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Abstract 
Control of stem cell fate has been traditionally enacted by applications of proteins, 

cytokines, and small molecules. Recent studies suggest that inorganic ions can similarly 

influence stem cell behaviour and fate. Phosphate based glasses (PBGs) demonstrate 

tailorable dissolution rates for the local release of these ions, demonstrating potential 

for both hard and soft tissue regeneration. PBG microspheres have been proposed as 

a promising biomaterial for orthopaedic applications due to their chemical similarity 

to the inorganic phase of bone and the potential for their ionic dissolution products to 

promote bone healing and repair. This project explored the effects of ionic dissolution 

products on human mesenchymal stem cells (hMSCs) in vitro and how they may be 

used to control stem cell fate. 

This was investigated though the application of precursor compounds in isolation and 

in combination onto hMSCs to optimize metabolic and osteogenic effects of the core 

components of a PBG system. Solid and porous PBG microspheres of seven different 

formulations were produced and characterized for elemental composition, thermal 

properties and Qn species distribution before testing with hMSC culture. hMSC were 

cultured on PBGs directly to investigate the effects of PBG formulation on adhesion. 

PBGs were also indirectly tested through the application of ionic dissolution products 

into hMSC culture to identify effects on metabolic activity, alkaline phosphatase 

activity (ALP), matrix mineralization and gene expression changes though the use of 

TaqMan Low Density Arrays (TLDAs). 

Compound and indirect PBG treatments demonstrated that phosphate content in 

culture exhibited a dose specific cytotoxic effect on hMSC (>1.25 mM) that could be 

reversed through the application of calcium (5 mM), magnesium (5 mM) or both in 

combination. Specific phosphate species such as pyrophosphate and polyphosphate 

likely contributed to the promotion of ALP activity while inhibiting matrix 
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mineralization. This suggested that a balance between pyrophosphate/polyphosphate 

and orthophosphate may need to be targeted to promote ALP activity without 

inhibiting matrix mineralization due to oversaturation. Direct hMSC culture on PBG 

discs revealed significant increases in cell adhesion with decreasing PBG degradation 

rate. Indirect studies and gene expression analysis on hMSCs revealed no cytotoxicity 

from the dissolution products, and no upregulation of integrin gene expression with 

increasing calcium and magnesium content in the PBGs tested. These findings suggest 

that degradation of the glass surface itself may be responsible for the lowered number 

of adherent cells through surface destabilization or creation of high pH/osmolarity 

layer at the material-cell interface. This study also investigated the previously 

unexplored strategy of PBG microsphere mixing. Utilizing two different formulations 

of PBG microspheres allowed for the leveraging of their respective properties of faster 

degradation and higher calcium content from one formulation, while promoting 

nominal metabolic activity from the other. Finally, analysis of gene expression 

following PBG treatment revealed the promotion of β-catenin destabilization through 

Notch receptor and secreted frizzled related protein 1 (SFRP1) upregulation which may 

result in the disruption of RUNX2 and β-catenin activity, key osteoblastic promoter 

genes.  
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Chapter 1 - Introduction 
 

1.1 Introduction 

There is increasing interest in the use of phosphate-based glasses (PBGs) for bone 

fillers, scaffolds, and tissue engineering applications due to compositions being 

developed with a chemical similarity to the inorganic phase of bone. PBGs have been 

demonstrated to be both bioactive and resorbable and increasing evidence suggests 

that the ionic dissolution products from degrading PBGs can influence stem cell 

function and fate (Hoppe et al., 2011; Kasuga, 2005; Murphy et al., 2014). 

The following subsection contains a literature review covering topics relevant to this 

study: (1.2.1) Biomaterials with a focus on bioactive glasses, their structure and 

applications, (1.2.2) The structure and homeostasis of bone, (1.2.3) Regenerative 

medicine, its applications and challenges, and finally (1.2.4) PBG ion dissolution 

products and their interactions with stem cells. Following the literature review, the 

aims and objectives of this PhD thesis are presented (1.3 and 1.4). 
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1.2 Literature review 

 

1.2.1 Biomaterials  

Biomaterial development is driven by the need to replace and repair damaged tissue. 

This need for restoration of biological function can be aided or accomplished using 

biomaterials for the creation of implants, promotion of tissue restoration and drug 

delivery systems. The following subsections contains a brief overview of biomaterial 

history as well as a focused review of PBG structure and applications. 

 

1.2.1.1 A brief history of orthopaedic biomaterials 

First generation biomaterials were developed for use in vivo and were largely 

prostheses, engineered for their bioinert nature and mechanical strength (Hench and 

Thompson, 2010). These biomaterials were developed with a biomimetic approach, 

attempting to mimic the structural and physical properties of the host tissue with 

minimal toxic response (Hench, 1980). These materials largely consisted of 

commercially existing single phase materials of higher purity to minimize the toxic 

effects of corrosion (Hench and Thompson, 2010). Composite materials were later 

seen in the 1980s in a push toward materials that closely resembled the mechanical 

properties of bone. Hapex is a successful example of a composite biomaterial utilized 

for the replacement of middle ear bone. It is comprised of 40% hydroxyapatite (HA) 

within a high-density polyethylene matrix and was demonstrated to approach the 

lower bounds of stiffness compared to cortical bone (4.4 GPa vs 7 GPa) (Dalby et al., 

2003; Deb et al., 1996).  

Second generation biomaterials shied away from attempting to be bioinert and instead 

controlled bioactive responses were sought. These responses were developed to 

encourage the bonding of the implant and the host tissue. Bioactive glasses developed 
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during this time explored this interface formation between the host tissue and 

material, and was largely reliant on the formation of a hydroxy-carbonate apatite layer 

(Hench et al., 1971). This new layer at the material surface was demonstrated to be 

similar to that of the mineral phase of bone which provided an ideal interface for cell-

material bonding (Hench and Thompson, 2010). Soluble HA coatings were also used to 

promote osteoconduction along the material-bone interface, eliciting bone growth 

around the coating, promoting stronger interface bonding (Hench and Thompson, 

2010). A number of these biomaterials have been approved for clinical use such as 

NovaBone (45S5), BonAlive (S53P4), StronBone and TheraGlass, and this review has 

briefly detailed the 45S5 and S53P4 formulations in the next subsection. 

It is important to note the significant shift in philosophy that accompanied the 

transition from second to third generation biomaterials. Hench and Thompson (2010) 

highlighted not only the successes but also the failures of bioinert and bioactive 

implants. They noted the failure rates being a large detriment to their efficacy and the 

lack of significant improvements to the growing issue. After recognition of the limits of 

tissue replacement; the inherent impossibility of attempting to engineer a material to 

withstand ever-changing physical loads, biochemical stimuli, managing material 

toxicity and longevity, the emphasis transitioned from attempting to replace tissues to 

the regeneration of tissues (Hench and Thompson, 2010).  

With these issues in mind, third generation biomaterials were produced that combined 

the core faculties of prior materials. These new materials were often both resorbable 

and bioactive, more so than their predecessors, eliciting much deeper biological 

responses from increased proliferation to differentiation.  
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1.2.1.2 45S5 Bioglass® 

The mineral phase of bone is largely formed from hydroxyapatite (Ca10(PO4)6(OH)2) and 

as such fabricated materials often utilize chemically similar components such as 

calcium phosphates and tricalcium phosphates (Dorozhkin, 2010; Hoppe et al., 2011). 

Funded by the US Army Medical Research and Development Command, Bioglass® was 

developed to replace traditional metallic and synthetic prosthesis materials due to the 

high risk of rejection. Bioglass® attempted to repair bone using ceramic implants that 

were in part measured in their success by the formation of a HA interface between the 

implant and the host tissue as seen in the testing of an early formulation of Bioglass® 

in 1971 (Hench, 2006). 45S5 was first approved for clinical use in 1985 as a middle ear 

bone prosthesis to treat conductive hearing loss (Merwin, 1986). It saw further use as 

a particulate (Biogran and PerioGlas) to be mixed with a liquid to allow for a viscous 

mouldable consistency that could then be implanted into a defect (Baino et al., 2018). 

The 45S5 Bioglass® composition (45SiO2·24.5CaO·24.5Na2O·6P2O5 wt%) demonstrated 

a surface reaction leading to the release of soluble ionic species including calcium and 

phosphate, as well as the formation of a hydrated silica gel layer. This layer then 

adsorbs amorphous calcium phosphate which is then crystalized to form a hydroxy-

carbonate apatite layer at the material interface (Gunawidjaja et al., 2012; Hench and 

Thompson, 2010; Kokubo, 1998). This layer is suggested to promote adsorption of 

growth factors, proliferation and the mineralization of the matrix (Hott et al., 1997; 

Shu et al., 2003). It is later shown that Bioglass® 45S5 is not only osteoconductive (Yuan 

et al., 2001), but also promotes osteoblast specific protein activity stimulated by the 

dissolution products of the degrading glass (Xynos et al., 2001). Increasing evidence 

suggests that these released ions play a far greater role in osteogenesis and other 

biological processes than previously thought (Barradas et al., 2012; Rodrigues et al., 

2014; Saltman and Strause, 1993; Srivastava et al., 2013; Yang et al., 2011; Yoshizawa 
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et al., 2014a). There have been numerous studies testing the role of various ions such 

as calcium (Barradas et al., 2012; Danoux et al., 2015; Navarro et al., 2003b), strontium 

(Strobel et al., 2013; Yang et al., 2011, 2011) and magnesium (Solomons and Styner, 

1969; Yoshizawa et al., 2014a, 2014b) in bone metabolism, which are detailed in 

subsection 1.2.4 within this review.  

 

1.2.1.3 S53P4 

S53P4 (53SiO2·20CaO·23Na2O·4P2O5 wt%) is a bioactive glass used to treat bone 

infections with a 90% success rate due to its antibacterial properties (van Gestel et al., 

2019, 2015). S53P4 in fluid initiates ion exchange with its local environment. This ion 

exchange increases the local pH and osmotic pressure resulting in the inhibition of 

bacterial growth while generating a silica gel layer at the glass surface. Calcium and 

phosphate then precipitate onto the silica layer and crystalize to form HA, enabling 

bone bonding (van Gestel et al., 2015). S53P4 has been used as a bone graft substitute 

for a number of clinical applications such as craniofacial surgeries, osteomyelitis 

treatments and grafting of bone tumour defects (van Gestel et al., 2015). While S53P4 

demonstrated efficacy in clearing the majority of infections in bone graft applications, 

the slow dissolution rate resulted in the presence of S53P4 up to 10 years after 

implantation that may have negative effects on bone remodelling (Lindfors et al., 

2010).  
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1.2.1.4 Calcium phosphate glasses 

As mentioned previously, there is significant interest in using calcium phosphates for 

the formation of these biomaterials due to its chemical similarity to the inorganic 

phase of bone and their tailorable solubility. While extremely well characterized, 45S5 

and S53P4 are silica based bioactive glasses, notable for their low dissolution rates 

(Abou Neel et al., 2009). In contrast, phosphate based glasses (PBGs) can be completely 

solubilized and the time taken to do so can be tailored from a few days to months by 

manipulating its composition (Navarro et al., 2003b). This increased solubility, and thus 

faster ion release profile, may prove effective in utilizing the released ions such as 

calcium and magnesium to drive stem cell commitment and differentiation. There is 

increasing investigation into the use of PBGs and their dissolution products for the 

control and manipulation of cell activity. Studies have demonstrated their potential for 

wound healing (Sghayyar et al., 2020), tissue defect infiltration (McLaren et al., 2019), 

promotion of osteogenic genes (Lin et al., 2020) and neurite outgrowth among others 

(Kim et al., 2015). 
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1.2.1.5 Structure of phosphate-based glasses 

PBGs consist of a three-dimensional network of phosphate tetrahedra that comprise 

the basic building blocks of these glasses (Ahmed et al., 2018). Oxygen atoms 

covalently bridge these phosphate tetrahedra, giving rise to P-O-P bonds, enabling 

their formation. Unlike silicate glasses, the phosphate tetrahedra contain a single 

terminal double bonded oxygen, reducing its network connectivity (Islam et al., 2017). 

The tetrahedral phosphate structure and chain formation are illustrated in Figure 1.1.  

 

 

 

Figure 1.1 (A) The phosphate tetrahedra and (B) its combination with other tetrahedra to 

form a polymerized phosphate anion chain. 

 

 

Phosphate tetrahedra are classified using Qn terminology where n represents the 

number of bridging oxygen (BO) per tetrahedron (Figure 1.2) (Brow, 2000). Q3 to Q0 

denotes a gradual decrease in structural connectivity and influences the range of 

phosphate structures that are produced. Figure 1.2 illustrates the Qn species that can 

be formed and the decrease of BO as Q3 transitions to Q0. 
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Figure 1.2. Qn species structure as the number of BO (n) are reduced. 

 

 

As PBGs can incorporate various oxides such as CaO, MgO and NaO as network 

modifiers, using specific oxides can confer cellular benefits when released in addition 

to modifying glass properties (Murphy et al., 2014). These modifier oxides (MO) can 

act to crosslink phosphate chains and gradual addition of MOs typically causes a shift 

from Q3 to Q0 as the oxides disrupt the structural connectivity within the PBG, 

effectively depolymerizing it and generating non-bridging oxygen bonds (NBO) (Hoppe 

et al., 2000). MOs have been added to PBGs to modify their properties, including to 

control their degradation rates, viscosity and thermal stability (Hossain et al., 2014; 

Parsons et al., 2015a). Figure 1.3 illustrates the introduction of CaO to a phosphate 

glass network and the crosslinking that occurs. 
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Figure 1.3 (A) Addition of a modifier oxide (CaO) to a phosphate bond and (B) its formation 

of ionic crosslinking between the two phosphate chains creating non-bridging oxygen bonds 

(NBO). 

 

PBGs typically demonstrate rapid degradation in water, however, their degradation 

occurs through two distinct mechanisms, hydration and hydrolysis (Bunker et al., 

1984). Hydration occurs when ions such as Na+ are exchanged with H+ from water, 

resulting in the formation of a hydrated layer on the glass surface. Water also attacks 

the glass by hydrolysing P-O-P bonds producing terminating P-OH groups, thereby 

reducing number of BOs and disrupting the glass network (Bunker et al., 1984; Gao et 

al., 2004). Glass dissolution can also be aided by acid/base catalysis in which ionic 

bonds between phosphate chains are disrupted by the local pH (Bunker et al., 1984). 
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1.2.1.6 Applications of PBGs 

Due to their rapid and controllable solubility compared to silica based glasses, 

numerous applications have been investigated for PBGs including the delivery of 

antibacterial ions, tissue engineering, orthopaedic materials and even as trace element 

supplements for animals (Knowles, 2003). By doping PBGs with ions known to have 

deleterious effects on microbes such as silver or copper, PBGs can be developed to 

have long-term antimicrobial effects as the PBG degrades (Ahmed et al., 2006; 

Foroutan et al., 2019; Jung et al., 2008). The controllable release rates of PBGs allow 

for a sustained delivery of antimicrobial ions when implanted into a wound or graft 

site, decreasing bacterial infections and the need for revision surgery (Foroutan et al., 

2019). Similarly, the controlled release of ions from PBGs have been demonstrated to 

elicit a variety of cellular responses such as proliferation, adhesion and matrix 

mineralization (Murphy et al., 2014). Triggering cellular responses such as these 

through the use of inorganic ions without the use of growth factors demonstrates 

immense potential for hard and soft tissue regeneration.  

Hard tissue regeneration has been previously explored with calcium phosphate 

containing materials due to their ability to bond bone at the material interface (Bohner 

and Lemaitre, 2009). PBGs have been investigated to provide this bioactive effect in 

composites, however, due to their complete solubility they are able to degrade once 

healing is complete (Lapa et al., 2020). PBG composites show potential for use as 

bioresorbable fixation devices that degrade over time, slowly shifting the load onto 

newly generated bone (Felfel et al., 2013; Haque et al., 2010). PBGs also demonstrate 

great potential for soft tissue regeneration in a variety of cell types. Kim et al. (2015) 

demonstrated the ability of PBG fibres to promote neuronal growth in a rat model, 

demonstrating increased motor function recovery 8-weeks after implantation and Lin 
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et al. (2020) demonstrated the ability of PBG fibres to promote osteogenic 

differentiation in murine osteoblast cells over 21 days. 

Calcium phosphate glass microspheres could potentially be used for bone tissue 

regeneration in the treatment of a number of bone metabolic diseases and defects 

(Hossain et al., 2015). Osteoporosis is one such musculoskeletal disease that 

significantly increases the risk of fragility fractures, due to decreased bone mineral 

density and microarchitectural deterioration that compromises the strength of the 

tissue (Kanis et al., 2013; Willson et al., 2015). Figure 1.4 compares the vertebral bone 

architecture of a woman without (31-year-old, Figure 1.4A) and with (70-year-old, 

Figure 1.4B) osteoporosis, demonstrating the loss in structural connectivity. 

 

 

Figure 1.4. Scanning electron micrographs of an L3 vertebra in (A) a 31-year-old woman and 

(B) a 70-year-old woman. Adapted from Poole and Compston (2006). 

 

To combat low bone mass, PBGs can be produced in spherical geometries which have 

been demonstrated to have numerous advantages over fixed geometry implants such 

as the ability to be injected in a minimally invasive way, enhanced surface area and 

increased tissue infiltration (Cai et al., 2013; Gupta et al., 2018; Hossain et al., 2015; 

Matamoros-Veloza et al., 2020; McLaren et al., 2019). McLaren et al. (2019) 

demonstrated the ability of porous PBG microspheres to fill an induced bone defect in 
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sheep and promote tissue ingrowth as well as increased osteoid tissue content 13 

weeks post-implantation. To further support its use as an injectable therapy, 

Matamoros-Veloza et al. (2020) demonstrated the injectability of PBG microspheres 

using a delivery agent such as xanthan gum to allow for their injection through a 18-

14G needle. 

If used as a prophylactic agent, these microspheres could reduce risk and incidence of 

fracture through the controlled dissolution of inorganic ions into the osteoporotic 

bone as proposed in Figure 1.5. These inorganic ions may be used to promote bone 

regeneration, strengthening the osteoporotic bone and thereby reducing risk of 

fracture. The mechanisms of bone homeostasis and the influence of ions on stem cells 

are reviewed below. 

 

 

 

Figure 1.5. Diagram indicating the proposed mode of action of PBG microspheres when 

injected into osteoporotic bone. 
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1.2.2 Structure and maintenance of bone 

1.2.2.1 Bone structure and function 

Bone is a rigid, mineralized organ that plays a variety of significant roles within the 

body such as locomotion, protection and structural support (Florencio-Silva et al., 

2015). Bone is comprised of both organic and inorganic materials. Organic materials 

such as collagen and fibronectin provide tensile strength while inorganic materials 

such as hydroxyapatite comprise the majority of the bone and provide tissue stiffness 

(Boskey, 2013; Chang et al., 2017). The outer layer of bone is compact and strong, 

typically comprised of 90% bone and 10% pore space which are represented by 

Haversian canals. This dense outer layer houses cancellous bone defined by its 

honeycomb structure. Cancellous bone is less dense than cortical tissue and is typically 

comprised of only 25% bone due to its honeycomb structure. The cortical bone defines 

the bone shape while its firm exterior provides sufficient support for tendons. The 

interior spongy structure provides significant structural support and surface area for 

mineral exchange (Mechiche Alami et al., 2016).  
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1.2.2.2 Bone Remodelling 

Bone is a metabolically active and highly adaptive tissue that is capable of responding 

to mechanical stimuli and self-repair (Robling et al., 2006). It is composed of four 

unique cell types, osteoblasts, bone lining cells, osteocytes and osteoclasts 

(Buckwalter et al., 1996; Florencio-Silva et al., 2015). These cells work in conjunction 

to maintain the bone remodelling process. These four cell types can be further 

characterized into bone forming, resorbing and maintenance cells. Osteocytes and 

bone lining cells work to maintain bone while the function of osteoblasts and 

osteoclasts is to carry out bone formation and resorption respectively (Robling et al., 

2006). 

Osteoblasts are derived from undifferentiated mesenchymal cells (MSCs) within the 

marrow. They tightly line the surface of bone and actively secrete organic matrix that 

is then later mineralized (Marks and Popoff, 1988). Osteocytes are osteoblasts that 

have become trapped within the bone matrix they synthesize and represent 90-95% 

of all bone cells (Bellido, 2014; Rochefort et al., 2010). These osteocytes are linked 

through their distinct dendritic morphology and have been thought to play a role in 

the response to physical stimuli due to their strain sensitive nature (Bellido, 2014; 

Bonewald, 2005). Alternatively, osteoblasts can form bone lining cells through 

metabolic inactivity (Downey and Siegel, 2006). These thin elongated cells cover most 

bone surfaces, they function as a barrier between bone and other compartments and 

assist in the bone remodelling process. Osteoclasts resorb mineralized bone and 

cartilage and are located on the surface of bone near large vascular channels (Marks 

and Popoff, 1988).  

As it ages, bone begins to lose its structural integrity and requires constant 

maintenance through resorption of old bone and synthesis of new bone. Though 

carried out by osteoclasts and osteoblasts respectively, bone resorption and synthesis 
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are not independent processes. Temporary anatomic structures called basic 

multicellular units (BMU) that consist of osteoclasts, osteoblasts, a blood supply and 

connective tissue carry out the bone remodelling process through coordination of 

these cell types (Jilka, 2003; Visconti et al., 2019). Production of collagenase by the 

bone lining cells exposes the bone surface to osteoclastic bone resorption (Hauge et 

al., 2001). As the BMU advances, the osteoclasts resorb the exposed bone while the 

osteoblasts within the BMU begin to synthesis new bone in a process taking up to four 

months (Jilka, 2003). As mentioned earlier, the osteoblasts that synthesize bone 

eventually encase themselves within the matrix they produce to form osteocytes or 

flatten out and become quiescent bone lining cells to layer the newly produced bone 

surface (Hauge et al., 2001). The process of bone formation by the BMU is illustrated 

in Figure 1.6. 

 

 

Figure 1.6. Schematic of the basic multicellular unit (BMU) illustrating key cells and stages 

involved in bone remodelling. (A) Initiation of bone resorption by osteoclasts (OC) under the 

capillary connected canopy. (B) Reversal by macrophages (M) which prime the resorption 

surface for bone formation. (C) Osteoblasts (OB) generate new osteoid to fill the degraded 

pit which is mineralized over time. (D) Completion of the bone remodelling process, 

covering the new bone surface with bone lining cells (BLC). Adapted from (Sims and Martin, 

2020). 

 



16 
 

1.2.2.3 Genetic pathways modulating osteogenic differentiation 

The coordinated function of osteoblasts and osteoclasts in both bone synthesis and 

resorption is critical for the maintenance of bone. MSCs are the precursors to 

osteoblasts and their commitment and differentiation down the osteogenic lineage 

strongly influences bone homeostasis. Runt-related transcription factor 2 (RUNX2) is a 

master regulator of osteogenic differentiation and is acted upon by a number of 

signalling pathways. Komori et al. (1997) highlighted the importance of RUNX2 in 

detailed studies on homozygous RUNX2 knockout mice which resulted in a fatal 

phenotype due to complete ablation of mineralization and arrest of osteoblast 

differentiation. This section briefly discusses the mechanisms of the main pathways 

involved in osteogenic differentiation and how they influence RUNX2 activity. These 

pathways are illustrated in Figure 1.7. 
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Figure 1.7. Major regulatory pathways involved in osteogenic differentiation, adapted from 

Rutkovskiy et al. (2016) 

 

The Wnt pathway plays a central role in the activation of RUNX2 and subsequent 

modulation of osteogenic differentiation. Through the binding of Wnt ligands to co-

receptors, the β-catenin destruction complex GSK3β is inhibited, preventing the 

phosphorylation and ubiquitination of β-catenin, allowing for its translocation into the 

nucleus where it facilitates activation and expression of RUNX2 (Shares et al., 2018).  

In contrast to the Wnt signalling is Notch signalling which, upon activation, inhibits 

both β-catenin and RUNX2 transcriptional activity (Deregowski et al., 2006). This 

activity is mediated by Notch downstream target genes HEY1 and HES1 which inhibit 
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the transcriptional activity through the formation of a complex with Groucho/TFC and 

RUNX2, limiting the transcriptional activity of β-catenin and RUNX2 (Lin and 

Hankenson, 2011; Xu et al., 2015; Zanotti and Canalis, 2016). Lawal et al. (2017) 

demonstrated through the deletion of Notch ligand JAG1, that Notch signalling inhibits 

the transition of osteoprogenitor cells into pre-osteoblasts. Therefore, though 

inhibitory to osteogenic differentiation, Notch signalling plays a vital part in the 

maintenance of the osteoprogenitor pool in vivo (Weber and Calvi, 2010). 

The transforming growth factor β (TGF-β) signalling pathway functions through the use 

of ligands such as bone morphogenic protein (BMP) and TGF-β, heteromeric receptor 

complexes, and SMADs intracellular signalling transducers (Wu et al., 2016). 

Depending on the ligand-receptor interaction, either BMP or TGF-β to their respective 

receptor complexes, promotion or inhibition of osteogenic differentiation is observed 

(Rutkovskiy et al., 2016). BMP ligand-receptor activation leads to the translocation of 

SMAD1, 5 and 8 to the nucleus where it recruits RUNX2 to promote the expression of 

osteogenic genes. Conversely, TGF-β ligand-receptor activation leads to the 

translocation of SMAD2 and 3 into the nucleus which represses the function of RUNX2.  

The transition from MSCs to bone forming osteoblast cells is a complicated process 

that relies on the signalling, crosstalk, and transcriptional regulation of many different 

molecular pathways. The effects of PBG dissolution products on a number of the major 

pathways such as Wnt, Notch and TGF-β/BMP pathways are explored in this thesis. 
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1.2.3 Regenerative medicine 

1.2.3.1 Mesenchymal stem cells 

Stem cells are cells possessing the ability to self-renew and differentiate (Wei et al., 

2013). Self-renewal allows the cells to replicate while maintaining their 

undifferentiated state and the capacity to differentiate allows the cells to specialize 

into mature cells with specific functions from different lineages. There are numerous 

types and sources of stem cells that have varying levels of potency however these can 

be largely categorized into the following groups: i) embryonic stem cells (ESC), ii) 

induced pluripotent stem cells (iPSC) and iii) adult stem cells (ASC). Typically isolated 

from the inner cell mass of a blastocyst, ESC are pluripotent and have the capacity to 

differentiate into mature cells from the three germ layers (Evans and Kaufman, 1981). 

iPSC are adult somatic cells that have been reprogrammed into a pluripotent state 

through the expression of several key transcription factors (Takahashi et al., 2007). 

Finally, ASC are stem cells which have unipotent or multipotent capacity, largely only 

able to differentiate into a limited number of mature cell types compared to the 

pluripotent nature of ESC or iPSC (Horwitz et al., 2005). Despite the difference in 

potency, ASC have a number of benefits over ESC and iPSC such as the ability to be 

easily sourced, cultured and demonstrate minimal ethical and fewer clinical concerns 

(Ullah et al., 2015). 

Mesenchymal stem cells (MSC) are a type of ASC residing in the bone marrow, dental 

pulp, adipose tissue and umbilical cord among other areas and are responsible for 

wound healing, tissue growth and replenishing mature cells within their residing tissue 

(Berebichez-Fridman and Montero-Olvera, 2018). MSC have demonstrated plastic 

adherence, self-renewal and the ability to differentiate into mature cells from 

neuronal, hepatic, chondral and osteogenic lineages (Berebichez-Fridman et al., 2017). 

For tissue engineering and regenerative medicine, MSCs are typically obtained from 
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the bone marrow due the accessibility of bone marrow aspirate, MSC content and well 

characterized nature (Bobis et al., 2006; Corsi et al., 2007).  

 

1.2.3.2 MSC applications and challenges 

Due to their capacity to differentiate into a variety of mature cell types, MSCs have 

been investigated for use in nerve regeneration (Fairbairn et al., 2015), treatment of 

bone pathologies (Jäger et al., 2010), myocardial infarctions (Roura et al., 2012) and 

even autoimmune diseases (González et al., 2009).  

MSCs have demonstrated potential for bone synthesis therapies, particularly in cases 

of problematic non-union fractures or patients with low bone mass and high risk of 

fracture (Oryan et al., 2017; Phetfong et al., 2016). Their application solves specific 

issues involving lack of MSC migration to a defect site and declining numbers of MSC 

population in an elderly patient (Block et al., 2017; Oryan et al., 2017). 

Supplementation of these MSC therapies with growth factors such as BMP2 further 

promote MSC differentiation and production of bone (Vo et al., 2012). 

MSCs for cell therapies are derived in two ways, autologous and allogeneic transplants, 

each with its own challenges. Autologous transplants use MSC sourced from the 

patient, expanded in culture and transplanted back into a patient to promote bone 

regeneration at a target site (Talaat et al., 2018). While autologous therapies have 

significantly reduced risk of graft versus host disease (GvHD) and rejection, patient cell 

condition itself may influence the success of the transplant (Champlin, 2003). For 

example, patients with obesity or rheumatoid arthritis may have cells whose 

therapeutic function is compromised (Lukomska et al., 2019). Furthermore, elderly 

patients that are most at risk from low bone mass and fragility fractures have 
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decreased number of MSC cells, making sourcing sufficient numbers of cells difficult 

(Block et al., 2017). 

Conversely, allogeneic transplants provide disease free cells that can be collected in 

adequate concentrations (Block et al., 2017). However, allogeneic transplants are 

accompanied by greater risk of GvHD and rejection despite human leukocyte antigen 

(HLA) matching. Interestingly, the immunomodulatory properties of MSCs make them 

desirable as a therapeutic agent for allogeneic transplants due to their demonstrated 

ability to treat GvHD (Le Blanc and Mougiakakos, 2012). 

Finally, endogenous growth factors provide signals needed for the growth and 

maintenance of tissue. Exogenous application of these growth factors such as 

fibroblast growth factor 2 (FGF2), BMP2 and BMP7 have been explored for the 

promotion of differentiation and tissue repair in cases where endogenous activity is 

insufficient (Kuroda et al., 2019). Their use in bone regeneration has been extensively 

explored and while their efficacy has been demonstrated, their limited periods of 

activity due to low half-life, difficulty in maintaining optimal concentrations in vivo, 

cost and regulatory issues limit their widespread adoption (El Bialy et al., 2017; Kuroda 

et al., 2019; Schliephake, 2013).  

The ability to influence stem cells through PBG dissolution without the reliance on 

exogenous biological factors provides a potential strategy for bone regeneration that 

would overcome many of the hurdles growth factor applications are currently facing.  
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1.2.4 Ion-cell interactions 

There is increasing interest in investigating the effects of ionic dissolution products 

from inorganic materials on cells and how they may regulate stem cell function and 

fate (Murphy et al., 2014). Figure 1.8 illustrates some of the ways inorganic ions 

released from bioactive glasses may influence cell behaviour.  

 

 

Figure 1.8. Overview of cell responses to dissolution products of bioactive glasses. Adapted 

from Hoppe et al. (2011). 

 

 

1.2.4.1 Phosphate 

The process of bone reabsorption involves the breakdown of bone by osteoclasts, 

resulting in a local increase in not only calcium but also inorganic phosphate (Khoshniat 

et al., 2011a). Additional increases in local phosphate can also be attributed to alkaline 

phosphatase (ALP), an enzyme that regulates osteoblastic mineralization through the 

hydrolysis of pyrophosphates (Terkeltaub, 2001). The local phosphate concentration 
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has been shown to alter osteogenic gene expression (Beck et al., 2000), proliferation 

(Kanatani et al., 2002), mineralization (Julien et al., 2007) and high concentrations have 

even been linked to apoptosis of osteoblasts (Magne et al., 2003; Meleti et al., 2000). 

This apoptosis functions as a method of aiding bone resorption through the creation 

of a localized ion gradient (Meleti et al., 2000). 

An interesting aspect of PBG degradation is the release of various phosphate species 

such as pyrophosphates and metaphosphates or even polyphosphate chains (Ahmed 

et al., 2005). These species demonstrate differing functional effects on in vitro 

osteogenic differentiation. Pujari-Palmer et al. (2016) demonstrated that 

pyrophosphate can promote ALP despite its well documented inhibitory effects on 

matrix mineralization (Addison et al., 2007; Orriss et al., 2016). Polyphosphates have 

demonstrated to behave in a similar inhibitory manner to pyrophosphates though 

recent studies suggest that while they may inhibit matrix mineralization activity, they 

may promote the upregulation of β-catenin, a key osteogenic gene (Ardeshirylajimi et 

al., 2018; Hoac et al., 2013). ALP has also been demonstrated to act on pyrophosphate 

and polyphosphate species, cleaving them to generate orthophosphates which can be 

incorporated into the collagen matrix, thus preventing the inhibition of matrix 

mineralization by the other phosphate species (Hoac et al., 2013; Omelon et al., 2013).  

 

1.2.4.2 Calcium 

Bone remodelling relies heavily on the homeostasis of calcium ions within the local 

area. The bone itself serves as store for calcium as it undergoes the exchange of bound 

and free ions along its large surface area. The sequestration of free calcium ions is 

required by osteoblasts to secrete osteoid, a specialized extracellular matrix (ECM) 

(Duncan et al., 1998). The ECM produced by osteoblasts contains nucleation sites that 
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allow for mineral deposition comprised of calcium and phosphate. Homeostasis of the 

local environment is maintained through the secretion of parathyroid hormone (PTH) 

as a response to calcium ion levels in serum (Barradas et al., 2012; Duncan et al., 1998). 

Influxes of free calcium ions occur through the resorption of bone and increased renal 

and intestinal absorption maintain homeostatic calcium levels (Duncan et al., 1998). 

Pathological states then arise as a result of the disruption of the aforementioned 

homeostatic environment. 

Calcium ions play a fundamental role in the activation of calcium ion channels as a 

result of the responses to external and hormonal stimuli in both osteoblasts and 

osteoclasts (Duncan et al., 1998). Maeno et al. (2005) showed that low concentrations 

of calcium (2-6 mM) promote survival and proliferation of mouse osteoblasts (mOBs) 

while higher concentrations of (6-10 mM) favour differentiation and matrix 

mineralization. Concentrations higher than 10mM result in decrease of survival.  

Calcium reaches 20 mM near sites of reabsorption, 20-fold higher than that of standard 

serum (Silver et al., 1988). This extracellular signalling ion activates G-protein coupled 

calcium signalling receptors (CaSR) and is known to regulate proliferation, 

differentiation and apoptosis (Khoshniat et al., 2011a). However, some studies suggest 

that osteoblastic cells contain a unique calcium sensing receptor (Pi et al., 2005). 

Barradas et al. (2012) proposed a calcium ion channel mediated mechanism of 

transcription through which after influx of calcium into the cell, a signalling cascade is 

activated, leading to a c-Fos and c-Jun mediated transcription of BMP2, a key gene in 

maintaining bone homeostasis. 

Calcium was also shown to significantly increase the rate of mineralization and 

promoted adhesion and an upregulation of the vascular growth factors Ang1/2 (at 5 

mM) in murine osteoblast like cells (MC3T3E1) (Nakamura et al., 2010). Ang1 is noted 
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to promote the structural integrity of blood vessels while Ang2 promotes blood vessel 

growth (Maisonpierre et al., 1997; Suri et al., 1996). Angiogenesis plays a key roles in 

bone formation and upregulation of vascular growth factors such as Ang1/2 have 

shown to increase alkaline phosphatase activity, osteocalcin production and mineral 

deposition (Jeong et al., 2010, p. 1; Suzuki et al., 2007). 

Due to the concomitant nature of calcium and inorganic phosphate within the bone 

microenvironment, it was theorized that that calcium plays a role in the modulation of 

inorganic phosphate effects (Adams et al., 2001).  Khoshniat et al. (2011a) later showed 

the complete abolishing of the osteoblast gene upregulating effects of inorganic 

phosphate in the absence of calcium in a murine osteoblast cell line. Interestingly, this 

activation of subsequent inorganic phosphate pathways was incited not by CaSR but 

by the formation of calcium phosphate precipitate which activates the Erk1/2 

pathways.  

 

1.2.4.3 Magnesium 

Magnesium ions have been shown to play a vital role in vascularization through the 

upregulation of nitric oxide synthase (Maier et al., 2004). The increase in nitric oxide, 

a mediator for angiogenesis inhibits angiostatin, an angiogenesis antagonist (Cooke 

and Losordo, 2002; Matsunaga et al., 2002). Angiogenesis and osteogenesis are 

fundamentally linked, osteogenesis can’t be undertaken without adequate blood 

supply and as such, magnesium ions likely play a significant albeit indirect role in aiding 

bone repair (Carano and Filvaroff, 2003; Gerber and Ferrara, 2000). Animal studies 

corroborate this by showing that magnesium deficiency results in osteoporosis in rats 

(Stendig-Lindberg et al., 2004). Furthermore, addition of magnesium to calcium 
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phosphate biomaterials showed increases in osteoblastic attachment, proliferation 

and osteoblastic properties (Landi et al., 2008; Xue et al., 2008).  

 

1.2.4.4 Other inorganic ions 

Many inorganic ions exhibit effects on MSC that may prove useful for integration into 

PBGs for the promotion of bone formation. While ions such as strontium, zinc and 

gallium are briefly reviewed here, they are not explored further in this study. 

Strontium has long been suggested as an agent for bone repair with many studies 

detailing its effects on bone remodelling (Shorr and Carter, 1952; Xue et al., 2008). 

Strontium, like calcium, is largely found in bone as its localized sink within the body 

(Hodges et al., 1950). It has a high affinity for bone and incorporates itself into it via 

surface exchange or ionic substitution (Dahl et al., 2001). It acts beneficially on bone 

formation, increasing bone mass and decreasing resorption when delivered in low 

doses in rodents (Grynpas and Marie, 1990; Marie, 2003; Marie et al., 1993). This 

promotion of osteogenic activity may be a result of the increased internalization of 

calcium ions into cells through interaction with membrane bound calcium receptors 

reported by some studies (Shoback et al., 1995). 

While essential for animals, zinc has shown to play a key role in bone development. 

Inhibition of bone growth and abnormal skeletal development is seen in cases of zinc 

deficiency (Hurley, 1981; Oner et al., 1984). Zinc is known to be a constituent of key 

bone proteins such as ALP and has even demonstrated to play a role in the 

upregulation of key osteogenic genes such as RUNX2 (Coleman, 1992; Park et al., 

2018). Finally, zinc excretion has been suggested as a marker for osteoporosis as 

patients had lower levels of bone zinc content than controls while urinary zinc was 

found to substantially increase (Yamaguchi, 1998).  
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Cerium ions have been reported to promote proliferation of osteoblasts yet had 

concentration dependent effects on osteogenic differentiation (Babenko et al., 2012; 

Zhang et al., 2010). Cerium was additionally shown to increase expression of RUNX2, 

ALP, BSP and BMP2 at lower doses (Hu et al., 2014; Zhang et al., 2010).  

Unlike the other ions discussed that promote osteogenic activity, gallium interacts with 

osteoclasts. It displays an inhibitory effect on osteoclast differentiation and formation, 

thereby combating the effects of bone resorption (Verron et al., 2010). A decrease in 

osteoclastic markers are seen with cells cultured with biomaterials incorporated with 

gallium, promoting total defect filling and additionally enhanced the bone density in 

ovariectomized rats (LI et al., 2016; Strazic Geljic et al., 2018). This inhibitory effect on 

osteoclast activity could be utilized in biomaterial design to tackle fracture risk from 

another angle. Disrupting bone resorption rather than simply promoting bone 

formation which may prove to be an effective strategy in decreasing fracture risk. 
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1.3 Aims and hypothesis 

This thesis aimed to investigate the effects of PBGs and their dissolution products on 

human stem cell behaviour in order to drive the differentiation of stem cells down an 

osteogenic lineage. It was hypothesized that controlled release of PBG dissolution 

products (particularly calcium, magnesium and phosphate ions) would influence stem 

cell behaviour and genes linked to differentiation.   

 

1.4 Objectives: 

 

• Identification and optimization for metabolic and osteogenic activity, the ion 

concentrations of the core elements of a PBG system through the application 

of its chemical precursors on human mesenchymal stem cells (hMSCs). 

 

• Combinatorial assessment of PBG chemical precursors on metabolic, 

osteogenic activity and gene expression in hMSCs. 

 

• Investigation of the effects of decreasing phosphate content in PBG systems 

on direct hMSC adhesion. 

 

• Investigation of the effects of decreasing phosphate content in PBG systems 

on indirect hMSC metabolic activity, osteogenic activity and gene expression. 

 

• Exploration of the biological benefits of mixing microspheres of two PBG 

formulations through observations on metabolic, osteogenic activity and gene 

expression. 

 

• Development of a PBG microsphere formulation optimized to promote 

metabolic activity and osteogenic activity in hMSC. 
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Chapter 2 - Methods 

 

2.1 Cell culture  
A class II microbiological safety cabinet (ThermoFisher) was used to perform all cell 

culture. All cells were maintained at 37°C and 5% CO2 in a Hera Cell 150 incubator 

(Thermo Electron Corporation).  

Reagents were purchased from ThermoFisher Scientific unless otherwise stated. 

 

2.1.1 Cells  

A human mesenchymal stem cell (hMSC) line (Okamoto et al., 2002) was primarily used 

within this project. An inhouse transduction of green fluorescent protein gene allowed 

for the use of a GFP positive variant of the hMSC line (hMSC-GFP) (Macri-Pellizzeri et 

al., 2018). Both hMSC cell types were cultured in standard medium (SM) consisting of 

Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% (v/v) fetal 

bovine serum (FBS), 1% (v/v) L-glutamine, 1% (v/v) non-essential amino acids and 1% 

(v/v) penicillin streptomycin. Where osteogenic differentiation was required, 

osteogenic medium (OM) was used. OM consists of SM supplemented with 100 nM 

dexamethasone, 10 mM β-glycerophosphate (Sigma-Aldrich), 0.05 mM L-ascorbic acid 

(Sigma-Aldrich). Where stated, OM was used without β-glycerophosphate (OM-) to 

evaluate the effect of phosphates released from PBGs without masking their activity. 

The medium was refreshed every 48 hours and up to 21 days for osteogenic 

differentiation. 
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2.1.2 Passaging 

hMSC were passaged upon reaching 80% confluency. After a phosphate buffered 

solution (PBS) wash, 0.25% (v/v) trypsin/0.02% (v/v) ethylene diaminetetraacetic acid 

(EDTA) was added to the monolayer for 2 minutes at 37°C. After incubation, 

mechanical stimulation was used to detach the remaining cells from the flask surface 

and fresh SM was added to neutralize the trypsin. The cell suspension was then 

centrifuged for 5 minutes at 200 g in a Sigma 3-16 centrifuge. The cell pellet was then 

resuspended in fresh SM and a 1:4 split was seeded into a new tissue culture flask.  

 

2.1.3 Precursor compound supplementation 

Each compound was used to produce stock solutions of specific concentration in sterile 

distilled water (SDW). The compounds used are listed in Table 2.1. The stock solutions 

were then filtered through a 0.22 μm pore filter and diluted to the relevant 

concentration per experiment in SM. The medium was refreshed every 48 hours for up 

to 21 days for osteogenic differentiation.   

 

Table 2.1 Precursor compounds used for medium supplementation 

Ion Compound Company 

Calcium CaCl2 Sigma-Aldrich 

Magnesium MgSO4 Thermo Fisher 

Scientific 

Inorganic Phosphate Na2HPO4*H2O Thermo Fisher 

Scientific 
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2.1.4 Indirect PBG testing 

PBG microspheres were sterilized through two 15-minute washes in 70% ethanol and 

allowed to dry for 24 hours at room temperature in a sterile environment. 

Microspheres were added to SM at a concentration of 100 mg/ml and incubated at 

37°C for 48 hours. The conditioned media was collected and filtered through a 0.22 μm 

pore filter before aliquoting 300 μl into each well of hMSC. SM on the PBG 

microspheres was refreshed and the media was replaced every 48 hours.  

 

2.1.5 Direct PBG testing 

PBG discs (9 mm diameter) were sterilized through two 15-minute washes in ethanol 

70% and allowed to dry for 24 hours at room temperature in a sterile environment. 

Discs were placed in a well plate before seeding with hMSC-GFP at a density of 8000 

cells/cm2 before analysis after 24 hours. 

 

2.1.6 Metabolic Activity  

The metabolic activity of the cells was analysed using PrestoBlue Cell Viability Reagent 

(PB). Working PB solution was prepared by diluting the stock reagent in 90% SM. After 

washing the cells in PBS, 300 μl of prepared reagent was added to the cells and 

incubated for 40 minutes at 37°c and 5% CO2 (optimization detailed in appendix). The 

solution was then transferred to a 96-well plate for its fluorescence to be measured on 

a plate reader (Tecan Infinite 200; 560nm and 590nm ex/em).  

 

2.1.7 Alkaline phosphatase 

Alkaline Phosphatase (ALP) working solution was made by dissolving 1 mg/ml p-

Nitrophenyl phosphate and 0.2M Tris buffer tablets (SIGMAFAST p-Nitrophenyl 
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phosphate Tablets, Sigma-Aldrich) in 20 ml of SDW. After two PBS washes, 300 μl of 

the solution was dispensed into each well of a 48-well plate. The plates are then loaded 

into a plate reader and read (5 readings/well in a cross pattern) every 2 minutes for 24 

minutes (Tecan Infinite 200; Abs: 405nm). The solution was then removed, the cells 

are washed twice with PBS and fresh medium was added. Data is presented as rate of 

change in absorbance over time. 

 

2.1.8 Alizarin red 

Cells were fixed after 10 minutes of incubation with 4% paraformaldehyde (PFA) at 

4°C. After fixation the cells were washed twice with PBS and once with deionized 

water. 200 μl Alizarin Red S 1% (w/v) aqueous solution was added to each well and 

incubated for 15 minutes at room temperature. Excess stain was removed through 

multiple washes with deionized water. Incubating 200 μl of de-staining solution (20 % 

methanol, 10 % acetic acid in deionized water) per well for 20 minutes at room 

temperature was used to extract the mineral stain. The solution was then transferred 

to a 96-well plate and its absorbance was read on a plate reader (Tecan Infinite 200; 

Abs: 405nm) 

 

  



33 
 

2.2 Molecular Biology 

2.2.1 RNA Extraction 

On day 11 of culture, hMSCs were washed twice with PBS and incubated with Tri-

reagent for 30s at room temperature. Cell scrapers were used to release the 

monolayer which was collected and frozen at -80°C. Before RNA extraction, the 

collected cells were thawed at room temperature and centrifuged in an Eppendorf 

5415R microcentrifuge at 3000g for 5 minutes. The supernatant was collected and 

chloroform (Fisher Scientific) was added in a 1:5 ratio, vortexed and incubated at room 

temperature for 10 minutes to facilitate phase separation. Samples were then 

centrifuged at 12000g for 15 minutes and the nucleic acid phase was collected. 1:1 

70% ethanol was added to the collected samples and vortexed before transferring to 

a RNeasy MinElute spin column from a RNeasy Micro Kit (Qiagen). RNA was extracted 

from the column using the manufacturer’s instructions with the addition of a DNase I 

treatment step to reduce DNA contamination from the samples. Finally, RNA was 

eluted in 20 µl of SDW. The purity and concentration of the collected RNA was assessed 

using a SimpliNano Spectrophotometer (GE Healthcare). 

 

2.2.2 cDNA Synthesis 

A High Capacity RNA-to-cDNA Kit (ThermoFisher) was used to synthesize cDNA from 

the collected RNA samples according to the manufacturer’s instructions. A reaction 

mix of reverse transcriptase, buffer and RT-enzyme was mixed with the RNA samples 

and incubated at 37°C for 1 hour in a heat block. Subsequently, the samples were 

incubated at 95°C for 5 minutes in a heat block to halt the reaction. cDNA samples 

were stored at -20°C. 
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2.2.3 Reverse Transcription PCR 

cDNA samples were validated using RT-PCR with the housekeeping gene β-Actin 

(primer sequence in appendix). RT-PCR was carried out using a reaction mixture 

consisting of 0.15 µl Platinum Taq DNA polymerase 100 ng cDNA, 2µl 10x PCR buffer 

(Invitrogen), 0.6 µl MgCl2 (Invitrogen), 0.6 µl dNTPs, 0.75 µl 5 mM forward primer, 0.75 

µl 5 mM reverse primer and made up to 20 µl with SDW. PCR was carried out using a 

Labnet Multigene Thermal Cycler (Labnet International Inc., USA) using an initial 90°C 

5 minute denature step followed by 35 cycles of 94°C for 30s, 60°C for 45s and 72°C 

for 60s and a final extension step of 72°C for 10 minutes. Reactions were held at 4°C 

until analysed using agarose gel electrophoresis. 

 

2.2.4 Agarose Gel Electrophoresis 

A 2% agarose gel was prepared using Tris-acetate-EDTA (TAE) buffer and ethidium 

bromide for the visualization of RT-PCR samples. Once prepared, the gel was allowed 

to set for 30 minutes. RT-PCR samples were mixed with 5x loading dye (Qiagen) and 

loaded alongside a 50bp hyperladder (Bioline) to determine sample product size. The 

gel was run for 1 hour at 85V and 400mA in TAE buffer after which it was visualized 

using a FujiFilm LAS 4000 imager (FujiFilm UK LTD, UK). 

 

2.2.5 TaqMan Low Density Arrays 

Custom TaqMan Low Density Array (TLDA) 384-well microfluidic cards (ThermoFisher) 

were designed for the analysis of gene expression. The 64 x 2 sample format was used 

and probes from ThermoFisher were selected and preloaded onto the card. Where 

possible, probes that spanned an exon boundary, were not within an untranslated 
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region (UTR) and did not detect gDNA were chosen. The selected genes can be seen in 

Table 2.2. 

800 ng of each cDNA sample was diluted in a total of 200 µl RNase free water and 

mixed with 200 µl TaqMan Universal Master Mix II with UNG in a Lightsafe 

microcentrifuge tube. Samples were vortexed and 100µl of the mix were loaded into 

each reservoir of the TLDA plate. The plate was then centrifuged twice at 200g for 1 

minute using a Sorvall ST40 centrifuge (ThermoFisher) after which it was sealed. A 

7900HT Fast Real Time PCR System was used with SDS RQ Manager Software (Applied 

Biosystems) to run the sealed TLDA plates with the following settings: hold at 50°C for 

2 minutes, hold at 94.5°C for 10 minutes and 40 cycles of 92°C for 15 seconds and 60°C 

for 1 minute. 
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Table 2.2. TLDA gene list 

Gene Group Gene Name 

Housekeeping GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

ACTB Actin beta 

GUSB Glucuronidase beta 

18s rRNA 18S ribosomal RNA 

Proliferation CCND1 Cyclin D1 

PCNA Proliferating cell nuclear antigen 

MKI67 Marker of proliferation Ki-67 

Integrin ITGA1 Integrin subunit alpha 1 

ITGA3 Integrin subunit alpha 3 

ITGB1 Integrin subunit beta 1 

Osteogenic RUNX2 Runt related transcription factor 2 

PPARG Peroxisome proliferator activated receptor gamma 

SP7 Sp7 transcription factor 

ALPL Alkaline phosphatase, liver/bone/kidney 

COL1A1 Collagen type I alpha 1 

BGLAP Bone gamma-carboxyglutamate protein 

MSX2 Msh homeobox 2 

DLX5 Distal-less homeobox 5 

SPP1 Secreted phosphoprotein 1 

TNFRSF11B TNF receptor superfamily member 11b 

Osteoclastic TNFSF11 Tumour necrosis factor superfamily member 11 

CTSK Cathepsin K 

MMP9 Matrix metallopeptidase 9 

NFATC1 Nuclear factor of activated T-cells 1 

OSTF1 Osteoclast stimulating factor 1 

TGF-β/BMP BMP2 Bone morphogenetic protein 2 

BMP4 Bone morphogenetic protein 4 

BMP6 Bone morphogenetic protein 6 

BMP7 Bone morphogenetic protein 7 

GDF2 Growth differentiation factor 2 

SMAD1 SMAD family member 1 

SMAD3 SMAD family member 3 

SMAD4 SMAD family member 4 

SMAD6 SMAD family member 6 

SMAD7 SMAD family member 7 

TGFB1 Transforming growth factor beta 1 

TGFB2 Transforming growth factor beta 2 

TGFB3 Transforming growth factor beta 2 

NOG Noggin 

WNT LRP5 LDL receptor related protein 5 

LRP6 LDL receptor related protein 6 

CTNNB1 Catenin beta 1 
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FZD1 Frizzled class receptor 1 

WNT3A Wnt family member 3A 

WNT5A Wnt family member 5A 

WNT10B Wnt family member 10B 

ROR2 receptor tyrosine kinase like orphan receptor 2 

SFRP1 Secreted frizzled related protein 1 

Notch NOTCH1 Notch 1 

NOTCH2 Notch 2 

NOTCH3 Notch 3 

NOTCH4 Notch 4 

JAG1 Jagged 1 

JAG2 Jagged 2 

DLL1 Delta like canonical Notch ligand 1 

DLL3 Delta like canonical Notch ligand 3 

CaSR CASR Calcium sensing receptor 

PTH Parathyroid hormone 

PTHLH Parathyroid hormone like hormone 

MAPK3 Mitogen-activated protein kinase 3 

MAPK1 Mitogen-activated protein kinase 1 

IGF2  Insulin like growth factor 2 

PTGES2 Prostaglandin E synthase 2 

CDH1 Cadherin 1 

 

 

2.3 Imaging 

2.3.1 Bright field 

Bright field images were taken using a Nikon Eclipse TS100 microscope with a Nikon 

Coolpix S10 camera attached.  

 

2.3.2 Fluorescent microscopy  

Fluorescent images were taken using a Nikon Eclipse TS2 with a Nikon D3300. 
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2.3.3 Scanning election microscopy 

Samples were embedded in resin (EpoFix Resin and Epofix Hardener, Struer) and 

metallographic abrasive paper (P240, P400, P800 and P1200), followed by 6 µm and 1 

µm polishing pads and diamond pastes were used to polish the surface and create a 

section of each sample. The embedded samples were then coated in 10 nm carbon and 

imaged using a Quanta Q650 SEM (Thermo Scientific) in SE mode at an acceleration 

voltage of 20 kV. 

 

2.4 Materials manufacture 

2.4.1 Glass production 

The precursors P2O5, NaH2PO4, Na2CO3, CaHPO4, CaCO3 and MgHPO4.3H2O were used 

to fabricate PBGs listed in Table 2.3. The precursors were mixed and placed within a 

100ml Pt/5% Au crucible (Birmingham Metal Company, UK).  

The crucible was placed into a furnace ramped to 350°C at 10°C/min then held for 30 

minutes. A second ramp at 10°C/min was used to heat to 1150°C then held for 90 

minutes. The melts were then poured and quenched onto a steel plate and left to cool 

to room temperature.  

 

Table 2.3. PBGs manufactured  

Glass Code P2O5 (mol%) CaO (mol%) MgO (mol%) Na2O (mol%) 

P40 40 16 24 20 

P35 35 21 24 20 

P30 30 26 24 20 

P50Ca50 50 50 0 0 

P50Ca25Mg25 50 25 25 0 

P50Mg50 50 0 50 0 

P45 45 30 25 0 
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2.4.2 Microsphere production 

To manufacture microspheres, a planetary zirconia ball mill (Retsch Planetary Mill 

PM100) was used to grind the quenched glass for 2 minutes at 500 rpm. Stainless steel 

sieves (VWR International, UK) were then used to sieve the glass particles into a size 

range of 63-125 μm. Non-porous microspheres were prepared by funnelling the glass 

powders into the flame (3200°C) of an oxy-acetylene flame spray gun (MK 74, 

Metallisation Ltd, UK). Porous PBG microspheres were prepared by thoroughly mixing 

the glass powders with CaCO3 in a 1:3 ratio before funnelling into the flame of the 

thermal spray gun (oxy-acetylene ratio of 3:3). After cooling, the microspheres were 

collected from the cooling trays and porous microspheres were acid washed in 5 mM 

acetic acid for 2 minutes followed by a deionized water wash for 5 minutes and then 

dried in a 50°C oven for 24 hours.  

 

2.4.3 Glass disc production 

To produce glass discs, molten  glass from each formulation was poured into pre-

heated graphite moulds with 9 mm diameter rod cut outs and held at 10 °C above the 

glass transition temperature (Tg, see Table 4.3) for each composition for 1 hour before 

being allowed to cool to room temperature overnight. After cooling, the glass rods 

were removed from the moulds and cut using a diamond saw blade to 2 mm width. 

Metallographic abrasive paper (P240, P400, P800 and P1200), followed by 6 µm and 1 

µm polishing pads and diamond pastes were used to polish the surfaces of the glass 

discs. Industrial methylated sprit was used as a lubricant. 

Once prepared, the discs were sterilized through two 15-minute washes in ethanol 

70% and allowed to dry for 24 hours at room temperature in a sterile environment.  
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2.4.4 Energy-dispersive x-ray spectroscopy 

To confirm the glass formulations produced, chemical analysis was conducted via 

Energy-dispersive x-ray spectroscopy (EDX). Microspheres were embedded in resin 

(EpoFix Resin and Epofix Hardener, Struers) and then polished to expose their cross-

sectional surfaces, before applying carbon coating. Samples were then analysed at a 

10 mm working distance using a 10kV beam using a FEI/Philips XL30 SEM. 

 

2.4.5 Thermal analysis 

A Differential Scanning Calorimeter (DSC, TA instruments, Q600) was used to 

determine the glass transition (Tg), onset crystallization (Tc,ons), peak crystallization (Tc) 

and glass melting temperature (Tm) points of the produced glass formulations. The 

processing window for the different glasses was determined using the following 

equation:  

Processing window = (Tc, ons – Tg) 

20 mg of powdered glass samples were added to a platinum sample pan and heated 

from room temperature to 1100°C at a ramp of 10°C /min. A second blank platinum 

pan was used for a baseline to correct the thermal traces of the samples. 

 

2.4.6 X-Ray powder diffraction 

X-ray powder diffraction (XRD) was used to confirm the amorphous nature of the PBGs 

produced. Ground glass powder samples were run using a DVA-Da Vinci Advantage 

over a 2 theta range from 5 degrees to 70 degrees with a 0.02-degree step size and a 

step time over 4s. 
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2.4.7 Nuclear Magnetic Resonance 

NMR was used to resolve the distribution of different Qn species within the PBGs 

produced. Solid-state 31P NMR spectra were recorded for the produced PBGs at room 

temperature using a Varian Chemagnetics Infinity plus spectrometer set to operate at 

a Larmor frequency of 121.468 MHz. The glass samples were packed into 4 mm Magic 

Angle Spinning (MAS) probe before being spun at 12kHz. The resulting spectra were 

then set into Gaussian lines to quantify the proportions of the different Q 

environments of each sample, with data handling being performed using the Varian 

Chemagnetics software Spinsight Version 3.5.2. 
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2.4.8 Viscosity Measurement 

Viscosity of the glasses were measured at high temperatures using a rotational 

viscometer (Brookfield DV-ΙΙΙ UTRA, USA). The viscosity was quantified by measuring 

the force required to rotate a spindle in a fluid. The viscosity was determined by 

measuring the shear stress and the shear rate exerted by the viscous fluid on a rotating 

cylindrical platinum spindle according to the following equation:       

 

η=τ/γ 

 

where, η is the viscosity in poise, τ is the shear stress in dynes/cm2 and γ is the rate of 

shear in sec-1. 

In order to derive a viscosity curve for glasses, the fixed viscosity at glass transition 

temperature and the viscosity data obtained via rotational method were used and 

fitted to the Vogel–Fulcher–Tammann (VFT) by a least squares calculations in the 

equation below: 

 

Log(η)=A+B/(T−To) 

 

where, T is the temperature in °C, η is the viscosity in Pa·s and A, B and To are 

constants. 
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2.4.9 Mass Loss 

PBG disc dimensions and weight were recorded and placed in 500 µl ultra-pure water 

at room temperature for 30 days. The discs were dried completely overnight before 

the new weight was recorded and the disc placed into fresh ultra-pure water. Mass 

loss was normalized to surface area of the discs used. 

 

 

2.5 Statistical analysis 

GraphPad Prism 8 (GraphPad Software, San Diego, CA) was used to carry out statistical 

analysis. All results are presented as mean ± standard error of the mean.  

Cell culture data was analysed using a One-way ANOVA with Dunnett’s multiple 

comparison test. p<0.05 with *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

Gene expression analysis was carried out using a Kruskal-Wallis test followed by an 

uncorrected Dunn’s test for post hoc multiple comparisons. p<0.05 with *p<0.05, 

**p<0.005, ***p<0.001 and ****p<0.0001. 

Replicates (n) refer to biological replicates unless otherwise stated. 
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Chapter 3 - Optimization of ion concentration in vitro for 

hMSC application 
 

3.1 Introduction  

Human bone is a complex and dynamic tissue comprised of numerous cells including 

osteoblasts and osteoclasts that work together to constantly remodel and repair bone 

(Allen and Burr, 2019). These functions are regulated by a variety of hormones, growth 

factors and physical stimuli (Huang et al., 2007; Rutkovskiy et al., 2016). Additionally, 

a number of inorganic ions such as calcium, magnesium and phosphate have 

demonstrated to play a role in bone homeostasis and osteoblast differentiation 

(Hoppe et al., 2011; Khoshniat et al., 2011b; Maeno et al., 2005; Wolf and Cittadini, 

1999). The physiological role these ions play in bone growth makes their use as 

therapeutic agents attractive and PBGs allow for the utilization of these inorganic ions 

as a therapeutic agent for the promotion of bone growth (Hossain et al., 2015).  

 

3.2 Aims and hypotheses 

Existing literature indicates that MSCs have a variety of dose specific responses to 

various inorganic ions, for example, requiring 6-8 mM calcium to promote osteogenic 

differentiation, 10 mM phosphate to promote matrix gla protein (MGP) expression and 

0.5 mM magnesium to promote cellular proliferation (Julien et al., 2007; Maeno et al., 

2005; Wolf and Cittadini, 1999). Studies also indicated combinatorial effects of ions on 

cells when applied together in vitro, for example, Adams et al. (2001) demonstrated 

how increases in calcium concentration (0-1 mM) caused rapid increases in phosphate 

dependent osteoblast apoptosis. Additionally, Khoshniat et al. (2011) demonstrated 

the necessity of both phosphate (10 mM) and calcium (1.8 mM) for the stimulation of 

matrix mineralization genes such as osteopontin (OPN) and MGP in MC3T3-E1 cells . 
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The aims of this chapter were to identify the effects of and optimize the ion 

concentrations of the core elements of a PBG system for osteogenic differentiation. 

This was achieved through the application of its chemical precursors on hMSC to allow 

for dose optimization. To further explore the effects that are triggered through use of 

multiple ions, combinatorial tests of the of the optimized precursor doses were 

undertaken. Metabolic and osteogenic activity were measured using presto blue, 

alkaline phosphatase (ALP) and alizarin red (ALZ) assays to optimize for cytotoxicity, 

ALP activity and matrix mineralization.  

Once an optimized combination of ions was identified, cells grown under this 

treatment were collected and processed for molecular evaluation using TaqMan Low 

Density Arrays. Markers for osteogenic, Notch, Wnt, BMP and proliferative signalling 

markers were analysed to gain insight into the effects of the precursor chemical 

compound combinations applied to hMSCs in culture.  
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3.3 Results 

 

3.3.1 Direct ion application utilizing chemical precursors 

3.3.1.1 Effects of singular ions on hMSC 

Many inorganic ions such as calcium, magnesium and phosphate among others, have 

been shown to play key roles in bone metabolism, angiogenesis and mineralization of 

bone tissue. To investigate the effects of these ions directly on hMSCs, metabolic and 

osteogenic activity were analysed after treatment with media conditioned with the 

relevant ions. Precursor compounds (see Table 2.1) were added to cell culture media 

and refreshed on hMSC every 48 hours for 21 days.  

Figure 3.1 below shows the effects of varying calcium concentrations on hMSCs. 5 mM 

calcium showed an increase in metabolic activity compared to both the SM control and 

20 mM treatment on day 11 (Figure 3.1A). While ALP activity was significantly lower 

than the control (Figure 3.1B), the ALZ intensity was substantially higher in both 5 and 

10 mM doses compared to the SM control and showed no significant difference from 

the OM positive control (Figure 3.1C). From the concentrations investigated 5 mM 

calcium dose was demonstrated to be the most effective for metabolic and ALZ 

response on hMSC. 
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Figure 3.1. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with 5, 10 and 20mM calcium, compared to standard medium (SM) 

and osteogenic medium (OM) controls. *p<0.05, ***p<0.001, ****p<0.0001 (n=2). 

 

Figure 3.2 below shows the effects of varying magnesium concentrations on hMSCs. 

No significant changes to metabolic activity were seen on day 11 of magnesium 

supplementation (Figure 3.2A). However, ALP activity decreased with increasing 

magnesium, with the 5 mM magnesium treatment showing significant increase when 

compared to the SM control while the 10 mM and 20 mM magnesium concentrations 

significantly decreased ALP activity compared to the 5 mM dose (Figure 3.2B). Despite 

the high levels of ALP seen, little to no ALZ intensity was seen in any of these 

treatments, when compared to the untreated control (Figure 3.2C and 3.4). Out of the 

doses tested, 5 mM magnesium showed the most effective response due to its ALP 

activity while no changes in activity were seen in metabolic activity and mineral 

deposition between the concentrations. 
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Figure 3.2. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with 5, 10 and 20mM magnesium, compared to standard medium (SM) 

and osteogenic medium (OM) controls. **p<0.01, ****p<0.0001 (n=2). 

 

Figure 3.3 below shows the effects of varying phosphate concentrations on hMSCs. All 

concentrations of phosphate treatment showed significant reductions in metabolic 

activity, almost completely disrupting the cell monolayer in all doses, demonstrating a 

decreasing trend in activity with increasing phosphate concentration (Figure 3.3A). The 

effect of ALP and ALZ intensity on phosphate treated cells was difficult to accurately 

quantify due to the disruption of the monolayer observed, though some level of ALZ 

stain could be seen at 5 mM (Figure 3.4). Despite its negative activity at all doses, the 

5 mM phosphate showed to be the least disruptive dose with the monolayer still being 

partially intact on day 21 (Figure 3.4). 
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Figure 3.3. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with 5, 10 and 20mM phosphate, compared to standard medium (SM) 

and osteogenic medium (OM) controls. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

(n=2). 

 

The lowest concentrations of all the ions investigated above demonstrated to be the 

most effective, revealing promotion of metabolic activity and ALZ intensity for calcium, 

increases in alkaline phosphatase activity for magnesium and minimal disruption to 

cell activity in phosphate at 5 mM. 
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Figure 3.4. Alizarin red staining on hMSCs treated with 5, 10 and 20 mM calcium, magnesium 

and phosphate on day 21, compared to standard medium (SM) and osteogenic medium 

(OM) controls. Scale bar = 250 µm. 
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Due to the inhibitory and monolayer disrupting activity of the inorganic phosphate 

concentrations explored (5-20 mM), further optimizations were carried out to identify 

a more appropriate dose. Lower doses of phosphate were tested (Figure 3.5) and a 

trend of increasing metabolic activity was seen with decreasing phosphate 

concentrations, with a significant difference seen between 5 mM and 1.25 mM doses 

(Figure 3.5A). Osteogenic activity also showed a sharp increase with a significant spike 

in ALP and ALZ intensity in the 1.25 mM dose (Figure 3.5B and 3.5C). The reduced 1.25 

mM dose also showed significantly better activity in all cases compared to the original 

5 mM dose. 

 

 

Figure 3.5. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with 5, 2.5 and 1.25 mM phosphate, compared to standard medium 

(SM) and osteogenic medium (OM) controls. ***p<0.001, ****p<0.0001 (n=3 technical 

replicates). 
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3.3.1.2 Effects of combinatorial ion supplementation on hMSC  

Literature studies show that the co-dependent nature of inorganic ions, where two or 

more ions are present at the necessary doses, can activate and/or amplify specific 

cellular pathways (Adams et al., 2001; Murphy et al., 2014). To investigate the 

potential complementary effects of ions on cells, the previously tested singular ion 

doses were combined for hMSC treatment. Singular ion testing showed that 5 mM 

calcium, 5 mM magnesium and 1.25 mM phosphate resulted in the best metabolic and 

osteogenic activity and these concentrations of ions was taken forward for 

combinatorial tests (Figure 3.1, 3.2 and 3.5).  

Figure 3.6 shows that the metabolic activity of the mixed ion concentrations containing 

5 mM calcium, 5 mM magnesium and 1.25 mM inorganic phosphate showed 

significantly better metabolic activity compared to the SM control and the calcium and 

magnesium ion mix at day 11. Furthermore, combination of phosphate and 

magnesium resulted in superior metabolic performance than combinations of 

phosphate and calcium at day 11. Significant increases in ALP activity were seen in the 

magnesium and phosphate mix compared to the SM control however all other mixes 

showed inhibited ALP performance compared to the SM control (Figure 3.6B). The 

magnesium and phosphate mix demonstrate the previously seen increase in ALP 

activity of magnesium in isolation while the addition of calcium appears to completely 

ablate this activity. Similarly, the calcium phosphate mix demonstrated the best ALZ 

intensity compared to the SM control while all other formulations showed no ALZ stain, 

indicating that the addition of magnesium to the calcium and phosphate mix reduces 

the ALZ intensity (Figure 3.6C). 
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Figure 3.6. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with combinations of 5 mM calcium, 5 mM magnesium and 1.25 mM 

phosphate, compared to standard medium (SM) and osteogenic medium (OM) controls. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (n=3 technical replicates). 

 

 

Observing how the ions can promote or inhibit either metabolic activity or osteogenic 
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treated with higher doses of phosphate previously shown to result in significant 

decreases in metabolic activity when tested in isolation (Figure 3.3A). Figure 3.7A 

shows that combination of 5 mM phosphate with calcium still results in significantly 

lower metabolic activity compared to the SM control while combination with 
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three ions together at 5 mM results in the best metabolic activity (figure 3.7A). Similar 
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the best alkaline phosphatase activity as seen previously with 1.25 mM phosphate 

while other combinations of calcium, magnesium and phosphate result in inhibited ALP 

activity compared to the SM control (Figure 3.6B and 3.7B). Finally, Figure 3.7C 

demonstrates that using 5 mM phosphate results in increases in ALZ intensity in the 

three compound mix where previously in the 1.25 phosphate mix, no ALZ stain was 

seen. 

 

 

Figure 3.7. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with combinations of 5 mM calcium, magnesium and phosphate, 

compared to standard medium (SM) and osteogenic medium (OM) controls. *p<0.05, 

***p<0.001, ****p<0.0001 (n=2). 
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3.3.1.3 Effects of ions on hMSC gene expression 

When tested at lower concentrations in isolation, 1.25 mM phosphate demonstrated 

superior metabolic and osteogenic activity compared to higher doses, despite this, the 

use of 1.25 mM phosphate in combination with 5 mM calcium and magnesium resulted 

in no ALZ stain. Using a higher dose of 5 mM phosphate along with 5 mM calcium and 

5 mM magnesium allowed for increased ALZ intensity compared to the lower 

phosphate combination. To further investigate the effects of direct application of 5 

mM calcium, magnesium and phosphate (henceforth titled 555) on hMSC, TaqMan 

Low Density Arrays (TLDAs) were used to measure changes in gene expression on 555 

treated cells. Table 3.1 indexes all the gene groups analysed in this subsection. 

 

Table 3.1 Index of gene groups analysed in chapter 3 

Section Number Gene Group 

3.3.1.3.1 Proliferative 

3.3.1.3.2 Integrin 

3.3.1.3.3 Osteoblastic 

3.3.1.3.4 Notch 

3.3.1.3.5 TGF-β and BMP 

3.3.1.3.6 Wnt 
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3.3.1.3.1 Proliferative markers 

Changes to expression in proliferative gene markers CCND1, PCNA and MKI67 were 

analysed after 11 days of direct ion treatment with 555 on hMSC cells in vitro (Figure 

3.8). hMSC treated with 555 demonstrated no significant changes to proliferative gene 

expression compared to the SM control. 555 treated cells did show significant 

upregulation of CCND1 compared to OM treated cells, in which decreased expression 

was seen. No significant changes in expression were noted in MKI67 and PCNA 

expression in either treatment. 

 

 

 

Figure 3.8. hMSC proliferation marker expression after 11 days of OM and 555 treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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3.3.1.3.2 Integrin markers 

Gene expression of integrin subunits ITGA1, ITGA3 and ITGB1 were analysed for 

changes after 11 days of 555 treatment of hMSC in vitro (Figure 3.9). 555 treated 

samples demonstrated no significant changes to integrin gene expression compared 

to the SM or OM controls. 

 

 

Figure 3.9. Heatmap of hMSC integrin gene expression after 11 days of OM and 555 

treatment normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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3.3.1.3.3 Osteoblast markers 

Gene expression changes to key osteoblastic markers RUNX2, ALPL, COL1A1, BGLAP, 

MSX2, DLX5 and SPP1 were analysed on cells cultured in vitro to discern the effects of 

direct ion application of 555 on hMSC differentiation after 11 days of treatment (Figure 

3.10). Additionally, while not directly influencing osteoblast differentiation PPAR-γ and 

TNFRSF11 were observed for changes in expression during osteoblast differentiation. 

555 treatment demonstrated no significant changes to osteoblast gene expression 

compared to the SM control. 555 treatment did not alter ALPL gene expression 

contrary to the decrease in ALP activity noted previously. Additionally, 555 treated 

cells did show significant upregulation of SPP1 and BGLAP compared to the OM 

control.  
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Figure 3.10. hMSC osteoblastic gene expression after 11 days of OM and 555 treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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3.3.1.3.4 Notch markers 

Notch gene expression markers were analysed at 11 days after direct ion treatment of 

hMSC with 555 in vitro to discern its effects on Notch signalling (Figure 3.11). The genes 

analysed included Notch receptors (NOTCH1, NOTCH2 and NOTCH3), ligands (JAG1, 

JAG2 and DLL1) and a Notch regulator (DLL3). No significant changes to Notch gene 

expression were observed in 555 treated cells compared to the SM and OM controls. 

 

 

 

Figure 3.11. hMSC notch gene expression after 11 days of OM and 555 treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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3.3.1.3.5 TGF and BMP markers 

The expression of BMP and TGF markers were analysed after direct ion treatment of 

hMSC with 555 after 11 days to discern their effects on BMP signalling (Figure 3.12). 

Genes analysed included BMP ligands (BMP2, BMP4 and BMP5), TGFβ ligands (TGFβ1, 

TGFβ2, TGFβ3), SMADs (SMAD1, SMAD3, SMAD4, SMAD6 and SMAD7) and Noggin 

(NOG). 555 treatment demonstrated no significant changes in TGF and BMP gene 

expression compared to the SM control. However, significant increases in expression 

were observed in BMP2 and SMAD6 compared to the OM control.  
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Figure 3.12. hMSC TGFB and BMP gene expression after 11 days of OM and 555 treatment 

normalized the standard medium (SM) control. *p<0.05 (n=2). 
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3.3.1.3.6 Wnt markers 

Markers for Wnt gene expression were analysed after direct ion treatment of hMSC 

with 555 for 11 days to observe for changes in expression within the Wnt pathway 

(Figures 3.13). Wnt co-receptors (LRP5, LRP6, FZD1 and ROR2), ligands (WNT5A, 

WNT10B), inhibitor SFRP1 and transcriptional activator CTNNB1 were observed for 

changes in expression. SFRP1 showed a significant upregulation in 555 treated cells 

compared to the SM control. No other Wnt genes demonstrated changes to expression 

compared to both the SM and OM controls. 

 

 

Figure 3.13. hMSC WNT gene expression after 11 days of OM and 555 treatment normalized 

to the standard medium (SM) control. *p<0.05 (n=2). 
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3.4 Discussion  

PBGs allow for the tailorable, controlled release of inorganic ions such as calcium, 

magnesium and phosphate as the glass degrades. These ions can interact with hMSC 

and have been noted to promote proliferation, adhesion and differentiation (Hoppe et 

al., 2011). As such, the response of hMSC to the ionic components of PBGs is of key 

importance in PBG development. This chapter investigates the metabolic and 

osteogenic response of hMSC to PBG ionic precursors, in isolation and in combination 

to identify an optimal concentration of ions for the promotion of osteogenic 

differentiation. 

 

3.4.1 Assessment of direct ion application to hMSC 

3.4.1.1 Singular ion dose optimization on hMSC  

Direct calcium application of 5 mM resulted in increases of metabolic activity and ALZ 

intensity compared to the SM control. These increases in metabolic activity and ALZ 

intensity decreased as the calcium concentration was increased to 20 mM. Maeno et 

al. (2005) demonstrated that concentrations of calcium between 2-4 mM 

demonstrated better osteoblast proliferation while higher concentrations of 6-8 mM 

were superior for osteoblast differentiation and matrix mineralization. The results 

presented here correlate with the effect of calcium on metabolic activity, yet 20 mM 

of calcium did not promote more ALZ intensity. This may be attributed to the use of an 

immortalized human line while Maeno et al. (2005) used primary mouse osteoblast 

cells. 

 The results shown here also correlate with a study by Danoux et al. (2015), who 

showed that calcium application via CaCl2 promoted cell proliferation at both 4 mM 

and 8 mM. However, unlike Danoux et al. (2015) and despite promoting ALZ intensity, 

ALP was significantly inhibited across all treatments. This is also in contrast with studies 
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which indicate the necessity of ALP for mineralization, however, the time-dependent 

nature of ALP expression should be noted as standard osteogenic differentiation 

demonstrates a sharp level of ALP increase on day 11 followed by downregulation 

(Golub and Boesze-Battaglia, 2007; Orimo, 2010). Due to the levels of ALZ stain 

intensity seen, it is possible that the necessary increase in ALP expression for matrix 

mineralization is delayed, resulting in tests on day 11 not reflecting the increase in ALP 

that may occur several days later. However, it may also be possible that the ALZ stain 

seen is not due to active cellular matrix mineralization but due to passive deposition 

of calcium and phosphate precipitate.  

 

Magnesium application to hMSC cultures resulted in no significant changes to 

metabolic activity across all doses explored. Studies have indicated magnesium’s 

capacity to promote growth and its deprivation was demonstrated to cause cell cycle 

arrest (Wolf and Cittadini, 1999). Despite this, only minimal changes in metabolic 

activity were noted. Due to these minor non-significant increases seen with increasing 

dose, it is likely that the pathways that are contingent on a minimal magnesium dose 

may be saturated due to the 0.81 mM of magnesium present in DMEM and additional 

magnesium present in serum which was added to the cells during typical culture. 

Studies have shown the key role Mg2+ plays in ATP synthesis however, Rubin (1975) 

suggested that while 0.1-0.8 mM magnesium is required for the binding to adenosine, 

increase in magnesium beyond this point likely result in no increases to cell 

proliferation due to the saturation of all adenosine present (Ko et al., 1999).  

The ALP enzyme consists of two magnesium ions within its structure, making it 

necessary for the production of ALP (Coleman, 1992). Furthermore, Dean (2002) 

demonstrated how the addition of  increasing concentration of magnesium ions via 
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MgCl2 up to 5 mM causes an increase in ALP. Olorunniji et al. (2007) also demonstrated 

the increase in ALP activity with the addition of MgCl2 up to 4 mM magnesium, after 

which an increase in concentration to 8 mM magnesium inhibited the activity of ALP. 

These results in the literature corroborate the results presented in this study. 

Olorunniji et al. (2007) also suggests that further increases of magnesium past the 

promoting effect seen at 4 mM causes Mg2+ to displace Zn2+ ions from the catalytic site 

of ALP causing decreased activity as both ions are required for ALP to function 

effectively (Hung and Chang, 2001). The results presented here and in the literature 

indicate that magnesium promotes ALP activity up to 5 mM after which an inhibitory 

effect is observed, while no changes to metabolic activity were noted compared to the 

SM control. 

 

Phosphate supplementation showed the greatest impact on cells, causing visible 

disruption to the monolayer at doses higher than 5 mM after 48 hours and resulting in 

significant decreases in metabolic activity readings across all doses by day 11. Further 

decreases to the doses applied at 2.5 mM and 1.25 mM demonstrated significantly less 

impact on cell viability as the dose was reduced. Meleti et al. (2000) demonstrated 

similar results where increasing phosphate concentrations from 1-7 mM in media 

induced apoptosis of osteoblast like cells, with the highest dose causing complete 

monolayer failure.  

Inhibition of osteogenic activity was seen with increasing concentration of phosphate 

from 1.25 mM to 20 mM. At the lowest dose of 1.25 mM, minimal ALP inhibition was 

seen along with significant matrix mineralization. Contrasting information about the 

effects of phosphate on ALP activity are present in the literature. Dean (2002) 

describes a competitive inhibition of 1 mM sodium phosphate on ALP activity while 
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Danoux et al. (2015) demonstrated much higher levels of ALP activity in 4 mM treated 

cells of a donor compared to the untreated control. The contradictory effect of ALP 

activity could also be attributed cell differences, while both studies use hMSCs, Danoux 

et al. (2015) worked with primary cells as opposed to the immortalized cell line used 

in this study. However, increases in matrix mineralization were observed at lower 

doses, once again suggesting a potentially delayed ALP activity curve or non-biological 

deposition. Additionally, due to the apoptotic nature of phosphate at higher 

concentrations (Meleti et al., 2000), it is possible that phosphate treatments do not 

inhibit osteogenic activity directly but decrease the number of cells within the 

monolayer at higher concentrations, which decreases the overall activity measured by 

the assay. 

Calcium treatment promoted significant increases to metabolic activity, magnesium 

treatments promoted significant increases to ALP activity and phosphate 

demonstrated its dose dependant cytotoxic effect on hMSC. Ultimately, the significant 

biological impact on hMSC by PBG precursors has been demonstrated and as PBGs will 

deliver all three ionic components during its dissolution, multiplexed tests with the 

three precursors was undertaken to observe any combinatorial effects between the 

three ions on hMSC. 
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3.4.1.2 Combinatorial dose optimization on hMSC 

Combinatorial tests of 5 mM calcium, magnesium and phosphate showed significant 

differences between the various treatments by day 11. Keeping in mind the sizeable 

disruption of metabolic activity seen in the singular phosphate 5 mM treatment, the 

combinatorial results observed with 5 mM phosphate, calcium and magnesium 

showed significantly improved metabolic activity compared to all other mixes 

investigated. A study by Magne et al. (2003) demonstrated the apoptotic effects of 4 

mM phosphate concentration in the presence of 2.4 mM calcium (by supplementing 

media with NaH2PO4 and Na2HPO4 and CaCl2). However, the mentioned study was 

carried out on murine ATDC5 cells of the chondrogenic lineage which may explain the 

differences in cell death where, when applied in isolation, 2.4 mM calcium and 4 mM 

phosphate had no effect on cell viability while in combination, triggered an apoptotic 

event.  

A study by Adams et al. (2001) suggested that the synergistic apoptotic pathway works 

through calcium ions facilitating inorganic phosphate entry into cells resulting in 

disruption of the mitochondrial transmembrane potential. Calcium in DMEM used for 

hMSC feeds (1.80 mM) along with calcium present in serum would likely saturate the 

calcium dependent apoptotic pathway proposed by Magne et al. (2003). As such, 

excess calcium added through testing would likely not contribute to this potentially 

saturated pathway.  

Calcium and magnesium have been noted to promote cell viability and proliferation  

and appear to rescue combinatorial treatments with 5 mM phosphate (Danoux et al., 

2016; Hoppe et al., 2011; Wolf and Cittadini, 1999). The combined treatment using all 

three compounds resulted in the greatest promotion of metabolic activity even when 

compared to the control while calcium and phosphate in combination resulted in the 

weakest activity under the in vitro conditions explored. 
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Lowering phosphate concentration to 1.25 mM showed significantly improved 

metabolic activity both singularly and when combined. The calcium and phosphate mix 

which showed the weakest metabolic activity at 5 mM phosphate showed a non-

significant difference from the control when 1.25 mM phosphate was used, suggesting 

decreased promotion of the previously described apoptotic pathway. Identical trends 

in ALP activity were seen between the 5 mM and 1.25 mM combinatorial phosphate 

applications, with the magnesium phosphate combination showing the highest activity 

when compared to the control. 

However, using a lower dose of phosphate resulted in complete ablation of matrix 

mineralization activity of the tertiary formulation, indicating a requirement of specific 

phosphate levels to elicit a mineralization response. This is supported by Khoshniat et 

al. (2011) who demonstrated the calcium and phosphate dependence of ERK1/2 

phosphorylation and MGP/OPN expression where 10 mM phosphate and 1.8 mM 

calcium was required for the promotion of the noted mineralization genes.  

The data presented in this study suggests that optimization in isolation may not be an 

efficient way to evaluate the effectiveness or potential of various ions, and may only 

give indicators as to how these ions may behave in combination when applied to cells.  
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3.4.2 Effects of direct ion application on hMSC gene expression 

 Using precursor compounds revealed that calcium (5 mM) and magnesium (5 mM) 

can promote metabolic activity and ALP activity respectively. Phosphate however, at 

doses higher than 1.25 mM, resulted in significant cell toxicity. Combinatorial tests 

revealed that using a lower dose of phosphate (1.25 mM) results in complete ablation 

of ALZ intensity. Calcium and magnesium (5 mM) demonstrated their ability to rescue 

cells treated with 5 mM phosphate allowing for the use of higher doses of phosphate 

than when tested in isolation. As such, 5 mM calcium, magnesium and phosphate (555) 

was taken forward for gene expression analysis due to its promotion of metabolic 

activity and ALZ stain intensity. 

 

3.4.2.1 Proliferation Markers 

Three proliferative genes were analysed on day 11 for changes when treated with 555. 

555 treated cells showed increased expression of proliferation gene marker CCND1 

compared the OM control. CCND1 (cyclin D1) is a notable proliferative marker shown 

to promote cellular proliferation in a number of cell types due its control of the 

progression through the G1 phase of the cell cycle (Ahlin et al., 2017; Marquez et al., 

2017; Wang et al., 2012). Although MKI67 (marker Of proliferation Ki-67) and PCNA 

(proliferating cell nuclear antigen) are notable proliferative markers, they showed no 

significant change in expression compared to the SM control in 555 treated cells at day 

11 (Akino et al., 2003; Sasaki et al., 1987; Yang et al., 2018). Interestingly, while CCND1 

was upregulated in the 555 treatment, it was downregulated in the OM treatment. The 

upregulated proliferative marker in addition to the significant increase in metabolic 

activity compared to the SM control suggests that the 555 application had a pro-

proliferative effect on hMSC.   
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Osteoblast differentiation occurs in three key stages: early, mid and late stage 

differentiation. The early stage differentiation is classified by increases in proliferation 

and the initial expression of pro-osteogenic genes. The initiation of matrix maturation 

and differentiation begins with the exit of the cell cycle (Rutkovskiy et al., 2016). 

Proliferation and differentiation are typically antagonistic processes where terminal 

differentiation results in a permanent exit from the cell cycle (Ruijtenberg and van den 

Heuvel, 2016). Additionally, Chang et al. (2009) demonstrated how supplementary 

BMP4 triggers differentiation in osteoblast-like cells though G0/G1 cell cycle arrest. 

Given the need of exit from the cell cycle for mid and late stage differentiation, the 

increased expression of CCND1 in 555 treated cells suggests that the cells are still 

within the initial early stage of differentiation or have not begun commitment. 

  

3.4.2.2 Integrin Markers  

Differentiation and function of tissue can be controlled by the extracellular matrix 

(ECM) and adhesion along with cell-ECM interactions which are largely controlled 

through integrin signalling (Brunner et al., 2011; Rozario and DeSimone, 2010). 

Osteoblast cells typically express several integrin subunits including α1, α3 and β1 

(Clover et al., 1992). Due to its integral role in adhesion these integrins were analysed 

on day 11 for changes to expression after treatment with 555. 555 treatment 

demonstrated similar ITGA3 (α3 subunit) expression to OM treated samples but 

ultimately did not cause significant changes to expression compared to the SM control. 

Calabrese et al. (2016) demonstrated significant upregulation (4.5-fold increase) of 

ITGA1 at day 11 of osteogenic differentiation of human MSCs isolated form adipose 

tissue. Furthermore, Olivares-Navarrete et al. (2017) noted the typically lower levels 

of ITGA1 and ITGB1 expression (up to 1 fold) in hMSC compared to human osteoblast 

cells when grown on copolymer surfaces of varying stiffness. The different levels of 
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expression seen between the data shown here and those presented by Calabrese et 

al. (2016) may be attributed to difference in cell source and the use of a premade 

osteogenic differentiation kit (Osteogenic Differentiation Medium BulletKitTM, Lonza). 

It is worth noting that despite the minimal changes to expression, the application of 

treatments to the cells was performed in an indirect manner, surface properties of any 

biomaterial may further augment or inhibit the levels of integrin expression and as 

such a direct culture would likely result in changes to integrin expression and activity 

(Boyan and Schwartz, 2006). For the intended application, PBG microspheres are to be 

injected into osteoporotic bone in which they will serve as a surface for cell growth in 

addition to releasing ions into the local environment (McLaren et al., 2019). While the 

ions tested in this study displayed minimal changes to integrin gene expression, 

indirect testing of ions on monolayers may not accurately reflect the true extent of the 

impact to integrin expression PBG will have when in direct contact with cells. 

 

3.4.2.3 Osteoblastic Markers 

Analysis of osteoblastic marker expression on day 11 after 555 treatment 

demonstrated no changes to ALPL (ALP) expression compared to the SM control, in 

line with the results seen prior with 555 treatment resulting in decreased ALP activity 

in hMSC cells (3.3.1.2). Factors downstream from mRNA expression may explain the 

significant decreases in enzyme activity compared to the control despite no major 

downregulation from the gene being seen on the same timepoint. Dean (2002) 

demonstrated how sodium phosphate acts as a competitive inhibitor for the ALP 

enzyme, which may explain its decreased activity in 5 mM phosphate solution despite 

no observable drop in ALPL gene expression. 
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BGLAP (osteocalcin) and SPP1 (osteopontin) are significantly upregulated in 555 

treated samples compared to the OM control. Both BGLAP and SSP1 are notable 

markers for osteogenic differentiation. Zhang et al. (2007) demonstrated the increased 

expression of BGLAP in primary hMSC after 20 days of treatment with OM. The 

difference in expression within the OM control presented here may be attributed to 

the earlier timepoint tested and the use of a cell line in this study. Lee et al. (2018) 

reported a 40-fold increases in SPP1 expression after three days of treatment with 8 

mM CaCl2. While a 2-fold upregulation was observed in this study, differences may be 

attributed to the use of murine cells (C3H10T1/2), increased calcium concentration as 

well as the application of only CaCl2 with no other ions supplemented in. While 

upregulation of these two bone matrix proteins correlated with the data presented in 

this study, their upregulation at the tested timepoint (day 11) is odd as osteocalcin and 

osteopontin are both expressed by late stage mature osteoblasts. The upregulation of 

both bone matrix proteins is likely due in part to the elevated levels of calcium within 

the culture, this is typically seen at sites of bone resorption, acting as a 

chemoattractant and promoting matrix deposition within the local area of resorption 

to prepare for bone formation (Lee et al., 2018).  

Furthermore, osteopontin and osteocalcin play key roles in matrix formation and 

adhesion at sites of bone remodelling, their overexpression and calcium binding nature 

may help to explain the dissonance between the lack of ALP activity seen despite 

significant ALZ stain intensity observed (McKee and Nanci, 1996; Sodek et al., 2000; 

Zoch et al., 2016). Sage et al. (2011) demonstrated that an increase of from 1.2 mM to 

1.6 mM of calcium (via CaCl2) significantly increases the levels of calcium deposition 

when phosphate is at 2 mM. The high concentrations of phosphate and calcium in the 

555 condition may result in non-biological deposition of calcium phosphate which 

would then bind to the increased levels of osteopontin and osteocalcin in culture. Both 
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the osteocalcin and osteopontin proteins exhibit high affinity to Ca2+, which would 

prevent them from being removed through the rigorous washing steps involved within 

the ALZ assay (Kläning et al., 2014). The now retained deposition would also be bound 

by the calcium targeting ALZ stain, generating a false positive ALZ result (Gregory et 

al., 2004; Puchtler et al., 1969).  

The 555 treatment demonstrates significant upregulation of BGLAP and SPP1 

compared to the OM control. These upregulations may contribute to the potential 

non-biological mineralization/deposition created by the treatment. Additionally, the 

555 treatment does not promote upregulation of other early stage osteoblast genes 

such as RUNX2 and ALPL. 

 

3.4.2.4 Notch Markers 

The Notch intercellular signalling pathway is notable for its contribution to cell fate and 

differentiation of osteoblasts. However, its exact role in differentiation remains 

controversial (Muguruma et al., 2017). The pathway contains four Notch receptors and 

five Delta/Serrate/Lag2 (DSL) ligands (Zanotti and Canalis, 2016). This study observed 

the effects of hMSC treated with 555 on day 11 on the expression of three receptors: 

NOTCH1, NOTCH2 and NOTCH3 as well as four DSL ligands: JAG1, JAG2, DLL1 and the 

Notch regulator DLL3. No significant changes to Notch expression are observed 

between the 555 treatment and the SM or OM controls. Wang et al. (2019) reported a 

significant 1.5-fold increase in JAG1 expression and a 2-fold increase in NOTCH1 

expression in rat bone marrow MSCs at day 1 of culture on hydroxyapatite followed by 

a significant decrease to control levels by day 7. The present data suggests that 555 

treatment has no significant impact on Notch gene expression on day 11. However, as 

indicated by Wang et al. (2019), a sharp spike of Notch activation through ligand and 
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receptor upregulation may be occurring during early treatment and additional 

timepoints may help identify any transient promotion of Notch expression. 

 

3.4.2.5 TGF-β and BMP Markers 

The BMP signalling pathway plays a critical role in the regulation of the osteoblast 

differentiation and subsequent bone formation (Beederman et al., 2013). The 20 key 

BMP ligands belong to the TGF-β family and are divided into four distinct categories 

BMP2 and 4, BMP5-8, BMP9 and 10, and BMP12-14 (Carreira et al., 2014). This study 

has analysed the first subfamily, BMP2 and BMP4 as well as BMP6 for changes to 

expression on day 11 after treatment with 555. BMP2, BMP4 and BMP6 were chosen 

due to their notable impact in promoting bone formation and fracture healing in 

osteoblasts as reviewed by Marsell and Einhorn (2009). 

555 treated samples showed no significant upregulation of BMP genes compared to 

the SM control. However, 555 demonstrated significant upregulation of BMP2 

compared to the OM control. Aquino-Martínez et al. (2017) demonstrated that mice 

MSCs grown on 3D gelatin scaffolds with different extracellular concentrations of 

calcium (0-10 mM CaCl2) showed increased levels of BMP2 and BMP4 expression with 

concentration (up to 4-fold increase with 5 mM calcium) at 10 days of culture. While a 

similar 3-fold increase in BMP2 expression was observed in this study, no upregulation 

of BMP4 was seen. As suggested by Aquino-Martínez et al. (2017) and correlated by 

the data presented here, extracellular levels of Ca2+ appear to promote upregulation 

of BMP2 in culture. It was further suggested that Ca2+ and BMP2 cooperatively 

promotes osteoblast differentiation by triggering SMAD pathways and enhancing 

BGLAP, RUNX2 and SP7 gene expression. However, the data presented in this study 

showed that while BGLAP was upregulated, RUNX2 and BMP4 were not. These 
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differences may be attributed to the differences in cell source (primary mice), culture 

method (2D vs 3D), surface (TCP vs gelatin) and the addition of additional ion 

precursors (5 mM phosphate and magnesium). It is likely then that BMP2 is promoted 

by increased levels of calcium in culture, though further BMP expression analysis of 

hMSC treated with phosphate and magnesium with calcium may help elucidate their 

effects on minimal levels of BMP4 upregulation seen. 

Three TGF-β ligands are known in mammals, TGF-β1, TGF-β2 and TGF-β3 (G. Chen et 

al., 2012). Unlike BMPs which bind to heteromeric complexes of ActR and BMPR 

subunits, TGF-β ligands are only capable of binding to TβR receptor complexes (Feng 

and Derynck, 2005). Maeda et al. (2004) demonstrated using a mouse myoblast cell 

line C2C12 that TGF-β signalling inhibits osteoblast maturation through the promotion 

of inhibitor SMAD (SMAD6 and 7) upregulation. 555 treatment demonstrated no 

significant changes to TGF-β ligand gene expression compared to the SM or OM 

controls.  

SMAD transcription factors play a role after BMP or TGF-β activation of its receptor. 

Three key SMAD subfamilies interact downstream of BMP activation to regulate 

osteogenic expression; receptor-regulated SMADs (SMAD1, 2, 3, 5 and 8), common-

mediator SMADs (SMAD 4) and inhibitory SMAs (SMAD 6 and 7) (Carreira et al., 2014; 

Massagué et al., 2005). Receptor-regulated SMADs are activated by BMP (SMAD1, 5 

and 8) or TGF-β (SMAD2 and 3) binding to its receptor causing association with the 

common-mediator SMAD4 for translocation into the nucleus. However, inhibitory 

SMADs can prevent this association through phosphorylation. This study looked at the 

changes to expression of SMAD1, 3, 4, 6 and 7. 555 treatment demonstrated no 

significant changes to SMAD gene expression compared to SM however, SMAD6 

showed significant upregulation compared to the OM control. As suggested by Maeda 
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et al. (2004), this increase in inhibitor SMAD upregulation compared to the OM control 

may have negative consequences on osteoblast maturation due to its negative impact 

on BMP signalling during late stage maturation.  

The 555 treatment demonstrated the ability to upregulate BMP2 expression yet lack 

of significant changes to TGF-β expression and upregulation of SMAD6 suggests that 

any positive influence on osteoblast differentiation the promoted BMP pathway may 

have may be attenuated due to increased SMAD phosphorylation and may explain the 

decreased levels of ALP activity seen in 555 treated cells. 

 

3.4.2.6 Wnt Markers 

The Wnt signalling pathway plays a key role in bone formation and maintenance 

(Lerner and Ohlsson, 2015). It operates through two principle pathways, the canonical 

β-catenin dependant and non-canonical β-catenin independent pathways. The 

canonical pathway has been demonstrated to play a key role in osteogenic 

differentiation due to the transcriptional activity of β-catenin (Chen and Long, 2013). 

This chapter investigated the effects of 555 treatment on several key Wnt signalling 

genes including co-receptors (LRP5, LRP6, FZD1 and ROR2), ligands (WNT5A, WNT10B) 

and inhibitor SFRP1. 

 

555 treatment demonstrated no significant changes to Wnt expression markers 

compared to the SM control with the exception of SFRP1, which was upregulated. 

SFRP1 acts as an antagonist of Wnt signalling and is one of the few known WNT 

signalling inhibitors (Yao et al., 2010). By binding to the Wnt protein it prevents 

receptor activation leading to inhibition of bone formation through attenuation of the 

Wnt signalling pathway (Kawano and Kypta, 2003; Yao et al., 2010). Studies such as 
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those done by Yao et al. (2010) demonstrate the negative effects of long term 

overexpression of SFRP1 on inhibition of bone formation and osteoblast maturation, 

and even further demonstrating a 30% loss of ALP activity in cells overexpressing 

SFRP1.  

The 555 treatment demonstrates a potential negative impact on canonical Wnt 

signalling and thus β-catenin stabilization through its attenuation by SFRP1 

upregulation. These results corelate with the ALP activity data which showed 

significant reduction of ALP activity in 555 treated cells compared to the SM control. 

This potential inhibition of maturation suggests that the 5 mM calcium treatment plays 

a role in SFRP1 activity as decreased ALP activity is observable in isolated treatments 

as well as combinatorial tests where the only combination of ions that did not inhibit 

ALP activity were 5 mM magnesium and 5 mM phosphate, without the addition of any 

calcium.  
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3.5 Summary 

The above studies demonstrated the significant biological responses exhibited by 

calcium, magnesium and phosphate ions. Phosphate demonstrated significant 

cytotoxicity at concentrations greater than 1.25 mM however, when combined with 

either calcium or magnesium at 5 mM, allowed for rescue and growth of cells treated 

with 5 mM phosphate. Magnesium at 5 mM demonstrated upregulation of ALP activity 

however, this promotion of activity was abolished upon combination with either 5 mM 

calcium, phosphate or both. Calcium demonstrated the most interesting effect on 

hMSC, promoting increased metabolic activity at 5 mM while inhibiting ALP activity at 

any concentration. ALZ stain intensity was also observed at all concentrations of 

calcium treatment however this was likely not biological integration into a collagen 

matrix but precipitation out of solution followed by possible binding to secreted 

osteopontin and osteocalcin. Osteopontin and osteocalcin were demonstrated to 

exhibit not only upregulation upon increased extracellular calcium levels but also share 

a high affinity for calcium, likely contributing to the retainment of calcium despite no 

true matrix mineralization being seen. It is also likely that calcium in the 555 treatment 

promoted upregulation of BMP2 and SMAD6 suggesting an overall negative impact on 

TGF-β and BMP due to SMAD6 working in an antagonistic manner against the signalling 

cascade. Finally, SFRP1 was significantly upregulated in the 555 treatment, its 

inhibitory nature towards Wnt signalling, β-catenin stabilization and thus osteoblast 

differentiation suggests its involvement towards the loss of ALP activity in the 555 

treatment. Furthermore, similar inhibitory trends in ALP activity seen in all calcium 

treatments and mixes suggests that it may be calcium that promotes SFRP1 expression 

at this timepoint. 

This study highlighted the significant effects various concentrations of calcium, 

magnesium and phosphate can have on metabolic activity, osteogenic differentiation 
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and how, when combined, these effects can be further controlled. Calcium (5 mM) was 

demonstrated to play a role in the upregulation of BGLAP and SPP1 matrix proteins 

and SFRP1 which was identified as a potential inhibitor of osteogenic differentiation 

through Wnt signalling attenuation. 
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Chapter 4 - Biological impact of phosphate for calcium 

substitution in PBGs 
 

4.1 Introduction 

PBGs are promising highly versatile materials that have been explored for numerous 

applications such as wound healing, bone regrowth and acting as an anti-microbial 

agent (Ahmed et al., 2006; McLaren et al., 2019; Sghayyar et al., 2020). Studies have 

demonstrated their suitability  for bone formation and osteogenic differentiation of 

bone marrow MSC through their dissolution and release of a various inorganic ions 

(Hoppe et al., 2011). As such, their use as microspheres in a bone defect filling 

application is of particular interest due to not only their promotion for bone growth 

but their ability to act as a surface for cell growth, behaving as a scaffold for tissue 

ingrowth which is further promoted by a novel manufacturing process allowing for 

highly porous PBG microspheres (Hossain et al., 2018; McLaren et al., 2019).  

 

4.2 Aims and hypotheses   

To explore the hypothesis that new PBG formulations promoting bone growth can be 

developed, this study explored the effects of a previously developed PBG microsphere 

formulation P40 (40P2O5·16CaO·20Na2O·24MgO) on hMSC (Hossain et al., 2018). 

Numerous studies showed the beneficial properties of decreasing PBG solubility 

through decreasing phosphate content (Uo et al., 1998a) or increasing titanium doping 

(Abou Neel et al., 2014). The previous chapter demonstrated the cytotoxic nature of 

increasing phosphate content (1.25-20 mM) and how calcium content (5 mM) can 

promote metabolic activity and even rescue hMSC treated with high doses of 

phosphate. This chapter aims to investigate the effect of decreasing phosphate 
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content through calcium substitution ((40-x)P2O5·(16+x)CaO·20Na2O·24MgO) on cell 

adhesion, metabolic and osteogenic activity.  

hMSC were tested with three formulations of PBG in a direct and indirect manner (see 

Table 4.1). Direct testing was carried out by seeding cells onto the PBG discs to observe 

how changing PBG formulations affected cell adhesion rates. These same formulations 

were then tested indirectly, to observe the impact of their degradation products and 

ion release rates on hMSC when not in direct contact with the PBG surfaces (i.e. 

without the added effect of surface degradation and topography). Finally, TaqMan Low 

Density Arrays (TLDAs) were utilized to analyse the proliferative, osteogenic and 

integrin gene expression of hMSC when treated with the dissolution products of P40 

in standard medium (SM) and osteogenic medium without β-glycerophosphate (OM-). 
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4.3 Results 

4.3.1 Material characterization 

EDX analysis 

The glass formulations developed are highlighted below in Table 4.1. To confirm PBG 

composition, EDX analysis was conducted on each formulation and the measurements 

for P40, P35 and P30 confirmed that the materials were within 1-4 mol% of the target 

formulation (Table 4.1). P2O5 was substituted for the equivalent mol% CaO through the 

formulations while the remaining components (MgO and Na2O) remained unchanged.  

 

Table 4.1. EDX measurements of glass compositions against target formulation (mol%) ± 

standard error of the mean (SEM). 

 
  

P2O5 

(mol%) 

CaO 

(mol%) 

MgO 

(mol%) 

Na2O 

(mol%) 

P40 Target 40 16 24 20 

Measured 39.4 ± 0.7 16.6 ± 0.6 24.0 ± 0.6 20.0 ± 0.7 

P35 Target 35 21 24 20 

Measured 34.0 ± 0.4 25.5 ± 1.7 21.9 ± 1.0 18.7 ± 0.7 

P30 Target 30 26 24 20 

Measured 28.2 ± 0.3 24.3 ± 0.7 26.0 ± 0.5 21.6 ± 0.5 
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DSC analysis 

Differential scanning calorimeter (DSC) analysis was carried out to determine the 

thermal properties of the glasses explored, in particular, the glass transition (Tg), 

crystallisation (Tc) and melting (Tm) temperatures of each formulation. Figure 4.1A 

shows the DTA traces of the three formulations. The Tg, Tc and Tm values for the traces 

are presented in Table 4.2. Phosphate content substitution for calcium resulted in 

increases in Tg, and initially decreased the Tc from 592 °C to 557 °C going from P40 to 

P35. For P30, two secondary crystallisation peaks were seen for the P35 and P30 

formulations at 637 °C and 654 °C, followed by two melting peak events (Tm).  

 

 

 

Figure 4.1. Glass characterization of P40, P35 and P30. (A) Thermal analysis traces via DSC 

of the PBG formulations showing Tg, Tc and Tm. (B) XRD spectra confirming the amorphous 

nature of P40, P35 and P30 glasses produced. 
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XRD analysis 

XRD was carried out to identify any crystalline peaks within the tested formulations. 

PBGs are typically lacking in crystalline peaks due to their amorphous nature. XRD 

analysis on the three formulations revealed the absence of crystalline peaks confirming 

the amorphous nature of the glasses as can be seen in Figure 4.1B. 

 

 

Table 4.2. Glass transition (Tg), onset of crystallisation (Tc), melting temperature (Tm) and 

calculated thermal processing window (Tconset) for P40, P35 and P30. 

 
 

Tg Tc Tm Window 

 
Onset Onset 1 2 1 2 Tconset- Tg 

P40 445 563 592 
 

761 838 118 

P35 476 533 557 637 805 853 57 

P30 485 553 578 654 790 825 68 
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31P NMR spectroscopy 

NMR analysis was used to resolve the distribution of different Qn species within the 

different PBG formulations. The NMR spectra for P40 showed two dominant peaks 

representing Q1 (-8.6 ppm) and Q2 (-22.8 ppm) units (Brow, 2000; Shih et al., 

2003)(Figure 4.2). P35 also demonstrated similar peaks identified as Q1 (-8.1 ppm) and 

Q2 (-21.4 ppm) units. The slight shift in peaks associated with the Q2 species was 

suggested to be due to substitution of 5 mol% phosphate for calcium and a decrease 

in Q2 species content from 49% to 6% followed by equivalent increases in Q1 species. 

When the level of phosphate content decreased to 30 mol% in the P30 formulation, a 

shift from Q2 and Q1 to the Q0 (2.6 ppm) fractions was seen, with P30 showing 

orthophosphate content, which were absent from the other two formulations 

explored (see Table 4.3).    

 

Figure 4.2. 31P NMR spectra of the P40, P35 and P30 formulations. Data provided by Lauren 

Murrell. 
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Table 4.3. Distribution of Qn species across PBG formulations. 

 

 
Q0 Q1 Q2 

P40 0 51 49 

P35 0 94 6 

P30 39 61 0 
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4.3.2 hMSC adhesion to PBG discs 

An investigation was conducted to identify the impact of altering phosphate and 

calcium content of PBG on their capacity for cell adhesion and viability. To this end, 

GFP-labelled MSCs were seeded onto discs (9x2 mm) made from the three PBG 

formulations with TCP as a control and cultured for 24 hours. hMSC were able to attach 

to all three formulations tested, however, there were notable differences. 
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Figure 4.3. Adherence of MSC analysed at 24 hours after seeding on P40, P35, P30 and TCP 

control. (A) Fluorescent images showing GFP-labelled cells (green) and Hoechst stained 

nuclei (blue). (B) Metabolic activity assay (norm-TCP shows TCP activity normalized to disc 

surface area). (C) Average nuclei count per field of view at 24 hours. (D) Average count of 

rounded cells per field of view at 24 hours. Scale bar = 250 μm. *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. (n=3). 
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Cells seeded on the P40 formulation showed the lowest cell density while cells seeded 

on the P30 formulation showed the highest (Figure 4.3A). Furthermore, many of the 

cells on the P40 formulation displayed a rounded morphology, characteristic of cells 

with low substrate attachment (Okano et al., 1995). The proportion of these rounded 

cells decreased on the P35 and P30 formulations, whilst a significantly increased 

proportion of rounded cells are seen on the P40 formulation (Figure 4.3D). The 

increasing number of adhered cells observed were in the order P30>P35>P40 and was 

supported by results from the metabolic activity and nuclei count assays performed at 

24 hours (Figure 4.3B and 4.3C). The numbers of cells attached to the P40 discs after 

24 hours were significantly lower compared to P35, P30 and to the TCP controls. 

Similarly, cells grown on the P40 formulation showed significantly lower metabolic 

activity when compared to the other two formulations and the control of TCP (Figure 

4.3B). 

 

 

 

Figure 4.4. Average mass loss per cm2 of P40, P35 and P30 discs over 30 days (A) and average 

rate of loss (B). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. (n=3). 
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Due to the rate of surface degradation, likely having effects on cell adhesion, the 

degradation profiles of P40, P35 and P30 discs in ultra-pure water were investigated 

over 30 days (Figure 4.4). P40 was observed to degrade significantly faster than both 

P35 and P30 (Figure 4.4B). As the modifier fraction was increased and phosphate 

content decreased, the rate of mass loss was significantly reduced. Further 

substitution of phosphate for calcium in the P30 formulation was associated with a 

further decrease in the rate of mass loss. However, no statistically significant 

difference compared to P35 was seen. 

 

4.3.3 Indirect microsphere application 

4.3.3.1 Effects of microsphere degradation products on hMSC 

To identify the effects of the PBG dissolution product on hMSC, indirect treatment of 

hMSCs was also carried out by treating cells with the dissolution products of PBG 

microspheres added every 48 hours for 21 days. Unlike the notable difference 

observed with direct seeding on the different PBG disc formulations, no significant 

differences were seen between the formulations on day 2. However, statistically 

significant differences were observed on day 11 with this indirect model between cells 

treated with P40 and P35 conditioned media (Figure 4.5A). Testing for osteogenic 

activity showed that indirect treatments with all three glass formulations resulted in 

no changes observed in osteogenic activity from the control in ALP or for mineral 

deposition (Figure 4.5B and 4.5C). 
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Figure 4.5. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with the dissolution products of P40, P35 and P30 compared to 

standard medium (SM) and osteogenic medium (OM). **p<0.01. (n=2).  

  

 

Whilst medium conditioned from all formulations demonstrated no significant impact 

on the osteogenic parameters measured, P40 resulted in significantly higher metabolic 

activity than P35 on day 11 and due to it being previously explored in the literature in 

vivo (McLaren et al., 2019),  was taken forward for further experimentation. To further 

explore the effects of P40, it was also incubated in OM- medium (osteogenic media 

without β-glycerophosphate). β-glycerophosphate is the phosphate source for the 

mineralized matrix in osteogenically differentiating cell as such it was not used in OM- 

order to better elucidate the effectiveness of phosphate release on hMSC by 

preventing any competitive effects that may appear between two independent 
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phosphate sources. An increase in ALP activity was noted in P40OM- (P40 degraded in 

OM-) and interestingly, demonstrated higher activity than that of both OM- and P40 in 

isolation (Figure 4.6). Despite the ALP activity seen in P40OM- treated cells, no matrix 

mineralization was observed in either P40OM- or P40 in isolation. 

 

 

Figure 4.6. (A) The metabolic (day 2), (B) ALP (day 11) and (C) ALZ intensity (day 21) of hMSC 

treated with the dissolution products of P40, P35 and P30 incubated in standard medium 

(SM) and osteogenic medium without β-glycerophosphate (OM-) compared to SM, OM and 

OM- controls.*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. (n=3 technical replicates). 
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4.3.3.2 Effects of microsphere degradation products on hMSC gene expression  

TaqMan Low Density Arrays (TLDAs) were used to facilitate analysis of hMSC gene 

expression on day 11 after indirect treatment with the dissolution products of P40 in 

SM or OM- (OM without β-glycerophosphate). OM- was used to observe the effects of 

PBG dissolution products without masking the effects of phosphate released with β-

glycerophosphate. Table 4.4 indexes all the gene groups analysed in this subsection. 

 

Table 4.4. Index of gene groups analysed in chapter 4 

Section Number Gene Group 

4.3.3.2.1 Proliferative 

4.3.3.2.2 Integrin 

4.3.3.2.3 Osteoblastic 

4.3.3.2.4 Notch 

4.3.3.2.5 TGF-β and BMP 

4.3.3.2.6 Wnt 
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4.3.3.2.1 Proliferative markers 

Proliferative gene expression markers CCND1, PCNA and MKI67 were observed after 

11 days of indirect treatment of hMSC with P40 in SM and OM- media (Figure 4.7). P40 

treatment demonstrated no significant changes to proliferative gene expression 

compared to the SM control. Similarly, the P40OM- treatment demonstrated no 

significant changes to the OM- control. The P40OM- treatment did show significant 

downregulation of CCND1 and upregulation of PCNA compared to the SM control.  

 

 

Figure 4.7. hMSC proliferation marker expression after 11 days of P40 and P40OM- 

treatment normalized to the standard medium (SM) control. *p<0.05, **p<0.005 (n=2). 
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4.3.3.2.2 Integrin marker 

Integrin subunits ITGA1, ITGA3 and ITGB1 were observed for changes in expression 

after 11 days of indirect treatment with P40 in SM and OM- media (Figure 4.8). No 

significant changes in integrin expression are observed between P40 and the SM 

control and P40OM- and the OM- control.  

 

Figure 4.8. hMSC integrin gene expression after 11 days of P40 and P40OM- treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 

 

 

4.3.3.2.3 Osteoblast markers 

Osteoblast genes RUNX2, ALPL, COL1A1, BGLAP, MSX2, DLX5 and SPP1 were observed 

for changes in expression after 11 days of indirect treatment of hMSC with P40 in SM 

and OM- (Figure 4.9). Additionally, while not directly influencing osteoblast 

differentiation PPAR-γ and TNFRSF11 were also observed for changes in expression 

during indirect treatment with P40 and P40OM-. No significant changes to osteoblast 
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gene expression are observed in P40 treated samples compared to the SM control. 

P40OM- treated samples, however, demonstrate significant upregulation of RUNX2 

and DLX5 compared to the OM- control. P40OM- treatment also demonstrates 

significant upregulation of PPAR-γ and ALPL compared to the SM control suggesting 

minimal contribution of the P40 dissolution products to the upregulation of these 

genes.  

 

Figure 4.9. hMSC osteoblast gene expression after 11 days of P40 and P40OM- treatment 

normalized to the standard medium (SM) control. *p<0.05, **p<0.005 (n=2). 
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4.3.3.2.4 Notch markers 

Expression changes for the Notch pathway were analysed after 11 days of indirect 

treatment of hMSC with P40 in SM and OM- (Figure 4.10). The genes analysed included 

Notch receptors (NOTCH1, NOTCH2 and NOTCH3), ligands (JAG1, JAG2 and DLL1) and 

a Notch regulator (DLL3). P40 treatment did not significantly alter Notch gene 

expression compared to the SM control. P40OM- treatment showed that NOTCH2 was 

significantly upregulated compared to the OM- control while Notch3 was upregulated 

compared to the SM control. NOTCH1, JAG1, JAG2, DLL1 and DLL3 showed no 

significant changes in expression in the P40 and P40OM- treatments.  
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Figure 4.10. hMSC notch gene expression after 11 days of P40 and P40OM- treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 

 

4.3.3.2.5 TGF and BMP markers 

TGF and BMP genes were analysed for changes in expression after 11 days of P40 

treatment in SM, OM and OM- (Figure 4.11). Genes analysed included BMP ligands 

(BMP2, BMP4 and BMP5), TGFβ ligands (TGFβ1, TGFβ2, TGFβ3), SMADs (SMAD1, 

SMAD3, SMAD4, SMAD6 and SMAD7) and Noggin (NOG). No significant changes in 

expression of TGF and BMP markers were observed between P40 and the SM control 
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and P40OM- and the OM- control. BMP2 was significantly downregulated in the 

P40OM- treatment compared to the SM control. 

 

Figure 4.11. hMSC TGF and BMP gene expression after 11 days of P40 and P40OM- 

treatment normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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4.3.3.2.6 Wnt markers 

Wnt genes were analysed for changes in expression after 11 days of indirect treatment 

with P40 in SM and OM- (Figure 4.12). Wnt co-receptors (LRP5, LRP6, FZD1 and ROR2), 

ligands (WNT5A, WNT10B), inhibitor SFRP1 and transcriptional activator CTNNB1 were 

observed for changes in expression. P40 treatment showed no significant changes to 

Wnt gene expression compared to the SM control. P40OM- treatment upregulated 

ROR2 compared to the OM- control. P40OM- treatment also causes the upregulation 

of FZD1 Wnt5A, Wnt10B and ROR2 compared to the SM control. 
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Figure 4.12. hMSC Wnt gene expression after 11 days of P40 and P40OM- treatment 

normalized to the standard medium (SM) control. *p<0.05 (n=2). 
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4.4 Discussion 

Studies have explored the osteogenic and proliferative promoting properties of PBGs. 

Recently, McLaren et al. (2019) demonstrated not only their biocompatibility in vivo 

but their capacity to act as a scaffold to promote tissue ingrowth. The previous chapter 

demonstrated the negative impact of high phosphate content on cell viability in 

addition to showing the ability of calcium to rescue cells treated with high levels of 

phosphate. As such, this chapter investigates the metabolic activity, osteogenic activity 

and adhesion potential of the PBG formulation (40-x)P2O5·(16+x)CaO·20Na2O·24MgO 

(x=0, 5 and 10) as phosphate is substituted for calcium. 

 

4.4.1 Material characterization 

Compositional analysis of P40, P35 and P30 using EDX confirmed their composition to 

be within 1-4% of the target formulation. This was expected and has been seen for 

other PBG investigated in the literature, particularly P40 (Hossain et al., 2018). No 

crystallization peaks were observed for all three glass formulations, confirming their 

amorphous nature. Thermal analysis indicated a linear increase in Tg as phosphate 

content was substituted for calcium. This was likely due to the increase in divalent 

calcium cations, resulting in increased cross-linking of the phosphate chains within the 

glass structure (Ahmed et al., 2004; Okura et al., 2006; Uo et al., 1998a). This correlates 

with data presented by Franks et al. (2001) who demonstrated a linear increase in Tg 

as calcium was added to the 45P2O5·(8+x)CaO·(47-x)Na2O (x=2-32) PBG system and 

Ahmed et al. (2008) who demonstrated a similar linear increase in Tg with calcium 

addition into the PBG system 50P2O5·(50+x)CaO·(x)Na2O (x=0-50). 31P NMR analysis 

revealed Q2 species content decreased as phosphate content was reduced and 

substituted for calcium (49, 6 and 0%), resulting initially in significantly increased Q1 

species (as seen with P35). With further decrease in phosphate content, the Q1 species 
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were observed to have decreased (94 to 61%), with introduction of Q0 (i.e. 

orthophosphate) species, with complete loss of Q2 species for the P30 formulation. 

The Qn species distribution in all three PBGs aligned relatively closely with the model 

predictions defined by Wazer and Fluck (1959) as demonstrated by Figure 4.13. 

 

 

Figure 4.13. Alignment of P40, P35 and P30 to the predictions presented by Wazer and Fluck 

(1959). 

 

4.4.2 hMSC adhesion on PBG glass 

Cell adhesion was analysed using polished glass discs to evaluate the impact of the 

phosphate to calcium substitutions on the cell response to the material. All 

formulations were shown to support cell adhesion, with P30 demonstrating the 

highest capacity for cell adhesion and P40 demonstrating the lowest. These results 

were attributed to the degradation profile and hence ion release profiles of the PBG 

formulations developed. 

Ion-cell interactions occur due to the role calcium ions play in cell adhesion events by 

triggering the macromolecular calcium-sensing receptor (CaSR)/integrin complexes 

that promote adhesion (Tharmalingam et al., 2011; Tharmalingam and Hampson, 
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2016). Akin to the CaSR, some integrins are also stimulated directly by divalent cation 

binding, particularly α-subunit containing integrins (Xiong et al., 2002). It is worth 

noting that all the disc formulations used also contained magnesium, which is also a 

divalent cation, and could be capable of activating the low conformation state of the 

heterodimer integrins (Mould et al., 1995). However, the ratio of MgO was constant 

among the PBG formulations tested here though it should be noted that with 

increasing degradation profiles, the release of magnesium ions would also have been 

increased. Conversely, a negative or inhibitory effect due to released ions may also be 

taking place. For example, Meleti et al. (2000) demonstrated a dose-dependent 

decrease in cell viability of up to 60% when osteoblast-like cells were treated with 

increasing phosphate content (1-7 mM) in culture medium, with a similar trend being 

seen in the direct ion optimization study presented earlier in this thesis. Furthermore, 

while a negative impact of increasing phosphate content was seen, we have previously 

demonstrated that calcium and magnesium content can rescue phosphate induced 

cytotoxicity in hMSC suggesting increased cell health in formulations containing lower 

phosphate and higher magnesium and/or calcium. 

In addition to ion-cell interactions, material degradation properties are also likely to 

play a role in the results observed due to the impact degradation has on the local 

micro-environment, such as causing changes to pH and osmotic pressure. Abou Neel 

et al. (2007) showed increased adhesion and proliferation rate of an osteosarcoma cell 

line (MG63) on PBG discs containing increasing mol% of titanium through NaH2PO4 

substitution for TiO2 (0-5% in CaO·Na2O·P·Ti). Bitar et al. (2004) also demonstrated 

increased adhesion and proliferation of human osteoblasts on PBG discs with 

increasing mol% of calcium through Na2O substitution for CaO (30-34% in 

CaO·Na2O·P·Ti). A common correlation with these studies, and in the data presented 

here, was an increase in cellular adhesion with decreasing glass solubility. Substituting 
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sodium with calcium or titanium likely resulted in a decrease of degradation rates 

through increased depolarization of the phosphate network, ultimately decreasing 

their dissolution rates (Parsons et al., 2010; Skelton et al., 2007a). In both studies 

above, the P2O5 content was fixed at 30 and 50 mol% respectively, whereas in the data 

presented in this study, phosphate itself was substituted with calcium, further 

increasing phosphate network depolymerization and thus solubility. This could explain 

the differences in adhesion seen between formulations. Navarro et al. (2003) 

suggested that local variations in the liquid environment near the glass surface may be 

negatively impacting cells due to changes in pH and ionic levels. Skelton et al. (2007) 

who showed increased cell adhesion in a formulation containing more calcium mol% 

(48 mol%) than other formulations in the 50P·(40+x)CaO·(10-x)Na2O glass system, 

suggested similar methods of cell loss, citing potential contribution from: surface 

integrity, ion-cell interactions and pH/osmolarity change at the material-cell interface. 

A study by Tošić et al. (2013) using scanning electron micrograph images of an 

immersed glass surface, demonstrated the disruption of the glass surface through the 

formation of pits followed by their expansion in size and number by 24 hours. 

Naturally, a slower degrading glass would result in a more stable glass-medium 

interface. In addition to this, the physical surface of the glass itself is breaking down 

would likely inhibit adhesion events. 

The data presented here suggests that substituting phosphate content for calcium 

content promotes cell adhesion. As PBGs with slower solubility, lower phosphate 

content and high calcium content promotes cell adhesion, it is likely that this 

promotion occurred through a combination of a number of mechanisms: i) calcium or 

magnesium promotion of integrin activity, ii) cytotoxic effects of phosphate on hMSC, 

iii) alteration of pH/osmotic pressure at the cell-material interface and iv) loss of PBG 

surface integrity as degradation occurs. The effects of ion dissolution products on 
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hMSC metabolic, osteogenic activity as well as proliferation and integrin gene 

expression are discussed in the subsequent sections of this study to further explore 

the effects of PBGs on hMSC activity. 

 

4.4.3 Effects of indirect treatment of PBG on hMSC 

Indirect treatment of hMSC with PBG dissolution products resulted in no significant 

impacts to metabolic activity compared to SM. Furthermore, despite the significant 

impact on cell adhesion seen with direct seeding, 48-hour analysis of metabolic activity 

demonstrated no significant changes between the formulations.  On the other hand, 

by day 11, P40 had demonstrated significant increases in metabolic activity compared 

to P35 yet no formulation demonstrated significant variation from the SM control. 

Ahmed et al. (2010) showed that a similar glass formulation to P40, 

40P2O5·25CaO·10MgO·25Na2O demonstrated a relatively neutral pH profile (pH 7.5). 

The data presented by Ahmed et al. (2010) and the indirect data presented here 

indicate that it was likely not overall pH of the media that contributed to cell loss on 

P40 discs. The results here represent a disconnect between the effects of the material 

surface and the dissolution products on cells, indicating that it was likely activity at the 

cell-material interface rather than the dissolution products interacting with hMSC 

which resulted in the loss of cells from the PBG disc surface in formulations with higher 

phosphate content compared to the TCP control. Lack of osteogenic activity was also 

noted across all formulations. The results presented here correlate with those of Patel 

et al. (2019) who showed that P40 PBG microspheres demonstrated no significant 

changes in ALP activity when hMSC were cultured on them.  

No significant changes to metabolic activity were noted when P40 was degraded in 

OM- media however notable increases to ALP activity were seen. P40OM- 
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demonstrated higher ALP activity than that of OM- and P40 in isolation however 

despite this, no ALZ stain intensity was observed. Similarly, Abou Neel et al. (2014) 

demonstrated a significant increase in ALP activity of human osteosarcoma cells 

cultured on PBG discs with 50 μg/ml ascorbic acid and 5 mM β-glycerophosphate 

(P2O5·CaO5·Na2O·5TiO2). However, in contrast to the results presented here, Lin et al. 

(2020) demonstrated that growth of MC3T3-E1 cells in media with 50 μg/ml ascorbic 

acid, 10 mM β-glycerophosphate and 1 mg/ml of PBG fibres 

(50P2O5·40CaO5·5Na2O·5Fe2O3) resulted in elevated levels of both ALP and ALZ 

intensity. This lack of matrix mineralization in cells treated with P40OM- may be 

attributed to a combination of two factors, the levels of pyrophosphate observed in 

the tested PBG formulations and the lack of complete differentiation which culminates 

in matrix mineralization. Pyrophosphate is a known promoter of ALP activity, as 

demonstrated by Pujari-Palmer et al. (2016) who showed the increases to ALP activity 

seen in MC3T3 cells at 0.1 μM and 100 μM doses of sodium pyrophosphate. However, 

it was also shown to inhibit matrix mineralization activity through its ability to 

sequester calcium and also block matrix mineralization sites (Addison et al., 2015). Its 

promotion of ALP activity however, allows for the cleavage of pyrophosphate, allowing 

for and eventually promoting matrix mineralization (Pujari-Palmer et al., 2016; Xu et 

al., 1991). It is possible then that sites of matrix mineralization are blocked due to 

oversaturation of pyrophosphate or lack of ALP protein quantity required for its 

removal.  

The data presented here suggests that it is not the ionic dissolution products 

interacting with cells that causes loss of adhesion when cultured directly onto the 

surface of the PBG disc. Instead is likely that the degradation of glass surface itself 

contributes to the loss of cells seen. Furthermore, the dissolution products of P40 

combined with the pro-osteogenic effects of OM- significantly increase the levels ALP 
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activity seen in hMSC. This promotion can likely be attributed in part, to the high 

pyrophosphate content of the P40 formulation which may also contribute to the lack 

of matrix mineralization observed in P40OM- treated cells. Subsequent sections on 

gene expression analysis on day 11 using TLDAs may help clarify the true 

differentiation state of hMSC differentiation and potential impact of pyrophosphate 

after P40 and P40OM- treatment. 
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4.4.4 Effects of indirect treatment on hMSC gene expression 

 

4.4.4.1 Proliferation markers 

Proliferative gene expression was not significantly altered through indirect application 

of P40 alone. In P40OM- treated samples, significant downregulation was seen 

between CCND1 expression compared to the SM control. CCND1 controls cell 

progression through the G1 cell cycle phase (Ahlin et al., 2017). Its downregulation in 

P40OM- treated cells indicates a decrease in proliferative activity compared to the SM 

control. The inhibition of proliferative activity is required for cell differentiation due to 

the antagonistic nature of proliferation and differentiation (Ruijtenberg and van den 

Heuvel, 2016). OM treated cells demonstrated strong osteogenic differentiation 

capacity while displaying the same levels of CCND1 expression as that of P40OM- 

treated cells. Conversely, PCNA expression of P40OM- treated samples was 

significantly upregulated compared to the SM control. This contrast between changes 

in proliferation markers CCND1 and PCNA is odd. However, studies by Maga and 

Hübscher (2003) and Paunesku et al. (2001) discussed that while PCNA is typically 

upregulated in periods of cell proliferation, it also controls a number of other 

intracellular processes from DNA repair to methylation depending on the regulatory 

state of a number of other genes such as P21. As such, the data presented in this study 

suggests a potential decrease in proliferative activity of P40OM- treated cells due to 

the significant downregulation of CCND1. However, as P40 alone demonstrated no 

changes to proliferative gene expression activity while OM- treated cells expressed 

proliferative gene activity similar to that of P40OM- treated cells, it is likely that the 

ion release products of the P40 PBG did not significantly influence proliferative gene 

expression. 
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4.4.4.2 Integrin markers 

Integrins play a critical role in cell adhesion, and as such, integrin subunits α1, α3 and 

β1 were analysed for changes in expression after 11 days of indirect treatment with 

P40 in SM and OM- media. P40 treatment in either SM or OM- showed no significant 

changes to observed integrin subunit expression at the mRNA level. The lack of 

significant downregulation of integrin gene expression by P40 dissolution products is 

a result that does not directly align with the data seen previously which showed that 

direct culture of hMSC on P40 resulted in 82% loss of cells from the surface compared 

to hMSC cultured on TCP. Skelton et al. (2007) suggested that the degradation of the 

PBG disrupts the material surface, decreases local pH and osmotic pressure, which can 

negatively affect cell viability and adhesion. Studies like those done by Chen et al. 

(2012) and Donnelly et al. (2018) demonstrate the importance of surface 

nanotopology and its effect it promoting cellular adhesion and controlling cell 

behaviour. Loss of this cell adhered surface due to active PBG degradation would likely 

impact adhesion events and the retainment of cells on the PBG surface. This data 

correlates with prior indirect metabolic assays with P40 and suggests that it is not the 

interaction of ionic products released from P40 with hMSC that influence cellular 

detachment, but the glass surface itself, and its degradation, that caused a significant 

loss of cells with increasing degradation rate. 

 

4.4.4.3 Osteoblastic markers 

ALPL gene expression showed significant increases in activity over the SM control in 

P40OM- treated cells, demonstrating expression levels similar to that of both OM and 

OM-. In isolation however, without OM-, P40 did not trigger a significant increase over 

the SM control. Prior ALP assays on hMSC also demonstrated that while P40OM- 

treatment caused an increase in ALP activity significantly higher than that of OM-, this 
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activity was not as high as that of OM, suggesting that factors downstream from mRNA 

expression inhibit the ALP protein production or activity. Dean (2002) suggested that 

sodium phosphate can act as a competitive inhibitor of the ALP assay, decreasing the 

rate of substrate conversion. This competitive inhibition could explain the results seen 

by the ALP assay in which P40OM- showed decreased levels of ALP activity compared 

to OM despite having similar levels of ALPL expression. P40 also demonstrates a 

relatively high pyrophosphate content (51%) yet no significant increases to ALPL gene 

expression over the OM or OM- controls are seen despite increases in ALP activity 

observed compared to the OM- control. Pujari-Palmer et al. (2016) demonstrated that 

pyrophosphate promotes both ALP protein activity and gene expression at 0.1 μM of 

sodium pyrophosphate on MC3T3 cells on day 10.  However, upon increasing the dose 

to 100 μM, only protein activity was promoted suggesting a biphasic response to 

pyrophosphate dose on ALP gene expression. It may be likely then that the 

pyrophosphate distribution did not promote ALP gene expression but promoted ALP 

protein activity in culture. Ultimately, P40 alone did not significantly increase ALPL 

expression compared to the SM control and P40OM- demonstrated similar levels of 

ALPL expression to that of OM- suggesting that OM-, and not the P40 dissolution 

products, are influencing the changes to expression of this gene and pyrophosphate 

may be contributing to promotion of protein activity rather than gene expression when 

released from P40. 

While not an osteoblastic marker, PPAR-γ expression was significantly upregulated by 

P40OM- treatment, demonstrating similar levels of expression to that of OM and OM- 

treated cells. PPAR-γ is a notable adipogenic marker, acting to regulate MSC 

differentiation down either adipogenic or osteogenic lineages depending on its 

regulatory state (Zhuang et al., 2016). Dexamethasone used in OM plays a key role in 

both osteogenic and adipogenic differentiation through the regulation of osterix 
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expression (Mikami et al., 2011; Yuasa et al., 2015). Dexamethasone is known to 

increase the expression of PPAR-γ and as a result of its use in differentiation media,  all 

treatments with dexamethasone (OM, OM- and P40OM-) resulted in increased levels 

of PPAR-γ (Kelmendi-Doko et al., 2017; Vidal-Puig et al., 1997). Studies demonstrate 

that using strong differentiation media such as this, containing 100 nM 

dexamethasone, causes upregulation of PPAR-γ. For example Ghali et al. (2015) 

demonstrated similar increases in PPAR-γ expression in osteogenic differentiated 

primary murine cells with 100 nM dexamethasone by day 14 while still maintaining an 

osteogenic phenotype with ALP activity and mineralized matrix demonstrated. As 

such, the upregulation of PPAR-γ, despite being an adipogenic marker, was likely a side 

effect of dexamethasone in the osteogenic differentiation media. Treatment of hMSC 

with P40 alone caused no change to PPAR-γ expression. Furthermore, OM- and 

P40OM- demonstrated similar levels of PPAR-γ expression suggesting minimal 

contribution of P40 to PPAR-γ upregulation. Though PPAR-γ was upregulated, the 

increased expression of RUNX2 suggests the beginning of differentiation down an 

osteogenic pathway and analysis at further timepoints may confirm the decrease of 

PPAR-γ as osteogenic differentiation continues (van Zoelen et al., 2016). 

Interestingly, both RUNX2 and DLX5 showed significant upregulation in expression of 

P40OM- treated cells compared to OM- alone, indicating complementary effects of 

OM- and the dissolution products of P40 in the promotion of these genes. DLX genes 

play critical roles as transcription factors in osteogenesis and chondrogenesis (Samee 

et al., 2007). Typically expressed in early stages of bone development, DLX5 plays a 

critical role in driving RUNX2 expression and subsequently, osteogenic differentiation 

(Holleville et al., 2007; Lee et al., 2005). DLX5 null mice were shown to exhibit 

numerous skeletal defects (Acampora et al., 1999). However, the critical role DLX5 

plays is in its ability to upregulate RUNX2. RUNX2 acts to induce osteogenic lineage 
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determination and deficient mice demonstrated complete ablation of ossification and 

presence of bone, resulting in a lethal phenotype owing to the arrest of osteoblast 

maturation (Komori et al., 1997; Otto et al., 1997). A study by Lin et al. (2020) 

highlighted the ability of PBG fibres to promote osteoblast adhesion and proliferation 

as well as osteogenic differentiation due to the upregulation of osteogenic marker 

genes ALP, RUNX2 and COL1A1 among others. Lin et al. (2020) reported a 2-3 fold 

upregulation of RUNX2, while a 1.39 fold increase in expression was seen in this study. 

The differences in expression can be attributed to difference in formulation 

(50P2O5·40CaO5·5Na2O·5Fe2O3 vs 40P2O5·16CaO·20Na2O·24MgO), timepoint (21 days 

vs 11 days) and cell type (MC3T3-E1 vs hMSC). Regardless, a clear difference was seen 

between P40OM- and OM- treated cells in both RUNX2 and DLX5 expression 

suggesting that the dissolution products from P40 in combination with OM- play a key 

role in the upregulation of these genes. A similar 1.5 fold increase in RUNX2 expression 

was seen through applications of 7.5 mM CaCl2 by Aquino-Martínez et al. (2017) in 

mouse bone marrow derived MSC by day 10. The data presented here supports the 

findings of other studies in the literature, demonstrating the capacity of PBG 

dissolution products to promote RUNX2 expression in MSC cells. This increase in 

expression was likely attributed to calcium ions, as demonstrated by Aquino-Martínez 

et al. (2017), and promote increases in RUNX2 through DLX5 as it is an upstream 

regulator of RUNX2 (Rutkovskiy et al., 2016).  

In isolation, P40 demonstrated no significant changes to osteoblastic gene expression 

at day 11, however, combination with OM- showed that it promoted RUNX2, DLX5 and 

ALPL, demonstrating potential initiation of osteogenic differentiation. 
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4.4.4.4 Notch markers 

Dissolution products of P40 in SM appeared to cause no significant changes to Notch 

receptor or ligand gene expression compared to the SM control. NOTCH2 in P40OM- 

treated cells in demonstrated significantly higher expression compared to OM- 

indicating the capacity of PBG dissolution products to support NOTCH2 expression in 

the absence of β-glycerophosphate, as similar levels of expression were noted in OM 

treated cells. NOTCH2 has been tied to the suppression of osteoblastogenesis and 

promotion of bone resorption in mice (Zanotti and Canalis, 2016) suggesting negative 

contribution towards osteogenic differentiation. 

P40OM- treated cells also expressed significantly increased NOTCH3 expression 

compared to the SM control. The levels of expression seen are similar to that of OM 

and OM- treated cells indicating a significant contribution to expression from OM- 

media and no inhibition from the P40 dissolution products as P40 in isolation did not 

cause significant changes to NOTCH3 expression. Upregulation of Notch receptors 

suggests promotion of the Notch pathway which has been noted to have inhibitory 

effects on the promotion of osteogenic differentiation through the attenuation of β-

catenin activity and RUNX2 modulation (Hilton et al., 2008; Lin and Hankenson, 2011). 

These inhibitory effects have been suggested to be enacted by Notch target genes 

HEY1 and HES1 which bind to RUNX2 and β-catenin nuclear target TCF/LEF to form 

inhibitory complexes which attenuate RUNX2 and β-catenin activity (Deregowski et al., 

2006; Xu et al., 2015). 

The P40 ionic dissolution products showed potential in regulating Notch receptor gene 

activity when in a pro-osteogenic environment such as that of OM- at day 11. While 

promotion of the Notch pathway may have negative effects on osteogenic 

differentiation, additional time points or targets downstream of Notch signalling may 



116 
 

be required to identify the impact of P40 dissolution products on Notch gene 

expression. 

 

4.4.4.5 TGF-β and BMP markers 

BMP2, BMP4 and BMP6 were observed for changes to gene expression after 11 days 

of indirect treatment with P40 dissolution products. P40 caused no significant changes 

in BMP2 expression compared to the SM control while P40OM- resulted in decreases 

in BMP2 expression. These decreases in expression align with that of the osteogenic 

controls. No differences were noted between P40OM- and OM- and minimal P40 

activity indicates that no changes to BMP2 expression were caused due to P40 

dissolution products. 

P40 caused no changes to SMAD expression compared to the SM control. SMAD1 

however, demonstrated a significant decrease in expression in OM treated samples 

compared to the P40 treatment. Similarly, TGFβ3 was also downregulated in the 

osteogenic controls compared to the P40 treatment again indicating the lack of 

influence of P40 on the BMP/ TGF-β pathways. 

P40 demonstrated no significant changes to TGF-β and BMP gene expression after 11 

days of indirect treatment in SM. When combined with OM- media, TGF-β and BMP 

genes demonstrated levels of expression similar to that of the OM or OM- controls 

suggesting minimal impact of the P40 dissolution products on TGF-β and BMP gene 

activity. 
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4.4.4.6 Wnt markers 

FZD1, WNT5A, WNT10B and ROR2 demonstrated significant upregulation in the 

P40OM- treated samples compared to the SM control. P40, OM and OM- treated 

samples showed no significant upregulation, with the exception of WNT10B in OM- 

treated samples. These results suggest that P40 dissolution products in OM- media are 

capable of upregulating these Wnt factors where P40 and OM- in isolation cannot. 

Unlike FZD1, WNT5A and ROR2, the upregulation of WNT10B in the P40OM- treatment 

may be caused due to the OM- media used rather than the application of P40 due to 

the equivalent increases seen in the OM- treatment.  

Billiard et al. (2005) also demonstrated through cell lines representing the various 

osteoblast stages that ROR2 is expressed in a biphasic pattern, showing high levels of 

expression in pre-osteoblasts (1-fold) and late stage osteoblasts (0.6-fold increase) 

with minimal levels of expression seen in early osteoblasts at day 0. The 2.9-fold 

increase in ROR2 expression correlates with the levels of expression observed in pre-

osteoblast cells with differences in expression intensity likely being attributed to 

timepoint (day 11 vs 0).  

ROR2 has been described to play multiple roles in both the canonical and non-

canonical Wnt pathways (Maeda et al., 2012; Oishi et al., 2003). Billiard et al. (2005)  

demonstrated that ROR2 can bind to both WNT1 and WNT3 ligands to promote a 

tyrosine kinase mediated action on Wnt target genes. WNT1 binding was suggested to 

promote β-catenin activity on target gene upregulation while WNT3 was suggested to 

inhibit this activity. In addition Billiard et al. (2005) noted that interaction of Wnt 

ligands with ROR2 ultimately sequesters them away from canonical Wnt signalling 

required for the stabilization of β-catenin. ROR2 was also suggested to increase 

intracellular Ca2+ levels due to its function as a receptor for WNT5A in the non-

canonical Ca2+ pathway (De, 2011; Thiele et al., 2016). The activation of this pathway 
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has also been suggested to antagonize the β-catenin dependent pathway through the 

promotion of the ubiquitin ligase SIAH2 which degrades  β-catenin (De, 2011; Ishitani 

et al., 2003; Topol et al., 2003). Conversely, ROR2 has also demonstrated pro-

osteogenic effects through the promotion of osteoblast commitment and increased 

bone formation (Liu et al., 2007). Ultimately, ROR2 plays many different roles in Wnt 

signalling and its ultimate effect of osteogenic differentiation will likely be determined 

by the levels of expression of the specific Wnt ligands to which it binds. 

This promotion of Wnt signalling (FZD1 and WNT5A) in P40OM- treatments in part 

correlates with findings by Lin et al. (2020) who demonstrated the use of phosphate 

glass fibres of the composition 50P2O5·40CaO5·5Na2O·5Fe2O3 and reported calcium 

induced Wnt signalling due to the degradation of the PBG fibres and release of calcium 

ions into the media. The mentioned study noted increases in RUNX2, β-catenin and 

SP7. The reported β-catenin upregulation was seen at day 7 followed by 

downregulation at day 14 and a large upregulation at day 21. The modulation of β-

catenin expression coincides with the results presented in this study which 

demonstrated increases in specific Wnt gene markers by P40OM- yet no increases to 

β-catenin activity at day 11.  

It appears that P40OM- treatment promotes multiple Wnt pathways, possibly through 

the upregulation of the multirole FZD1 and ROR2 receptors as well as through more 

direct promotion of non-canonical pathways through WNT5A expression increases, 

subsequently antagonizing β-catenin signalling through its degradation. Such non-

specific changes to Wnt activation may in part be the cause of lack of mineralization 

seen despite ALPL upregulation. Further analysis at later time points and potential 

observation of genes downstream of both the canonical and non-canonical pathways 

(CDX2/NFAT) would help elucidate the mechanisms of PBG mediated Wnt activation. 
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4.5 Summary 

Material analysis revealed a linear increase in Tg as 5 and 10% phosphate was 

substituted for calcium in P40, P35 and P30. This expected linear increase was likely 

due to increased crosslinking of phosphate chains within the glass structure. The 

suggested increases in crosslinking are further supported by the distribution of Qn 

species observed which demonstrated a shift from 49% Q2 in P40 to 6% in P35 and 

eventually a complete loss of Q2 species in P30 as more calcium is substituted in for 

phosphate. This increase in phosphate crosslinking was also observable in the trend of 

decreasing degradation rates as calcium content is increased.  

The PBG discs demonstrated a linear response of increasing cell adhesion as phosphate 

was substituted for calcium with P40 demonstrating 76.6% fewer adhered cells than 

the P30 formulation. This trend in adhesion activity likely occurred due to a number of 

mechanisms: i) ion dissolution products promoting integrin activity, ii) phosphate 

cytotoxicity, iii) pH/osmotic changes at the cell-material interface and iv) loss of PBG 

surface integrity. Indirect treatment of hMSC with PBG microspheres demonstrated no 

cytotoxic effects to cell health at any time point suggesting minimal contribution of 

ionic dissolution products to cell loss. Further investigation into gene expression 

revealed no changes to integrin gene expression however, it may still be possible that 

promotion of integrin protein activity occurred with increased calcium or magnesium 

content. Ultimately, the increased calcium content and decreased phosphate content 

demonstrated decreased degradation rates as noted previously and likely maintains a 

more stable surface for cell adhesion at the glass-cell interface, promoting cell 

adhesion. 

The P40 dissolution products demonstrated no significant changes to hMSC ALP 

activity when applied in SM. In combination with OM- however, the P40 dissolution 

products demonstrated significantly increased ALP activity compared to the SM, P40 
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and OM- treatments. ALPL gene expression however, showed that OM, OM- and 

P40OM- were all upregulated to similar levels. This promotion of ALP protein activity, 

beyond that of the OM-, was likely due to the contribution of high pyrophosphate 

(51%) from the P40 formulation, noted to promote ALP activity and inhibit matrix 

mineralization. This correlated with the data in the ALZ assay which demonstrated no 

stain intensity despite the high levels of ALP activity observed from P40OM-. 

Furthermore, the levels of ALP activity in P40 and P40OM- treated samples may be 

masked by the levels of pyrophosphate in culture due to the competitive inhibition 

previously noted in the literature. Ultimately, the data presented here suggests that in 

a pro-osteogenic environment, P40OM- promotes strong levels of ALP gene and 

protein activity. This likely due to the contribution of pyrophosphate however, the 

increased in ALP activity observed is likely not sufficient enough to prevent excessive 

pyrophosphate from inhibiting matrix mineralization.  

Gene expression activity of cells treated with P40 suggests minimal changes to 

expression when the dissolution products of P40 are applied in SM. When applied with 

OM- however, increases to osteogenic markers such as RUNX2 and MSX2 are 

observed, suggesting the potential initiation of osteogenic commitment. Additionally, 

promotion of Notch receptors and non-canonical WNT5A in P40OM- suggests some 

contribution to the attenuation of osteogenic differentiation through promotion of β-

catenin degradation and inhibition of RUNX2 activity. 

In conclusion, this work highlights the disconnect between cell adhesion and cell health 

when testing different PBG formulations. While a formulation may demonstrate no 

cytotoxic effects and even promote some osteogenic effects when applied in an 

indirect manner, it may not retain many cells when cultured directly due to the rapid 

dissolution of its surface. Pyrophosphate was shown to potentially act as a double-



121 
 

edged sword, promoting ALP activity while contributing to the inhibition of matrix 

mineralization, likely due to its oversaturation in culture by P40. Finally, despite the 

upregulation of RUNX2 observed, its activity may be attenuated through the 

upregulation of Notch target genes HEY1 and HES1. This combined with the β-catenin 

antagonizing activity of WNT5A suggests a potential negative effect on osteogenic 

differentiation.  
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Chapter 5 - Microsphere formulation mixing 
 

5.1 Introduction 

Glass microspheres of various different compositions have been shown to provide 

numerous advantages over fixed geometry implants such as tissue infiltration, 

enhanced surface area and minimally invasive delivery methods (Gupta et al., 2018; 

McLaren et al., 2019; Mitragotri et al., 2014). Microspheres also have several 

advantages over irregular shaped particles such as improved particle flow properties, 

increased surface area and more consistent degradation rates (Gupta et al., 2018; 

Mitragotri et al., 2014). Furthermore, porous microspheres offer additional 

advantages of increased surface area, faster degradation times and can act as scaffolds 

for tissue growth (Gupta et al., 2018; McLaren et al., 2019). This chapter explores the 

development of new PBG formulations and combinations thereof with the previously 

tested porous P40 formulation (chapter 4). 

 

5.2 Aims and hypotheses 

This chapter explores the development of new microsphere formulations through the 

replacement of magnesium for calcium in the PBG formulation 50P2O5·(50-

x)CaO·(x)MgO (x=50, 25 and 0). Three formulations were developed (P50Mg50, 

P50Ca25Mg25 and P50Ca50) and their impact on in vitro hMSC metabolic and 

osteogenic activity was investigated. The tailorable nature of PBGs demonstrates their 

versatility with controllable degradation rates and modifiable properties. Modification 

of PBG formulations allows for the tailoring of degradation rates from months to days 

while properties of microspheres can be augmented through the addition of various 

ions, for example: titanium and copper to integrate radiopacity and anti-microbial 

capacity to the PBG microspheres (Foroutan et al., 2019; Matsumura et al., 1992). In 
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contrast to this flexibility is the difficulty in achieving a balance of characteristics with 

PBG formulations, adding titanium may allow for x-ray visualization of the 

microspheres within a patient but greatly decreases degradation rates as 

demonstrated by Abou Neel et al. (2007). Slower solubility is achievable but comes at 

the cost of decreased ion release rates. Studies like that of Maeno et al. (2005) have 

demonstrated the importance of concentration of calcium ions on osteoblast function. 

Showing that concentrations lower than 4 mM calcium promote proliferation of mouse 

osteoblasts while concentrations in the range of 6-8 mM promote mouse osteoblast 

differentiation. An as yet unexplored advantage of microsphere geometry is the 

capacity to mix different formulations of microspheres together to leverage the 

properties of both or several formulations. To this end, this chapter aimed to develop 

a faster degrading formulation that released more inorganic ions than the previously 

tested formulations and identify and optimize the impact on hMSC of mixing two 

different PBG microsphere formulations. As demonstrated in the previous chapter, a 

slower degrading formulation was superior for cell adhesion while its ionic degradation 

products provided little benefit for osteogenic differentiation. It was hypothesized that 

by combining microspheres of slow and fast degradation rates, sufficient ion release 

may be achieved to promote osteogenic differentiation. 
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5.3 Results 

5.3.1 Material characterization  

EDX analysis 

To confirm the composition of the produced PBG to the target formulation, EDX was 

carried out. Table 5.1 confirms that the three PBG formulations are within 1-3% of the 

target formulation.  

 

Table 5.1. EDX measurements of P50Mg50, P50Ca25Mg25 and P50Ca50 against target 

formulation (mol%) ± standard error of the mean (SEM). 

 
  

P2O5 

(mol%) 

CaO 

(mol%) 

MgO 

(mol%) 

P50Mg50 Target 50 - 50 

Measured 47.0 ± 0.7 - 53.0 ± 0.7 

P50Ca25Mg25 Target 50 25 25 

 Measured 50.1 ± 0.3 24.3 ± 0.4 25.6 ± 0.2 

P50Ca50 Target 50 50 - 

 Measured 51.0 ± 0.0 49.0 ± 0.0 - 

 

 

DSC analysis 

A Differential scanning calorimeter (DSC) was used to determine the thermal 

properties of the three glass formulations. Figure 5.1A shows the thermal profiles of 

the three PBGs, P50Mg50, P50Ca25Mg25 and P50Ca50 and Table 5.2 collates the Tg, 

Tc and Tm values for the respective formulations. A slight increase in Tg could be seen 

as 50% of the calcium was substituted for magnesium, shifting from 521 °C to 530 °C. 

However, once all the calcium was removed, the Tg onset greatly increases to 552 °C. 
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Increases in Tc were also observed as magnesium was added to the formulation, 

starting at 645 °C and increasing to 757 °C as all the calcium was replaced. The 

formulation with both calcium and magnesium resulted in two distinct melting peaks 

at 913 °C and 938 °C while the complete replacement of calcium for magnesium 

resulted in no melting peaks being detected at the tested temperatures.  

 

XRD analysis 

XRD analysis of the three glass formulations demonstrated no sharp crystalline peaks 

confirming the amorphous nature of the glasses as can be seen in Figure 5.1B. 

 

 

Figure 5.1. Glass characterization of P50Ca50, P50Ca50Mg50 and P50Mg50. (A) Thermal 

analysis traces via DSC of the PBG formulations showing Tg, Tc and Tm. (B) XRD spectra 

confirming the amorphous nature of P50Ca50, P50Ca50Mg50 and P50Mg50 glasses 

produced. 
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Table 5.2. Glass transition (Tg), onset of crystallisation (Tc), melting temperature (Tm) and 

calculated thermal processing window (Tconset) for each of the PBG glass formulations 

explored. 

 
 

Tg Tc Tm Window 

 
Onset Onset 1 2 1 2 Tconset- Tg 

P50Mg50 552 728 757 
   

176 

P50Ca25Mg25 530 674 702 
 

913 938 145 

P50Ca50 521 625 645 
 

978 
 

105 

 

 

31P NMR Spectroscopy 

NMR analysis was used to identify the distribution of Qn species within the PBG 

formulations. NMR spectra for the three formulations revealed two peaks 

representing Q1 and Q2 units (Brow, 2000) (Figure 5.2). No Q0 or Q3 units were 

detected. Both P50Ca50 and P50Ca25Mg25 demonstrated nearly identical distribution 

of Q1 and Q2 species, differing only by ~1%. The complete substitution of calcium for 

magnesium however, increased the Q1 species to 16.63% compared to the 6.14% and 

5.30% seen in the P50Ca25Mg25 and P50Ca50 formulations (Table 5.3). 
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Figure 5.2. 31P NMR spectra of the P50Ca50, P50Ca25Mg25 and P50Mg50 formulations. 

Data provided by Jeremy Titman and Alex Taylor. 

 

Table 5.3. Distribution of Qn species across PBG formulations  
Q0 Q1 Q2 

P50Ca50 0 5.30 94.70 

P50Ca25Mg25 0 6.14 93.86 

P50Mg50 0 16.63 83.37 

 

 

5.3.2 Material Spheroidization 

Using the previously described flame spheroidization method for the production of 

porous P40 (Hossain et al., 2018), ground glass from the P50Ca50, P50Ca25Mg25 and 

P50Mg50 formulations were explored for porous microsphere formation. Resin 

embedding and cross-sectioning revealed that pores formed within the microspheres 

of the three formulations, however these microspheres remained solid on the outside 
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as can be seen in Figure 5.3A-C. These pores also demonstrated little interconnectivity 

and next to no contact with the microsphere surface.  Figure 5.3D demonstrates the 

increased viscosity of the P50Ca50 formulation which may contribute to the 

internalized porosity observed. 

 

 

Figure 5.3. SEM scans of resin embedded sections of (A) P50Ca50, (B) P50Ca25Mg25, (C) 

P50Mg50 and (D) viscosity of the P40 and P50Ca50 PBGs via a high temperature viscometer. 

Viscosity data provided by Towhidul Islam. 
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5.3.3 Indirect microsphere application and mixture 

5.3.3.1 Effects of microsphere degradation products on hMSC 

In order to determine the effectiveness of each PBG formulation, solid PBG 

microspheres were indirectly tested on hMSC through the application of their 

dissolution products into SM. Figure 5.4A demonstrates that P50Mg50 resulted in the 

highest metabolic activity after 11 days while P50Ca25Mg25 and P50Ca50 resulted in 

almost complete loss of cells from the monolayer. Due to the necessity of calcium for 

the promotion of bone growth and osteogenic differentiation, P50Ca50 was utilized 

for subsequent combinatorial experiments. 

Figure 5.4B and 5.5 demonstrates the combination of two different microsphere 

formulations to explore if both of their properties could be exploited. In this case, P40 

was used for its previously seen non-toxic effect on hMSC in culture and P50Ca50 was 

used for its substantial initial dose of calcium potentially released during its dissolution. 

A combination of both P40 and P50Ca50 was used, substituting 0-100% of P40 with 

P50Ca50 to allow for the testing of various combinations of the two formulations. 

Figure 5.4B demonstrated that as P40 was replaced by P50Ca50, significant decreases 

in metabolic activity were observed compared to the SM control, even at the lowest 

dose of 25% P50Ca50. Higher doses of >25% substitution resulted in almost complete 

loss of the monolayer. 
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Figure 5.4. The metabolic activity of hMSC treated with the dissolution products of (A) 

P50Ca50, P50Ca25Mg25 and P50Mg50 and (B) mixes of 0-100% P50Ca50 mixed with P40 

compared to standard media (SM) and osteogenic media (OM). **p<0.01, ***p<0.001 and 

****p<0.0001. (n=3 technical replicates). 

 

Following this, lower concentrations of P50Ca50 mixed with P40 were tested, from 0-

25%. Figure 5.5A shows that adverse effects to metabolic activity were observed after 

>20% of P40 was substituted with P50Ca50, with 20% demonstrating significantly 

decreased metabolic activity compared to the SM control and the 0 and 10% mixes. 

Figure 5.5B and 5.5C demonstrated the tested osteogenic activity of hMSC after 

treatment with the various mixes. Decreasing levels of ALP activity were seen as P40 

was substituted with P50Ca50, however, no significant change could be seen between 

0-10%. The loss in cells from 20-25% would result in lower levels of ALP activity due to 

the lack of cells contributing to the assay. Interestingly, significant levels of ALZ stain 

intensity were seen in the 20-25% mixes compared to the 0 and 10% as well as the SM 

control.  
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Figure 5.5. The metabolic (A; day 2, 7 and 11), ALP (B; day 11) and ALZ activity (C; day 21) of 

hMSC treated with the dissolution products of P40 mixed with 0-25% of P50Ca50  compared 

to standard medium (SM) and osteogenic medium (OM). *p<0.05, **p<0.01, ***p<0.001 

and ****p<0.0001. (n=3 technical replicates). 
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5.3.3.2 Effects of mixed microsphere degradation products on hMSC gene 

expression  

Due to the 10% demonstrating the best metabolic activity of all the tested mix 

formulations, it was carried forward for gene expression analysis using TaqMan Low 

Density Arrays (TLDAs). After 11 days of indirect treatment with the dissolution 

products of 90% P40 10% P50Ca50 in SM (henceforth referred to as Mix) and OM- 

(MixOM-), hMSC were collected and processed for gene expression analysis. Table 5.4 

indexes all the gene groups analysed in this subsection. 

 

Table 5.4. Index of gene groups analysed in chapter 5 

Section Number Gene Group 

5.3.3.2.1 Proliferative 

5.3.3.2.2 Integrin 

5.3.3.2.3 Osteoblastic 

5.3.3.2.4 Notch 

5.3.3.2.5 TGF-β and BMP 

5.3.3.2.6 Wnt 
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5.3.3.2.1 Proliferative markers 

After 11 days of indirect treatment with Mix and MixOM-, proliferation gene 

expression markers CCND1, PCNA and MKI67 in hMSC were observed for any changes 

(Figure 5.6). Mix treatment demonstrated no significant changes to expression 

compared to the SM control and MixOM- demonstrated significant increases to MKI67 

expression compared to the OM- control. MixOM- also demonstrated upregulation of 

PCNA and downregulation of CCND1 compared to the SM control. 

 

 

Figure 5.6. hMSC proliferation gene expression after 11 days of Mix and MixOM- treatment 

normalized to SM control. *p<0.05 (n=2). 
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5.3.3.2.2 Integrin markers 

Figure 5.7 shows gene expression changes of integrin subunit markers ITGA1, ITGA3 

and ITGB1 in hMSC after 11 days of indirect treatment with Mix and MixOM-. Mix 

treatment showed no significant changes to integrin gene expression compared to the 

SM control. MixOM- however, significantly upregulated ITGA3 expression compared 

to the OM- control. No significant changes to ITGA1 or ITGB1 expression were 

observed in Mix or MixOM- treatments. 

 

 

Figure 5.7. hMSC Integrin gene expression after 11 days of Mix and MixOM- treatment 

normalized to SM control. *p<0.05, **p<0.005 (n=2). 

 



135 
 

5.3.3.2.3 Osteoblast markers 

Figure 5.8 shows gene expression changes of osteoblast markers RUNX2, ALPL, 

COL1A1, BGLAP, MSX2, DLX5 and SPP1 in hMSC after 11 days of indirect treatment 

with Mix and MixOM-. Additionally, while not directly influencing osteoblast 

differentiation PPAR-γ and TNFRSF11 were also observed for changes in expression 

during indirect treatment with Mix and MixOM-. No significant changes to osteoblast 

gene expression were observed between the Mix and SM control treatments and 

MixOM- and OM- control treatments. MixOM- also showed significantly increased 

PPAR-γ expression over the SM control to levels similar to that of OM and OM-.  
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Figure 5.8. hMSC osteoblast gene expression after 11 days of Mix and MixOM- treatment 

normalized to SM control. *p<0.05 (n=2). 

 

 

5.3.3.2.4 Notch markers 

Notch gene markers were analysed for changes in expression after indirect treatment 

of hMSC with Mix and MixOM- after 11 days (Figure 5.9). The genes analysed included 

Notch receptors (NOTCH1, NOTCH2 and NOTCH3), ligands (JAG1, JAG2 and DLL1) and 

a Notch regulator (DLL3). Mix treatment showed no significant changes to Notch gene 
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expression compared to the SM control. MixOM- treatment showed significant 

upregulation of NOTCH1 and NOTCH2 compared to the OM- control. Finally, MixOM- 

also upregulated NOTCH1, NOTCH3, JAG1 and DLL3 compared to the SM control. 

 

 

Figure 5.9. hMSC Notch gene expression after 11 days of Mix and MixOM- treatment 

normalized to SM control. *p<0.05, **p<0.005 (n=2). 
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5.3.3.2.5 TGF and BMP markers 

TGF and BMP genes were analysed for changes in expression after 11 days of indirect 

treatment with Mix and MixOM- (Figure 5.10). Genes analysed included BMP ligands 

(BMP2, BMP4 and BMP5), TGFβ ligands (TGFβ1, TGFβ2, TGFβ3), SMADs (SMAD1, 

SMAD3, SMAD4, SMAD6 and SMAD7) and Noggin (NOG).  Mix treatment resulted in 

no significant changes in gene expression compared to the SM control. MixOM- only 

demonstrates significant changes in the expression of BMP4 where it was 

downregulated compared to the SM control. 
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Figure 5.10. hMSC TGF and BMP gene expression after 11 days of Mix and MixOM- 

treatment normalized to SM control. *p<0.05 (n=2). 
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5.3.3.2.6 Wnt markers 

Figure 5.11 shows the analysis of Wnt genes which were carried out after 11 days of 

indirect treatment with Mix and MixOM- on hMSC. Wnt co-receptors (LRP5, LRP6, 

FZD1 and ROR2), ligands (WNT5A, WNT10B), inhibitor SFRP1 and transcriptional 

activator CTNNB1 were observed for changes in expression. Mix treatment showed 

upregulation of WNT10B compared to the SM control. MixOM- upregulated ROR2, 

LRP5 and SFRP1 compared to the OM- control. MixOM- also upregulated CTNNB1, 

ROR2 and SFRP1 compared to the SM control. 

 

Figure 5.11. hMSC Wnt gene expression after 11 days of Mix and MixOM- treatment 

normalized to SM control. *p<0.05, **p<0.005 (n=2).  
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5.4 Discussion 

PBGs allow for tailorable controlled release of inorganic ions as the glass degrades. 

Previous chapters highlighted the potential impacts of these ionic products on hMSC 

while demonstrating the benefits of slower degrading formulations on hMSC adhesion. 

This chapter investigates the osteogenic impact of utilizing potentially faster degrading 

formulations and aimed to identify the biological benefits of mixing microspheres of 

slower and faster degrading formulations. 

 

5.4.1 Material characterization 

No crystallization peaks were observed for all three glass formulations, confirming 

their amorphous nature. Thermal analysis revealed a linear increase in Tg and Tc as 

magnesium was added to the formulations. The thermal data presented in this study 

correlated with the study carried out by Ahmed et al. (2010), who showed an increase 

in Tc and Tg with increasing MgO content within the 40P2O5·25CaO·(0+x)MgO·(35-

x)MgO (x=0-30) PBG system. This increase has been attributed to increasing 

crosslinking density in the glass due to magnesium acting as an intermediary oxide 

(Okura et al., 2006). 31P NMR analysis revealed a majority Q2 distribution (>80%) and a 

much smaller Q1 distribution for all three formulations. No Q0 or Q3 were identified. A 

10% shift from Q2 to Q1 was identified for P50Mg50 compared to P50Ca25Mg25. While 

both calcium and magnesium act to depolymerize the phosphate network, the 

increase in Q1 species within the P50Mg50 formulation suggests that some magnesium 

may be acting as an intermediary oxide (Ahmed et al., 2010). 

PBG spheroidization utilizes an oxy-acetylene gas flame to allow ground PBG particles 

to reach a viscosity which allows it to entrap decomposing porogen gas bubbles within 

the molten particle. The surface tension of the viscous glass causes the particle to 

assume a spherical morphology as it is ejected from the flame while entrapped gas 
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bubbles escape to the surface to create pores (Hossain et al., 2018). P50Ca50 was 

demonstrated to be more viscous than previously successfully spheroidized P40 

formulation. This is not unusual as Parsons et al. (2015) demonstrated an increase in 

viscosity with increasing phosphate content in the (40+x)P2O5·16CaO·24MgO·(20-

x)Na2O  (x=0-20) PBG system. These increases in viscosity were attributed to increases 

in phosphate chain length from increasing phosphate content from 40% to 50%. The 

increase in viscosity when using a PBG with 50% phosphate content likely entraps the 

decomposed porogen bubbles within the glass entirely, preventing their release before 

the glass cools and solidifies. As such, the internal porosity and lack of surface 

connecting pores were likely attributed to the increase in viscosity observed. 

 

5.4.2 Effects of indirect treatment of PBG on hMSC 

Indirect treatment of hMSC with the three PBG formulations resulted in severe loss of 

metabolic viability compared to the SM control in both the P50Ca50 and the 

P50Ca25Mg25 formulations while the P50Mg50 formulation demonstrated a similar 

response to the SM control at day 11.  

Increasing phosphate content in PBGs has been shown to increase degradation rates 

in a number of studies (Uo et al., 1998b). Furthermore, studies such as those carried 

out by Abou Neel et al. (2007) demonstrated how increasing solubility decreased glass 

cytocompatibility with MG63 cells. This could explain the drastic difference in cell 

response seen between the previously tested P40 formulation and the new P50Ca50 

and P50Ca25Mg25 tested here, as the increase in phosphate content and loss of 

sodium from the formulation would have resulted in increased degradation rates due 

to increases in phosphate glass solubility (Oueslati Omrani et al., 2015). 
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This increased degradation rate of P50Ca50 compared to the previously tested P40 

microspheres, would have released increased concentrations of phosphate and 

calcium ions into the media. As discussed previously, increases of phosphate (1-7 mM) 

were known to induce apoptosis in osteoblast like cells (Meleti et al., 2000). Magne et 

al., (2003) has further elaborated on this and demonstrated the apoptotic effects of 

combining 4 mM phosphate and 2.4 mM calcium (through NaH2PO4 and Na2HPO4 and 

CaCl2 supplementation). The calcium content present in the media (1.80 mM) with the 

calcium present in FBS, may have saturated this apoptotic pathway before the addition 

of supplementary calcium through PBG dissolution. Regardless, the surge of phosphate 

through P50Ca50 dissolution correlated with previously reported findings of 

phosphate concentration triggered toxicity of hMSC (>1.25 mM). Skelton et al. (2007) 

also explored the effects of a similar ternary PBG of the formula 50P2O5·(50-

x)CaO·XNa2O (x=2-10) on primary human bone marrow MSC. All PBG formulations 

reported >40% cell death with no significant difference noted between the tested 

formulations. These results correlate with the data presented in this study though less 

cell death was noted in the study by Skelton et al. (2007). This difference in cell survival 

rates could be attributed to a number of factors such as using primary cells and keeping 

cells in culture for significantly longer periods of time (3-4 weeks). Furthermore, 

Skelton et al. (2007) cultured cells on glass discs which were immersed in culture 

medium for 24 hours before use due to a suggested benefit of protein absorption on 

adhesion, proliferation and differentiation.  

Our previous studies also suggested the potential of phosphate toxicity rescue of hMSC 

though the addition of calcium and magnesium. While the P50Ca25Mg25 formulation 

resulted in some cell survival by day 7 compared to P50Ca50, by day 11, almost all the 

cells of the monolayer were lost. However, the P50Mg50 formulation demonstrated 

similar levels of metabolic activity compared to SM, correlating with the previous study 
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which showed no negative impact on cell metabolic activity with various magnesium 

concentrations (0-20 mM) or even in combination with 5 mM phosphate. Slower 

degrading compositions could be achieved through decreases in phosphate content, 

increases in calcium content or the addition of titanium or iron. Magnesium has 

reliably shown to benefit metabolic activity in cases of high phosphate levels on cells. 

This action is twofold, through slowing degradation rates by acting as a modifier oxide 

within the PBG structure but also by acting to rescue cells under phosphate induced 

stress. To prevent such severe impacts to metabolic activity in future formulations, 

slower, more controlled degrading formulations or compositions with increased 

calcium or magnesium and decreased phosphate would likely result in better 

monolayer health. 

Following these findings, P50Ca50 microspheres were mixed at various ratios with P40 

to allow for the leveraging of the properties of two different microsphere formulations, 

P40 which demonstrated superior metabolic activity and P50Ca50 which has a much 

higher calcium content. Mixing experiments demonstrated that mix ratios higher than 

10% P50Ca50 resulted in significant negative impact to metabolic activity of hMSC. A 

10% mix of P50Ca50 with P40 resulted in no significant decrease in cell viability by day 

11 and would result in much higher levels of calcium in media than would be observed 

with a pure P40 application. Mixing microsphere formulations would allow for slower 

degrading formulations to act as cell scaffolds, allowing for tissue infiltration into a 

defect while faster degrading microspheres allow for optimal levels of ion release to 

be achieved (McLaren et al., 2019). The previously demonstrated disconnect between 

cell adhesion and cell health when seeded on PBG or indirectly treated with PBG 

dissolution products could thereby be solved through the mixing of microspheres of 

differing properties. 
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While no osteogenic activity was noted at the 10% mix, the 20% and 25% mixes 

demonstrated increased ALZ stain intensity over the SM control. This was unusual due 

to the decreased metabolic activity and impacted monolayer seen in the 20-25% 

treatments by day 11 as well as the minimal levels of ALP activity observed. Due to the 

necessity of ALP for matrix mineralization and the loss of cells seen, it is likely that the 

observed increase in ALZ stain intensity with higher concentrations of P50Ca50 are due 

to precipitation of calcium out of solution (Golub and Boesze-Battaglia, 2007). As seen 

previously with precursor compound testing and as demonstrated by Sage et al. 

(2011), when high enough concentrations of calcium (1.6 mM) and phosphate (2 mM) 

were achieved in solution, precipitation of calcium phosphate can occur. Furthermore, 

chapter 3 demonstrated that the retaining of precipitation likely occurs due to high 

levels of calcium (5 mM) promoting osteocalcin and osteopontin expression, two 

matrix proteins that have high levels of affinity for Ca2+ and would cause calcium 

deposition to be retained and slowly build up in culture over time. This retained 

deposition is likely what is being stained by the ALZ assay and results in significant false 

positive readings to matrix mineralization activity in the 20% and 25% P50Ca50:P40 

mixes. 

The data presented here demonstrates that P50Ca50 and P50Ca25Mg25 result in 

significant loss of cell viability when their dissolution products are indirectly applied to 

hMSC. Combination with a more stable, slower degrading formulation allows for the 

rescue of cell health while allowing for increased levels of calcium to be released into 

culture. The 90% P40 and 10% P50Ca50 mix demonstrated similar levels of metabolic 

activity to that of the SM control and P40 treated cells however no increases to 

osteogenic activity were noted. 
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5.4.3 Effects of indirect treatment on hMSC gene expression 

5.4.3.1 Proliferation markers 

Indirect application of the 90% P40 and 10% P50Ca50 Mix alone did not significantly 

impact proliferation markers, correlating with the lack of significant difference seen in 

metabolic activity of hMSC when indirectly treated with Mix. In a pro-osteogenic 

environment however, through the combination of Mix with OM- media, significantly 

decreased CCND1 expression and increased PCNA expression were observed over the 

SM control. Additionally, MKI67 expression was upregulated in MixOM- treated cells 

over OM- treated hMSC, suggesting that the combination of Mix and OM- promoted 

the elevation of expression beyond that of OM- treatment alone. As discussed by a 

number of studies, CCND1 controls cell progression through the G1 phase of the cell 

cycle (Ahlin et al., 2017; Baldin et al., 1993). Downregulation suggested a decrease in 

proliferative activity compared to the SM control however, as discussed previously, the 

antagonistic nature of proliferation and differentiation indicates that initiation of 

osteogenic differentiation may likely be due to the need of suspension of the cell cycle 

(Ruijtenberg and van den Heuvel, 2016; Rutkovskiy et al., 2016). In contrast, however, 

was the increase in PCNA expression of MixOM- treated cells compared to SM. PCNA 

however, was discussed by Maga and Hübscher (2003) to control a number of cell 

processes depending on the regulatory state of numerous other genes and as such 

may not be completely representative of an increased proliferative state. Mix 

treatment in SM correlates with metabolic activity data presented previously 

indicating similar levels of activity to that of the SM control. Mix in OM- suggests a 

potential decrease in proliferation due to CCND1’s downregulation and the lack of 

significant changes from the SM control in MKI67 expression. However, due to the 

upregulation of MKI67 and PCNA due to its multifunctional nature, further timepoints 

may be required to confirm the effect of MixOM- on proliferative activity of hMSC. 
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5.4.3.2 Integrin markers 

Mix caused no significant changes to integrin expression compared to the SM control 

while MixOM- causes increases in ITGA3 expression compared to both SM and OM-. 

Clover et al. (1992) demonstrated the high levels of expression of integrins β1 (ITGB1), 

α3 (ITGA3) and others in osteoblast cells in situ. While this data demonstrated that 

ITGA3 was significantly upregulated in both OM and MixOM- samples, no significant 

changes to ITGB1 were seen. This difference in expression may be attributed to the 

use of a cell line as opposed to a primary cell source. Additionally, Clover et al. (1992) 

noted the different patterns of integrin expression in the literature and attributed this 

to the various stages of osteoblast differentiation (Bennett et al., 2001). Bennett et al. 

(2001) also noted increased levels of expression of integrin subunits α3 and α5 when 

mandibular osteoblasts were treated with vitamin D3 and hydrocortisone, known to 

promote differentiation in human osteoblasts (Ireland et al., 2004). Interestingly, while 

MixOM- demonstrates similar levels of integrin expression compared to OM, it was 

significantly higher than OM- in ITGA3 expression indicating a combination of PBG 

dissolution products and OM- media promoting increased expression. The lack of 

significant ITGB1 expression ultimately indicated an inconclusive change in integrin 

activity as the β1 subunit plays a key role in adhesion when combined with other 

subunits such as α3 and α1 within a heterodimer (Brakebusch and Fässler, 2005). More 

late stage timepoints could help elucidate the effectiveness of a P40 and P50Ca50 mix 

in promoting adhesion through integrin expression as similar levels of expression were 

seen in OM treated samples that demonstrated a typical osteogenic phenotype by day 

21. 
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5.4.3.3 Osteoblastic markers 

While not an osteoblastic marker, but an adipogenic marker, PPAR-γ expression was 

significantly upregulated by MixOM- treatment. The level of PPAR-γ expression was 

similar to that of OM and OM- treatments, once again suggesting significant 

contribution of dexamethasone in the MixOM- media upregulating the gene. As 

previously discussed, upregulation of PPAR-γ is a known effect of dexamethasone 

treatment and despite PPAR-γ being a marker for adipogenesis, dexamethasone has 

been used for osteogenic differentiation (Ghali et al., 2015). The OM treatment also 

displays similar levels of PPAR-γ yet by day 21 represents an osteoblast phenotype. 

Furthermore, Mix treatment alone did not significantly upregulate PPAR-γ and as such 

it was unlikely that the PBG contributed to the observed increase in the MixOM- 

treatment.  

Interestingly, the increase in ALZ stain intensity observed in the 20% and 25% 

P50Ca50:P40 mixes was not seen in the 10% mix. Chapter 3 saw an increase in ALZ 

stain intensity with the 555 treatment and was suggested to be due to calcium 

mediated overexpression of the BGLAP and SPP1 genes. The 10% mix in both SM and 

OM- do not demonstrate any significant upregulation to BGLAP or SPP1 correlating 

with the lack of ALZ stain intensity seen, further suggesting that calcium content 

promotes expression of BGLAP and SPP1 which contribute to the binding and build-up 

of calcium precipitate.  

Ultimately, the Mix and MixOM- treatments did not demonstrate any significant 

changes to osteoblast gene expression compared to the SM or OM- controls 

respectively. 
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5.4.3.4 Notch markers 

The Mix treatment on its own demonstrated no significant changes to Notch gene 

expression compared to the SM control, when combined with OM- in the MixOM- 

treatment however, NOTCH1, NOTCH3, JAG1 and DLL3 were all significantly 

upregulated compared to the SM control. Furthermore, NOTCH1 and NOTCH2 were 

also upregulated in MixOM- samples compared to OM- treated samples suggesting 

significant contribution in gene upregulation by the PBG dissolution products. MixOM- 

would therefore appear to promote activation of the Notch pathway, through the 

upregulation of receptors (NOTCH1, NOTCH2 and NOTCH3) and ligand (JAG1). The 

Notch signalling has been demonstrated to inhibit osteoblast differentiation through 

the attenuation of RUNX2 and β-catenin signalling (Deregowski et al., 2006; Xu et al., 

2015). Lawal et al. (2017) hypothesized that Notch signalling plays a role in 

coordinating bone formation through the maintenance of the osteoprogenitor pool. It 

was shown that JAG1 deletion in osteolineage cells increases the number of osteoblast 

cells in culture through depletion of osteoprogenitors. Lawal et al. (2017) 

demonstrated that JAG1 inhibits the transition from osteoprogenitor to pre-

osteoblasts. These findings suggest that the application of MixOM- to hMSC convey an 

inhibitory effect on osteogenic differentiation through the Notch pathway. However, 

the upregulation of the divergent DLL3 ligand contrasts with this finding as Ladi et al. 

(2005) have shown that DLL3 acts as an antagonist to the Notch pathway potentially 

inhibiting the β-catenin suppression seen with typical Notch activation (Deregowski et 

al., 2006; Heuss et al., 2008; Zanotti and Canalis, 2016).  

Ultimately, MixOM- treatment on hMSC appears to promote Notch signalling on day 

11, however, DLL3 may convey some inhibition of this pathway. The promotion of the 

Notch pathway may have negative downstream effects on osteogenic differentiation 

through β-catenin and RUNX2 activity suppression. 
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5.4.3.5 TGF-β and BMP markers 

Mix treatment on hMSC revealed no significant changes to the expression of TGF-β 

and BMP markers compared to the SM control, however, MixOM- showed significant 

downregulation of BMP4 compared to the SM control. MixOM- treated cells displayed 

levels of BMP4 expression similar to that of OM- and OM in isolation, suggesting 

minimal contribution of the Mix dissolution products to the changes of BMP4 gene 

expression. This level of expression in osteogenically differentiating cells is not unusual 

as Maeda et al. (2004) has demonstrated the significant upregulation of endogenous 

BMP4 only during osteoblast maturation at 24+ days into culture of murine C2C12 

cells.  

 

5.4.3.6 Wnt markers 

Mix treatment showed no significant changes to Wnt gene expression compared to 

the SM treatment with the exception of WNT10B, which was significantly upregulated. 

MixOM- on the other hand, showed significant CTNNB1, ROR2 and SFRP1 expression 

compared to SM and increased LRP5 expression compared to OM-. 

WN10B expression is known to decrease during adipogenic differentiation in vitro, 

through the inhibition of adipogenic factors such as PPAR-γ (Ross et al., 2000). 

Cawthorn et al. (2012) demonstrated that WNT10B expression suppresses 

adipogenesis and promotes osteoblastogenesis through a β-catenin dependent 

mechanism. However, in this study, Mix treated samples showed no decreases to 

expression of PPAR-γ compared to SM despite the significant upregulation of WNT10B. 

The study by Cawthorn et al. (2012) was carried out on murine ST2 cells in osteogenic 

media (10 mM β-glycerophosphate and 25 μg/mL ascorbic acid) suggesting that the 

osteoblastogenesis stimulating and PPAR-γ inhibiting nature of WNT10B requires a 

pro-osteogenic environment to function. Furthermore, β-catenin was not upregulated 
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in Mix treated samples, though the mechanism of adipogenic suppression and 

osteoblast promotion likely occurs due to the stabilization of β-catenin rather than 

promotion of expression similar to how WNT4 interacts with β-catenin (Lyons et al., 

2004).  

Contrasting to Mix treatment, MixOM- showed significantly upregulated β-catenin 

expression compared to the SM control, suggesting an impact on the canonical Wnt 

pathway. Conversely, the Wnt signalling inhibitor SFRP1 was also upregulated in 

MixOM- treated samples (Yao et al., 2010). Activation of the Wnt pathway through 

Wnt ligand and receptor binding inhibits β-catenin phosphorylation through 

attenuation of the β-catenin destruction complex (axin-GSK3β-Ck1-APC) (Baron and 

Gori, 2018; Baron and Kneissel, 2013). SFRP1 on the other hand, disrupts this 

attenuation through the sequestering of Wnt ligands (Bodine et al., 2005).  Yao et al. 

(2010) have also demonstrated the ability of SFRP1 to not only inhibit osteoblast 

maturation through the Wnt pathway, but to also attenuate the pro-osteogenic effects 

of PTH. Therefore, despite the upregulation of β-catenin,  the upregulation of SFRP1 

may result in negative consequences to osteogenic differentiation. Yao et al. (2010) 

further demonstrated through overexpression of SFRP1 that mice bone marrow cells 

exhibited 30% lower ALP activity. The upregulation of SFRP1 correlates with data 

presented in chapter 3, suggesting some contribution of high calcium content to SFRP1 

upregulation and ALP inhibition. Further testing on factors downstream of β-catenin, 

such as lymphoid enhancer factor (LEF) or T-cell factor (TCF), may be required to 

determine the final activation state of the canonical Wnt pathway (Cadigan and 

Waterman, 2012).  

A study on PBG fibres (50P2O5·40CaO5·5Na2O·5Fe2O3) by Lin et al. (2020) demonstrated 

a significant increase in β-catenin expression of murine cells treated with fibres in OM 
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on day 7 and 21, with no significance seen on day 14. Chapter 4 previously showed 

that P40OM- demonstrated no significant increases to β-catenin expression levels at 

day 11 compared to SM, coinciding with the data presented by Lin et al. (2020). This 

suggests that the faster degrading P50Ca50 formulation, even in a 10% mix with P40 

promoted significant β-catenin expression in the pro-osteogenic environment of OM-. 

A recent study by Ardeshirylajimi et al. (2018) who demonstrated similar β-catenin 

upregulation on polyphosphate treated adipose-derived MSC suggested a 

polyphosphate mediated Wnt-mTOR mechanism in the upregulation of β-catenin. The 

10% P50Ca50 used contains 95% Q2 species, suggesting a possible contribution of 

polyphosphates to β-catenin gene expression. 

Similar to the previously seen P40OM- treatment, ROR2 was also significantly 

upregulated in the MixOM- treatment. Billiard et al. (2005) demonstrated a biphasic 

pattern of ROR2 expression in various cell lines representing stages of osteoblast 

differentiation. Pre-osteoblasts demonstrated a 1-fold increases to ROR2 expression 

while early osteoblasts showed no increases in expression. Finally, a small 0.6-fold 

increase in expression was observed in late stage osteoblasts. MixOM- treatment 

showed a 2.5-fold increase in ROR2 expression compared to the SM control. The higher 

levels of ROR2 expression than that of the pre-osteoblast cells tested by Billiard et al. 

(2005) may be attributed to differences in timepoint (day 0 vs day 11). This data 

suggests that the MixOM- treated cells at day 11 may be entering the pre-osteoblast 

stage of differentiation based on the levels of ROR2 expression observed and 

previously noted decreases in CCND1 proliferative marker and increases to ALPL 

expression compared to the SM control. However, due to the multirole nature of ROR2 

in the canonical and non-canonical Wnt pathways, its ultimate effects on osteogenic 

differentiation remains uncertain. 
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The strong upregulation of β-catenin represents a positive indicator for osteogenic 

differentiation. However, the upregulation of SFRP1 may lead to inhibition of 

osteoblast commitment through the attenuation of the canonical pathways. 

Furthermore, the similar levels of ROR2 expression seen with pre-osteoblast cells also 

correlates with early stage differentiation markers seen, suggesting that treated cells 

may display typical osteogenic activity at a later timepoint if not inhibited by SFRP1 

and other pathways. 
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5.5 Summary 

Material characterization data demonstrated that a typical linear increase in Tg was 

observed with increasing magnesium content. 31P NMR analysis identified a majority 

Q2 distribution (>80%) and a much smaller Q1 distribution in all three formulations. 

P50Mg50 showed 10% higher Q1 content than the P50Ca50 and P50Ca25Mg25 

formulations suggesting the integration of some magnesium into the phosphate 

backbone, acting as an intermediary oxide. Furthermore, an expected increase in 

viscosity from the P40 formulation to the P50 formulations likely caused the internal 

only porosity observed. The high viscosity likely prevented gas escape to the surface 

before the PBG solidifies and resulted in the internal only porosity observed within the 

P50Ca50, P50Ca25Mg25 and P50Mg50 formulations. Future formulations with 

decreased viscosity though phosphate reduction or increased incidence time within 

the flame to allow for gas escape may result in successful porous spheroidization. 

Significant impacts to metabolic activity are seen in the indirect testing of the P50Ca50 

and P50Ca25Mg25 formulations by day 11. Increased magnesium content promoted 

hMSC survival as P50Ca25Mg25 displayed no significant decreases to metabolic 

activity on day 7 while P50Mg50 displayed metabolic activity levels similar to that of 

the SM control by day 11. This data correlates with precursor application data 

presented previously where a dose dependent phosphate toxicity was observed and 

additionally where cells could be rescued through application of calcium and 

magnesium (5 mM). Interestingly, while increasing the concentration of the P50Ca50 

mix to 20% or 25% resulted in cytotoxicity and no ALP activity, increases in ALZ stain 

intensity were observed. This data again correlates with chapter 3 which highlighted 

the impact of ≥5 mM calcium in the promotion of BGLAP and SPP1 matrix protein gene 

expression, causing the binding of calcium phosphate precipitate and resulting in a 

false positive ALZ stain. 
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Though no increases to osteogenic activity were observed in the 10% mix, optimization 

of the formulation for optimal cell survival before promotion of osteogenic 

differentiation would provide a good foundation for future modification of the 

formulation to further promote the intended effect. This could be achieved through 

decreases in phosphate toxicity through decreasing PBG solubility by increasing 

modifier oxide content and decreasing phosphate content. The next chapter of this 

thesis explores a formulation that substitutes phosphate for calcium which may 

promote cell survival as suggested in this chapter. 

 

Mixing microspheres of two different formulation allowed for the leveraging of both 

of their respective properties, superior metabolic activity with P40 and increased 

calcium release with P50Ca50. Using a slower degrading porous formulation would 

provide better support for tissue infiltration into defects while faster degrading 

formulations could supply the levels of ions required for hMSC differentiation. Mix 

treatment in SM largely revealed no significant changes to gene expression while 

MixOM- treatment resulted in a decrease in proliferative marker CCND1 and increases 

to ALPL expression compared to the SM control, suggesting the promotion of an 

osteogenic phenotype. Furthermore, ROR2 expression was significantly upregulated, 

correlating with levels of expression seen in pre-osteoblasts. 

Finally, MixOM- demonstrated gene expression resulting in conflicting effects on the 

β-catenin pathway. Notch signalling is likely promoted though the upregulation of 

NOTCH1, NOTCH2 and JAG1 in MixOM-. The Notch pathway has β-catenin and RUNX2 

disrupting effects indicating potential inhibition of osteogenic commitment and 

differentiation. In contrast, MixOM- demonstrated potential attenuation of the Notch 

pathway through the upregulation of DLL3 in addition to strongly upregulating β-
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catenin itself. SFRP1 upregulation is also observed. SFRP1 inhibits β-catenin 

stabilization through the disruption of Wnt ligands ultimately inhibiting the Wnt 

pathway and thus osteogenic differentiation. Chapter 3 also demonstrated significant 

upregulation of SFRP1, this was likely attributed to high calcium content (5 mM). This 

correlates with the data presented here as the rapid degrading nature of P50Ca50 

likely results in excess calcium, promoting the upregulation of SFRP1. Ultimately, 

despite β-catenin upregulation and DLL3 mediated Notch suppression, it is likely that 

due to the complementary and inhibitory effects of both SFRP1 and Notch signalling, 

β-catenin would be degraded leading to inhibition of osteogenic differentiation. 

The SFRP1 gene has been shown to be an unlikely antagonist to PBG mediated 

osteogenic differentiation, contrasting with studies that indicate high calcium levels (5 

mM) are necessary for osteogenic differentiation. Future formulations with slower 

degradation profiles or less calcium content may result in superior osteogenic 

differentiation due to the increased β-catenin expression and stabilization observed 

without the antagonistic effects of SFRP1. Finally, this chapter highlighted the potential 

of mixing microspheres of multiple formulations, contributing to different aspects of 

bone growth. Slower degrading formulations may act as a scaffold to promote tissue 

ingrowth mixed with faster degrading formulations which may have a strong impact 

on cell behaviours, pushing hMSC down an osteogenic pathway.  
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Chapter 6 - Microsphere formulation optimization for 

osteogenic response 
 

6.1 Introduction 

PBGs are comprised of a network of linked tetrahedral units typically denoted by Qn 

terminology. Through the addition of network modifier oxides such as CaO and MgO, 

depolymerization of the phosphate network occurs due to the formation of ionic 

bonds between the phosphate groups (Zachariasen, 1932). As increasing 

concentrations of modifier oxides are added to the glass, metaphosphate (Q2), 

pyrophosphate (Q1) and orthophosphate (Q0) structures are formed. Alteration of the 

PBG formulation with these network modifier oxides allow for the alteration of the 

PBG properties from degradation rates to thermal stability as well as quantity and type 

of phosphate species released into solution once degraded (Ahmed et al., 2005; 

Knowles et al., 2005; Sharmin and Rudd, 2017). 

 

6.2 Aims and hypotheses 

PBG properties such as dissolution rates and bioactivity are strongly related to the 

content and variety of modifying oxides added into the formulation (Sharmin and 

Rudd, 2017). The previous chapter highlighted not only the negative impact of fast 

resorbing high phosphate content glasses on cell health, but also how formulations can 

vary in viscosity which impacts the porous microsphere spheroidization process, 

resulting in PBG microspheres with internalized porosity. This study aimed to identify 

the effects of a 5% substitution of phosphate content for calcium in the P50Ca25Mg25 

formulation (P45Ca30Mg25; henceforth referred to as P45). It was hypothesized that 

a decrease in phosphate content and increase in calcium content would produce a 

more stable formulation by decreasing PBG solubility leading to potentially decreased 

cytotoxic effects on hMSC health as well as altering the formulation viscosity profile to 
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allow for successful production of fully porous microspheres. Furthermore, the 

osteogenic differentiation potential of the P45 formulation on hMSC was explored 

through ALP, ALZ cellular assays in addition to gene expression analysis with TaqMan 

Low Density Arrays (TLDAs). 
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6.3 Results 

6.3.1 Material characterization  

EDX analysis 

EDX was carried out to confirm the composition of the manufactured PBG 

composition. Table 6.1 shows that P45 was within 1-2% of the target formulation. 

 

Table 6.1. EDX measurements of P45 and P50Ca25Mg25 against target formulation (mol%) 

± standard error of the mean (SEM).   
P2O5 

(mol%) 

CaO 

(mol%) 

MgO 

(mol%) 

P45 Target 45 30 25 

Measured 43.5 ± 1.0 31.3 ± 1.0 25.3± 0.1  

P50Ca25Mg25 Target 50 25 25 

 Measured 50.1 ± 0.3 24.3 ± 0.4 25.6 ± 0.2 

 

 

DSC analysis 

To identify the thermal properties of the P45 formulation, differential scanning 

calorimeter (DSC) analysis was carried out. Figure 6.1A showed the DSC thermal profile 

gathered and the Tg, Tc and Tm values are presented in Table 6.2. Thermal analysis 

revealed a complex trace as can be seen in Figure 6.1A with multiple crystallization and 

melting events. A very late Tg and Tc onset was observed at 565 °C and 625 °C, leading 

to a small processing window of 64 °C. 
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Figure 6.1. Glass characterization of P45. (A) Thermal analysis traces via DSC showing Tg, Tc 

and Tm. (B) XRD spectra confirming the amorphous nature of P45 and P50Ca25Mg25. 

 

XRD analysis 

XRD was used to identify crystalline peaks within the P45 formulation. Figure 6.1B 

showed the XRD spectra for this formulation demonstrating the lack of sharp peaks in 

the P45 glass, confirming its amorphous nature. 

 

Table 6.2. Glass transition (Tg), onset of crystallization (Tc), melting temperature (Tm) and 

calculated thermal processing window (Tconset) for P45 and P50Ca25Mg25. 

 

Glass Code Tg Tc Tm Window 

 
Onset Onset 1 2 3 1 2 Tconset- Tg 

P45 565 629 699 757 808 944 972 64 

P50Ca25Mg25 530 674 702   913 938 145 
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31P NMR spectroscopy 

NMR analysis allows for the identification of various Qn species within the P45 PBG 

formulation. The NMR spectra in Figure 6.2 showed two peaks representing Q1 and Q2 

units (Brow, 2000). Unlike the significant Q2 speciation observed in the P50Ca25Mg25 

formulation (93.86%), decreasing the phosphate content and increasing calcium 

content by 5% greatly increased the Q1 species content to 45%. Q2 species was reduced 

to 55% and no Q0 or Q3 were detected. 

  

Figure 6.2. 31P NMR spectra of the P45 and P50Ca25Mg25 PBG formulations. Data provided 

by Jeremy Titman and Alex Taylor. 

 

 

Table 6.3. Distribution of Qn species across PBG formulations  
Q0 Q1 Q2 

P45 0 45 55 

P50Ca25Mg25 0 6 94 

 

-200-1000100200

Chemical  Shift (ppm)

Q1

Q2

P45

P50Ca25Mg25

Q1

Q2
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6.3.2 Material Spheroidization 

In contrast to only having achieved internal porosity for the P50Ca50, P50Mg50 and 

P50Ca25Mg25 formulations, the reduction of phosphate content and increase in 

calcium content for P45 allowed for production of fully porous microspheres with 

external and interconnected pores to be formed utilizing the flame spheroidization 

procedure described earlier (Figure 6.3A) (Hossain et al., 2018). The porous P45 

microspheres resembled the porous P40 (Figure 6.3B), both showed minimal internal 

only porosity that was observed with P50Ca50, P50Mg50 and P50Ca25Mg25 

formulations. 

 

 

Figure 6.3. SEM scans of resin embedded sections of (A) P45 and (B) P40. 

 

  



163 
 

6.3.3 Indirect microsphere application  

6.3.3.1 Effects of P45 microsphere degradation products on hMSC 

P45 was produced by decreasing the phosphate content and increasing calcium 

content in P50Ca25Mg25. To identify the biological impact of P45, porous P45 

degradation products were applied to hMSC every 48 hours for 21 days. Metabolic 

activity at day 2, 7 and 11, ALP activity at day 11 and ALZ staining intensity at day 21 

were measured. Figure 6.4A demonstrated the significant increases in metabolic 

activity seen in the P45 treated cells compared to both the SM and OM controls on day 

11. P45 also demonstrated significant ALP activity on day 11 compared to the SM 

control. Despite the substantial increase in ALP activity, no significant ALZ staining was 

observed (Figure 6.4B and 6.4C). 
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Figure 6.4. (A) The metabolic (day 2, 7 and 11), (B) ALP (day 11) and (C) ALZ intensity (day 

21) of hMSC treated with the dissolution products of P45 compared to SM and OM. 

**p<0.01, ***p<0.001 and ****p<0.0001. (n=3). 

 

 

Porous P45 was incubated in OM- medium (osteogenic media without β-

glycerophosphate) to investigate the effects of the PBG degradation products in a pro-

osteogenic environment without its effects being masked by phosphate supplied by β-

glycerophosphate. As can be seen in Figure 6.5A, P45 demonstrated a significant 

increase in metabolic activity on day 11 while P45OM- (P45 in OM- medium), showed 

no significant changes from the P45, SM and OM- treatments. P45OM- did show 

increased metabolic activity compared to the OM control. Interestingly, P45OM- also 

demonstrated significantly more ALP activity on day 11 compared to all other 
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treatment conditions, however, despite this, no significant changes to ALZ staining 

were observed compared to P45 or the SM control (Figure 6.5B and 6.5C). 

 

 

Figure 6.5. (A) The metabolic (day 2), (B) ALP (day 11) and (C) ALZ intensity (day 21) of hMSC 

treated with the dissolution products of P45 incubated in SM and OM- compared to SM, 

OM and OM- controls.*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. (n=3 technical 

replicates). 
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6.3.3.2 Effects of mixed microsphere degradation products on hMSC gene 

expression  

The P45 formulation in both SM and OM- demonstrated strong promotion of ALP 

activity compared to the SM, OM and OM- controls. Despite the ALP activity seen, no 

ALZ stain intensity was observed. To investigate this osteogenic activity, hMSC 

indirectly treated with P45 in SM and OM- were collected and carried forward for gene 

expression analysis using TaqMan Low Density Arrays (TLDAs). Table 6.4 indexes all the 

gene groups analysed in this subsection. 

 

Table 6.4. Index of gene groups analysed in chapter 6 

Section Number Gene Group 

6.3.3.2.1 Proliferative 

6.3.3.2.2 Integrin 

6.3.3.2.3 Osteoblastic 

6.3.3.2.4 Notch 

6.3.3.2.5 TGF-β and BMP 

6.3.3.2.6 Wnt 
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6.3.3.2.1 Proliferative markers 

Proliferation gene expression markers CCND1, PCNA and MKI67 were observed after 

11 days of indirect treatment with P45 and P45OM- (Figure 6.6). P45 treatment 

showed no significant changes to gene expression when compared with the SM 

control. An increase in PCNA expression was seen with P45OM- expression compared 

to the SM control while P45 and OM- treatments in isolation also displayed no 

significant changes to expression. 

 

 

Figure 6.6. hMSC proliferation gene expression after 11 days of P45 and P45OM- treatment 

normalized to SM control. *p<0.05 (n=2). 
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6.3.3.2.2 Integrin markers 

Integrin subunit markers ITGA1, ITGA3 and ITGB1 were analysed for changes in 

expression after 11 days of indirect treatment with P45 and P45OM- (Figure 6.7). P45 

treatment demonstrated no significant changes to integrin gene expression when 

compared to the SM control. P45OM- showed significant increases in ITGA3 expression 

over the SM control, displaying similar levels of expression to that of OM treated 

samples. 

 

 

Figure 6.7. hMSC integrin gene expression after 11 days of P45 and P45OM- treatment 

normalized to SM control. *p<0.05 (n=2). 

 

  

IT
G

A
1

IT
G

A
3

IT
G

B
1

OM

OM-

P45

P45OM-

-2

-1

0

1

2

S
M

O
M

O
M

-
P
45

P45
O
M

-
-1

0

1

2

ITGA1

G
e
n

e
 e

x
p

re
s
s
io

n

(l
o

g
2
 f

o
ld

 c
h

a
n

g
e
 r

e
la

ti
v
e
 t

o
 S

M
)

* *

S
M

O
M

O
M

-
P
45

P45
O
M

-
-1

0

1

2

ITGA3

G
e
n

e
 e

x
p

re
s
s
io

n

(l
o

g
2
 f

o
ld

 c
h

a
n

g
e
 r

e
la

ti
v
e
 t

o
 S

M
)

*

*

S
M

O
M

O
M

-
P
45

P45
O
M

-
-1

0

1

ITGB1

G
e
n

e
 e

x
p

re
s
s
io

n

(l
o

g
2
 f

o
ld

 c
h

a
n

g
e
 r

e
la

ti
v
e
 t

o
 S

M
)



169 
 

6.3.3.2.3 Osteoblast markers 

Figure 6.8 showed the analysis of osteoblast markers RUNX2, ALPL, COL1A1, BGLAP, 

MSX2, DLX5 and SPP1 in hMSC after 11 days of treatment with P45 and P45OM-. 

Additionally, while not directly influencing osteoblast differentiation PPAR-γ and 

TNFRSF11 were also observed for changes in expression during indirect treatment. No 

significant changes in expression are observed between P45 treatment and the SM 

control. A significant difference in MSX2 expression was seen in P45OM- treated 

samples compared to OM-, where the latter is upregulated, P45OM- samples display 

levels of expression similar to that of SM. P45OM- also showed significant increases in 

PPAR-γ and ALPL expression and significant decreases in BGLAP expression compared 

to the SM control. No other osteogenic genes showed significant changes to 

expression. 
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Figure 6.8. hMSC osteoblast gene expression after 11 days of P45 and P45OM- treatment 

normalized to SM control. *p<0.05, **p<0.005 (n=2). 
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Notch markers were analysed in hMSC after 11 days of treatment with P45 and 

P45OM- (Figure 6.9). The genes analysed included Notch receptors (NOTCH1, NOTCH2 

and NOTCH3), ligands (JAG1, JAG2 and DLL1) and a Notch regulator (DLL3). P45 treated 

cells showed no significant changes in expression compared to the SM control. P45OM- 

treatments showed significant increases in NOTCH1 and NOTCH2 expression 
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compared to OM- treated cells, additionally, P45OM- treatments caused significant 

upregulation in NOTCH1 and NOTCH3 expression compared to the SM control. 

 

 

 

Figure 6.9. hMSC Notch gene expression after 11 days of P45 and P45OM- treatment 

normalized to SM control. *p<0.05, **p<0.005 (n=2). 
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6.3.3.2.5 TGF and BMP markers 

TGF and BMP markers were investigated for changes after hMSC were treated with 

the dissolution products of P45 and P45OM- for 11 days (Figure 6.10). Genes analysed 

included BMP ligands (BMP2, BMP4 and BMP5), TGFβ ligands (TGFβ1, TGFβ2, TGFβ3), 

SMADs (SMAD1, SMAD3, SMAD4, SMAD6 and SMAD7) and Noggin (NOG). P45 

demonstrated no significant changes to gene expression compared to the SM control. 

Similarly, P45OM- demonstrated no significant changes in gene expression compared 

to OM-. P45OM- did show a significant decrease in BMP4 expression compared to SM 

unlike the P45 treatment, which was not significantly downregulated. 
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Figure 6.10. hMSC TGF and BMP gene expression after 11 days of P45 and P45OM- 

treatment normalized to SM control. *p<0.05 (n=2). 
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6.3.3.2.6 Wnt markers 

Wnt markers were observed for changes in expression after 11 days of treatment with 

the dissolution products of P45 in SM or OM- (Figure 6.11). Wnt co-receptors (LRP5, 

LRP6, FZD1 and ROR2), ligands (WNT5A, WNT10B), inhibitor SFRP1 and transcriptional 

activator CTNNB1 were observed for changes in expression. P45 treatment revealed 

no significant changes to gene expression compared to the SM control. P45OM- 

treatment significantly increased ROR2 expression compared to OM- and the SM 

control. P45OM- also increased WNT10B expression compared to the SM control, 

showing similar levels of expression to that of OM-. 
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Figure 6.11. hMSC Wnt gene expression after 11 days of P45 and P45OM- treatment 

normalized to SM control. *p<0.05 (n=2). 
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6.4 Discussion 

Previous chapters demonstrated the cytotoxic effects of high degradation rate owing 

to high phosphate content when released onto hMSC. Rescue of the phosphate 

treated cells was possible through high-ratio (90:10%) mixing with a slower degrading 

formulation (P40) or as previously shown, high doses of calcium or magnesium (5 mM 

of CaCl2 and MgSO4). Manufacturing fully porous microspheres was not successful for 

the P50 formulations investigated previously, which was suggested to be due to the 

higher viscosity of those PBG formulations, which inhibited the escape of gas released 

from porogen decomposition before the molten particles had cooled. This study 

investigated the effects of a 5% substitution of phosphate for calcium (P50Ca25Mg25 

to P45Ca30Mg25) on manufacturing fully porous microspheres with interconnected 

pore generation and their effects on cell cytotoxicity and osteogenic differentiation. 

 

6.4.1 Material characterization 

Compositional analysis via EDX confirmed the P45 to be within 1-2% of the target 

formulation. The amorphous nature of the P45 formulation was also confirmed 

through XRD from the absence of any sharp crystallization peaks. Thermal analysis 

revealed a Tg and Tc onset at 565 °C and 625 °C, suggesting greatly increased glass 

stability, which was likely due to some integration of magnesium oxide into the 

phosphate backbone. Sahar and Abidin (1994) demonstrated increasing relative 

density with increasing MgO content in the (70-x)P2O5·30CaO·(0+x)MgO (x=0-35) PBG 

system. Additionally, Ahmed et al. (2010) demonstrated decreasing degradation rate 

of PBGs with increasing MgO content and attributed this to the Mg2+ ions ability to 

integrate into the PBG as a network former due to the lower coordination number (4) 

compared to Ca2+ (6) (Sahar and Kamaruddin, 1996). Patel et al. (2017) demonstrated 

that Mg-O bonds demonstrate a significantly shorter bond length than Ca-O bonds, 
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therefore, the potential integration of Mg2+ into the phosphate chain backbone would 

result in a more stable, slower degrading PBG. Finally, a 45% Q1 and 55% Q2 species 

distribution was identified compared to the previously observed 6% Q1 and 94% Q2 of 

the P50Ca25Mg25 formulation which suggested greater depolymerization of the 

phosphate network due to the 5% substitution of phosphate content for calcium 

(Ahmed et al., 2010).  

Interestingly, the 5% decrease in phosphate content from the P50 formulations likely 

decreased the viscosity previously seen, correlating with the study by Parsons et al. 

(2010) who demonstrated increasing viscosity with increasing phosphate content in 

the (40+x)P2O5·16CaO·24MgO·(20-x)Na2O (x=0-20) PBG system. This decrease in 

viscosity likely allowed for formation of external, surface level interconnected pores 

due to the escape of entrapped porogen before solidification of the glass microsphere. 

 

6.4.2 Effects of indirect treatment of PBG on hMSC 

Indirect porous P45 treatment demonstrated promotion of metabolic activity in hMSC 

compared to both the SM and OM controls. P45 treatment significantly increased ALP 

activity compared to the SM treatment, and when combined with OM- media (P45OM-

), demonstrated significant increases in ALP activity over the OM- and OM controls. 

However, despite the significant promotion of ALP activity observed, no changes to 

ALZ stain intensity were seen suggesting some inhibition of matrix mineralization 

activity. 

A 5% reduction in phosphate content and increase in calcium content from 

P50Ca25Mg25 to P45, demonstrated a significant change to the effect of PBG 

dissolution products on hMSC. Where P50Ca25Mg25 revealed detrimental effects on 

the cell monolayer, P45 promoted cell metabolic activity beyond that of the SM 
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control, even with greater surface area and thus increased degradation rates due to its 

porous nature. As demonstrated by Abou Neel et al. (2014), glasses with lower 

solubility through titanium doping better supported cell growth with human 

osteosarcoma cells when cultured both indirectly or directly on PBG discs. Uo et al. 

(1998) also noted decreases in cytotoxicity of human dental pulp cells when solubility 

of PBG was decreased. Ahmed et al. (2004) also demonstrated the degradation profiles 

of a similar PBG formulation (P2O5·CaO·Na2O), where phosphate content was fixed at 

45, 50 and 55% and calcium and sodium content were substituted. Ahmed et al. (2004) 

noted significantly increased solubility from the formulations fixed at 50% phosphate 

content compared to the 45% phosphate content formulations. Additionally, increases 

in calcium (30-40%) further decreased the solubility observed. These studies correlate 

with the data presented in this study, as a 5% substitution of phosphate content for 

calcium greatly decreased the observed cytotoxicity. The negative effect of high 

phosphate content in PBG and thus increased solubility on cell toxicity noted in this 

and various other studies was likely due to the increases in phosphate content 

released, known for its induction of apoptosis. This was also demonstrated by Magne 

et al. (2003) and Meleti et al. (2000), who showed the concentration dependent 

apoptotic activity of phosphate (1-7 mM) on osteoblast like cells, particularly in the 

presence of calcium (2.4 mM, with ATDC5 cells).  

Interestingly, P45 demonstrated significant promotion to ALP activity despite the 

suggested competitive inhibition of inorganic phosphate on ALP activity by Dean 

(2002). Furthermore, despite this significant ALP activity, no matrix mineralization was 

observed. The substantial distribution of pyrophosphate in the P45 formulation (55% 

Q2) likely promoted ALP protein activity while inhibiting matrix mineralization. 

Inorganic pyrophosphate is a known inhibitor of matrix mineralization due to its ability 

to sequester calcium and bind to mineralization sites, preventing hydroxyapatite 
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formation and integration into the collagen matrix (Addison et al., 2007; Fleisch and 

Bisaz, 1962). Paradoxically, pyrophosphate is known to promote its own cleavage 

through upregulation of ALP expression (Pujari-Palmer et al., 2016; Xu et al., 1991). 

Furthermore studies such as those done by Grover et al. (2013) demonstrated that 

pyrophosphate in cement matrix (28 wt% calcium pyrophosphate using β-TCP, 

orthophosphoric acid and pyrophosphoric acid) did not inhibit mineralization in vivo, 

but instead promoted it. It was suggested that this occurred due to the simultaneous 

promotion of ALP activity which counteracted its mineralization inhibitory nature. In 

contrast, this study observed no matrix mineralization despite significant ALP activity. 

This could be explained due to difference in timepoint and model as the study by 

Grover et al. (2013) was carried out in sheep over 12 months with increases over the 

control not seen before 12 months. It is likely then that the lack of matrix 

mineralization observed in this study was caused by a combination of two issues: i) the 

increased ALP activity was insufficient to counteract the high levels of pyrophosphate 

present at the tested time point and ii) osteogenic differentiation had not progressed 

sufficiently to allow for matrix mineralization.  

Porous P45 PBG microspheres demonstrated strong potential for promoting metabolic 

and ALP activity, beyond that of all previously tested formulations. Despite this matrix 

mineralization was still attenuated, likely in part due to the high pyrophosphate 

content. Further exploration of the gene expression on day 11 using TLDAs was 

conducted to help elucidate the cause of inhibition of matrix mineralization activity. 
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6.4.3 Effects of indirect treatment on hMSC gene expression 

6.4.3.1 Proliferation markers 

Indirect P45 treatment on hMSC for 11 days showed no changes to proliferation genes 

compared to the SM control. P45OM- treatment only showed a significant increase to 

PCNA expression compared to the SM control. Significant increases to metabolic 

activity were seen in P45 treated samples compared to the SM control while P45OM- 

treated samples did not demonstrate a significant change from SM. These results 

contrast with the changes to proliferative gene expression, suggesting increases in 

metabolic activity but not cell proliferation.  

 

6.4.3.2 Integrin markers 

Indirect P45 treatment caused no significant changes to integrin gene expression on 

day 11. P45OM- demonstrated increases to ITGA3, at similar levels to OM treated cells, 

compared to SM. Clover et al. (1992) demonstrated in situ, the high levels of β1 (ITGB1) 

and  α3 (ITGA3) in osteoblast cells. The data presented here however showed a lack of 

significant ITGB1 expression which suggested an inconclusive change to the promotion 

of integrin activity in the P45OM- treatment despite the increases to ITGA3 seen, as β1 

subunits as well as α subunits are required for the formation of functional integrin 

heterodimers (Brakebusch and Fässler, 2005). It is possible however, for calcium ions 

to bind to and promote integrin protein activation as highlighted by Xiong et al. (2002).  

 

6.4.3.3 Osteoblastic markers 

Indirect P45 treatment caused no significant changes to osteoblastic gene expression 

compared to the SM control. P45OM- treatment showed a significant decrease in 

MSX2 expression compared to OM- treated cells, demonstrating levels of expression 

similar to that of the untreated SM control. P45OM- also demonstrated significant 
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increases to PPAR-γ and ALPL expression as well as decreases to BGLAP expression 

compared to the SM control. 

As noted previously, PPAR-γ is not an osteoblastic marker, but an adipogenic marker. 

Its upregulation in osteogenic differentiation is unusual due to the antagonistic nature 

of the two lineages (Zhuang et al., 2016). The use of dexamethasone, a known 

promoter of PPAR-γ, is likely the cause of the increases in expression seen in OM, OM- 

and P45OM- treated samples. Studies such as Ghali et al. (2015) utilize 100 nM 

dexamethasone while still demonstrating an osteogenic phenotype. Regardless, it is 

unlikely that P45 contributed to the increases to PPAR-γ as P45 showed no significant 

increases to expression while P45OM- treatment showed similar levels of expression 

compared to OM and OM- treatments. 

ALPL expression was not significantly altered in P45 treated samples while a significant 

increase was seen in P45OM- treated samples compared to the SM control. This data 

contrasts with the ALP activity data seen when hMSC were treated with P45 and 

P45OM-. P45 treated cells demonstrated significant increases to ALP activity compared 

to SM, yet no significant increases to ALPL gene expression were observed. Conversely, 

P45OM- treated cells demonstrated significant increases in ALP activity compared to 

SM, P45, OM- and OM treatments while ALPL gene expression showed similar levels 

of expression to that of OM and OM-, suggesting little contribution from P45 to the 

promotion of ALPL expression at the timepoint analysed. This contrasting data can be 

explained by the high levels of pyrophosphate within the P45 formulation. Pujari-

Palmer et al. (2016) demonstrated a biphasic pattern to ALP promotion in MC3T3 cells 

when treated with increasing doses (0-1000 μM) of sodium pyrophosphate, showing 

increases in activity at 0.1 μM and 100 μM. However, increases in ALP gene expression 

were only observed at the 0.1 μM dose. Pyrophosphate was shown to increase either 
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or both ALP expression and enzymatic activity depending on the dose, which may 

explain the contrasting results of gene expression and enzymatic activity within this 

study.  

BGLAP is a notable marker for osteoblast differentiation. It plays a role in the inhibition 

of hydroxyapatite formation (Ducy et al., 1996; Price et al., 1976). Ducy et al. (1996) 

demonstrated that osteocalcin null mice resulted in increased bone mass and quality. 

Tsao et al. (2017) demonstrated significant increases to BGLAP expression only at day 

21 of hMSC in OM. Similarly, a significant spike in BGLAP expression is seen in murine 

MC3T3-E1 cells after 21 days of culture with PBG fibres (50P2O5·40CaO5·5Na2O·5Fe2O3) 

in OM media. Decreased levels of BGLAP expression observed were not unusual due 

to its noted late stage role in osteoblast expression (Rutkovskiy et al., 2016; Tsao et al., 

2017). Further timepoints may confirm the late stage upregulation of BGLAP in P45 

treated cells. Chapter 3 and 5 suggested that high levels of calcium (5 mM) may play a 

role in the upregulation of BGLAP and SPP1 which contribute to the binding and build-

up of calcium phosphate in culture leading to a false positive ALZ stain. The suggested 

decreased degradation profile of P45 due to 5% phosphate for calcium substitution, 

evidenced by significantly enhanced cell survival, would release less calcium into the 

media. The lack of BGLAP and SPP1 expression further supports the hypothesis that 

high levels of calcium released from PBGs can cause their upregulation.  

P45 treatment demonstrated no significant alterations of osteoblastic gene expression 

at day 11 of treatment while P45OM- displayed levels of expression similar to that of 

OM- treated cells, suggesting little contribution of P45 to the observed changes in gene 

expression. Ultimately, P45, either in SM or OM-, did not significantly impact 

osteoblastic gene activity however, further experimentation may be required to 

conclusively state the effect of P45 on ALP due to effects pyrophosphate has on both 
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ALP gene expression and enzymatic activity. Pyrophosphate has also been 

demonstrated to strongly inhibit matrix mineralization (Addison et al., 2007; Pujari-

Palmer et al., 2016) and as such, quantification of protein and pyrophosphate content 

may help further optimize PBG formulations in the future through the tailoring of 

pyrophosphate release profiles. Reduction of pyrophosphate content or slower 

degradation rates may result in less inhibition of matrix mineralization. 

 

6.4.3.4 Notch markers 

P45 treatment showed no significant changes to Notch gene expression compared to 

the SM control while P45OM- treatment demonstrated increases to NOTCH1 and 

NOTCH2 expression compared to the OM- control, suggesting contribution of the P45 

degradation products to the promotion of NOTCH1 and NOTCH2 gene expression. 

NOTCH1 and NOTCH3 also demonstrated increased levels of expression when treated 

with P45OM- compared to the SM control. Deregowski et al. (2006) has demonstrated 

that overexpression of NOTCH1 in murine ST2 stromal cells suppressed osteoblast 

differentiation through inhibition of Wnt/β-catenin signalling, likely through the 

destabilization of β-catenin or inhibition of its transactivating potential (Zanotti and 

Canalis, 2016). P45OM- demonstrates the strong promotion of Notch receptors, and 

no significant upregulation of DLL3 which acts as an antagonist to the Notch pathway 

(Ladi et al., 2005). The promotion of the Notch pathway through upregulation of its 

receptors would have negative consequences for osteogenic differentiation through 

the suppression of β-catenin stabilization and inhibition of RUNX2 by Notch target 

genes, HEY1 and HES1 (Deregowski et al., 2006; Lin and Hankenson, 2011). The data 

presented in this chapter suggests that P45OM- treatment strongly promotes Notch 

signalling which may have negative impacts on osteogenic differentiation. 
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6.4.3.5 TGF-β and BMP markers 

P45 treatment on hMSC revealed no significant changes to TGF-β and BMP gene 

expression compared to the SM control. Similarly, P45OM- demonstrated no 

significant changes to expression compared to the OM- control. P45OM- did show 

significant downregulation of BMP4 however, this level of expression was similar to 

that of OM and OM- suggesting minimal contribution of P45 to the change in 

expression. Maeda et al. (2004) showed that BMP4 was upregulated in late stage 

mature murine osteoblasts 24+ days into culture. Further timepoints may confirm 

increases in expression during osteoblast maturation. 

 

6.4.3.6 Wnt markers 

P45 treatment demonstrated no significant changes to Wnt gene expression compared 

to the SM control. P45OM- showed significant upregulation of ROR2 compared to OM- 

as well as significant upregulation to WNT10B and ROR2 compared to the SM control. 

WNT10B upregulation is known to inhibit adipogenesis while stimulating 

osteoblastogenesis (Ross et al., 2000). Furthermore, Bennett et al. (2005) showed that 

transgenic mice expressing WNT10B decreased the accumulation and development of 

adipose tissue while promoting increased bone mass and density. However, Cawthorn 

et al. (2012) demonstrated through retroviral expression in ST2 cells, the ability of 

WNT10B to promote osteoblast differentiation through a β-catenin dependent 

mechanism. No significant increases in β-catenin were observed, furthermore the 

previously seen NOTCH1 receptor upregulation would be anticipated to inhibit any 

remaining β-catenin activity through Notch target gene HES1 activity as suggested by 

Zanotti and Canalis (2016). 
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Billiard et al. (2005) demonstrated changes in the levels of ROR2 expression in various 

cell lines that represented stages of human osteoblast differentiation. A biphasic 

pattern of ROR2 activation was observed, with pre-osteoblasts demonstrating a 1-fold 

increase in expression, early osteoblasts demonstrating next to no increases in 

expression and late osteoblasts demonstrating a 0.6-fold increase in expression. The 

data presented here demonstrated a 1.4-fold increase in ROR2 expression compared 

to the SM control, approaching the pattern of expression seen in pre-osteoblasts. 

Billiard et al. (2005) suggested that WNT1 or WNT3 mediated ROR2 activation caused 

the initiation of an unidentified signalling cascade and that potentially inhibited β-

catenin stabilization due to the sequestering of Wnt ligands away from typical LRP-FZD 

receptor mediated pathways.  

Previous chapters suggested that high concentrations of calcium may be upregulating 

SFRP1 gene expression which in turn inhibits ALP activity (Yao et al., 2010). The 

suggested decreased solubility of the P45 formulation compared to the P50Ca50 would 

therefore likely release less calcium into medium. As demonstrated in this chapter, P45 

treatment in SM or OM- did not promote the expression of SFRP1, further suggesting 

the necessity of high levels of calcium in the promotion of this gene.  

Taken together, P45OM- treatment could result in attenuation of β-catenin related 

pathways through inhibition of stabilizing mechanisms required for downstream β-

catenin activity. This in combination with the upregulation of β-catenin attenuation 

activity by the Notch pathway may contribute to the lack of matrix mineralization 

observed, despite the high levels of ALP activity seen.  
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6.5 Summary 

Material analysis of the P45 formulation revealed a higher Tg and Tc onset, likely due 

to magnesium acting as an intermediary oxide, integrating itself into the phosphate 

chain backbone, leading to the creation of a more durable structure. A large shift from 

Q2 to Q1 was also observed in the P45 formulation (45% Q1 and 55% Q2), likely due to 

increased depolymerization of the phosphate network by calcium and magnesium. The 

previous chapter highlighted the impact of high viscosity on the spheroidization 

procedure, resulting in the entrapment of decomposing porogen within the viscous 

glass. As suggested by the literature, decreases in phosphate content and increases in 

calcium content likely decreased the viscosity of the P45 formulation. This chapter has 

shown that by reducing the phosphate content, and likely viscosity, gas bubbles can 

now escape the microsphere surface before cooling and solidifying. This escape allows 

for the generation of interconnected pores that are not solely internalized as 

previously observed with the P50 formulations. 

Decreasing phosphate content by 5% showed significant improvements over the 

previous formulations in both material and cell survival capacity. Indirect treatment of 

hMSC with P45 conditioned media revealed a strong promotion of metabolic and ALP 

activity but no promotion of matrix mineralization. The osteogenic effects were likely 

due to the abundance of pyrophosphate within the P45 formulation which is known to 

both inhibit matrix mineralization and promote ALP activity. The increases to activity 

alone were likely insufficient to clear the collagen matrix of bound pyrophosphate, 

impacting any potential matrix mineralization. Gene expression analysis revealed that 

the dissolution products from P45 significantly promoted ALP activity yet caused 

minimal changes to ALP gene expression. This corelated with literature which 

demonstrated that high levels of pyrophosphate (100 μM) may promote ALP protein 

activity but not gene expression. Treatment with P45OM- demonstrated the 
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upregulation of genes which suggest the strong attenuation of β-catenin stabilization 

mechanisms. The ubiquitination of β-catenin would prevent downstream genes such 

as RUNX2 from being upregulated, likely contributing to the lack of matrix 

mineralization activity observed. 

The data presented in this study further demonstrated the impact of high calcium 

levels on hMSC gene expression. Correlating with the data presented in chapter 3 and 

5, it is likely that calcium (5 mM) promotes the expression of matrix proteins BGLAP 

and SPP1, along with the Wnt antagonist SFRP1. The promotion of BGLAP and SPP1 

may lead to interference with the ALZ assay while SFRP1 has been demonstrated in the 

literature to strongly inhibit the Wnt pathway and may further contribute to the 

attenuation of β-catenin stabilization. 

This study highlighted a number of key issues involved with the promotion of 

osteogenic differentiation with PBGs. The levels of pyrophosphate were demonstrated 

to be of critical importance, with excess released into medium resulting in lack of ALP 

upregulation and even inhibition of matrix mineralization. Furthermore, it is likely that 

high levels of calcium (5 mM) promote SFRP1, BGLAP and SPP1. Ultimately, the P45 

formulation demonstrated no matrix mineralization, likely in part due to the 

overabundance of pyrophosphate but also due to the potential promotion of β-catenin 

degradation through Notch upregulation, leading to attenuation of critical osteoblastic 

proteins such as RUNX2. 
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Chapter 7 - Final Discussion 
 

There is increasing interest in the utilization of PBGs in bone regeneration due to their 

tailorable degradation rates and similar composition to the inorganic phase of bone 

(Hoppe et al., 2011). Increasing evidence demonstrates that the ionic dissolution 

products from PBGs have the capacity to drive the differentiation process of hMSCs 

(Barradas et al., 2012; Murphy et al., 2014). This thesis aimed to demonstrate the 

biological impact of PBGs on hMSC and how they may regulate gene expression. This 

was investigated using in vitro testing of PBG precursor compounds, PBG dissolution 

products, direct seeding onto PBG disc surface and gene expression analysis utilizing 

TaqMan Low Density Arrays (TLDAs). 

 

7.1 Possible role of PBGs in β-catenin destabilization 

Treatment of hMSC with high concentrations of calcium in the 555 treatment (5 mM) 

and MixOM- treatment (10% P50Ca50) demonstrated significant upregulation of 

SFRP1. SFRP1 is a Wnt antagonist that binds to Wnt ligands, preventing them from 

binding to their receptor and subsequently resulting in the inhibition of β-catenin 

stabilization (Yao et al., 2010). Treatment with the dissolution products of all tested 

PBG formulations (P40, Mix and P45) demonstrated upregulation of various Notch 

receptors (Notch1, Notch2 and Notch3) when in OM- compared to the SM or OM- 

control. Notch signalling promotes the upregulation of its target gene HES1 which has 

been noted to act as a repressor for β-catenin mediated transcription (McLarren et al., 

2001). The data presented in this thesis suggests that PBG dissolution products 

strongly promote destabilization of the β-catenin protein through two distinct 

mechanisms; i) upregulation of SFRP1 and ii) Notch signalling which are detailed below 

and illustrated in Figure 7.1. 
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β-catenin plays a key role in osteoblast differentiation and its inhibition has been 

demonstrated to attenuate osteogenic differentiation and bone formation (Glass and 

Karsenty, 2006; Marie, 2008). The canonical Wnt signalling pathway functions to 

promote the survival and action of the β-catenin protein. Wnt ligands bind to Frizzled 

(FZD) and low-density lipoprotein receptor (LRP) coreceptors and inhibit the GSK3 

destruction complex which works to phosphorylate β-catenin. In the absence of 

phosphorylation by the GSK3 destruction complex, β-catenin does not get 

ubiquitinated, resulting in its survival (Shares et al., 2018). β-catenin is then 

translocated to the nucleus where it binds to LEF/TCF transcription factors which work 

to promote expression of key osteogenic factors such as RUNX2 (Gaur et al., 2005; 

Shares et al., 2018). This pathway is illustrated in Figure 7.1A. 

SFRP1 acts as an antagonist to the canonical Wnt pathway by binding to Wnt proteins 

and inhibiting their activation (Bovolenta et al., 2008). Studies such as those done by 

Yao et al. (2010) and Bodine et al. (2004) demonstrated the negative impact SFRP1 has 

on bone density, osteoblast maturation markers and ALP activity. Calcium has been 

integrated in PBG for its capacity to act as a modifier oxide but also due to the 

proposed benefits of calcium for osteogenic differentiation (Hoppe et al., 2011; Maeno 

et al., 2005). Whilst studies such as Lin et al. (2020) have demonstrated increased 

osteogenic differentiation in calcium containing PBG formulations, the ALP and gene 

expression data presented here suggests that high concentrations of calcium may 

contribute to the upregulation of SFRP1 and thus the inhibition of osteogenic 

differentiation as illustrated in Figure 7.1B. 

Notch plays a key role in determining cell fate and function. The activation of Notch 

receptors leads to their cleavage by the γ-secretase complex and the subsequent 

release of the Notch intracellular domain (NICD) (Zanotti and Canalis, 2016). The NICD 
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is then translocated to the nucleus and binds to mastermind-like (Maml), promoting 

Notch target genes, HEY and HES1 (Lin and Hankenson, 2011). These genes have been 

demonstrated to ablate RUNX2 transcription thought he inhibition of β-catenin activity 

within the Wnt pathway (Deregowski et al., 2006; Hilton et al., 2008; Zamurovic et al., 

2004). All tested PBG microspheres (P40, Mix and P45) within this study demonstrated 

some promotion of Notch receptor expression when in a pro-osteogenic environment, 

with only MixOM- demonstrating potential Notch signalling attenuation through the 

upregulation of Notch antagonist DLL3. 

This study highlights the previously unexplored destabilization of β-catenin though 

application of PBG dissolution products and the two mechanisms by which this may 

occur. Confirmation of SFRP1 mediated Wnt inhibition may be achieved using calcium 

doses or dissolution products of PBG with increasing calcium content, delivered to 

hMSC where fluorescent protein tagged β-catenin, western blotting or 

immunofluorescence may be used to quantify or localize the protein content (Flozak 

et al., 2016; Kafri et al., 2016; Tan et al., 2014). Confirmation of Notch mediated β-

catenin attenuation may be achieved using qRT-PCR analysis to quantify Notch target 

genes and Wnt target genes as well as quantifying and observing β-catenin localization 

as described previously (Regan and Long, 2013). 
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Figure 7.1. Illustration demonstrating (A) The successful activation of the Wnt pathway 

through the binding of a Wnt ligand to the LRP-FZD coreceptors resulting in the inhibition 

of the GSK3 destruction complex and accumulation of β-catenin (β-cat) in the nucleus which 

binds to TCF/LEF and promotes gene transcription. (B) The proposed mechanism of PBG 

mediated β-catenin destabilization through the binding of Wnt ligands by SFRP1, preventing 

them from activating the LRP-FZD coreceptors resulting in the phosphorylation and 

destruction of β-catenin (β-cat) by the GSK3 destruction complex. (C) The second proposed 

mechanism of PBG mediated β-catenin destabilization through the binding of the Notch 

target gene Hes1 to Groucho, preventing the accumulated β-catenin (β-cat) from Wnt 

signalling from promoting transcription. 
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7.2 Pyrophosphate and its role in matrix mineralization 

The data presented here demonstrated that excess levels of phosphate anions can 

cause significant cell death when applied to hMSC at high doses (>1.25 mM). Chapter 

3 demonstrated that this toxicity can be mitigated by doses of calcium and magnesium 

(5 mM). PBGs that contain less phosphate content and increased modifier oxides 

(MOs) such as calcium or magnesium would result in slower degradation profiles as 

increased depolymerization occurs with the addition of further MOs (Ahmed et al., 

2018). Slower degrading PBGs would release less phosphate anions into medium 

whose minimized toxic effect can be further attenuated by the increased calcium and 

magnesium concentration.  

This study demonstrated with the P40 (51% Q1) and P45 (45% Q1) formulation that ALP 

activity was significantly upregulated in the pro-osteogenic environment of OM- yet 

demonstrated no matrix mineralization activity. Studies have demonstrated the 

inhibition of pyrophosphate on hydroxyapatite formation though the blocking of 

matrix mineralization sites and the sequestration of calcium (Addison et al., 2015; 

Orriss et al., 2016). This inhibitory activity can be reversed though pyrophosphate 

hydrolysis by ALP to produce orthophosphate units which can be incorporated into the 

collagen matrix (Omelon et al., 2009; Orimo, 2010; Xu et al., 1991). Orimo (2010) 

suggested that the ratio of pyrophosphate and orthophosphate units may play a key 

role in determining successful matrix mineralization due to the ability of 

pyrophosphate to block matrix mineralization sites. This correlates with the study by 

Pujari-Palmer et al. (2016) who demonstrated that pyrophosphate may promote ALP 

activity and gene expression. Taken together, it is likely that pyrophosphate in culture 

may promote some ALP activity, however, excess pyrophosphate may saturate ALP 

enzyme capacity, preventing all pyrophosphate from being removed from the matrix. 

The high Q1 content of the P40 and P45 formulations suggests possible contribution of 
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pyrophosphate ions released which may promote ALP activity whilst inhibiting matrix 

mineralization sites due to oversaturation. Additionally, it should be noted that other 

phosphate species released from PBGs such as polyphosphate and metaphosphate 

may contribute to the observed effects on hMSC. Many studies demonstrate that 

polyphosphates showed a comparable mineralization inhibiting effect to that of 

pyrophosphates (Hoac et al., 2013; Leyhausen et al., 1998; Omelon et al., 2013; 

Omelon and Grynpas, 2011), however, recent studies demonstrate polyphosphate 

mediated β-catenin upregulation that was similarly seen in the MixOM- formulation 

which contains 10% P50Ca50 (5% Q1 and 95% Q2) suggesting some contribution of 

polyphosphates to the upregulation of this gene (Ardeshirylajimi et al., 2018).  

 

  



194 
 

7.3 PBG design for adhesion or osteogenic differentiation 

While significantly lower cell counts were observed with hMSC seeded directly onto 

the P40 PBG disc compared to the slower degrading P30 formulation, indirect assays 

with P40, P35 and P30 revealed minimal changes to cell metabolic or osteogenic 

activity compared to the undifferentiated control. Additionally, indirect P40 

treatments demonstrated no significant downregulation of integrin gene expression. 

This study correlates with others in the literature indicating superior cell adhesion with 

decreasing solubility of the PBG formulation  (Navarro et al., 2003b; Skelton et al., 

2007b). However, this study also highlighted the disconnect between cell adhesion on 

faster degrading formulations (P40) and the impact of their dissolution products on 

metabolic and osteogenic activity. While a PBG formulation may behave in 

biocompatible or even pro-osteogenic manner when indirectly tested with PBG 

dissolution products, direct culture on the PBG surface may result in significant cell loss 

depending on the dissolution rate of the formulation. Furthermore, whilst calcium and 

magnesium ions released from the P40, P35 and P30 formulations may interact with 

and promote integrin mediated adhesion, the reductions of phosphate content in the 

P35 and P30 formulations could result in a decreased degradation profile and thus 

release less calcium and magnesium ions into the culture media (Tharmalingam and 

Hampson, 2016; Xiong et al., 2002). Ultimately, it was likely that the degradation of the 

glass disc surface itself caused detachment and loss of cells from the PBG surface 

(Navarro et al., 2003b). This disconnect poses a problem for the design of PBG 

microspheres for the promotion of osteogenic differentiation and bone growth, due 

to the conflicting goals of providing the cell sufficient dissolution products required to 

elicit a biological response and designing a PBG formulation with a slow enough 

degradation profile to support cell adhesion. This hypothesis correlated with the data 

presented by Abou Neel et al. (2014) who demonstrated the culture of human 
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osteosarcoma (HOS) cells on glass discs with increasing titanium content 

(50P2O5·30CaO·(20-x)Na2O·(x)TiO, x=0, 5, 10 and 15). It was demonstrated that while 

glasses with titanium content (and thus lower solubility) provided a more stable 

surface for cell adhesion and growth, all glasses with titanium demonstrated no 

significant changes to osteoblastic genes or ALP activity compared to the tissue culture 

plastic control. 

The data presented here also highlighted the previously unexplored potential of PBG 

microsphere mixing. Utilizing P50Ca50 and porous P40 in a 10:90 mix allowed for 

significant cell survival whilst increasing the calcium content released from the 

microsphere mix. Likewise, utilization of two distinct PBG formulations, a slow 

degrading PBG to act as a cell scaffold and fast degrading PBG for enhanced ion release 

in combination may alleviate the disconnect observed when attempting to design a 

single PBG formulation for conflicting goals. 
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7.4 Future work 

The data presented here highlights key challenges within PBG development for tissue 

engineering applications that had previously not been explored. Future optimizations 

to the PBG formulation may aim to tackle these issues to develop a formulation that 

elicits a stronger osteogenic response. Pyrophosphate content release may be reduced 

through the decrease of PBG solubility, through the addition of titanium or decreasing 

Q1 content though reductions in phosphate content. An investigation into the use of 

lithium as a MO may prove to be an interesting solution to the observed promotion of 

β-catenin destabilization genes, due to lithium’s demonstrated ability to inhibit the 

GSK3 destruction complex (Li et al., 2017). The GSK3 destruction complex is the major 

enactor of β-catenin destabilization through phosphorylation, and its inhibition may 

result in less attenuation by SFRP1 and increased accumulation of β-catenin in the 

nucleus. Exploration of a secondary, slower degrading formulation to act as a cell 

scaffold may provide a more suitable surface for cell adhesion.  

Measurement of osteogenic activity for cells treated with PBG dissolution products 

proved to be challenging due to the demonstrated blocking of matrix mineralization 

though potential pyrophosphate and polyphosphate activity as well as transcriptional 

upregulation of matrix proteins BGLAP and SPP1. While blocking of matrix 

mineralization may mask potential osteogenic activity, BGLAP and SPP1 could promote 

the detection of false positives through their affinity for calcium, resulting in the build-

up of non-biological deposition (Sage et al., 2011; Zoch et al., 2016). Utilization of a 

non-calcium based osteogenic assay such collagen staining using sirius red (Nie et al., 

2016) or osteonectin immunocytochemistry stains (Junker et al., 2010) may help 

elucidate the contribution of PBGs to osteogenic differentiation despite any 

mineralization blocking activity that may be present. Protein quantification of ALP 

through protein quantification kits or western blotting may also help identify the 
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contribution of PBG dissolution products to ALP protein activity while alleviating the 

concerns of the ALP and ALZ assays (Pujari-Palmer et al., 2016; Yamaza et al., 2018). 

Finally, while gene expression analysis is a useful tool for identifying PBG mediated 

gene expression changes within the cells, validation of post-transcriptional protein 

levels would confirm the effects of the gene expression changes observed. 

Immunocytochemistry or western blotting may help identify the changes in protein 

levels and combining these with gene expression data would generate stronger 

evidence of the effects of PBG dissolution products on osteogenic activity. 
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7.5 Final conclusions 

This thesis has demonstrated novel findings into the effect of PBG on mesenchymal 

progenitors. PBG dissolution treatments demonstrated promotion β-catenin 

destabilization through Notch signalling and SFRP1 upregulation, which in turn inhibits 

osteogenic differentiation through inhibition of β-catenin mediated RUNX2 

upregulation and activity. Additionally, pyrophosphate was demonstrated to likely act 

as a double-edged sword, both promoting ALP activity while inhibiting matrix 

mineralization when oversaturated, suggesting that a potential balance between 

pyrophosphate and orthophosphate that must be met to promote an overall net 

positive effect on matrix mineralization. Microsphere mixing was demonstrated to be 

a novel approach in developing and optimizing PBG microspheres for different 

functions in a unified goal of promoting both a surface for cell adhesion and dissolution 

products for differentiation. Taken together the results present a strong foundation 

for the development of next generation PBG formulations that could promote 

osteogenic differentiation and bone growth. 
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Appendix I – PrestoBlue Optimization 
 

 

Appendix Figure 1. PrestoBlue optimization at day 2, 7 and 11 on hMSC culture. 40 

minutes was the selected incubation time due to being within the linear phase.  



232 
 

Appendix II – cDNA validation 
 

Appendix Table 1. Housekeeping gene primers used for cDNA validation 
 

Β-Actin 

Forward TCACCCACACTGTGCCCATCTACGA 

Reverse CAGCGGAACCGCTCATT GCCAATGG 
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Appendix Figure 2. cDNA validation of hMSC samples by RT-PCR and gel 

electrophoresis. Successful validation of SM (1, 13), OM (2,14), OM- (3, 15), 555 (4, 16), 

P40 (5, 17), P40OM- (6, 18), Mix (7, 19), MixOM- (8, 20), P45 (25, 27) and P45OM- (26, 

28) samples against no tissue control (9, 21,29), RT negative (10, 22, 30), RNA negative 

(11, 23, 31) and PCR negative (12, 24, 32).  


