternate methods exist to treat periodontitis, including scaling and root planning (SRP), gingival curettage, open flap debridement, and the use of growth factors, in addition to the prescription of antibiotics (Bottino et al., 2012).  These will be reviewed first, and their limitations highlighted, before attention is turned to bone tissue regeneration techniques.

SRP is carried out by the patient’s dentist or hygienist, and involves the removal of calculus and plaque both above and below the gum line, followed by root planing to smooth the surface of the tooth, helping to remove bacteria and promote reattachment of the gum. Gingival curettage completely removes both bacteria and the diseased tissue by removing the soft tissue lining of the periodontal pockets. It can be used in conjunction with SRP, however there is no significant improvement of the periodontal tissues when the two treatments are combined over SRP alone (Echeverria and Caffesse, 1983).

Open flap debridement (OFP) is a procedure in which the gingiva is incised to provide greater access to the alveolar bone and the tooth root surfaces. These areas can then be treated by the SRP procedure for the removal of plaque from areas that could not be reached via conventional SRP. However, occurrences of significant gingival recession have been reported in patients who have undergone this treatment method (Hirsch et al., 2004). Furthermore, treatment of sites with deep periodontal pockets has been reported to lead to significant gingival recession, due to the lack of bone support for the flap, thin gingival tissue and limited blood supply (Becker et al., 1988). An additional drawback is the shrinkage of the gingival flap itself, which may lead to tooth hypersensitivity, root surface caries, and potentially aesthetic connotations. 
Growth factors are a group of proteins that are involved in cellular proliferation, differentiation and morphogenesis of tissues and organs from embryogenesis through to adulthood. Some growth factors are able to change the phenotype of their target cells, and are able to enhance the proliferation of certain cell types (Schliephake, 2002). The growth factors investigated include platelet-rich plasma (PRP), platelet-derived growth factor (PDGF), vascular endothelia growth factor (VEGF) and fibroblast growth factor (FGF). PRP has been demonstrated to enhance osteoprogenitor cell proliferation, promote angiogenesis, and enhance fracture healing and bone regeneration (Alsousou et al., 2009).

The most widely studied set of growth factors in bone regeneration are the bone morphogenetic proteins (BMPs), and they have been investigated in the repair of non-union fractures, bone defects and spinal fusion (Nauth et al., 2011). BMP-2 and BMP-7 are licenced for clinical use in open fractures of long bones, non-union fractures and spinal fusion (Gautschi et al., 2007). It has been shown that long-term delivery of BMP-2 is more effective at promoting bone regeneration a burst release of the same dose over a few days. (Jeon et al., 2008). 

FDA approval was granted in 2007 for the delivery of BMP-2 via a collagen sponge carrier for clinical use in craniofacial deformities (Razzouk and Sarkis, 2012). Natural materials investigated as carriers include, alginate, hyaluronans, silk, fibrin, with the most popular choice being collagen (Gupta and Maitra, 2002), (Yilgor et al., 2009). Synthetic materials include PLA, PGA, PLGA and PCL (Schliephake et al., 2008), (Shen et al., 2009),(Saito and Takaoka, 2003),(Savarino et al., 2007). Ceramics including β-TCP and HA and ceramic-polymer composites have also been evaluated as potential carriers and delivery systems for BMPs (Sohier et al., 2010),(Notodihardjo et al., 2012),(Fu et al., 2008),(Wang et al., 2003). 

The main challenge currently hindering the more routine use of BMPs in the field of regenerative medicine is the delivery mechanism. The level of BMP needed to promote bone regeneration is far in excess of that found in the human body, and the challenge for researchers is how to achieve an optimal delivery system that is able to use a significantly reduced dose of BMP, whilst maintaining a sustained release pattern that is effective for osteoconduction (Meikle, 2007).

Regenerative surgery using guided bone regeneration (GBR) techniques is a treatment scheme formulated at the turn of the 21st century to fill the bony defects caused by peri-implantitis. This is caused by inflammation that occurs around a dental implant site, commonly 10 years post-implantation, that leads to loss of the supporting tissue (Jung et al., 2008, Lang et al., 2000). Numerous case reports, case series, and clinical trials on GBR techniques in peri-implantitis have been reported. 

GBR membranes also have applications in other maxillofacial surgical procedures, including the treatment of cleft lip and palate defects and reconstruction of the mandible (Machtei et al., 1999, Sverzut et al., 2008). Other applications of GBR include the treatment of large cystic jaw bone lesions and large bony defects created following the removal of tumours (Apruzzese and Longoni, 1999). With these additional applications in mind, membranes and their modification are the main subject of this review, and are therefore considered in more detail in section 2.4. 

[bookmark: _Toc444002863] Guided bone regeneration membranes
The mid-1980s saw the introduction of the GBR principle. This suggested that when cells which have the ability to regenerate the type of tissue that has been lost are allowed to populate the defect during the healing period, regeneration of that particular type of tissue is possible (Nyman et al., 1990). Guided bone regeneration membranes are used  to promote bone formation in osseous deformities, such as extraction sites, or to regenerate lost supporting tissue, such as alveolar bone, periodontal ligament and cementum around the site of a previously diseased tooth root (CM Agrawal, 2000).  GBR membranes can be used to either preserve the socket around an in situ tooth, or after the tooth has been extracted or lost, in order to regenerate bone into the socket site. Figure 2.3 demonstrates the placement for a membrane for socket preservation around an existing tooth, and as a tool to regenerate alveolar bone after tooth loss or extraction. 
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[bookmark: _Ref400534029][bookmark: _Toc443571245]Figure 2.3. Schematic of the placement of a membrane for socket preservation. (a) In order to preserve the socket around an in situ tooth, the area concerned is cleaned and a membrane inserted between the gum and bone. (b) The membrane acts as a carrier to exclude unwanted tissue, allowing the lost bone to regenerate and ligament fibres to grow. Once the regeneration is complete, the membrane is either surgically removed or resorbed by the patient’s own body (Gerrish, 2011). 

The GBR protocol involves the surgical placement of a cell-occlusive membrane that faces the bone surface. Thus the site where regeneration is required is physically sealed off, and the membrane creates and maintains an isolated space. This provides a suitable environment for osteoprogenitor cells to be recruited, proliferate and differentiate along the osteoblastic lineage, so that expression of osteogenic activity is possible (Linde et al., 1993, Karring et al., 1993). New bone, PDL and cementum can be formed by the repopulation of the root area by progenitor cells in the remaining periodontal ligament, adjacent alveolar bone or blood, differentiating into new supportive tissues of the periodontium (Bottino et al., 2012). 

Laurell et al performed a meta-analysis on 20 years of articles on the surgical treatment of intrabony defect. Outcomes from treatments including (a) open flap debridement (OFD), (b) OFD plus bone grafts (demineralised freeze-dried bone allograft, freeze-dried bone allografts or autogenous bone) and (c) GTR in “intrabony” defects were analysed. The articles studied presented data on probing depths, intrabony defect depths measured during surgery, clinical attachment level gain and/or bone fill. GTR treatment yielded the most significant pocket reduction compared to the other treatments (Laurell et al., 1998).    

For a GBR membrane to achieve clinical success, there are certain properties and/or abilities that it should possess:
· Cell exclusion: a GBR membrane is used to exclude gingival fibroblasts and/or epithelial cells from accessing the wound site and then forming fibrous connective tissue (Basile et al., 2015) 
· Framework: in non-space maintaining defect, it may be necessary to support the membrane in order to prevent collapse. This support can sometimes be provided by a bone graft (Gottlow et al., 1986)
· Tenting: the membrane should be fitted so that a space is created that will function to isolate the defect from soft tissue. The membrane should also be cut to fit so that it extends 2-3 mm beyond the defect in all directions (Kaneko et al., 2012)
· Scaffolding: a fibrin clot initially occupies the tented space, serving as the scaffold for the in-growth of progenitor cells (Khan et al., 2014)
· Stabilisation: in order to protect the clot from being disturbed by movement of the overlying flap during the healing process, the membrane can be held in place using sutures or mini bone screws (Von Arx and Buser, 2006), (Chiapasco et al., 1999)
· Clinical manageability: the membrane should have good handling properties for ease of use by the surgeon (Kim et al., 2005b)
· Biocompatibility: should be excellent in order to avoid unnecessary adverse reactions to the membrane, such as inflammation.

To summarise, when considered carefully, membranes represent surprisingly complex systems where a large number of variables will determine clinical performance. If the bone defect is too large, the membrane is at risk of collapse into the defect site. Scaffolds can be used to prevent this collapse from occurring by offering additional stability, and will be discussed more in the following section.
[bookmark: _Toc444002864]Resorbable vs. non-resorbable
Two types of membrane exist: resorbable and non-resorbable. The use of a resorbable membrane removes the need for a secondary surgical procedure to remove the material, thus reducing both the cost of the procedure and the trauma suffered by the patient. Resorbable membranes include those made from polyglycolide (PGA), polylactide (PLA), co-polymers of the two, and collagen barriers (Imbronito et al., 2002a). However, the meta-analysis performed by Laurell et al found that there were no significant differences between the performances of resorbable and non-resorbable membranes. 

Imbronito et al., compared the newly formed bone under resorbable (PLA) and non-resorbable expanded polytetrafluoroethylene (e-PTFE) membranes two and four months after the membrane placement. Newly formed bone was observed under both types of membrane, and the amount of regenerated bone was similar between both types of membrane at 2 and 4 months post-surgery (Imbronito et al., 2002a). Results showed that more bone was formed at the sites protected by membranes than at the control site after 2 months, and the area of augmented bone was higher in the sites with the resorbable membrane compared to both the control site and the non-resorbable membrane site. It was concluded that both the resorbable PLA membrane and the non-resorbable e-PTFE membrane tested had limitations for the treatment of large, non space-making defects, and suggested that bone graft materials supporting the physical barrier might help to prevent barrier collapse into osseous defect. 

The current “gold standard” guided bone regeneration membrane is a natural and resorbable membrane fabricated from porcine collagen with a bilayered structure (Bio-Gide®, Geistlich, Switzerland). The two former “gold standard” membranes on the market were both based on e-PTFE, e.g. GoreTex® (Gore, Newar, DE, USA) and Cytoplast® TXT-200 (Osteogenics Biomedical, Lubbock, TX, USA). e-PTFE membranes are inert, biocompatible, and aid tissue integration, cell occlusion and mechanical stability (Bottino et al., 2012). However, their use has been limited by the necessity of a second surgical procedure for removal and by the high membrane exposure rate, which could potentially cause the patient discomfort, increased cost, and there is a risk of suboptimal bone regeneration (Gotfredsen et al., 1993). 

The second most popular membrane is titanium-reinforced high-density PTFE e.g. Cytoplast® Ti-250 (Osteogenics Biomedical, Lubbock, TX, USA). Studies comparing the performance of traditional PTFE membranes to titanium-reinforced high density PTFE membranes concluded that the latter leads to superior regenerative capacity, mostly due to the additional mechanical support that the titanium frame provides against the compressive forces exerted by the overlying soft tissue (Jovanovic and Nevins, 1995). However, the need for a second surgical procedure to remove the membrane led to the development of bioresorbable membranes, which do not need to be removed. 

Current resorbable membranes are commonly made of collagen, polyglycolide, polylactide, or co-polymers of lactic and glycolic acid. However, these membranes can have weak structural integrity, variable degradation rates and can provoke host immune reactivity. The following sections review the synthetic resorbable and non-resorbable, and natural resorbable polymers available to be utilised in membrane technology.
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[bookmark: _Toc444002866]Synthetic resorbable polymers
Biodegradable polymers undergo four states of degradation once they have been placed in a biological system, or any other aqueous environment. These stages are: hydration, loss of strength, loss of mass integrity and solubilisation via phagocytosis. The nature of the polymer, the polymer crystallisation degree, the temperature, pH and the membrane volume all influence the duration of each of the four stages of degradation and consequently the overall degradation rate (Warrer et al., 1992, Hammerle and Jung, 2003). From this, it can be inferred that the duration of the barrier function is not under complete control, and that the resorption process could interfere with the bone regeneration process, as well as the wound healing. It has been suggested that whilst bioresorbable membranes have eliminated the need for a second surgical procedure, e-PTFE membranes should still serve as the gold standard for comparing results obtained from new materials (Hammerle and Karring, 1998).

	
Table 2.2 overleaf summarises the main synthetic resorbable polymers used in medicine and tissue engineering, with examples of the medical applications they are used in.
[bookmark: _Ref439777022][bookmark: _Toc444003136]Table 2.2. Summary of synthetic resorbable polymers and their applications in medicine.
	Polymer
	Biodegradability/features
	Medical applications

	Polyglycolide
(PGA)


	High crystallinity (45-55%), high tensile modulus, very low solubility in organic solvents. Bulk degrading polymer, loses strength in 1-2 months when hydrolysed, loses mass in 6-12 months. Broken down into glycine (excreted in urine or converted to CO2 and water via the citric acid cycle) (Maurus and Kaeding, 2004).
	DEXON® (biodegradable synthetic suture).

	Poly(lactide)
(PLA)


	Slow degradation rate of several years for complete resorption to occur to hydrophobic methyl group in the backbone.
	Drug delivery systems, protein encapsulation and delivery, hydrogels (Hu et al., 2003, Chandy et al., 2002, Li, 2003)

	Poly(L-lactide), (PLLA)
	~37% crystallinity. Slow degradation rate, high modulus, good tensile strength and low extension. Hydrolytic degradation (Oonishi et al., 1997). 
	Orthopaedic products: Bioscrew®, Full Thread Bio Interference Screw®. 

	Poly(lactide-co-glycolide)
(PLGA)
	Co-polymer of PGA and PLLA. Demonstrates good cell adhesion. Degradation rate depends upon lactic acid: glycolic acid, molecular weight and matrix shape and structure.
	Vicryl Mesh®. Guided tissue regeneration (space preservation): CYTOPLAST Resorb®. (PLGA-collagen matrix). 

	Polydioxanone

	Hydrolytic degradation, broken down into glycoxylate and excreted in urine or similar breakdown to PLLA. Loses strength within 1-2 months, loses mass within 6-12 months. 
	Drug delivery vehicle for small and medium-sized biologically active molecules (SynBiosys®)

	Polycapralactone (PCL)

	Low tensile strength (~23MPa) but very high elongation at breakage (>700%) (Bonzani et al., 2007). Degradation rate slow (2-3 years). Excellent biocompatibility. 
	PCL composites with calcium phosphate-based ceramics investigated as bone tissue engineering scaffolds (Sinha et al., 2004).

	Poly(trimethylene carbonate) (PMTC)
	Excellent flexibility, poor mechanical strength. Rate of in vivo degradation found to be much higher than in vitro degradation, potentially due to enzymatic degradation process (Zhang et al., 2006).
	Used in a 67 % PGA : 33 % TMC blend in Gore® Resolut® Adapt® membrane (discontinued)

	Polyurethanes
	Non-resorbable without modification, but resorbable polyurethanes can be created by reacting lysine diisocynate (LDI) polyurethane polymer with PDLLA, PCL and other co-polymers, which has demonstrated appropriate bonding strength and mechanical support at physiological temperatures, as well as showing promotion of favourable cell adhesion and proliferation (Bonzani et al., 2007). Excellent biocompatibility and mechanical properties.
	PolyNova® (LDI-based polyurethane system- orthopaedic applications- bone cement). Degrapol® (elastic poly(ester urethane) developing highly porous scaffold for tissue engineering applications (Saad et al., 1997). 


[bookmark: _Toc424822474][bookmark: _Toc428455287][bookmark: _Toc428456126][bookmark: _Toc428456325][bookmark: _Toc428457074][bookmark: _Toc428457777][bookmark: _Toc428458126][bookmark: _Toc428521541][bookmark: _Toc428521990][bookmark: _Toc429945263][bookmark: _Toc430803315][bookmark: _Toc430804322][bookmark: _Toc430807654]
[bookmark: _Toc444002867]Polycaprolactone (PCL)
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[bookmark: _Toc443571246]Figure 2.4. Structure of polycaprolactone.

Polycaprolactone (PCL) is a Food and Drug Administration (FDA) approved semicrystalline polyester that is highly processable and is soluble in a wide range of organic solvents.  Its crystallinity tends to decrease with increasing molecular weight, and it has good solubility and a low melting point (59-64 °C). Synthesis of PCL, via free radical ring-opening polymerisation, is of relatively low cost (Woodruff and Hutmacher, 2010). It undergoes hydrolytic degradation due to the presence of hydrolytically labile aliphatic ester linkages, but the degradation rate is slow at a reported 2-3 years.

PCL has been used as a suture material as a blend with other bioresorbable polymers, for example Monocryl®, a suture based on segmented block copolymers of PCL and PGA (Bezwada et al., 1995). Its initial popularity in the medical research sector waned in the face of increasing interest in polymers with shorter degradation times for use in devices that would release drugs within days or weeks, and that would be completely resorbed within 6 months post-implantation (Woodruff and Hutmacher, 2010). Its poor mechanical properties made it unsuitable for use in load bearing applications. Uses for PCL include as a release vehicle for chlorohexadine and an ultra-thin film for cutaneous wounds.

The slow degradation time of PCL makes it a suitable polymer for use in bone regeneration scaffolds. However, its limitations for use in tissue engineering applications include its lack of bioactivity and its inherent hydrophobicity (Declercq et al., 2013).
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[bookmark: _Toc443571247]Figure 2.5. Structure of polyglycolide.

Polyglycolide (PGA) has been used as a medical suture since the 1960s and has FDA approval for use in biomedical applications including a vascular closure device (Middleton and Tipton, 2000),(Schmelter et al., 2013). PGA has been studied both in vivo and in vitro (Kellomaki et al., 2000).  Several studies have found that seeded cells showed good growth and adhesion on the surface of PGA membranes, suggesting good bone tissue compatibly (Hatton et al., 1994, Breitbart et al., 1998). On its own, membranes only had a small effect on bone regeneration, but bone formation was improved when the membrane was seeded with cultured cells (Breitbart et al., 1998). Self-reinforced PGA membranes were found to guide bone regeneration and also lead to the enhanced healing of metaphyseal bone defects in rabbits, and were biocompatible with osseous tissue (Ashammakhi et al., 1994, Ashammakhi et al., 1995, Ashammakhi, 1996). It has previously been shown that culturing cells on PGA can increase the degradation rate of the polymer, limiting its use in applications where it is desirable for the membrane to retain structural integrity for longer periods of time (Dong et al., 2010).

PGA has a short resorption time, with strength lost in 1-2 months post implantation, which in certain applications can be disadvantageous. An increased resorption rate with total degradation within 3 weeks for electrospun PCL has been reported. These materials were only able to support cell growth for the first few days (Dong et al., 2010). The rapid resorption time of PGA, which is less than that of other polylactides, limits its use as a suitable polymer for GBR. 
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[bookmark: _Toc443571248]Figure 2.6. Structure of poly(L-lactide).

PLA is a biodegradable aliphatic polyester that is relatively cheap to produce in large scale quantities, and can be manufactured in a wide range of grades (Avérous, 2008). PLA can exist in the forms of poly-L-lactide (PLLA), poly-D-lactide (PDLA) and poly-DL-lactide (PDLLA) (Kim et al., 2003). Due to its amorphous structure, PDLLA has a shorter degradation time than crystalline PLLA: less than and more than 6 months respectively (Merolli et al., 2001, Chen et al., 2008a). 

 Bhattarai et. al., created a nonwoven fibrous matrix from biodegradable poly(p-dioxanone-co-L-lactide)-block-poly(ethylene glycol) (PDDO/PLLA-b-PEG) copolymer that was electrospun into a scaffold (median pore size 8 µm, porosity greater than 80% and a mechanical strength of 1.4 MPa). NIH 3T3 fibroblasts cells seeded onto the structure were reported to maintain phenotypic shape and showed guided growth according to the orientation of the nanofibres. The structure demonstrated the ability to support cell attachment and proliferation (Bhattarai et al., 2004). The inclusion of the p-dioxanone (PDO) segments in the PLLA segment is responsible for the improved biodegradable release matrix over the PLLA-b-PEG copolymer (Saito et al., 2001).  

PLLA-tetracycline films cast onto PGA meshes have been investigated as a method of providing antibiotic release alongside the barrier function. Bony reunion occurred after 2 weeks of implantation in rat calvarial defects, and maintained a barrier function for four weeks post implantation. Tetracycline was included as it has been shown to enhance bone-forming ability by reduced bone resorption and osteoblast cell chemotaxis (Park et al., 2000a).
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[bookmark: _Toc443571249]Figure 2.7. Structure of poly(lactide-co-glycolide).

Factors explaining the popularity of PLGA for biomedical applications include its excellent biocompatibility and FDA approval for use in humans. PLGA has a tailorable degradation rate, which depends upon a variety of parameters, including the LA/GA ratio, molecular weight, and the shape and structure of the matrix. 75:25 LA:GA PLGA has a degradation rate of 4-5 months; the degradation rate decreases with increasing LA content (JP Jain, 2011). PLGA co-polymers with a higher LA content are more hydrophobic, absorbing less water. Its slower rate of degradation is due to the presence of methyl side group in PLA, which makes it more hydrophobic than PGA (Gentile et al., 2014). 

PLGA undergoes hydrolytic degradation of its ester linkages in aqueous environments, which can be described in four steps. Firstly, in a hydration stage, water penetrates into the amorphous regions, disrupting hydrogen bonds and Van der Waals forces, causing a decrease in the glass transition temperature (Tg). Secondly, initial degradation occurs, leading to a decrease in molecular weight due to the cleavage of covalent bonds. Constant degradation occurs in the third phase, during which carboxylic end groups autocatalyse the degradation process, and mass loss is begun by massive cleavage of the backbone covalent bonds, causing loss of polymer integrity. Finally, the fragments are further cleaved to soluble molecules, and degradation is homogenous (Engineer et al., 2011). 

Good processability means it can be made into a variety of structures and forms. Current applications of PLGA include meshes (Vicryl Mesh®), suture reinforcements and skin replacement materials. Dermagraft®, a tissue engineered skin graft, uses a Vicryl Mesh® as the scaffolding structure. PLGA is a potential candidate in tissue engineering devices as it shows good cell adhesion and proliferation. CYTOPLAST Resorb® is a composite PLGA-collagen matrix for guided tissue regeneration that is currently on the market. Lupron Depot® is a commercially available drug delivery device which uses PLGA microspheres combined with a cancer drug for the treatment of advanced prostate cancer (Lu et al., 2009). 75:25 PLGA microspheres loaded with an antimycobacterial agent have been investigated as a targeted tuberculosis treatment (Suarez et al., 2001).  This polymer has also been shown to have potential as a controlled drug delivery system for the delivery of antibiotics for the treatment of one of the main bacteria responsible for dental implant failure (Gentile et al., 2015). 

There have been reports of electrospun PLGA membranes shrinking extensively when incubated in aqueous media at 37 °C (Kim et al., 2003). PLGA exhibits shrinkage by almost 80 % after soaking in aqueous media at 37 °C for 2 hours. Relaxation of the polymer chains in the fibres can be responsible for the significant shrinkage of the electrospun membrane. One explanation of this behaviour is due to the alignment of the polymer chains in the fibres due to electrospinning. If the glass transition temperature (Tg) of the polymer is low enough, the aligned polymer will gradually relax to random coils, causing the entire membrane to shrink. The dry electrospun PLGA mesh was able to maintain its dimensional morphology at 37 °C. No shrinkage was observed for the wet PLGA mesh at room temperature (25 °C). The Tg of PLGA was measured by differential scanning colorimetry to be 48 °C (literature value 50-55 °C depending upon polymer molecular weight). When subjected to water treatment, Tg of PLGA decreased to about 35 °C.   In contrast, non-woven meshes composed of PCL or PLLA retained their dimensional morphology (Yoshimoto et al., 2003, Zong et al., 2003). Cell migration from the seeding site into the electrospun mesh could be limited by the shrinkage-induced decrease in the mesh porosity, and serious fibre “fusion” was observed during the PLGA electrospun membrane degradation (Sung et al., 2005).  

Although PLGA and PCL are immiscible, the presence of PCL slowed PLGA degradation (Zhu et al., 2008). One study found that no significant shrinking of the PLGA meshes occurred when the PLGA fraction was below 80%, but above 90% PLGA content the shrinkage increased with increased PLGA content. It was found that the Tg of PLGA increased with the increase in PCL content in the fibre. XRD patterns suggested that the crystalline region in the composite fibres with a PCL fraction greater than 20% can act as physical cross-linking points, preventing relaxation of the aligned polymer chains in the fibres. Liu et al., observed an increase in fibre diameter from 1.35 µm to 1.95 µm with an increase in the PLGA fraction from 20 % to 100 % (Liu et al.,2008).

Owen et al., fabricated a PLGA membrane with the aim of controlling cell behaviour for promoting periodontal tissue regeneration. The membranes were created by casting a PLGA copolymer (85:15) blend with methoxy(polyethyleneglycol) (MePEG), with smooth, grooved and sandblasted-acid-etched topographies. The membrane was reported to remain intact for at least 3 months in an aqueous environment. The membrane was designed to inhibit epithelial cell migration or proliferation on one side, and guide osteoblast migration to a desired area on the other side. Migration of epithelial cells was inhibited on the sandblasted-acid-etched surface, whilst they spread on the smooth surface. Osteoblasts were reported to spread and increase in number on the grooved and smooth surfaces, with the cells that adhered in the grooves migrating preferentially in the direction of the grooves. The authors suggested that a grooved surface of a membrane could be placed facing the bone defect to guide osteoblasts to the defect, whilst a rough surface could be produced for the surface that faces the epithelium, to inhibit epithelial migration and proliferation, providing the barrier function (Owen et al., 2005).                b
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[bookmark: _Toc444003137]Table 2.3. Summary of natural resorbable polymers and their applications in medicine.
	Material
	Biocompatibility/features
	Medical applications

	Collagen
	Undergoes enzymatic degradation in body via enzymes e.g. collagenases and metalloproteinases. Use as drug delivery vehicle- extent of drug release controllable by varying physical properties e.g. porosity, density and degradation rate. High concentration of collagen accounts for the high strength of natural bone.
	Bio-Gide® (porcine skin, GBR membrane), Alloderm® (human skin), Alloderm® (bovine Achilles tendon) and Biobrane® (acellular collagen matrices), Apligraf® (collagen-based bilayer dressing seeded with live human keratinocytes and fibroblasts). DuraGen® (3D collagen matrix graft for spinal repair and regeneration (Narotam et al., 2004).  Septocoll® (prolonged antibiotic collagen delivery system) (Gruessner et al., 2001).

	Hyaluronic acid
	Glycosaminoglycan. Can undergo degradation within the body by free radicals and MMPs found in the extracellular matrix, followed by endocytosis. Also digestible by lysosomal enzymes to form mono and disaccharides, further converted into NH3, CO2 and H2O via Krebs cycle (Al-Assaf et al., 2003).
	HYAFF® (Wound dressing applications). AMVISC® (vitreous humor substitute, eye tissue protection during cataract extraction, corneal transplantation and glaucoma surgery). SYNVISC® (synovial fluid substitute).

	Chitosan
	Biodegradable, non-antigenic, biocompatible, biologically renewable
	Wound dressing, wound healing, drug delivery systems, tissue engineering scaffolds (Ravi Kumar, 2000, Hirano et al., 1990, Aiedeh et al., 1997, Berger et al., 2004, Park et al., 2000b)

	Chondroitin sulphate
	Major component of aggrecan, the most abundant glycosaminoglycan found in proteoglycans of articular cartilage. Involved in intracellular signalling and cell recognition. Anti-inflammatory properties (S Ayad, 1994). 
	Wound dressing applications. Possibility of using chondroitin sulphate with other biopolymers e.g. collagen or synthetic biodegradable polymers as cartilage tissue engineering scaffolds (Maurus and Kaeding, 2004).



[bookmark: _Toc424822479][bookmark: _Toc428455292][bookmark: _Toc428456131][bookmark: _Toc428456330][bookmark: _Toc428457079][bookmark: _Toc428457782][bookmark: _Toc428458131][bookmark: _Toc428521546][bookmark: _Toc428521995][bookmark: _Toc429945268][bookmark: _Toc430803320][bookmark: _Toc430804327][bookmark: _Toc430807659][bookmark: _Toc444002872]Collagen 
It has been thought that using a collagen membrane might improve guided tissue regeneration by enhancing its native properties, as both alveolar bone and the periodontal ligament contain collagen (Bashutski and Wang, 2009). The current gold standard of GBR membranes is a porcine collagen type I and III membrane (Bio-Gide®, Geistlich, Switzerland). Collagen membranes exist that are made from human skin (AlloDerm®, LifeCell™, NJ, USA) and bovine Achilles tendon (Neomen®, Citagenix, Laval, Canada) (Owens and Yukna, 2001), (Schwartzmann, 2000). 

Collagen facilitates wound stability by promoting platelet aggregation and fibroblast migration, which might accelerate wound closure (Steinberg et al., 1986).  The high cost and a poor definition of its commercial sources combine to limit the use of type-I collagen as these factors make it difficult to control the degradation and mechanical properties of the membrane. A poor performance in vivo as the membrane starts to degrade, combined with concerns about disease transmission, religious beliefs and ethical concerns combine to limit the use of collagen membranes. The matrix stability and biomechanical properties of collagen can be improved by physical/chemical crosslinking, but the ethical and disease concerns remain..                                                                                      K    


[bookmark: _Toc424822480][bookmark: _Toc428455293][bookmark: _Toc428456132][bookmark: _Toc428456331][bookmark: _Toc428457080][bookmark: _Toc428457783][bookmark: _Toc428458132][bookmark: _Toc428521547][bookmark: _Toc428521996][bookmark: _Toc429945269][bookmark: _Toc430803321][bookmark: _Toc430804328][bookmark: _Toc430807660][bookmark: _Toc444002873]Silk fibroin
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[bookmark: _Toc443571250]Figure 2.8. Structure of silk fibroin.

Good biocompatibility, oxygen and water permeability and biodegradability make silk fibroin a potential candidate for biomedical applications (Santin et al., 1999). Silk can be obtained from a diverse number of sources, including spiders, silkworms, scorpions, mites and flies. Spider silk has been limited in its commercial use due to the cannibalistic nature of spiders (Kundu et al., 2013). Silkworm silk has been accepted as a high quality textile fibre and suture for a long time. It consists of two types of proteins: fibroin and sericin. Over decades of use, silk fibres have proven to be effective in many clinical applications, yet there are biocompatibility concerns about inflammation and degradation. Recent research however has identified the sericin proteins as the major cause of these problems, which include skin irritation and hypersensitivity (Aramwit et al., 2009),(Meinel et al., 2005). Biological responses to the fibroin fibres are reported to improve if sericin is removed (Foschi et al., 2001). However, the process of removing sericins is detrimental to the mechanical properties of the silk (Pérez-Rigueiro et al., 2002).

Fibroin on its own has been investigated as a membrane material (Altman et al., 2003). Silk fibroin has been considered as a potential electrospun substrate due to its useful properties for tissue engineering, e.g. as cell compatibility, biodegradability, and minimal inflammatory response (Jin et al., 2004). A matrix of silk fibroin fibres can support the attachment, growth and differentiation of human progenitor bone marrow stromal cells (Altman et al., 2003).
Initial cell adhesion and growth of bone marrow stromal cells and osteoblastic cells have been observed on electrospun silk nanofibres (Meechaisue et al., 2007). The ability of silk fibroin to promote the deposition of calcium phosphate minerals that are able to form an apatite-silk nanocomposite is one of its advantages in bone regeneration (Li M, 2005). A patent exists for a nonwoven guided bone tissue regeneration membrane of silk fibroin nanofibres that have been obtained by removing sericin from the silk fibres (Chung et al., 2008). 

Although native silk fibres have excellent mechanical properties, including high strength with flexibility, many silk materials developed from silk fibroin solution are weak and brittle (Altman et al., 2003). In addition, the long term safety of silk materials in the human body remains under question. Although silk sutures are successfully used in surgical procedures, they are removed from the body after a certain period of time. Further investigation is needed into the effect of silk biomaterials placed in contact with tissues for a prolonged period of time, with reference to the location of the implant and any associated immune system responses.












0. [bookmark: _Toc444002874]Non-resorbable polymers
[bookmark: _Toc444002875] Non-resorbable synthetic polymers 
[bookmark: _Toc444003138]Table 2.4. Summary of synthetic non-resorbable polymers and their applications in medicine.
	Polymer
	Biocompatibility/features
	Medical applications

	Polytetrafluoroe-hylene
(PTFE)
	Chemically stable. Biologically inert. Porous structure and flexible form. Resists microbiological and enzymatic degradation. Does not illicit immunologic reactions (Laustriat et al., 1990)
	Membranes for periodontal and bone regeneration (Gore-Tex®), used as an implant in rhinoplasty (Godin and Della Torre, 2008). Heart valve implants (Quintessenza et al., 2010)


	Polyurethanes
	Biostable (Burke and Hasirci, 2004). Excellent biocompatibility and mechanical properties. Synthesised from polymers including poly(ethylene glycol) (PEG) and poly(propylene oxide) (Janik and Marzec, 2015)
	Investigated as long term medical implants, e.g. pacemakers and vascular grafts (Ratcliffe, 2000)
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[bookmark: _Toc443571251]Figure 2.9. Structure of polytetrafluoroethylene.

PTFE is a chemically and biologically inert polymer, and has the ability to resist enzymatic and microbiological attack, making it suitable for use as a medical membrane (Marouf and El-Guindi, 2000). The macroporous structure of expanded PTFE (e-PTFE) is believed to enhance wound healing, however, this material can be affected by early bacterial infections, which can have a detrimental outcome on the regeneration process (Carbonell et al., 2014). e-PTFE membranes require primary closure to prevent the ingrowth of soft tissue, bacterial contamination and infection, graft exposure and membrane movement. 

High-density non-expanded polytetrafluoroethylene (n-PTFE) has been proposed as a solution to the issues surrounding the porous nature of e-PTFE membranes. The n-PTFE membranes are non-porous, dense and non-permeable, and do not require primary closure (Bartee and Carr, 1995), (Barber et al., 2007). Commercially available n-PTFE membranes include Cytoplast Regentex TXT-200 and Ti-250, a titanium-reinforced membrane (Osteogenics, Lubbock, TX, USA). n-PTFE lacks tissue adhesion properties, but attempts to overcome this issue have been made by combining the non-resorbable membrane with a collagen membrane (Wang and Carroll, 2001). This combines the benefit of an n-PTFE membrane not requiring primary closure with the biocompatible properties of collagen. This synergistic treatment negates the benefits of the resorbable collagen membrane over the non-resorbable n-PTFE membrane i.e. a second surgical procedure is still required, and improved imperviousness to bacteria over e-PTFE membranes, n-PTFE membranes are still limited still by the necessity for their removal. 

The following pages summarises all commercially available synthetic resorbable, natural resorbable and synthetic non-resorbable guided bone regeneration membranes, including those which have been withdrawn from the market (Table 2.5 Table 2.7 respectively).


















[bookmark: _Toc429945273][bookmark: _Toc430803325][bookmark: _Toc430804332][bookmark: _Toc430807664][bookmark: _Toc444002876]Commercially available synthetic resorbable polymer guided bone regeneration membranes
[bookmark: _Ref439845220][bookmark: _Toc444003139]Table 2.5. Summary of commercially available synthetic resorbable polymer guided bone regeneration membranes.
	Product name
	Manufacturer
	Material
	Properties and comments

	MembraGelTM
	Straumann®
	PEG 
	Gel application, quicker to place than conventional membranes. Barrier properties last 4-6 months

	Epi-Guide®
	Curasan AG
	PLA
	3-layer design, maintains structural integrity for up to 20 weeks, full degradation occurs 6-12 months

	Inion GTRTM
	Curasan AG
	Co-polymers of L-lactic, D-lactic, glycolic acid & TMC
	Provides barrier function for 8-12 weeks.  Plasticiser provided temporarily softens membrane to aid handling and shaping

	RESOLUT® ADAPT®
	Gore®
	PGA & PLA
	Remains substantially intact for 8-10 weeks. Discontinued

	RESOLUT® ADAPT® LT
	Gore®
	PGA:TMC copolymer
	Remains substantially intact for 16-24 weeks. Discontinued

	RESOLUT® XT
	Gore®
	PGA:TMC copolymer
	Remains substantially intact for 8-10 weeks. Discontinued

	Atrisorb®
	Citagenix
	Powder-form polylactide in liquid carrier (NMP) (Hou et al., 2004)
	Barrier function for at least 20 weeks, applied as a gel. Membrane thickness 600-750 μm. No significant degradation before 5 months (Coonts et al., 1998).

	Guidor®
	Sunstar Guidor®
	PLA & citric acid ester acetyl tributylcitrate
	Rectangular perforations (400-500/cm2) of external layer designed to allow integration of overlying gingival flap. Barrier function maintained for min. 6 weeks, total resorption 6-12 months (Aurer and Jorgić-Srdjak, 2005).

	AMCA bone membrane
	Regenecure
	Ammonio methacrylate copolymer type A & a plasticiser
	In clinical trial stage. 

	Vicryl Periodontal Mesh®
	Ethicon/Johnson & Johnson
	Polyglactin 910
	Membrane loses structure after 2 weeks, complete resorption in 4 or more weeks (Aurer and Jorgić-Srdjak, 2005).










Commercially available natural resorbable polymer guided bone regeneration membranes 
[bookmark: _Toc444003140]Table 2.6. Summary of commercially available resorbable natural polymer guided bone regeneration membranes.
	Product name
	Manufacturer
	Material
	Properties and comments

	Bio-Gide®
	Geistlich
	Porcine collagen (types I & III)
	Natural bilayer system. Current gold standard. 24 week resorption time (Bunyaratavej and Wang, 2001)

	CytoplastTM RTM Collagen
	Osteogenics
	Bovine collagen type I (Achilles tendon)
	High tensile strength, multilayer construction. Resorption 26-38 weeks

	MatrixDermTM
	Collagen Matrix Dental
	Porcine collagen (types I & III) from intact dermis
	Thickness 0.3-0.5 mm, high mechanical strength. Resorbable in 6-9 months, slight exposure is acceptable. 

	Zimmer CurVTM 
	Zimmer Dental
	Bovine collagen type I (Achilles tendon)
	Pre-shaped configurations for anterior and posterior placement. Can be trimmed and shaped to most defect sites

	CollaGuideTM
	Curasan 
	Bovine collagen type I
	As barrier resorbs, fibrils making up the membrane separate, creating a matrix allowing fibroblast infiltration and cellular attachment

	PARASORB RESODONT®
	Resorba
	Equine collagen
	Crosslinked without chemical additives, no fixation required. Microstructure permits growth of bone-producing cells

	BioSorbTM
	3M EPSE
	Bovine collagen type I (Achilles tendon)
	Dense orientated fibres provide mechanical strength. Degrades in 26-38 weeks (Rakhmatia et al., 2013)

	OsseoGuardTM
	Biomet 3i®
	Bovine collagen type I (Achilles tendon)
	Dense fibrillar matrix structure to provide strength. Pore size occlusive to gingival and epithelial cells while still permeable to essential nutrients

	OsseoGuard FlexTM
	BIOMET 3i®
	Bovine collagen types I & III (dermis)
	Engineered to yield flexibility. Pore size occlusive to gingival and epithelial cells while still permeable to essential nutrients.




[bookmark: _Toc429945275][bookmark: _Toc430803327][bookmark: _Toc430804334][bookmark: _Toc430807666][bookmark: _Toc444002877]Commercially available synthetic non-resorbable polymer guided bone regeneration membranes
[bookmark: _Toc444002878]Table 2.7. Summary of commercially available synthetic non-resorbable polymer guided bone regeneration membranes.
	Product name
	Manufacturer
	Material
	Properties and comments

	Gore-Tex®
	Gore®
	e-PTFE
	Discontinued

	CytoplastTM TXT-200
	Osteogenics
	n- PTFE
	Pore size < 0.3 µm. Hexagonal dimples to increase surface area

	TefGen-FDTM
	Keystone Dental
	n-PTFE
	Bioinert.  Can remain in place for up to 9 months before removal, easy to remove (Marouf and El-Guindi, 2000)

	CytoplastTM Ti-150
	Osteogenics
	Titanium reinforced high density PTFE
	150 µm thick. 8 different membrane configurations available, little trimming necessary

	CytoplastTM Ti-250
	Osteogenics
	Titanium reinforced high density PTFE
	250 µm thick. Textured RegentexTM surface aids stabilisation of the membrane

	Gore® Regenerative membrane titanium reinforced
	Gore®
	Titanium reinforced e-PTFE
	Space-creating and shape-maintaining. Discontinued

	CTi-mem
	HuberMed
	Titanium
	Pre-shaped for intended target shape, easily removed



[bookmark: _Toc444002879]Patents
US patent 6,589,590 B2 covers a method for making a collagen-HA composite membrane. The HA coating is created by the use of a calcium solution and a phosphate solution, separated by the membrane. The calcium ions and phosphate ions then diffuse across the membrane, and form a crystalline deposit upon meeting. By controlling the pH and concentration of each solution, the resulting precipitate is controllable. The authors claim to be able to obtain a HA coating that is in the range of 1-80 % by weight of the weight of the composite membrane (Czernuszka et al., 2003). 

A PCL/PLGA/TCP composite membrane has been patented for uses in GBR. The membrane has a dense layer made of resorbable polymer, which acts as the barrier to cells and soft tissues and provides the membrane with rigidity and stiffness to maintain the defect space. A second nanofibrillar layer made of a resorbable polymer, with fibre diameters in the range of collagen fibres, provides support for cell attachment, proliferation and differentiation. This layer contains micro-sized tricalcium phosphate (TCP) particles. In vivo experiments using a rabbit calvaria model showed the formation of a mature new bone layer that bridged the defect (Hoornaert et al., 2013). 

A silicon-releasing calcium carbonate-PLA composite bilayer membrane is described in US 2012/0315319 A1. Silicon-releasing calcium carbonate is contained in a non-woven PLA layer, with a second layer of non-woven biodegradable polymer. The PLA layer prevents the invasion of soft tissues, whilst the silicon-releasing calcium carbonate-PLA layer improves cellular affinity and osteogenic ability (Kasuga et al., 2010).



[bookmark: _Ref428437155][bookmark: _Ref439842923][bookmark: _Toc444002880] Use of scaffolds in bone regeneration 
Scaffolds can be required for a range of reasons, from bone loss due to tumour removal to non-unionised fractures. In dental and maxillofacial surgery, scaffolds can be used in combination with membranes as part of the GBR procedure in order to regenerate alveolar bone if additional mechanical stability is required due to the size of the defect (Figure 2.10). 
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[bookmark: _Ref427960081][bookmark: _Ref427959946][bookmark: _Toc443571252]Figure 2.10. Schematic of the placement of a membrane over a bone defect, used in conjunction with a bone graft. (a) If necessary, the tooth is extracted prior to the remaining socket being thoroughly cleaned of infected and inflamed tissue, (b) the defect is filled with a bone graft material, (c) a GBR membrane is placed over the graft material to exclude soft tissue from the defect site, (d) the gum is repositioned using sutures over the membrane to allow regeneration and healing to occur (Amin, 2014). 

Techniques to replace, restore or regenerate bone are a major clinical need in orthopaedic, spinal, dental, cranial and maxillofacial surgical procedures (Brydone et al., 2010). Over 500,000 bone grafting procedures are performed annually in the US alone, with other forms of fixation accounting for 1.7 million surgical procedures a year (Greenwald et al., 2001). The total cost of bone grafting is estimated to be approximately $2.5 billion (Desai, 2007). 
Scaffolds can be produced from a wide variety of materials: natural bone grafts can be auto-, allo- or xenogenic in origin, whilst synthetic scaffolds can be ceramic or polymeric. The merits and drawbacks of each type will be discussed below. 

[bookmark: _Toc428455298][bookmark: _Toc428456137][bookmark: _Toc428456336][bookmark: _Toc428457085][bookmark: _Toc428458138][bookmark: _Toc428521553][bookmark: _Toc428522002]Natural bone grafts 
Three types of bone graft exist: autogenic, allogenic, and xenogenic. Autografts are from the patient themselves. Allografts are tissues or organs taken from another individual of the same species, whilst xenografts are composed of materials from another species e.g. porcine. 

The current gold standard for bone grafts is autogenous bone (i.e. from the patient), often taken from the iliac crest of the pelvis, or from the fibula. Figure 2.11 demonstrates the area of the hip that the graft can be harvested from, and is suggestive of the invasiveness of this procedure. 
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[bookmark: _Ref427960513][bookmark: _Toc443571253]Figure 2.11. Diagram showing an autologous bone graft being removed from the iliac crest (Paudel, 2013). 

By using bone from the same individual, there are no concerns about rejection.  There are three types of bone growth that characterise bone formation in grafting: osteogenesis, osteoinduction and osteoconduction. Osteogenesis is the formation of new bone by osteoblasts that are derived from the graft material, whilst osteoinduction is the ability of the material to induce the formation of osteoblasts from the tissue that surrounds the graft host site, resulting in growth. Finally, if a material is able to support the growth of bone over a surface, it is osteoconductive. It is also advantageous for the graft material to promote osteointegration, the ability to chemically bind to the surrounding bone, as this promotes the incorporation of the graft at the host site (Precheur, 2007). 

Autogenous grafts can be lamellar or cancellous bone, or even a combination of both. Cancellous grafts revascularise sooner due to their spongy structure, with revascularisation commencing around the fifth day after implantation (Futran, 2006). The volume of graft available is limited if it is harvested from the oral or maxillofacial region (Hollinger et al., 1996, Chan et al., 2002).  The possibility of problematic bone volume maintenance due to erratic bone resorption is an additional problem. In large defects, the body may resorb the graft before osteogenesis is even complete (Enneking et al., 1980). The disadvantages of autogenous grafts are the small volume of available graft material, and morbidity associated with their harvest. Because of these disadvantages, other graft materials have been developed; these are allografts, xenografts and synthetic grafts. 

Allografts come from cadaver donors, and are suitable because of the close match of the architecture and elemental composition to the bone being replaced. Allografts have immunogenicity risks and there is a potential for disease transmission. Procedures for screening and testing the grafts for disease exist, with most processes involving steps that address cleaning, decontamination, antimicrobial treatment, dehydration, graft size and terminal sterilisation (Holtzclaw et al., 2008). However, the estimated risk of HIV transmission has been put at 1 in 1.6 million, hepatitis C at 1 in 60,000, and hepatitis B at 1 in 100,000 (Boyce et al., 1999, Tomford, 1995). The allograft can come as a block, small cubes or crushed into a finer powder, depending upon the intended purpose, as shown in Figure 2.12 overleaf.
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[bookmark: _Ref428036072][bookmark: _Toc443571254]Figure 2.12. Bone graft materials. (a) Cancellous allograft block (30 x 15 x 15mm). (b) Cancellous allograft, 5mm cubes. (c) Crushed cancellous autograft, 4-10mm particle size. Adapted from (SteriGraft, 2010).

Two popular sources of xenografts are bovine bone and natural coral. Inorganic bovine graft has a comparable mineral composition and microporous structure to human bone, and is a naturally derived porous and deproteinated bone mineral (Jensen et al., 2006). Deproteinated bovine bone has been suggested to have an osteoconductive function due to hydroxyapatite (HA) crystals, which may allow osteoblasts to attach and subsequently deposit new bone matrices (Berglundh and Lindhe, 1997, Tapety et al., 2004). 

[bookmark: _Toc428455299][bookmark: _Toc428456138][bookmark: _Toc428456337][bookmark: _Toc428457086][bookmark: _Toc428458139][bookmark: _Toc428521554][bookmark: _Toc428522003]Synthetic bone grafts
Auto-, allo- and xenografts all have their disadvantages, as discussed above. Synthetic materials can be used as bone grafts, and include calcium sulphate, calcium phosphates (HA and TCP) and bioactive glasses. In 1892, the first application of a synthetic bone graft was recorded; a calcium sulphate treatment of large-bone defects by Dreesmann (Capo and Tan, 2013). Calcium sulphate is not ideal for use in the clinical setting however, since it requires a dry environment to set, and if exposed to moisture it can soften and fragment.  HA and TCP are osteoconductive, but are brittle.  HA bone filler materials are currently available on the market as pastes, granules and cements. Biphasic HA/TCP filler materials are also available (Behnia et al., 2012). 



[bookmark: _Toc428455300][bookmark: _Toc428456139][bookmark: _Toc428456338][bookmark: _Toc428457087][bookmark: _Toc428458140][bookmark: _Toc428521555][bookmark: _Toc428522004]Synthetic scaffolds
Synthetic grafts are biocompatible, inorganic and commonly divided into two classes: ceramics and polymers (scaffolds). Scaffolds have been fabricated from synthetic polymers including PCL, PLA, PLGA, poly(propylene fumerate) (PPF), and PEG (Lewandrowski et al., 2003, Bose et al., 2013). Commercially available ceramic-based synthetic materials include calcium phosphates (e.g. HA and TCP), calcium sulphate and bioactive glasses. These materials are classed as osteointegrative as they promote the formation of bonds between the new mineralised tissue and the graft material. The biological and physical characteristics of the ceramic grafts, including strength, modulus and dissolution rate, are all affected by differences in the crystalline structure (Boccaccini and Blaker, 2005).

By comparing two synthetic HA bone graft materials (OsteoGen and OsteoGraf/LD300) with deproteinised natural bone, Rosen et al. found that the synthetic grafts showed little structure, whilst the natural bone was highly structured.  SEM analysis revealed that the natural bone has a periodic spacing of crystallites along the fibrils that is consistent with the banding pattern of collagen and inter-fibrillar-bridging crystallites which had a plate-like habit (Rosen et al., 2002). 

[bookmark: _Toc428455301][bookmark: _Toc428456140][bookmark: _Toc428456339][bookmark: _Toc428457088][bookmark: _Toc428458141][bookmark: _Toc428521556][bookmark: _Toc428522005]Scaffold design
The porosity and pore size of the scaffold have an impact on its efficacy as a bone regeneration tool. A porous structure with interconnected pores is essential for the transportation of nutrients and waste, and cell proliferation and migration which is necessary for vascularisation and the formation of new tissue. Additionally, a porous surface can improve the mechanical stability of the scaffold-natural bone interface by improving the mechanical interlocking between the two materials (Story et al., 1998). 

The degradation properties of the scaffold material can play an important role when considering the porosity of the desired scaffold. Scaffolds with high porosities (>90 %) should not be fabricated from biomaterials with a high degradation rate, since the mechanical and structural integrity of the scaffold will be compromised before new bone can be generated. However, highly porous scaffolds can be fabricated from materials with a low degradation rate and good mechanical properties. Because of the higher pore surface area that interacts with the host tissue, degradation can be accelerated by two effects: macrophages via oxidation and/or hydrolysis. 

Pore size also has an important role in the use of scaffolds for BTE: too small a pore and the cells cannot penetrate into the scaffold. If the pores are too large, the mechanical properties of the scaffold may be detrimentally affected by increasing the void volume. (El-Ghannam, 2004, Williams et al., 2005).  Although scaffolds with a range of pore sizes from 10-1500 µm have been used in bone tissue engineering, a size of greater than 300 µm is recommended due to an enhanced new bone formation (Karageorgiou and Kaplan, 2005). The pore size has been shown to affect the progression of osteogenesis due to expanding on the degree vascularisation. In small pores, osteochondral formation can occur before osteogenesis due to the hypoxic conditions within them, whereas large, well-vascularised pores facilitate direct osteogenesis. 

An ideal scaffold for tissue engineering should have:
· Biocompatibility: to support normal cellular activity without any local or systemic toxic effects, the scaffold should be biocompatible (Williams, 2008). Ideally, the scaffold should be osteoconductive, allowing bone cells to adhere, proliferate and form extracellular matrix on and in its surface and pores.
· Bioresorbability: resorption should be controllable, and the scaffold degradation rate should match the regeneration rate of the tissue it is replacing (Bose et al., 2012),
· Porosity: scaffolds should have high porosity with an interconnected pore network to facilitate cell growth and flow transport of nutrients and metabolic waste (Karageorgiou and Kaplan, 2005),
· Mechanical properties: scaffold mechanical properties should be a close match to those of the tissues at the implantation site (Milovac et al., 2014)

From the shortcomings of the auto-, allo- and xenografts, it is apparent that bone tissue engineering will increasingly involve synthetic scaffolds with tailor-made properties such as mechanical strength and pore size.

[bookmark: _Toc444002881]Composite materials
Ceramics used in BTE can be divided into three categories: bioinert, bioresorbable and bioactive. Bioinert materials do not initiate a response or interact with biological tissue. Bioresorbable materials are dissolved in the body and the by-products usually disposed of via the body’s normal metabolic pathways. Bioactive materials have an effect or interactions with cells in the body. Ceramics incorporated into polymer membranes can help overcome weakness in the polymer that are due to degradation-associated strength reduction. Bioceramics have been shown to have significant roles in the buffering of pH and in improving bone cell responses. The term “heterogeneous” was applied to the polymer:ceramic membranes produced in this work as the coating was applied in a secondary step after membrane fabrication. The 3D printed scaffolds were termed “composite” as the polymer and ceramic components were combined prior to printing.

Scaffolds for BTE have been fabricated from ceramics, glasses and metals, as well as both natural and synthetic polymers. Ceramics used include HA and β-TCP. Existing bone scaffolds on the market include the ceramic calcium sulphate (Plaster of Paris), which is available as powder or pellets under the four main trade names: Osteoset®, MIIG® X3, Bone Plast® and Stimulan® (Hammouche et al., 2012). Their applications can be restricted by poor mechanical properties and random porosity lacking in interconnectivity (Carson and Bostrom, 2007). Another limitation of these scaffolds is the severe allergic reaction that has been reported following the implantation of calcium sulphate pellets (Vigler et al., 2006).
[bookmark: _Toc424822484][bookmark: _Toc444002882]Composite membranes
Many synthetic polymers are hydrophobic, and which causes low surface wettability. Osteogenic cells preferentially attach to hydrophilic surfaces, to which they demonstrate a higher proliferative and a lower apoptotic rate (Anselme, 2000). Pure polymer biomaterials also lack bioactive functions for promoting bone formation. Whilst these membranes have a barrier function, they do little to provoke response from the surrounding tissue (Kim et al., 2007). The results of studies which reported no difference in the quantity of augmented bone between a resorbable (PLA) and a non-resorbable membrane (e-PTFE) suggest that neither of these categories of membrane actively promote bone regeneration. Furthermore, partial collapse into the defect due to soft tissue growth was reported for both types of membrane, suggesting the need for a supporting scaffold (Imbronito et al., 2002b). If the lack of active regeneration by the membrane is to be improved, then it would be desirable to incorporate a bioactive element.

Bioglasses and many calcium phosphate (CaP) ceramics, including HA, are bioactive and can induce and promote bone regeneration. These materials, however, have low mechanical strength and poor elastic properties, limiting their performance after implantation.  Combining CaP phases with polymers can create materials with osteoconductive properties, a barrier function and improved mechanical strength (Best et al., 2008). 

GBR membranes made from a variety of materials have been researched, including alginate, a nanoscale HA (nHA)/chitosan composite, collagen, and polycaprolactone/calcium carbonate composite membranes (Ueyama et al., 2002, Xianmiao et al., 2009, Taguchi et al., 2005, Piattelli et al., 1996).  Two layer PCL membranes with calcium carbonate (CaCO3) filler were fabricated by electrospinning and analysed by Fujihara et al. The composite nanofibres were electrospun. The composite nanofibres were spun onto PCL nanofibrous membranes which have high tensile strength in order to provide the mechanical stability desirable of GBR membranes. The membrane consists of two layers: a functional layer (PCL/CaCO3) and a mechanical support layer (PCL). Two PCL/CaCO3 ratios were tested: GBR membrane (A): PCL:CaCO3 = 75:25 wt% and GBR membrane (B): PCL:CaCO3 = 25:75 wt%. SEM analysis revealed that good cell attachment and proliferation was observed on both membranes. Membrane A had good osteoblast attachment at day 1, and SEM analysis showed no significant difference of cell attachment. The absorbance intensity of both membranes increased during the 5-day cell seeding period, which was confirmed by the MTS assay results (Fujihara et al., 2005). 

TCP/copolymer composite membranes have high bending properties (about 50 MPa). This value is sufficiently high to avoid deformations of the membrane at the mandible defect due to high mechanical stress as well as collapse of the bone regeneration space. The problems associated with this composite include a softening temperature that is too high (> 100 °C) for surgeons to be able to mould it into the desired shape during the surgical procedure, and a high elastic modulus (>10 GPa). In addition, toxicity of the sebacates (the copolymerised substances that add softness to CPLA) is an issue. This toxicity could be a barrier to the use of CPLA in clinical situations (Kikuchi et al., 2002). In order to overcome the problems associated with TCP fillers in copolymerised poly L-lactide (CPLA), Kikuchi et al synthesised a new flexible and thermoplastic copolymer, poly (L-lactide-co-glycolide-co-ε-caprolactone) (PLGC) (Kikuchi et al., 2004). The composite membrane was fabricated from the PLGA/PCL copolymer and β-TCP. The copolymer maintained its mechanical strength up to 12 weeks in PBS, with decomposition occurring within 24 weeks.

The desire to combat pathogens in the gingival fluid and/or periodontal pocket after the placement of the membrane has led to studies in which antibiotics have been incorporated into the membrane itself. Whilst antibiotics can be administered orally to help treat periodontal diseases, the bacterial strain resistance that can occur after prolonged use of systemic antimicrobials created a need to be able to deliver the drug to a localised area.  Bottino et al., fabricated a functionally graded membrane (FGM) containing metronidazole (MET) as an antibiotic. The membrane consisted of three layers: the core layer (CL), composed of poly(DL-lactide-co-ε- caprolactone) (PLCL) and two functional surface layers (SLs), one interfacing with bone and containing nHA and one facing the epithelial tissues, containing metronidazole. Both the SLs were composed of a protein/polymer ternary blend (PLCL:PLA:GEL) (Bottino et al., 2012).
[bookmark: _Toc424822485][bookmark: _Toc444002883] Composite scaffolds
As previously mentioned, HA is a highly bioactive ceramic. However, its use as a scaffold for bone tissue regeneration (BTE) is limited by its inherent brittleness and poor tensile properties. Combining HA with a polymer should produce a composite with good bioactivity, degradability and mechanical strength. 

The addition of HA to PCL has previously been shown to promote primary cell attachment when compared to a pure PCL (Rizzi et al., 2001). The wettability, water uptake and compressive modulus of PCL/HA scaffolds were seen to increase with increasing HA content (0- 40 wt% HA). Compressive moduli values of 26.5 MPa and 49.8 MPa were measured for the pure PCL and 40 wt% HA scaffolds respectively (Jiang et al., 2012). In a study comparing the differences in properties between scaffolds fabricated from a nHA/PCL blend and a micro-HA/PCL blend (both blends contained 40 wt% HA), the nHA/PCL composite was found to have a significantly higher compressive modulus. It also had improved hydrophilicity over the micro-HA/PCL scaffold (Heo et al., 2009). However, this work only investigated the effects at one weight concentration. Jiang et al., investigated printing composite scaffolds of PCL and bovine-derived HA with HA contents of 0, 10, 20 and 40 wt%. A failure to print a 60 wt% scaffold was reported (Jiang et al., 2013). Scaffolds fabricated from pure PCL, a PCL/HA composite and a PCL/HA shifted pattern scaffold were investigated. The HA content was set at 40 wt%, and the shifted pattern PCL/HA scaffold was found to have increased cell attachment and adhesion over the two other scaffolds, albeit with a lower compressive modulus (Park et al., 2011). The 40 wt% HA scaffolds were fabricated at 650 kPa (Park, 2014). nHA has been shown to improve mechanical properties in other composite scaffold systems, including HA-collagen composites (Cunniffe et al., 2010a). The addition of HA to 3DP PCL has been shown to increase surface roughness due to the presence of HA particles at the surface (Rodriguez et al., 2013).

Commercially available ceramic-based synthetic materials include calcium phosphates (e.g. HA and TCP), calcium sulphate and bioactive glasses. Because these materials promote the formation of bonds between the new mineralised tissue and the graft material, they are classed as osteointegrative. The biological and physical characteristics of the ceramic, including strength, modulus and dissolution rate, are all affected by differences in the crystalline structure (Boccaccini and Blaker, 2005).

As the chosen calcium phosphate (CaP) for creating both a composite membrane and a composite scaffold, the structure and properties of HA will be discussed in the following section.

[bookmark: _Toc444002884] Hydroxyapatite
HA [Ca10(PO4)6(OH2)], (HA), belongs to a group of calcium-phosphate (CaP) based minerals, known as apatites. The prefix depends upon the dominance of one of four groups: hydroxyl (HA), fluoride (fluorapatite), chlorine (chlorapatite) or bromine (bromapatite). HA is a highly biocompatible mineral, and is used as a bone filler to replace cancerous bone. It can also be used as a coating on joint replacements to promote osseointegration, and as a scaffold for tissue engineering. nHA is expected to have better bioactivity than coarser crystals, since its morphology and size are closer to that of HA found naturally occurring in the body (approximately 20 nm in the largest dimension) (Palmer et al., 2008),(Clarke, 2008). As such, nHA has attracted research interest as a potential biomaterial (Cunniffe et al., 2010b).  HA occurs naturally in bone and teeth. In teeth, HA twists into rods in the cusp of the tooth, providing strength. However, HA on its own has poor mechanical properties causing its use to often be limited to applications involving little load bearing, for example coatings on joint replacements, a use which is successful in clinical practice (Geesink, 1990). 

Doping, or substituting HA can enhance its properties. Elements substituted into HA include strontium, magnesium, zinc, manganese and titanium. These dopants are added to improve mechanical strength and cell-material interactions. Another reason to dope HA with minerals and traces of metal elements is that they can promote bone formation and resorption on bone cells or mineral both in vivo and in vitro, which will encourage faster healing time (Kim et al., 2004).
[bookmark: _Toc424822487][bookmark: _Toc444002885]Hydroxyapatite structure
The stoichiometric form of HA is monoclinic, with the space group P21/b (Morgan et al., 2000). HA has a mixed monoclinic phase: 23 % monoliniv P21/b and 77 % monoclinic P21 (Haverty et al., 2005). The P21/b space group has unit cell parameters of a= 0.943 nm, b = 2a and c = 0.688 nm (Figure 2.13 and Figure 2.14 overleaf) (Elliott and Young, 1967). The unit cell has 10 cation sites arranged in two non-equivalent positions. Four of these, which are called Ca(I) sites, are aligned in the column and are each surrounded by nine oxygen atoms. There are six Ca(II) sites which are arranged at the apexes of staggered equilateral triangles and each is surrounded by seven oxygen atoms. The structure is characterised by ordering within the OH- ion columns, where a sequence is formed: -OH-OH-OH-OH-. The (0001) stacking sequence consists of columns of skewed 3 Ca(II)-O trigonal prisms around the 63 axes. P and O form PO4 tetrahedra (Figure 2.15 overleaf).


[image: ]
[bookmark: _Ref345062597][bookmark: _Toc443571255][bookmark: _Toc348696519][bookmark: _Toc349764725]Figure 2.13.  Crystal structure of P21/b hydroxyapatite. Ca atoms are at the vertices on triangles around each hydroxyl group (Corno et al., 2010). 
[image: ]
[bookmark: _Ref345062700][bookmark: _Toc348696520][bookmark: _Toc349764726][bookmark: _Toc443571256]Figure 2.14.  CrystalMaker structure of a unit cell of hydroxyapatite, looking down the c-axis. Red- oxygen, blue- Ca, grey- P, pink- H (Terra et al., 2009).
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[bookmark: _Ref345064116][bookmark: _Toc348696521][bookmark: _Toc349764727][bookmark: _Toc443571257]Figure 2.15. Tetrahedral structure of PO4 (Ophardt, 2003).

The tetrahedra do not share oxygen atoms between themselves and are held together by the Ca(I) atoms (Elliot, 1994). As a result of this, OH- ions can escape from HA lattices first if they obtain enough heat or elastic energy due to high lattice strains (Senger et al., 1992). As a result, HA becomes unstable at high temperatures due to dehydration. After vacancies are created by the loss of two OH- ions, calcium ions are more weakly bound and can displace. This leads to the further decomposition of the HA phase to a more stable calcium phosphate phase (Chu et al., 2002). The PO4 groups provide the skeletal framework which is responsible for the stability of apatite structures. 

Slightly non-stoichiometric HA has the hexagonal space group P63/m, characterised by ordering within the OH- columns to form the sequence OH mentioned previously, with an ordered arrangement of these columns, so that the b-axis is doubled. This gives the lattice parameters a = 9.421 Å, b = 2a, and c = 6.8814 Å (Posner et al., 1958). Usually only hydrothermal preparation yields HA with the monoclinic phase, with other preparations usually producing hexagonal phase HA. It is thought that if there are sufficient OH- ions missing, these are replaced by H2O or impurity ions, so that the ordering is achieved. This could explain why the particle shapes produced by sol-gel synthesis are so different in appearance to the needle-like particles produced by the hydrothermal route. Hydrothermally synthesised HA grows as needle-shaped particles until a certain temperature, which is around 60°C. Hydrothermal HA grows along the c-axis and consists of two temperature-dependent effects. First, as the temperature rises, HA crystallinity is thermally activated. As the temperature increase, the tendency for monocrystalline HA particles to grow along the c-axis is limited. This is the critical temperature, and above this point, the tendency for directed growth stops and the particles become more regular and circular in shape (Bouyer et al., 2000).
[bookmark: _Toc424822488][bookmark: _Ref430781660][bookmark: _Toc444002886]Substituted hydroxyapatite
A large variety of cationic and anionic species can be substituted into the HA structure because the apatite structure is highly flexible. Dopants can affect several properties of HA. Lattice parameters, crystal size and shape, crystallinity, infrared absorption spectral properties and thermal stability can all be altered by substituents (LeGeros, 1983). Because of this, the volume of the apatite lattice can expand and contract. This is demonstrated by the fact that many other apatite compounds exist- fluorapatite and chlorapatite, bromapatite and carbonate apatite. Table 2.7 lists possible substitutes for HA and the ion for which it substitutes.

[bookmark: _Ref345070207][bookmark: _Ref427240552][bookmark: _Toc349684307][bookmark: _Toc349846819][bookmark: _Toc349846932][bookmark: _Toc444003141]Table 2.7. Possible substitutes for components of hydroxyapatite (Barbucci, 2002).
	Ca2+
	PO43-
	OH-

	Substitutes
	Substitutes
	Substitutes

	Ti4+
	CO32-
	F-

	Sr2+
	HPO42-
	Cl-

	Na+
	SiO42-
	CO32-

	Mg2+
	HCO3-
	S2-

	K+
	P2O74-
	O2-

	Li+
	H2O
	

	Fe2+
	
	

	Eu2+
	
	

	Mn2+
	
	

	Pb2+
	
	

	Zn2+
	
	

	Ba2+
	
	

	Cu2+
	
	



[bookmark: _Toc424822489][bookmark: _Toc428455308][bookmark: _Toc428456147][bookmark: _Toc428456346][bookmark: _Toc428457095][bookmark: _Toc428458148][bookmark: _Toc428521563][bookmark: _Toc428522012]Strontium-substituted hydroxyapatite
Strontium, a group II metal, is a trace metal found in the human body, and is present in the mineral phase of bone, particularly at regions with high metabolic turnover (Blake et al., 1986). In new compact bone, the strontium content is three- to four times higher than in old compact bone, and in new cancellous bone, it is approximately 2.5 times higher (Marie et al., 2001). The anti-osteoporosis drug strontium ranelate has been shown to decrease the rate of bone resorption (Pors Nielsen, 2004). Strontium reduces osteoclast activity and bone resorption in vitro. Strontium-containing bioactive ceramics have been shown to increase several osteoblastic markers, and in particular, type-I collagen when cultured with human bone-derived cells (Baron and Tsouderos, 2002, Wu et al., 2007). 

Strontium substitutes for calcium in the HA structure. The Sr2+ ion is larger than the Ca2+ ion (0.118 nm and 0.1 nm respectively). The inclusion of the larger strontium ion into the lattice may affect the lattice parameters. The alterations in parameters are thought to affect crystallinity and increase solubility, with solubility reported to increase with increasing strontium content (Christoffersen et al., 1997). The increased solubility of Sr-HA could facilitate a slow release of Sr2+ into the implant site and surrounding tissue, which could increase osteoblast activity. Sr-HA has an improved level of bioactivity over HA due to this release of strontium ions, making it a more desirable material in vivo (Curran et al., 2011). Additionally, the increased solubility of Sr-HA can lead to an increase in Ca2+ release, which may stimulate cell response by activating calcium channels (Coulombe et al., 2004).  
[bookmark: _Toc424822490][bookmark: _Toc444002887] Hydroxyapatite synthesis
Various methods exist for the synthesis of HA. These include sol-gel, wet precipitation and hydrothermal. The characteristics of HA depends on the synthesis method used (Liu et al., 1997, Masuda et al., 1990). In this work, HA was synthesised using sol-gel and wet precipitation methods.

[bookmark: _Toc424822491][bookmark: _Toc428455310][bookmark: _Toc428456348][bookmark: _Toc428457097][bookmark: _Toc428458150][bookmark: _Toc428521565][bookmark: _Toc428522014]Sol-gel synthesis of hydroxyapatite
The first work on producing HA by sol-gel synthesis was conducted by Masuda et al (Masuda et al., 1990). Sol-gel produced HA powders have molecular-level mixing and thus tend to have better stoichiometric ratios and better chemical homogeneity than those prepared by other routes such as hydrothermal synthesis. These can produce HA powders with calcium:phosphate ratios below that of the ideal stoichiometric value of 1.67, which is achievable by sol-gel synthesis (Yoshimura et al., 1994, Liu et al., 2001). Ca:P ratios greater than 1.67 suggest the presence of calcium oxide (CaO) in the sample. In natural HA, this value is not commonly observed as small amounts of other elements such as carbon, nitrogen and iron are incorporated into the structure (Vazquez, 2005).

Hydrolysis and polymerisation are the two chemical reactions involved in the sol-gel process. In the gel phase, clusters grow by the condensation of polymers or aggregations of particles until clusters collide with one another. The gel, which is a single giant cluster, is formed by links between the different clusters. The gel has been described as being a solid skeleton which encloses a continuous liquid phase (Klein, 1988). 

When the rate of hydrolysis is less than the rate of polymerisation, hydroxides form by nucleation and growth. Nucleation occurs relatively infrequently whilst growth occurs more rapidly. In the first stage of growth, HA nanocrystallites are formed by nucleation and growth. Aggregation of elemental nanocrystals occurs by molecular attraction, resulting in the minimisation of the surface free energy (Gomez-Morales et al., 2001). Further crystal growth, at a constant residual supersaturation, acts as a cementing agent inside the aggregates to form an agglomerate. The increase in particle size with temperature takes place due to aggregation of the agglomerated particles to form a secondary particle. These stages are highlighted in the diagram below (Figure 2.16 overleaf). Rodriguez et al. termed this process nucleation-aggregation-agglomeration-growth (Rodríguez-Clemente et al., 1998).
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[bookmark: _Ref345076110][bookmark: _Ref345076106][bookmark: _Toc348696522][bookmark: _Toc349764728][bookmark: _Toc443571258]Figure 2.16. Schematic representation of the nucleation and growth mechanisms of hydroxyapatite (A Randolph and Larson, 1988). 

It is thought that both the charged surfaces and condition of the super-saturated ionic solution are important factors in the nucleation of HA. Based on the concept of biomineralisation, the functions of organic macromolecules are important in the regulation of HA growth. This concerns molecular recognition between ions on the surface of a crystal nucleus and functional groups on the surface of organic macromolecules. 

There are, in general, three aspects of recognition at inorganic-organic interfaces which lead to specificity in the nucleation of biominerals which are considered effective. These are the electrostatic accumulation of cations, structural correspondence and stereochemical requirements. It has been reported that negatively charged surfaces are always favourable for the heterogeneous nucleation of HA, whereas nucleation is inhibited on a positive surface (Calvert, 1997). It is believed that the accumulation of Ca2+ ions due to electrostatic attraction increases the supersaturation near the negative surface, preferentially triggering the initial nucleation (Zhu et al., 2004). During the initial stage of homogeneous nucleation, the solute molecules combine to form clusters. When the degree of supersaturation is less than one, Gibbs free energy (GI) is always positive and clusters do not form. When the degree of supersaturation is greater than one, GI has a positive maximum at the critical size r*. The energy barrier for nucleation occurs when maximum Gibbs free energy Gmax = G(r*). As the clusters continue to grow, the free energy decreases, meaning that “stable” nuclei are formed which can grow to form macroscopic particles. Below the critical size, clusters cannot form and dissolve back into the solution.

[bookmark: _Toc424822492][bookmark: _Toc428455311][bookmark: _Toc428456349][bookmark: _Toc428457098][bookmark: _Toc428458151][bookmark: _Toc428521566][bookmark: _Toc428522015]Sol-gel method parameters
Several parameters in the sol-gel process can affect the size and composition of the resulting particles. In the sol-gel method used in this work, the phosphorous source is a hygroscopic liquid (triethyl phosphite, TEP). If the initial reaction of the phosphorous and calcium solutions is not covered with a lid, phosphorous can be lost, leading to the formation of a non-stoichiometric HA. The first reaction stage involves the polymerisation of the phosphite, resulting in the formation of charged hydroxyl ligands. A ligand is an ion or molecule that binds to a central metal atom to form a co-ordination complex. When the partial charge of the hydroxyl groups reaches zero or positive charge, polymerisation ceases. The colloidal particles in the solution can be considered to be an aggregation of oligomeric particles.

The hydrolysis reaction of TEP is: 
[bookmark: _Ref345072081]OP(OC2H5)3 + H2O → OP(OC2H5)3-x (OH)x + xC2H5OH       (Equation 1)
Increasing the aging time accelerates equation 1.

In the sol-gel method, the reaction for the ethanol-based process is:
P(Oet)3-x(OH)x + Ca(NO3)2-y(Oet)y 
→ (Oet)y’(NO3)2-y’-Ca-O-HPO(Oet)3-x’ + H2O + C2H5)H  (Equation 2) (Hench, 1991)

A pH drop is noticed in the solution, which can be accounted for by the release of protons in reaction. The aging time of the solution can also affect the stoichiometry of the end HA: fast titration results in a decrease of the pH solution below 9, which can lead to the formation of a calcium-deficient HA (Y Yang, 2008). A slower titration also aids the improvement of chemical homogeneity. The sintering step causes a phase transfer to an apatite structure. The apatitic phase can be obtained at temperatures as low as 400 °C, however, increasing the temperature increases the volume of the HA phase (Liu et al., 2002). This suggests that the removal of organic residuals increases the amount of HA present, as well as improving the crystallinity of the apatite.

The pH of the sol-gel can be altered by adding an alkali to each solution separately before titrating the calcium nitrate solution into the phosphate solution. Increasing the pH can enhance the gelation process to produce HA with less CaO, CaCO3 and TCP (Kim et al., 2005a). These phases form due to the incomplete gelation process, in which [Ca-O-P-] oligomers are formed (Wang and Shaw, 2009). Impure HA can result in decomposition in body fluid (Li et al., 2007). HA is formed at pH values above 8. An acidic environment causes the partial dissolution of the surface, leading to the enrichment of Ca2+, H2PO4-, PO43-, H+, OH- and also ion pairs such as CaH2PO4+ and CaOH+ in a hydrated layer (RZ LeGeros, 1993). Adding an alkali enhances the gelation rate by providing a larger number of OH- ions to capture H+ ions in the solution. 

Wet chemical precipitation synthesis of hydroxyapatite
The wet-chemical precipitation method for synthesising HA was first investigated in 1976 (Jarcho and Bolen, 1976). Wet chemical precipitation is an attractive HA synthesis route, due to the low cost of equipment requirements, low working temperature, high percentages of pure products and as in experimental operations (Cao et al., 2005, Kong et al., 2002). Nanoscale HA can be produced via precipitation if the temperature does not exceed 100 °C (Mobasherpour et al., 2007). Factors that affect the properties of HA synthesised by this method include starting materials, pH, stirring speed, temperature and ageing time (Monmaturapoj, 2008). Wet chemical precipitation offer more precise control over the morphology and size of the HA particles over hydrothermal synthesis routes, and have a more simple methodology than sol-gel synthesis (Ramesh et al., 2015).



Wet chemical precipitation parameters
Wet chemical precipitation calcium and phosphate precursors can be dissolved in water, although some methods use a combination of water and ethanol (Brito et al., 2008). However, it has been found that increasing the amount of ethanol can increase the size of HA particles and decrease dispersibility, due to larger supersaturation. HA has a lower solubility in ethanol than water, thus an increasing amount of ethanol causes an increase in supersaturation, with the result that the HA particles grow more quickly. Well-dispersed nHA can be synthesised in water alone (Wang et al., 2010). 

Usually, the shape of a crystal is determined by kinetics as opposed to thermodynamics,; the kinetics of each crystal face can be influenced by external factors including supersaturation, temperature and mixing (Meenan et al,. 2002). Reaction temperature is an important condition in the determination of crystal shape, as it influences both supersaturation and mixing (Wang et al., 2010). The morphology of HA particles synthesised from calcium hydroxide and phosphoric acid  change from needle-like to spherical (i.e. the aspect ratio decreases) as the reaction temperature increases. Conversely, the aspect ratio increases with increasing temperature when soluble calcium salts (e.g. calcium nitrate and calcium chloride) and phosphate salts are used in basic medium (Asaoka et al., 1995). 

The precipitation rate influences particle morphology; a higher precipitation rate yields particles with a higher aspect ratio, whilst the aspect ratio decreases as the precipitation rate decreases. GI increases with increasing temperature, which creates a greater driving force for precipitation and therefore a faster precipitation rate (Prakash et al.,2006). The reaction temperature also affects crystal size and degree of crystallinity: an increase in reaction temperature from 25-80 °C suggested that HA crystallisation was more favourable at higher temperatures (Wang et al., 2010). 

Particle size and morphology can be affected by the titration rate. Studies have shown that the particle size decreases with increasing titration rate, whilst the particle morphology changes from needle-like to spherical under the same change in conditions. The faster addition rates produce HA with a smaller particle size due to greater amounts of local supersaturation. The critical size of a particle crystallising in solution is limited by the size at which the surface free energy of the particle is greater than the energy of the solution. The crystal nucleus is unstable below the critical size and will re-dissolve into the solution. Nucleation and growth occur simultaneously in areas of local supersaturation. An increased titration rate creates a larger supersaturation, which can reduce the critical particle size. This increases the probability of nucleation compared to the probability of crystal growth. (Kramer et al., 2014).

[bookmark: _Ref439843021][bookmark: _Toc444002888] Manufacturing methods
[bookmark: _Toc424822496][bookmark: _Toc444002889] Electrospinning
The process of electrospinning matrices has gained significant interest, not only as it has a simple set-up and is low-cost to run, but because it produces matrices with a similar structure to the tissue extracellular matrix (Liang et al., 2007, Pham et al., 2006). 

The membranes fabricated for this project were created using the electrospinning technique. Electrospinning can be used to produce non-woven materials that can be used for a wide variety of applications, both medical and non-medical. Medical application examples include drug delivery systems, wound dressings and vascular grafts (Kenawy et al., 2009, Chen et al., 2008a, Theron et al., 2010). Non-medical applications include catalysts, photoelectrodes and supercapacitors (Dong et al., 2011). Electrospinning involves dissolving a polymer in an appropriate solvent. Table 2.8 overleaf lists common electrospun polymers and the solvents in which to dissolve them. 

[bookmark: _Ref345345965][bookmark: _Ref422234689][bookmark: _Toc349684308][bookmark: _Toc349846820][bookmark: _Toc349846933][bookmark: _Toc444003142]Table 2.8. Common electrospun polymers and their associated solvents for electrospinning.
	Polymer
	Solvent
	Concentration

	PLLA (Mw = 205 kDa)
	Dichloromethane 
	8 wt%

	PGA (Mw = 14,000-20,000)
	1,1,1,3,3,3-hexafluoro-2-propanol
	5 wt%

	PCL
	Chloroform
	10 wt% (Yoshimoto et al., 2003)

	PLGA (75:25) (Mw = 66,000-107,000)
	Dichloromethane
	20 wt%

	PLGA (50:50) (Mw = 25,000)
	1,1,1,3,3,3-hexafluoro-2-propanol
	5-7 wt% (You et al., 2005)

	PLGA (50:50) (Mw = 108,000)
	Chloroform
	15 wt% 

	PLCL (75:25)
	Chloroform
	15 wt% (Mo et al., 2004)

	Collagen type I
	1,1,1,3,3,3-hexafluoro-2-propanol
	0.083 g/ml (Matthews et al., 2002)

	Collagen type III
	1,1,1,3,3,3-hexafluoro-2-propanol
	0.04 g/ml



Once dissolved, the polymer solution is placed in a syringe with a needle connected to a voltage supply. The polymer solution is pumped through the needle, and when a voltage is applied, the solution is charged. When the charges on the fluid reach a critical limit, a polymer jet erupts from the droplet at the tip of the needle, which results in the formation of a Taylor cone. The polymer jet is drawn towards the oppositely-charged collecting plate. The solvent evaporates by the time the jet is collected on the plate, leaving a mat of non-woven material. Figure 2.17 overleaf shows the basic set up of the electrospinning rig used. Figure 2.18 overleaf shows the electrospinning rig used to produce the membranes in this work.
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[bookmark: _Ref345418608][bookmark: _Toc348696523][bookmark: _Toc349764729][bookmark: _Toc443571259]Figure 2.17.  Diagram of the electrospinning rig set-up. The polymer jet is accelerated in the vertical plane to avoid blobbing due to gravity.
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[bookmark: _Ref428448835][bookmark: _Toc443571260]Figure 2.18. The electrospinning rig used to produce the membranes. The rig is housed in a fume hood with an inbuilt circuit breaker approximately 10 cm from the base of the sash. If the sash is raised above this point during spinning, the power automatically cuts out.




Various parameters affect the electrospinning process;
· Molecular weight: the viscosity of the dissolved polymer increases with an increasing molecular weight. The solution is stretched as the polymer jet travels towards the collecting plate. The polymer molecule chain entanglements prevent the jet from breaking up, thereby maintaining a continuous jet. The polymer length determines the amount of chain entanglement.
· Viscosity: a higher viscosity reduces fibre beading by reducing the tendency of the solvent molecules to come together under the influence of surface tension. The polymer jet cannot form if the solution viscosity is too low. Conversely, if the viscosity is too high, then the solution may dry out at the needle tip before the polymer jet can form.
· Voltage: a higher voltage leads to increased stretching of the solution. The magnitude of the applied electrostatic field can cause a change in crystallinity within the fibre. An increase in voltage increases the acceleration of the fibres, reducing the flight time of the polymer jet. A reduced flight time means that the polymer fibres are collected before the polymer molecules align. 
· Needle-collector distance: if the distance between the needle tip and the collecting plate is not great enough, the solvent may not have evaporated by the time the fibre is collected. As the distance is decreased, the magnitude of the electric field is increased, thereby increasing the fibre acceleration, which reduces the time for the solvent to evaporate. Increasing the distance can result in a smaller average fibre diameter. 

[bookmark: _Toc424822497][bookmark: _Toc444002890] Rapid Prototyping and 3D Printing
Additive manufacturing (AM) technologies were first investigated in the 1980s.  Amongst the different branches, 3-dimensional printing (3DP) has gained significant interest as a potential manufacturing process to create scaffolds for tissue engineering. Various other methods to produce tissue engineering scaffolds exist, including solvent casting, particulate leaching and gas foaming. However these methods cannot produce scaffolds with a precise pore size or pore network, due to the random distribution of the particulate throughout the polymer network (Seunarine et al., 2006). These problems also limit the reproducibility of scaffolds fabricated by these methods. Sol-gel processing, solid freeform fabrication and freeze casting methods have been used to manufacture scaffolds from 45S5 Bioglass (Fu et al., 2011). 

3DP technologies have the ability to fabricate scaffolds with a specific pore size and porous structure with high accuracy and reproducibility (Mota et al., 2012).  These technologies include fused deposition modelling, robocasting, selective laser sintering and 3D bioplotting (Yeong et al., 2004). As mentioned in section 2.8, the pore size has an important role in the success of a bone regeneration scaffold. Pore size not only controls the permeability of nutrients to the scaffold and their mechanical properties, but also has a role in ECM production and organisation (Bose et al., 2013). 

3DP has potential applications for both soft and hard tissue engineering, including in adipose tissue restoration, cartilage and the delivery of cardiac cell therapy (Pati et al., 2015, Hung et al., 2016, Gaetani et al., 2015). The technology has been considered as a solution to organ donor shortages, with the idea of 3D printing of human hollow organs with lower architectural complexity (e.g. arteries, trachea, urethra and bile duct) being hypothesised (Radenkovic et al., 2016). 

Polymers investigated for 3DP include PCL, PLGA, polyurethane, collagen and gelatin (Park et al., Lee et al., 2012, Hung et al., 2016, Inzana et. al., 2014, Billiet et al., 2014). Other materials include HA, β-TCP and calcium sulphate (Cox et. al., 2015, Zhou et al., 2014,). In addition to gelatin, other starch-based polymers that have been investigated include cornstarch and dextran (Lam et al., 2002). 3DP has been used to develop growth factor and drug delivery systems. Examples include a multi-drug pill with two independently controlled release profiles that has been developed as a cardiovascular treatment regime, and a composite 3D printed bioactive ceramic loaded with tuberculosis (TB) drugs for bone regeneration and local anti-TB therapy after osteoarticular TB debridement surgery (Khaled et al., 2015 Min et al., 2015). Akkineni et al., investigated the development of a VEGF-loaded 3D printed calcium phosphate cement scaffold for bone regeneration (Akkenini et al., 2015). 

The ability to 3D print cells within a structure is another reason for the interest in the applications of 3DP in tissue engineering. Aortic valve conduits with alginate/gelatine hydrogels with encapsulated cells have been produced, and the cells were viable within the printed structure (Duan et al., 2012). Human nasal chondrocytes have been successfully printed in a nanocellulose and alginate-based bioink with good cell viability in vitro. 3DP can be used to incorporate two different cell types in one structure, as demonstrated by Lee et al., who printed rat embryonic neurons and astrocytes within a collagen structure for artificial neural tissue composites (Lee et al., 2009). 

As discussed in section 2.8, ceramics are brittle when used on their own, but 3DP offers a method of combining the bioactive properties of ceramics, such as HA, with a polymer to improve mechanical properties of the scaffold. Composite scaffolds that have been produced by 3DP for BTE include magnesium-doped wollastonite/β-TCP intended for load-bearing bone repair, PEG/β-TCP for osteochondral applications, PLGA/nHA/β-TCP, PLA/HA and PCL/HA (Shao et al., 2016, Zhang et al., 2015, Roh et al., 2015, Senatov et al., 2016, Park et al., 2013). By selecting a polymer with an appropriate degradation rate, the properties of the scaffold can be more finely tailored to the requirements on the implant site. The initial mechanical properties and strength degradation rate should match that of the natural bone for optimal healing (Bandyopadhyay et al., 2006). If two or more materials are combined, the degradation rate and mechanical properties of the material can be tailored to suit the scaffold’s intended purpose. 

PCL is an attractive polymer for 3DP due to its low melting temperature which makes it an attractive polymer for thermoplastic processing (Hutmacher et al., 2000). It has a Tg of 60 °C and a decomposition temperature of 350 °C, providing a wide range of temperatures for extrusion. PCL is currently regarded as a soft- and hard-tissue-compatible bioresorbable material (Perrin and English, 1997). As previously mentioned, it has a low processing cost and a slow degradation rate of 2-3 years for complete resorption. No weight change caused by degradation was reported on 3DP PCL scaffolds after three months implantation in vivo (Seyednejad et al., 2012). PCL can be blended with a range of other polymers including PLGA and PLA to improve properties such as stress crack resistance and adhesion (Chandra & Rustgi, 1998).

[bookmark: _Toc444002891]Use of surfactants 
Surfactants are compounds that reduce surface tension when they are added to a liquid. Surfactants can be added to polymer/ceramic composites in order to produce materials with uniform ceramic distribution. Surfactants can be non-ionic, anionic or cationic. Non-ionic surfactants include Triton X-100, Tween 20 and Tween 80. Anionic include sodium dodecyl sulphate (SDS), sodium stearate and sodium and laureth sulphate. Cationic surfactants include benzalkonium chloride and centrimonium chloride.

Whilst no cases of surfactant addition in 3DP systems could be found in the literature, there are examples of research on the use of surfactants to create a homogenous distribution within the polymer nanofibres for electrospun materials. Kim et al., added hydroxyl stearic acid to a suspension of PL/HA in chloroform. The electrospun composite showed excellent cell attachment and proliferation in vitro (Kim et al., 2006). Surfactants have also been added to electrospinning solutions to improve the spinnability of solution to yield natural chitosan-poly(ethylene oxide) nanofibres (Kriegel et al., 2009). 

The addition of non-ionic surfactants has been found to not significantly alter the crystallinity of the polymer. However, ionic surfactants were shown to decrease the crystallinity of electrospun mats of electrospun poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/HA composite nanofibres. This change in crystallinity was attributed to the repulsion of the charges decreasing interaction between the polymer chains (Suslu et al., 2014). A decrease in crystallinity increases the rate of degradation.

SDS is a non-ionic surfactant that has FDA approval for uses in food in concentrations up to 1000 ppm, and has also been used in HA synthesis to control the shape and size of the particles (FDA, 2013), (Yan et al., 2001). SDS is reported to be toxic at concentrations around its critical micelle concentration (CMC), which has been reported as 2.6 - 8.0 mM (Inácio et al., 2011) (Brito and Vaz, 1986).

The CMC is the concentration of surfactant at which micelles will form. Micelles are spherical aggregations of surfactant molecules that form with the hydrophilic head of the surfactant facing out and the hydrophobic tails facing in, as demonstrated in Figure 2.19.

[image: ]
[bookmark: _Ref444004849][bookmark: _Toc443571261]Figure 2.19. Surfactant micelle formation at the critical micelle concentration.

[bookmark: _Toc444002892]The surfactant-polymer interaction can depend on several factors, including the molecular structure of both components, as well as the net charges on either the polymer or surfactant separately, or the two combined (Wang and Tam, 2002). Anionic surfactants, such as SDS, have been found to have stronger interactions with non-ionic polymers, such as PCL, when compared to other types of polymer (Goddard, 1986). A critical aggregation concentration (CAC) exists in polymer-surfactant systems. The CAC is the point at which the polymer and surfactant begin to form mixed aggregates in the bulk. This aggregate has a similar structure to the surfactant micelles which associate with the polymer molecules (Bell et al., 2007). The CAC is reported to be lower than the CMC (Ghosh and Sharma, 2003).

  

[bookmark: _Toc444002893] Aims and objectives
To summarise the literature review, membranes and related devices used in musculoskeletal applications such as GBR do little to promote bone healing beyond acting as a physical barrier. The incorporation of osteoconductive biomaterials might address this shortcoming, but relatively little work has been reported to date on the development of more complex, heterogeneous membranes and scaffolds compared to devices fabricated using single materials such as collagen or PTFE. The relatively recent description of a range of nanoscale calcium phosphates and their use in bone surgery suggests that these would be an appropriate biomaterial to incorporate into a range of manufacturing processes with the goal of introducing osteoconductivity to an otherwise bioinert polymer structure. Several promising manufacturing processes were discussed in the literature review, and the two that offer some promise here are electrospinning and 3D printing.  With respect to manufacturing, it would be relatively straightforward to develop a quality system and apply good manufacturing processes to the fabrication of a synthetic medical device. The aim of this PhD study was therefore to investigate the fabrication of novel polymer:nHA heterogeneous membranes and composite scaffolds using these two different approaches.

The specific objectives to achieve this goal were:
1. To investigate the preparation of nHA via a number of different processes in order to select those that were most effective and appropriate for the manufacture of different membranes and scaffolds, and to characterise the nHA produced using conventional methods such as XRD and TEM.
2. To further investigate the preparation of a nHA modified by the substitution of Ca with Sr in order to demonstrate the feasibility of preparing substituted materials to influence cell and tissue behaviour. In the longer term, it may be possible to prepare heterogeneous and composite devices with inorganically modified nano-ceramics to influence cell and tissue behaviour.
3. Produce and characterise biodegradable electrospun membranes of PLGA (75:25).
4. By combining the results of the first three objectives, to develop and effective manufacturing method to produce heterogeneous structures containing both ceramic and polymer components. 
5. To predict the bioactivity of the heterogeneous membranes and their osteoconductive potential compared to an electrospun commercial PLLA scaffold using mesenchymal stem cells from both human and rat sources.
6. Produce 3D printed PCL-HA composite scaffolds at a range of ceramic weight percentages and evaluate their suitability bone tissue engineering by investigating their capacity to induce osteogenic differentiation of MSCs in vitro.
This multidisciplinary study will combine biomaterials preparation, manufacturing and in vitro testing to generate new knowledge that will help in the development of new membranes and scaffolds. On completion, this work will specifically add to the knowledge of the effect of a bioactive component on the ability of GBR membranes to promote an increased rate of bone regeneration, and the potential clinical application of polymer-ceramic membranes and scaffolds as a material for bone tissue regeneration.  



















[bookmark: _Toc444002894]Methods

[bookmark: _Toc444002895] Materials
All materials were supplied from Sigma Aldrich, Gillingham, UK, unless otherwise stated.

[bookmark: _Toc444002896] Hydroxyapatite synthesis 
HA was synthesised via one sol-gel method and three different wet chemical precipitation methods. These had different chemical precursors and processing conditions, as described below. The success of the method was based on the production of HA, preferentially nanoscale, as characterised by XRD and TEM. The HA 2 method was selected after a review of the literature on the synthesis of nHA. Methods HA 3 and 4 were selected due to an interest in these methods by Ceramisys Ltd., a company producing synthetic bone graft materials that originally provided additional funding for this project.
[bookmark: _Ref349814366][bookmark: _Ref349814387][bookmark: _Ref349814421][bookmark: _Toc424822501][bookmark: _Toc444002897]Sol-gel method (HA 1)
Calcium nitrate tetrahydrate (22.48 g) was dissolved in 40 ml ethanol. 10 ml of triethyl phosphite (Fisher Scientific, Loughborough, UK) was added to 5.6 ml of distilled water (dH2O) and 10 ml ethanol. Solutions with pH values of 9, 10 and 10.5 were produced by the addition of ammonium hydroxide (Alfa Aesar, Morecambe, UK). The calcium solution was then titrated into the phosphorous solution at a rate of 2 ml.min-1 and the pH of the final solution was measured. After the titration was completed, vigorous stirring of the solution continued for 5 minutes. The solution was then left to age for 24 hours. The solution was then stirred on a hot plate at 60 °C until a solid white gel was formed. The gel was transferred to an oven to dry at 80 °C. The powders obtained were sintered at 500, 550 and 600 °C for 2 hours (Liu et al., 2001). This method shall henceforth be referred to as “HA 1”. 
[bookmark: _Ref349815204][bookmark: _Toc424822502][bookmark: _Toc444002898]Wet precipitation method 1 (HA 2)
Calcium hydroxide (1.85 g) was dissolved in 250 ml dH2O and was heated to 95 °C for one hour on a hot plate and stirred at 400 rpm. Phosphoric acid (1.73 g) was dissolved in 250 ml dH2O and was then titrated into the calcium solution using a peristaltic pump at 3.5 ml.min-1. The solution was stirred on a stirrer plate at 95 °C for 2 hours. The precipitate was filtered then rinsed with 500 ml dH2O. The solution was left to settle for 2 hours before the excess liquid was poured off. This process was repeated twice more. The precipitate was then transferred to an oven to dry at 60 °C. The dried precipitate was then sintered at 1000 °C for 2 hours. This method was based on (Prakash et al., 2006). This method will henceforth be referred to as “HA 2”.
[bookmark: _Ref349815472][bookmark: _Ref349821026][bookmark: _Toc424822503][bookmark: _Toc444002899]Wet precipitation method 2 (HA 3)
Calcium nitrate tetrahydrate (5.90 g) and ammonium phosphate (1.98 g) were each dissolved in 250 ml dH2O. The pH values of the calcium and phosphorous solutions were adjusted to 11 and 12 respectively using potassium hydroxide (KOH). The phosphorous solution was then titrated into the calcium solution at a rate of 4 ml.min-1. The solution was then left to stir for 1 hour at room temperature on a stirrer plate after the completion of the titration and was then allowed to settle overnight. The precipitate was washed three times using 500 ml dH2O, with a 2 hour settling period in between, and the excess liquid was poured off each time. After the final rinse, the precipitate was transferred to an oven to dry at 60 °C, before being sintered at 1000 °C for 2 hours. this method shall henceforth be referred to as “HA 3”, and is based on  patent  2008/007992 A2 (Brito et al., 2008). 
[bookmark: _Ref346028070][bookmark: _Ref349815705][bookmark: _Ref349821424][bookmark: _Toc424822504][bookmark: _Toc444002900]Wet precipitation method 3 (HA 4)
[bookmark: _Ref346028066][bookmark: _Toc424822505][bookmark: _Toc428455324][bookmark: _Toc428456362][bookmark: _Toc428457111][bookmark: _Toc428458164][bookmark: _Toc428521579][bookmark: _Toc428522028] (a) With ethanol
Potassium hydrogen phosphate (1.72 g) was dissolved in a mixture of 200 ml dH2O and 50 ml ethanol. Calcium chloride (1.84 g) was dissolved in a mixture of 200 ml dH2O and 50 ml ethanol. The pH of the calcium solution was adjusted to a value of pH 11 using KOH, and that of the phosphorous solution was adjusted to a value of pH 12. The phosphorous solution was then titrated into the calcium solution at 4 ml.min-1. The solution was left to stir for 1 hour at room temperature on a stirrer plate after the completion of the titration, then allowed to settle overnight. The precipitate was washed three times using 500 ml dH2O, with a 2 hour settling period in between, and the excess liquid was poured off each time. After the final rinse, the precipitate was transferred to an oven to dry at 60 °C, before being sintered at 1000 °C for 2 hours. This method will henceforth be referred to as “HA 4 ethanol”. This method is also based on patent 2008/007992 A2 (Brito et al., 2008). 
[bookmark: _Toc424822506][bookmark: _Toc428455325][bookmark: _Toc428456363][bookmark: _Toc428457112][bookmark: _Toc428458165][bookmark: _Toc428521580][bookmark: _Toc428522029](b) Ethanol-free
This method follows the same protocol as laid out in 4.2.4 (a) with the exception that both the calcium and phosphorous precursors are dissolved in 250 ml dH2O. This method shall henceforth be referred to as “HA 4”. 

[bookmark: _Toc444002901] Strontium-substituted hydroxyapatite methods
[bookmark: _Ref349815947][bookmark: _Toc424822508][bookmark: _Toc444002902]Strontium-substituted HA via HA 3 method
[bookmark: _Toc424822509][bookmark: _Toc428455328][bookmark: _Toc428456366][bookmark: _Toc428457115][bookmark: _Toc428458168][bookmark: _Toc428521583][bookmark: _Toc428522032]50 % strontium substitution
Strontium nitrate (2.65 g) and calcium nitrate tetrahydrate (2.95 g) were dissolved in 250 ml dH2O. Ammonium phosphate (1.98 g) was  also dissolved in 250 ml dH22O. The pH of the calcium/strontium solution was adjusted to 11, and the pH of the phosphate solution was adjusted to 12 using KOH. The phosphate solution was then titrated into the calcium/strontium solution at a rate of 4 ml.min-1. Stirring was continued for 1 hour at room temperature on a stirrer plate after the completion of the titration and was then left to settle overnight. The precipitate was washed three times using 500 ml dH2O, with a 2 hour settling period in between, and the excess liquid was poured off each time. After the final rinse, the precipitate was transferred to an oven to dry at 60 °C, before being sintered at 1000 °C for 2 hours.
[bookmark: _Ref349816345][bookmark: _Toc424822510][bookmark: _Toc444002903]Strontium-substituted HA via HA 4 method
[bookmark: _Toc424822511][bookmark: _Toc428455330][bookmark: _Toc428456368][bookmark: _Toc428457117][bookmark: _Toc428458170][bookmark: _Toc428521585][bookmark: _Toc428522034](a) 10 % strontium substitution 
Calcium chloride (3.31 g) and of strontium chloride (0.66 g) were dissolved in 250 ml dH2O. Potassium hydrogen phosphate (3.42 g) was dissolved in 250 ml dH2O. The pH of the calcium/strontium solution was adjusted to 11, and the phosphate solution was adjusted to 12 using KOH. The phosphate solution was then titrated into the calcium/strontium solution at a rate of 4 ml.min-1. Stirring was continued for 1 hour at room temperature on a stirrer plate after the completion of the titration and was then allowed to settle overnight. The precipitate was washed three times using 500 ml dH2O, with a 2 hour settling period in between, and the excess liquid was poured off each time. After the final rinse, the precipitate was transferred to an oven to dry at 60 °C, before being sintered at 1000 °C for 2 hours.

[bookmark: _Toc424822512][bookmark: _Toc428455331][bookmark: _Toc428456369][bookmark: _Toc428457118][bookmark: _Toc428458171][bookmark: _Toc428521586][bookmark: _Toc428522035](b) 100 % strontium substitution
Strontium chloride (6.67 g) was dissolved in 250 ml dH2O. Potassium hydrogen phosphate (3.42 g) was dissolved in 250 ml dH2O. The phosphate solution was then titrated into the strontium solution at a rate of 4 ml.min-1. The solution was left to stir for 1 hour after the completion of the titration at room temperature on a stirrer plate, then allowed to settle overnight. The precipitate was then washed three times using 500 ml dH2O, with a 2 hour settling period in between, and the excess liquid was poured off each time. After the final rinse, the precipitate was transferred to an oven to dry at 60 °C, before being sintered at 1000 °C for 2 hour.

[bookmark: _Toc444002904]Fabrication of electrospun membrane
[bookmark: _Toc424822514][bookmark: _Toc444002905]Polymer solution
Poly(lactide-co-glycolide) (PLGA) with a lactide: glycolide ratio of 75:25 was dissolved at 20 w/w% concentration in dichloromethane (DCM) (Fisher Scientific, Loughborough, UK) in a soda glass vial. The solution container was sealed with Parafilm (Bemis NA, Neenah, USA) and was left to dissolve overnight on a stirrer plate at room temperature before being kept in a fridge.
[bookmark: _Toc424822515][bookmark: _Toc444002906]Electrospinning
The polymer solution was removed from the fridge an hour prior to use. The collecting plate in the electrospinning rig was covered with greaseproof paper. 1 ml of solution was drawn up into a 1 ml syringe (BD Plastipak, New Jersey, USA) and any air in the syringe removed. A blunt-tipped 2.54 cm tip crimp sealed 20 gauge needle (Fisnar, New Jersey, USA) was then fitted to the syringe. The syringe and needle were placed in the electrospinning rig, and connected to the circuit. The solution was electrospun between 15-17 kV at a flow rate of 2.5 ml.h-1. The needle tip- collector plate separation distance was 20 cm. After electrospinning, the as-produced membrane was wrapped in aluminium foil and stored in a desiccator. 
[bookmark: _Toc424822516][bookmark: _Toc444002907]Membrane shrinkage
To shrink the membranes, a measured membrane (80 x 70 mm) was weighed and placed in a glass Petri dish, and 15 ml of either distilled water or PBS was added and covered with a lid. The Petri dish was transferred to an oven at 37 °C for 24 h. The membranes were then removed from the Petri dishes, blotted dry and returned to the oven in a clean, uncovered Petri dish to dry at 37 °C for 24 hours. After the drying period, the membranes were re-measured and re-weighed. 

[bookmark: _Toc444002908]Fabrication of heterogeneous membrane
[bookmark: _Ref349820022][bookmark: _Ref349822202][bookmark: _Toc424822518][bookmark: _Toc444002909]Entrapment method
Electrospun PLGA membranes were cut into measured squares (30 x 20 mm) and weighed before being placed in glass Petri dishes. The dish was filled with 15 ml of either dH2O or phosphate buffered solution (PBS). Commercially available HA (Capital R) (Plasma Biotal, Buxton, UK) was weighed and added to the Petri dish. The square of electrospun PLGA was placed in the dish, and the lid replaced. The Petri dish was transferred to an oven at 37 °C for 24 h. The membranes were then removed from the Petri dishes, blotted dry and returned to the oven in a clean, uncovered Petri dish to dry at 37 °C for 24 h. After the drying period, the membranes were re-measured and re-weighed.
[bookmark: _Ref349817099][bookmark: _Ref349818410][bookmark: _Ref349818744][bookmark: _Ref349820766][bookmark: _Ref349820885][bookmark: _Ref349821385][bookmark: _Toc424822519][bookmark: _Toc444002910]Coating methods
[bookmark: _Toc424822520][bookmark: _Toc428455339][bookmark: _Toc428456377][bookmark: _Toc428457126][bookmark: _Toc428458179][bookmark: _Toc428521594][bookmark: _Toc428522043][bookmark: _Toc429945306](a) Dipping method 1
Calcium chloride (2.94 g) was dissolved in 100 ml dH2O. The pH of the solution was adjusted to pH 7.4 using tris-hydrochloric acid. Sodium phosphate (1.703 g) was dissolved in 100 ml dH2O. A  30 x 20 mm square of electrospun PLGA membrane was cut out and weighed prior to dipping. The membranes were immersed in the calcium solution for 30 seconds, rinsed in dH2O, and then immersed in the phosphorous solution for 30 seconds. This constituted one cycle. 5, 10 and 15 cycles were carried out. After the final cycle, the membrane was washed in dH2O and transferred in a glass dish to dry in an oven for 24 hours at 37 °C. After drying, the membrane was re-weighed.  The precipitates from both solutions were dried in an oven at 60 °C and kept for XRD analysis. This method was based on the one used by Taguchi et al., (Taguchi et al., 1999). This method shall henceforth be referred to as “DM 1”.
[bookmark: _Ref349818386][bookmark: _Toc424822521][bookmark: _Toc428455340][bookmark: _Toc428456378][bookmark: _Toc428457127][bookmark: _Toc428458180][bookmark: _Toc428521595][bookmark: _Toc428522044][bookmark: _Toc429945307](b) Dipping method 2
Calcium chloride (7.35 g) was dissolved in 100 ml dH2O (pH 7.2). Sodium phosphate (4.37 g) was dissolved in 100 ml dH2O (pH 8.96). A measured square (30 x 20 mm) of electrospun PLGA membrane was cut out and weighed prior to dipping. The membranes were immersed in the calcium solution for 10 minutes, rinsed in dH2O, immersed in the phosphorous solution for 10 minutes and then were rinsed in dH2O. In the second and third cycles the membranes were immersed in each solution for 5 minutes. The membranes were then transferred to dry in an oven at 37 °C for 24 hours in a glass dish. After drying, the membrane was re-weighed. The precipitates from both solutions were dried in an oven at 60 °C and kept for XRD analysis. This method shall henceforth be referred to as “DM 2”. 
   
[bookmark: _Toc424822522][bookmark: _Toc428455341][bookmark: _Toc428456379][bookmark: _Toc428457128][bookmark: _Toc428458181][bookmark: _Toc428521596][bookmark: _Toc428522045][bookmark: _Toc429945308](c) HA 3 dipping method
Calcium nitrate tetrahydrate (5.90 g) was dissolved in 250 ml dH2O. Ammonium phosphate (1.98 g) was dissolved in 250 ml dH2O. The pH of both solutions was adjusted to a value of pH 10 using potassium hydroxide. A measured square (30 x 20 mm) of electrospun PLGA membrane was cut out and weighed prior to dipping. The membrane was dipped in the calcium solution for 30 seconds before being rinsed in dH2O. The membrane was then dipped in the phosphorous solution for 30 seconds. This constituted one cycle. 5, 10, 15 and 20 cycles were carried out. After the final cycle, the membrane was dried at 37 °C for 24 hours and then re-weighed. The precipitates from both solutions were dried in an oven at 60 °C and kept for XRD analysis.

[bookmark: _Toc424822523][bookmark: _Ref428449352][bookmark: _Toc428455342][bookmark: _Toc428456380][bookmark: _Toc428457129][bookmark: _Toc428458182][bookmark: _Toc428521597][bookmark: _Toc428522046][bookmark: _Toc429945309][bookmark: _Toc430804365](d) HA 4 dipping method
Potassium hydrogen phosphate (1.72 g) was dissolved in 250 ml dH2O. Calcium chloride (1.84 g) was dissolved in 250 ml dH2O. The pH of the calcium solution was adjusted to a value of pH 10 using potassium hydroxide. The pH of the phosphorous solution is around the value of pH 9 and so was left unadjusted. A measured square (30 x 20 mm) of electrospun PLGA membrane was cut out and weighed prior to dipping. The membrane was dipped in the calcium solution for 30 seconds before being rinsed in dH2O. The membrane was dipped in the phosphorous solution for 30 seconds. This constituted one cycles. 5, 10, 15 and 20 cycles were carried out. After the final cycle, the membrane was dried at 37 °C for 24 hours and then re-weighed. The precipitates from both solutions were dried in an oven at 60 °C and kept for XRD analysis.
   
[bookmark: _Ref397529711][bookmark: _Ref397529717][bookmark: _Ref397529723][bookmark: _Ref397529735][bookmark: _Ref397529765][bookmark: _Toc424822524][bookmark: _Toc428455343][bookmark: _Toc428456381][bookmark: _Toc428457130][bookmark: _Toc428458183][bookmark: _Toc428521598][bookmark: _Toc428522047][bookmark: _Toc429945310][bookmark: _Toc430804366](e) HA 3 titration method
Calcium nitrate tetrahydrate (5.90 g) was dissolved in 250 ml dH2O. Ammonium phosphate (1.98 g) was dissolved in 250 ml dH2O. The pH of both solutions was adjusted to a value of pH 10 using KOH. A measured square (30 x 20 mm) of electrospun PLGA membrane was cut and weighed and placed in the calcium solution. The phosphate solution was titrated into the calcium solution at a rate of 4 ml.min-1. Stirring continued for 1 hour after the completion of the titration at room temperature on a stirrer plate. The membrane was then transferred to an oven to dry at 37 °C for 24 hours before being re-weighed. The precipitate was left to settle overnight at room temperature, and then rinsed three times with 500 ml dH2O before being dried at 60 °C. 
   
[bookmark: _Toc424822525][bookmark: _Toc428455344][bookmark: _Toc428456382][bookmark: _Toc428457131][bookmark: _Toc428458184][bookmark: _Toc428521599][bookmark: _Toc428522048][bookmark: _Toc429945311][bookmark: _Toc430804367](f) 2x HA 3 titration method
This method followed the same procedure as (e), with quantities of calcium and phosphorous doubled (i.e. 11.80 g calcium nitrate tetrahydrate and 3.96 g of ammonium phosphate).

[bookmark: _Toc424822526][bookmark: _Toc428455345][bookmark: _Toc428456383][bookmark: _Toc428457132][bookmark: _Toc428458185][bookmark: _Toc428521600][bookmark: _Toc428522049][bookmark: _Toc429945312][bookmark: _Toc430804368](g) HA 4 titration method
Potassium hydrogen phosphate (1.71 g) was dissolved in 250 ml dH2O. Calcium chloride (1.84 g) was dissolved in 250 ml dH2O. The pH of the calcium solution was adjusted to a value of pH 10 using potassium hydroxide. The pH of the phosphorous solution is around the value of pH 9 and was left unadjusted. A measured square (30 x 20 mm) of electrospun PLGA membrane was cut out and weighed prior to dipping and placed in the calcium solution. The phosphate solution was titrated into the calcium solution at a rate of 4 ml.min-1. Stirring continued for 1 hour at room temperature on a stirrer plate after the completion of the titration. The membrane was transferred to an oven to dry at 37 °C for 24 hours before being re-weighed. The precipitate was left to settle overnight, and then rinsed three times with 500 ml dH2O before being dried at 60 °C.

[bookmark: _Toc444002911]Biocompatibility testing
All cell culture materials were supplied by Sigma Life Science (Gillingham, UK) unless stated otherwise.
[bookmark: _Toc424822528][bookmark: _Toc444002912]Rat mesenchymal stem cell isolation
Prior to the collection of the rats (male Wistar, 4-5 weeks of age), a series of 20 ml vials containing 10 ml of cell culture medium with the following compositions were prepared: DMEM with 10% penicillin and streptomycin (P/S) (100 units/ml penicillin and 1 mg/ml streptomycin) i.e. 10 x the usual amount of antibiotics used for experiments. These vials were used to store the rat femora after dissection.

An equal number of 20 ml vials were prepared containing 10 ml of standard cell culture medium, composed of: DMEM supplemented with 1% P/S (10 units/ml of penicillin, 0.1 mg/ml of streptomycin), 20 mM L-alanyl glutamine and 10 % v/v of MSC qualified FCS.

After the rats were sacrificed, they were pinned by the limbs to a cork mat covered with tin foil and were sprayed with 70 % industrial methylated spirits (IMS). Sterile tweezers were used to cut the skin before the muscle was pulled up and a sterile scalpel used to sever the knee ligament to separate the femur from the tibia. Care was taken to remove as much muscle as possible from the femur. The ligament at the hip end of the femur was also severed, allowing the removal of the bone which was placed in a vial containing the 10 % P/S cell culture medium. After both femurs were removed in this way, the carcass was sent for disposal. 

Working under sterile conditions, the two ends of the femur were removed, and the bone marrow was flushed using 5 ml of standard (1% P/S) cell culture medium expelled from a syringe through a 20 gauge needle. The medium containing the bone marrow was then transferred into T-75 flasks, and standard cell culture medium was seeded to bring the total volume to approximately 15 ml. The flasks were then incubated at 37 °C and 5 % CO2 for 24 hours. 

After the 24 hour incubation period, the flasks were checked for cell attachment and infections. Most of the medium was aspirated off (1-2 ml left in the flask) and replaced with freshly prepared standard cell culture medium. The flasks were incubated until 80-90 % confluency was achieved. The cell culture medium changed every 48-72 hours. The cells were then passaged until the required number of cells was obtained. This procedure was based on that reported by Maniatopoulos et al., (Maniatopoulos et al., 1988). 
[bookmark: _Toc424822529][bookmark: _Toc444002913]Expansion of rat mesenchymal stem cells
 Cells were cultured in alpha Minimum Essential Medium Eagle (α-MEM) supplemented with 1 % P/S, 0.5 % L-glutamine and 10 % FCS (Biosera, Uckfield, UK). When cells reached approximately 80 % confluence, the media was aspirated from the T75 flask and the cell layer washed twice with PBS. 4 ml of a 1:1 solution of trypsin:PBS was added and the flasks incubated for 3-5 minutes at 37 °C and 5 % CO2 until the cells had detached from the bottom of the flask. MSC serum was added at a concentration of 10 % of the 1:1 trypsin:PBS solution, which was aspirated and the solution transferred to the centrifuge tube to be spun down at 1000 rpm for 5 minutes. The cells were then re-suspended in 10 ml of media and counted using a haemocytometer and seeded at a concentration of 1 million cells per T75 flask. 
[bookmark: _Toc424822530][bookmark: _Toc444002914]Cell culture of rat mesenchymal stem cells on materials
Membranes were cut using a cork borer (diameter 11 mm) and placed in 24 well plates, before being sterilised in isopropanol for 15-20 minutes and rinsed twice with Dulbecco’s phosphate buffered saline (PBS). Cells were seeded at a density of 50,000/membrane. 750 µm of media was added to each well and changed twice a week. The basal media used was α-MEM + 10 % FCS, 0.5 % L-glutamine and 1 % P/S. Osteogenic media was made by supplementing basal media with dexamethasone (0.1 %, 100 nM), ascorbic acid (0.1 %, 50 μg/mL) and β-glycerophosphate (1 %, 10 mM). The dexamethasone solution was stored at -18 °C, whilst the ascorbic acid and β-glycerophosphate solutions were made fresh each time. 
[bookmark: _Toc424822532][bookmark: _Toc444002915]Cell culture of human mesenchymal stem cells
The basal media used for cell culture was DMEM (Gibco, Life Technologies, Paisley, UK) + 10 % FBS and 1 % P/S. The osteogenic media was made up as follows:  DMEM (+ 10 % FBS + 1 % P/S), L-ascorbic acid -2- phosphate (0.1 %, 50 μg/mL), β-glycerophosphate (1 %, 10 mM) and 10 μl dexamethasone (0.1 %, 100 nM).  The ascorbic acid, β-glycerophosphate and dexamethasone solutions were stored at -18 °C until needed. Membranes were cut using a cork borer (diameter 11 mm) and placed in 24 well plates, before being sterilised in isopropanol for 15-20 minutes and then rinsed twice with PBS. Cells were seeded at a density of 50,000/membrane. 750 µm of media was added to each well and was changed twice a week. Cells were cultured for 21 days on the membranes, with samples taken on days 0, 7, 14 and 21 time points. The hMSCs were obtained from osteoarthritic patients who have undergone hip or knee replacement surgeries. The cells used in these experiments were sourced from the knee.
[bookmark: _Toc444002916]3D printing

All 3D printing of scaffolds was conducted under the supervision of Dr A.G. Mikos in the Department of Bioengineering, Rice University, Houston, TX, USA. The 3D printer used was custom built by Jordan Trachtenberg, Rice University. The extruder (Bari-CUDA, Thingiverse.com) and the RepRap Mendel 3D printer (MendelMax 1.5, Maker’s Tools Works, Oklahoma City, OK, USA) were built using open-source electronics (RAMBo, Ultramachine, South Pittsburg, TN, USA). The extruder nozzle size used for printing all scaffolds was 18 gauge (0.84 mm inner diameter) (Trachtenberg et al., 2014).
[bookmark: _Ref388264721][bookmark: _Ref388264730][bookmark: _Ref388264758][bookmark: _Ref388264763][bookmark: _Ref388264767][bookmark: _Ref388264817][bookmark: _Ref388264820][bookmark: _Toc424822534][bookmark: _Toc444002917]Reference scaffolds
PCL (Mw = 10,000, Sigma Aldrich, St Louis, USA) pellets were added to a 50 ml syringe-based extruder and heated at 75 °C for 3 min. After melting, the extrusion temperature was then lowered to 60 °C for the duration of the printing process. Printing parameters were set as follows: extruder temperature (E): 60 °C, bed temperature (BT): 32 °C, pressure (P): 82.7 kPa, printing speed (F): 400 mm/min. The scaffolds consisted of 6 horizontal and 6 vertical layers printed at 0-90 ° through an 18 gauge (0.84 mm inner diameter) stainless steel nozzle. The height between horizontal and vertical layers was 0.3 mm. Extrusion was paused for 30 seconds after the completion of each horizontal and vertical layer, to allow the printed polymer to cool. Nitrogen gas was used to control the printing pressure via a solenoid valve. 
[bookmark: _Toc424822535][bookmark: _Toc444002918]Composite scaffolds
20, 40, 50 and 60 wt% HA:PCL solutions were prepared for printing. 80:20 and 50:50 PCL:PLGA solutions were also prepared, as well as a 20:(80:10) HA:PCL:PLGA (Mw = 17,800, Purac, Gorinchem, Netherlands) solution. nHA synthesised via the HA 3 method and PCL were weighed to provide the appropriate HA:PCL ratio and added to a round bottomed flask. Chloroform (EMD, Darmstadt, Germany) and methanol (EMD, Darmstadt, Germany) were added in a 5:1 ratio. The solution was left to dissolve overnight on a magnetic stir plate at room temperature. The solution was sonicated for 2 minutes (60 % amplitude), then 120 µl of surfactant was added per 1 g of HA. The solution was sonicated for a further 2 minutes, left to stir for 10 minutes, and then poured onto an aluminium foil tray to dry. The resulting composite was ground using a mortar and pestle. Sodium dodecyl sulphate (SDS) (Sigma Aldrich, St Louis, USA) was made up at 0.1 M in dH2O. Tween 20 (Sigma Aldrich, St Louis, USA), Tween 80 (Sigma Aldrich, St Louis, USA) and Triton X-100 (Fisher Biotech, Pittsburgh, Pennsylvania, USA). Table 4.1 summarises the properties of the four surfactants that were tested for this study. Table 4.2 and Table 4.3 (overleaf) summarise the combinations of polymer, ceramic and surfactant.

[bookmark: _Ref430891388][bookmark: _Toc444003143]Table 4.1. Summary of surfactants used and their properties. 
	[bookmark: _Toc444002919]Surfactant
	[bookmark: _Toc444002920]Charge
	[bookmark: _Toc444002921]Concentration 

	[bookmark: _Toc444002922] SDS
	[bookmark: _Toc444002923]Anionic
	[bookmark: _Toc444002924]120 µl/g of HA  

	[bookmark: _Toc444002925]Triton X-100
	[bookmark: _Toc444002926]Non-ionic
	[bookmark: _Toc444002927]5 µg/ ml

	[bookmark: _Toc444002928]Tween 20
	[bookmark: _Toc444002929]Non-ionic
	[bookmark: _Toc444002930]5 µg/ ml

	[bookmark: _Toc444002931]Tween 80
	[bookmark: _Toc444002932]Non-ionic
	[bookmark: _Toc444002933]5 µg/ ml


[bookmark: _Ref430891571]
[bookmark: _Toc444003144]Table 4.2. Summary of sonication and surfactant combinations for weight percentages of HA:PCL printed. *sonicated for 4 minutes. All other solutions were sonicated for 2 minutes pre- and post-addition of the surfactant. 
	[bookmark: _Toc444002934]HA:PCL (wt% HA)
	[bookmark: _Toc444002935]Surfactant
	[bookmark: _Toc444002936]Sonication

	0
	-
	-

	0
	SDS
	Yes*

	20
	-
	-

	20
	No
	Yes

	20 
	SDS
	Yes

	20
	Tween 20
	Yes

	20
	Tween 80
	Yes

	20
	Triton X-100
	Yes

	40
	SDS
	Yes

	40
	Tween 80
	Yes


[bookmark: _Ref430891573][bookmark: _Toc444003145]Table 4.3. Summary of HA:PCL:PLGA and surfactant combinations.  The solution containing HA was made so that the HA content was 20 wt% of an 80:20 PCL:PLGA solution- for example, 2 g of HA was mixed with 6.4 g of PCL and 1.6 g of PLGA.
	[bookmark: _Toc444002937]HA:PCL:PLGA
	[bookmark: _Toc444002938]Surfactant
	[bookmark: _Toc444002939]Sonication

	0:80:20
	SDS
	Yes

	0:50:50
	SDS
	Yes

	20:(80:20)
	SDS
	Yes



The ground composite was added to the syringe. Scaffolds were printed within the following parameters: extruder temperature (E) = 70 – 95 °C, bed temperature (BT) = 32 °C, printing pressure (P) = 83-124 kPa, printing speed (F) = 400 mm/min. The scaffolds had the same structure as described in 4.7.1. 
[bookmark: _Toc444002940] Cell culture of rat mesenchymal stem cells on scaffolds

Scaffolds were sterilised in isopropanol in 24 well plates for 15-20 minutes and rinsed twice with Dulbecco’s phosphate buffered saline (PBS). Cells were seeded at a density of 50,000/scaffold. 750 µm of media was added to each well and changed twice a week. The basal media used was α-MEM + 10 % FCS, 0.5 % L-glutamine and 1 % P/S. Osteogenic media was made by supplementing basal media with dexamethasone (0.1 %, 100 nM), ascorbic acid (0.1 %, 50 μg/mL) and β-glycerophosphate (1 %, 10 mM). The dexamethasone solution was stored at -18 °C, whilst the ascorbic acid and β-glycerophosphate solutions were made fresh each time.

[bookmark: _Toc444002941]Analysis methods
[bookmark: _Toc444002942][bookmark: _Toc424822537]X-Ray diffraction 
X-Ray diffraction (XRD) was used to analyse the HA powders produced by sol-gel and wet precipitation methods, as well as the powders obtained from the dipping solutions. An acetate disk was placed on a steel sample preparation plate and a small amount of Elmer’s glue was added and mixed with a small quantity of sample to make a slurry. The glue was spread so that it covered the whole visible area of the acetate evenly, and dried using a hot air blower. Once dried, the disk was mounted in a specimen holder and placed in the XRD machine. The sample was run for 28 minutes. A scan speed of 2 °/minute was used, within a range of 5 – 80 ° at every 0.02 °, using Cu Kα with a wavelength of 0.15406 nm, generated at 40 kV and 40 mA. The XRD machine used for this work was the STOE STADI P (CuIP) (STOE, Darmstadt, Germany). Results were analysed using WinXPOW software. 
[bookmark: _Toc444002943][bookmark: _Toc424822538]Scanning electron microscopy 
A scanning electron microscope was used to study the membranes produced via electrospinning, for samples both with and without a CaP coating. The sample was fixed onto an aluminium SEM stub using a sticky carbon grid (both Agar Scientific, Standsted, UK) before a gold coating was applied (3 minutes, 15 mA, 24 nm coating thickness) (Emscope SC500, Quorum Technologies, Lewes, UK). Two SEM instruments were used for this work: FEI Inspect F (Sorby Centre, University of Sheffield) (FEI, Hillsboro, Oregon) and Philips XL20 (Department of Biomedical Sciences, University of Sheffield) (Philips, Eindhoven, Netherlands). Images taken using the XL20 will be noted accordingly. 
[bookmark: _Toc444002944][bookmark: _Toc424822539]Transmission electron microscopy 
HA powders were ground using a pestle and mortar. A small quantity of powder was added to 1 ml of chloroform in an Eppendorf tube, which was sonicated for 1 minute to break up any aggregates. Two to three drops of the solution were pipetted onto a carbon grid (Agar Scientific, Standsted, UK) using a 1 ml Pasteur pipette and dried at room temperature. The TEM used for this work was the Philips CM100 (Philips, Eindhoven, Netherlands). 
[bookmark: _Toc424822540][bookmark: _Toc444002945]X-Ray fluorescence (XRF)
[bookmark: _Toc349838242][bookmark: _Toc372709191][bookmark: _Toc387756870][bookmark: _Toc387757001][bookmark: _Toc389812675][bookmark: _Toc389812803][bookmark: _Toc396837639][bookmark: _Toc399754582][bookmark: _Toc403989281][bookmark: _Toc408567094][bookmark: _Toc408842489]The samples were prepared by mixing 0.2 g of HA powder with 8 g of lithium tetraborate which was then melted on a glass disc at 1200 °C. The XRF spectrometer used in this work is the Philips PW 2440 (Philips, Eindhoven, Netherlands). XRF analysis was conducted at Sheffield Hallam University with the aid of Mr Robert Burton.
[bookmark: _Toc444002946]Biocompatibility analytical methods
[bookmark: _Toc424822543][bookmark: _Toc444002947]pNPP alkaline phosphatase assay
 Samples were taken at the selected time points and transferred to a 24 well plate before being washed with 0.2 M carbonate buffer (pH 10.2). 0.2 M carbonate buffer was made up as 2:1 (v/v) of 0.2 M sodium carbonate (Sigma Aldrich, Gillingham, UK) to 0.2 M sodium bicarbonate (Sigma Aldrich, Gillingham, UK). The cells were lysed with 150 µl 0.1 % Triton-X in 0.2 M carbonate buffer. The samples were then stored at -80 °C until required for analysis. Samples were subjected to three freeze/thaw (-80 °C/37 °C) cycles. The solution was pipetted up and down to ensure the cells were fully lysed. 50 µl was transferred from each sample to a clear 96 well plate. The pNPP stock substrate was created as follows: 10 mg pNP (Sigma Aldrich, Gillingham, UK) in 9 ml 0.2 M carbonate buffer and 1 ml 0.1 µM magnesium chloride (Sigma Aldrich, Gillingham, UK). The working substrate was created by diluting the stock substrate in dH2O in a 1:2 v:v ratio. The pNP standards were made up as in Table 4.4.

[bookmark: _Ref372708990][bookmark: _Toc444003146]Table 4.4. Range and concentration of pNPP standards.
	Concentration pNP (µmol/ml)
	pNP (µl)
	0.2 M carbonate buffer (µl)

	0.5
	20
	380

	0.3
	12
	388

	0.2
	8
	392

	0.1
	4
	396

	0.05
	2
	398

	0.025
	1
	399

	0.0125
	0.5
	399.5

	0
	0
	400



[bookmark: OLE_LINK1]100 µl of each standard was added per well to a 96 well plate in triplicate. 50 µl of working substrate was then added to the wells and was incubated at 37 °C for up to one hour until colour change was seen. The length of incubation time was recorded. The absorbance was then read using a plate reader at 405 nm.
[bookmark: _Toc424822544][bookmark: _Toc444002948]PicoGreen assay
PicoGreen assays were conducted using the same samples as for the pNPP assays, and are subjected to the same initial treatment up to and including the three freeze/thaw cycles. 50 µl of each sample was then added to a black 96 well plate. The standards were made up as in Table 4.5 overleaf. The DNA used was from herring sperm (10 mg/µl) (Life Technologies, Paisley, UK), made up in a 1:10 dilution to 100 mg/µl in Triton-X in 0.2 M carbonate buffer.

[bookmark: _Ref372709099][bookmark: _Toc444003147]Table 4.5. Range and concentration of PicoGreen standards.
	DNA conc (µl/ml)
	Volume of DNA (µl)
	Volume of 0.1 % Triton-X (µl)
	Total (µl)

	8
	80 (µl of 100 µg/ml stock)
	920
	1000 (A)

	4
	500 of A
	500
	1000 (B)

	2
	500 of B
	500
	1000 (C)

	1
	500 of C
	500
	1000 (D)

	0.5
	500 of D
	500
	1000 (E)

	0.25
	500 of E
	500
	1000

	0
	0
	500
	500



50 µl of each standard was added in triplicate to the 96 well plate. The PicoGreen (Invitrogen, Life Technologies, Paisley, UK)) reagent was made up in 1:50 dilution in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5), and 50 µl was added to each standard and sample. The plate was then shaken before being covered in foil and left for a few minutes. The plate was then read at 485 nm excitation and 538 nm emission using a plate reader. 

[bookmark: _Toc424822545][bookmark: _Toc444002949]Von Kossa stain
Samples were taken at the chosen time points and transferred to a new 24 well plate before being washed twice with PBS. The samples were then covered with paraformaldehyde (PFA) and left at room temperature for 5-10 minutes. The PFA was removed and the samples were washed twice with PBS, covered with PBS and stored in a fridge until needed. After removal from the fridge, the samples were washed once with PBS and twice with dH2O. 1 % silver nitrate (0.1 g silver nitrate in 10 ml dH2O) was added. The samples were left on a light box for 10-60 minutes. The samples were then washed three times with dH2O, then 2.5 % sodium thiosulphate was added and left for 5 minutes, before being rinsed twice more with dH2O.  The samples were left in 20 % glycerol in PBS until imaged using a stereomicroscope. 
[bookmark: _Toc444002950]DAPI and actin cytoskeleton stains
DAPI and TRITC-conjugated Phalloidin were both provided as part of the actin cytoskeleton and focal adhesion staining kit (Millipore, Darmstadt, Germany). Samples were washed with PBS, covered with PFA and kept in the fridge until use. Samples were washed twice with 1x buffer (0.005 % Tween-20 in PBS) and then the cells were permeabilised with 0.1 % Triton X-100 in PBS for 5 minutes. Samples were then washed twice with the wash buffer. The blocking solution (1 % bovine serum albumin (BSA) in PBS) was applied for 30 minutes at room temperature. The samples were then washed once with 1x wash buffer. 350 µl of TRITC-conjugated Phalloidin was added to the samples at a dilution of 1:300 in PBS. The samples were covered with aluminium foil to protect from light and placed on a shaker plate at 40 rpm for 1 hour at room temperature. After three washes with 1x wash buffer (5-10 minutes per wash), 200 µl of DAPI (1:700 dilution in PBS) for 5 minutes at room temperature before being washed three times with 1x wash buffer (5-10 minutes per wash). The samples were mounted between two coverslips using ProLong Gold antifade reagent (Life Technologies, Paisley, UK). The samples were left covered for 30 minutes and then placed on glass slides to be imaged using a fluorescence microscope. 
[bookmark: _Toc424822546][bookmark: _Toc444002951]SEM preparation
Membranes were cut using an 11 mm diameter cork borer and affixed onto aluminium SEM stubs using carbon grids. Samples containing cells were washed with 0.1 M cacodylate buffer, then fixed in 3 % glutaraldehyde in 0.1 M cacodylate buffer for 30 minutes. Samples were then washed twice in 0.1 M cacodylate buffer before being left in osmium tetroxide for 90 minutes. Samples were then dehydrated through the alcohol gradients (70, 90, 100 and 100% ethanol + anhydrous copper sulphate) and left to dry overnight, before being affixed onto aluminium SEM stubs using carbon grids. 3DP scaffolds were cut using a scalpel and the sample affixed onto the aluminium stub using a carbon grid. All samples were gold coated prior to being imaged. 

[bookmark: _Toc444002952]Statistical analysis 
[bookmark: OLE_LINK6]Significance between two groups of data was analysed using the Student’s t-test. A one-way ANOVA, followed by Tukey’s test, was used to assess the significant changes in the data between three or more groups.  * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001.













[bookmark: _Toc444002953]Results
[bookmark: _Toc444002954]X-ray diffraction results 

Table 5.1 below lists all the compounds identified in the powders produced in this work and their formulae with the ICCD card number and its associated quality. 

[bookmark: _Ref349812986][bookmark: _Ref349812981][bookmark: _Toc349846821][bookmark: _Toc349846934][bookmark: _Toc444003148]Table 5.1. Summary of the compounds identified by XRD with the International Centre for Diffraction Data (ICCD) card and its quality: high quality data (*), reasonable data (I), low reliability (O), and calculated (C).
	Compound
	Formula
	Card number
	Quality

	HA
	Ca10(PO4)6(OH)2
	9-432
	I

	Monetite
	CaPO3(OH)
	9-80
	I

	Octacalcium phosphate 
	Ca8(HPO4)2(PO4)45H2O
	26-1056
	*

	Calcium nitrate
	Ca(NO2)2,  CaN2O3
	28-232, 47-642
	O, O

	Strontiumapatite
	Sr5(PO4)3OH
	33-1348
	*

	Calcium strontium phosphate hydroxide
	Ca5Sr5(PO4)6(OH)2
	34-479
	I

	Calcium oxide
	CaO
	48-1467
	C

	Beta-tricalcium phosphate (β-TCP)
	Ca3(PO4)2
	70-2065
	C

	Brushite
	CaHPO45(H2O)
	72-1240
	C

	Calcium chloride phosphide
	Ca3PCl3
	84-1126
	C


[bookmark: _Toc424822550][bookmark: _Toc430803384][bookmark: _Toc444002955]





XRD results for unsubstituted HA

[bookmark: _Toc424822551][bookmark: _Toc428457156][bookmark: _Toc428458209][bookmark: _Toc428521624][bookmark: _Toc428522073]X-ray diffraction spectra for sol-gel HA
Figure 5.1 -Figure 5.9 are the XRD spectra for the sintered sol-gel powders. See section 4.1.1 for the synthesis method. The sol-gel method produced powders with HA as the main phase. The pH 9 sample did not contain any secondary phases when sintered at 500 °C, however monetite was present in the samples sintered at both 550 and 600 °C. All three powders produced at pH 10 had secondary phases present: monetite for the samples sintered at 500 and 550 °C, and β-TCP for the sample sintered at 600 °C. The samples produced at pH 10.5 were identified as pure HA after sintering at 500 °C, but contained monetite at both 550 and 600 °C.

[image: ]
[bookmark: _Ref346533345][bookmark: _Ref346533341][bookmark: _Toc348696526][bookmark: _Toc349764732][bookmark: _Toc443571262]Figure 5.1. X-ray diffraction spectrum of sol-gel pH 9 hydroxyapatite sintered at 500 °C. Blue lines correspond to the X-ray diffraction card for hydroxyapatite. Baseline drift is due to sample preparation. 





[image: ]
[bookmark: _Ref417476450][bookmark: _Toc443571263]Figure 5.2. X-ray diffraction spectrum of sol-gel pH 9 hydroxyapatite sintered at 550 °C. Peaks marked with green are monetite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.

  [image: ]
[bookmark: _Ref346533406][bookmark: _Toc348696532][bookmark: _Toc349764738][bookmark: _Toc443571264]Figure 5.3. X-ray diffraction spectrum of sol-gel pH 9 hydroxyapatite sintered at 600 °C. Peaks marked with green are monetite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite. 

[image: ]
[bookmark: _Ref397326530][bookmark: _Toc443571265]Figure 5.4. X-ray diffraction spectrum of sol-gel pH 10 hydroxyapatite sintered at 500 °C. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.
Pea[image: ]ks marked with green are monetite.
[image: ]
[bookmark: _Ref346533388][bookmark: _Toc348696530][bookmark: _Toc349764736][bookmark: _Toc443571266]Figure 5.5. X-ray diffraction spectrum of sol-gel pH 10 hydroxyapatite sintered at 550 °C. Peaks marked with green are monetite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite. 
[image: ]
[bookmark: _Ref346533421][bookmark: _Toc348696533][bookmark: _Toc349764739][bookmark: _Toc443571267]Figure 5.6. X-ray diffraction spectrum of sol-gel pH 10 hydroxyapatite sintered at 600 °C. Peaks marked with orange are beta-tricalcium phosphate. Blue lines correspond to the X-ray diffraction card for hydroxyapatite. 

[bookmark: _Ref346533373][bookmark: _Toc348696528][bookmark: _Toc349764734][image: ]
[bookmark: _Ref417476501][bookmark: _Toc443571268]Figure 5.7. X-ray diffraction spectrum of sol-gel pH 10.5 hydroxyapatite sintered at 500 °C. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.

[image: ]
[bookmark: _Ref346533393][bookmark: _Toc348696531][bookmark: _Toc349764737][bookmark: _Toc443571269]Figure 5.8. X-ray diffraction spectrum of sol-gel pH 10.5 hydroxyapatite sintered at 550 °C. Peaks marked with orange are beta tricalcium phosphate. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.

[bookmark: _Ref346533439][bookmark: _Toc348696534][bookmark: _Toc349764740][image: ]
[bookmark: _Ref397326569][bookmark: _Toc443571270]Figure 5.9. X-ray diffraction spectrum of sol-gel pH 10.5 hydroxyapatite sintered at 600 °C. Peaks marked with orange are beta tricalcium phosphate, peaks marked with purple are calcium oxide. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.
[bookmark: _Toc424822552][bookmark: _Toc428457157][bookmark: _Toc428458210][bookmark: _Toc428521625][bookmark: _Toc428522074]X-ray diffraction spectra for hydroxyapatite prepared by the HA 2 method
Figure 5.10 and Figure 5.11 are for the unsintered and sintered powders respectively produced using the HA 2 method. For the method, see section 5.1. The unsintered powder was identified as HA with no secondary phases present. However, the sintering stage caused the formation of calcium oxide as an impurity. 

[image: ]
[bookmark: _Ref346533489][bookmark: _Toc348696535][bookmark: _Toc349764741][bookmark: _Toc443571271][bookmark: OLE_LINK4]Figure 5.10. X-ray diffraction spectrum of unsintered HA 2 method hydroxyapatite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.



[image: ]
[bookmark: _Ref346533498][bookmark: _Toc348696536][bookmark: _Toc349764742][bookmark: _Toc443571272][bookmark: _Toc444002956][bookmark: _Toc424822553][bookmark: _Toc428457158][bookmark: _Toc428458211][bookmark: _Toc428521626][bookmark: _Toc428522075][bookmark: _Toc429945336][bookmark: _Toc430803385][bookmark: _Toc430804392][bookmark: _Toc430807720][bookmark: _Toc444002957]Figure 5.11. X-ray diffraction spectrum of 1000 °C sintered HA 2 method hydroxyapatite. Red lines correspond to the X-ray diffraction card for hydroxyapatite. Peak marked with purple indicates calcium oxide. 












X-ray diffraction spectra for hydroxyapatite prepared by the HA 3 method
Figure 5.12 and Figure 5.13 are the XRD spectra for unsintered and sintered HA respectively, produced by the HA 3 method. See section 8.1.3 for the method used. The unsintered powder is HA with no secondary phases present, whilst the sintering stage led to the formation of calcium nitrate, with HA remaining the main phase. 

[image: ]
[bookmark: _Ref346533508][bookmark: _Toc443571273][bookmark: _Toc348696537][bookmark: _Toc349764743]Figure 5.12. X-ray diffraction spectrum of unsintered HA 3 method hydroxyapatite. Blue indexing lines are hydroxyapatite. 
	

[image: ]
[bookmark: _Ref346533513][bookmark: _Toc348696538][bookmark: _Toc349764744][bookmark: _Toc443571274][bookmark: _Toc424822554][bookmark: _Toc428457159][bookmark: _Toc428458212][bookmark: _Toc428521627][bookmark: _Toc428522076]Figure 5.13. X-ray diffraction spectrum of 1000 °C sintered HA 3 method hydroxyapatite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite. Peaks marked with pink are calcium nitrate.

X-ray diffraction spectra for hydroxyapatite prepared by the HA 4 method
Figure  5.14 and Figure 5.15 overleaf are for unsintered and sintered powders respectively, produced using the HA 4 method. See section 4.2.4 for the method. The unsintered powder had a main phase of HA, with a secondary phase of β-TCP present. However, upon sintering, the powder decomposed to β-TCP.

[image: ]
[bookmark: _Ref346533521][bookmark: _Toc443571275][bookmark: _Toc348696539][bookmark: _Toc349764745]Figure  5.14. X-ray diffraction spectrum of unsintered HA 4 method hydroxyapatite. Blue lines correspond to the X-ray diffraction card for hydroxyapatite.
Peaks marked with orange are beta tricalcium phosphate.


[image: ]
[bookmark: _Ref346533531][bookmark: _Toc348696540][bookmark: _Toc349764746][bookmark: _Toc443571276]Figure 5.15. X-ray diffraction spectrum of 1000 °C sintered HA 4 method hydroxyapatite. Blue indexing lines are beta-tricalcium phosphate.

Table 5.2 summarises the unsubstituted HA powders produced by the different methods used, and includes the main phase as well as any secondary phases that were identified in the sample.  Both unsintered and sintered powders are listed for the HA 2, HA 3 and HA 4 methods. 

[bookmark: _Ref349813357][bookmark: _Toc349684309][bookmark: _Toc349846822][bookmark: _Toc349846935][bookmark: _Toc444003149]Table 5.2. Hydroxyapatite synthesis methods and the phases produced as identified by XRD analysis. 
	Synthesis method 
	Figure
	Sintering temperature (°C)
	Main phase
	Secondary phases

	Sol-gel pH 9
	Figure 5.1
	500 
	HA
	-

	Sol-gel pH 9
	Figure 5.2 
	550
	HA
	Monetite

	Sol-gel pH 9
	Figure 5.3
	600
	HA
	Monetite

	Sol-gel pH 10
	Figure 5.4
	500
	HA
	Monetite

	Sol-gel pH 10
	Figure 5.5
	550
	HA
	Monetite

	Sol-gel pH 10
	Figure 5.6
	600
	HA
	β-TCP

	Sol-gel pH 10.5
	Figure 5.7
	500
	HA
	-

	Sol-gel pH 10.5
	Figure 5.8
	550
	HA
	β-TCP

	Sol-gel pH 10.5
	Figure 5.9
	600
	HA
	β-TCP, CaO

	HA 2
	Figure 5.10
	Unsintered
	HA
	-

	HA 2
	Figure 5.11
	1000
	HA
	Calcium oxide

	HA 3
	Figure 5.12
	Unsintered
	HA
	-

	HA 3
	Figure 5.13
	1000
	HA
	Calcium nitrate

	HA 4 
	Figure  5.14
	Unsintered
	HA
	Brushite

	HA 4 
	Figure 5.15
	1000
	β-TCP 
	-



The sol-gel hydroxyapatite batches were split into three and synthesised at the three different temperatures, so that the results at different temperatures were all from the same production batch. Hydroxyapatite produced from the HA 2, 3 and 4 methods were similarly split into two, with one half remaining unsintered whilst the second half was sintered at the specified temperature.
[bookmark: _Toc424822555][bookmark: _Toc444002958]X-ray diffraction spectra for strontium-substituted hydroxyapatite
[bookmark: _Toc424822556][bookmark: _Toc428457161][bookmark: _Toc428458214][bookmark: _Toc428521629][bookmark: _Toc428522078]Strontium-substituted hydroxyapatite produced by the HA 3 method
Figure 5.16 below shows the XRD spectrum for unsintered 50 % Sr-HA produced using the HA 3 method. XRD revealed that the powder was 50:50 calcium strontium phosphate hydroxide. The sintered powder decomposed and was unidentifiable by XRD and thus the spectrum has not been included. 
[image: ]
[bookmark: _Ref349815883][bookmark: _Toc348696541][bookmark: _Toc349764747][bookmark: _Toc443571277]Figure 5.16. X-ray diffraction spectrum of unsintered HA 3 method 50 % strontium-substituted hydroxyapatite. Red indexing lines are 50:50 calcium strontium phosphate hydroxide.
[bookmark: _Toc424822557][bookmark: _Toc428457162][bookmark: _Toc428458215][bookmark: _Toc428521630][bookmark: _Toc428522079]









Strontium-substituted hydroxyapatite produced by the HA 4 method
Figure 5.17 and Figure 5.18 are the spectra for unsintered 10 % and 100 % Sr-HA respectively, produced by the HA 4 method. See sections 8.2.2 (a) and (b) for the methods. The 10 % powder was identified as HA, and the 100 % sample as strontiumapatite. 
[image: ]
[bookmark: _Ref349816250][bookmark: _Toc348696542][bookmark: _Toc349764748][bookmark: _Toc443571278]Figure 5.17. X-ray diffraction spectrum of unsintered HA 4 method 10 % strontium-substituted hydroxyapatite. Red lines correspond to the X-ray diffraction card for hydroxyapatite.





[image: ]
[bookmark: _Ref349816251][bookmark: _Toc348696543][bookmark: _Toc349764749][bookmark: _Toc389812691][bookmark: _Toc389812819][bookmark: _Toc396837656][bookmark: _Toc399754599][bookmark: _Toc403989299][bookmark: _Toc408567112][bookmark: _Toc408842507][bookmark: _Toc443571279]Figure 5.18. X-ray diffraction spectrum of unsintered HA 4 method 100% strontium-substituted hydroxyapatite.  Red indexing lines are strontiumapatite. 

[bookmark: _Toc444003150]Table 5.3. Strontium-substituted hydroxyapatite and the phases identified by X-ray diffraction analysis.
	Synthesis method
	% strontium substitution
	Sintering temperature
	Main phase
	Secondary phases

	HA 3
	50
	Unsintered
	Calcium strontium phosphate hydroxide
	-

	HA 4 
	10
	Unsintered
	HA
	-

	HA 4 
	100
	Unsintered
	Strontiumapatite
	-



The levels of strontium substitution are the theoretical value based on the percentage of strontium precursor that was substituted for the calcium precursor in each method respectively. 





[bookmark: _Toc444002959]X-ray fluorescence results
XRF was conducted on all unsubstituted HA powders produced and the values reported in Table 5.4 below. The stoichiometric value for HA is 1.67, whilst TCP has a value of 1.5, and that of octacalcium phosphate (OCP) is 1.33. The ratio for HA 1 pH 9 powder sintered at 500 °C was very low so the measurement was repeated. This powder was from the same batch as the two other samples synthesised at pH 9 which had slightly high Ca:P ratios. 

[bookmark: _Ref348722946][bookmark: _Toc349684311][bookmark: _Toc349846824][bookmark: _Toc349846937][bookmark: _Toc444003151]Table 5.4. Calcium: phosphate ratios for sintered hydroxyapatite powders obtained by X-ray fluorescence.
	Sample
	Sintering temperature (°C)
	Ca/P value
	Main phase (XRD)
	Secondary phase (XRD)

	Reference powder*
	
	1.64
	
	

	HA 1 pH 9 
	500
	0.86
	HA
	-

	HA 1 pH 9 
	550
	1.80
	HA
	Monetite

	HA 1 pH 9 
	600
	1.88
	HA
	Monetite

	HA 1 pH 10 
	500
	1.75
	HA
	Monetite

	HA 1 pH 10 
	550
	1.93
	HA
	Monetite

	HA 1 pH 10 
	600
	1.60
	HA
	β-TCP

	HA 1 pH 10.5 
	500
	1.61
	HA
	-

	HA 1 pH 10.5 
	550
	1.63
	HA
	β-TCP

	HA 1 pH 10.5
	600
	1.76
	HA
	β-TCP

	HA 2
	1000
	1.70
	HA
	Calcium oxide

	HA3
	1000
	1.51
	HA
	Calcium nitrate

	HA 4 
	1000
	1.38
	β-TCP
	-


*Plasma Biotal



[bookmark: _Toc444002960]Transmission electron microscopy images
[bookmark: _Toc424822560][bookmark: _Toc444002961]Average particle size
[bookmark: _Ref429223540][bookmark: _Ref429223535][bookmark: _Toc444003152]Table 5.5. Average length and widths of HA particles measured from transmission electron microscopy images. All powders were unsintered. n = 50.
	Powder
	Average length ± SD (nm)
	Average width ± SD (nm)

	HA 3 pH 10
	29.4 ± 8.2
	10.9 ± 3.4

	HA 3 pH 11
	95.8 ± 37.4
	14.7 ± 5.4

	HA 4  pH 10
	101.1 ± 44.0
	16.4 ± 6.3

	HA 4 pH 11
	67.9 ± 24.3
	16.4 ± 3.7


. 
[image: ]  [image: ]
[bookmark: _Ref440632394][bookmark: _Toc443571280]Figure 5.19. Transmission electron microscopy of hydroxyapatite produced by the HA 3 method. (a) unsintered, pH 10, (b) unsintered,  pH 11. Scale bar is 50 nm in both images.

Particles showed a needle-like morphology, with an increase in width and length measured in the pH 11 powder compared to the pH 10 powder (Figure 5.19).

[image: ] [image: ]
[bookmark: _Ref444005209][bookmark: _Toc443571281]Figure 5.20. Transmission electron microscopy of hydroxyapatite produced by the HA 4 method. (a) unsintered, pH 10, (b) unsintered, pH 11. 

The increase in pH caused an increase in particle length, but negligible change in width (Figure 5.20).


[bookmark: _Toc444002962]X-ray diffraction spectra of heterogeneous membrane coating
The powders used for XRD for the heterogeneous membrane formations were obtained from the dipping solutions of each method. 
[bookmark: _Toc424822562][bookmark: _Toc428455380][bookmark: _Toc444002963]DM1
The powder used for XRD analysis for DM1 was obtained from the calcium solution (Figure 5.21). See section 4.5.2 (a) for the method. XRD revealed the main phase to be calcium chloride phosphide, with secondary phases of HA and OCP. However, as XRD was conducted on the precipitate from the solution and not that formed on the membrane, it cannot be said with conviction that the two substances will be the same. 
[image: ]
[bookmark: _Toc348696544][bookmark: _Toc349764750][bookmark: _Toc443571282]Figure 5.21. X-ray diffraction spectrum of precipitate obtained from calcium solution in DM1. Red indexing lines are calcium chloride phosphide. Peaks marked with green are associated with hydroxyapatite, those marked with blue are associated with octacalcium phosphate. 

[bookmark: _Toc424822563][bookmark: _Toc428455381][bookmark: _Toc444002964]DM2
XRD analysis was carried out on the precipitate obtained from the calcium solution for DM2 (Figure 5.22). For the method, see section 4.4.2 (b). The phase identified is calcium chloride phosphide. Since the reagents used in both the calcium and the phosphorous solutions are the same as those used in DM1 (the two differences between the methods are the concentrations of the solutions, and the length and number of cycles), as would be predicted, the same compound was identified in the calcium solution for both methods. 
[image: ]
[bookmark: _Toc349764751][bookmark: _Toc443571283][bookmark: _Toc348696545]Figure 5.22. X-ray diffraction spectrum of precipitate obtained from the calcium solution in DM2. Red indexing lines are calcium chloride phosphide. 

[bookmark: _Toc424822564][bookmark: _Toc428455382][bookmark: _Toc444002965]HA 3 dipping method
The XRD spectra for the precipitate obtained from the calcium solution in the HA 3 dipping method has been overlaid with the reference card to demonstrate that the phase present is not HA (Figure 5.23). For the method itself, see 4.4.2 (c). 
[image: ]
[bookmark: _Toc349764752][bookmark: _Toc443571284]Figure 5.23. X-ray diffraction spectrum of precipitate obtained from calcium solution in HA 3 dipping method. Red lines correspond to the X-ray diffraction card for hydroxyapatite.
[bookmark: _Toc424822565][bookmark: _Toc428455383]
5.5.4 HA 4 dipping method
XRD analysis on the precipitate obtained from the calcium solution in the HA 4 dipping method showed it to be monetite, a calcium phosphate with a Ca:P of 1 (Figure 5.24). See section 4.5.2 for the method. 
[image: FL3 dipping Ca soln 9 80 ed]
[bookmark: _Toc348696546][bookmark: _Toc349764753][bookmark: _Toc443571285][bookmark: _Toc424822566][bookmark: _Toc428455384]Figure 5.24. X-ray diffraction spectrum of precipitate obtained from calcium solution for HA 4 dipping method. Red indexing lines are monetite.

[bookmark: _Toc444002966]HA 3 titration method
The HA 3 titration method (see section 4.4.2 for method) produced pure HA (Figure 5.25). As the method is the same as that for the HA synthesis (section 4.1.3) except for using pH values of 10 for both the calcium and phosphorous solutions, as opposed to 11 and 12 respectively, this was to be expected.
[bookmark: _Toc348696547][bookmark: _Toc349764754][bookmark: _Toc443571286][image: ]Figure 5.25. X-ray diffraction spectrum of precipitate obtained from HA 3 titration method. Red indexing lines are hydroxyapatite.
[bookmark: _Toc424822567][bookmark: _Toc428455385][bookmark: _Toc444002967]HA 4 titration method
The HA 4 titration method also produced pure HA (Figure 5.26). Again, as the only difference between this and the HA synthesis method was the pH 10 for both solutions in the coating method, and pH 11 and 12 for the calcium and phosphorous solutions respectively in the HA synthesis method, this was to be expected. 

[image: ]
[bookmark: _Toc348696548][bookmark: _Toc349764755][bookmark: _Toc443571287]Figure 5.26. X-ray diffraction spectrum of precipitate obtained from HA 4 titration method. Red indexing lines are hydroxyapatite.
 
[bookmark: _Toc444002968]PLGA shrinkage results
Membranes were shrunk in both PBS (as reported in the literature) and dH2O to ensure that the phosphate ions in PBS were not affecting the morphology of the PLGA fibres, or the weight change after shrinkage. The extent of shrinkage measured by change in surface area was greater for membranes shrunk in dH2O, for both those shrunk with and without HA (Figure 5.27). The change in weight per surface area was greater for membranes shrunk in PBS (without HA), but this result was not significant (Figure 5.28). Membranes shrunk with HA in dH2O had a significantly greater change in weight per surface area than those shrunk with HA in PBS. For the method, see section 4.3.3.



[bookmark: _Toc443571288]Figure 5.27. Comparison of change in surface area as percentage of original surface area prior to shrinkage. 



[bookmark: _Ref440383480][bookmark: _Toc443571289]Figure 5.28. Comparison of change in weight per change in surface area for membranes shrunk with and without hydroxyapatite in PBS and dH2O. n = 9.

As would be expected, the differences between the membranes shrunk without HA were statistically different in comparison to the membranes shrunk in the same medium with hydroxyapatite (Figure 5.28). The variance between the weight change for membranes shrunk with hydroxyapatite between PBS and dH2O was statistically different.  

[bookmark: _Ref389645404][bookmark: _Toc400541719][bookmark: _Toc408999909][image: ]
[bookmark: _Toc443571290]Figure 5.29. Comparison of average fibre widths for unshrunk and shrunk PLGA membranes electrospun at 16 kV. The membranes were shrunk in dH2O. n = 20.

[bookmark: _Toc444002969]Heterogeneous membrane fabrication
Table 5.6. Comparison of average weight change per unit surface area for dipping and titration coating methods. The weight changes are in micrograms per millimetre squared. 15 cycles of DM1 produced the largest increase in weight per surface area. The HA 3 titration coating method was chosen as the coating method, due to evidence of brushite in the HA 4 titrations (XRD analysis), despite a greater weight change with the latter. Methods were first conducted on unshrunk PLGA to test efficacy. SEM analysis of unshrunk membranes revealed whether the coating was uniform in distribution and revealed the presence of suspected impurities (brushite, DM1 15 cycles) which could not be confirmed by X-ray diffraction. For these reasons, these methods were eliminated and not then applied to shrunk membranes.   

[bookmark: _Ref349823379][bookmark: _Toc349684313][bookmark: _Ref349821578][bookmark: _Ref349822681][bookmark: _Toc349846826][bookmark: _Toc349846939][bookmark: _Toc444003153]Table 5.6. Comparison of average weight change per unit surface area for dipping and titration coating methods. n = 5.
	
	[bookmark: OLE_LINK3]Δμg/mm2

	Method
	1 x 10, 2 x 5
	5 x 2 
	10 x 2
	15 x 2
	20 x 2
	Titration

	DM1
	-
	0.67 ± 0.36
	2.63 ± 0.35
	6.23 ± 2.95
	-
	-

	DM2
	1.92 ± 1.29
	-
	-
	-
	-
	-

	HA 3  
	-
	0.35 ± 0.13
	1.08 ± 0.66
	1.20 ± 0.46
	3.79 ± 1.22
	1.47 ± 1.53

	HA 3  shrunk
	-
	[bookmark: OLE_LINK2]0.48 ± 0.12
	1.49 ± 0.89
	10.97 ± 9.44
	-
	2.79 ± 0.8 

	HA 4  
	-
	0.39 ±  0.21 
	0.61  ± 0.24
	0.73 ±  0.67
	1.33 ± 0.44
	4.38 ± 1.84

	HA 4  shrunk
	-
	0.41 ± 0.19
	0.62 ±  0.64
	0.36  ± 0.23
	-
	 4.33  ± 1.78






[bookmark: _Toc443571291]Figure 5.30. Comparison of average weight change per mm2 for the HA 3, 2 x HA 3 and HA 4 coating methods on shrunk electrospun PLGA. n = 10.

Some evidence of brushite was found in scanning electron microscopy images of the HA 4 coating, so even though this method produced more coating on the membrane, it was decided to use the HA 3 coating method to fabricate the membranes used for in vitro testing. These results equate to percentage weight changes of 8.2 ± 2.3 %, 15.3 ± 8.6 % and 14.7 ± 12.4 % respectively (Figure 5.30).  















[bookmark: _Toc444002970]Scanning electron microscopy images
[bookmark: _Toc424822571][bookmark: _Toc428455389][bookmark: _Toc444002971]Shrunk PLGA
Hydroxyapatite distribution throughout the membrane is non-uniform (Figure 5.31). Figure 5.31 (a) shows PLGA shrunk in PBS. The relaxing of the polymer chains to their coiled state can be seen in the decrease in porosity of the membrane. (b) shows PLGA shrunk with HA using the entrapment method (see section 4.4.1 for method). As can be seen from the image, the distribution of HA is non-uniform.

[image: ]
[bookmark: _Ref349821881][bookmark: _Toc349764756][bookmark: _Toc443571292]Figure 5.31. Scanning electron microscopy images of (a) PLGA shrunk in PBS and (b) PLGA shrunk with hydroxyapatite in PBS. Scale bar is 100 μm for both images. Philips XL20.



[bookmark: _Toc424822572][bookmark: _Toc428455390][bookmark: _Toc444002972]DM1
The SEM images for 5 cycles of DM1 suggest that the coating is reasonably uniform over the polymer fibres. The coating appears to have an HA-like structure. The images for 10 cycles of DM1 (Figure 5.33) show a sparser and less uniform coating than those for 5 cycles, which is against expectations. The coating still appears to have an HA-like morphology. The images for membranes treated with 15 cycles of DM1 (Figure 5.34) suggest the formation of a non-HA phase. This is most evident in (d), where flat, plate-like crystals with well-defined edges can be seen. Figure 5.31(a) shows a shrunk membrane prior to coating.

[image: ]
[bookmark: _Toc348696549][bookmark: _Toc349764757][bookmark: _Toc443571293]Figure 5.32. Scanning electron microscopy images of unshrunk PLGA membrane treated with DM1 5 cycles. (a) 100 x magnification, (b) 500 x, (c) 2000 x , and (d) 10,000 x.

 [image: ]
[bookmark: _Ref349822845][bookmark: _Toc348696550][bookmark: _Toc349764758][bookmark: _Toc443571294]Figure 5.33. Scanning electron microscopy images of unshrunk PLGA membrane treated with DM1 10 cycles. (a) 100 x magnification, (b) 500 x, (c) 2000 x , and (d) 10,000 x.

[image: ]
[bookmark: _Ref348965263][bookmark: _Toc348696551][bookmark: _Toc349764759][bookmark: _Toc443571295]Figure 5.34. Scanning electron microscopy images of unshrunk PLGA membrane treated with DM1 15 cycles. (a) 100 x magnification, (b) 500 x, (c) 2000 x , and (d) 10,000 x. 
















[bookmark: _Toc424822573][bookmark: _Toc428455391][bookmark: _Toc444002973]DM2
Images of the membrane coated using DM2 reveal a less abundant coating than might be expected from the average weight change per unit area of the coated membranes (see table 12) (Figure 5.35). This suggests that the coating is comparable to that obtained with 10 cycles of DM1 

[image: ]
[bookmark: _Ref348965236][bookmark: _Toc348696552][bookmark: _Toc349764760][bookmark: _Toc443571296]Figure 5.35. Scanning electron microscopy images of unshrunk PLGA membranes coated using DM2. (a) 100 x magnification, (b) 200 x, (c) 2000 x and (d) 10,000 x.











[bookmark: _Toc424822574][bookmark: _Toc428455392][bookmark: _Toc444002974]HA 3 dipping method
SEM images for 5 cycles of the HA 3 dipping method (Figure 5.36) show that the coating is sparse, as do the images for 10 cycles (Figure 5.37). Figure 5.38 shows a more substantial coating which is more uniform, but it appears to only be present on the surface of the polymer, as opposed to deeper within the membrane. 

[image: ]
[bookmark: _Ref349823022][bookmark: _Toc348696553][bookmark: _Toc349764761][bookmark: _Toc443571297]Figure 5.36. Scanning electron microscopy images of unshrunk PLGA membrane coated using HA 3 dipping method 5 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.

[image: ]
[bookmark: _Ref349823096][bookmark: _Toc348696554][bookmark: _Toc349764762][bookmark: _Toc443571298]Figure 5.37. Scanning electron microscopy images of unshrunk PLGA membrane coated using HA 3 dipping method 10 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.

[image: ]
[bookmark: _Ref349823118][bookmark: _Toc348696555][bookmark: _Toc349764763][bookmark: _Ref349823280][bookmark: _Toc443571299]Figure 5.38. Scanning electron microscopy images of unshrunk PLGA membrane coated using HA 3 dipping method 15 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.
















[bookmark: _Toc424822575][bookmark: _Toc428455393][bookmark: _Toc444002975]HA 4 dipping method
Figure 5.39 shows little evidence of coating, which relates to the negligible average weight change per unit area (Table 5.6). A more abundant coating is evident in the membranes treated with 10 cycles (Figure 5.40), and is increasingly apparent for 15 cycles (Figure 5.41). However, the coating on the membrane treated with 20 cycles appears to be less uniform (Figure 5.42).
[image: ]
[bookmark: _Ref349823483][bookmark: _Toc348696556][bookmark: _Toc349764764][bookmark: _Toc443571300]Figure 5.39. Scanning electron microscopy of unshrunk PLGA membrane coated using HA 4 dipping method 5 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.

[image: ]
[bookmark: _Ref349823584][bookmark: _Toc348696557][bookmark: _Toc349764765][bookmark: _Toc443571301]Figure 5.40. Scanning electron microscopy of unshrunk PLGA membrane coated using HA 4 dipping method 10 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.

[image: ]
[bookmark: _Ref349823688][bookmark: _Toc348696558][bookmark: _Toc349764766][bookmark: _Toc443571302]Figure 5.41. Scanning electron microscopy of unshrunk PLGA membrane coated using HA 4 dipping method 15 cycles. (a) 200 x magnification, (b) 500 x, (c) 2000 x and (d) 10,000 x.

 [image: ]
[bookmark: _Ref397530370][bookmark: _Toc443571303]Figure 5.42. Scanning electron microscopy of unshrunk PLGA coated using HA 4 dipping method 20 cycles. (a) 200 x magnification, (b) 1000 x. Philips XL20.

[bookmark: _Toc424822576][bookmark: _Toc428455394][bookmark: _Toc444002976]HA 3 titration method
The HA 3 titration method appears to have created a more uniform coating over the whole membrane, both on the unshrunk and shrunk PLGA (Figures 5.43 and 5.44). 
 [image: ]
 [image: ]
[bookmark: _Toc349764767][bookmark: _Toc443571304]Figure 5.43. Scanning electron microscopy of unshrunk PLGA membrane coated using HA 3 titration method. (a) 200 x magnification, (b) 1000 x. Philips XL20.



[image: ]
 [image: ]
[bookmark: _Toc349764768][bookmark: _Toc443571305]Figure 5.44. Scanning electron microscopy of shrunk PLGA coated using HA 3 titration method. (a) 200 x magnification, (b) 1000 x. Philips XL20.

















[bookmark: _Toc424822577][bookmark: _Toc428455395][bookmark: _Toc444002977]HA 4 titration method
The majority of the coating in Figure 5.45 appears to be on the reverse of the membrane and can be seen as flat plate-like crystals beneath the polymer fibres. The shrunk membranes Figure 5.46 appear to show a more uniform coating across the membrane. 

[image: ]
 [image: ]
[bookmark: _Ref349823852][bookmark: _Toc349764769][bookmark: _Toc443571306]Figure 5.45. Scanning electron microscopy of unshrunk PLGA coated using HA 4 titration method. (a) 200 x magnification, (b) 1000 x. Philips XL20. 

The flat, plate-like crystals shown in Figure 5.45(b) could be brushite. Whilst no brushite was identified via X-ray diffraction for the coating titration (pH 10 for calcium and phosphate solutions), it was identified at pH 11 and 12 respectively. 

[image: ]
 [image: ]
[bookmark: _Ref349824179][bookmark: _Toc349764770][bookmark: _Toc443571307]Figure 5.46. Scanning electron microscopy of shrunk PLGA coated using HA 4 titration method. (a) 200 x magnification, (b) 1000 x. Philips XL20.

[bookmark: _Ref399770899][bookmark: _Ref399770903][image: ]
[bookmark: _Ref399771295][bookmark: _Ref429042143][bookmark: _Toc443571308][bookmark: _Toc389812840][bookmark: _Toc396837677][bookmark: _Toc403989320][bookmark: _Toc408567132][bookmark: _Toc408842527]Figure 5.47. Scanning electron microscopy image of brushite (Arifuzzaman and Rohani, 2004).

[bookmark: _Toc444002978] In vitro tests on membranes

In all in vitro experiments, B refers to basal media and O to osteogenic media.
[bookmark: _Toc424822580][bookmark: _Toc444002979]pNPP and PicoGreen assays
[bookmark: _Toc428455398][bookmark: _Toc428457185][bookmark: _Toc428458238][bookmark: _Toc428521653][bookmark: _Toc428522102][bookmark: _Toc429945359][bookmark: _Toc430803408][bookmark: _Toc430804415][bookmark: _Toc430807743][bookmark: _Toc444002980]Human mesenchymal stem cell in vitro experiment one

These results and the Von Kossa stained samples (Figure 5.60) were from the same experiment. The hMSCs used in both experiment one and two were obtained from the patellae of osteoarthritic patients undergoing joint replacement surgery.       j  
[bookmark: _Ref386700019][bookmark: _Toc443571309][bookmark: _Ref386700015]Figure 5.48.  dsDNA quantification by the PicoGreen assay for human mesenchymal stem cells cultured on hydroxyapatite-coated PLGA membranes for 21 days in basal and osteogenic media. n = 3.

Figure 5.48 shows an increase in the amount of DNA expressed by the cells cultured in the basal media across all time points, indicating proliferation was occurring. The decrease in amount of DNA between days 14 and 21 for the cells cultured in osteogenic media could be explained by the fact that the cells might have differentiated and were laying down a bone matrix by day 21. 



[bookmark: _Ref439931675][bookmark: _Toc443571310]Figure 5.49. Alkaline phosphatase expression quantified by pNPP assay for human mesenchymal stem cells cultured on electrospun hydroxyapatite-coated membranes for 21 days in basal and osteogenic media. n = 3.

Figure 5.49 shows a statistical difference at day 14 of the amount of alkaline phosphatase expressed by cells cultured in the osteogenic medium compared to the basal media, suggesting that the cells were differentiating. This level of expression for the samples cultured in osteogenic media had decreased by day 21, although this might be due to a decrease in the number of cells differentiating at this time point.   





[bookmark: _Ref439931793][bookmark: _Toc443571311]Figure 5.50. Alkaline phosphatase relative to dsDNA for human mesenchymal stem cells cultured on hydroxyapatite-coated shrunk electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 3.

The increase in the ratio in Figure 5.50 between days 14 and 21 for the membranes cultured in the osteogenic media suggest an increase in osteogenic differentiation. The differences between samples cultured in basal and osteogenic media at both day 14 and 21 suggest that the osteogenic media promoted an increased rate of differentiation. 










[bookmark: _Toc428455399][bookmark: _Toc428457186][bookmark: _Toc428458239][bookmark: _Toc428521654][bookmark: _Toc428522103][bookmark: _Toc429945360][bookmark: _Toc430803409][bookmark: _Toc430804416][bookmark: _Toc430807744]
[bookmark: _Toc444002981]Human mesenchymal stem cell in vitro experiment two


[bookmark: _Ref377721256][bookmark: _Toc443571312]Figure 5.51. dsDNA quantified by the PicoGreen assay for human mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated electrospun PLGA membranes for  21 days in basal and osteogenic media. n = 3.

Figure 5.51 shows an increase in DNA expression for the HA 3 sample in osteogenic media at day 14, before a decrease by day 21. This is similar to the trend seen in Figure 5.48. 







[bookmark: _Ref377726831][bookmark: _Toc443571313]Figure 5.52. Alkaline phosphatase expression quantified by pNPP assay for human mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated shrunk electrospun PLGA membranes in basal and osteogenic media for 21 days. There are no statistical differences in levels of alkaline phosphatase expressed between the uncoated and coated membranes, or between those cultured in basal media and osteogenic media. The PGA was too degraded by day 7 to be sampled. n = 3.

Alkaline phosphatase quantification by pNPP assay (Figure 5.52) showed no significant differences in levels of ALP between uncoated and coated membranes, or osteogenic and basal media, suggesting that the HA coating did not significantly affect the rate of differentiation of the hMSCs. 


[bookmark: _Ref377720725]Figure 5.53. Alkaline phosphatase relative to dsDNA for human mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 3.

The results (Figure 5.53) suggest that the greatest extent of differentiation occurred on the PLGA membranes that were cultured in osteogenic media, and that the level of differentiation of the cells cultured on this material in osteogenic media increased from day 14 to day 21. The amount of ALP expressed relative to DNA is significantly different between the coated and uncoated membranes in osteogenic media at day 21, which suggests that the HA coating has not influenced rate of differentiation of the cells. 






Figure 5.54. dsDNA quantified by the PicoGreen assay for rat MSCs cultured days on uncoated and hydroxyapatite-coated shrunk electrospun PLGA membranes for 21 in basal and osteogenic media. n = 5.

 As with the results from the hMSC experiments, Figure 5.54 also shows a peak in DNA levels at day 14 for the HA 3 sample cultured in osteogenic media. Levels of DNA expressed by the cells cultured on HA-coated membranes in basal media increased across the 21 day culture period, suggesting proliferation occurred up to day 21. These results suggest that after an initial period of proliferation up to day 7, cells cultured on uncoated PLGA did not undergo further significant proliferation. This could be either due to cell differentiation or cell death.






[bookmark: _Ref440276497][bookmark: _Toc443571316]Figure 5.55. Alkaline phosphatase expression quantified by pNPP for rat mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated shrunk electrospun PLGA membranes for 21 days in basal and osteogenic media. There was no statistical difference between membranes and medium conditions at day 21. n = 5.

A peak in levels of ALP at day 7 for uncoated membranes cultured in osteogenic media in comparison to days 14 and 21 suggests that cell death is occurring as opposed to cell proliferation (Figure 5.55) 







[bookmark: _Ref440276981][bookmark: _Toc443571317]Figure 5.56. Alkaline phosphatase relative to dsDNA for rat mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 5.

Figure 5.56 suggests that when relative to levels of DNA, ALP expression is not significantly different between the different samples and media conditions at the same time point. This suggests that the HA coating had negligible effect on cell behaviour in comparison to the uncoated samples.




[bookmark: _Toc428455400][bookmark: _Toc428457187][bookmark: _Toc428458240][bookmark: _Toc428521655][bookmark: _Toc428522104][bookmark: _Toc429945361][bookmark: _Toc430803410][bookmark: _Toc430804417][bookmark: _Toc430807745]




[bookmark: _Toc444002982]Rat mesenchymal stem cell in vitro experiment two


[bookmark: _Ref430894828][bookmark: _Toc443571318]Figure 5.57. dsDNA quantified by the PicoGreen assay for rat mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 6 (experiment conducted in triplicate in duplicate).

The HA 3 membrane showed a slight decrease in amount of DNA between days 14 and 21 (Figure 5.57), potentially suggesting differentiation, although the difference is not significant. The 2x HA 3 showed a large increase in DNA between days 1 and 7, followed by a decrease between days 7 and 14. These results suggest differentiation began between days 7 and 14. 



[bookmark: _Ref439932149][bookmark: _Toc443571319]Figure 5.58. Alkaline phosphatase expression quantified by pNPP for rat mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated shrunk electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 6 (experiment conducted in triplicate in duplicate).

At day 21, the cells cultured on PLLA membranes in osteogenic media produced a significantly larger amount of alkaline phosphatase than any of the other membranes cultured in the same media (Figure 5.58). There was little difference in the level of alkaline phosphatase produced by all 2x HA 3 samples across all time points. 



 
[bookmark: _Ref430900897][bookmark: _Toc443571320]Figure 5.59. Alkaline phosphatase relative to dsDNA for rat mesenchymal stem cells cultured on uncoated and hydroxyapatite-coated electrospun PLGA membranes for 21 days in basal and osteogenic media. n = 6 (experiment conducted in triplicate in duplicate).

Figure 5.59 shows that the ratio of alkaline phosphatase to dsDNA was significantly larger for PLLA membranes in osteogenic media in comparison to the other membranes cultured in the same media at day 21, suggesting that a larger proportion of cells on PLLA had differentiated.













[bookmark: _Toc444002983] Histology
[bookmark: _Toc428455402][bookmark: _Toc428457189][bookmark: _Toc428458242][bookmark: _Toc428521657][bookmark: _Toc428522106][bookmark: _Toc429945363][bookmark: _Toc430803412][bookmark: _Toc430804419][bookmark: _Toc430807747][bookmark: _Toc444002984]Von Kossa stain 
[image: ]
[bookmark: _Ref372881370][bookmark: _Toc443571321]Figure 5.60. Von Kossa staining on hydroxyapatite-coated shrunk electrospun PLGA membranes at days 0, 14 and 21. hMSCs were cultured on the membranes in basal and osteogenic media. Scale bar is 0.5 mm for all images. 

The darker the stain, the greater the extent of mineralisation. These results shown in Figure 5.60 indicate an increased level of mineralisation in the day 21 sample cultured in osteogenic media. This supports the pNPP assay results, where higher levels of alkaline phosphatase were quantified on the membranes cultured in osteogenic media. A significant increase in alkaline phosphatase was measured between the osteogenic samples at days 14 and 21, and the stain is darker on the day 21 samples. These are the same cells as used in human mesenchymal stem cell in vitro experiment one in the previous section.







[bookmark: _Toc428455403][bookmark: _Toc428457190][bookmark: _Toc428458243][bookmark: _Toc428521658][bookmark: _Toc428522107][bookmark: _Toc429945364][bookmark: _Toc430803413][bookmark: _Toc430804420][bookmark: _Toc430807748][bookmark: _Toc444002985]DAPI and Phalloidin
DAPI is a fluorescent stain that binds to DNA, with an emission maximum at 461 nm (blue). Phalloidin binds to F-actin.
[image: ]
[bookmark: _Ref430894788][bookmark: _Toc443571322]Figure 5.61. DAPI staining of membranes cultured with rat mesenchymal stem cells in osteogenic media at day 7. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. Scale bar is 100 µm. 

Figure 5.61(a) suggests a low cell number, with the cells in small groups. No cells were found on (b), but the image shows the autofluorescence of the material. (c) suggests a low cell distribution, with cells in small groups mainly near the centre of the material. (d) has a high number of cells more evenly distributed across the sample. A significantly larger amount of DNA was measured on the 2x HA 3 membranes in osteogenic media at this time point than the other types, and the DAPI staining is in agreement with this result. 


[image: ]
[bookmark: _Ref430900715][bookmark: _Toc443571323]Figure 5.62. Combined images of DAPI and TRITC-conjugated Phalloidin staining of membranes cultured with rat mesenchymal stem cells in osteogenic media at day 7. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. Note scale bar of (b) is 100 µm. 

No cells were found in Figure 5.62(b), and the image was taken using the TRITC filter on the microscope to show the background fluorescence of the material. (a) suggests the F-actin fibres are relaxed and that the cells have adhered to the material. (c) Cells appear to be stretching around the material. (d) Cells show a clustered growth, with cells stretching around the electrospun fibres.







[bookmark: _Toc424822581][bookmark: _Toc444002986]Scanning electron microscopy results
[bookmark: _Toc428455405][bookmark: _Toc428457192][bookmark: _Toc428458245][bookmark: _Toc428521660][bookmark: _Toc428522109]Rat mesenchymal stem cell in vitro experiment one
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[bookmark: _Toc443571324]Figure 5.5.63. Scanning electron microscopy images at day 0 of membranes with rat mesenchymal stem cells in basal media. (a) PLGA, (b) HA 3. 

 [image: ] 
[bookmark: _Ref440360088][bookmark: _Toc443571325]Figure 5.64. Scanning electron microscopy images of membranes with rat mesenchymal stem cells at day 7. (a) PLGA membrane in basal media, (b) PLGA membrane in osteogenic media, (c) HA 3 membrane in basal media, (d) HA 3 membrane in osteogenic media. 
Figure 5.64 suggests that the most proliferation has occurred on the samples cultured in osteogenic media (b & d). Higher levels of DNA were measured on these samples in comparison to the samples cultured in osteogenic media at the same time point, although the difference in levels of DNA was not significant (Figure 5.54).

[image: ]
[bookmark: _Ref440360335][bookmark: _Toc443571326]Figure 5.65. Scanning electron microscopy images of membranes with rat mesenchymal stem cells at day 14. (a) PLGA membrane in basal media, (b) PLGA membrane in osteogenic media, (c) HA 3 membrane in basal media, (d) HA 3 membrane in osteogenic media. 

The images show that the MSCs are proliferating on samples, with an almost complete coverage of the membrane by a cell layer in (Figure 5.65b). 

[image: ]
[bookmark: _Ref440360609][bookmark: _Toc443571327]Figure 5.66. Scanning electron microscopy images of membranes with rat mesenchymal stem cells at day 21. (a) PLGA membrane in basal media, (b) PLGA membrane in osteogenic media, (c) HA 3 membrane in basal media, (d) HA 3 membrane in osteogenic media.

Figure 5.66 suggests that the lowest extent of cell coverage was on the uncoated membrane in basal media (b). This is in agreement with the PicoGreen results, in which the level of DNA measured on the uncoated membrane in basal media was significantly lower than that measured from the coated membrane in the same media conditions. 



[bookmark: _Toc428455406][bookmark: _Toc428457193][bookmark: _Toc428458246][bookmark: _Toc428521661][bookmark: _Toc428522110]Rat mesenchymal stem cell in vitro experiment two
[image: ]
[bookmark: _Toc443571328]Figure 5.67. Scanning electron microscopy images of membranes at day 1 cultured with rat mesenchymal stem cells. (a-d) in basal media. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. (e-h) in osteogenic media. (e) PLLA, (f) PLGA, (g) HA 3, (h) 2x HA 3. Scale bars are 50 μm.

[image: ]
[bookmark: _Toc443571329]Figure 5.68. Scanning electron microscopy images of membranes at day 7 cultured with rat mesenchymal stem cells. (a-d) in basal media. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. (e-h) in osteogenic media. (e) PLLA, (f) PLGA, (g) HA 3, (h) 2x HA 3. All scale bars are 50 μm.

Figure 5.68 shows that the cells are proliferating on the membranes in both basal and osteogenic media. The polymer fibres appear structurally unaltered  after 7 days of in vitro culture, in comparison to day 1 samples (Figure 5.67).



[image: ]
[bookmark: _Toc443571330]Figure 5.69. Scanning electron microscopy images of membranes at day 14 cultured with rat mesenchymal stem cells. (a-d) in basal media. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. (e-h) in osteogenic media. (e) PLLA, (f) PLGA, (g) HA 3, (h) 2x HA 3. All scale bars are 50 μm.

Figure 5.69 shows evidence of the continuation of cell proliferation on the materials. The PLLA fibres are showing some evidence of fusion.  

[image: ]
[bookmark: _Toc443571331]Figure  5.70. Scanning electron microscopy images of membranes at day 21 cultured with rat mesenchymal stem cells. (a-d) in basal media. (a) PLLA, (b) PLGA, (c) HA 3, (d) 2x HA 3. (e-h) in osteogenic media. (e) PLLA, (f) PLGA, (g) HA 3, (h) 2x HA 3. All scale bars are 50 μm.

Figure 5.70 shows a more extensive cell coverage on the membranes cultured in osteogenic media. The amount of DNA quantified by PicoGreen analysis was slightly higher for the PLGA, HA 3 and 2x HA 3 membranes in osteogenic media, but there was no significant difference (Figure 5.77).  
[bookmark: _Toc444002987]3D printed scaffolds

[bookmark: _Toc444003154]Table 5.7. Summary of printing parameters for all HA:PCL and surfactant combinations printed. Those underlined failed to print. The pressures and extrusion temperatures (E) reported above are much lower than those reported in the literature- approximately 650 kPa and 130 °C for 40 wt% HA. 
	HA:PCL 
	Surfactant
	Sonication
	B (°C)
	E (°C)
	P (kPa)
	F (mm/min)

	0:100
	-
	-
	32
	60
	82.7
	400

	0:100
	SDS
	Y
	32
	60
	96.5
	400

	[bookmark: _Toc444002988]20:80
	[bookmark: _Toc444002989]-
	[bookmark: _Toc444002990]-
	[bookmark: _Toc444002991]32
	[bookmark: _Toc444002992]-
	[bookmark: _Toc444002993]-
	[bookmark: _Toc444002994]400

	20:80 
	SDS
	Y
	32
	70
	96.5
	400

	20:80
	Tween-20
	Y
	32
	70
	110
	400

	20:80
	Tween-80
	Y
	32
	70
	96.5
	400

	20:80
	Triton X-100
	Y
	32
	70
	110
	400

	[bookmark: _Toc444002995]40:60
	[bookmark: _Toc444002996]-
	[bookmark: _Toc444002997]-
	[bookmark: _Toc444002998]32
	[bookmark: _Toc444002999]65-110
	[bookmark: _Toc444003000]165
	[bookmark: _Toc444003001]400

	40:60
	-
	Y
	32
	70
	96.5
	400

	40:60
	SDS
	Y
	32
	85-95
	124
	400

	40:60
	Tween-80
	Y
	32
	70
	124
	400

	50:50
	SDS
	Y
	32
	90-115
	124
	400

	60:40
	SDS
	Y
	-
	-
	-
	-



Due to the failure of the 50 wt% HA solution to print, the decision was made not to attempt printing the 60 wt% HA solution. The limits of the printer were 276 kPa and 130 °C (Table 5.7). 

[bookmark: _Toc444003155]Table 5.8. Summary of printing parameters for all HA:PCL:PLGA and surfactant combinations printed. Solutions underlined failed to print.
	HA:PCL:PLGA 
	Surfactant
	Sonication
	B (°C)
	E (°C)
	P (kPa)
	F (mm/min)

	0:80:20
	SDS
	Y
	32
	60-75
	96.5
	400

	0:50:50
	SDS
	Y
	-
	-
	-
	-

	20:(20:80)
	SDS
	Y
	-
	-
	-
	-


[bookmark: _Toc389812846][bookmark: _Toc396837683][bookmark: _Toc399754626][bookmark: _Toc403989327][image: ]    [image: ]
[bookmark: _Ref440382094][bookmark: _Toc443571332]Figure 5.71. 3D printing of scaffolds. (a) 40 wt% HA:PCL with SDS (E = 95 °C, BT = 32  °C, P = 124 kPa), (b) 40 wt% HA:PCL (E = 70 °C, P = 124 kPa). Scaffold size is 20 x 20 mm.

[image: ]
[bookmark: _Ref440382264][bookmark: _Toc443571333]Figure 5.72. 40 wt % HA/PCL scaffold with SDS. Scaffold dimensions are 20 x 20 mm.

The composite with SDS printed more uniformly, with less fibre breakages within the scaffold (Figure 5.71). One complete layer has been printed (Figure 5.72). The extruder nozzle has an internal diameter of 0.84 mm. The orange jacket contains nichrome wires which act as a heating element around the entirety of the syringe, melting the polymer which enables printing.

[bookmark: _Toc408567140][bookmark: _Toc424822583][bookmark: _Toc444003002] Light microscopy results
 [image: ]
[bookmark: _Toc443571334]Figure 5.73. Light microscopy images of 3D printed scaffolds. (a) PCL, (b) PCL + SDS, (c) 20 wt% commercial HA,  (d) 20 wt% HA sonication only, (e) 20 wt% HA + SDS, (f) 20 wt% HA + Triton X-100, (g) 20 wt% HA + Tween 80, (h) 40 wt% HA + SDS. Scale bar 2 mm for all images. Images taken using a Leica MZ6 stereomicroscope. 
[bookmark: _Toc444003003]Scanning electron microscopy results
[image: ]
[bookmark: _Toc443571335]Figure 5.74. Scanning electron microscopy images of 3D printed scaffolds. (a, b) PCL, (c, d) PCL + SDS, (e, f) PCL + 10 wt% HA, (g, h) PCL + 20 wt% HA, (i, j) PCL + 40 wt% HA. All scale bars are 3 mm. 

Figure 5.74 shows evidence of interconnected pores in the z direction, most notably in the 10 and 20 wt% HA compositions. The addition of SDS to the pure PCL scaffolds appears to have increased the fibre width (Figure 5.73).
[image: ]
[bookmark: _Toc443571336]Figure 5.75. Scanning electron microscopy image of 40 wt% HA:PCL + SDS. Arrows indicate suspected HA clusters. Image taken at 1000 x magnification with FEI Quanta 400F. 

Figure 5.75 shows that the scaffolds had a microporous structure.  The small agglomerations indicated by arrows were not seen in the images of samples with lower or no HA fraction.
[bookmark: _Toc444003004]Scaffold dimensions

[image: ]
[bookmark: _Toc443571337]Figure 5.76. Light micrograph of pure PCL scaffold demonstrating how the fibre and pore dimensions were measured. (a) fibre width, x dimension, (b) fibre width, y dimension, (c) pore size, x dimension, (d) pore size, y dimension. Scale bar is 2 mm. 

[bookmark: _Ref389573638][bookmark: _Toc444003156]Table 5.9. Table summarising average fibre and pore diameters in the x and y directions for all compositions successfully printed. n = 8 for all measurements. 
	PCL (wt%)
	HA (wt%)

	HA synthesis method
	Surfactant
	Sonication (Y/N)
	Average fibre width (x) (µm)
	Average fibre width (y) (µm)
	Average pore width (x) (µm)
	Average pore width (y) (µm)

	100
	0
	
	-
	N
	1100 ± 140
	1140 ± 220
	430 ± 100
	650 ± 60

	100
	0
	
	SDS
	Y
	1380 ± 110
	1370 ± 70
	360 ± 80
	370 ± 90

	80
	20 
	Commercial
	-
	N
	690 ± 200
	650 ± 100
	490 ± 60
	940 ± 120

	80
	20 
	HA 3
	-
	Y
	1220 ± 820
	410 ± 570
	180 ± 60
	260 ± 100

	80
	20 
	HA 3
	SDS
	Y
	800 ± 140
	1000 ± 110
	490 ± 110
	390 ± 70

	80
	20 
	HA 3
	Triton X-100
	Y
	970 ± 130
	1120 ± 180
	430 ± 260
	550 ± 100

	80
	20
	HA 3
	Tween 80
	Y
	880 ± 95
	950 ± 130
	530 ± 110
	450 ± 80

	60
	40
	HA 3
	SDS
	Y
	720 ± 150
	1320 ± 280
	960 ± 170
	540 ± 90



The scaffolds printed with the commercial HA had the smallest fibres. The PCL + SDS scaffolds had small pores because the fibres spread more than the pure PCL scaffolds, which was caused by the addition of the surfactant since they were printed with the same parameters (Table 5.9).  Figure 5.76 demonstrates how the fibre and pore size measurements were made.                                                  .                                                                                                                                                                                                            .
[bookmark: _Toc444003005]In vitro tests on 3DP scaffolds
[bookmark: _Toc424822587][bookmark: _Toc444003006]DNA and alkaline phosphatase quantitative assays


Figure 5.77. dsDNA quantified by the PicoGreen assay for rat mesenchymal stem cells cultured on 3D printed scaffolds for 21 days in basal and osteogenic media. n = 9 (experiment conducted in triplicate in triplicate).

At day 1, the amount of DNA extracted from the cells cultured on the pure PCL scaffolds in osteogenic media was significantly different from the quantity extracted from the 40 wt% HA/PCL scaffolds in osteogenic media, suggesting that the cells preferred to attach to the pure polymer scaffold (Figure 5.77). The results for 20 wt% HA/PCL cultured in osteogenic media show a decrease from day 1 to day 7, but then show a slight increase across days 7-21, however there is no statistical difference between these results. Overall, the results suggest that the scaffolds were not effective at supporting cellular attachment and growth. 






Figure 5.78. Alkaline phosphatase expression quantified by pNPP for rat mesenchymal stem cells cultured on 3D printed scaffolds for 21 days in basal and osteogenic media.  No relevant statistical differences were found.  n = 9 (experiment conducted in triplicate in triplicate).

ALP was detected on all samples at all time points (Figure 5.78). The highest levels of ALP was measured on the pure PCL scaffolds cultured in basal media, however these results were not significantly different.  







[bookmark: _Toc443571340]Figure 5.79. Alkaline phosphatase relative to dsDNA for rat mesenchymal stem cells cultured on 3D printed scaffolds for 21 days in basal and osteogenic media. No statistical differences were found.     

The results from Figure 5.79 suggest cells could be detected on the scaffolds in the initial 24 hours after seeding, yet, by day 7 the results suggest that no cells have survived on many of the samples. This could be an effect of pore size, or due to the surface chemistry of the materials. However, no valid conclusions can be drawn from the data.                                                                                 .                       

[bookmark: _Toc424822588][bookmark: _Toc444003007]Scanning electron microscopy results
[bookmark: _Toc428455414][bookmark: _Toc428457201][bookmark: _Toc428458254][bookmark: _Toc428521669][bookmark: _Toc428522118][bookmark: _Toc429945373][image: ]
[bookmark: _Toc422408508][bookmark: _Toc424822589][bookmark: _Toc428455415][bookmark: _Toc428457202][bookmark: _Toc428458255][bookmark: _Toc428521670][bookmark: _Toc428522119][bookmark: _Toc429945374][bookmark: _Toc430803422][bookmark: _Toc430804429][bookmark: _Toc430807757][bookmark: _Toc443571341][bookmark: _Toc444003008]Figure 5.80.  Scanning electron microscopy images of scaffolds cultured with rat mesenchymal stem cells at day 1. (a-e) in basal media: (a) PCL, (b) SDS, (c) PCL + 10 wt% HA, (d) PCL + 20 wt% HA, (e) PCL + 40 wt% HA. (f-j) in osteogenic media: (f) PCL, (g) SDS, (h) PCL + 10 wt% HA, (i) PCL + 20 wt% HA, (j) PCL + 40 wt% HA.   
         
[bookmark: _Toc428455416][bookmark: _Toc428457203][bookmark: _Toc428458256][bookmark: _Toc428521671][bookmark: _Toc428522120][bookmark: _Toc429945375][image: ]
[bookmark: _Toc429945376][bookmark: _Toc430803423][bookmark: _Toc430804430][bookmark: _Toc430807758][bookmark: _Toc443571342][bookmark: _Toc444003009]Figure 5.81. Scanning electron microscopy images of scaffolds cultured with rat mesenchymal stem cells at day 7. (a-e) in basal media: (a) PCL, (b) SDS, (c) PCL + 10 wt% HA, (d) PCL + 20 wt% HA, (e) PCL + 40 wt% HA. (f-j) in osteogenic media: (f) PCL, (g) SDS, (h) PCL + 10 wt% HA, (i) PCL + 20 wt% HA, (j) PCL + 40 wt% HA. 

[image: ]
[bookmark: _Toc443571343]Figure 5.82. Scanning electron microscopy images of scaffolds cultured with rat mesenchymal stem cells at day 14. (a-e) in basal media: (a) PCL, (b) SDS, (c) PCL + 10 wt% HA, (d) PCL + 20 wt% HA, (e) PCL + 40 wt% HA. (f-j) in osteogenic media: (f) PCL, (g) SDS, (h) PCL + 10 wt% HA, (i) PCL + 20 wt% HA, (j) PCL + 40 wt% HA.


[image: ]
[bookmark: _Toc443571344]Figure 5.83. Scanning electron microscopy images of scaffolds cultured with rat mesenchymal stem cells at day 21. (a-e) in basal media: (a) PCL, (b) SDS, (c) PCL + 10 wt% HA, (d) PCL + 20 wt% HA, (e) PCL + 40 wt% HA. (f-j) in osteogenic media: (f) PCL, (g) SDS, (h) PCL + 10 wt% HA, (i) PCL + 20 wt% HA, (j) PCL + 40 wt% HA.

Figures 5.80-5.83 show little or no evidence of the presence of cells on the materials. This supports the dsDNA quantification (Figure 5.77) which suggests few or no cells were present on the scaffolds in vitro.                                                                .       
[bookmark: _Toc444003010]Discussion 
The repair and regeneration of alveolar and maxillofacial bone lost due to disease, trauma or tumour removal continues to pose challenges to surgeons. The current gold standard is a collagen membrane (Bio-Gide®), but disadvantages include risks of disease transmission, however small, and ethical concerns due to the bovine or porcine origins. Previously, the gold standards were PTFE or titanium reinforced PTFE membranes (Bottino et al., 2012).  However, the limitations of these membranes include the need for a second surgical procedure because they cannot be resorbed, and their lack of bioactivity, as they have no role beyond providing a barrier function. This shift in the use of resorbable over non-resorbable suggests a change in preference by surgeons, and that the trend for the development of future membranes is in the resorbable direction. Both the collagen and PTFE membranes do little to promote bone tissue regrowth, so they do nothing to shorten the duration of the regeneration process. Therefore a resorbable and synthetic membrane with increased bioactive properties to promote BTR was investigated. The trace metal strontium is present in the mineral phase of bone within the human body, particularly in those regions with a high metabolic turnover. Effects of strontium on bone include the reduction of osteoclast activity and bone resorption, and the increase of several osteoblastic markers. 
[bookmark: _Toc444003011]Hydroxyapatite synthesis
As previously mentioned, HA is a ceramic with excellent bioactivity. nHA is expected to have better biocompatibility than microscale HA to its biomimetic nature: HA found within the body’s natural bones is also nanoscale. Commercial HA bone filler products are already available on the market. The excellent biocompatibility and bioactivity of HA make it a good choice for the fabrication of a polymer-ceramic heterogeneous membrane with improved bioactivity. 

All but one of the HA synthesis routes produced powders with HA as the main phase. The exception for this was the sintered HA 4 powder, which degraded to β-TCP (Ca3(PO4)2). This could be explained by the fact that calcium-deficient HA undergoes transformation to β-TCP upon sintering at 700-800 °C, with loss of water, as shown in equation 3 shown below (Liou and Chen, 2002). The Ca:P value for this sample was 1.38. The Ca:P for the sintered HA 3 sample (1.51) also revealed it to be calcium deficient.

[bookmark: _Ref347832332]Ca9(HPO4)(PO4)5(OH)                 3Ca3(PO4)2 + H2O  (Equation 3) 

Sintering improves the crystallinity and increases the crystallite size of HA. Calcium-deficient HA (CDHA) has been shown to be more effective at stimulating cell proliferation of MSCs compared to HA at up to 7 days in vitro (Guo et al., 2009).  It has been reported that CDHA is more soluble than stoichiometric HA (LeGeros, 1995). CDHA is potentially more efficient in inducing the precipitation of bone-like apatite than stoichiometric HA (Monteiro et al., 2003). The lower sinterability of apatites on decreasing Ca:P has been reported in the literature (Champion, 2013).

Secondary phases characterised in the sol-gel HA samples sintered at higher temperatures suggest an instability of the HA crystal. When sintered at 500 °C, the sol-gel pH 10.5 sample was characterised as pure HA by XRD, whereas the powders sintered at 550 and 600 °C had a secondary phase of β-TCP (Figure 5.7- Figure 5.9). Sintering at higher temperatures can eliminate OH- from the hydroxyapatite matrix due to dehydration, which can lead to decomposition of the phase to form β-TCP.

Ca:P values for many of the samples obtained from XRF were close to the stoichiometric value HA (1.67) (Table 5.4). The sol-gel powder produced at pH 9 and sintered at 500 °C was analysed twice, as the value calculated is different from what was expected. Both times an extremely low Ca:P value was obtained (0.86). However, XRD confirmed that the powder was pure HA. The powders with Ca:P values greater than 1.67 are calcium-rich: it is possible that there was an excess of calcium in the precursors. Calcium oxide was detected in the sintered HA 2 powder, and the Ca:P value was 1.70. The sintered HA 4 powder had a Ca:P value of 1.38 and the stoichiometric Ca:P value for TCP is 1.5.  HA powders produced by the sol-gel method that have a Ca:P greater than 1.67 may be calcium rich due to the loss of phosphorous during preparation. The sol-gel phosphorous precursor, TEP, is hygroscopic at 18 °C, so it is conceivable that some is lost during the preparation stages. 

Energy dispersive spectroscopy (EDS) on either the SEM or TEM could be used to obtain the Ca:P if the system has been calibrated for calcium and phosphorous. However, above certain electron fluence levels, the electron beam of a TEM causes radiolytic damage that involves the loss of phosphorous and oxygen, amorphisation of the particles being studied, and eventually leads to the re-crystallisation of HA to calcium oxide (Eddisford, 2008). Hence, it is possible that the particle/s being studied undergo this transformation and that the resultant Ca:P has been altered by this change.  When EDS was attempted on the Inspect F, the effects of charging due to the carbon coating were too great, and the sample was damaged by the electron beam. Carbon coating has to be used on the SEM for EDS as gold coating obscures phosphorous. 

As reported in the literature review, nHA is expected to have better bioactivity than microscale HA. Naturally occurring HA within the body is in the order of 20 nm. Unsintered powders synthesised at pH 10 by the HA 3 method had an average particle size for of 36.5 x 15 nm; this was the smallest average particle size measured by TEM (Table 5.5). 

All the strontium-substituted powders degraded upon sintering; their XRD spectra have not been included in this report. It is possible that the inclusion of the strontium ion into the lattice had made the structure more unstable, which can cause dehydroxylation and subsequent decomposition at lower temperatures during sintering (Curran et al., 2011). The 10 % Sr-Ha produced by the HA 3 method was identified as HA by XRD. It is also possible that the inclusion of only 10 % strontium into the HA lattice was not enough to cause a distortion great enough to be detected by XRD. The radius of the Ca2+ ion is 0.1 nm, whilst the Sr2+ has an ionic radius of 0.118 nm. Peak broadening on the XRD spectra can provide evidence for the inclusion of strontium into the lattice. This is more evident in samples with smaller strontium contents, which suggests that it is easier for Sr-HA to host the calcium ion than for HA to host the larger strontium ion, which would cause greater deformation of the lattice (Bigi et al., 2007). However, there is no identifiable broadening of the peaks when the XRD spectrum for the 10 % Sr-HA, produced by the HA 4 method, is compared to the spectrum for HA also produced using the HA 4 method (Figure  5.14 and Figure 5.17 respectively). Information on the crystal size could be calculated from the XRD spectra. Diffraction patterns obtained from a TEM could also be used to obtain information about the lattice structure and d-spacings of the crystals. The Sr-HA constituted a lesser part of this work, and therefore more detailed analysis would be conducted in future work utilising these methods.  

[bookmark: _Toc444003012]Membranes	
[bookmark: _Toc444003013] Heterogeneous membrane synthesis 
PLGA is a copolymer of PLA and PGA, and has a degradation time that is dependent on the LA:GA unit ratio and molecular weight. PLGA has FDA approval and demonstrates good cell adhesion. Pure PLLA has a much longer degradation time (5-6 years for high Mw, whilst PGA degrades much faster (1-2 months (Bergsma et al., 1995)). The first of these two degradation rates is undesirably low, whilst a membrane with the increased rate would not provide a barrier function for enough time for bone regeneration to occur. At reviewed in Table 2.5, the degradation time for commercially available synthetic resorbable polymer membranes is between 2 weeks and 12 months.  75:25 PLGA has a suitable degradation time of 4-5 months. PLGA can be processed using various techniques, including electrospinning, gas-foaming and salt-leaching.  To improve the biocompatibility properties of the membrane, a polymer-ceramic heterogeneous biomaterial was investigated. 

As previously mentioned, current commercially available membranes do little to actively promote bone formation. Instead they merely provide a barrier function against soft tissue ingrowth. Therefore, a bioactive component was added to the polymer membrane. HA was chosen for this purpose. As previously mentioned, HA is a ceramic with excellent bioactive properties, and is already used in commercially available bone graft substitutes. 

Electrospinning was chosen as the method of producing the membranes as it is a versatile technique and is capable of producing fibres with a range of diameters from micrometres to nanometres. Materials fabricated via electrospinning have the potential to physically mimic the extracellular matrix of bone tissue by replicating the structure and scale. Electrospun materials can be used to repair bone in non-load bearing applications. 

PLGA membranes were electrospun at 16 kV and 2.5 ml.h-1. Membranes fabricated with these parameters had an average fibre width of 4 µm (range of 1-10 µm). There was no significant difference between the average width of the shrunk and unshrunk fibre width (average of 4.2 and 4.15 µm for unshrunk and shrunk respectively). The membrane shrinkage is a result of the relaxation of the extended, amorphous polymer chains in the electrospun fibres. Electrospinning reduces the Tg of 75:25 PLGA to near the incubation temperature (37 °C) (Zong et al., 2003). 

Plain PLGA membranes were shrunk as a control for weight gain against those shrunk with HA. The shrunk membranes had improved handling properties. As contraction of the membrane is not desirable after placement in a patient, it was decided to continue using shrunk membranes. Membranes were shrunk in dH2O and PBS. The average percentage decrease in surface area was -46 and -49 % for dH2O and PBS respectively. The average change in weight per unit surface was -0.18 ± 0.5 and -0.9 ± 3.4 µm/mm2 respectively. The average percentage change in surface area was higher for the membranes shrunk with HA, with values of -58 and -61 % for H2O and PBS with HA respectively.  The weight changes were 3.67 and 6.29 µg/mm2 respectively. All further electrospun membranes were shrunk in dH2O due to the smaller weight and surface area changes compared to PBS. Additionally, the shrunk membranes are less porous, potentially aiding the barrier function against the infiltration of fibroblasts. Alternative coating methods were investigated due to the non-uniform coverage created by the entrapment method.

Two dipping methods based on protocols published in scientific journals were tested (DM1 and DM2). DM 1 consisted of dipping the membrane in a calcium solution for 30 s, rinsing in dH2O, and then dipping in a phosphorous solution for 30 s. This was one cycle; 5, 10 and 15 cycles were carried out. DM2 involved immersing the membrane in a calcium solution for 10 minutes, rinsing in dH2O, and immersion in a phosphorous solution for 10 minutes. This was repeated twice more, for a 5 minute immersion in each solution.  XRD initially conducted on the precipitates obtained from the solutions, but there were concerns that the precipitate may not be the same as the compound formed on the membrane. Therefore XRD was attempted on the coated membranes (Philips PW1830), but there was not enough precipitate on the membrane to cause any X-ray diffraction. Possible brushite formation was revealed on the DM 1 (15 cycles) membranes: flat, plate-like crystals were found (Figure 5.47). 

Dipping methods based on DM 1 and using the HA 3 and HA 4 reagents were investigated, and carried out for 5, 10, 15 and 20 cycles, to attempt to increase the weight gain. The pH values for the HA 3 and HA 4 dipping and titration methods were reduced to 10, as opposed to the values used in the HA 3 and HA 4 HA synthesis methods (pH 11 and 12 respectively for the calcium and phosphorous solutions). When the membrane was dipped in the solution with the higher pH values, it began to disintegrate due to the highly alkaline environment it was subjected to. This was observed with 10 cycles. At pH 10, the membrane remains intact, even after 20 cycles.

Similar crystals to those found on DM 1 (15 cycles) were also found in the membranes treated with 20 cycles using the HA 4 dipping method (Figure 5.47), suggesting that increasing the number of cycles further produces a biphasic CaP coating, as opposed to a larger weight percentage of HA with regards to the untreated membrane weight. Prior to this, the number of cycles for this method was going to be increased to 25, however, it appears that increasing the cycle number further will lead to further formation of unwanted phases.  Brushite is used in bone cements so its presence in the CaP coating is not necessarily an issue (Hofmann et al., 2009). However, given the difficulties surrounding the use of XRD to analyse the coating composition, it would be difficult to calculate the ratio of brushite to HA, or indeed how much variance there is in the two quantities. 

The HA 2 method was not used for the titration method of creating heterogeneous membranes as the process involves heating the calcium solution to temperatures ranging from 30- 95 °C. As previously mentioned, electrospinning reduces the Tg of 75/25 PLGA to 35 °C, which is below the incubation temperature of 37 °C. However, when a PLGA membrane was incubated at 60 °C for 24 h, it lost all flexibility and became very brittle. As a degree of flexibility is desirable in the membrane, temperatures close to or exceeding Tg have been avoided. Both the HA 3 and HA 4 methods were carried out at room temperature. 

The titration coating method was selected as the method of creating a heterogeneous membrane, as the precipitate is formed with the membrane in situ. Therefore it can be reasonably assumed that the coating is the same as the precipitate, which can be analysed by XRD. Although the HA 4 titration method had the largest weight gain (2.79 µm/mm2 for HA 3, 4.33 µm/mm2 for HA 4), XRD showed evidence of brushite (Figure  5.14), thus the HA 3 method was chosen as the method to produce membranes for the biocompatibility work which was undertaken. A method using double the quantity of HA 3 reagents was tested (2x HA 3), producing an average weight change of 7.67 µg/mm2 (15 %). To investigate whether more HA on the surface of the membrane would affect osteogenic differentiation of MSCs, this material was tested in the second rat MSC in vitro study. The HA coating remained on the membrane after sterilisation for cell culture experiments, as seen in SEM images of membranes cultured in vitro. It was predicted that the coated membranes would promote a greater extent of osteogenic differentiation due to the osteoconductive properties of HA.
[bookmark: _Toc444003014][bookmark: OLE_LINK5]In vitro testing of membranes
MSCs were selected as the chosen cells to use for the in vitro studies as they can be obtained from the human body using methods which cause less trauma than isolating osteoblasts from a patient (Salgado et al., 2004). MSCs can self-renew, and have multilineage differentiation potential (Liu et al., 2009). The hMSCs used in this work were from patients undergoing hip or knee replacement surgeries. Rat MSCs were harvested from male Wistar rats (4-5 weeks). The work using hMSCs was conducted in Dr Genever’s lab at the University of York, due to their expertise with these cells, whilst rat MSC experiments were conducted at the University of Sheffield.  

DNA was quantified by using the PicoGreen assay, which can detect levels of dsDNA as low as 25 pg/ml. The level of DNA measured can be related to cell proliferation. ALP was quantified using the pNPP assay. ALP is a marker for osteogenic differentiation. It is widely found in newly formed bone as it is involved in the early stages of mineralisation. Combined, ALP relative to dsDNA is indicative of the degree of mineralisation relative to cell proliferation. Von Kossa stains for calcium, and thus can be used as a qualitative method for analysing the extent of mineralisation. DAPI selectively stains DNA, and therefore can be used as a tool for imaging cell nuclei. Phalloidin TRITC can be used to stain the cytoskeleton, as it selectively binds F-actin, which allows the morphology of the cell to be studied.

All four in vitro experiments showed that the membranes are capable of supporting cell growth and proliferation for up to 21 days. PLGA membranes were still easy to handle using forceps by day 21, whereas the reference electrospun PGA membranes degraded very rapidly (by day 7 the material was too degraded to remove from the 24 well plate) in both cell culture experiments using hMSCS, and thus is not suitable for the 21 day culture. This supports previous findings that PGA degrades more rapidly in the presence of cells. Thus uncoated electrospun shrunk PLGA was used as the reference material for the second hMSC and first rat MSC experiments. An electrospun PLLA material was used as a reference material for the second study using rat MSCs.

There was little difference between the levels of ALP expressed from the cells cultured on uncoated and coated membranes, and similarly little difference between the membranes cultured in basal and osteogenic media (Figure 5.52). It had been predicted that there would be an increase in the levels of ALP for the cells cultured on the HA-coated membranes in comparison to the uncoated membranes, and additionally it had been expected that there would be an increased level in expression for the cells cultured on osteogenic media compared to those cultured in basal media. The Von Kossa stains (Figure 5.60) suggest that greater mineralisation has occurred by day 21 in the samples in osteogenic media with hMSCs, which was expected. However, all the stains were quite dark due to the presence of calcium in the HA coating, which had been predicted. The PGA membrane degraded too quickly to be removed and analysed beyond day 0, so no control to the HA 3 membranes was available. Due to the extent of the darkness of the stain on the materials at all time points, the decision was made not to use Von Kossa staining for future experiments. 

The second biocompatibility study using hMSCs showed a peak in micrograms of DNA measured from cells cultured on the HA 3 coated membrane in osteogenic media at day 14. This result was statistically different from coated samples in osteogenic media at day 7 and 21. Additionally, the difference found between levels of DNA extracted from cells cultured on the PLGA and HA 3 membranes cultured in osteogenic media at day 14 are caused by the HA coating. This suggests that the HA coating promotes an increased rate of proliferation over non-coated samples, as the result is also significantly different from the amount of DNA quantified from uncoated membranes in osteogenic media at day 14. The decrease by day 21 may be due to cell differentiation as opposed to proliferation, however no statistical differences were found between the quantities of ALP expressed by the cells across the samples or between the membranes cultured in basal or osteogenic media. This day 14 peak in DNA for the HA 3 samples cultured in osteogenic media was also seen in the repeat using rat MSCs, where it is statistically different from the result for the same conditions and day 7. 

hMSCs were obtained from elderly osteoarthritic patients who had undergone knee and hip replacement procedures. Thus their potential for differentiation may be reduced. This suggests that whilst human MSCs are seen as more clinically relevant than those harvested from other sources such as rats, there are issues with the fact that these human cells are sourced from elderly patients with underlying health issues and not from younger donors. Therefore, it was decided to use rat MSCs for future in vitro experiments.

Furthermore, membranes coated via the 2x HA 3 method and cultured with rat MSCs in osteogenic media showed a peak in DNA at day 7. The amount of HA per unit surface area was calculated to be 2.27 ± 0.89 µg/mm2 (8 %) and 7.67 ± 5.66 µg/mm2 (15 %) for HA 3 and 2x HA 3 coatings respectively. The increase in amount of HA would appear to increase the rate of proliferation in comparison to HA 3 samples at the same conditions. However, these differences do not equate when ALP is considered relative to DNA, with the reference PLLA and uncoated PLGA showing a higher ratio of ALP to DNA. 

SEM revealed that the rat MSCs attached and proliferated on both the coated and uncoated membranes. By day 14 a cell sheet covered most of the membrane surface, and by 21 the membrane was almost entirely covered by cells. On both in vitro experiments conducted using rat MSCs, the cell coverage was more complete on the membranes cultured in osteogenic media, on both coated and uncoated membranes. This observation correlates to the results from the PicoGreen assay for dsDNA. SEM images of rat MSC experiment one at day 14 show a more extensive cell coverage for both the uncoated and the HA coated membranes that were cultured in osteogenic media; the elevated level of dsDNA quantified from coated membranes was statistically different from that membrane cultured in basal media.

It had been expected that the in vitro tests conducted with rat MSCs would have produced a greater difference between the coated and uncoated membranes, as well as between those cultured in osteogenic versus basal media, given the limitations of the human MSCs as discussed above. A peak in dsDNA expressed by the rat MSCs on the coated membranes in osteogenic media at day 14 was observed, confirming the trend seen in both hMSC cell studies. DAPI staining of the membranes cultured in osteogenic media at day 7 (Figure 5.61) supported the results from the PicoGreen assay (Figure 5.57). A higher cell number was detected on the 2x HA 3 membranes by DAPI staining, and the amount of DNA quantified by PicoGreen was significantly higher than the other membranes with the same conditions. 

Actin contained within the cytoskeleton can be stained using Phalloidin to detect changes in morphology as cells undergo osteogenic differentiation. Proliferating cells tend to have a more elongated shape, whilst osteogenic cells are more commonly spherical. During osteogenic differentiation, the actin cytoskeleton undergoes reorganisation, resulting in thick, non-aligned actin stress fibres (Born et al., 2009). The actin cytoskeletons imaged for the 2x HA 3 membrane at day 7 in osteogenic media show a more elongated morphology, suggesting that the cells are in proliferation, as opposed to differentiation (Figure 5.62). This supports the results from the PicoGreen and pNPP assays, which showed an increased rate of proliferation in comparison to the other membranes, but an insignificant degree of differentiation (Figure 5.57-Figure 5.59). 



[bookmark: _Toc444003015]3D printed scaffolds
[bookmark: _Toc444003016]3D printed composite scaffold synthesis

3D printing offers an exciting alternative to the use of allo, auto and xenografts, with their associated drawbacks, to regenerate bone lost to disease and trauma. Pure PCL and 20 and 40 wt % HA/PCL scaffolds were successfully printed using a custom-built 3D printer. 

[bookmark: _Toc389812855][bookmark: _Toc396837692][bookmark: _Toc399754635][bookmark: _Toc403989336][bookmark: _Toc408567148][bookmark: _Toc408842543]Adding HA resulted in an increase in the printing pressure and extrusion temperature, and decreased the average fibre diameter. The pure PCL did not need to be dissolved in a solvent prior to being heated for printing, however the addition of HA to the PCL meant that a solvent system had to be used in order to mix the two materials together. Initial attempts to create the composite by heating and stirring HA and PCL with a surfactant were unsuccessful. Additionally, initial attempts to print HA:PCL composite scaffolds without surfactant were also unsuccessful as the addition of HA led to clogging of the extrusion nozzle. The decision to add a surfactant to the composite solution was taken with the expectation that its addition would reduce HA aggregation. Sonication was used both before and after the addition of the surfactant to break up any existing HA aggregates. Adding surfactant to pure PCL increased the fibre diameter, but the combination of HA and surfactant decrease the fibre diameter. This could be due to a change in surface tension of the molten HA-PCL composite. Surfactants decrease surface tension.  Furthermore, scaffolds printed with commercial microscale HA with no surfactant or sonication treatment also had thinner fibres than the pure PCL. 

The addition of the surfactant enabled the printing of 20 and 40 wt% HA:PCL composite scaffolds at much lower temperatures and/or pressures than reported in the literature (100 °C and 650 kPa (Park, 2014). Tween-20 and Triton X-100 were ruled out after the initial trials of surfactants as the scaffolds had poor morphology. A 20 wt% HA:PCL with SDS solution demonstrated superior printing abilities over Tween-80, and therefore was selected as the surfactant to be used to print the composite scaffolds. Triton X-100, Tween 20 and Tween 80 are all non-ionic surfactants; the fact that anionic surfactants have greater interactions with non-ionic polymers could explain why the scaffolds printed with SDS as the surfactant had better morphology. 

Printing of a 50 wt% HA:PCL composite was attempted. However, the material remained solid even at 115 °C; the maximum printing temperature of the 3D printer used for this work was 130 °C. The printing of PLGA:PCL and HA:PLGA:PCL membranes was attempted, but problems were encountered. The 50:50 PLGA:PCL mixture appeared immiscible upon drying of the polymer-solvent solution, which was sticky with clear and opaque areas. This was judged to be undesirable, leading to the decision not to attempt to print this co-polymer solution. The 20:80 PLGA:PCL solution crystallised after printing at 60 °C (P = 96.5 kPa, BT = 32 °C, F = 400 mm/min)

SEM analysis revealed that the printed scaffolds had microporous structures. Microporosity, and pore wall roughness, serves an important role. Microporosity increases the surface area, which is believed to facilitate higher bone-inducing protein adsorption , as well as increasing ion exchange and the formation of bone-like apatite through dissolution and re-precipitation (Yuan et al., 1999). 

Error! Reference source not found. shows how the scaffold dimensions were measured. The average fibre dimension of the pure PCL scaffolds was in the order of 1100 µm (Table 5.9). The addition of HA decreased the average fibre dimensions, with the exception of the 20 wt% HA: PCL with sonication only: the average values were 1220 x 1370 µm in the x and y dimensions respectively. The addition of SDS increased the average fibre width to approximately 1400 µm (x and y directions). Surfactants decrease the surface tension of liquids, and the PCL is printed in the liquid phase so this increase was not unexpected. The addition of HA decreased the fibre sizes, most evident in the commercial HA sample (20 wt% HA). The average particle size for the commercial HA was 30 µm, compared to an average of 36 x 15 nm for the HA produced in this work using the HA 3 synthesis method. 

Rather than defining the pore size in the G-code file, the space between the fibres is defined, measured from the centre of the fibre. This explains why the pore size decreases with increasing fibre width. The compositions with the small pore sizes (PCL + SDS, 20 wt% HA:PCL, sonication only) had the largest fibre widths. To an extent, a smaller pore size is desirable; if the pore size is too large, cells cannot bridge the gap to form a uniform layer over the surface of the scaffold. 
[bookmark: _Toc444003017]In vitro testing of 3D printed scaffolds
Rat MSCs were used for the in vitro studies, and a pure PCL 3DP scaffold used as a reference. Cells seeding onto 3D scaffolds can be considered a passive technique. Cells disperse into the scaffold by diffusion and attach through weak molecular level driven forces e.g. adhesion. As previously mentioned in the literature review, PCL has excellent biocompatibility, and adding HA has been shown to improve cell activity. Therefore good cell attachment and proliferation was expected, particularly from the HA:PCL scaffolds. 

dsDNA quantification was inconclusive beyond day 1; results suggest a decrease in DNA from day 1 to day 21, indicating that not many cells attached to and proliferated on the scaffolds. No DNA was found on some of the scaffolds, but this trend is not seen throughout the time points. DNA was found on the 40 wt% HA/PCL scaffolds in either basal or osteogenic media at day 7 or 14, yet DNA was measured for the samples cultured in basal media at day 21, but not from the scaffolds in osteogenic media. It is possible that some cells attached to the bottom of the tissue culture plate rather than onto the scaffold.  The cells were seeded on the scaffolds statically; dynamic seeding could aid cell attachment (Xiao et al., 1999). For this attachment to occur, the pores should be within a certain size range.

The amount of DNA expressed on the 40 wt% HA:PCL scaffold in osteogenic media at day 1 was significantly lower in comparison to PCL, PCL + SDS and 20 wt% HA:PCL. The 40 wt% HA:PCL scaffolds had the largest pore sizes (960 x 540 µm, Table 5.9). As previously mentioned, 300 µm has been identified as an ideal pore size for the promotion of new bone formation. In a review of the effect of scaffold pore size and porosity, the largest pore size referred to was 800 µm (Karageorgiou and Kaplan, 2005). This suggests that the pore size of the 40 wt% HA:PCL scaffolds was too large for cells to attach, proliferate and differentiate. 

An alternative explanation for the low level of cell attachment to the scaffolds could be due to the surface chemistry of the material. Cells attach preferentially to hydrophilic surfaces. The hydrophobicity of the surface could be measured by contact angle measurements; hydrophobicity could be reduced by plasma treatment of the samples. As discussed in the literature review, the addition of HA to PCL scaffolds increases the surface roughness. It is possible that cell attachment was low due to a combination of surface chemistry and pore size, as both these properties have been demonstrated to affect cell attachment.






















[bookmark: _Toc444003018]Conclusions
The use of GBR membranes has been claimed to be clinically useful for the repair of defects in maxillofacial bone. However the membranes currently available do little or nothing to promote bone regeneration and merely perform a barrier function. If the defect is too large, then an additional scaffold may be required to provide further mechanical support to prevent collapse of the membrane into the defect. There are limitations associated both the source of the material of natural bone grafts and the reproducibility of synthetic grafts (section 2.4).  This research has advanced this tissue engineering approach by investigating the effect of HA as a coating on a polymer membrane, and additionally the effect of HA on the biocompatibility of scaffolds for regenerating bone in larger voids. The specific conclusions from this work were:

· Four different methods for producing HA were evaluated for the purpose of preparing a component of a regenerative membrane for GBR.  Three (HA 2, HA 3 and HA 4) appeared to be successful and reproducible, with the classical sol-gel method rejected on the basis of its complexity and therefore lack of suitability for scale-up.  Of these three promising methods (HA 3 and 4), two appeared to be more suited to coating membranes with HA.  The calcium phosphate products were characterised using XRD in all cases. These methods produced nHA which is expected to have better biomimetic properties due to a similar size to HA naturally occurring within the human body.  
· Electrospinning has been used successfully to produce a number of membranes, with PLGA reported here on account of its good biocompatibility, the appropriate degradation properties of 75/25, and ease of fibre functionalisation.  This was selected as the basic membrane for modification by addition of ceramic, and electrospinning chosen as the method for producing the membranes due to low set up costs..
· Seven different methods for coating membranes with calcium phosphate ceramics were considered.  The two methods based on titration (in particular HA 3) were identified as the best in terms of adding the highest mass with the most consistency.  An external coating on the fibres would expose more cells to HA, which could potentially increase the rate of bone formation due to the osteoconductive properties of the ceramic component.
· Biocompatibility studies using hMSCs have shown that the membranes will support cells for up to 21 days. While no significant difference in levels of ALP relative to DNA between the coated and uncoated membranes was detected using pNPP and PicoGreen assays, the modifications did not adversely affect in vitro biocompatibility.  
· HA:PCL composite scaffolds were successfully fabricated via 3D printing at a range of HA weight concentrations (0-40 wt% HA:PCL) at lower pressure and temperature ranges than previously reported in the literature. This work showed that higher weight percentages of HA can be produced by a custom-built 3D printer with low start-up costs.
· In vitro testing of 3D printed scaffolds suggests that the pore size influences ability of scaffolds to support cell attachment, proliferation and differentiation. Initial levels of DNA were lowest on the scaffolds with the largest pore size (40 wt% HA:PCL). Any increase in biocompatibility due to the increase in HA content was countermanded by the large pore size. 

In conclusion, this work has added to the knowledge of nHA synthesis and the incorporation of this osteoconductive biomaterial into manufacturing processes to produce membranes or scaffolds. This research therefore demonstrates the potential for the manufacture of a new generation of medical devices to actively promote bone tissue regeneration in complex defects. 
[bookmark: _Toc444003019]Future work
The work carried out in this study demonstrates that nHA can be incorporated into polymeric membranes and scaffolds intended for GBR. However, to develop the impact of this study, further work could be carried out in several areas:

· Methods to produce Sr-HA were reported in this work. As discussed in section 2.10.2, Sr-HA has an improved level of bioactivity over HA. Therefore the suitability of Sr-HA as a membrane coating should be investigated, and its bioactive potential assessed by in vitro culture of MSCs on the biomaterial.
· The ability of 3D printing to create reproducible structures with defined pore sizes is one of the main advantages over other methods for producing 3D scaffolds. 3D printing was shown to be suitable to produce polymer:ceramic scaffolds at up to 40 wt% HA, although in vitro results suggested that the pore size was too large for cell attachment. Therefore, the production of scaffolds with smaller pore sizes should be investigated, although this would require a printer with a higher resolution than the one used in this work. The effect of an increasing concentration of HA could then be assessed in vitro. 
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