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Abstract 
The ions released from materials used in orthopaedic repair can affect bone 

remodelling. These ions can be released as unintentional by-products of implant 

wear or can be intentionally released as part of implant design (e.g. bioactive 

glasses, cements and hydrogel). Furthering the understandings of how these 

ions (with a focus on Cobalt (Co) and Silicate (Si)) interact in vitro in this study, 

these ions affect bone remodelling and will allow the development of new 

materials with improved outcomes following implantation. The effects of these 

ions on bone remodelling cells, specifically on monocytes, osteoblasts and 

osteoclasts were performed and potential mechanistic cellular pathways (the 

hypoxia inducible factor (HIF) pathway and Fenton reaction) were investigated. 

This included the development of a new in vitro model of bone resorption using 

a sub-clone of mouse macrophage cell-line (RAW264.7), creating a novel non-

primary cell line that demonstrates bone resorbing activity.  

Co ions, at concentration range below 200µM reported in the bone implant 

interface of failed implants (25-100µM), were found to increase the sub-unit of 

Tartrate resistant acid phosphatase 5b (TRAP-5b) expression, this enzyme is 

osteoclast specific in the osteoclast sub-clone cell lines, hence correlated to 

increased osteolysis (p<0.001). Co ions also increased osteoblast expression of 

the osteoclastic differentiation factor RANKL, reactive oxygen species (ROS) 

generation and macrophage phagocytic activity (p<0.001). These results suggest 

that Co ions may contribute inflammatory osteolysis and cause aseptic implant 

failure. Furthermore, inhibition of the HIF pathway using echinomycin (an inhibitor 

of HIF-1a transcriptional factor binding), reduced these Co ion dependent 

osteoclastogenic and inflammatory effects, supplying evidence of Co ion 

stabilization of the HIF-1a pathway.  

Bioactive glasses release Si which hypothesise to encourage bone formation. 

There is, however, little understanding of how Si interacts with osteoclasts. A 

possible cellular mechanism for this inhibition was investigated, whereby Si was 

found (concentration dependently) to inhibit ROS generation in osteoclasts via 

the Fenton reaction. The addition of iron (II) ions (10 µM FeCl2) restored 

osteoclastogenesis (p<0.001), suggesting, for the first time, that Si chelation of 

iron, may be responsible for enhanced bone formation.  

These results furthered our understanding on how Co and Si released from 

materials influence bone remodelling and may enable the development of 

materials that control bone resorption and bone formation depending on the 

disease and patient.  
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Impact statement 

Orthopaedic implant ion release can affect bone remodelling. In this thesis, I 

investigated the unintentional release of ions (Co, Ti, Cr) from permanent 

orthopaedic implants and intentional release of ions (Si and Ca) used in bone 

graft materials, on bone remodelling with a focus on osteoclastogenesis.  

During the investigation of the effect of these ions on bone resorption, a new 

protocol was developed for obtaining bone resorbing from sub-clone of 

RAW264.7 cells. This protocol enables, for the first time, the creation of a cell-

line capable of bone-resorption. The use of this cell line has significant 

advantages over the limited expansion potential of primary cells, increased 

reproducibility and reduced animal usage. Further the maintenance of osteoclast 

phenotype with passage number was also investigated and these parameters 

would improve osteoclast research. There is also potential for commercial 

exploitation of this bone resorbing cell line.  

Cobalt ions released from CoCr implants increased osteoclastogenesis (TRAP5b 

secretion), ROS production and activation of macrophages. This may be a cause 

of inflammatory osteolysis thus led to aseptic loosening observed in CoCr 

implants. Furthermore, the results demonstrated that the mechanism for this 

increase was via the HIF pathway. This understanding of the pathway may 

contribute to improve implant design and novel treatments to delay HIF mediated 

inflammatory osteolysis and aseptic loosening.  

Finally, this is the first time, a cellular mechanism for the effect of Si on bone 

remodelling was demonstrated. Si inhibited bone resorption via an Fe dependant 

process (the Fenton reaction). The addition of Fe reversed this inhibition, 

suggesting Si-Fe interactions within the cell are responsible for this inhibition. 

Understanding the role of Si will enable the development of new biomaterials and 

in particular Si based bioactive glasses, with specific Si release rates for specific 

bone repair strategies.  

The controlled release of both silicate and cobalt ion could lead to new materials 

that have better control of bone resorption by both inhibiting, or promoting bone 

resorption, depending upon the patient age and underlying diseases.  
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1. General introduction 
Orthopaedic implants can be loosely divided into two types; non-degradable and 

biodegradable implants (Figure1.1), these can release both intentional (through 

design) and unintentional release of ions. Permanent (metallic) orthopaedic 

implants have undesirable, non-designed ion release (caused by wear and 

corrosion), which contributes to chronic inflammation in the implant interface 

tissue [10], inflammatory osteolysis [11] and consequently aseptic loosening of 

the orthopaedic implant. This undesirable release of metallic ions can also 

because systemic effects caused by cobalt toxicity such as inflammation in distal 

organs.  A recent study reported that this can lead to neuro-toxicity and heart 

failure [12]. Aseptic loosening of orthopaedic implants remains the major cause 

of implant failure (Figure1.2a). 

 

 

Figure1.1: Common types of FDA approved permanent and biodegradable implants.  Non-
degradable implants (a-e), including: (a) CoCr total hip implant, (b) titanium containing knee 
implant, (c) alumina containing acetabular cup, (d) titanium endodontic implants, (e) 
Polyetherketoneketone (PEEK) implants for skull and maxillofacial repair. Biodegradable bone 
implants including; (f&g) Smartnails and Smartpins (PLLA) for bone implant temporary fixation, 
(h) HAPEXTM (hydroxyapatite and polyethyelene composition), (i) 45S5 Bioglass® (silicate based 

bioactive glass), (j) Biosphere Putty®, a 45S5 bioglass® phospholipid composite, (k) 
Polycaprolactone (PCL) materials for anterior cruciate ligament (ACL) reconstruction.  

Other orthopaedic implants are however, designed to release ions to stimulate 

bone formation in a process as ‘therapeutic ion release’ [13]. This thesis 

investigates the role of some of these ions, focusing on the effect of Co and Si 

(silicate, Si (OH)4) on bone remodelling using in vitro models. Understanding the 

cellular mechanisms by which these ions influence bone remodelling will enable 

the creation of improved orthopaedic implants with better implant lifespan. The 

third generation of biomaterials focus on modulating the intracellular mechanisms 

as well as external physical binding. In order to achieve modulation of intracellular 
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mechanism, this includes the creation of bone materials with ion release dynamic 

dependent upon patients’ underlying bone physiology. 

 

1.1 The increasing need for improved bone materials 
An ageing population, an increased occurrence of skeletal disease and a finite 

(current) orthopaedic implant lifespan, means that there is an urgent need for 

improved bone materials. The number of people in the world aged 60 years and 

over will increase by 56% between 2015 and 2030, from 0.9 billion to 1.4 billion 

people [14]. In the United States (US) alone, over 6 million people visit hospital 

annually because of joint problems [15]. Furthermore, the American Joint 

Replacement Registry reported that between 2012 and 2015, there was a 102% 

increase in the number of primary and revision procedures compared the 

previous three years [16]. A similar trend was found in the UK (Figure1.2) in 

addition to increasingly younger and more active ageing patients require implants 

[17], with the additional issue of significantly reduced implant survival due to 

increased wear debris as a result of increased physical activity [18]. 
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Figure1.2: The statistics of hip and knee replacements in the UK and Sweden. Cause of failure over time (a). The patient age of primary implant, the 
average age at which patients received a knee implant decreased between 2003 and 2017. While the average age at which patients received a hip 
implant remained constant in the UK (b). The gender distribution of having hip and knee replacement (c). The number of hip and knee replacements 
performed from 2013-2017(d). Primary outcome averages collated from [19-23].
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1.2 Trauma - diseases requiring orthopaedic implant 
intervention 
Osteoarthritis (OA) is the most common reason for total joint replacements 

(TJRs), accounting for 70% of patients undergoing hip replacements and 87% of 

patients undergoing knee replacements [16]. In the UK between 2016 and 2017, 

over 200,000 patients underwent joint replacements, 70% of whom were 

diagnosed with OA  [23]. In the US, the direct costs related to osteoarthritis and 

its associated complications are estimated to amount to over $28.6 billion in 2010 

[24, 25].  

 

Bone implants are needed to treat patients with severe fractures and/or bone 

trauma. Several types of fractures can occur as a result of: (1) Low energy 

fractures in elderly patients with fragile bones or bone disease (e.g. osteoporosis 

and osteogenesis imperfecta); (2) high energy trauma, which results in complex 

fractures; (3) bone and joint infections and (4) bone cancer (Figure1.3). 
 

 

 

 

 

 

 

 

 

 

 

 
Figure1.3: Types of fracture in the UK annually. 93% of the patients have low energy bone 
fracture [26, 27] [27, 28]and 4% is joint infection [29, 30]and 3% is high energy fracture [31]. Only 
a small portion of patients affected by patients affected by bone cancer [32]. 
 

1.2.1 Types of orthopaedic implants 
Implants for bone can include oral/dental, maxillofacial and joint or long bone 

implants. These have been extremely successful in relieving pain, restoring 

mobility and functionality as necessary. In total these implants represent a $2.8 

billion global market (2011), which is expected to see significant and continued 
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growth [33]. The global market for orthopaedic implants is expected to be $61.02 

billion in 2023 [34]. Although traditional permanent implants have proved clinically 

efficacious, their inability to adapt to environmental changes (e.g. bone growth 

and infection at implant site) combined with the inevitability of implant wear debris 

generation (see section1.4.3), means that implant failure is almost certain. 

Extending the duration of implant success with improved orthopaedic implants 

would lead to a significant socio-economic impact. 

 

A wide range of materials have been used for orthopaedic implant including metal, 

polymers and ceramics. Materials for orthopaedic implants have traditionally 

been chosen because of their mechanical properties: due to the high mechanical 

loading demands, the need to reduce friction between moving components (e.g. 

femoral head and acetabular cup) and long-term interactions within biological 

environments (e.g. limiting undesirable debris production). Different materials are 

used for different applications depending on these mechanical properties.   

 

1.2.2 Partial and total joint replacements 
Partial and TJR implants (including total hip, shoulder and knee replacements), 

are metal on polyethelene (M-O-P) implants and are by far the most commonly 

used. They account for 51% TKR  and 59% THR and of all TJRs [23, 35]. Metals 

such as stainless steel, titanium (Ti-6Al-4V), and cobalt are the main types of 

metals used in permanent bone implant materials. Non-metal materials have also 

become popular in recent decades, including synthetic and natural polymers, 

ceramics (calcium phosphate-based and silicate-based) and composites. 

Composite materials are composed of a mixture of different chemical and 

physical materials. Tables1.2 summarise the chemical compositions and 

associated advantages and disadvantages of different types of materials.  Based 

on their mechanical properties, materials used in implants can be divided into 

three groups: brittle (e.g. PMMA), ductile (e.g. metal), and viscoelastic (e.g. bone 

and ligaments). Brittle materials do not accommodate plastic deformation as they 

break with elastic deformation following a linear stress-strain curve. Ductile 

materials can undergo large plastic deformation before failure. Viscoelastic 

materials display time-dependent and load-dependent stress-strain behaviour 

(hysteresis). Therefore, adapting both structural stiffness, fluid permeability and 

porous design would allow a better implant material to be made that similar to 
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host bone young’s modulus which would resist the physical loading and allow 

nutrients and cell transfer [36]. 

 

1.2.3 Comparison of current metal-based bone implants 
Current metal-based bone implants can be separate in three compositions, 

stainless steel, cobalt chrome (CoCr) and titanium (Ti) based implants, table1.2 

displays some advert inflammatory responses induce by those wear debris/ions 

in the bone-implant interface. Implant materials inevitably produce wear 

debris/ions, the average wear factor is 106 mm3/N. The coefficient of friction for 

implant materials varies from 0.16 to 0.05 depending upon the materials that are 

in contact and the kind of lubricant used for testing [37]. This is complicated 

further as it can be affected by many external conditions such as pressure, 

temperature, sliding speed etc.  

 

Stainless steel (316L) material used in bone implants are consists of a Fe-Cr-Ni-

Mo-based alloy with 16-18% chromium, 10-14% nickel, 2-3% molybdenum, trace 

elements, and balanced iron [38]. Stainless steel was a popular material for bone 

implant in the period between 1950-1970s due to its cheap manufacture and 

mechanical properties, but became rapidly replaced by CoCr and Ti-based 

materials due to their anti-corrosive properties in addition to mechanical 

properties [39]. Stainless steel materials are now used in non-permanent bone 

implant and fixation (ramus blade, ramus frame, stabilizer pins and some 

mucosal insert). Long term use and combination of using with other metal such 

as Ti, Co and Zr (Zirconium based) has shown a to have a high galvanic corrosion 

[40].  

 

Co-Cr material (Vitalliumâ, ASTM F75) has been used since 1932. However, 

this material was developed with little understanding of its underlying cellular 

mechanisms. CoCr based implant are used by 59% patients under National 

Health service UK (NHS), it has a long history of use (the first was used in 1928), 

low manufacture cost, with bulk material costing USD $330,000/ m3, compared 

to titanium (Ti) bulk implant material costs USD $400,000/m3 [41]. Compared to 

stainless steel, CoCr based implants display relatively low corrosion in chloride 

environments due to the addition of nickel (Ni) and formation of a chromium oxide 
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(Cr2O3) passive layer [42]. They also have comparable mechanical strength 

compared to stainless steel and Ti-based implant [43].  

 

As our understanding of this material’s interaction with the body has expanded, 

it has become clear that this material is suitable for use in bone implants if the 

corrosion rate is well controlled. Ti-based implants are composed of pure 

titanium and Ti–6Al–4V, these are implant materials substituted for patients with 

Ni or CoCr hypersensitivity. Ti-based implant can produce more wear debris, 

however titanium alloy with a polyethelene combination has a maximum wear 

averaging 74.3% higher compared with CoCr based implant [44]. Ti based alloys 

undergo severe wear when it comes to contact with other metal surfaces due to 

its high average coefficient friction against a plethora of different surfaces [45]. 

This is due to the nature of Ti alloys, with a high adhesive wear, the microscopic 

particles such as TiO2 on the metal surfaces come into contact through sliding, 

weld together increasing rupture strength compared with underlying material [46]. 

The mechanical strength of Ti-based implants compared with CoCr implant is 

much lower (55-110 GPa vs 230 GPa) [43]. Because of the shiny grey 

appearance of Ti-based materials, they have aesthetic issues, particularly in 

dental implants. Zr-based implants have an appearance similar to a tooth, and 

so are being used increasingly to improve the aesthetic quality of implants [47].   

 

1.2.4 Polymers 
Polymers can be separated into synthetic and natural polymers. Synthetic 

polymers used in orthopaedic implants are commonly ultra-high molecular weight 

polyethylene (UHMWPE) and poly-methyl methacrylate (PMMA). Recent studies 

have shown that bulk PMMA and its particles induce chronic inflammatory 

cytokine production, producing “cement disease”. This is still not well understood, 

which can cause hypoxia, hypotension, cardiac arrhythmias, and cardiac arrest [48]. 

UHMWPE was developed to reduce production of wear debris and has been 

used as a bearing material in TJRs for more than 50 years [49]. Commonly used 

natural polymers include collagen, glycosaminoglycan, silk [50], fibrin and 

hyaluronic acid-based [51] biomaterials. These materials resemble the material 

properties of natural tissues such as type I collagen. They are advantageous 

because they contribute to mineral deposition, vascular ingrowth and growth 

factor binding, therefore provide a favourable environment for bone regeneration. 
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1.2.5 Ceramics 
Ceramics are inorganic, non-metallic materials that possess a crystalline or a 

combination of amorphous and crystalline structures e.g. glass-ceramic or glass 

(completely amorphous). Ceramics typically have high compressive strength and 

low ductility, allowing them to provide high resistance to deformation but are 

susceptible to shattering. The compressive modulus of ceramics often exceeds 

the value commonly seen in trabecular bone. 

 

In the early 21st century there is a surge increase of implant femoral head failure 

[52], thus the alumina and zirconia system was developed instead of using 

monolithic zirconia or alumina alone.  The zirconia addition promotes composites 

with higher densities, higher flexural strength (93%) and fracture toughness (29%) 

compared to the pure alumina ceramics and has been shown to have high wear 

resistance and low fracture/failure rate [53]. The alumina and zirconia system 

which alumina forms the primary or continuous phase (70–95%) and zirconia 

forms the secondary phase (30% –5%) [54]. These implants are used for dental 

and the coating of weight-bearing implants. Using a grain-refinement 

manufacturing method can reduce failure rate due to brittleness, particularly in 

orthopaedic implant coating [55].  

 

1.2.5.1 Bio-ceramics 
Bio-ceramics are a type of ceramic that can enhance bone binding, this is 

normally refer to hydroxyapatite formation and have been used in bone 

regeneration [13]. Bio-ceramics act as a controlled released scaffold in the site 

of implantation that allow therapeutic ion release. Calcium sulphate (plaster of 

Paris) has had a long clinical history in use as a bone graft substitute at various 

skeletal sites compared with bioactive glass, including mandibular, craniofacial 

and long bone defects. Calcium phosphate, such as conventional hydroxyapatite, 

β-tricalcium phosphate (β-TCP) and HAp/β-TCP, have been used as bone 

regeneration materials.  These materials have very similar mechanical properties 

(2.4GPa) compared to trabecular bone (0.1-5 GPa) [56]. The calcium phosphate-

based glass bonds more quickly to bone and it stimulates collagen formation and 

mineralisation, thereby promoting new bone growth. Because of its desirable 

effects on cellular functions, bioactive glass is ideal for use in tissue engineering 

scaffolds. 
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1.2.5.2 Si-based bioactive glasses (BG) 
Bioglassâ 45S5 was invented by Larry Hench in 1969 [13] compared with 

traditional hydroxyapatite ceramics, it is stronger (35GPa) than cortical bone (7-

30GPa) [13, 57] and calcium phosphate-based glass (2.4GPa) [58]. Si-based 

BGs are composed of silica oxide (SiO2) as the network former and could 

incorporate calcium, phosphorous, sodium and other ions [57]. For example, in 

Bioglassâ 45S5, which uses SiO2 as a network former, the p-block elements (i.e., 

Si, B, P, and Ge) form strong tetrahedral bonds to oxygen. In the presence of 

Ca2+ and Na+ ions (s-block elements) act as network modifiers. Weak and non-

directional bonds to oxygen create non-bridging oxygens (NBO) in the glass 

network, creating flexible scaffold coordination geometries (e.g. Si-O•Na instead 

of Si-O-Si) (Figure1.10). These ions are released into tissues in a controlled 

manner because of the ion scaffold degradation. 

 

For analysing the scaffold physiological activity, such as rapid mineralization can 

be measured by technique such as 31P magic angle spinning nuclear magnetic 

resonance (MAS-NMR) spectroscopy [59]. The release of alkaline ions (Ca2+ and 

Na ions) can elevate the pH of the surrounding tissue, which is favoured by 

osteoblasts and promotes osteogenesis. Borate bioactive glass (13-93B1 and 

13-93B3) degrades at a higher rate than Bioglassâ. Ca2+ ions are released into 

the surrounding tissue and bind to inorganic phosphate [PO4
3-] ions that are 

derived from either the glass network or from the serum. This results in the 

formation of an amorphous CaP layer which further crystalizes to form 

hydroxyapatite. Figure1.9 illustrates how BG is proposed to release ions both in 

vitro and in vivo, and how this induces bone formation and hydroxyapatite (HCA) 

formation in body fluid.  

 

BG with different compositions have different bioactivity Indices (IB), which 

provides an indication of length of time (measured in days) that materials will 

bond to hard and soft tissues in vivo for 50% of the material interface to bond to 

the tissue. The number, and whether they will be bio-inert or bioactive. Inert 

materials tend to form fibrous encapsulations that prevent bonding to surrounding 

tissue. The bioactivity level of any material is measured by bioactivity Index (IB).  

The Bioactivity Index of a material is the time taken for more than half of the 
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interface to bond to bone, i.e., t0.5bb, IB = 100/t0.5bb. Any material with an IB 

value greater than 8 (such as 45S5) are class A materials and will bond to both 

soft and hard tissues [60]. Materials such as synthetic hydroxyapatite with 

IB value < 8 but > 0 will bind only to hard tissue i.e. class B material. The typical 

composition of the bioactive glass and bio-ceramics with their IB are displayed in 

table 1.1. However, the IB is preliminary determination and will be affected by 

factors such as the site of the implantation, tissue condition, the mechanical and 

surface properties of the material as well as the relative motion at the implant-

tissue interface. For instance, Young’s modulus of the BG is between 30 and 

50GPa, compared with natural bone (100-120GPa) [56] has a great advantage. 

Young’s modulus is a representation of mechanical property of the implant, the 

closer it compares with host’s bone, there will be relatively less stress shielding 

and better mechano-sensing of the implants by host which allows better osseo-

integration.  

 

1.2.5.3 Bioglassâ 

The first reported 45S5 Bioglassâwas derived by the melting of oxides in 

compositions containing Si, Ca, P, and Na (the ‘melt-derived’ method). This type 

of BG has a bioactivity Index (IB) of 12.5. Since the first composition and melt-

drived method of making BGs. BGs of various compositions have been 

developed to date and has been significantly refined across three generations. 

The first-generation implant materials were developed during the 1960s to 1980s 

without much understanding of host-material interactions and were characterized 

by inertness. Second generation biomaterials are either resorbable or bioactive. 

Third generation biomaterials are ‘smart’ materials that cross-talk with tissue [61]; 

once implanted, these materials help the body to heal itself. 45S5 Bioglass® 

increases pH and supplies Ca2+ ions to osteoblasts, which supports osteoblast 

differentiation. In addition, studies have shown that 45S5 Bioglass® enhances 

lactate production and therefore ATP generation, leading to significantly 

enhanced proliferation or increased alkaline phosphatase (ALP) activity [62].  
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Table1.1: Common types and compositions of developed bioactive glasses 

Type of BG Application Composition IB 
Bioglass® 45S5 
[63-65]  

Binds with bone and soft tissues 45 wt % SiO2, 25 
wt % CaO, 25 wt % 
Na2O & 6 wt % P2O5 

>8 

AW-GC 
(Apatite- and 
wollastonite-
containing glass 
ceramic) [66] 

1. Applied on load-bearing sites of 
titanium alloy 
2. Acting as bioactive filler 

34.2 wt % SiO2, 4.6 
wt % MgO, 44.9 
wt % CaO, 0.5CaF2 
& 16.3 wt % P2O5 

>8 

13-93 
13-93B1&B3 [67, 
68] 

1. Repair intercalary skeletal tissue 
loss in load-bearing bones 
2. Infiltrating poly (ε-caprolactone) 
(PCL) enhanced load-bearing 
capacity of original 13-93 glass 

53 wt % SiO2, 6 
wt % Na2O, 12 wt % 
K2O, 5 wt % MgO, 
20 wt % CaO & 4 
wt % P2O5 

>8 

BonAlive®S53P4 
[69] 

1. Caries prophylaxis 
2. Dentinal hypersensitivity 
3. Root apex sealer 
4. Metal implant coating  
5. Bone grafting  

53 wt % SiO2, 
23wt % Na2O, 20 
wt % CaO & 4 wt % 
P2O5 

>8 

58S [70, 71] 1.Enhance wound healing  
2.Induce differentiation and 
mineralization of human dental pulp 
cells more efficiently  

60 wt% SiO2, 36% 
wt% CaO & 4 wt% 
P2O5 

<8 

70S30C [72, 73] 1.Preconditioned 70S30C showed 
the highest % of bone ingrowth  
2.Induce C7 macrophages 
differentiate into (TRAP(+ve)) 
osteoclasts  
3. Form functional microvasculature 

70 wt % SiO2, 
30 wt % CaO 

>8 

8625 [74] Biocompatible, not binding to 
tissues, fibrous encapsulation;  
Absorbs infrared radiation, can be 
laser sealed, used for RFID tag 
encapsulation 

Addition of Fe2O3 & 
other unknown 

=0 

 

1.3 Bone structure, remodelling & repair in health and disease 
To design new materials that have more favourable interactions with bone and 

surrounding tissues, it is important to have a good understanding of bone biology, 

repair, regeneration and remodelling. Bone is a dynamic organ; it is constantly 

under remodelling and occasionally in adult under modelling by the action of OCs, 

OBs and osteocytes. 

 

1.3.1 Bone role and structure (ECM) 
Bone contains an organic matrix, contain 90% of type I (fibrous) collagen and 10% 

of other proteins such as osteonectin, osteocalcin, phosphoproteins, sialoprotein, 
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growth factors and serum proteins [75]. Proteomic analysis of decalcified bone 

showed that there are hundreds of ECM proteins, the ECM not suggest serve as 

a structural support to the cells but provide flexibility to the otherwise hardened 

mineralized collagen fibres. It also directs the remodelling of bone through the 

coupled activity of osteoclasts and osteoblasts [76] and a mineral, inorganic 

phase (calcium phosphate based) [77].  

There are three layers of bone structure: 1. Periosteum, 2. Osteogenic cambium 

layer that is the homing of MSCs and 3. Endosteum (Inner surface).  Figure1.4 

shows the hierarchal structures of bone from macro to nanostructure and the 

bone remodelling compartment (BMU or BRC), which is a theoretic bone 

remodelling model. The trabecular bone also called the “spongy” bone present in 

the vertebrae, pelvis and metaphysis of long bones. The thickness of BMU in the 

trabecular bone is 50 µm. Bone remodelling occurs in the bone remodelling 

compartment and is different in trabecular and cortical bones. The remodelling 

site in trabecular bone is close to the haematopoietic stem cells (HSCs) and 

osteoprogenitors. Cells for bone remodelling found here, travel to the bone 

surface via vasculature, which makes the bone remodelling longer than 

(approximately 200 days) in the cortical bone [78-80]. Cortical bone is also called 

compact bone present in the diaphysis of the long bones and surrounding 

trabecular bone as a thin layer in the vertebrae and pelvis. The BMU in cortical 

bone is 80 µm and forming a diameter of 160 µm equivalent to the Haversian 

system. The bone remodelling process in cortical bone, initiated by osteoclasts 

form a “cutting cone” thereby removing damaged bone and osteoblasts forming 

“closing cone” which tightly following the process of osteoclasts. The duration of 

bone remodelling in cortical bone is shorter compared with the trabecular bone 

(median 120 days) and its total surface is completely remodelled in 2 years [81].  

1.3.2 Bone remodelling 
Osteoblasts are derived from MSCs which originated from mesodermal and 

neural crest progenitor cells [82]. They can eventually become bone-lining cells 

or osteocytes. Histologically, active osteoblasts appear as cuboidal cells on the 

bone surface with prominent rough endoplasmic reticulum, characteristic of 

protein-secreting cells.  Runt-related transcription factor 2 (Runx2) and osterix 

are master osteoblast transcriptional factors. Runx2 and osterix (Osx) expression 

enables progenitor cells to differentiate into osteoblast lineage [83, 84]. Wingless-
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type MMTV integration site family (Wnt) is a major signalling pathway regulating 

the osteoblast differentiation.  This occurs by binding Wnts to LDL receptor-

related protein 5 (LRP5) or LRP6 and one of ten Frizzled molecules [85] which in 

turn, stabilizes β-catenin and is modulated by RUNX2 and osterix (osx) [86].  

Wnt/b-catenin pathway for bone formation is also is negatively regulated by 

Dkk1(Dickkopf) and sclerostin (Sost) [87]. Several gene expressions are 

regulated by Runx2 transcriptional factor binding such as osteocalcin (OCN), 

VEGF, RANKL and sclerostin [88]. In addition, a large number of hormones, 

paracrine and autocrine factors affect osteoblast development and maturation 

such as bone morphologic proteins (BMPs), growth factors FGF and IGF, 

angiogenic factors endothelin-1, PTH (suppress sclerostin) and prostaglandin 

agonists [89] (Figure1.7a).  
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Figure1.4: The hierarchical structures of bone. Bone structure can be separated into cortical bone (compact bone), trabecular bone and cartilage 
(macrostructure) with blood vessels (Volkmann’s canals), canals at the centre of osteon containing nerve fibres (Haversian canals), osteons (includes 
osteocytes, osteoblasts and osteoclasts) (microsctructure), periosteum and other cells such as bone specific macrophages (osteoMac). Mineralized 
collagen is aggregated into small fibrils, which further combine to form fibres a few microns in diameter and several mm long. A group (collagen bundle) 
of or individual collagen fibril (nanostructure) when zoomed into the bone extracellular matrix, it contains Ca-P crystals that align in a stringent spatially 
correct manner, other components include minor proteins and growth factors (Sub-nanostructure).  Image adapted from      [90].
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The osteoblasts express alkaline phosphatase (ALP) and type I collagen.  ALP 

is an enzyme regulates that bone mineralisation along type I collagen fibres. 

Recent studies have found that ALP released by osteoblasts as vesicles deposit 

the collagen type I matrix [91] by glycophosphatidylinositol anchor [92], can 

increase local inorganic P concentration, allowing mineral deposition and inhibit 

extracellular pyrophosphate which positively enhance mineralization [93].  

Osteoblasts express receptors for many hormones, including parathyroid 

hormone (PTHr), 1,25-dihydroxyvitamin D, sex steroids and corticosteroids.  

They are also responsive to, and may produce, a wide range of growth factors 

and cytokines such as IL-1,4-6,13 and 17, TNF-a, MCSF and interferon-γ. Mature 

OBs produces osteocalcin (OCN), osteopontin (OPN) and osteonectin (ON, 

regulators for matrix mineralization). RANKL and PTH (PTHr1) are also produced 

and expressed which cross-talk with osteoclasts  [94]. 

 

Osteocytes are most abundant cells in bone. They used to be believed that they 

are relatively quiescent cells, however when it is damaged by osteoclasts, it 

produces M-CSF and RANKL [95] and is the primary sensor of mechanical load 

[96] which produces bone anabolic factors such as nitric oxide (NO) and 

prostaglandins [97]. Moreover, it can produce Dkk1 and sclerostin in response to  

over production of OBs that suppress this effect, such as when enhance of 

mechanical loading reduces Dkk1 and Sost expressions [98]. 

 

The resorption of bone is accomplished by osteoclasts. The large motile, 

multinucleate cells that resorb and produce characteristic ‘scalloped’ pits and 

trails in bone surfaces.  Osteoclasts are derived by the fusion of mononuclear 

pre-monocytic precursors present in the marrow and circulation (haematopietic 

tissue region). They form Howship’s lacunae and resorption pits by attaching 

tightly to the bone surface, secreting protons to dissolve the mineral phase and 

proteolytic enzymes (chiefly cathepsin K) to degrade to collagenous matrix. 

Osteoclasts achieve a high surface area of interaction with the bone by means of 

a convoluted membranous organ, the ‘ruffled border’; the adjacent resorption 

space can be considered as a specialized extracellular lysosome. Osteoclasts 

express high levels of tartrate-resistant acid phosphatase (TRAP) which allows 

the digestion of the bone matrix. Mature osteoclasts express receptors for 

calcitonin, a potent inhibitory hormone and prostaglandins but appear not to be 
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directly responsive to many other hormones or growth factors. Figure1.5 shows 

the osteoclast differentiation pathway and characterisation based on TRAP-5b 

staining and resorption in vitro.  

Osteoclasts reabsorb bone tissues via RANKL/RANK/OPG signalling. This 

pathway is regulated by osteoblasts and fibroblasts through membrane bounded 

RANKL and soluble RANKL production, which bind to the RANK receptor on 

osteoclast precursor cells. The OPG is a decoy receptor for RANKL, it is also 

produced by osteoblasts and fibroblasts [99]. By creating new shape of the 

skeleton or to thickening bone in bone modelling, osteoclasts functions as the 

initiator of the bone remodelling process in repairing micro-damage of the bone 

to prevent accumulation of old/defected bone [100]. Mature osteoclasts form 

resorption lacunae on the bone surface.  The depth of resorption can be as deep 

at 60µm that found in young individuals and last for an average of 40 days and 

followed by a formation of approximately 150 days in trabecular bone [79, 80]. 

The importance of osteoclasts has become increasingly recognised in healthy 

bone remodelling, unbalanced bone remodelling leading to osteopetrosis and 

osteoporosis. Osteoporosis bisphosphonate drugs cause reduction in osteoclast 

number however leads to osteonecrosis in osteoporotic patient [101] is a good 

example that osteoclast activity is essential in healthy bone remodelling. 
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Figure1.5: Osteoclast differentiation and activation in in vitro osteoclast study. Hematopoietic stem cells (HSCs) 

are origin from bone marrow and its differentiation to committed osteoclast precursors is dependent on M-CSF [1], 

PU.1[2] and the MITF family [3] of transcription factors, this normally take 2-3 days in in vitro culture. RANKL [4, 5] is 

the master differentiation factor for osteoclast together with M-CSF in primary cells; after exposure of 2-3 days M-CSF 

culture, RANKL is then added. TNF-α, c-Fos, TRAF-6 and IL-1 are the key differentiation factors for fusing of multi-

nucleated precursors and this may act independently of RANKL via NF-κB and JNK activation. Osteoclasts are 

inactive on non-bone surface and forms pancake-like shape and go through apoptosis after differentiation without 

activation, TRAP staining is used to determine osteoclast differentiation the more TRAP expression is proportional to 

the osteoclast activity on bone surface [6]. LIGHT promotes RANKL-mediated osteoclastogenesis [7], Src [8] and 

αvβ3 are required for the polarization [9] and development of the ruffled border. The sealed zone of Howship’s lacunae 

allows resorption and stimulates osteoclasts to release Cathepsin K, CA and H
+
-ATPase for the resorption of bone. 

This in turn releases bone derived factors such as Ca
2+

 ion and osteocalcin. HSC= Haematopoietic stem cell, 

CMP= committed myeloid precursors, M Ф=Macrophage, OC=Osteoclasts. 
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1.3.3 Bone repair and regeneration 

Bone is a highly dynamic organ that is continuously resorbed by osteoclasts and 

osteoblasts from new bone. Bone has four main functions: to support the 

locomotion, protection of vital organs, mineral reservoir (calcium and phosphate) 

for maintaining serum homeostasis and for providing niches for the formation of 

HSCs and bone marrow-derived cells (e.g. bone marrow derived stem cells) 

(Figure1.4 for more detail).  

 

1.3.4 Osteoblast-osteoclast crosstalk 

The RANKL-RANK-OPG factors appear central to co-ordinating osteoblast and 

osteoclast activity thereby bone remodelling and regeneration. RANKL is 

secreted by osteoblasts (as well as fibroblasts, chondrocytes and T-lymphocytes) 

and binds to RANK receptors on the pre osteoclasts [99]. OPG is also secreted 

by osteoblasts under the stimulation of oestrogen [102] and TGF-b [103] which 

acts as a negative feedback loop of RANKL production.  It is also a decoy 

receptor of RANKL, thereby competitively inhibiting the RANKL-RANK interaction.  

 

1.3.5 Hormones and bone remodelling 

Parathyroid hormones (PTH) and oestrogen are two main hormones involved in 

bone remodelling. PTH are expressed on osteoblasts and bone marrow stromal 

cells, through signalling by cAMP responsive element binding protein (CREB) 

and Ca, it activates expression of M-CSF and RANKL by osteoblasts and 

fibroblasts, thereby indirectly stimulating osteoclastic bone resorption. An 

important non-skeletal action of PTH is to stimulate increased renal reabsorption 

of Ca2+, in conjunction with increased resorption to mobilise Ca2+ from bone (2.2 

to 2.6mM) tightly controlled concentration, restores physiological serum Ca2+ 

levels. PTH also stimulates the production of 1,25 Vitamin D3 from proximal 

tubular cells in the kidneys. This facilitates Ca2+ absorption from the gut and the 

kidney, and positively regulates bone resorption indirectly through the 1,25 

Vitamin D3 and retinoid X receptors in osteoblasts and also increases RANKL 

and MCSF expression. 

 

PTH has differential effects on trabecular and cortical bone. osteoblasts was 

increased in trabecular bones after PTH stimulation whereas decreased in 

cortical bones [104]. Oestrogen and testosterone both have effects on bone in 
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men and women. Testosterone is also a source of oestrogen in the body; it is 

converted into oestrogen in fat cells. Lack of oestrogen causing increasing level 

of RANKL production and binding to RANK receptor on osteoclast precursors 

increases osteoclastogenesis and this is found in postmenopausal osteoporotic 

women and result in osteoporosis [105]. 

 

1.4 Fracture repair 

A fracture happens when excessive mechanical strength exerted on the bone, 

this depends on many internal and external factors such as the strength of the 

bone (different sites around the body), the quality of the bone, age, sex, 

underlining diseases and genetic factors. Different causes of fractures are 

discussed in section1.4.1 to 1.4.3 and Figure1.6.  

 

Fracture healing is a catabolic and anabolic processes involving bone resorption 

by osteoblasts and bone formation involving several cells including inflammatory 

cells, bone marrow derived stem cells, osteoblasts and endothelial cells. There 

are broadly four steps to fracture healing: hematoma formation, inflammation, 

soft callus formation and hard tissue formation which results in the release of 

inflammatory (e.g. IL-1β, IL-6, IL-17F, IL-23 and TNF) and stem cell recruitment 

factors (e.g. FGF-2 and Stro-1) [106-110]. Some of the inflammatory factors have 

also been shown to have a role in stem cell recruitment such as TNF and IL-6, 

play important role in stem cells recruitment [107, 109].  In addition, T regulatory 

(iTREG) cells and MSCs within the soft fracture callus have been shown to produce 

RANKL and thereby regulate osteoclasts [106].  

 

The second stage of fracture repair is soft callus formation which typically 

happens within 5-10 days after fracture. This depends on the blood supply of the 

site and the stability of the injury site [111]. As chondrocyte differentiated from 

MSCs and cartilage extracellular matrix (ECM) undergoes mineralization and 

apoptosis of the chondrocytes [112].  

 

The last stage is the prolonged bone remodelling stage; this depends on the 

mechanical stress of the host to the site [113]. Catabolic activities become 

predominant and are characterised by a reduction in the volume of the callus 

tissues. Chondroclasts (cartilage resorption) and osteoclasts contribute to the 
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removal of old bone, and via a coupled remodelling of bone formation and bone 

resorption [111].  This normally occur at 6weeks of the injury and depends on the 

type of bone and the hosts’ regenerative capacity such as blood supply.  The 

whole process can potentially take 4-6months to complete. Eventually, the 

adequate vasculature allows the restoration of trauma to the pre-injury level [114]. 

A temporal overview of cells and factor involved in fracture healing are 

presented in Figure1.4. 

1.4.1 Osteoporotic bone remodelling 

Oestrogen is the main regulator of osteoblast differentiation and activity, it 

stimulates the production of IGF1 and TGFb by osteoblasts and collagen 

synthesis. Women after menopausal if oestrogen admitted increases its 

thickness by 12% and volume by 61% over 6years [115]. Oestrogen is also an 

anti-resorptive hormones that regulates RANKL/RANK/OPG pathway. 

Oestrogen deficiency is associated with impaired mechano-sensing by 

osteocytes; oestrogens were shown to inhibit the production of sclerostin by 

osteoblastic lineage cells thus enhance WNT/b-catenin pathway Figure1.7b. 

 

In men, the incidence of age-dependent fracture is low [116] with a 1:5 ratios in 

men [117] and 1:2 ratios in women [118]. Women with increasing age has an 

increase of fracture rate however in men this number decreases with age (39% 

of men fracture occur at 50-64 age vs 17% in men age >85 [119]. Another report 

showed that men account for 30% of fractures and this accounts for $4.75billion 

in 2003 [120]. Both men and women increase incidence of hip fracture as age 

increase [121]. In addition, men have higher fracture related mortality compare 

to women [122]. The fracture in men is weighted more toward ‘other’ fractures 

(44%) rather than hip (12%), wrist (12%) and pelvic fractures (5%), verbal fracture 

weighted the same between man and women (27%) [119]. By 2025 this cost 

would rise by almost 50% and with 65-74 years old people have the highest risk 

of fracture with a sex non-specific increase of >87% [119].   

 

Male with metastatic prostate cancer is at higher risk of osteoporosis [123], 

androgen deprivation therapy (ADT) is the current treatment for advanced 

prostate cancer,19.4% men underwent ADT had fracture which is highly 

significant when compared with 12.6% who did not have ADT [124]. In addition, 
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calcium and vitamin D deficiency can result in osteoporosis in men [125]  however, 

this only affects long term dietary intake (>1 years) [126].; another study showed 

men after orchiectomy has 40% of increase fracture after 15 year and death was 

showed as high as 1 in 4 men in this group [127]. Overall studies showed that 

both testosterone and oestrogen declines in men as aging [126], oestrogen may 

play main effect on bone homeostasis in men, however, men went through a 

slower phase/modest of bone mineral density decline [128] and this may cause 

by other unknown factors and still need further investigation. 

 

1.4.2 Age and diabetes in bone formation and remodelling 

Several comorbidities have been found to be enhance fracture or delay fracture 

healing. Under clinical conditions, the degree of damaging in the vasculature of 

bone can lead to bone necrosis which need surgical bone implant replacement. 

Osteoporotic patients have less blood vessels in their skeletal tissue thus result 

in poor healing [138]. When patients having chronic inflammation issue, studies 

have shown that in the mouse type II diabetes model, the soft callus is immature 

and the removal of it by chondroclasts is faster than osteoblast formation and 

calcification [139]. Therefore, applying anti-inflammatory and anti-resorptive 

agents may be an option for patients with chronic inflammatory issues such as 

over production of TNFα.  It was also enhanced by high glucose and advanced 

glycation end-product (AGE) resulting in impaired microvascular endothelial cell 

and neo-vascularisation retardation by early apoptosis [140]. 

 

Age and diabetes have both demonstrated increased fracture risk and impaired 

regeneration. Type I diabetes patients may show an increase in osteoporosis rate 

due to insufficient production of host insulin [129]. However, there can be a higher 

bone mineral density found in type II diabetes as reflected by reduced levels of 

osteocalcin and a decrease in osteoclast activity, which is inversely related to the 

production of IL-6 and C reactive protein (CRP) [130]. High levels of glucose 

contribute to diabetic complications by inducing stress at the cellular level.  

Glycating proteins that lead to the formation of advanced glycation end-products 

(AGEs) [131], increase production of reactive oxygen species (ROS) [132] and 

enhance expression of cytokines such as TNFs [133].   
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In vivo experiments have demonstrated that diabetes enhances FOXO1 binding 

to DNA promoter sites, which in turn enhance FOXO1 nuclear translocation in 

chondrocytes. Studies suggest that this causes expression of inflammatory and 

resorptive factors allows macrophages and osteoclast recruitment leading to 

greater loss of cartilage in diabetic fractures [134]. Other factors may involve in 

impaired fracture healing involving cytokine secretion and chemokine elevation, 

this causes a chronic anti-healing microenvironment.  

 

1.4.3 ROS diabetes and bone remodelling 

Diabetic conditions such as high glucose levels, increased formation of advanced 

glycation end-products (AGEs) and increased generation of ROS lead to greater 

expression of inflammatory cytokines at the local level when tissues are 

perturbed by events such as wounding. Reactive oxygen species (ROS) are 

superoxide; hydrogen peroxide; hydroxyl radical; hydroxyl ion; and nitric oxide. 

The increased superoxide production causes increased formation of AGEs and 

increased expression of the receptor for AGEs [135].  ROS also directly 

deactivate two critical anti-atherosclerotic enzymes, endothelial nitric oxide 

synthase (eNOS) [136] and prostacyclin synthase [137]. These defects result in 

part from a failure to form adequate compensatory vasculogenesis in response 

to ischemia. High glucose induces a decrease in transactivation by the 

transcription factor hypoxia-inducible factor (HIF), which mediates hypoxia-

stimulated chemokine and vascular endothelial growth factor (VEGF) production 

by hypoxic tissue, as well as chemokine receptor and eNOS expression in 

endothelial precursor cells in the bone marrow [138]. In addition, AGEs can affect 

the function of bone cells to induce apoptosis, interfere with differentiation and 

function of osteoblasts and reduce bone mineralisation (Figure1.7c). 
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Figure1.6: Fracture healing processes can be broadly distributed into 4 overlapping 

processes (Hematoma and inflammatory, angiogenesis, soft callus formation and hard 

callus formation). Hematoma formation and Inflammation (day 0-12) occur in response to 
drop oxygen pressure following damage to dense vasculature (first stage) followed by 
recruitment of angiogenic cells (Angiogenesis, day 4 to 40 and beyond, second stage) and 
bone cells which start mineralization (third stage, day 7 to 35 and beyond) and the last stage 
is bone remodelling (day15 to day 40 and beyond). 
 

It is important to maintain healthy bone remodelling. An imbalance of bone 

resorption and formation results in several bone diseases. For example, 

excessive resorption by osteoclasts without the corresponding amount of newly 

formed bone by osteoblasts contribute to bone loss and osteoporosis, whereas 

the contrary may result in osteopetrosis. Thus, equilibrium between bone 

formation and resorption is necessary.  It depends heavily on the action of several 

local and systemic factors including hormones, cytokines, chemokines, and 

biomechanical stimulation, such as the regulation of RANK/RANKL/OPG system. 

Recent studies have shown that bone influences the activity of other organs and 
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the bone is also influenced by other organs and systems of the body, providing 

new insights and evidencing the complexity and dynamic nature of bone tissue. 

As a result, bone remodelling occurs when there are mechanic signals and 

removing old bones ensure the overall healthy structure of the skeleton. Bone 

remodelling is essential after patients have received implants; a good bone 

remodelling and post-care strategies can avoid unnecessary bone dislocations 

(hip), instability (knee) and revision surgery, ensuring a well-fitted implant and 

functional bone in the body. 
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Figure1.7: Bone remodelling in healthy, osteoporotic and diabetic condition. a) Healthy bone remodelling is governed by WNT and 

RANK/RANKL/OPG signalling that determine (through the production of PTH, oestrogen and calcitonin) a balance between bone resorption and bone 

formation. PTH enhances the expression of RANKL whilst oestrogen induces OPG production which inhibits RANKL binding to RANK and thereby 

impeding osteoclast formation. Osteocytes regulate WNT signalling via the secretion of WNT antagonists DKK1 and sclerostin, these factors inhibit MSC-

OB-osteocyte differentiation [139]. b) In oestrogen deficient osteoporotic patients, RANKL is overexpressed, allowing increased osteoclast formation (red). 

Sclerostin levels are also increased and this inhibits WNT signalling, decreasing osteoblast formation (green), causing an imbalance between bone 

formation and resorption  [140]. c) Bone remodelling in diabetic patients reduces PTH and β-catenin, resulting in reduced bone resorption and decreased 

osteocyte formation respectively [141] [142]. Green triangle = bone formation, Red triangle = bone resorption. 
 

a b c 
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1.5 Failure rates of orthopaedic implants 

In 2011, Johnson & Johnson’s DePuy orthopaedic division issued a recall of their 

ASR prepared hip (MOM) devices, which had a 40% failure rate within 5 years 

[143]. The US Food Drug Administration (FDA) suggested that patients with MOM 

should be monitored for systemic effects related to this implant, particularly 

cardiovascular, neurological, renal, and thyroid signs and symptoms. Currently, 

20% of implants show signs of aseptic loosening within 10 years [23]. The most 

commonly recorded indication for revision continues to be aseptic loosening, 

followed by pain. The overall failure rate of all types of materials and 

combinations between 2003 and 2016 was 17% compared to 3.19% within 10 

years in table 1.2; Cemented (polymethylmethacrylate, PMMA) implants produce 

the best survivorship. Ceramic-on-polyethylene (COP) bearings with small head 

size and ceramic-on-ceramic bearings had the lowest revision rates in the 

National Joint Registry (NJR) with failure rates of 3.8% and 3.3%, respectively 

over 14 years [23]. It is projected that the implant failure rate will increase by 137% 

in knee and 601% in hip by 2030 despite the improvement of materials and 

surgical procedures. The underlying reason is still unclear, however it has been 

suggested that it could be due to increase body mass index (BMI) rise friction 

and corrosion coefficients, and increase younger patients and activity in elderly 

patients [144].  

 

Table1.2 Failure rates of total joint replacement (hip & knee) & dental 

implants  

Failure rate* 10yr 15yr 

Total Joint Replacements [145, 146] 3.19 ± 2.9 18.4 ± 8.6 

Dental Implants [147-149] 24.8 ± 5.9 14.4 ± 4.5 

 
*Failure rate as determined by % of implants requiring primary revision surgery after 10 years 
and 15 years.
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Hip, knee and spinal surgeries are the most common orthopaedic surgeries, 

accounting for >96% of orthopaedic surgeries in 2016 and 2017 in the UK [23]. 

Most implants for this purpose are composed of CoCr materials, which are used 

in 32% of cups, 47% of stems and 72% of resurfaced heads [150], CoCr is used 

in combination with polymer or ceramic. These implants are susceptible to a high 

early failure rate  that > 5% over 5 years and > 15% over 10 years [151] and a 

25% failure rate for female patients under 55 years old with rheumatoid compared 

to Ti-based implants 1.4% over 4 years and the benchmark of < 10% failure rate 

after 10 years [152-154]. Failure rate depends upon both host (sex, age, 

underlying disease and activity) and implant parameters (chemistry, manufacture 

design and age) (Figure1.2b and 1.2c). 

1.5.1 Causes of implant failure 

As surgical procedures have significantly improved in recent years, the rate of 

implant failure due to sepsis is low in the first 12 months after implantation [155]. 

The major cause of orthopaedic implant failure is aseptic loosening. In TJRs,  

Over 80% of revision surgeries 10years after implantation are due to aseptic 

loosening (Figure1.2a). Aseptic loosening is classified as the chronic 

inflammation and inflammatory osteolysis positively correlated with wear 

debris/ions generation in the bone implant interface [156]. Osteolysis can be 

detected by using radiography or computed tomography (CT) scans, this can be 

caused from the frustrated phagocytosis of fusion of polykaryon cells at bone 

implant interface due to tribologic action or corrosion. Stress shielding also 

contributes to increasing the degree of osteolysis caused aseptic loosening and 

fibrous encapsulation. For younger patients in an UK National Health Service 

(NHS) setting, the total number of implants that require revision within 5-year 

accounts for an estimate costs to the NHS of over £124 million for hip surgery, 

and over £107 million for knee surgery. This is calculated based on 6.8% of 

implant failure based on 101,651 hip procedures and 7.6% failure out of 108,713 

knee procedures [23], the average cost for a hip implant is £9000 and knee 

replacement is £6500 excluding other cost such as post-operation care, hospital 

staff cost etc.). The burden of orthopaedic implant failure caused by aseptic 

loosening accounts for over 80% in 10 years therefore, if aseptic loosening is 

effectively reduced by using better and more patient specific materials, the cost 
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for revision surgery to NHS could NHS could potentially reduce from a total 

£232million to £46.4million.  

 

A Danish nationwide study of 1152 patients found that 12.1% of patients 

underwent a second hip replacement after 12-18 months because of chronic pain 

which significantly limited their daily activity. The main reasons for TJRs in 

Denmark, of both the hip and knee, the cause of early failure are aseptic 

loosening [157].  Patients with aseptic loosening experience painful joints when 

they move or bear weight on the affected joint, greatly affecting their daily life. In 

rare cases (1.43/100,000), the wear debris generated from implant which 

releases toxic ions into the surrounding tissue, leading to tumour (such as 

osteosarcoma and chondrosarcoma) formation around the implant and the 

subsequent death of the patient [158].  

 

1.5.2 Cellular mechanism of inflammatory osteolysis causing aseptic 

loosening 

Care is also taken to use and retain the passivated (oxide) surface condition, as 

many alloys contains nickel (Ni) as a major element which can affect patient with 

Ni hypersensitivity. Co-Cr (1 μm) and Ti alloy (1.3μm) particles have been shown 

to decrease the viability of human THP-1 macrophages; there is evidence that 

chromium orthophosphate, CoCr and Ti-alloy causes a dose-dependent increase 

in macrophage proliferation. An increase in 3H-thymidine was observed following 

culture of human fibroblast-like cells with titanium alloy (1.3μm) particles 

compared with control, whereas cobalt–chromium alloy (1μm) inhibited 3H-

thymidine uptake. In human osteoblast-like cells, large titanium particles (21–85 

μm) evoked a 5-fold increase in IL-8 expression, but no increase in monocyte 

chemo-attractant protein (MCP)-1. Nano-sized particles have also been shown 

to induce the release of free radicals from fibroblasts when cultured with nano-

sized Co-Cr particles, leading to significant DNA damage (Table1.2a).  
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Furthermore, wear debris and its ions can directly interact with and enter cells via 

protein/receptor conjugations, where it can then serve as a cofactor in cellular 

pathways. For example, immunoglobulins in complex with wear debris can fix 

complement, and that the complement cascade can, in turn, attract inflammatory 

cells to the implant surface and disable their primary functions. During its lifespan, 

an implant is exposed to a corrosive environment. The wound at the surgical site 

creates a low pH environment, which can promote the dissolution of Co ions, 

leading to the production of oxidizing species and local acidification (acidosis). 

The release of metal ions triggers an inflammatory or toxic response in cells and 

tissue, and certain ions can form complex with proteins and/or enzymes form 

haptens. A hapten is a small molecule that can interact with carrier proteins to 

elicit the production of antibodies, thereby initiating an immune response and 

inducing contact hypersensitivity. In nickel hypersensitivity, T cells react with Ni 

ions through the formation of a hapten complex (consisting of human serum 

albumin or transferrin, for example), which then interacts on the MHC/peptide 

surface [159]. 

 

As a result, despite their advantages, several studies have identified concerns 

about Co-Cr-based materials. These materials are susceptible to corrosion due 

to wear debris/ion production and stress shielding. Co and Cr ion production has 

been detected and elevated in failed unilateral hip implants compared with 

healthy implants. The high failure rate thus lead to Co and Cr levels are 

periodically monitored in patients to test for hypersensitivity and failure [160, 161]. 

 

1.5.3 Wear debris generation 

Wear debris causes osteolysis and there is a strong positive relationship between 

the amount of wear and osteolytic implant failure, particularly for polyethylene 

wear debris [156]. Wear debris are recognized by the body as foreign, which 

stimulates the body’s defence mechanisms. Macrophages lead this defence in 

coordination with inflammatory fibroblasts, and T-lymphocytes, which in turn 

elevate the levels of inflammatory cytokines such as TNF-α, interleukins (IL-1b, 

IL-6, IL-11 and IL-17), prostaglandin E2 (PGE2), monocyte colony-stimulating 

factor (M-CSF), vascular endothelial factor (VEGF), and chemokines (CCRs and 

CXCRs). These inflammatory factors induce local aseptic inflammation which 

stimulate osteoblasts and fibroblasts to express and release large amounts of 
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RANKL. In (RANKL (-/-)) mice, wear debris stimulated inflammation but not 

osteoclast formation, suggesting that osteolysis occurs via a RANK/RANKL-

dependent pathway, resulting in excessive activation of osteoclasts and 

osteolysis. 

 

Some wear debris is more cytotoxic and induces more osteoclast differentiation 

than others which depends in part, on its size, concentration and composition. 

Host characteristics can also influence the effects of wear debris. For example, 

70% of studies have reported that polyethylene particles induce osteolysis. 

Kobayashi et. al., 1998 found evidence for osteolysis, producing 1x1010 

particles/g tissue, that induced a cellular reaction against phagocytosable 

particles [156]. More recently, Zaveri et. al., 2016 [162] used fluorescently 

labelled particles in knock-out and wild-type animals to show that Mac-1 and 

RGD-binding to integrin is involved in macrophage-directed inflammatory 

responses. This study also showed that submicron-size polyethylene particles 

coated with serum proteins are most reactive in terms of cytokine secretion. The 

size and surface properties of particles were visualized and corroborated using 

JEOL SEM-6400 scanning electron microscopy (SEM).  

  

1.5.4 Evidence that wear debris is associated with aseptic loosening 

Although there is significant evidence for the contribution of stress shielding and 

hydrodynamic pressure to aseptic loosening, wear debris-induced osteolytic 

aseptic loosening is still most supported by evidence. Continuous infusion of 

wear particles to mouse distal femurs has been shown to induce the systemic 

recruitment of macrophages, inflammation, and local bone loss similar to that 

seen in the clinical setting. Moreover, the distinctive adverse reactions caused by 

polymeric (e.g., PE and PMMA) and metallic (e.g., CoCr particles and ions) wear 

particles strongly suggests that the characteristics of the particles released from 

the implant are a crucial determinant of the elicited biological response. Wear 

debris caused acute and chronic inflammation and chemokine formation, and a 

ubiquitous strong positive staining against CXCR4 was observed in particle-

stimulated tissue. UHMWPE, Ti and PMMA also produce MIP-1α, a cytokine 

belonging to the CC chemokine family that attracts monocytes, macrophages and 
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neutrophils. MCP1α is primarily produced by IL-1β and TNF-stimulated 

macrophages and is associated with osteoclastogenesis. 

 

1.5.5 The role of undesirable ions in bone remodelling 

The degradation products of any orthopaedic implant include two types: 

particles and ions. The increased formation of wear particle increases surface 

area volume ratio for ion dissolution. The uncontrolled release of metal ions (Ti, 

Co and Cr) causes severe adverse effect on cells, increases inflammatory milieu 

and macrophages accumulation in the implant interface (Figure1.7 for more 

detail).  

 

Metal ion dissolution is mainly driven by an unbalanced electrical potential and 

mechanical fretting corrosion. In the body, chemical processes are vagarious 

rather than static. For example, chloride ions, amino acids, and proteins in the 

body can accelerate corrosion. Metallic biomaterials in aqueous solutions 

comprise active and passive surfaces that are simultaneously in contact with 

electrolytes. In this environment, the surface oxide film repeats a process of 

partial dissolution and re-precipitation. Metal ions are gradually released when 

dissolution is faster than re-precipitation. In aqueous environments, electrons 

are released from the atoms forming metallic ions (oxidation), and the localized 

electrical potential accelerates the oxidation process until the electrochemical 

potential is balanced. Fretting corrosion is caused by mechanical actions 

(fatigue, abrasion and adhesion). The oxide film is fractured by the contact and 

friction of rough articulating surfaces and exposure of the pure metal surface 

to a corrosive medium. 
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Table1.3 Cytokines/chemokines and functions involved in aseptic 
loosening in vitro and in vivo by metallic ions.  
 

 

 

 

 

 

Ions Increased 
expression 

Inflammation Bone resorption / remodelling 

Ti  IL-1β 
IL-1,4,6,8&12  
TNF-⍺ 
TNF-β 
INF-ɣ 
PGE2 
M-CSF 
GM-CSF [163] 

1. TNF-⍺ stimulates RANKL [164] 

2. PGE2 exerts positive feedback by 
amplifying RANKL in fibroblasts 
[165] 

3. Down regulation of collagen I 
expression [166] 

1. Reduce cell viability by TiO2 
nanoparticles [167] 
 

2. Cytotoxicity on pre-OB and 
fibroblasts 
 

3. Increase MႴ migration[168] 
 

4. Decrease OB migration and 
mineralization at > 420µM [169, 170] 
  

5. Induce DNA fragmentation [171] 
 

6. Increase OCgenesis & function [172, 
173] 

Co IL-6,8&12 
PICP [174] 
ROS [175] 
TNF-⍺ [176] 
PGE2 [177] 
VEGF [178] 

1. Activates inflammasomes [176] 
 

2. Enhances osteoclastogenesis via 
enhance RANKL binding, NFκB and 
NFATc1 [179] 
 

3. Inhibits collagen I expression and 
pro-collagen ⍺-1gene expression 
[166] 

1. Reduce cell viability and proliferation 
at 135µM [180] 
 

2. Inhibit OB differentiation and ALP 
activity >100 µM after 13 days [180] 
 

3. Increase MႴ numbers [181] 
 
 

4. 400% cell death (both apoptosis & 
necrosis) >100 µM after a day [182] 
 

5. Enhance osteoclastogenesis& 
function [183] 

Cr IL-1β [184] 
IL-6 &12 
ROS [184] 
TNF -⍺ 
PGE2 
MCSF [185] 

1. Enhances RANKL production [186] 
 

2. Activates inflammasomes [187] 
 
3. Inhibits collagen I expression and 
pro-collagen ⍺-1 gene expression 
[188] 

1. 16% cell death [189] 
 

2. DNA damage 
 

3. ROS production [190] 
 

4. Enhance OCgenesis [191] 
 

5. Oxidative deterioration of lipids and 
proteins [192] 
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1.5.6 Ti alloy particle triggered osteolysis 

Ti particles have been shown to induce monocyte production of IL-1b, which 

could in turn induce TNF-a and IL-6. This could lead to STAT-3 activation and 

ROS production through the NADPH oxidase pathway, and subsequent 

osteolysis via NF-kB [193]. In fact, a recent study showed a significant increase 

in immunohistochemical staining of IL-1β- and TNF-positive cells in monocytes 

from sections of Ti-treated tissue. This was accompanied by more severe 

osteoclastogenesis [194], (see table 1.2A). 

 

1.5.7 Ti and implant failure 

Ti4+ induces prolonged inflammation and osteoclastogenesis via an IL-1b-

mediated inflammasone pathway and Hippo/YAP signalling. The Hippo signalling 

pathway controls cell growth and organ size by regulating the activity of Yes-
associated protein (YAP). A recent study has shown that the Hippo signalling 

pathway is vital for osteogenic differentiation. YAP activation induced by 200 µM 

Ti ion downregulate osteogenic differentiation of MC3T3-E1 cells, an effect that 

was reversed by knock-down of YAP [195]. Overall, after a prolonged 

inflammatory response, metal debris and ions can activate the adaptive 

immune system by inducing a delayed-type hypersensitivity reaction. Figure1.8 

illustrates the proposed mechanism for wear debris/ion-induced osteolysis. 

 

1.5.8 CoCr particle-triggered osteolysis  

Studies have shown that CoCr particles promote cytokine/chemokine 

expression. Most CoCr particles are within the nano-meter size range (mean 

30 nm to 57 nm). Nano-sized metal wear particles, although small in size, have 

a large specific surface area that allows for greater biological activity (including 

cytotoxicity). Exposure of pre-osteoblasts cells (MC3T3-E1) to CoCr particles 

induced a significant increase of MCP-1, TNF-a and IL-6 gene expression 

(Table1.3). These factors are known to increase inflammation and 

osteoclastogenesis. CoCr particles can trigger immune responses via 

triggering pathogen-associated molecular patterns (PAMP). The particles 

exhibit PAMP-like behaviour and bind to Toll-like receptors (TLRs) expressed 

by macrophages. These initiate signalling pathways that lead to stimulation of 

the immune response. Additionally, endogenous molecules generated upon 
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tissue injury are known as damage-associated molecular patterns (DAMPs) 

and directly activate TLRs. Proteins released by the damaged interface tissue 

include several heat shock proteins, bi-glycan, and fragments of extracellular 

molecules such as oligosaccharides of hyaluronic acid and heparan sulphate, 

all of which are known activators of TLR2 and TLR4. TLR4 acts via myeloid 

differentiation primary response 88 (MyD88), resulting in the production of pro-

inflammatory factors.  

 

Wear debris and ions act to inhibit osteoblasts and osteocyte activity by 

production of prolonged inflammation, chemokine, cytokines and ROS. These 

cause osteoblasts to mineralise bone matrix and reduce ALP activity. 

Osteoblasts also produce more sclerostin and RANKL. In vivo, these mediators 

have the potential to attract pro-inflammatory cells to the implant area and 

stimulate osteoclasts to absorb bone. In CoCrMo alloys (the most widely used 

metal for implants), bio-tribocorrision of these implants from producing 

particle/ions from the implant surface by wear process or chemical oxidation 

removing the chromium rich passivating film and produce wear debris particles. 

During the lifespan of biomaterials and medical implants, they experience 

constant tribological damage.  As already mentioned, the body environment is 

corrosive because many factors such as the surgical site wound which creates 

low pH environment, the combination of tribology, corrosion and a vast number 

of other factors in the biological environment has been named ‘biotribocorrosion’.  

 

The production of wear debris and ions can then be taken up by cells via diffusion, 

or by receptor-mediated phagocytosis (for particles >250nm in diameter) or 

pinocytosis (for particles 80-120nm in diameter) [196] which ultimately leads to 

chronic inflammatory response, pseudo-tumour formation and osteolysis. Debris 

and ions can then be taken up by cells via diffusion, or by receptor-mediated 

phagocytosis (for particles >250nm in diameter) or pinocytosis (for particles 80-

120nm in diameter) [196]. Interleukin-1b (IL-1b) and tumour necrosis factor-alpha 

(TNF-a) are generated in high quantities following monocyte accumulation in 

interface tissue, these cytokines combined with other inflammatory mediators 

trigger osteolysis [187]. As a result, the type of the inflammatory response is 
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influenced by the chemistry, shape, and concentrations of particles accumulated 

in tissues. 

 

Some progress has been made in understanding the cellular mechanisms that 

underlie osteolysis-induced aseptic loosening. Wear debris both (particulate and 

ions) can activate inflammatory responses in the surrounding interface tissue 

[187] leading to inflammatory osteolysis and aseptic loosening. The internalized 

particles by macrophages or polykaryons (produced primarily by articulating joint 

surfaces) cause the production of pro-inflammatory cytokines, chemokines and 

reactive oxygen species (ROS) [197] by multiple pathways including the nuclear 

factor κB (NF-κB) pathway. As these particles cannot be degraded, they trigger 

‘frustrated phagocytosis’ and leads to activation of caspase-1 and 

Nalp3 inflammasome activation [198]. An intracellular danger-signal protein 

complex consequently formed that positively correlates with particle 

concentration and can leads to further inflammatory factor production, 

recruitment of more inflammatory cells and chronic inflammation. Several pro-

inflammatory factors are influenced by a wide range of cells have been 

demonstrated to be increased in following exposure to wear debris both in vitro 

and in vivo [187, 199, 200]. 

 

1.5.9 Co and implant failure 

Implant-derived ions can also induce perivascular lymphocytic infiltration, which 

results in type 4 delayed hypersensitivity of the local tissue. Entry of ions such as 

Co2+ into the local tissue stabilises HIF-1a which increases reactive oxygen 

species (ROS) production, leading to oxidative necrosis via the NF-kB pathway 

in a positive feedback loop.  This may also trigger RANK/RANKL in osteoclasts 

and multinuclear foreign body giant cells to increase the number of mature 

osteoclasts that causes osteolysis [187]. Although Co- induced pathways will be 

described in detail in Chapter 4, it is important to recognise here, that Co can 

substitute Ca2+ in the NFATc1 calcium-dependent pathway. The activation of 

macrophages by Co or Ca2+ ion release can trigger a signalling pathway through 

calcineurin (CN). The CN/NFATc1 is a major pathway for osteoclast formation 

through auto-amplification. 
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Systemic effects of Co release from orthopaedic implants has also been 

observed. Post-mortem studies of the patients who have received total hip or 

knee replacements demonstrated that accumulation of wear particles in the liver, 

spleen or abdominal lymph nodes is a common occurrence in patients. In an 

extreme case recently reported, an aseptically failed M-O-P implant after a year 

of revision surgery of ceramic on ceramic implant has Co and Cr serum ions level 

of 10.1µM and 0.94µM which resulted in a systematic toxicity with symptoms 

such as neurological impairment and heart failure [12]. This level is 85 times 

higher than the guideline for failed implants in the UK [161].  

 

Osteolysis involves the activation of macrophages, ions release such as Co2+ 

and Ca2+ can trigger signalling pathway through auto-amplification of calcineurin 

CN/NFAT is a major pathway for osteoclast formation through auto-amplification. 

Auto-amplification of NFATc1 is dependent on the calcium signalling of 

immunoglobulin-like receptors associated with immuno-receptor tyrosine-based 

activation motif (ITAM)-harbouring adaptors. In addition to the calcineurin-

NFATc1 axis, calcium signalling activates the calmodulin-dependent kinase 

pathway which also plays a critical role in osteoclast formation. CN / NFATc1 

signalling in osteoblasts controls the expression of chemo-attractants that attract 

monocytic osteoclast precursors, thereby coupling bone formation and bone 

resorption. In addition, implant-derived ions can also induce inflammatory 

phenotypes in surrounding bone implant interface tissue, and systemically [201-

203]. 
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Table1.4 Pathways involved in Co, Cr and Ti interactions with bone cells 

 

Co Cr Ti 

HIF-1α stabilisation with 
maximum response at 
concentration of 300μM, Co 
particles at 1μm diameter/10 
particles induce HIF1α, VEGF 
and TNFα and ROS expression 
in THP-1 macrophages [176, 
204] 
Increased ROS generation 
[205] 
Increased activation NF-kB 
inflammatory pathway 
Increased gene RANK/OPG 
ratio in Saos-2 cells compared 
at ~1.69μM  
NFATc1 calcium-dependent 
pathway [206]  

Increased ROS 
generation [207] 
 
More cell death  
triggered by Cr6+ [208] 

Hippo/YAP signalling 
pathway [195] 
 
TiO2 trigger inflammatory 
cytokine release (TNF-α, 
IL-6 and IL-1β) [209]  

 

  



Chapter 1 General Introduction 

58 
 

 
Figure1.8: The process of wear debris/ions induced aseptic loosening of the implant via 
prolonged inflammation and osteolysis. There is an imbalance between bone resorption and 
bone formation caused by inflammasome pathway and is centrally involved in the pathology of 
implant debris-induced local chemokine and cytokine responses [210, 211]. 

a 

b c 

d 

f 
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1.5.10 Cr and implant failure 

Studies have found that Cr6+ ion complexes are highly soluble and readily cross 

cell membranes via anion transporters, whilst Cr3+ complexes are less soluble at 

physiological pH and cell membrane permeability to Cr3+ is low. The rapid 

reduction of Cr6+ across the cell membrane by glutathione results in an increase 

in ROS production and cell death, accounting for its high toxicity [212]. Studies 

have also shown that Cr3+/6+ significantly increases the production of IL-1β, 

while decreasing the production of IFN-γ, IL-6, IL-8, and IL-10. Ions are 

released by tribo-corrosion and the levels of ions in failed orthopaedic implant 

patient have been reported to be as high as 700-1000µM and 5-100µM for Co, 

Cr and Ti ions in local tissue and in peripheral blood (Figure1.9). This 6000 times 

larger than the guideline blood ion concentration (7ppb cut-off level for the 

maximum of cobalt or chromium) [161]. 

 
Figure1.9: The level of Co, Cr and Ti present in implant interface tissue and blood of 
patients with implant failure [213-234].  
 

In polymer-based implants, particles generated initiate innate immune response 

(inflammasome) which increases TNF-a, IL-6, PGE2 and MCP-1 [194] which 

promote macrophage activation and osteoclastogenesis, with dramatically 

increased macrophage infiltration and elevated tartrate-resistant acid 

phosphatase–positive cell deposition [200]. In ceramic based implants, 

hydroxyapatite-based for example, the particles produced increase inflammatory 

response by producing ROS [235], MMPs, TNFs and interleukins [236].  It also 
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promotes the recruiting and activation of immune cells and formation of 

polykaryons [237] and osteolysis. Furthermore, the use of modular components 

in total hip arthroplasty introduced an additional interface with the potential for 

fretting and corrosion to occur. Material removal was simulated based on 

Archard's (adhesive wear) Law with incorporating contact pressure, micro-motion 

and wear factor, which used input from in vitro fretting tests.  A low contact stress 

cemented total knee replacement showed a 7-fold increased risk of aseptic tibial 

loosening compared with other cemented designs. The mechanism of this 

increased risk is still unknown but is a global issue.  One possible suggestion 

may be that it is caused by an increased rotational motion which means the in 

vivo wear may increase because of the comparatively low tibial surface 

roughness and the lack of a keeled stem, de-bonding of the tibial component at 

the implant–cement interface. Polishing was observed on the lower surface of 

the baseplate and correlated with the ions (Co, Cr and Zr) released from the 

implant into the blood. This increased the particle load and risk of osteolysis, this 

study also found that for each 1mm increase in cement thickness, the failure rate 

due to aseptic loosening decreased by 61% [238]. For patients undergoing TKR 

at the median age (69 years old), the 13-year risk of revision was just over 4%. 

However, for total knee replacement patients under the age of 60, the risk 

increased with decreasing age, reaching 10% for those under 55 years old. This 

pattern was even more prevalant in uni-condylar replacement, with patients 

under the age of 55 facing a 25% chance of revision after 13 years. This has 

been a consistent finding across all annual reports [23]. In 2004-2005, there were 

10,145 hip replacements for people aged 59 and below, and 17,883 in 2014-2015, 

representing a 76% rise in the last decade [239].  

 

1.5.11 Other factors may lead to aseptic loosening 

Bone experiences load through both tensile or compression stress, which leads 

to changes in mineralization density and bone stiffness (Wolff’s Law) affecting 

bone strength. The orientation of collagen fibres also evolves in response to 

mechanical stimuli. Collagen fibres lying transverse to the loading axis are best 

able to withstand compressive loads, whilst collagen fibres lying longitudinal to 

the loading axes are best able to withstand tensile loads [240]. Several authors 

research that when implants are not osseo-integrated and there is a fibrous 
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encapsulation, stress shielding becomes dominant due to mechanical mismatch 

[241, 242]. It is also important to control the transition of tension during early 

mechanical support until it is blocking the cell load dependent matrix production 

and fluid flow was purposed, as a result, an implant [243]. The long-term isolation 

between the implant and bone can influence local bone density, leading the 

osteolysis. One of the main reasons why it is suggested, is that when bone 

implants are stiffer than bone, this accentuates the stress shielding phenomena, 

resulting in compromised bone integrity, and metallic implants have much higher 

elastic moduli than bone. For example, Ti-6Al-4V has a modulus of around 110 

GPa, and CoCrMo has a modulus of around 230 GPa [43]. In contrast, the elastic 

modulus of cortical bone ranges from 3 to 30 GPa [56], while trabecular bone has 

a lower elastic modulus, ranging from 0.02 to 17.5 GPa [244]. However, stress 

shielding phenomena has been gradually overcome by improving the alignment 

of the implant, preserving bone stock and using implant with lower modulus in 

the patients [245, 246] as well as other procedures through surgical advancement. 

Nonetheless, researchers have also suggested that stress shielding effect has 

been overestimated in the literature as bone mineral density measurements on 

different sites showed the value of bone mineral density change is under baseline 

and stress shielding does not show a positive correlation with wear debris 

generation [247, 248].  

 

The second mechanical factor associated with bone resorption is increased 

hydrodynamic pressure. One study showed that a hydrodynamic pressure of 60 

enhanced rat mesenchymal stromal cell differentiation to osteoblasts. In contrast, 

hydrodynamic pressures higher than 120 mmHg had no effect on osteogenic 

differentiation [249]. In vivo studies also showed enhanced bone resorption in the 

presence of elevated fluid pressure. Exposure of an osteolytic cavity adjacent to 

a loose hip prosthesis to sustained high pressure, or to a short burst to increase 

hydrodynamic pressure (up to 200 mmHg), was found to increase bone 

resorption [250, 251]. Elevated hydrodynamic pressure has also been implicated 

in acute/chronic particle-induced inflammation. Local accumulation of fluid may 

lead to the accumulation and distribution of wear debris around the implant, 

further contributing to osteolysis.  Based on this knowledge, it may be useful to 

use computer simulation to optimize the topology, materials, and design of 
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implants (e.g., introduction of holes in bone plates) so as to minimize 

complications resulting from stress shielding [252]. 

 

1.6 Therapeutic ion release from bioactive glasses 

The dissolution products from bioactive glasses (Ca, P and Si) are reported to 

induce hydroxyapatite formation [13, 253] and promote favourable bone cell 

interactions [254-256], table1.5 and figure1.10. 

 

1.6.1 Cobalt ions as a potential therapeutic agent 

Co ion is a hypoxia stabilizing agent [204], it induces cellular hypoxia and activate 

several pro-regenerative processes in the human body including HIF 

transcriptional factor activation. The addition of angiogenic factors such as VEGF, 

Co ion or HIF mimicking agents into the scaffold.  HIF is a major pathway for 

angiogenesis, as it allows a vast number of inflammatory and angiogenic 

genes/proteins to be expressed to accelerate bone repair. Co is also important 

for stem cell differentiation and fracture repair. When Co applied by 

subcutaneous injection in rat remnant kidney in vivo model, it induces 

angiogenesis via HIF-1a activation. Furthermore, Co induce cell growth and 

angiogenesis was observed in rat bladder model [257] and bone marrow, it 

enhances hypoxia response through HIF-a and VEGF expression [258].  

 

The Co ion is a constituent of vitamin B12, cofactor of enzymes involved in DNA 

biosynthesis [259]. Vitamin B12 also called cobalamin was first discovered in 

1849 it was used as a supplementation of pernicious anaemia and demyelinating 

lesions of the central nervous system. Vitamin B12 deficiency is related to 

osteoporosis in patients with pernicious anaemia and has shown to be an 

important factor for osteoblast function. B12 is absorbed by stomach parietal cells 

through production of intrinsic factors in the ileum and by bacterial conversion in 

the colon, but this is unavailable to the non-coprophagic individual. The U.S. RDA 

is 2.4μg per day for adults 50 years or above [260].  Studies show that vitamin 

B12 deficiency stimulates osteoclastogenesis via increased methiononine 

synthase in production of homocysteine and methylmalonic acid by osteoblasts 

which stimulates osteoclast formation in a dose-dependent manner [261].  
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Resorbable bioactive glasses (BG) were designed to activate the hypoxia 

pathway by substitution of Co for Ca2+ in the BG and substitution of Co and Ca2+/+ 

2Na+ for Si [262]. The dissolution products from these hypoxia-mimicking BGs 

stabilized HIF-1a in a concentration-dependent manner, altered cell proliferation 

and metabolism and upregulated several genes involved in the hypoxic response 

(HIF1A, HIF2A, and VHL), MSC survival (SAG and BCL2), extracellular matrix 

remodelling (MMP1), and angiogenesis (VEGF and PDGF). Cobalt ions (Co) 

were chosen as the hypoxia-mimicking agent because of their ability to activate 

the main hypoxia-sensing intracellular pathway, the HIF-1 (hypoxia inducible 

factor-1) pathway [204, 258]. Mesoporous bioactive glass (MBG) scaffolds doped 

with 2 and 5% Co significantly enhanced VEGF protein secretion, HIF-1α 

expression, and bone-related gene expression compared to pure MBG scaffolds 

[263]. One study showed that hydroxyapatite nanoparticles (HA-NPs) substituted 

with 5 to 12 wt.% Co did not cause any adverse effect on epithelial Caco-2 cells 

(colorectal adenocarcinoma) and increased alveolar bone density in vivo after 6 

months in 6-8weeks Wistar rats [264]. This imbalance in bone remodelling, 

together with Co ions can activate and increase bone-resorbing osteoclast cells 

differentiation resulting in osteolysis aseptic implant loosening, however this can 

be controlled in a BG scaffold.  

 

A wide application of cobalt–chromium hard-metal alloys (metal-on-metal 

articulations) in total joint arthroplasty over the last decade was because lower 

wear rate and increased stability compared to conventional metal-on-

polyethylene articulations. In contrast with the benefit of CoCr alloy, there are 

well-known cytotoxic effect by Co ions, with also evidence that the presence of 

Co ions in tissue engineering scaffolds stimulate angiogenesis. This indicates 

that increased solubility of Co ions may cause serious adverse reactions to the 

surrounding tissues as well as systemic toxicity also controlling to precise 

releasing profile may be desirable for new tissue engineered scaffold.  

 

1.6.2 Si (Si (OH) 4) as a potential therapeutic agent 

Silicon (Si) is the eighth-most common element in the universe by mass, and the 

second-most abundant element in the earth's crust (about 15%-28% as various 

forms of silica or silicate [265]) and most abundant composition in igneous rock 
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[266]. Si is known to be an essential element for metabolic process associated 

with the formation and calcification of bone tissue [267]. A recent study using 

dietary Si supplementation in ovariectomized mice showed that trabecular bone 

volume decreased by 48% in untreated animals compared with the control 

groups that received either aqueous Si or estradiol [268] (an inhibitor of the 

resorption activity of osteoclasts by increase production of OPGs). Si deficiency 

in ovariectomized animals also lead to a decrease in the concentration of plasma 

osteopontin (OPN), an important factor in bone remodelling for adhesion and 

migration osteoclasts on bone surface [269]. Overdose of Si causes significant 

inhibition of osteoclast phenotypic gene expressions, osteoclast formation and 

bone resorption in vitro, the underlying mechanism is unknown and is 

investigated in Chapter 5 [270]. 

 

Furthermore, differences in dietary Si intake were positively and significantly 

linked to bone mineral density (BMD) at all hip measurement sites in men and 

premenopausal women with BMD differences as large as 10% between the 

highest (> 40 mg Si/day) and lowest levels (< 14 mg Si/day) of Si intake. Si played 

a role in the remodelling process of bone since low silicon diet at 2mg/kg 

decreased plasma osteopontin and urinary helical peptide excretion which is an 

indication of testing collagen derived peptide [271].  

 

This study also showed that Si and the relation between Si and ovariectomy only 

mildly changed bone strength and physical measurements and did not affect 

femur calcium concentration. The findings suggest that silicon has a biochemical 

function that affects bone growth processes before bone crystal formation by 

affecting bone collagen turnover and sialic acid-containing extracellular matrix 

proteins such as osteopontin [272]. 

 

Si improves bone calcification, it is a component of glycosaminoglycan (present 

as silicic acid), connective tissues, cross linking agent, helps in resiliency of 

connective tissues [273]. Recent studies suggest that the Si bio-ceramics could 

regulate immune responses by altering the ionic microenvironment between the 

implants and hosts, not just the certain concentration of extracellular Si-

containing ionic products released from the silicate bio-ceramics.  Separately 
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investigating Si, Mg and Ca2+ revealed the activity to inhibit the macrophage 

inflammatory responses by the way of suppressing the activated inflammatory 

MAPK and NF-κB signalling pathway and promoting the caspase-dependent 

apoptosis of macrophages. In the study, two representative silicate bioceramics, 

akermanite (AKT) and nagelschmidtite (NAGEL) were used as model materials 

to investigate the inflammation responses in vitro and in vivo, and β-tricalcium 

phosphate (β-TCP) bioceramics were used as a control. It was found that the 

mouse macrophage cell RAW264.7 that cultured on AKT and NAGEL bio-

ceramics displayed not only less viability and proliferation, but also a significant 

less inflammatory cytokine secretion than those on β-TCP in vitro.  This suggests 

that the released bioactive ions from silicate bio-ceramics might play a critical 

role in the immune regulation. Si bioceramics (AKT and NAGEL), compared with 

β-TCP controls, significantly decreased the immune responses caused by 

macrophages in vitro and in vivo, which is possibly because the definite 

concentration of bioactive Mg, Ca2+ and Si ions released from silicate 

bioceramics suppressed the activated inflammatory MAPK and NF-κB signaling 

and promoted the apoptosis of macrophages by the caspase-dependent pathway 

[274].  

 

The concentration of Si released from BG is with the range of 80ppm (2.85mM). 

Studies have shown that bone marrow stromal cells (BMSCs) by comparing the 

BMSC responses to different concentrations of NaCl and Na2SiO3, while 

considering and excluding the effect of Na ions. The silicate at a concentration of 

0.625mM significantly enhanced the proliferation, mineralization nodule 

formation, bone-related gene expression (OCN, OPN and ALP) and bone matrix 

proteins (ALP and OPN) of BMSCs. These results suggest that Si ions by 

themselves play an important role in regulating the proliferation and osteogenic 

differentiation of BMSCs, with the involvement of WNT and SHH signalling 

pathways. 

 

Calcium silicate (CS) bioceramic has significantly stimulated pro-angiogensis in 

human umbilical vein endothelial cells (HUVECs). Silicate has shown to be the 

main player in this angiogenesis effect, silicate at concentration of (24-64µM) 
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stimulated HUVECS proliferation and expression VEGF, bFGF and their 

receptors [275]. 

 

1.6.3 Mechanism of action of Si-based BG 

New bioactive glass materials (BGs) are designed and developed to induce 

specific gene expression in different grafting sites such as for bone or for skin 

(soft or hard tissue). It is important to understand and further research on how to 

manipulate BG chemical compositions, ion release rates, topography and 

porosities [276]. Two methods of making BGs are commonly used melt-derived 

and sol-gel. The sol gel method allows to introduce and adjust porosity thus has 

become more favourable for almost all tissue regeneration because innervation 

and vascularization is key for healthy tissue remodelling. Previous microarray 

studies on BG demonstrated that genes associated with osteoblast growth and 

differentiation, maintenance of the extracellular matrix, and promotion of cell-cell 

and cell-matrix adhesion were up-regulated by conditioned cell culture media 

containing the dissolution products of bioactive glass [277]. However, these 

results are preliminary and subjective.  For example, a part of a total gene was 

picked which potentially produced misleading results due to different proteins can 

formed splice variants (isotypes) of the same gene with often opposing functions, 

share the same exon [278]. Therefore, various techniques (genomics, 

transcriptomics, proteomics and metabolomics technologies [279]) could allow a 

more realistic reflection on how BGs affect cellular functions both in vitro and in 

vivo processed with big data computer modelling, which could ensure a more 

detailed understanding of cellular responses to bioactive glasses. 

 

In addition, the basic understanding of how BGs interact in vivo could allow better 

control of ion release and hydroxyapatite (HCA) formation which marks for initial 

osseointergration [57]. Five inorganic reaction stages are commonly thought to 

occur when a bioactive glass is immersed in a physiological environment and 

these are described in Figure1.10. 
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Figure1.10: The interaction of 45S5 Bioglassâ (BG) with cells. There are five main steps involved in the interaction of BG with cells: (1) proton 
exchange, alkaline ions (Na+ and Ca2+) interact with H+ (or H3O+) ions are released as a controlled manner from the scaffold to produce soluble Si, Ca, 
P, and Na ions that give rise to both intracellular and extracellular responses at the glass interface to its cellular environment. (2) The rapid ion exchange 
allows hydrolysis of the silica groups (SiO4

4-), increasing the pH of the surrounding solution and allowing surface silicate gel formation (i.e., poly-
condensation of silanols, Si–O–H). (3-4) This causes nucleation and crystallization of amorphous calcium phosphate (ACP) [280] , (5) hydroxycarbonate 
apatite (HCA) [281], production of type I collagen [282] and osteocalcin [283] by osteoblasts and increase bone mineralization [284]. BG dissolution 
products  enhances gene expression  of bone growth factors such as ALP, osteocalcin and BMP-2 [285, 286], enhance matrix formation by enhancing 
collagen I, osteopontin and collagen X expression [285, 287], in addition  it induces inflammatory mediators such as TNF-a and VEGF expression [288, 
289].
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1.6.4 Calcium as a potential therapeutic agent 

Calcium (Ca) and phosphate (P) are the main components of biological apatite 

(Ca10(PO4, CO3)6OH2), these ions play an essential role in bone formation and 

resorption [290]. Proper functioning of calcium regulating hormones (Parathyroid 

hormone, PTH), Calcitriol, calcitonin, sex hormones and others (IGF-1 and 

Cortisol) regulates the level of Ca
2+

 and P in the blood that are highly responsive 

in order to control their optimal level. PTH controls both bone formation as well 

as resorption. In a clinical setting, a small amount are injected intermittently, bone 

formation is therefore promoted and increase the strength of the bone [291]. Ca
2+

 

sensing that regulates this homeostasis in the host and bone is via the Ca
2+

 

sensing receptor (CaSR) which is mainly expressed in the parathyroid and 

kidney. Several in vitro and in vivo studies have shown that CaSR involvements 

in both osteoblasts and osteoclasts sense local changes in extracellular calcium 

concentration and respond in terms of proliferation, differentiation and activity 

as a result controlling bone mass [292, 293].
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Extracellular Ca
2+

 and PTH interacts and activates CaSR, modulating 

parathyroid cells and calcium reabsorption in the kidney nephron. In the bone 

adequate level (<2mM), Ca
2+

 released by resorbing osteoclast at its surface 

was measured previously using scanning electrochemical microscopy in 2001 

[290, 294]. The Ca
2+

 concentration however, is not well defined due various 

technique difficulties, previously Silver et al., 1988 used micro-electrode method 

determined Ca
2+

 concentrations at the resorbing lacunar is between 8-40mM 

[295], this was later showed in an in vitro study that treating osteoclasts with 5-

20mM, Ca
2+

 resulted inhibition of resorption within hour of application [296] 

which is within range of 8-40mM defined in their research [295].  Despite the 

wide acceptance of this in vivo Ca
2+

 concentration, this method having a large 

measurement range of extracellular Ca
2+

 concentrations (8-40mM); Ca
2+

 was 

measured using a Ca
2+

 sensitive neutral ligand in osteoporotic bone fragment 

in rabbit ear chambers, as a result these two studies do not present a true 

reflection of concentration of Ca
2+ in vivo both at quiescent osteoclasts and at 

its activated stage. Ca
2+

 promotes chondrogenesis and growth plate 

development, enhancing osteoblast recruitment and differentiation. Ca
2+

 

showed no effect in osteoblast proliferation (1.8-5mM), but it alters cell 

morphology. At higher concentration (>6mM), Ca
2+

 enhanced mineralization and 

Ang1 and 2 expressions which associated with increase expression of connexin 

43 and integrin b, these two are major markers for cell-cell interaction and cell-

matrix interactions respectively [256]. A more accurate concentration of Ca2+ in 

osteoclasts environment and whether an increase of Ca2+ above a critical level > 

5mM could enhance osteoblast activity but inhibit osteoclast activity still need 

further investigation. 
 

 

A recent study found a correlation between mitochondria dysfunction, ROS, 

hypoxia and Ca
2+

 signalling pathway [297]. The loss of mitochondrial DNA or the 

loss of its membrane potential initiates a calcium/calcineurin-dependent 

retrograde signalling pathway that differentiating macrophages into mature 

osteoclasts via the enhancing of RANK/RANKL/NFATc1 pathway and increase 

Cathepsin K expression which links the interactions between ROS and RANKL 

in osteoblasts [297]. In addition, pro-angiogenic factors such as PDGF, epidermal 

growth factor (EDF), insulin-like growth factor I (IGF-1), bFGF (basic fibroblast 
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growth factor) and VEGFs can increase intercellular Ca
2+

 and nitric oxide level 

thus positively affect endothelial cells proliferation [298], as a result enhance 

bone regeneration. 

 

Ca
2+ 

can modulate skeletal homeostasis by triggering CaSR-mediated 

responses through the activation of specific intracellular signalling pathways, 

such as the MAPK dependent and Ca
2+

 oscillation pathways. CaSR activates 

mitogen activated protein kinases (MAPKs) ERK and p38
MAPK

, this stimulates 

EGF receptor mediated signalling resulting increase bone deposition and also 

stimulates PTH-related protein (PTHrP) secretion in to the medium as a result 

transactivates EGFR [299]. Activation of CaSR also induce intracellular Ca
2+

 

oscillations, this ensure a long lasting Ca
2+

 signalling which prolongs the 

activation of NFATc1 and osteoclastogenesis [300]. Upon RANKL-RANK 

activation, the downstream differentiation is dependent on the activation of 

calcium/calmodulin-dependent protein kinase type IV (CaMKIV) and cyclic-

AMP-responsive-element-binding protein (CREB) which results in 

osteoclastogenesis [301]. A recent study by using nicotinic acid adenine 

dinucleotide phosphate (NAADP), a potent Ca
2+

 mobilising messenger that 

induces Ca
2+

 uptake on human osteoclast formation and resorption on dentine 

discs [302]. This showed that human osteoclast precursor also sensitive to the 

extracellular Ca
2+

 not just mature osteoclasts, previously, studies showed that 

mature osteoclasts were able to ‘sense’ the release of Ca
2+

 from bone which 

inhibits their function [296]. This study reported reduction in number of TRAP
+
 

osteoclasts and extend of lacunar resorption under increasing NAADP and 

extracellular Ca
2+

. Their result suggested that extracellular calcium affects 

osteoclast formation and RANK receptor expression but does not affect the 

function of mature osteoclasts [302]. In addition, the protein calmodulin (CaM) is 

a calcium-dependent modulator of related enzymes inhibition, enhances 

osteoblast differentiation and bone growth and suppresses osteoclasts 

differentiation [303].  CaM also interacts with membrane receptors, channels and 

structure proteins, during bone resorption, calmodulin has been reported to 

concentrate at the ruffled border membrane of osteoclasts where it is 

hypothesised to modulate bone resorption activity in response to calcium 
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[304]. Another recent study found CaM interacts with Rab3D at the osteoclast 

membrane of ruffle border, Rab3D proteins have been found in the regulation of 

vesicle transport on the excoytotic, endocytotic and transcytotic pathway, in this 

case the blockade of this interaction reduces bone resorption in vitro [305].  It can 

also function as a Ca
2+

-dependent adaptor protein which regulates p38 MAPK 

dependent pathway involved in adequate tissue homeostasis and development 

[306]. Therefore, by manipulating Ca
2+

 level and relevant sensing proteins, it 

could be a target for potential therapeutic agent for treatment of bone diseases. 

 

In designing the third generation of biomaterials [61], porous b-calcium silicate 

(b-CaSiO3, b-CS) induce both osteogenesis and angiogenesis in rabbit calvarial 

defects 16 weeks after implantation. This inducing more bone remodelling (both 

resorption and formation) and scaffold integration than porous b-TCP [307]. 

Therefore, by combination of Ca
 
and Si ions in the scaffold composition, carry out 

in vitro and in vivo testing to validate the optimal ion release concentrations could 

achieve both bioactive and resorbable in the host and be a beneficial therapeutic 

approach. 
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Table1.5: Effect of selected ions on human bone response in vivo / in vitro. 

 

 

 

 

 

 

 

 

 

 

 

 

Ion Bone response in vivo / in vitro 

Mg  1. Stimulates new bone formation. Increases glass structure disorder [308] 

2. Increases bone cell adhesion [309] 

3. Involved in bone health, as it affects the function of osteoblasts and osteoclasts, 

and alters calcium homeostasis by modulating the concentrations of parathyroid 

hormone and calcitriol and increase BMD [310] 

Zn 

 

1. Anti-inflammatory and stimulates bone formation in vitro by activate protein 

synthesis in osteoblasts [311] 

2. Increases ATPase activity, and the transcription of osteoblastic differentiation 

genes, e.g. collagen I, ALP, osteopontin, osteocalcin (OCN) and Runx2 [312] 

3. A decrease of zinc in bone result in increased sRANKL in postmenopausal women 

with osteoporosis [313] 

P 1. Stimulates expression of matrix gla protein (MGP) a key regulator in bone 

formation [314] 

2. Phosphate is critical for the process of apoptosis of mature chondrocytes in the 

growth plate [315] 

Fe Increases osteoclast activity [316] 

Low iron levels inhibited osteoclastogenesis [317] 
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1.7 Aims 
 

The main aims of the research presented in this thesis were: 

1. To find a suitable cell model for studying osteoclast-ion interactions in vitro. 

2. To determine the effects of physiologically relevant Co ions (found in patients 

with aseptic loosening of orthopaedic implants) on osteoclastogenesis. 

3. To determine the effects and cellular mechanism of Si on osteoclastogenesis. 

4. To provide new insights into developing the next generation ion releasing 

materials for bone regeneration. 
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2. Materials and methods 

2.1 Cell culture  

Cell-lines RAW 264.7 (ECACC 91062702), a murine leukaemia virus transfected 

macrophage cell-line, and human osteosarcoma Saos-2 (ECACC 89050205) 

cells were obtained from the European Collection of Animal Cell Cultures 

(ECACC, Salisbury, UK). These were used for macrophage, osteoclast and 

osteoblast proliferation studies. Primary osteoblasts from 2-day-old neonatal 

Sprague-Dawley rats and primary osteoclast from MF-1 mice bone marrow flush 

were used for the early bone nodule forming and bone resorption assays. 

 

2.1.1 Macrophage studies 

The RAW264.7 cell line is used in both macrophage inflammatory and osteoclast 

studies. It is, however, a heterogeneous population [318]. In this research, an 

osteoclastogenic clone (SC) of RAW264.7 cell line was selected for bone 

resorption assay (see chapter 3). For the macrophage studies on inflammation 

(particle uptake and reactive oxygen species (ROS) generation) and angiogenic 

factor production (VEGF), the unselected cell line was used. The RAW264.7 cells 

have been reported to be activated through TNF-a and NF-kB pathways by 

foreign pathogens and DNA, suggesting a similarity to native macrophage 

inflammatory responses [319-321]. RAW264.7 cells were expanded with 

Dulbecco’s Modified Eagle Medium (DMEM), GlutaMAX
TM

 (ThermoFisher 

Scientific)
 * 

supplemented with 10% (v/v) foetal bovine serum (FBS) and 1% (v/v) 

penicillin streptomycin (P/S) (Sigma Aldrich
â
)
+
 in a T-75 tissue culture flask 

(CELLSTAR
â
) at 37 °C with 5% CO2.  The cells reached confluence (70-90%) 

after two days and were passaged in 1:5 ratios using a cell scraper 

(Fisherbrand
TM

). To avoid genetic drift [322], low passage numbers (<20) were 

used at a seeding density of 3x10
4
/cm

2
. 

 

2.1.2 Osteoclast studies 

Two cell types were used for studying osteoclast formation, MF-1 mouse bone 

marrow cells and a RAW264.7 clone (SC RAW264.7). The RAW 264.7 

macrophage cell line is a commonly used in vitro model for osteoclast-like cells, 

because of ease of culture, short experiment time and lack of genetic variation 

[323]. However, it is debated in literature as to whether these cells are capable 
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of resorbing bone and are thereby truly osteoclastic [324]. Recently it has been 

reported that the RAW264.7 cells are a heterogeneous cell population and that 

colonies within the population will form mature osteoclastic cells capable of 

bone resorption. Some of the RAW264.7 SC were RANKL-insensitive while 

others responded to RANKL and formed multinucleated TRAP-positive
 

osteoclast-like cells [318]. We adopted this colony approach as described by 

Cuetara et.al. [324]. The selected clone had more TRAP-positive cells and 

resorbing capability when assessed on dentine [324] see chapter3 section 3.3.1 

for more detail about the sub-clone selection. 
 

For the primary mouse osteoclastogenesis model, the protocol previously 

described by Orriss et. al. [325] was used. Briefly, osteoclast-forming marrow 

mononuclear cells were obtained by flushing the long bone marrow of two 6–

10week-old MF1 mice using a 25-gauge needle, as previously described. After 

washing in PBS*(phosphate buffered saline, pH 7.2), marrow cells were initially 

cultured for 24 hours at 37°C in 5% CO2 in 75-cm
3
 flasks in minimal essential 

medium (MEM)
*
 supplemented with: 10% FBS, 2mM L-glutamine

+
, 100U/ml 

penicillin
+
, 100μg/ml streptomycin

+
 and 0.25μg/ml amphotericin B

+
 

(supplemented MEM) containing 200ng/ml M-CSF (Wyeth and R&D system, UK). 

Non-adherent cells were collected and re-suspended at 6×10
5
cells/ml in 

supplemented MEM containing 200 ng/ml M-CSF (Wyeth), 3 ng/ml RANKL R&D 

Systems, UK) and with the pH increased to 7.4 by addition of NaOH. A 200 µl 

cell suspension (1.2 x 10
5
 cells) was allowed to attach for 48-hour onto 5-mm-

diameter dentine discs (elephant ivory donated by HM Revenue and Customs, 

Heathrow Airport, UK) in 96-well plates at (37°C) to allow the attachment of the 

osteoclast precursors. Dentine discs were then transferred to 6-well trays 

containing MEM supplemented with 200 ng/ml M-CSF and 3 ng/ml RANKL. Cells 

were cultured for 7 days in 5% CO2 with ion-conditioned treatment media (e.g. Si, 

Co, Ti or Ca ions).  After 5 days of culture, the medium pH was reduced from 7.4 

to 6.8 by addition of HCl to initiate mature osteoclast resorption or a further 2 days. 

 

2.1.2.1 Dentine disc preparation 

Transverse ivory (dentine) disks, 250mm thick were prepared using a low speed 

saw (Isomet, Buehler Inc., Lake Bluff, IL). 5mm diameter discs were cut from the 
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wafers after soaking in water, using a standard paper punch. The discs were 

washed by sonication in distilled water overnight and stored dry at room 

temperature.  Before use, discs were sterilized by 3 times immersion for  5 

minutes each time in 70% ethanol, allowed to dry, and then rinsed in sterile 

phosphate buffered saline (PBS) (protocol modified from [326]). 

 

2.1.3 Osteoblast study 

Saos-2 cells were routinely cultured under standard conditions (37
o
C, 5% CO2 , 

95% air, 100% humidity) in McCoy's 5A (Modified) Medium, 

GlutaMAX™
*
media supplemented with 10% (v/v) FBS

+
 and 1% P/S

+
. For 

experiments, the cells are plated at 30,000 cells/cm
2
 and cultured for a maximum 

of 14 days for osteoblast proliferation assays. 

 

Rat osteoblasts were obtained from the calvarias and long bones of neonatal 

(2–3 day old) Sprague Dawley rats. Two neonatal rats (2–3 days old) were 

scarified and sterilised with 70% ethanol. Their cadavers were placed in a large 

petri dish and heads were removed using a pair of scissors. The bodies were 

transferred to a separate petri dish for long bone isolation. The nape was 

grasped for calvarial bone removal and a small incision was made along the 

base of the skull, skin and brain tissue was removed using a scalpel and 

tweezers. This was followed by removing of the jaw and scraping away excess 

tissue from around the edge of the calvaria. Calvaria was cut into two halves 

and placed in a flat-bottomed 5 ml bijou. It was washed with PBS
*
 and incubate 

in 1% trypsin
*
 (1ml/calvarial bone) for 10minutes at 37

o
C. After 10 minutes of 

incubation, trypsin was removed, and bone was washed with DMEM
*
 

supplemented with FBS
* 

(beware that serum and Ca
2+

 act to inactivate any 

residue trypsin).  

 

After the trypsinisation step, supplemented media was removed carefully, 

incubate 0.2% collagenase
+ 
(800 µl/calvarial bone) for 30 minutes at a 37

o
C and 

5% CO2 incubator. The final digest was kept by carefully transferring the cell 

suspension to a 15ml centrifuge tube. Calvaria were washed with supplemented 

a-MEM
*
 (5 ml), solution transfered to the 15 ml tube containing the final digest. 

Cell suspension centrifuged at 1,500g for 5 min at room temperature. The 
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supernatant was discarded, and cell pellet was re-suspended in the 

supplemented a-MEM
*
 (1 ml/calvarial bone). If needed, all cell suspensions can 

be pooled from all MF-1 mice used in one flask, ideally 2 mice bone marrow 

flushes per one T-75 cm
3
 flask (CELLSTAR

â
). 10ml of supplemented media of 

a-MEM
*
 was added per T-75 flask with 1 ml of homogeneously mixed cell 

suspension.  

 

The flask was incubated at 37°C/5% CO2 until the cells reach confluence (∼3 

days). Once the cells in the T-75 flask have reached confluency (60-70%, in 

approximately 3 days), the media was removed and wash with PBS
*
. 2ml of 1% 

trypsin was added and incubated for 10 minutes at 37
o
C, 5% CO2/95% air, 100% 

humidity incubator. Trypsin was deactivated with 1:2 ratio addition of 

supplemented a-MEM. The number of animals to used depended on the 

experiments to be performed; typically, one animal will yield 1x10
7
 and 5 × 

10
6
 cells from the calvaria and long bones, respectively. 

 

Cells were seeded at 8x 10
4
 cells/well in osteogenic -a-MEM (OS-a-MEM)

 *+
. 

OS-a-MEM were made by adding 2mM β-glycerophosphate
+
, 10nM 

dexamethasone
 +

 and 50μg/ml L-ascorbic acid
+
. Half the OS-a-MEM was 

exchanged every 2–3 days, by carefully removing it from the wall of the plate at 

the same position. Cultures will typically be fully confluent by day 4. They will 

begin to form discrete bone nodules from about day 10, with extensive networks 

of early mineralising “trabeculae” developing from day 14 [327]. The pH should 

be monitored at ~pH 7.4 and if need be, add 6M of NaOH
+ 

to increase the pH. 

At day 14, the sample is terminated by using 70% ethanol and 100% ethanol 

fixation and viewed under reflected and transmitted light microscope. All plates 

can air dry before scanning. Mineralised bone nodule formation is quantified by 

image analysis (detailed method refers to Section2.14).  
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2.1.4 Primary bone nodule formation 

At day 14, early trabeculae formation can be seen. After fixation the samples are 

fully dried, plates are scanned at 2000 dots/cm
2 

on a high-resolution flatbed 

scanner (Epson Perfection 49990 photo/slide scanner) with reflected light 

scanning. Using an image analysis program (imageJ in this study), the area of 

mineralised bone nodules in the binary images of the individual wells is 

determined with a constant threshold value and a minimum particle size. The 

data is then subtracted with empty middle spaces and processed. Two images of 

the same sample are used: one for the overall area without spaces and one for 

the subtraction. 

 

2.2 Preparation of ion-conditioned media 

Ion-conditioned media were created individually by using cobalt chloride 

hexahydrate (CoCl2•6H2O), chromium hexahydrate (CrCl3•6H2O), titanium 

chloride (TiCl4), calcium chloride (CaCl2) and sodium metasillicate (Na2SiO3). The 

Co
2+

, Cr
3+

 and Ti
4+

 -conditioned media were used according to failed implant-

releasing profile and prepared at 1000x higher than the highest concentration 

used (i.e. Co
2+

 at 200mM, Cr
3+

 at 1M and Ti
4+

 at 1.2M).  Ca
2+

 and Si(OH)4 were 

prepared at 8.25mM and 2.2mM respectively, according to the 45S5 BG
® 

ion-

release profiles of previous studies [262]. The media were all pre-incubated 24 

hours to reduce the pH difference. The only difference measured was with the Si 

-conditioned media (pH 7.8) after 24 hours pre-condition. The solution was 

filtered through a 0.2µm syringe filter (beware, all the solution was made to be 

10% more than the highest used concentrations), filtered and followed by addition 

of 10% FBS
+
. This method would avoid filtration of serum by the syringe filter. 

Four types of media were used: DMEM GlutaMAX
TM

 for RAW264.7 cultures, 

McCoy's 5A (Modified) Medium GlutaMAX™ for SaOs-2
 
cultures, MEM for 

MF-1 mice osteoclast cultures and a-MEM for rat osteoblast cultures. 

 

2.3 Preparation of hypoxia and hypoxia-mimicking agents 

(DMOG and DFO)  

Hypoxia media were prepared using the hypoxic incubator in which the oxygen 

level was adjusted at 1% and 2%O2, with 5% CO2, 37
o
C and 100% humidity. 

When preparing the hypoxia media, standard media were pre-incubated in the 
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hypoxia incubator 24 hours before adding it to the cell culture. Hypoxia activates 

NF-kB through a pathway involving activation of IKK-b leading to 

phosphorylation-dependent degradation of IKB-a and liberation of NF-kB. By 

increasing the amount of activation potential of IKK-b, the cellular sensitivity to 

TNF-a is amplified which inhibits the hydroxylation of PHD through the proline 

residue in the consensus LxxLAP motifs (P402 and P564 and P191A). Hypoxia 

inducible factor-1 (HIF-1), regulates the expression of genes promoting 

angiogenesis, vasodilatation, glycolysis, and erythropoiesis [328].  

 

Dimethyloxaloylglycine (DMOG) was prepared at the highest concentration of 

300 µM and deferoxamine mesylate salt (DFO) at 100 µM (previously published 

concentrations that were able to stabilize HIFa [329, 330]), pre-incubated in a 

normoxia incubator 24 hours before being applied to the cell cultures. DFO
+
 (an 

iron chelator) binding results in inhibition of factor- inhibiting hypoxia-inducible 

factor (FIH) and DMOG is a nonspecific inhibitor of prolyl hydroxylase domain 

(PHD). These are the most widely used HIF-stabilizing compounds. They were 

prepared with concentrations shown to stabilise HIF-1a; previously DMOG
+
 at 

50-300 µM and DFO
+
 at 5-100 µM [331]. 

 

2.4 Preparation of HIF-1a antagonist (Echinomycin) 

Echinomycin
+
 is a potent HIF-1a antagonist and was tested and selected from a 

140,000 small-molecule library. Echinomycin can specifically inhibit binding of 

HIF-1a to the HIF responsive element (HRE) sequence contained in the vascular 

endothelial growth factor (VEGF) promoter, but not the binding of activator protein 

(AP-1) or NF-κB to promoter regions of corresponding target genes. Echinomycin 

was used in the concentration previously used [332]. 

 

2.5 Preparation of RANKL, PTH and Oestrogen for RANKL and 

OPG expression 

Discovery of the RANKL/RANK/OPG system in the 1990s advanced the 

understanding of osteoclastogenesis. RANKL (Receptor activator of nuclear 

factor kappa-B ligand) is an essential cytokine for bone resorption that acts 

through its osteoclastic receptor, the receptor activator of NF-κB (RANK) (Pre-
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osteoclast receptors on monocyte/macrophage cells). Osteoprotegerin (OPG) 

and RANKL are now considered to be essential regulators of bone metabolism 

in vivo. Animals lacking OPG have accelerated osteoclastogenesis and 

developed severe osteoporosis. OPG is secreted, among others, by osteoblastic 

lineage cells, and serves as a decoy receptor that blocks the effects of RANKL 

binding to RANK [333, 334]. The RANKL/OPG ratio in the bone marrow is 

therefore an important determinant of bone mass in normal and disease states. 

 

Stromal cells and osteoblasts express RANKL and M-CSF which are up-

regulated by osteoclastogenic molecules such as parathyroid hormone (PTH). 

PTH also reduces the expression of OPG.  Interestingly, PTH also increases 

bone formation via the insulin-like growth factor (IGF) signalling of aerobic 

glycolysis, also known as the Warburg effect (via PI3K and mTORC2) [335, 336]. 

Oestrogen enhancement of OPG secretion by osteoblastic cells may play a 

significant role in the anti-resorptive action of oestrogen on bones. Studies show 

that oestrogen dose and time-dependently increases the OPG mRNA and protein 

levels to maximal levels of 370% and 320% respectively (P<0.001). Co-treatment 

with the anti-oestrogen ICI 182,780 abrogates these effects completely [337]. 

 

2.5.1 PTH and 1% O2 act as positive control for RANKL expression by 

Saos-2 

Parathyroid hormone fragment 1-34 human (PTH) and 1% O2 (hypoxic condition) 

were used as a positive control (in chapter 4) for soluble RANKL (sRANKL) 

protein expression by Saos-2 cells [338, 339]. Saos-2 cells were seeded at 

3x10
4
/cm

2
 under MCcoy’s 5A GlutaMax media

+
 and cultured for 7 days.  After 

the cells attached overnight, the conditioned media was changed. 10nM of PTH 

was added at day 6. Cell supernatants were carefully harvested and centrifuged 

at day 7, stored at a -20
o
C osteoclasts freezer before a sandwich enzyme-linked 

immunosorbent assay (ELISA) was performed (PicoKine
TM

 ELISA Kits, Boster 

Biotech, USA). The assay was performed according to the manufacturer’s 

instructions.  PTH stock solution was prepared by dissolving in 1% acetic acid
+
 

at 1mg/ml and further diluted in culture media to 10nM before use. 1% O2 pre-

conditioned media was added to the culture at day 6 and cells were incubated in 

the hypoxia incubator for 24 hours before cell supernatants were harvested.  
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2.5.2 Oestrogen act as positive control for OPG expression by Saos-2 

β-Estradiol
 
(E8875)

 + 
at 1nM were added to Saos-2 cells 24 hours before 

harvesting the cell supernatants and centrifuging them for use as positive controls 

of OPG expression [340]. The samples were stored in a -20
O
C freezer before 

ELISA measurements were taken (PicoKine
TM

 ELISA Kits (Boster Biotech, USA)). 

The assay was performed according to the manufacturer’s instructions. β-

Estradiol was prepared at 50 mg/ml in molecular grade 100% ethanol and further 

diluted to 1nM in culture media before application to the cell culture (see chapter 

5 for more details).  

 

2.6 Proliferation study of Macrophage, osteoblast-like cells and 

osteoclast-like cells  

RAW264.7 cells and Saos-2 cells were used. 30,000/cm
2 
of RAW264.7 cells were 

used for 3-day macrophage proliferation studies.  30,000/cm
2 

of Saos-2 cells 

were used for 14-day osteoblast-like cell proliferation studies [341]. 7500 /cm
2
 of 

RAW264.7 osteoclasts sub-clone (SC RAW264.7) were used for osteoclast 6-

day studies. Cells were seeded overnight in control media 

(media+10%FBS
+
+1%P/S

+
 unless otherwise stated).  At day 0, the media and 

unattached cells were removed and conditions applied.  

 

2.6.1 Total DNA assay (DNA quantification kit, Hoechst 33258 based 

measurement)  

The DNA measurement is performed using a DNA Quantitation Kit, Fluorescence 

Assay
+
. The cell media is removed (when necessary spin the plates at 1200 rpm 

to avoid removal of semi-attached cells, especially for the RAW264.7 cell culture). 

At each time point, wash the well three times in warm (37
o
C) PBS before adding 

the molecular grade DNA/RNase free water for cell lysis. Six freeze-thaw cycles 

were carried out in the -20
o
C freezer and on the bench at room temperature to 

thaw. The cells should be monitored under a microscope after each cycle to 

check for lysing. When necessary, an ultrasonic sonicator is used. The plate is 

carefully sealed tightly using a Clingfilm, wrapped by an extra layer of foil to make 

sure there is no water escaping into the plate during sonication. A total DNA dye 

solution is prepared in the ratio of 0.01% Hoechst 33258, 10% 10x assay buffer 

and 90% molecular grade DNA/RNase free water. After the cells are lysed, cell 
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lysates are transferred to a black 96 well florescent plate (Greiner Bio-One) and 

a 1:1 ratio of lysate to dye is added.  In this case, 100 µl of dye and 100 µl of 

lysate to each well. Every plate includes a DNA standard curve with a serial 

dilution of calf thymus DNA at a concentration between 0-10µg/ml. Afterwards, 

florescence is measured at an excitation wavelength of 360nm and an emission 

wavelength of 460nm using a fluorescence microplate reader. 

 

2.7 Measurement of reactive oxygen species (ROS) 

2.7.1 Acellular ROS measurement 

Acellular ROS measurement was performed according to a modified protocol 

[342]. De-esterification of 1mM 2,7-dichlorodihydrofluorescein diacetate 

(H2DCF-DA)
 +

 (0.5 ml) to 2,7-dichlorodihydrofluorescein (DCFH) was achieved 

by the addition of 2ml NaOH
+ 

(0.01M) for 30minutes and neutralisation with 10ml 

PBS at pH 7.2. The sample was added to individual bijou. There was the addition 

of 10µl of 1M NaOH per 2ml of the solution prior to the addition of 10µM iron 

chloride (FeCl2)
+
 as a catalyst for the Fenton reaction, followed by addition of de-

esterified dye. The de-esterified dye should be kept under dark conditions and on 

ice before addition to each solution at 50µl per bijou. After a further 5-minute 

incubation (37
o
C) in a dry incubator, the solution was transferred to black 

florescent microplates and the fluorescence measured (excitation = 495nm, 

emission = 538nm) for acellular ROS generation.  

 

2.7.2 Cellular ROS measurement 

Cellular reactive oxygen species (ROS) generation was measured to determine 

directly the total ROS released by the cells, and indirectly to determine the 

inflammatory responses elevated by macrophages. Studies showed that pro-

inflammatory macrophages release ROS as a chemotactic agent for initiating 

inflammatory responses and osteoclastogenesis [343-346]. The total ROS was 

measured after a 3-day macrophage-like (RAW264.7) cell culture, and after a 7-

day culture of osteoclastic RAW264.7 and osteoblastic Saos-2 cells. To quantify 

the cellular oxidative stress, 2′,7′-Dichlorofluorescin di-acetate (H2DCF) is 

oxidised by ROS, such as hydrogen peroxide (H2O2), hydroxyl radicals (HO•) and 

peroxy radicals (ROO•), but not superoxide ions. Briefly, 3 x 10
4

 RAW264.7 cells 

/cm
2
 were seeded. The cells were allowed to attach for 24-hour before treatments. 
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A 3-day treatment was then applied. At 30 minutes before the treatment was 

complete, 600 µM H2O2 was applied to act as a positive control. At treatment 

completion, the media was quickly removed by flipping on a paper towel and 

adding the warm dye solution (10 μM H2DCF) followed by 30 minutes of 

incubation. The fluorescence was measured at the end using a fluorescence 

microplate reader (Fluoroskan Ascent FL, Thermo Labsystems, UK), with an 

excitation wavelength of 485nm and an emission wavelength of 538nm. The 

H2DCF dye was aliquoted in absolute methanol (20Mm), perfused with nitrogen 

and stored in -80
O
C for future use.  

 

2.7.3 VEGF protein expression for repair macrophages  

Vascular endothelial growth factor (VEGF) is one of the initial factors that plays 

a crucial role in fracture and wound healing, involved in the polarisation of 

macrophages towards repair [347]. However, prolonged VEGF exposure may 

cause severe inflammatory conditions such as osteoarthritis [348]. VEGF protein 

levels in cell supernatants were assessed using Quantikine Mouse VEGF 

ELISA (MMV00, R&D Systems) in accordance with the manufacturer’s 

protocols. VEGF levels were normalised to protein levels according to a 

standard curve prepared using a VEGF protein standard with serial dilution. 

RAW264.7 cells were seeded at 3x10
4
/cm

2
. For measurements of VEGF by 

early macrophages (RAW264.7) in culture media, the media was collected at 

day 2 and 3, centrifuged and stored in a new plate at a temperature of -20
o
C. 

The optical density of each well was determined using a microplate reader at 

450nm. 

 

2.8 Quantification of osteoclast formation 

2.8.1 TRAP staining 

Osteoclasts were fixed in 2.5% glutaraldehyde and stained to demonstrate 

tartrate-resistant acid phosphatase (TRAP). TRAP expression is used as a 

marker of osteoclast differentiation and is secreted from the ruffled border of 

active cells. Cells at termination were washed with warm PBS, then 1ml freshly 

prepared TRAP stain (leukocyte acid phosphatase kit, Sigma Kit 387-A) was 

added to the sample. Osteoclasts were defined as TRAP-positive cells with two 
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or more nuclei and/or clear evidence of resorption pit formation. The total number 

of osteoclasts was counted under a light microscope. 

 

2.8.2 TRAP assay 

TRAP activity is an indication for mature osteoclasts. TRAP activity was 

quantified in RAW264.7 cell cultures by quantifying the conversion of napthol AS-

BI phosphate to napthol AS-BI in the presence of sodium tartrate with heparin as 

a specific TRAP 5a inhibitor under acidic (pH5) conditions. At the end of 

osteoclast formation, cells were washed 3 times with warm PBS and lysed with 

6 freeze-thaw cycles in molecular grade DNA/RNase free water. 1 mg/ml 

naphthol AS-BI phosphoric acid/4pNPP was added in 0.1 M glycine buffer (with 

0.1mM ZnCl2, 0.1mM MgCl2 and 20mM sodium tartrate (pH = 5.0) was added to 

the lysate. The reaction was stopped with 1M NaOH after 2 hours of incubation 

under 37
O
C in a non-CO2 regulated incubator and the absorbance read at 405nm 

on a colorimetric plate reader.  

 

2.8.3 Scanning eletron microscope (SEM imaging) of osteoclasts 

Osteoclast cultures were fixed in 2% para-formaldehyde (w/v) and 1.5% 

glutaraldehyde (v/v) in a 0.1m sodium cacodylate buffer (pH 7.3) for 24 hours at 

3
o
C. The fixed dentine discs then washed twice in 0.1m sodium cacodylate, follow 

by 30-minutes incubation at RT. 1% OsO4 (osmium tetraoxide)/1.5 % K4Fe (CN) 

6 (potassium ferrocynine) in 0.1m cacodylate buffer at 3
o
C was added, and 

incubated in room temperature for 90minutes. The samples washed in cacodylate 

buffer followed by rinsing with distilled water. Samples were dehydrated in a 

graded ethanol-water series method. The samples were then critical point dried 

using CO2 chamber, mounted on aluminium stubs using carbon taps. The 

mounted samples were coated with a thin layer of Au/Pd. (approximately 2nm 

thick) using a Gatan ion beam coater. The images were viewed with a Jeol 7401 

FEGSEM scanning electron microscope. 

 

2.8.4 Quantification of osteoclast resorption on dentine discs using an 

interferometer 

A Zygo NewView 200 3D optical interferometer was used to measure osteoclast 

resorption (depth and area) on dentine discs. Coherence Scanning 
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Interferometry takes advantage of the interference of two light waves. When they 

are in phase, the result will sum to twice the amplitude and when they are out of 

phase by 180º, the result will sum to zero amplitude. The phase difference 

between the two is analysed by adjusting the height of the reference surface and 

analysing the effect on each pixel in the collected image. This is performed by 

the accompanying software (MetroPro) and results in a 3D data-set where z-axis 

values are determined interferometrically and lateral distances are calculated 

through objective lens calibration (Appendix figure2). This is the first time that the 

interferometer is applied with osteoclast resorption pits. MATLAB or ImageJ can 

also be used to define the area of resorption (Appendix figure1a).  

 

2.8.5 Combination of MATLAB and the interferometer 

An alternative way to measure the osteoclasts resorption is by defining the 

maximum and minimum Z scales. For example, from appendix Figure1, the 

maximum is 10.39356 and the minimum is -14.57219. Also, by defining the XYZ 

axis, the average area and depth of each sample can also be measured. 

 

2.8.6 VHX optical surface microscope for osteoclast resorption on dentine 

discs 

VHX-6000 was used. Surface measurement on dentine discs was performed 

under technical supervision. The accuracy of the measurements was ensured by 

measuring control discs compared from the interferometer measurements with 

VHX optical microscope (Appendix Figure2). 

 
2.9 Statistical analysis 

The experimental data were analysed using the Prism Graphpad and SPSS 

version 17.0 software. The data was checked to see whether it was required to 

use parametric or non-parametric tests by using a Q-Q plot in SPSS. Comparison 

between two individual data sets such as positive and negative controls was 

made using the Student’s t-test. More data-set comparisons were made using 

the one-way ANOVA, followed by post hoc using the Dunnett’s test. A p-value of 

less than 5% (p<0.05) was considered to be statistically significant and a p-value 

of less than 1% (p<0.01) was interpreted as statistically very significant. Each 

condition was repeated at n>8 times.  
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3.1 Introduction 

Osteoclasts play an important role in bone remodelling and regeneration, not only 

in bone resorption but also by coupling osteoblast behaviour [1]. An example of 

this coupling activity is the osteoclast-dependant release of transforming growth 

factor beta (TGF-) proteins trapped in the bone matrix [2]. TGF-β activates the 

Wnt pathway in osteoblasts and promotes bone formation. Furthermore, RANKL 

is produced by osteoblasts, binding to TNFRSF11A (RANK receptor) on 

osteoclast precursors leads to the activation of NF-B, NFATc1 and 

osteoclastogenesis [3].  

 

Dysregulation of osteoclast function can result in excessive bone resorption; for 

example, in osteoporosis, hyperparathyroidism, Paget’s disease or the 

inflammatory osteolysis in aseptically loosened orthopaedic implants.  Insufficient 

bone resorption can result in brittle bone and a reduction in mechanical properties, 

such as in osteopetrosis or from long-term osteoclast suppression through 

bisphosphonate usage [4].  In vitro model of osteoclasts allows a better 

understanding of bone diseases as well as developing new tissue engineering 

materials and treatments; this can be done by controlling bone resorption 

depending on the underlying patients’ bone physiology. However, despite the 

importance of osteoclasts in bone maintenance and repair, there has been 

considerably less focus on osteoclasts interactions than on osteoblasts, in the 

development of new bone biomaterials in vitro modelling and bone tissue 

engineering. In the last 5 years, there have been 376 primary research papers 

on bone tissue engineering with osteoblasts whilst only 15 with osteoclasts(i). 

This may in part be due to both a lack of awareness of the importance of 

osteoclasts but also due to the difficulties in modelling osteoclast function 

appropriately in vitro, however to date there is not enough evidence in the 

literature to validate osteoclast cell-line in comparison to primary osteoclasts [5]. 

These difficulties include obtaining appropriate substrate to quantify bone 

resorption activities (smoothed bone, dentin or ivory) as well as the influence of 

the appropriate cell binding motifs/ligands on the material surface to trigger 

osteoclast formation [6], and an appropriate cell source. 

 

 



Chapter 3 Modelling bone remodelling in vitro 

89 

 

The most common type of osteoclast used to model biomaterial interactions in 

vitro is the RAW264.7 cell line. This is a virus transfected macrophage cell line 

with the capacity to form osteoclast-like cells. The RAW264.7 cell line was 

established from the ascite cells of a tumour induced in a male BAB/14 mouse 

by intraperitoneal injection of an Abelson leukaemia virus (A-MuLV), followed by 

subculture to remove lymphocytes [7]. Loss of phenotype and functionality, 

namely differentiation capacity, phagocytic activity and NO production has been 

reported in passages more than 30 [8, 9]. Furthermore, despite its wide use and 

a number of similarities to primary osteoclasts (e.g. ability to form multinuclear 

cells [349], RANK receptor and TRAP-5b expression [10] [11]), there is a limited 

amount of evidence presented in the literature that this cell line is capable of 

resorbing bone. For example, there are no published SEM images of osteoclast-

differentiated RAW264.7 cells with resorption pits. There is also (to date) no 

quantitative comparison of osteoclast pit size with primary osteoclasts. The 

heterogeneity of this cell line has however been reported [10, 12]. This lack of 

bone-resorbing evidence has raised questions regarding the reliability of 

RAW264.7 cells as a trustworthy osteoclast in vitro model. Indeed, the leading 

publication “Journal of Bone and Mineral Research” has not published any papers 

on osteoclasts that use RAW264.7 cells in the last 5 years but has published 59 

papers that generate osteoclasts from primary sources(ii).  

 

Primary osteoclasts can be derived from several sources, including neonatal rat 

long bone, mouse bone marrow cells [326, 353] and human peripheral blood cells. 

Primary osteoclasts also present challenges which include: 1) isolation of a 

homogenous population, 2) genetic heterogeneity within and between species, 

(for instance, somatic mutations occur during every cell division and is affected 

by age of the animals [13][14]), and 3) the comparatively limited size of 

experiments due to cell expansion constrictions(most studies do not expand the 

culture once isolated) and 4) cost (licensed and trained staff to perform the 

experiments).  

 

In vitro modelling of bone resorption presents other challenges including the 

appropriate cell seeding density, a suitable amount of RANKL (and M-CSF for 

primary cells) and the specificity of the TRAP substrate used to identify 
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osteoclasts [6]. For osteoclast cultures using RAW264.7 cells, various cell 

seeding densities have been used in the literature (ranging from 7500-

600,000/cm2) [15, 16]. Seeding density has been shown to be an important factor 

for osteoclast formation [15], the optimal seeding density for bone marrow 

mononuclear cells (BMMs) in a study by Rahman et.al., 2015 was reported to be 

15,000/cm2 and if densities were higher, increased apoptosis occurred by day 4.  

 

RANKL is an important osteoclast factor (see Chapter 1, Figure1.5 and Figure1.7) 

and recombinant RANKL is used to differentiate both primary and RAW264.7 

cells, but the amount varies considerably between publications as it is discussed 

in section 3.6. This variance may in part, reflect the potency (i.e. ability to 

differentiate osteoclast precursors to mature osteoclasts) of RANKL from 

different suppliers (R&D systems vs Preprotech).  Excess RANKL may mask the 

effects of other competing osteoclast differentiation pathways and signalling [350], 

for example, the HIF pathway [351] and inflammatory pathway which both via NF-

B signalling [352].  

 

TRAP staining is often used to identify osteoclasts. TRAP is not, however, 

exclusively expressed by osteoclast (TRAP5b) and is also expressed by 

macrophages (TRAP5a) [17].  Multinucleated cells also express TRAP which can 

cause identification confusion. pNPP is a general substrate that detects both 

TRAP5a and TRAP5b, thus is not osteoclast-specific.  Therefore, there is a need 

to develop a more specific TRAP5b substrate (N-ASBI-P) [18, 19] to measure the 

true reflection of osteoclast formed in the culture. Furthermore, TRAP5b staining 

should be combined with the ability to resorb bone to determine true “osteoclast” 

phenotype [20], heparin was added to enhance the availability of TRAP-5b in the 

lysate, therefore, result in a stronger signal when added with N-AS-BI-P substrate 

for more specific osteoclast detection [19]. 

 

To create a functional bone-resorbing osteoclast cell-line from the RAW264.7 (for 

the future exponents in this thesis), the sub-culturing method described by 

Cuetara et al., (2006) was updated. This study advances this protocol by 

investigating the most suitable RANKL concentration by using dentine (as 

opposed to calcium phosphate) and considering TRAP substrate specificity. 
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i**Web of Science search for primary research papers published in the last 5 years with “bone 

and tissue engineering” in title and either “osteoblast” or “osteoclast” in topic. 

ii**Web of Science search for primary research papers published in the last 5 years with 

“osteoclast” in the title and published by J. Bone & Mineral Research. 
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3.2 Aims 

In this chapter investigates if sub-cloning of RAW264.7 osteoclasts, using a 

minimal level of RANKL (3-10ng/ml) and without using M-CSF, creates a 

functional osteoclast cell-line, as determined by the ability to resorb dentin. 

Furthermore, the osteoclast model was further optimised for cell seeding density 

and TRAP5b substrate specificity.  

 

The null hypotheses tested are: 

1. RAW246.7 cells are a homogenous population and sub-cloning does not 

enhance osteoclast forming capability. 

2. Osteoclast formation is not affected by cell seeding concentration. 

3. There is no difference in TRAP substrates in determining osteoclast 

functionality. 

4. There is no difference in RANKL concentration on osteoclast formation or 

functionality.   
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3.3 Materials and Methods 

3.3.1Generation of RAW264.7 cell Osteoclastogenesis sub-

clone 

RAW 264.7 cells (ECACC, 91062702, Salisbury, UK) were sub-cloned using an 

adapted methodology initially described by Cuetara et.al.[353]. The method is 

described in Figure3.1. The heterogeneous RAW264.7 cell (p11) were seeded in 

a 6 well plate (4 cells/cm
2
) and grown for 6 weeks the further sub-cloned in a 48 

well plate with a single colony per well for 4 weeks. The cells grew from each colony 

were further expand with DMEM, GlutaMAX
TM

, supplemented with 10% (v/v) foetal 

bovine serum (FBS) and 1% (v/v) penicillin streptomycin (P/S) in two 6 well plates. 

The 6 well plates were used for easier accessibility with the pipette tip. After 4 

weeks, when cells reach confluence, the cells were detached with a cell scraper 

and reseeded at 30x10
3
/cm

2 
in a 48 well plate. The colonies that responded most 

strongly to 3ng/ml RANKL, as determined by the osteoclastogenic specific TRAP-

5b positive staining were selected and used for further studies to test for bone 

resorption on dentin discs. To optimise the seeding density for osteoclast formation, 

the osteoclastogenic sub-clone was cultured at different cell seeding densities; 

form 3x10
3
 to 1.2x10

5
/cm

2
 per well in a 6-well plate. 
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Figure3.1 Sub-clone method of using RAW264.7 cells.1.) The heterogeneous macrophage cell-line RAW264.7 has different levels of RANK expression [352] 
2.) Limited dilution methods allow selection of single cell colony this is raised by seeding cells at 8 cells per well. 3.) After 6 weeks of culture, single cell colony was 
transferred individually to a 48 well plate by using a 10µl pipette tip.4.) After 4 weeks of culture in the 48 well plate the well become confluent and further transferred 
into two 6 well plates and culture for 4 weeks until confluency. 5.) Cells from the 6-well plate were then plated at 30x103/cm2 with 3ng/ml RANKL added and cultured 
for 6 days. The result cell suspensions were passaged and culture in two 6-well plates. 6.) TRAP-5b staining was performed with both non-TRAP+ and TRAP+ 
osteoclasts. The most strongly TRAP5b positive colony was kept and frozen down in cryovials for the future studies. 
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3.3.2 Ivory dentin discs as substrate for bone resorption 
Untreated elephant ivory was donated by HM Customs and Excise (Heathrow 

Airport, London, UK), sectioned and polished in Arnett’s lab to thin wafer discs 

(100µm thick) and sterilised before use for cell culture (see chapter 2 for more 

detail). 3ng/ml RANKL (permissive level or 20ng/ml RANKL (positive control) at 

7.5x103 cells/ cm2 were applied on the dentine discs. After 5 days of culturing, 

the pH was dropped to 6.8 by adding HCl+. At termination, cells were fixed in 2.5% 

Glutaraldehyde and stained for TRAP using the Leukocyte Acid Phosphatase kit+ 

(see chapter 2.1.2.1.). 

 

3.3.3 Primary cell culture 
The RAW 264.7 cells osteoclastogensis and bone resorption were compared to 

primary osteoclasts were prepared from 6-10week-old MF-1 mouse osteoclast 

culture as previously described by Orriss & Arnett (2002). MF-1 monocytes were 

cultured in α MEM, nucleosides* and 10% fetal bovine serum (FBS) (Sigma, 

St. Louis, MO+). Cultures of MF-1 monocytes were supplemented with 

recombinant mouse MCSF (R&D Systems, Minneapolis, MN) at 200ng/ml for 

attachment on dentine discs for 2 days before addition of 3ng/ml RANKL (R&D 

Systems, cat. #462-TEC) and 200ng/ml M-CSF for 7 more days. At day 7, 

primary osteoclasts were acidified to pH 6.8 by addition of hydrochloric acid 

(HCl)+ to initiate resorption for 2 days. At the end of the 2-day acidification, discs 

were fixed with 2.5% glutaraldehyde (See Chapter 2, section 2.1.2.1). 

 

3.3.4 Osteoclast and bone resorption characterisation.  
Following fixing, cells were either prepared for SEM (see chapter 2 section 2.8.3) 

or stained for TRAP5b for imaging using a white light reflective microscope 

(Nikon). The Keyence surface digital microscope VHX-6000 used to quantify 

resorption pit volume (the quantification method is described in chapter 2.8.6). 

 

3.3.5 TRAP assay  
RAW264.7 cells are macrophages, macrophages also produce a great amount 

of TRAP-5a [354].  To help determine osteoclast specificity, a TRAP-5b assay 

was used (first described by Janckila et al., (2001) [355]) which uses Napthol-

AS-BI phosphate substrate as opposed to 4pNPP. After lysed the cells, the 
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glycine buffer was kept at a pH 5 and TRAP-5a (heparin, 25U/ml) as an inhibitor 

was used, heparin can bind to TRAP5a which inhibits its competitive binding to 

the Napthol-ASBI phosphate substrate and enhances the availability of TRAP-5b 

binding to its substrate [355, 356]. We could use this to more specifically and 

quantitatively measure the number of active osteoclasts in the cell culture after 

5-6 days, each of the conditions were repeated at n>8. The TRAP-5b expression 

was measured by absorbance at 405nm on a colorimetric plate reader (more 

detailed TRAP assay method please refer to chapter 2 section 2.8.2). 

 

3.3.6 Selection of sub-clone 
The sub-clone was selected by limited dilution of cell sub-cloning (see section 

3.3.1. and Figure3.3); the highest TRAP staining being osteoclast-like cells, and 

lowest TRAP staining being macrophages (Figure3.3D) like cells that 

unresponsive to RANKL (further confirmed with SEM on osteoclast function). The 

cells were passaged and sub-cultured at passage below 30 to avoid any change 

of osteoclastogenesis phenotype.  

 

3.3.7 Statistical analysis 
The experimental data were analysed using the Prism Graphpad and SPSS 

version 17.0 software. The data was checked to see whether it was required to 

use parametric or non-parametric tests by using a Q-Q plot in SPSS. Comparison 

between two individual data sets (such as positive and negative controls) was 

made using the Student’s t-test. More dataset comparisons were made using the 

one-way ANOVA, followed by post hoc using the Dunnett’s test. Each condition 

was repeated at n>8 times and the representative experiments were selected for 

this chapter.  
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3.4 Results 
3.4.1 Cell-line and sub-clone 
The cell sub-culture of RAW264.7 cells revealed a heterogeneous population that 

responded differently to RANKL (Figure3.2A). The most RANKL responsive cells 

were expanded as determined by the highest TRAP5b staining (compared to the 

original RAW264.7 cells). This sub-clone was found to contain larger amounts of 

osteoclasts and higher TRAP5b expression (Figure3.2A). TRAP-5b expression 

was over 100% higher in the osteoclast compared with the heterogeneous 

RAW264.7 and 200% higher compared with the mononuclear RAW264.7 cells 

after 6 days of culture (Figure3.2C).  

 

The RANKL responsive sub-clone was also capable of resorbing bone 

(Figure3.2B). SEM images of the mononuclear clone and osteoclast clone also 

showed distinct morphologies, demonstrating a heterogeneous population of the 

original RAW 264.7 population. No resorption on the dentin surface was 

observed in the mononuclear selected clone.
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Figure3.2 The identification of osteoclastic RAW264.7 subclone by limited dilution cell 
sub-clone method. A. Heterogeneous RAW264.7 cells (Hetro) vs subclone of osteoclastic 
specific RAW264.7 cells (Rclone) by using TRAP staining. B. SEM on the Rclone showed 
resorption pit formed when used 3ng/ml RANKL cultured for 7 days. C. TRAP-5b osteoclast 
specific assay by using heparin to avoid detection of TRAP-5A enzyme, showed Rclone has a 
high expression of TRAP-5b osteoclast specific TRAP enzyme after one hour of incubation, 
***p<0.001. 
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Figure3.3: Optimisation of RAW264.7 osteoclasts sub-clone seeding model. (A) Osteoclast 
formation under TRAP staining. (B) Cell seeding density above 15x103/cm2 affected number of 
osteoclast formation which is less than the lower seeding densities. (C) The size of osteoclasts 
formed by the sub-clone remain constant after 7.5x103-6x104 seeding/cm2. (D) The TRAP assay 
with specific substrate N-ASBI-P+heparin showed a more specific TRAP-5b detection at the 
optimal 7.5x103/cm2 seeding density compared with the conventional non-specific 4-pNPP 
substrate. 
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3.4.2 Seeding number, the TRAP-5b specific assay and substrate  
A serial dilution of cell suspension for seeding revealed an increase in osteoclast 

number as based on TRAP5b staining intensity and large multinucleated cell 

morphology at a seeding density of 7500/cm2 and 15,000/cm2 (Figure3.3A). At 

higher seeding densities, less osteoclasts are formed (p<0.001 when compared 

with 15,000/cm2 cell seeding density), together with TRAP-5b expression 

(Figure3.3A&D). Significantly larger osteoclasts were observed found at seeding 

densities of 3000/cm2 perhaps due to the lack of contact inhibition (Figure3.3C). 

Mononuclear macrophages express high level of TRAP-5a, heparin is added to 

allow higher sensitivity in detection of TRAP-5b over TRAP-5a, a low non-specific 

TRAP-5a expression detection at the highest seeding density of 1.2x105 

(Figure3.3D).  

 

3.4.3 Optimal RANKL concentration and osteoclast differentiation in 
RAW264.7 cell sub-clone 
Different concentrations of RANKL from 1ng/ml to 20ng/ml were used to 

determine the optimal concentrations osteoclast differentiation (Figure3.4A). 

RANKL 1ng/ml showed a decrease in osteoclast differentiation (Figure3.4A&B).  
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Figure3.4: The effect of RANKL (3-20ng/ml) on SC RAW246.7 osteoclast formation. (A) 
There is no difference between osteoclast formation and TRAP expression after 10ng/ml RANKL 
addition. (B) Using heparin to inhibit TRAP-5a showed a 10x increases in detection of osteoclast 
specific TRAP-5b compared to N-ASBI-P alone.  
 

3.4.5 Comparison of MF-1 osteoclasts and RAW 264.7 sub-clone 
osteoclasts in bone resorption 
The morphology and resorption ability of primary cells and sub-clone RAW264.7 

were compared (Figure3.5A) and quantified (Figure3.5B-D).  Both cell types were 

able to resorb dentine and contained similar sized osteoclasts, 20µm in cell 

diameters (Figure3.5A). VHX microscopy allowed further quantification of the 

resorption pits and showed an not significant difference in osteoclast functional 

activities between sub-clone and primary cells (Figure3.5B-D).  
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In addition, different morphologies of cells produced by RAW264.7 osteoclasts 

sub-clone were observed (Figure3.6A-B) on dentine discs. This was compared 

with MF-1 primary osteoclast which resulted in a more homogenous culture 

(Figure3.6A). The morphologies in the RAW264.7 sub-clone was included 

(Figure3.6C-F). The sub-clone of RAW264.7 also produced pancake-like and 

multinucleated non-resorbing cells (Figure3.6C and E) compared to MF-1 

primary osteoclasts (Figure3.6A). 
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Figure3.5 Comparison of osteoclast formation in MF-1 mice osteoclast and RAW264.7 
osteoclasts. (A-B) Comparison of Primary MF-1 mice and RAW264.7 sub-clone osteoclast 
resorption measured with SEM and VHX surface microscope. (C) Depth and area of primary 
osteoclasts (MF-1 OC) and RAW264.7 osteoclast subclone (Rclone). (D) Comparison between 
MF-1 osteoclast and Rclone osteoclast resorption volume. MF-1OC=MF-1 mouse osteoclast, 
Rclone=RAW264.7 sub-clone osteoclast.  
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Figure3.6 Different morphologies of RAW264.7 cells formed after addition of 10ng/ml 
RANKL. (A) OC formed from MF-1 mice OC compared with OC formed from RAW264.7 OC 
sub-clone. (B) Pancake-like multi-nuclei cells. (C) Multi-nuclei giant cells (D) Pre-
osteoclasts/undifferentiated mononuclear cells. (E) OC-like from Rclone cells similar to 
primary OC from MF-1 mice and can form resorption pits. 
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3.5 Discussion  
Is it important to create an osteoclast cell sub-clone from RAW264.7 Cells? 
RAW264.7 cells have been used to osteoclasts study since 1999 [357], they 

express high level of RANK receptor mRNA and treatment of RANKL stimulate 

its formation. RAW264.7 cells are derived from transfected macrophages [321]. 

Macrophages exhibit significant heterogeneity in vivo and therefore it is not 

surprising that a macrophage cell line also shows heterogeneity [358] [353]. A 

published conference abstract by L. Mira et.al., showed that RAW264.7 cells 

have heterogeneity in responding to RANKL [15]. There are many factors 

contributing to its non-functional differentiation of osteoclasts, this may be due to 

its heterogeneity and loss of osteoclast properties during cell division. Therefore, 

it is important to cell sub-clone this RAW264.7 cell-line before starting an 

experiment. Here, we showed through selective sub-culture that the RAW264.7 

is a heterogeneous population that responds differently to RANKL (Figure3.4 

A&D), others have also reported this heterogeneity using gene profiling but not 

via TRAP-5b staining or osteoclastogenic activity as demonstrated here on 

dentine discs [353]. We also showed that this sub-clone of RAW264.7 cell loses 

its osteoclast differentiation capacity in response to RANKL after longer term sub-

culture (e.g.>30 passage), appendix Figure4. An another group also found that 

continuous culture of RAW264.7 cell causes phenotypic changes after long-term 

culture, in this case phagocytic activity [322]. This loss of phenotype may be due 

to the slower proliferation of macrophage functional sub-types compared to lesdd 

differentiated more monocytic like cells[359].  

 
The effect of passage number on RAW264.7 osteoclast function 

Very little research has shown how passaging affects RAW264.7 morphologies 

and functions, only one paper showed that passaging RAW264.7 cells over 

passage 30 reduced its osteoclast markers expression [322]. Therefore, keeping 

the same passage number and passage range when performing experiments is 

important (Appendix Figure4) showed a complete inhibition of RAW264.7 cells at 

higher passage (p60). This perhaps suggests that the osteoclast sub-clone still 

contains a population of cells that are not RANKL response and these 

outcompete the other cells over prolonged culture. If possible, looking for specific 

marker expression between passaging and monitoring any changes could be 

beneficial to determine the range of passage of cells to be used. 
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On the other hand, an immortal cell-line like RAW264.7 is less likely to 

senescence, due to if the cell-line is stable, their telomere is also stable. 

Nonetheless, it is transfected by virus the cells may become unstable due to 

cellular protection mechanism against viral DNA over time, as well as it was not 

specifically generated to form osteoclast differentiation. The last possibility may 

due to this cell sub-clone did not raise from one progenitor RAW264.7 cell but 

with a population of RAW264.7 cells. Therefore, passaging will allow the cells 

with the lowest metabolic burden but not the cells that could differentiate into 

osteoclast to outgrow and become dominant population after passaging. Yet, all 

above opening up new opportunity for further research to improve this 

osteoclastic cell-line. 

 

The importance of reducing RANKL concentrations for study 
osteoclastogenesis pathways 
Most studies using RAW264.7 or primary for osteoclast research use RANKL 

concentrations at 20-100ng/ml [341, 357, 360].  Studies using RAW264.7 cells 

for resorption tend to use three times more RANKL than primary (3ng/ml vs 

10ng/ml), which is probably due to the heterogeneous population and reduced 

sensitivity (Figure3.4 and 3.5). Excess RANKL may however, mask the effect of 

other factors (chemicals, inflammatory pathways and HIF pathway), important in 

normal osteoclastogenesis and osteoclast function in vivo.  In healthy adults, the 

serum RANKL concentration is 3pg/ml, 1000 times lower than that used in vitro 

[361].  

 

How does high concentration of RANKL mask the effect of 
osteoclastogenesis? 
Osteoclastogensis occurs through a series of transcriptional factor (PU.1, MITF 

and Tfe3) activations to achieve differentiation into mature osteoclasts. There is 

little evidence to suggest how MCSF regulates RAW264.7 cells.  RAW264.7 cells 

require only RANKL to be differentiated into osteoclasts like cells. It was 

suggested that RAW264.7 are already differentiated macrophages thus do not 

need M-CSF for osteoclastogenesis [318, 362]. In addition, bone substrate may 

enhance the effect of osteoclastogenesis and maturation, this may lead to less 

differentiation factors used for osteoclast generation.  Further studies need to 
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explore this by using different substrate materials. In the RAW264.7 osteoclast 

sub-clone cells, 10ng/ml RANKL showed to be the optimal concentrations for 

differentiation into mature osteoclast and exhibit the optimal resorption activity on 

the dentine discs. Furthermore, high concentration of RANKL may mask the 

effect of other factors contributing in the same pathway as RANKL on 

osteoclastogenesis such as HIF-1a [363] and inflammatory cytokines (IL-6 or 

TNF-a) [364] which also increases osteoclastogenesis via the NF-kB pathways . 

 

Which TRAP substrate should be used? 
TRAP-5b is a specific TRAP enzyme that is expressed by active osteoclasts 

during resorption [365]. Previously, many researchers used the non-specific 

substrate 4-pNPP assay which detects both TRAP-5a and TRAP-5b enzymes [6]. 

This non-specificity causes inaccurate detection of osteoclast formation. In TRAP, 

it is called type-5 acid phosphatase and based on its electrophoretic mobility in 

non-denaturing PAGE [366]. There are two isoforms of TRAP enzymes 

(isoenzymes) expressed. TRAP-5a predominantly expressed by macrophages 

and lymphocytes and is a sialylated enzyme and TRAP-5b, which lacks sialic 

acid, is specifically expressed by osteoclasts. Many biochemical assays may not 

be specific enough for clinical use because they do not differentiate TRAP-5a 

and 5b. Figure3.3D and 3.3B show three substrates that were used to detect 

osteoclast specific TRAP-5b expression. pNPP (para-nitrophenyl phosphate) is 

the non-specific substrate that detects total TRAP (both types) expression. 

Napthol-ASBI-phosphate (N-ASBI-P) is the more specific substrate that detects 

TRAP-5b at pH 5 with addition of heparin as an inhibitor of TRAP-5a activity [356]. 

Active TRAP infiltrates through cartilage and bone matrices which act to degrade 

bone. Heparin was used to act as an inhibitor for TRAP 5a, but the exact 

mechanism of how it interacts with TRAP 5a and inhibit its action is still unknown. 

The effect of heparin-inhibiting TRAP-5a may be enhanced through both 

optimizing pH and adding N-ASBI-P [367, 368] (Figure3.3D).   

 

Goran et.al.,2016 [369] also reported a novel way of measuring TRAP-5b using  

a sandwich ELISA assay with a monoclonal antibody generated from the 

repressive loop present on TRAP-5a but not TRAP-5b. This antibody was used 

as a capture antibody in a sandwich ELISA assay for quantification of TRAP-5a 
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from a TRAP-5a/TRAP-5b protein mixture [368]. Comparison of different existing 

methods of measuring TRAP-5b would lead to the development of a more 

accurate kit assay used for the laboratory osteoclasts at early developmental 

stages.  It would also significantly benefit activity studies and diagnosis of bone 

resorption in clinics as well as bone scaffold and development of anti-resorption 

therapeutic drugs. 

 

Which RAW 264.7 cell seeding density should be used for optimal OCs? 

Previous studies have shown that higher seeding density above the optimal of 

RAW264.7 cells inhibited osteoclast formation. This may be due to increase 

apoptosis [370] before differentiation complete and also cell to cell contact 

inhibition after a monolayer formed in the culture well [371]. Therefore, the 

optimal seeding density of RAW264.7 cells should be determined before starting 

an experiment (Figure3.3). This is also important for the TRAP-5b assay to 

determine the accurate osteoclast formation (Figure3.4 B&D).  

 
Morphology of osteoclast formed in sub-clone of RAW264.7 cells compared 
with primary MF1 osteoclasts 

There is a heterogeneous population of the sub-clone of osteoclasts formed from 

RAW264.7 cells, in comparison to MF1 mouse osteoclast Figure3.6. This may be 

due to the isolation method performed when establishing this cell line. Therefore, 

further purification by cell flow cytometry on specific osteoclast markers may be 

advantageous. Similar studies by Laia et.al., (2016) performed osteoclast 

markers purification on identifying pure colony of osteoclast specific RAW264.7 

cells.  However, to date, there is no further publication apart from a conference 

abstract to provide solid evidence on identifying a functional RAW264.7 

osteoclast cell line [318]. Figure3.6E showed a morphology of osteoclast formed 

that resemble to the primary MF1 osteoclasts (a classic spindle dendritic shape 

with extruding extensions) [372]. 

 
Quantification of osteoclast resorption 

Characterisation and quantification of osteoclast resorption on bone or dentin 

allows for greater understanding of osteoclast behaviour and increased 

relevance to in vivo environments. Here, we reported, for the first time, quantified 
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RAW264.7 sub-clone resorption. For quantification of resorption pits, apart from 

dot counting, VHX surface optical microscope was used (Figure3.5) as method 

for resorption depth measurement. A further study could be done with looking at 

cathepsin K expression and osteoclast mobility with a florescent imaging on avb3 

integrin since this is a first contact to bone substrate to initiate intracellular 

signalling of bone resorption [373]; cathepsin K expression has been shown to 

be important in osteoclast to remove demineralised bone effectively [374]. There 

was difference but not significant and may due to small data size used, a slightly 

shallower pit formed in the sub-clone RAW264.7 osteoclasts (Figure3.5C&D). 

Alternatively, the commercially available OsteoLyse™ assay kit which 

quantitatively measure in vitro osteoclast-mediated bone resorption can be used. 

Osteoclasts can be seeded onto the OsteoLyse™ plate using traditional cell 

culture protocols. The assay directly measures the release of Europium-labelled 

collagen fragments into the osteoclast cell culture supernatant via time resolved 

fluorescence, indicating their resorption activity levels.  
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3.6 Conclusion 
In summary, this study demonstrates that using a sub-clone of RAW264.7 cells 

at a higher RANKL exposure level (10ng/ml) without using M-CSF was able to 

produce osteoclast function that produce not significantly different resorption pits 

compared to primary osteoclasts. Despite the controversy around using 

cancerous cell lines in the study of normal bone development, the ease of culture 

and proliferation at low passages add a valuable asset to genetic studies, 

screening of new chemicals, drugs and bone materials.  However, further 

purification of osteoclast precursors may be needed by using flow-cytometry to 

screen for specific markers (e.g. TRAP, MMPs and Cathepsin K) that are 

expressed at primary functional osteoclasts. Therefore, to achieve a pure 

population of osteoclast differentiation and function. This may serve as a useful 

cell line for future preliminary studies on osteoclasts. 
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CHAPTER 4 

Cobalt alloy specific regulation of bone 
remodelling via HIF: a cause of aseptic 

orthopaedic implant failure? 
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4.1 Chapter introduction  
The demand for improving orthopaedic implants is increasing due to population 

aging [375]. Osteoarthritis (OA) is projected to increase by 58% between year 

2000 to 2010 [376, 377] and an implant is necessary to relieve pain and improve 

mobility of the patients (refer to section 1.1). Currently the average failure rates 

for TJRs at 15 years is 18.4 ± 8.6% [146] with the projected revision rates for hip 

and knee replacements set to increase by 137%  and 601%, respectively, over 

the next  25 years [144]. As a result, improving  total joint replacement lifespan 

and performance would have considerable socioeconomic benefits [144, 378]. 

 

Cobalt containing orthopaedic implants have been used since 1938 because of 

its desirable mechanical properties, high corrosion resistance and relatively high 

wear resistance [39]. For these reasons CoCr alloys remain the most commonly 

used orthopaedic alloys, accounting (in 2013) for 32% of cementless cups, ~ 47% 

of cementless stems and ~72% of resurfaced implant heads in the UK [379]. 

Within 10 years, up to 49% implants fail, with aseptic loosening being the cause 

of failure in  75% of the artificial total hip replacement (THR) and 44% of total 

knee replacements (TKR) [380]. Aseptic loosening is believed to be caused by 

the cellular response to wear debris from the orthopaedic implant in the 

surrounding peri-prosthetic tissues. The amount of wear debris present in the 

bone-implant interface is positively correlated to ion release (due to increased 

surface area) and the level of inflammatory response in this tissue [381], the 

amount of osteolysis [156] and consequently aseptic loosening [161]. 

Furthermore, Co ions from orthopaedic implant wear debris has been shown to 

increase the expression of inflammatory mediators (see table 1.2) of which some 

are known to be involved in osteoclastogenesis (e.g. IL-1β and TNFα) [187].  

 

Even though Co ion levels are a known predictor of Co-Cr based TJRs failure 

[161], the intra and inter-cellular mechanism of how Co ions influences aseptic 

loosening is poorly understood, several pathways have been suggested including: 

reactive oxygen species (ROS) generation [382], Toll-like receptor activation[181] 

and more recently the HIF pathway mediated inflammation [176, 383, 384]. A 

better understanding of how Co causes aseptic loosening would enable the 

development of more durable orthopaedic implants. 
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4.1.2 Cobalt, hypoxia and osteoclastogenesis 
Hypoxia (where oxygen demand exceeds oxygen supply) is regulated via HIF 

(hypoxia inducible factor) transcription factors (Figure4.1 describes mechanism 

of HIF stabilisation). In hypoxia the degradation of HIF-1α is inhibited allowing 

translocation to the nucleus, where it dimerizes with HIF-1b and causes the 

activation of hypoxia responsive genes, of which there are over 200 [385]. These 

genes are important for metabolic adaptation to low oxygen environments, 

inflammation and tissue repair/regeneration [204]. The hypoxia response is cell-

type specific [386], with different cells adapting to different oxygen pressures and 

responding differently to changes in oxygen pressures. Bone marrow peri-

sinusoidal cells are constantly in an environment of 1.3% O2, hypoxia is therefore  

considered to be below 1.3% [387].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure4.1: HIF1a activity in normoxia and hypoxia.  HIF1a is constitutively expressed in 
cytoplasm of the cells. Under normoxic conditions HIF1α is degraded via PHD-4 and FIH 
hydroxylation and ubiquitination. To undergo degradation, Fe2+, 2OG, ascorbate and O2 is 
needed. Under hypoxia condition, O2 is insufficient to hydroxylase the HIF1a, it translocates into 
the nucleus and binds with HIF-1β forming a HIF heterodimer transcriptional activator which 
initiate Hypoxia Responsive Elements (HRE) gene. The p300/CBP acetylating histones in 
chromatin, increases the affinity of the HIF heterodimer to bind to HRE promoters [388]. CAD 
recruits p300/CBP by directly binding to the CH1 domain of p300/CBP. This interaction occurs 
exclusively under hypoxia because the FIH-mediated Asn803 hydroxylation interferes with the 
CAD–CH1 interaction under normoxia [389]. 
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Hypoxia and the HIF pathway have been shown to be vital for bone development 

[390], bone regeneration [391] and bone remodelling. Hypoxia treated 

osteoblast-like cell (MLO-Y4 cells) in conditioned media, has been shown to 

increase osteoclast differentiation [392]. Hypoxia (1–2% O2) has also been 

reported to cause a 3-fold increase in osteoclasts (compared with 20% O2) [256]. 

Hypoxia has been reported to double the number of nuclei per osteoclast, leading 

to larger osteoclasts and increased resorption (up to 10-fold compare to normoxia 

condition) [326]. Other studies demonstrated that hypoxia increases RANKL 

expression in osteoblasts (UMR106.01 cells) [393].  

 

Co ions are known hypoxia-mimicking agents [313] and have been used in vitro 

to mimic the hypoxia response since Semenza’s discovery of the HIF pathway 

two decades ago [177]. Co ion stabilises HIF1α by inhibiting the function of prolyl 

hydroxylase (PHD) probably through interactions with Fe molecule in PHD, which 

inhibits function and allows HIF1α translocation to the nucleus and hypoxia 

response element (HRE) activation (Figure4.2) [394].   
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Figure4.2: Co as an artificial hypoxia stabilising agent. At CoCl2 concentration below 200µM, 
Co can increase angiogenesis and inflammation via the HIF pathway. Co also increased 
osteoclastogenesis (limited studies) and inhibited bone mineralization, yet these are not defined 
if is via the HIF pathway [180, 181, 395-399]. 
 

Co ions are present as a trace element in humans and are a vitamin B12 cofactor, 

the average adult body contains approximately 1mg of cobalt, 85% of which is 

the form of vitamin B12, Co ions at high concentrations (above 0.007 µg/ml) are 

toxic. Whether Co toxicity is via prolonged HIF1α stabilisation or alternative 

pathways is unclear. Patients with failed Co-Cr based orthopaedic implants have 

higher levels of Co in their blood compared with patients without orthopaedic 

implants, which has led to MHR guidelines to use Co ion levels as a predictor for 

orthopaedic implant failure  [161]. Interestingly, the Co ions present in the bone 

implant interface tissue of aseptically failed orthopaedic implants (0.75 - 6 ppm 

or 12.5 - 100µM) are at levels known to stabilise the HIF pathway [326, 400] 

(Figure1.9). The HIF1α stabilisation in the interface tissue may therefore provide 

a mechanism for the inflammatory osteolysis observed in aseptically loosened 

orthopaedic implants. This possible mechanism is investigated in this chapter.  
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4.1.3 Regulation of the HIF pathway  
HIF mimetics are non-oxygen regulators of hypoxia that artificially stabilise HIF1α.  

PHD and FIH are two main enzymes that interact in HIF1α stabilisation. The HIF 

pathway also requires other metabolic intermediates such as Fe2+, 2-oxoglutrate 

(2-OG), ascorbate and ROS (Figure4.1). Iron chelators (DFO) and transition 

metals such as Co and Cu interact with PHD.  DMOG interacts with the 2-OG 

PHD domain which inhibits its conversion to succinate thus inhibit hydroxylation 

of HIF1α. ROS has been also shown to stabilise HIF and activate NF-κB and 

RANKL production in osteoclastogenesis [339]. The expression 

of RANKL mRNA and sRANKL protein levels were enhanced significantly under 

the hypoxia conditions at 12 , 24 and 48 hours while OPG mRNA and proteins 

were reduced at 12, 24 and 48 hours in human periodontal ligament cells [339]. 

Hypoxia induces mitochondrial stress signalling similar to that observed in 

partially depleted or completely depleted mtDNA cells through increased 

cytosolic Ca ion concentrations and activation of calcineurin [401].  However, 

there are still many possible underlying mechanisms to be unveiled. Co mediated 

HIF stabilisation could modify bone remodelling by increasing inflammation and 

angiogenesis, increasing osteoclastogenesis but decreasing osteoblast 

differentiation and function (Figure4.2).   
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4.2 Aims 
This chapter investigates (in vitro) the possible role of Co ion dependent 

orthopaedic implant in aseptic loosening by promoting an inflammatory 

phenotype in macrophages, modifying the osteoblast-osteoclast cross talk and 

promoting osteoclastogenesis via the HIF pathway.  

 

Null hypotheses investigate if Co at clinically relevant concentrations found in 

patients with failed orthopaedic implants (Figure1.9, Co 10-200µM) does not 

increase: 

 

1) Macrophage phagocytosis and ROS generation (as a measure of 

inflammatory response and phagocytic activity). 

2) Osteoclast formation (as measured by number of osteoclasts and TRAP5b 

quantification). 

3) Osteoclastogenic factor- RANKL production in osteoblasts, and in 

comparison, to OPG production. 

 

We also compared the Co response (as described above) to other ions released 

by orthopaedic implants, namely Ti and Cr ions at concentration range of 125- 

1000µM. 

 

Furthermore, we investigated if Co responses were via the HIF pathway by 

chemical inhibition of the HIF1α/β DNA binding site (echinomycin) and 

comparison of Co osteoclastogenesis with commonly used chemical HIF 

stabilising factors (Dimethyloxalylglycine (DMOG) and Deferoxamine (DFO)). 
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4.3 Materials and Methods 
4.3.1 Cell cultures 

4.3.1.1 RAW264.7 subclone and macrophage cultures 
The undifferentiated RAW264.7 macrophage cell line (ECACC 91062702) was 

used for the inflammatory and oxidative stress studies, whilst the RAW264.7 

osteoclasts sub-clone was used for osteoclast studies (see Chapter 3). These 

cells lines were cultured as previously explained (Chapter 3). Cells were cultured 

and expanded by using DMEM GlutaMAX ™* supplemented with 10% FBS+ and 

1% of P/S+) in a T-75 tissue culture flask at 37oC, 5% CO2. Media were changed 

every 2 days until reach confluency of 70% for cell passaging and seeding. 

 

4.3.1.2 Osteosacroma Saos-2 cell-line for osteoblast proliferation 
Saos-2 (ECACC 89050205) human osteosarcoma cells were used for osteoblast-

like proliferation studies, the cells were cultured in Mccoy’s 5A Glutamax* media 

in a T-75 flask at 37oC, 5% CO2. Media changed every 3 days until confluency of 

70% was reached for cell passaging and seeding. 

 

4.3.1.3 Rat primary osteoblast formation  
Primary osteoblasts from 2-day-old neonatal Sprague-Dawley (SD) rats were 

used for early bone mineralization study and was described in more detail in 

chapter2 2.1.3.  

 

4.3.1.4 Mouse primary osteoclast formation 
Osteoclast-forming marrow mononuclear cells were obtained by flushing the long 

bones of MF1 mice as previously described [372] and described in chapter2 2.1.2 

and chapter3 3.3.3. The marrow flushed out by using a 25-gauge needle syringe 

with PBS, the resulting suspension was centrifuged re-suspended at a density of 

5 × 106 cells/ml in MEM supplemented and containing 200ng/ml M-CSF (R&D 

systems) for an initial culture of 24hours. Non-adherent cells were collected and 

re-suspended at 6×105 cells/ml in supplemented MEM containing 200ng/ml M-

CSF, 3ng/ml RANKLi with pH increased to 7.4 by addition of NaOH. 1.2 x 105 

cells seeded on each dentin disc were allowed to sediment for 48 hours at 37°C 

to allow the attachment of osteoclast precursors. Dentine discs were then 

transferred to 6-well plates containing supplemented MEM with 200 ng/ml M-CSF 
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and 3 ng/ml RANKL. Cells were cultured for 7 days in 5% CO2 with ion-

conditioned media. For the final 2 days of culture, the medium pH was reduced 

from 7.4 to 7.0 by addition of HCl to activate resorption pit formation by mature 

osteoclasts formed. 

 
iNote: In the MF-1 mouse culture, 200ng/ml M-CSF and 3ng/ml RANKL were 
used compared with in the RAW264.7 osteoclast subclone culture only 3ng/ml 
RANKL were used, 20ng/ml RANKL was used as positive control. 
 

4.3.2 Preparation of conditioned media 
Preparation of cobalt, chromium and titanium media  

CoCl2·6H2O, CrCl3·6H2O, TiCl4 were purchased from Sigma-Aldrich®+. A stock 

solution of 200mM were made for each ion, prepared by diluting in DNA/RNA 

free water. The final highest concentration of 200µM was used; it was serial 

diluted further at hypoxia mimicking range (12.5-200µM). Clinically relevant 

concentrations of each ion were used according to figure1.5B. Serial dilution was 

performed, Co at 12.5 -200µM, Cr at 125-1000µM, Ti at 150-1200µM. pH 

buffering was achieved by incubation of the media 24hours prior to the 

experiment in an incubator with 37oC, 5% CO2 and 20% O2. All experiments 

investigating the role of these metal ions on osteoclastogenesis contained 3ng 

RANKL. 

 

Preparation of hypoxic media and hypoxia condition  
To help understand the relationship between cobalt stabilisation of HIF and 

hypoxic media was prepared by using a hypoxic incubator 1% and 2% O2 at 37oC 

and 5% CO2. When preparing hypoxic media, normal media were pre-incubated 

in the hypoxic incubator for 24 hours before adding into the cell culture. 

 

Preparation of hypoxia mimicking agents  
To determine if Co was causing behavioural changes via the HIF pathway, the 

OC results were compared to the activity of known hypoxic mimicking agents 

(dimethyloxalylglycine, DMOG+ and desferrioxamine (DFO+) to stabilise of HIF-

1α. Fully supplemented media was supplemented with a serial dilution of 

following compounds 25-100μM DFO and 100-400μM DMOG.
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4.3.3 Proliferation studies  
The DNA concentration in each well was measured by using a total DNA 

quantification kit (Sigma UK) and used according to manufacturer instructions.  

Briefly, at each time point, media was removed, cells were washed 3 times gently 

with warm PBS and lysed with 200μl/well of molecular grade H2O and X6 free-

thaw cycles. 100μl lysate were transferred to a black 96-well plate (Greiner 

CELLSTAR®), florescence readings were measured at 360nm excitation and 

460nm emission wavelengths using a fluorescence microplate reader 

(Fluoroskan Ascent FL, Thermo Labsystems, UK). 

 

4.3.4 Cellular oxidative stress measurement 
Oxidative stress is the imbalance between ROS generation and removal. To 

quantify the cellular oxidative stress a H2DCF assay was performed as previously 

described [402]. Briefly, 3 x 104 RAW264.7 cells/cm2 were seeded onto a 48-well 

plate. Cells allowed to attach for 24hour prior to treatments.  Twelve-hour 

treatments were applied in both normoxia and hypoxia conditions. After the 

treatments complete, the media were quickly removed and 10µM H2DCF in warm 

PBS was added and incubated for 30minutes at 37oC, 5% CO2 and 20% O2. 

Fluorescence was measured at the end by using a fluorescence microplate 

reader (Fluoroskan Ascent FL, Thermo Labsystems, UK), with an excitation 

wavelength of 485nm and an emission wavelength of 538nm. 

 

4.3.5 Phagocytic activities of Macrophages 
Phagocytic activity was investigated by using RAW264.7 with florescent beads 

(pHrodoTM Red S.aureus Bioparticles® Conjugate, Molecular Probes®). 10ng/ml 

Lipopolysaccharide (LPS) (InvivoGen) and 10µM Phorbol 12-myristate 13-

acetate (PMA+) was added as positive controls with treatment of different 

concentrations of Co. Briefly, the RAW 264.7 cells and control cultures were pre-

treated in Co for 2hours. Florescent beads were applied after pre-treatments 

according to the manufacture instructions. The intake was stopped by applying 

ice-old HBSS buffer into each well, followed by rinsing with 3 times PBS. At the 

end, florescent images were taken, and florescence measured at excitation 

560nm and emission 580nm. 
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4.3.6 HIF1α inhibitor study 

Echinomycin� is a small molecule inhibitor which competitively binds to HIF 

responsive element (HRE) on the DNA. As this results inhibition of HIF1α activity, 

this was used for preliminary study of illustrating hypoxia pathway involved in 

inflammatory and osteogenic responses. Echinomycin+ was prepared at 2nM, 

this was within the range of previous determined concentration [332] and toxicity 

studies on RAW264.7 cells, and has shown to be effective inhibition of hypoxia 

induced osteoclastogenesis. 

 

4.3.7 Osteoclast formation quantification 
TRAP5b assay  

TRAP-5b (Tartrate resistant alkaline phosphatase, 5b subunit) activity is an 

indication for osteoclast and its resorbing activity [6] and has been identified to 

be important enyzyme present in early aseptically loosened implants [403]. 

TRAP-5b was quantified in RAW264.7 cell cultures by quantifying the conversion 

of Naphthol-AS-BI-phosphate to Naphthol-AS-BI in the presence of sodium 

tartrate at a pH of 5 with the addition of heparin (25U/ml) as an inhibitor for TRAP-

5a (more detail in Chapter2 2.8.2 and Chapter3 3.3.5).  

 

TRAP staining 

Experiments were terminated by fixing the cells (after warm PBS washes x3) on 

the tissue culture plastic or discs in 2.5% glutaraldehyde, followed by tartrate-
resistant acid phosphatase (TRAP) staining for ∼35 min to demonstrate (TRAP) 

(Sigma Kit 387-A+). Images were taken by an optical microscope.  

 

4.3.8 Quantification of osteoclast resorption 
Following TRAP staining, the total number of TRAP positive multinucleated 

osteoclasts on each dentine discs was assessed ‘blind’ by dot- counting under 

reflected light microscopy and Zygo interferometer (see chapter 2 2.8.3-2.8.6 for 

more detail).  
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4.3.9 Analysis of RANKL expression  
A Human sRANKL ELISA development kit (BosterBio®, USA) was used to assess 

human RANKL secretion. Saos-2 cells were seeded in 48-well plates (10,000 

cells/cm2) in ion containing media. After 1, 7 and 14 days, the cell culture 

supernatant was collected and the RANKL concentration determined by following 

protocol provided. Briefly, cell culture supernatant samples or standards together 

with assay diluent were added to the pre-coated 96-well plate (pre-coated with a 

monoclonal antibody specific for hsRANKL). A detection antibody (biotinylated 

antigen-affinity purified goat anti-hsRANKL) then added to the wells, followed by 

an avidin-HRP conjugate and an ABTS liquid substrate solution. Absorbance was 

measured in a micro-plate reader at 405nm with a 650nm as a wavelength 

correction. 

 

4.3.10 Statistical analysis 
All experimental data shown are expressed as mean ± SD and were obtained 

from experiments performed at least three-times in with eight repeats. The data 

was checked to see whether it was required to use parametric or non-parametric 

tests, using a Q-Q plot in SPSS.  Data analysis was performed in Microsoft Excel. 

Comparison between two individual data sets such as positive and negative 

controls was made using the Student’s t-test. Statistical analysis was by one-way 

analysis of variance (ANOVA) followed by post hoc analysis using the Dunnett’s 

test. All experiment conditions were repeated n>6 times and the representative 

experiments were selected for this chapter. 
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4.4 Results 
4.4.1 Cobalt specific hypoxia dependent fluorescent particle uptake 
Phagocytic activity of macrophages is linked to inflammatory activation, Élie 

Metchnikoff, a Nobel Prize winner 100 years ago, proposed that the key to 

immunity was to “stimulate the phagocytes” [404]. Increased phagocytic uptake 

of wear debris in the bone-implant interface may enhance the inflammatory 

response and increase the inflammatory osteolysis observed in failed 

orthopaedic implants. Co ions at clinically relevant concentrations found in the 

implant interface tissue (Co 25-100μM) (Figure1.9) increased phagocytic uptake 

by 100% in normoxia and by 130% in hypoxia (1% O2) (Figure4.3B and Figure5a 

appendix). A concentration of 200μM Co decreased phagocytic uptake, 

presumably because less cells were present due to toxicity at this concentration 

(see total DNA Figure4.4B). When echinomycin (a HIF-1α inhibitor) was applied 

this diminished the phagocytic activities in normoxia culture but not in the hypoxia 

culture (Figure5a, appendix), suggesting that the increased phagocytic activity 

was via cobalt stabilisation of HIF-1α.   
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Figure4.3: Effect of Co on macrophage phagocytosis. Macrophages pre-cultured in Co (4 
hours) with S.aureus coated florescent beads. (A) Co ion at 25-100µM showed increased 
phagocytic bead uptake to a similar level as PMA, as observed by epifluorescent microscopy and 
with (B) fluorescent intensity quantification. ***p<0.001 and n=6. 
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4.4.2 Reactive oxygen species measurement 
Reactive oxygen species (ROS) generation is involved in pro-inflammatory 

responses and is a marker of inflammatory macrophages. As a result, we then 

determined ROS production under Co and other implant ions (Ti and Cr) 

treatments. ROS production in Co ion culture of 12.5 -200μM, cultured over 24 

hours showed a more than 250% increase compared to the normoxia media (21% 

pO2). Positive control H2O2 at 0.1mM showed a 150% increase (Figure4.4B). A 

12.5-50µM Co ion concentration showed an increase of over 300% compared to 

300µM Ti, which showed a 60% increase. Cr, even at very high concentrations, 

showed no significant increase of ROS (Figure4.4C). Co decreased macrophage 

survival over 72hours in a concentration-dependent manner whereas Cr ions also 

showed a reduction. Ti ions showed a significant increase of macrophage 

survival after 72hours (Figure4.4A). Co, at clinically relevant concentrations 

triggered more ROS production in macrophages compared to other ions.  
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Figure4.4: ROS generation by RAW264.7 macrophages with exposure to Co, Cr and Ti ions. 
(A) RAW264.7 total DNA after 3 days of culture with different concentrations of ion. (B) Total 
ROS generation by Co, Ti and Cr culture after 3 days. (C) Percentage of ROS generation in Co, 

Ti and Cr cultures per DNA. ***p<0.001, n=6 for experimental condition.
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4.4.3 The effect of Co, Cr and Ti on RAW246.7 osteoclast differentiation. 
Co ions, at concentrations found in patients with failed orthopaedic implant, 

significantly (p<0.001) increased the expression of the osteoclast specific marker 

TRAP-5b in the osteoclast RAW246.7 Sub Clone (Figure4.5A-B) to levels higher 

than observed in both 3ng/ml RANKL and 20ng/ml RANKL controls. Despite this 

increase in TRAP-5b, the addition of Co did not increase the number of 

osteoclasts observed in culture (Figure4.5D). This may reflect that the 

osteoclasts exposed to Co are expressing more TRAP-5b (and are therefore 

increased activity of Co treated osteoclasts) or may reflect the limitations of the 

visual OC quantification method, where osteoclasts can be become less visible 

with increasing numbers of monocytes. Interestingly the HIF inhibitor 

(echinomycin 2nM) increased cell number (Figure4.5C) but reduced both TRAP 

5b expression (at [Co] 12.5, 25 and 100µM) and osteoclast number (at [Co] 12.5, 

50 and 100µM), suggesting that Co mediated osteoclast activity is mediated (in 

part) via the HIF pathway. 
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Figure4.5: TRAP 5b expression of Co and Co with 2nM echinomycin culture. (A&B) Co increased TRAP-5b expression (12.5-50µM) whist 2nM 
echinomycin reduce TRAP5b expression (Co12.5-25 and 100µM). (C) The total DNA of Co containing cultures increased and Echinomycin at 2nM further 
increased cell survival, (D) number of osteoclasts formed in Co and Co with Echinomycin 2nM cultures. **p<0.01, ***p<0.001, n=6 for experimental 
condition.
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4.4.4 Ti and Cr on osteoclast differentiation and TRAP activity 

In addition to Co, other ions are also present in the implant interface such as Ti 

and Cr. Clinically relevant concentrations of Ti ions present in interface tissue 

implants are reported to be between 150-1200 µM and Cr ions between 125 to 

200µM (Chapter 1, Figure1.7). TRAP staining revealed that Ti cultures did not 

inhibit osteoclast formation. Cr below 1000µM did not increase TRAP-5b 

expression compared with the 3ng/ml RANKL control (Figure4.6B). Cr (125µM-

500µM) did not increase TRAP-5b expression but 1000µM Cr increased TRAP5b 

expression by over 100% (p<0.001) (Figure4.6B&D). Interestingly, Ti showed a 

dramatic concentration dependent increase of TRAP-5b production from 300-

600µM (~1000%, p<0.001).  The total DNA of the RAW264.7 cell sub-clone did 

not show significant difference to controls (day 6) (Figure4.6D&E). The addition 

of Cr (There is a significant inhibition (p<0.01) of osteoclast numbers under Cr 

cultures below 1000µM, higher numbers of mononuclear cells were observed 

(Figure4.9F). On the other hand, the number of osteoclasts formed in the Ti 

cultures was not significant compared with control, with 1200µM showed no multi-

nuclei osteoclast formation (Figure4.6G). 
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Figure4.6: TRAP staining and expression of Ti and Cr ion on RAW 264.7 osteoclast sub-
clone. (A)TRAP staining of revealing osteoclast formation in Ti cultures and high concentration 
of Cr culture. (B)TRAP-5b expression of Cr cultures at 1000µM enhanced osteoclast formation. 
(C) TRAP-5b expression of Ti ions at 300 and 600µM showed an over 500% increase of TRAP 
5b expression compared to control. (D&E) There is no significant difference in cell survival of  
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4.4.5 DMOG, DFO and hypoxia mimics on osteoclast differentiation and 

TRAP activity 

DMOG and DFO are hypoxia mimicking agent, DMOG acting on substitution of 

2-OG [405] and DFO is a general iron chelator [406], as a consequence, both of 

them stabilises HIFa and act on cell growth and proliferation. To further validate, 

if Co increases osteoclast formation via the HIF pathway. The previously 

determined concentrations (DMOG100-400µM and DFO 25-100µM) of HIFa 

stabilisation was applied to the osteoclast sub-clone of RAW264.7 cells. DMOG 

and DFO increased TRAP5b expression at concentration of 200 and 25µM 

respectively (Figure4.7A-C). DMOG 200µM showed more mononuclear TRAP5b 

cells compared with DFO at 25µM (Figure4.7A). DMOG increased a higher 

expression of TRAP5b compared with DFO treatment this may because of 

alternative pathways other than HIF stabilisation involved in increase osteoclast 

formation (Figure4.7B). DMOG at 200µM and Co2+ at 25µM increased a higher 

expression of TRAP5b compared with 20ng/ml RANKL addition (positive control) 

(Figure4.8). DMOG at 100µM showed a significant increase of cell survival at day 

6 whereas DFO showed a significant inhibition of cell survival even at the lowest 

tested concentration (25µM) (Figure4.8A). There is not significant difference 

between number of osteoclast formed in DMOG100 and DFO25µM cultures 

compared to controls (3ng/ml and 20ng/ml RANKL), due to significant cell death 

at DFO50-100µM, there were a significant reduction of osteoclast formation 

(Figure4.8B).  
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Figure4.7: Hypoxia, hypoxia mimics (DMOG, DFO and Co) on osteoclast formation. (A-C) DMOG and DFO on osteoclast TRAP staining. (B) DMOG 
and DFO showed enhanced of osteoclast formation (DMOG 200µM showed a 100% increase, (C) DFO at 25µM showed a 40% enhance of osteoclast 
formation, ***p<0.001, n=6 for each experimental condition.  
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Figure4.8: Hypoxia, hypoxia mimics (DMOG, DFO and Co) on osteoclast number and DNA. 
(A) DMOG enhance cell survival whist (B) DFO reduced cell survival at day 6. DMOG showed 
not significant formation of osteoclast number whereas DFO showed a significant reduction of 
osteoclast number above 25µM, ***p<0.001, n=6 for each experimental condition. 
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4.4.6 Metal ions and hypoxia mimicking agents on osteoclast formation 

Under the failed orthopaedic relevant ion concentrations (Co, Ti and Cr ions), 

Figure1.8. Ti showed the highest TRAP expression ~1000% increase over 6-day 

culture of RAW264.7 osteoclast precursors compared with 3ng/ml RANKL alone 

culture (Figure4.9). Co ions at 50µM and other hypoxia mimicking agents DMOG 

and DFO all showed enhanced of osteoclastogenesis however is much lower >50% 

lower expression compared with Ti ions culture (Figure4.9), Cr ions however on 

the other hand showed not significant difference in TRAP expression, p<0.001 in 

all treatment groups apart from Cr 1000µM. 

 

 

 

 

 

 

 

 

 

 
 

Figure4.9: Orthopaedic ions and hypoxia mimicking agents on TRAP5b expression (6days 
culture). Ti ion at 600µM (1000% increase compared to 3ng/ml control) showed the highest 
TRAP-5b expression and Co ion at 50µM showed the second highest TRAP expression. DMOG 
and DFO at 200 and 25µM respectively (optimal concentrations for osteoclast formation) showed 
a slight increase of TRAP-5b expression; Cr ions at 1000µM showed an not significant TRAP-5b 
expression compared to control 3ng/ml RANKL culture (not shown but normalised against in this 
figure). *All the conditions contained 3ng/ml RANKL and was normalised against 3ng/ml, all 
samples apart from Cr1000µM have a p<0.001, n=6 for each experimental condition.
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4.4.7 The resorption of primary osteoclast with ions on dentine discs 
Under clinically relevant concentrations of ion released from failed implants, Ti 

and Cr all showed inhibition of functional osteoclasts (Figure4.10A). Cr at 125 µM 

still showed formation of osteoclasts but without resorption pits (Figure4.10A) 

whereas Ti showed a complete inhibition even at the lowest tested concentration 

(150µM) (Figure4.10B) of osteoclasts formation from mononuclear precursors. 

Co showed a significant inhibition of osteoclast formation at 50µM (p<0.001, 

Figure4.10B&C), below 20µM there is an not significant difference between all 

concentrations 20, 10 and 2µM compared to control (p>0.05). 

 

4.4.8 The Co Cr and Ti ions in osteoblast survival 

Orthopaedic relevant concentration of ions was used to investigate on osteoblast-

like cells (Saos-2) to see the effect of ions on prolong culture of cells.  The total 

DNA of Saos-2 cells in all ion culture showed a reduction in cell proliferation after 

7 days (more than 3 folds of reduction) (Figure4.11A-C). The ions at 

concentrations from failed orthopaedic implants are able to cause cell death after 

prolonged culture.
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Figure4.10: Resorption by ion treated osteoclast on dentine discs. (A and B) Both Cr and Ti showed an inhibition on osteoclast resorption and 
formation, control (M-CSF 200ng/ml and RANKL 3ng/ml). (C) Co at below 20µM showed an not significant difference in number of osteoclasts formed 
and % resorption, at 50µM showed a toxic effect on osteoclast formation and resorption, p<0.001, n=6 for each experimental condition. 
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Figure4.11: Effect of Co, Cr and Ti ions on osteoblasts. (A) Co ions at concentration 25-
200µM decreased osteoblast proliferation over 14 days. (B) Cr at concentrations of 125-1000µM 
showed a slightly decrease of proliferation of osteoblasts but not significant at day 7 and an 
inhibition of cell survival at day14 across all concentrations. (C) Ti ions at concentration of 150-
1200µM showed an inhibition of osteoblast survival day 14, p<0.001, n=6 for each experimental 
condition. 
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4.4.8 Implant ions on primary rat early bone nodule formation  
There is insufficient data published looking into implant ions and bone 

mineralization, some authors suggested Co and Cr inhibit osteocalcin release 

into the bone matrix in vitro, resulting in delay in bone mineralization and resulted 

a decrease in the expression of the osteoblast phenotype in the presence of ion 

and alloy solutions [407, 408]. To investigate whether orthopaedic ions (Co, Cr 

and Ti) would affect bone nodule formation on rat calvarial osteoblast. An Early 

bone nodule formation study (14 days) was carried out, with bone forming agents 

(L-ascorbic acid, b-glycerophosphate and dexamethasone) and by addition of Co, 

Cr and Ti ions. Ti ion at concentration of 150µM showed complete inhibition of 

bone nodule formation (Figure4.12A). Cr at concentration (1-25µM) (p<0.001), 

showed an increase of collagen deposition (Figure4.12B). Co showed an not 

significant change in in bone nodule formation compared control (4.12B and C) 

(P>0.05).  Other group members previously investigated how bone mineralization 

with hypoxia on Saos-2 cells and showed a dysmorphic crystal-like bone 

mineralization phenotype (Figure7d appendix). 
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Figure4.12: Early bone nodule formation by Co, Cr and Ti ions under clinically relevant 
concentrations. (A-D) Co ions showed an notsignificant change of bone nodule formation 
compared to control (p>0.05). Both Cr and Ti inhibited early bone nodule formation, (B&D) Cr 
inhibited bone nodule formation by increasing production of collagen rather than mineralization, 
**p<0.01. 
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4.4.9 Hypoxia and Co induce soluble RANKL in Saos-2 
Studies showed that there is a strong relationship between intercellular ROS and 

RANKL production [352]. ROS is also a main component stabilises hypoxia in 

cells [409]. Soluble RANKL increased significantly in 1%O2 and Co at 50µM 

compared to control, echinomycin at 2nM showed a slight reduction of soluble 

RANKL yet not significant (p=0.11) over 7 days of culture, parathyroid hormone 

(PTH) was used transiently to increase RANKL expression over 24 hours [336]. 

The total OPG production was significantly reduced in the Co 50µM culture 

compared to normoxic media (oestrogen at 100nM were used as a positive 

control of OPG expression [340] over 24 hours in Figure6b appendix). The ratio 

of RANKL/OPG also showed a significant increase in both Co50µM and Co50µM 

with echinomycin culture (Figure4.13C).  The ROS production by Co ions showed 

a slight increase of ROS per DNA after 7 days of culture compared to control yet 

(p>0.05) (Figure7b appendix). Cell survival with ROS scavenger (Sodium 

pyruvate, NaPy at 10mM), echinomycin (2nM) and 1%O2 showed a significant 

reduction of survival in the treated cultures (Figure4.13D). In addition, 1%O2 

increased 200% of RANKL production after incubation overnight on Saos-2 cells 

(Figure6a appendix).  
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Figure4.13: Soluble RANKL and ROS production in Saos-2 cell culture. (A&B) Total ROS production by Co ions, there is a slight increase of ROS 
generation by Saos-2 cells per µg DNA at day 7 compare with control. (C) Cell survival with ROS scavenger (sodium pyruvate, NaPy), HIF mimics 
(echinomycin) and 1% O2. RANKL production with NaPy, echinomycin and 1%O2 compared with Co2+ at 25µM (D); ***p<0.001, Co25µM vs Co25µM+2nM 
Echinomycin, P=0.11.  
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4.5 Discussion  

CoCr based implants have a high failure rate (account for 24.5% in 7 years [410]), 

more than 60% of which are due to aseptic loosening caused osteolysis 

(Figure1.6A). Yet the underlying mechanism of this failure is still largely unknown. 

Previous studies have indicated that Co stabilises HIF-1α which contributes to 

recruitment of haematopoietic cells to Co-rich sites [397, 411]. Co ions may also 

stabilise HIF-1α via ROS, TNF-α, PI-3K-and MAPK-dependent mechanisms [383, 

412-414] and is a crucial pathway lead to osteoclastogenesis. Therefore, in this 

study I investigated whether Co at the implant failure relevant concentrations 

would affect osteoclast formation. Results demonstrate that Co and Ti ions 

increased osteoclast formation (Figure4.5 and 4.6). Furthermore, results also 

show that the action of Co increased osteoclast TRAP-5b expression may 

partially be inflammatory milieu mediated and may via the activation of HIF 

pathway. This was validated by the use of 2nM echinomycin (concentrations 

determined previously by one of research student in the group) and validation of 

HIF stabilisation induced osteoclastogenesis was also supported by use of HIF 

mimetics DMOG and DFO (Figure4.7). RANKL also showed to increase 

osteoclast survival (Figure4.5C), this was found previously through mTOR/S6K 

signalling pathway which contribute to the stimulation of cell survival in 

osteoclasts [415]. 

 

How does HIF and Co regulate angiogenesis-osteogenesis coupling? 

HIF plays important role in angiogenesis-osteogenesis coupling during bone 

development [390] and bone regeneration [391]. Hypoxia also facilitates the 

osteogenic differentiation of  mesenchymal stem cells (MSC) and modulates 

Wnt/b-catenin and RUNX2 expression via the downstream target of HIF-1a 

(TWIST) over 7 days [416]. Previous studies have shown that using siRNA-

targeting, specific isoforms of HIF-as showed that hypoxia resulted in tissue 

acidosis, anaerobic respiration, production of ROS and short term boost of ATP 

generation, these are factors favourably induce osteoclastogenesis and 

resorption in the short term but compromising to tissue long-term survival [417]. 

Interestingly, Co is known to be a potent inducer of VEGF expression in a various 

cell types such as human endothelial cells and prostate cancer cell lines (via the 

HIF pathway) [418] and modulates neovascularization and cancer metastasis 
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[177]. In addition to its angiogenic properties, VEGF has a direct role on 

osteoclatogenesis [419] and coupling osteoblast-osteoclast interactions  [420]. 

 

What is the relationship between Co, HIF and ROS? 

The in vitro studies supported that Co ions at the clinically relevant concentration 

of failed implants play an important role in inflammatory activities (Section1 

Figure1.8). Co ions and hypoxia increase reactive oxygen species (ROS) 

production and phagocytic activity by macrophages cell line RAW264.7 

(Figure4.3A-B and 4.4B&E). In addition, formation of ROS by transition metal 

such as Co also stabilises HIF and vice versa. ROS are produced in the 

mitochondria during generation of ATP and play important roles in the function of 

cells in the monocyte-macrophage-osteoclast lineage. In the last decade, studies 

have indicated that reactive oxygen species (ROS) are crucial components that 

regulate the formation of MNGs and osteoclast differentiation [343, 421]. ROS is 

also generated by the redox iron in TRAP in osteoclasts and is thought to 

contribute to the vesicular degradation of organic matrix [369]. In addition, ROS 

generation (by transition metal such as Co ions) also stabilises HIF and vice 

versa. This causes depletion of intracellular ascorbate [414] and ascorbate is 

necessary for maintaining active iron (Fe2+) in the prolyl hydroxylases (PHDs) in 

its active form for HIF-α degradation [422]. The ROS generation increases with a 

range of concentrations of Co within 24 hours, whereas phagocytic activities 

increase at lower concentrations of Co (25-50µM) and reduced significantly with 

concentrations above 100µM.  This showed a similar trend as osteoclast 

formation at 25-50µM; Co produced most of osteoclasts showing a 250% 

increase compared to control, (Figure4.5A-B) and a 150% increase of osteoclasts 

formation under Co ions treatment compared to Cr at 1000 µM (Figure4.6A-B).  

Interestingly, an even higher osteoclast formation was observed in Ti culture, 800% 

increase at the 300-600µM range compared to control, (Figure4.6 A&C). Ti ions 

at a concentration of 187µM enhanced localisation of Toll-like receptor 4 (TLR4) 

a lipopolysaccharide (LPS) receptor on epithelial cells [423]. This may suggest 

that Ti is able to enhance the filtration of monocytes and osteoclasts by a similar 

mechanism to bacterial invasion [424]. Ti at 1µM increased expression of RANKL 

and MCSF by osteoblasts and increased pro-inflammatory cytokines may 

contribute to enhance osteoclastogenesis and function which induces osteolysis 
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[172]. In addition, mature osteoclasts secrete acid, which may be corrosive the 

metal implant surface and thus release even more metal ions.  It therefore forms 

a positive feedback of elevating the number of osteoclasts, eventually leading to 

the aseptic loosening of implants. 

 

How does Co, Ti and Cr ions affect macrophage particle uptake? 

Macrophages are a type of phagocyte. The wear particle up-taking mechanism 

by phagocytes is a crucial step towards body adverse reaction to implants. There 

is a positive relationship between the concentrations of wear debris generated at 

the bone implant interface and the degree of implant failure [156]. In addition, 

wear debris increases the expression of pro-inflammatory cytokines (TNF-a, IL-

1β and IL-6 etc.) [187]. Inflammatory mediators are involved in the development 

and progression of wear debris induced osteolysis around implants [425]. 

 

Increased Co wear debris could increases the concentrations of soluble ions in 

the bone implant tissue and synovial fluid due to increase surface area to volume 

ratio. The chronic inflammation and indigestible wear particles, cause 

macrophages to become ‘frustrated’ multinuclear giant cells and produce further 

inflammatory cytokines [187, 425].  In turn, it increases osteoclast formation and 

osteolysis [193] causing aseptic loosening of the implants. 

 

Previously, authors have found that titanium, cobalt, and chromium ions  

stimulated the release of bone-resorbing cytokines, including: interleukin-1β (IL-

1β), IL-6, and TNF-α in human monocytes and macrophages, whereas they 

inhibited the release of bone forming cytokine such as TGF-β1 [426].  

 

Is the Co mediated increase in osteoclastogenesis via the HIF pathway? 

Previous studies have indicated that Co stabilises HIF-1α at the concentrations 

used in this study [204, 384]. Co ion may stabilises HIF-1α via PHD inhibition of 

HIF specific degradation [427] ROS and TNF-α dependent NF-кB pathways [383, 

412]. Studies also show that Co ions in solution or incorporated into calcium 

phosphate at clinically-relevant concentrations increase murine osteoclast 

differentiation and resorption activity in vitro [428]. This study indicated a 75% 

increase in osteoclast numbers and 2.7-fold increase in bone resorption, yet the 
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author did not determine the underlying mechanism of these causes by Co. Other 

studies also suggested indirect mechanisms for Co mediated osteoclastogenesis, 

whereby osteoclast activation by Co ions is via an increase in osteoclast 

differentiation and maturation factors namely IL-1α, IL-1β and IL-6 [181, 193, 384]. 

 

Hypoxia and HIF1α has also been demonstrated to increase osteoclastogenesis 

[429] [430]. Here we report, for the first time the link between Co, HIF and 

osteoclastogenesis. In the current research, a HIF1α inhibitor [332] echinomycin 

reduced Co ions mediated osteoclast formation by more than 100% (in Co12.5-

25 and 100µM cultures, figure4.5A&B). Echinomycin, has been used in number 

of studies to inhibit the HIF pathway and that 1nM echinomycin was sufficient to 

block HIFα activity in two human monocyte cell-lines:KMM-1 and RPMI8226 cells 

[431, 432]. Echinomycin at 2nM was used in this chapter (Figure4.3) due to 

previous studies within our group [433] that demonstrated a lack of toxicity at this 

concentration. Whilst there was no different in total DNA with echinomycin 

(Figure4.5C), toxicity is however, a concern as higher concentrations have been 

to be cytotoxic [332]. Further studies investigating HIFα stabilisation in our 

experiments (e.g. with transAM assat would further support a HIFα mediated 

pathway for Co induced osteoclastogenesis. 

 

Co increased OC production of ROS (as discussed below), in figure4.13 and 

chapter 5 figure5.2  are interesting to note that addition of sodium pyruvate (NaPy) 

a  free radical scavenger, inhibited osteoclastogenesis. It is therefore also 

possible that HIF-1a is stabilised by Co via increase ROS generation. Further 

evidence is needed to support this hypothesis. 

 

 

Osteoclast formation methodology and quantification 

The process of osteoclast counting is a time consuming and prone to human 

bias/error procedure (Figure4.5D, 4.6G and 4.7E). TRAP-5b is a bone resorption 

marker that was identified to be more specific than the total TRAP (TRAP-5a and 

5b) in osteoclast resorption. TRAP-5b could provide a faster method to detect 

osteoclast activity. Bone resorption starts when acid and proteolytic enzymes, 

most importantly cathepsin K and matrix metalloproteases (MMPs), are secreted 
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from the osteoclast into the space between the cell membrane and bone surface 

which is known as the resorption lacuna [434, 435]. Bone resorption is a process 

that osteoclast endocytose bone matrix degradation products that converted to 

smaller protein fragments and translocate through vesicles in the basolateral 

membrane [436].  

 

RANKL is a potent and necessary differentiation factor for osteoclastogenesis, 

therefore, by adding the permissive level of RANKL at 3ng/ml and applying other 

conditions could validate the effect of treatments and osteoclastogenesis, for 

more detail, please refer to chapter 3.  

 

How does the production of ROS cause bone resorption via TRAP-5b? 

The function of TRAP-5b is to produce ROS that could further destroy the bone 

matrix degradation products [437]. Research stated that TRAP-5b is a bone 

resorption specific marker [6]. Studies have correlated with the concentration of 

TRAP released by osteoclasts and bone resorption of organic matrix such as 

degradation of collagen fibres [369]. Therefore, the number of osteoclasts does 

not necessary correlate with osteoclast activity and TRAP-5b secretion would be 

more relevant to the degree of osteolysis [6].TRAP-5b is also enzyme used to 

monitor anti-resorptive treatments. In addition, TRAP-5b is an enzyme active 

when there is an active redox iron present. This state is interchangeable and the 

iron become Fe3+ when the enzyme is inactive and is a tag for degradation 

through circulation reaches in the liver [6]. Co ions can also substitute Fe2+ in the 

TRAP-5b this maybe another mechanism of increase osteoclastogenesis by Co 

ions and can be a potential aspect to explore [438]. 

 

What is the possible mechanism by which Ti increase osteoclastogenesis? 

Ti and Cr ions (two major ions) release by metal containing implants both 

increase osteoclast formation (Figure4.6, A-C). Ti showed the highest TRAP-5b 

expression that is concentration dependent, highest TRAP-5b expression was 

detected at 600μM to reach 1000% more than the control (3ng/ml RANKL) 

(Figure4.6 C and 4.8). Cr at 1000μM showed an increase of TRAP expression 

however, the lower concentrations of Cr from 125 to 500μM all showed a 

reduction on TRAP-5b expression (Figure4.6B).  
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Titanium implants releases Ti ions into the bone implant interface, however, the 

mechanism of the Ti dissolution still remain largely unknown, partially this is due 

to acid environment present such as ligands of citrate and lactate 

concentrations that are continuously present in the synovial fluid. The serum Ti 

concentration measured is greater than its predicated solubility.  For example, 

Ti binding to proteins present in the serum such as human transferrin which 

show a high affinity to Ti binding, thus can form other bioactive substrate 

interacts in the body [439]. Studies have also shown that exposure to Ti ions 

also induced osteoclast precursor cells differentiate into osteoclasts [172] and 

this is coherent with my results (Figure4.6A and C and 4.8). Ti ions may also 

interact with serum proteins thus induce osteoclast formation. 

 

What is the importance of Co treatment in ROS production and HIF-1α 

stabilisation? 

The increased ROS production and phagocytic activity of the macrophages in the 

presence of Co ions may be important to show this pathway is also involved in 

recruitment and early polarization of macrophages towards osteoclast precursors 

which is also via ROS dependent HIF-1α stabilisation. Previous research has 

shown that ROS is also essential for osteoclastic precursor to be responsive to 

RANKL (RANKL-TRAF6 axis) to increase osteoclastogenesis [412]. ROS also 

lowered the intracellular  pH of the cells by the production of O2•-, an increase of 

H2O2 [440] and mitochondria reverse pumping of H+  [441, 442]. This causes 

acidosis enhances osteoclast activities [443]. Increased Co-wear debris could 

increase the concentrations of soluble ions in the bone implant tissue and 

synovial fluid. This accelerates macrophage phagocytic activities, macrophages 

become ‘frustrated’ multinuclear giant cells and produce inflammatory cytokines 

[187, 425].  In turn, this increases osteoclast formation and osteolysis between 

the bone implant interfaces, eventually causes aseptic loosening of the implants. 

 

More conclusive studies using nitric oxide (NO), superoxide (SO) and hydrogen 

peroxide (H2O2) showed that these ROS species mediated inhibition of PHDs 

and thus stabilises HIFα under normoxia [444] catalase, which breaks down 

H2O2 into water and O2, inhibited the stabilisation that was observed with glucose 
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oxidase [412]. Chua et.al., demonstrated that in normoxia, SO generated by 

xanthine/xanthine oxidase, partially inhibited pVHL from binding to HIF-1a. In 

another study, siRNA of Mn-SOD was shown to inhibit pVHL-HIF binding, thus 

inhibiting PHD activity under normoxia [445]. It has been suggested that O2- may 

oxidize the iron (Fe2+) co-factor of the PHD enzyme, thus inhibiting its activity 

[446]. ROS can mediate transcriptional and translational regulation of HIFα via 

the PI3K/AKT and ERK pathways (involved in cell proliferation and survival [447], 

however many unknowns remain. In general, ROS seem to enhance the 

signalling activity of ERK and PI3K/AKT, which in return induce HIF-1α 

transcription and translation via a number of regulators such as p70S6K1, 4E-
BP1, Rac1, HDAC, and mTOR [448]. Additional studies have suggested the 

involvement of PI3K and ERK in NO mediated HIF-1a accumulation [449].  

 

Another aspect of ROS-induced HIFα stabilisation involves mitochondria. Cells 

lack of mitochondria reported to be unable to activate HIF pathway under hypoxia 

(1.5%O2) [450].  This was further supported by using short hairpin RNA targeting 

mitochondrial transcription factor A (TFAM), as a result reduce HIF-α stabilisation 

[451]. It is likely that HIF-1a stabilisation under hypoxia depends more on 

mitochondrial ETC oxygen handling. Nevertheless, current evidence regarding 

the role of mitochondria and ROS fail to provide a clear mechanism for HIF-α 

stabilisation during hypoxia. 

 

Dihydrodichlorofluorescein (H2DCF-DA) measures total ROS and is a general 

measurement for oxidative stress. After this dye passes through the plasma 

membrane, this non-fluorescent compound is de-esterified to become H2DCF 

and oxidized to florescent DCF by ROS under Fenton reaction (e.g. lysosome) or 

the requirement of cytochrome c (mitochondria).  As a result, this dye does not 

measure directly any ROS species and is limited to certain cellular structure 

depend upon the presence of redox active iron (Fe2+) or cytochrome c.  

Figure4.4D displays a concentration dependent increase of ROS under Co 

cultures this therefore, could stabilises HIFα even further.   

 

When implants are inserted in to patients, there is an elevated inflammatory 

response followed by wound healing (Figure1.6 fracture wound healing). 
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Production of pro-inflammatory cytokine and chemokines such as TGF-b1 

through enhancing FOXO1 nuclear location [452],  give a positive feedback.  

Together with the Co ions from the wear-debris, could initially upregulate wound 

healing through stabilising HIF [453]. Increased inflammatory response allows 

increase osteoclastogenesis, shifting the balance of bone remodelling towards 

bone resorption.  

 

How does increased osteoblast proliferation under Co treatment affect 

osteoblast-osteoclast interactions via HIF pathway? 

Increased osteoblast proliferation at clinically-relevant concentrations of Co may 

enhance RANKL-RANK coupling by reducing OPG production (Figure4.11 A-C) 

thus increases the formation of more osteoclasts. In vitro and in vivo study by 

deletion of VHL and PHD genes in mature osteoblasts and mice model 

osteoprotegerin (OPG) can be upregulated by HIF-1α and in turn downregulate 

the resorption activity of osteoclasts [454]. My results further provided the 

evidence that Co reduces OPG protein production under hypoxia stabilising 

range (Co 50µM) (Figure4.11 A-C), using echinomycin and Co did not inhibit the 

reduction OPG protein expression. It would be prudent to further investigate 

nuclear extraction of HIF heterodimer by using Co and echinomycin to accurately 

assess the concentrations of echinomycin that’s able to inhibit Co stabilisation of 

HIFa. 

 

This all suggests that Co induces the early aseptic loosening of the implant and 

failure via hypoxia dependent pathway both in the upstream hypoxia stabilisation 

via inhibition of PHD and downstream NF-кB-dependent hypoxia pathway. 

Previously, it was not clear whether HIF mimetics (Co, DMOG and DFO) increase 

osteoclastogenesis which is shown by a mixture of results (Figure4.7 A-C). Leger 

A.J et.al [455] showed that a dose-dependent inhibition of osteoclast formation 

from macrophage treated with DMOG and DFO. RANKL-dependent transcription 

of tartrate-resistant acid phosphatase (TRAP) was reduced in the presence 

of DMOG.  However, my results showed the opposite compared with previous 

finding, this difference could be affected by adding different concentrations of 

RANKL (30ng/ml vs 3ng/ml). It is possible that it may be because the HIF pathway 

and RANKL are inseparable and acting on feedback to each other.  The 
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excessive RANKL addition may mask the effect of DMOG enhance 

osteoclastogenesis [456, 457]. DMOG and DFO, these two HIF mimetics were 

able to increase osteoclast formation but expressed much lower TRAP-5b 

expression compared with Co ions at the HIF1a responsive stabilisation range 

(Figure4.5 Band 4.7 B&C). This may suggest that mechanisms associated with 

Co may be involved in osteoclastogenesis other than HIF, such as ROS which 

interacts with iron inside the enzymes (PHDs, FIH rather than free iron pool). 

DFO is an iron chelator and DMOG substitute 2-OG which is involved in 

hydroxylate the PHDs.  DMOG inhibits the hydroxylation thus lead to stabilisation 

of HIF. Nonetheless, this is further supported by mimicking hypoxia could 

enhance osteoclast formation. 

 

How does hypoxia induced mitochondria ROS production and affect 

osteoclastogenesis? 

Hypoxia-mediated mitochondrial dysfunction, as tested by disruption of 

mitochondrial transmembrane potential was suppressed by MitoQ as well as the 

other antioxidants. Mitochondrial function and intra-mitochondrial ROS play 

important roles in osteoclast formation. Hypoxic conditions partially induce 

mitochondrial ROS production, disruption of transmembrane potential and 

activation of retrograde signalling. In this study, hypoxia (1% O2) inhibited 

osteoclast formation (Figure5b appendix). This was also shown by Knowles et al., 

that with prolonged culture at under 2% O2, since HIF-1a mediates anaerobic 

respiration which increases ATP in short term and apoptosis of the cells thus 

comprises long term survival [417]. They suggested a regime of 24 hours 2% O2 

(hypoxia) and which could increase 2.5% osteoclast numbers [430]. The author 

suggests that hypoxia-re-oxygenation could produce more OCs than normoxic 

culture.  This may act similarly action as HIF mimicking agents such as Co at 

failed implant relevant concentrations may acting as optimal for osteoclast 

formation which leads to an imbalance of bone remodelling towards bone 

resorption.  
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How comparable of using Saos-2 cell to primary osteoblasts in early bone 

formation with different ion conditions? 

Saos-2 cell provides a good model that in certain aspects such as expression of 

osteocyte marker genes (SOST, DMP1, PHEX and MEPE and osteoblast marker 

genes RUNX2 and COL1A1) under the application of bone mineralizing agents 

allows mineralization in vitro and in vivo, are comparable to primary osteoblasts 

and osteocytes. Nevertheless, this is a tumour cell line and do not fully assemble 

to primary cells.  This cell line however, is well established model for osteoblast, 

there are also limitations of using primary osteoblasts such as higher expertise is 

required for the cell isolation procedures, limited number of cells isolated and host 

heterogeneity. Despite these difficulties, further studies on primary cells and 

animals are important for clinical development. 
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4.6 Conclusion 

Our work provides novel evidence which links the clinically relevant 

concentrations of Co ions with reactive oxygen species (ROS), HIF pathway in 

inflammatory, osteogenesis and osteoclastogenesis. This supports the notion 

that osteoclasts may play crucial roles in early aseptic loosening of the implants 

with both the innate immunological response and osteogenic coupling all via the 

HIF-1α stabilisation. This contributes strong evidence to the field to explain the 

mechanism of high failure rate of cobalt containing orthopaedic implant via 

aseptic loosening. An overview of how CoCr implants in the bone implant 

interface involve in the inflammatory osteolysis is illustrated in detail on figure4.14. 

By further understanding the cellular action of Co2+ in this study, this is an 

important message to advise manufacturers to stop using non-controlled release 

of cobalt as a component in their future implant manufacture.  
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Figure4.14: CoCr dissolution ions in the bone implant interface affects bone remodelling and osteolysis.1.) When a CoCr implants fixed in the 
body, the micro-movement and articulation results in wear debris production. The wear debris then forms dissolution ions and can recruit endothelial cells 
and uptake by cells (osteoblasts and osteoclasts both precursors through to mature osteoclasts (OC), osteoblasts (OB) and fibroblasts). 2). Fibroblasts 
and monocytes are the cells present at the frontline that uptake ions, most importantly Co2+ uptake increases and increase ROS generation.3). The uptake 
of Co ions in monocytes resulted in macrophage differentiation, further increases ROS that can also stabilises HIF pathway as well as Co antagonise with 
oxygen on the Proline hydrolase domain [204] and release osteoclastic inflammatory mediators (TNFa [458], VEGF [418], M-CSF [459], ILs [384] and 
ROS [384] even more#. 4). Macrophage differentiate into osteoclast precursors as a result of RANKL expression by fibroblasts and osteoblasts (OB) that 
forms RANK positive osteoclast precursors#. 5.) OC precursors underwent fusion and resulted in the differentiation of inactive OCs and move to the bone 
surface. 6). Inactive OCs undergo maturation on the bone substrate and due to excessive ROS production and HIF1a expression, its resorption activity 
is increased. #3). Figure4.3 and 4.4, phagocytic activity and ROS were increased by exposure of cobalt in macrophages. #4). 4.13RANKL production 
increased in Co and inhibited in ROS scavenger treatment in osteoblasts.  
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5.1 introduction 
Since the creation of the field of bioactive glasses (BGs) by Larry Hench at the 

University of Florida in 1969 [13], there has been considerable research activity 

attempting to understand how the dissolution products from these glasses affect 

bone remodelling, to enable the creation of optimised release profiles for specific 

tissues and diseases. The dissolution products from Si-based BGs have been 

reported to promote osteoblast proliferation, to up-regulate the expression of 

osteogenic-specific genes [276, 460] and stimulate bone regeneration both in 

vitro [253] and in vivo [461].  Of the ions released by BGs, the osteogenic 

properties of silicate have received particular attention possibly  because of 

studies demonstrating that dietary silicate deprivation inhibits normal bone 

development [267], that silicate dietary supplements increase bone mineral 

density [271] and can help prevent osteopenia [462]. A number of studies have 

investigated the role of silicate released on osteoblasts [282, 463, 464]. There is, 

less, however, understood about the role of Si ions on osteoclasts.  

  

Both osteoclasts and osteoblasts are vital for healthy bone. Bone is constantly 

being remodelled and the impairment of this remodelling process (primarily 

controlled through osteoblast-osteoclast interactions) can lead to bone diseases 

such as osteoporosis, osteopenia or osteopetrosis [465].  Inhibition of osteoclast 

function (e.g. by bisphosphonate administration) can suppress bone-resorption 

and is widely used to increase in bone mineral density in osteoporotic patients. 

Prolonged exposure to osteoclast inhibitors has, however, also been reported to 

lead to atypical fractures and to reduce fracture repair due to decreased bone 

turnover [466, 467].  
 

5.1.1 Si, ROS and bone resorption 
Of the few studies investigating the role Si on osteoclast formation and function, 

it has been reported that silicate inhibits osteoclastogenesis and resorption by 

mouse haemopoietic stem cells [468], bone marrow derived cells [469] and 

macrophage-like (RAW264.7) cells [469, 470]. There have also been studies 

demonstrating that bone-like cells (Saos-2) increase expression of the 

osteoclastogenesis inhibitory factor OPG gene and inhibits RANKL gene 
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expression [17]. The inhibitory mechanism of action of Si ions on 

osteoclastogenesis is, however, not clearly understood. Here we investigate if Si-

dependant inhibition of osteoclastogenesis is (partly) due to reactive oxygen 

species (ROS) interactions.  

 

ROS plays an important role in bone remodelling, through their involvement in a 

number of intracellular pathways, such as mitogen-activated protein kinases 

(MAPK), NFkB, RANK and RANKL, important in osteoblast-osteoclast crosstalk 

and osteoclast differentiation [23, 24]. ROS are also involved in the function of 

tartrate resistant acid phosphatase (TRAP) and thereby bone resorption. At 

physiological pH and at Si concentration of 2mM (56.2ppm) and below, silicate 

has been previously reported to be the molecular species found in the dissolution 

products of silicate BGs [469, 471-473]. Kakabadse et.al. (1960) previously 

described the potential antioxidant capacity of silicate when describing the 

reaction between sodium silicate (Na2SiO3) and H2O2 [474]. Silicate may reduce 

the available ferrous ions and thereby reduce free radical formation via the 

Fenton reaction. Indeed, in environmental (water treatment) studies it is known 

that the presence of dissolved SiO2 results in greater persistence of H2O2 in 

groundwater in the presence of ferrous iron [475]. If Si is interacting with the 

ferrous irons within the cell, it should also be noted that the important osteoclast 

enzyme TRAP contains iron and requires ROS. ROS can facilitate the destruction 

of collagen I fragments when it endocytosed in the vesicles containing TRAP in 

osteoclasts [437]. Considering this known importance of ROS in bone 

remodelling, we investigated if Si species released from BGs (in the form of 

Si(OH)4), influenced ROS availability and the thus affect osteoclastogenesis.  
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5.2 Aims 
This chapter investigates the role of Si, at concentrations similar to those 

released from BGs [20, 24], on bone remodelling and osteoblast-osteoclast 

crosstalk. Furthermore, whether Si affects ROS availability was also investigated.   

 

The null hypotheses were: 

1) There are no inhibitory effects of Si concentration on osteoclast formation in both 

primary cells and the RAW264.7 osteoclasts sub-clone. 

2) Si does not reduce ROS production in the RAW osteoclast sub-clone and 

macrophage and osteoblasts. 

3) Si does not reduce ROS availability via inhibition of the Fenton reaction, in an 

acellular ROS study.  

4) The addition of free radical scavenger sodium pyruvate (NaPy) does not have a 

similar antioxidant potential as the Si, inhibits osteoclast formation.  

 

To test the proposed theory of Si inhibition of the Fenton reaction (and thereby 

ROS availability), by determining if the addition of additional soluble Fe to cell 

culture restores osteoclast formation.  
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5.3 Materials and Methods 
5.3.1 Cell culture models 
Two cell types were used for studying osteoclast formation, MF-1 mouse bone 

marrow cells and a RAW264.7 sub-clone, see Chapter 2.1.2 and 3 for more detail. 

RAW264.7 cells (ECACC) were expanded in high glucose DMEM GlutaMAX 

supplemented with 10% (v/v) FBS and 50 U/ml penicillin and 50 μg/ml 

streptomycin. The RAW264.7 TRAP positive selected clone [324] was cultured 

in DMEM GlutaMAX medium supplemented with 10% FBS and 100 U/ml 

penicillin, 100 μg/ml streptomycin and 3ng/ml RANKL. 20ng/ml RANKL was used 

as a positive control. 

 

Osteoblast-like cells (Saos-2, ECACC) were expanded in McCoy 5A 

supplemented with 10% (v/v) FBS/FCS and 50 U/ml penicillin and 50 μg/ml 

streptomycin. Initial culture was performed in 75 cm2 flasks at 37ºC in a 

humidified atmosphere with 5% CO2. Medium was changed every 2-3 days. 

RAW264.7 and Saos-2 cells were treated in sodium metasilicate (Na2SiO3) 

conditioned media. Saos-2 cells and Raw264.7 macrophages were seeded at 

3x104 cells/cm2. 3x103 cells/cm2 from a selected RAW264.7 colonies were 

seeded for osteoclast experiment (See Chapter 2.1 for more detail).  
 

5.3.2 Preparation of Si containing media  
Conditioned media was created using Na2SiO3, with a final 0.4, 1 and 2mM Si. 

This Si level  is within the ion release profiles previously reported for 45S5 

Bioglass® [469]. No significant pH change of the media was observed in the 

media, suggesting that the monomer Si(OH)4 was the predominant Si species in 

the media [476]. The stock solution was filtered through a 0.2µm syringe filter. 

Sodium pyruvate (NaPy) at 10mM was used as ROS scavenger previously 

described [477, 478]. 

 

5.3.3 Cell behaviour analysis (cell number, ROS production and 
osteoclastogenesis 
Total DNA concentration was determined using a total DNA quantification kit ** 

following manufacturer instruction, over time (1, 2, 3 and 7 days depending in the 
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experiment) and measured by florescent micro-plate reader (See Chapter 2.6 for 

more detail).   

 

5.3.4 Measurement of acellular reactive oxygen species (ROS) production 
To determine the possible role of Si in modulating the levels of available ROS , a 

de-esterificated 2′, 7′-dichlorofluorescin diacetate (H2DCF-DA) assay was 

performed using a modified version of a protocol previously described [342]. 

Briefly, de-esterification of 1mM 2, 7-dichlorodihydrofluorescein diacetate 

(H2DCF-DA) (0.5ml) to 2, 7-dichlorodihydrofluorescein (DCFH) was achieved by 

the addition of 0.01M NaOH (2ml) and 10ml pH 7.2 PBS. All the sample solutions 

containing Na2SiO3 were pH balanced to 7.2-7.5 and for 10 min at RT, an addition 

of 10µl 1M NaOH per 2ml of solution prior to the addition of  10µM  or 20µM FeCl2 

as a catalyst for the fenton reaction and verify if Si is acting as an iron chelating 

agent [342]  DCFH. After a further 5min incubation at 37OC in a Non-CO2 

incubator, the solution was transferred to black florescent microplates and 

fluorescence measured (excitation 495nm, emission 538nm) for total acellular 

ROS generation.  

 
5.3.5 Intracellular ROS measurements 
ROS production has been shown to have an important role in RANKL production 

and osteoclastogenesis [346]. The level of intracellular ROS was detected by 

H2DCF-DA as previously described [479]. The H2DCF is oxidised by ROS but 

not superoxide.  The total ROS were measured after 3 days in macrophage-like 

(RAW264.7) cell culture, and after 7-day culture of osteoclastic RAW264.7 and 

osteoblastic Saos-2 cells, H2O2 at 600µM was used as a positive control 

30minute before addition of the H2DCF dye. Briefly, after treatments, media was 

gently removed and add 200µl of 10μM H2DCF-DA immediately added 

(dissolved in warm PBS) to each well. The plates were incubated for 30 minutes 

in 37oC, 5% CO2 in a humidified incubator. After incubation, the total ROS were 

measured using a florescent plate reader (excitation 495nm, emission 538nm).   

 

5.3.6 Analysis of RANKL and OPG 
The human TNFSF11/RANKL and OPG PicoKineTM ELISA Kits (Boster Biotech, 

USA) were used to measure RANKL and OPG production from Saos-2 cell-lysate 
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following manufacturer’s instructions. Briefly, the cells were seeded in 12-well 

plates (9x104 cells/cm2) and cell supernatant and lysate were obtained at day 7. 

Samples or standards together with assay diluent were added to the pre-coated 

96-well plate (pre-coated with a monoclonal antibody specific for hsRANKL and 

hsOPG). Secondary antibodies then added to the wells, followed by adding 

Avidin-HRP conjugate and ABTS liquid substrate solution. Absorbance was 

measured in a micro-plate reader (BioTek instruments, USA) at 450 nm with a 

650nm as a wavelength correction. 

 

5.3.7 TRAP staining 
An acid phosphatase-based TRAP Kit** were used according to manufacturer’s 

instructions. Cultures were fixed in 2.5 % glutaraldehyde (v/v) for 5-10 minutes 

and then washed with PBS gently, followed by staining to demonstrate tartrate-

resistant acid phosphatase (TRAP). Osteoclasts were defined as TRAP-positive 

cells with > 3 nuclei. Osteoclast numbers and resorption pits were measured 

’blind’ by a reflected light microscopy, a Zygo interferometer in combination with 

Matlab software, see Chapter 2.9.3-4 for more detail [326]. 

 

5.3.8 Osteoclast number and resorption pits quantification 
The number of osteoclasts formed per disc or cell culture well were quantified 

using a Zeiss Acioskop 40 white light reflective microscope (25x objective). Cells 

with more than three nuclei were counted as osteoclasts. To quantify the area of 

resorption, after the dentine discs were fixed and stained for TRAP, dentine discs 

were ‘blinded’ and identified by number. Quantification was performed with dot-

counting histomorphometry using a 50x magnification; resorption on each disc 

converted to the areas of cells covered as a percentage. Results expressed as 

the percentage of resorption in each condition was compared with the percentage 

of resorption of control (See Chapter 2.9.3-4) [480]. 

 

5.3.9 Osteoclast resorption scanning electron microscopy (SEM) 
Primary osteoclast cultures were fixed in 2% para-formaldehyde (w/v) and 1.5% 

glutaraldehyde (v/v) in a 0.1m sodium cacodylate buffer (pH 7.3) for 24hours at 

3oC. The fixed dentine discs then washed twice in 0.1m sodium cacodylate, follow 

by 30-minutes incubation at RT. 1% OsO4 (osmium tetraoxide)/1.5 % K4Fe (CN) 
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6 (potassium ferrocynine) in 0.1m cacodylate buffer at 3OC as added, and 

incubated in RT for 90 minutes. The samples washed in cacodylate buffer 

followed by rinsing with distilled water. Samples were dehydrated in a graded 

ethanol-water series method. The samples were then critical point dried using 

CO2 chamber, mounted on aluminium stubs using carbon taps. The mounted 

samples were coated with a thin layer of Au/Pd. (approximately 2nm thick) using 

a Gatan ion beam coater. The images were viewed with a Jeol 7401 FEGSEM 

scanning electron microscope. 

 
*All cell culture media were purchased from Gibco™ Thermo Fisher Scientific, 

UK unless specified, **All chemicals were purchased from Sigma-Aldrich®, UK 

unless specified. 

 

5.3.10 Statistical Analysis 
All experimental data shown are expressed as mean ± standard deviation (SD). 

Statistical analysis was by one-way analysis of variance (ANOVA) using multiple 

comparisons (Dunnett's test) using GraphPad Prism. Experimental repeats = n>8. 
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5.4 Results  
5.4.1 The role of Si on primary osteoclast formation 
A complete inhibition of osteoclast formation and function was observed in the 

presence of 2mM Si in primary cells cultured on dentine disc and in the RAW 

264.7 cell sub-clone (Figure5.1 and 5.2). TRAP-5b quantification was not 

possible in here due to limited cell number of primary cells and inability to expand 

the primary cells, see section 2.1.2 and 3.1. Surprisingly, Si concentrations below 

2mM did not affect osteoclastogenesis but showed an increase in TRAP-5b 

formation/expression. Considering the known importance of ROS in bone 

remodelling we investigated the possible antioxidant capacity of Si species and 

its impact on osteoclast formation.  
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Figure5.1: The effect of Si on primary osteoclast activity. 2mM Si inhibited osteoclast formation and bone resorption in primary monocytes (MF-1 
mice) differentiated after 9 days of culture, included 2 days of acidification (a). Quantification of the number of osteoclasts and area of dentin resorbed by 
primary revealed Si between 0-1mM did not influence osteoclast formation or resorption (P>0.05) and Si over 2mM inhibited osteoclast formation and 
function (b) ###p<0.001. # Control = 3ng/ml RANKL, % Resorption compared to the area of cells covered on dentine disc, quantified by Matlab. n>6 for 
each experimental condition.

a) 

b) 
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Figure5.2 Si inhibition of SC RAW264.7 osteoclast formation and activity. Si (2mM) inhibited osteoclast formation in RAW264-7 OC-like cells (a) 
TRAP staining). (b) A similar effect was observed in osteoclast formation from osteoclast-like cells, Si increased the expression of TRAP-5b expression 
below 2mM compared to control. ***P<0.001, n>6 for each experimental condition.

c) b) 

a) 
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5.4.2 Si inhibits ROS in a cell-free Fenton reaction model and osteoclast 

sub-clone cells 

Si inhibited the total amount of ROS present in a cell-free system in concentration 

dependent manner (0.4-2mM). At 2mM Si the ROS levels produced by 1mM of 

H2O2 were reduced by more than 50% (Figure5.3a&b). Higher concentrations of 

Si did not cause further reductions in ROS levels. Si may act as an iron chelator; 

iron is a catalyst for the Fenton reaction, 10µM Fe as its minimal catalyst level 

determined. When adding increase concentrations of FeCl2 from 10µM to 20µM, 

the effect Si in scavenging H2O2 free radicals were reduced >30%, interestingly, 

sodium pyruvate (NaPy) may also contribute to this iron chelating mechanism or 

chelating H2O2 free radical produced by the Fenton reaction directly [477].  Si 

also reduced total ROS in osteoclast-like cells (after 6-day culture) (Figure5.3c). 

A Si concentration dependent decrease in osteoclast DNA was also observed (6-

day culture, Figure5.3a). Si did not affect the ROS production by macrophage 

and osteoblasts cell lines. This may because osteoclast is a better cell model for 

ROS study as osteoclasts may require both ROS and iron in its development. 
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5.4.2 Si inhibits ROS in a cell-free Fenton reaction model and osteoclast 

sub-clone cells 

Si inhibited the total amount of ROS present in a cell-free system in concentration 

dependent manner (0.4-2mM). At 2mM Si the ROS levels produced by 1mM of 

H2O2 were reduced by more than 50% (Figure5.3a&b). Higher concentrations of 

Si did not cause further reductions in ROS levels. Si may act as an iron chelator; 

iron is a catalyst for the Fenton reaction, 10µM Fe as its minimal catalyst level 

determined. When adding increase concentrations of FeCl2 from 10µM to 20µM, 

the effect Si in scavenging H2O2 free radicals were reduced >30%, interestingly, 

sodium pyruvate (NaPy) may also contribute to this iron chelating mechanism or 

chelating H2O2 free radical produced by the Fenton reaction directly [477].  Si 

also reduced total ROS in osteoclast-like cells (after 6-day culture) (Figure5.3c). 

A Si concentration dependent decrease in osteoclast DNA was also observed (6-

day culture, Figure5.3a). Si did not affect the ROS production by macrophage 

and osteoblasts cell lines. This may because osteoclast is a better cell model for 

ROS study as osteoclasts may require both ROS and iron in its development. 
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Figure5.3. Si inhibition of the Fenton reaction and thereby reduces free radical availability. 
In a cell free system Si decreased the amount of ROS generated by 1 mM H2O2, in a 
concentration-dependent manner, Si may act as an iron chelator inside the cell, increasing Fe 
concentration, 0, 10 to 20 µM increased overall ROS production The antioxidant capacity of 2mM 
Si was similar to the known free radical scavenger NaPy (10mM) (a).Si also decreased ROS 
production in osteoclast-like cells (b). The OC produced from Si2mM and NaPy 10mM cultures 

a) 

b) 
 

c) 
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are significantly lower compared to control, antioxidant NaPy formed slightly more mononuclear 
cells (c). *** p<0.001, n>6 for each experimental conditon. 
 
5.4.3 The effect of Si on RAW264.7 osteoclasts.  

To determine the effect of Si and ROS on osteoclast-like cells (RAW264.7 

osteoclast selected sub-clone which are able to produce resorption on dentine 

disc, data not included), a known ROS scavenger NaPy was used at a 

concentration with a similar antioxidant capacity to 2mM Si (Figure5.3a&b). The 

RANKL controls (both 3 and 20ng/ml RANKL) both produced “pancake-like” 

osteoclasts (Figure5.2a), compared to the osteoclasts produced by primary cells 

on dentine (Figure5.1a). The culture of osteoclast-like cells with 2mM Si and 

10mM NaPy (all contain 3ng/ml RANKL) resulted in complete inhibition of 

osteoclast-like cell formation (Figure5.2b). There was also clear difference 

between the action of 10mM NaPy and 2mM Si, whereby NaPy had a large 

number of single nuclei cells present (undifferentiated macrophages) whilst 2mM 

Si appeared to decrease cell number considerably this may indicate an 

alternative mode of actions by NaPy intracellularly (Figure5.1b&d and 5.3a); 

furthermore, NaPy decreased amount of ROS as well as decreased VEGF 

production (Figure5.4b).  
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Figure5.4. Macrophages production of VEGF after 3 days of Si and NaPy cultures. Total 
VEGF production at 2 and 3 days, Si enhanced the production of VEGF, NaPy decreased VEGF 
production(a) Si 2mM enhanced VEGF production and NaPy decreased VEGF production after 
normalising with DNA. *p<0.05 and *** p<0.001, n >6 for each experimental condition. 
 

 

 

 

 

 

 

 

a) 

b) 
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5.4.4 The effect of on macrophage proliferation, ROS and VEGF 

production 

Si-based BGs have been used and proven to be a good candidate in the wound 

healing applications showed to increase angiogenesis [289], therefore, 

investigating the angiogenesis/vascularization of the Si could lead to 

understanding of how BG improve wound healing. The addition of Si at 

concentrations between 0.4 and 2mM resulted in an increased DNA contents 

(Figure5.4a) in macrophages (non-osteoclasts selected RAW264.7) at day 3 with 

NaPy (10mM) also increased macrophage proliferation. Total ROS production 

was not significantly different between treatment groups (Figure5.3c). Si also 

induced a concentration-dependent increase in VEGF production (Figure5.4b).  

This could to be independent of the ROS scavenging capability of Si as NaPy 

inhibited VEGF production (Figure5.4b).  

 

5.4.5 The effect of addition of soluble iron in Si osteoclastogenesis culture 

models 

The addition of soluble Fe (at 10µM), restored Si inhibited osteoclastogenesis as 

determined by TRAP5b staining and morphology (Figure5.5a) and TRAP5B 

quantification (Figure5.5b), suggesting a Fe mediated mechanism of Si 

interaction with osteoclasts. The addition of Fe (20µM) without Si also increased 

TRAP5b expression 3-fold, but not at 10µM or 100µM (Figure5.5a-b & d), which 

may reflect the multiple roles of Fe within osteoclasts. The addition of Fe also 

increased the amount of DNA in a concentration dependant manner in both Si+/- 

cultures (Figure5.5c), but without additional increases in TRAP5b expression 

(Figure5.5b), which suggests that Fe may increase monocyte (non-OC) 

proliferation.  

 

The osteoclast DNA showed a reduction in Fe containing culture (Fe 10 and 20 

µM) however, the osteoclasts number increased (Figure5.5c), this may suggest 

more osteoclast are formed under differentiation that is facilitated by addition of 

Fe. The number of osteoclasts on addition of Fe in Si cultures initially increased 

(10µM Fe) but then decreased with further addition of Fe (Figure5.5d), this may 

be related to the increased number of monocytic cells observed in the higher 

concentrations of Fe (20 and 100µM). The area of the osteoclasts formed are 
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constant and not significant different in all cultures apart from Si 2mM alone 

where there is no osteoclast formation (Figure5.4e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure5.5. Osteoclast formation in Si culture with Fe. (a-b) Addition of Fe (10µM) restored Si 
inhibited osteoclast formation as determined by TRAP staining (a) and quantitative TRAP5b 
assay, TRAP-5b expression normalised with 3ng/ml RANKL control sample (b). There is a Fe 
concentration dependant increase in total DNA µg/ml in both Si+/- cultures (Fe10-100µM). (c) 
There is a slight increase in the survival of osteoclasts in Si+Fe 100µM culture. (d) There is a 
significant increase of osteoclast number in Si 2mM culture with 10µM and 20µM Fe addition and 
there is a significant increase of osteoclast number with Fe at 20 and 100µM, no. of OC/mm2. 
(e)There is no significant change of osteoclast area across all Fe added concentrations, 
***p<0.001, n>6 for each experimental condition. 

e) 

c) b) 

d) 

a) 
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5.4.6 The effect of silicate on Saos-2 cell proliferation, ROS, RANKL and 

OPG production 

Si increased osteoblast-like cell number after 7-day cell culture (Figure5.3c). This 

may be due to reduction of ROS which increases osteoblast survival, which ROS 

is known to induce apoptosis in the cells. Culture with Si at 2mM decreased ROS 

production (day 7), NaPy (positive control for ROS scavenging effect) decreased 

ROS production even more significantly (Figure5.3c). Si also showed no 

difference in membrane-bound RANKL and OPG production; NaPy showed a 

decrease in OPG (Figure5.6a&b) and increase in RANKL/OPG ratio. 
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Figure5.6. Osteoblast and osteoclast interactions, RANKL and OPG production. (a) Si 
showed no effect of RANKL and OPG production in Saos-2 cell lysate after 7 days of culture. 
Whereas NaPy showed an inhibition of OPG after 7 days. (b) RANKL/OPG ratio showed an 
enhanced ratio of RANKL/OPG by 1% O2 and NaPy at 10 mM, ***p<0.001. 
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5.5 Discussion 

In both the primary mouse monocytes and RAW264.7 SC cells, 2mM Si 

completely inhibited osteoclast formation (p<0.001). Other studies (three to date) 

investigating the effect of soluble Si (Si(OH)4) on osteoclastogenesis, also 

reported Si inhibition of osteoclastogenesis using mouse hematopoietic stem 

cells, mouse bone marrow and RAW264.7 cells [255, 468, 469]. Different Si 

concentrations were reported in these studies to induce this osteoclast inhibition 

(as low as 10µM and as high as 890µM) [470], these differences are probably 

due cell type-specific responsiveness, seeding number, substrate the cells were 

grown on, RANKL concentration and outcome measurements (what the authors 

consider to be osteoclasts). For example, Mladenovic et.al., used 1x106/cm2 

mBMMs, whilst Zhou et.al., used 1x105/cm2 mHSCs. This chapter presents the 

first evidence of inhibition in both primary and RAW 264.7 osteoclasts grown on 

dentin, together with the specific TRAP5b expression and quantification.  

 

The Schröder et.al., (2012) study highlights the importance of osteoblast-

osteoclast cross-talk and that Si may affect both osteoblasts and osteoclasts [18], 

which may account for the increased Si sensitivity reported, since in this study a 

lower concentration of Si was used (below 100µM Si). We also observed, in our 

study, that Si increased osteoblast (Saos-2) cell proliferation, inhibited ROS but 

overall not affecting RANKL level (Figure5.5). Our paper is the first to report that 

Si causes increase of OB and macrophage (Mf) proliferation and inhibition of 

ROS by OB-like cells (Saos-2) at BG relevant release range (between Si 0.4-

2mM). A previous study has reported the enhanced gene expression of OPG (a 

RANKL inhibitor) at 10µM of Si by Saos-2 cells however, in my study there is no 

significant difference in OPG production in Si treatment groups at concentration 

between 0.4-2mM, interestingly NaPy at 10mM showed a reduction in OPG [470].  

 

ROS inhibition of osteoclastogenesis  

We investigated a possible mechanism by which Si, at concentrations relevant to 

BG (0.4 to 2mM), may cause osteoclast nhibition-by modulating ROS availability 

through iron chelation. Previous studies have demonstrated that intracellular 

ROS levels are crucial for osteoclastogenesis [346, 360, 421, 481, 482] and that 

the use of antioxidants reduces both osteoclastogenesis [360, 481] and 
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osteoclast resorption [482, 483]. General antioxidants (e.g. N-acetyl cysteine (2.5 

mM) ascorbate (0.5mM) and Resveratrol (3µM), have been reported to inhibit 

osteoclastogenesis via a RANKL dependent mechanism [421, 481].  Furthermore, 

a mitochondrial specific antioxidant (MitoQ 0.25µM) reduced the differentiation of 

RAW264.7 cells to osteoclasts was reported to be particularly effective compared 

to the general antioxidants (N-acetyl cysteine, RSV and ascorbate), with 

completely inhibition at 0.35µM [360, 481]. In our study the use of sodium 

pyruvate, NaPy [477] at 10mM inhibited osteoclastogenesis at day 7 and also 

appeared to increase mononuclear cell proliferation (Figure5.3a & 5.2c) with no 

effect on RANKL and OPG level but NaPy showed a reduction in OPG production, 

this may cause by increase pyruvate or pyruvate dehydrogenase kinase 

(especially PDK4) which increases osteoclastogenesis as result of 

downregulation of mitochondrial oxygen consumption (hypoxia) which acts as a 

part of cellular antioxidant mechanism [484].   

 

ROS may play a role in a number of cellular pathways known to affect 

osteoclastogeneis including mitogen-activated protein kinases (MAPK), inhibitor 

of kappa B (IkB), NFkB, Ca2+ and RANKL signalling [346, 350, 421, 485, 486].  

NFkB transcriptional factor regulated by IKB kinase complex proteins (IkBa) [487]. 

For example, H2O2  has been reported to increase IkBa phosphorylation, which 

subsequently induces the expression of the important osteoclastogenic factor 

NFkB [488]. ROS has also been reported to increase Ca2+ release from the 

endoplasmic reticulum, this increase has been linked to increased nuclear factor 

of activated T-cells, cytoplasmic 1 (NFATc1)  gene expression, a gene important 

for macrophages fusion into pre-osteoclasts [350].  ROS may also be involved in 

osteoblast-osteoclast cross-talk. We found that the treatment of osteoblasts with 

Si slightly reduced RANKL expression but more significantly reduced ROS 

(Figure5.5). It’s been previously reported that the culture of osteoblasts with 

antioxidants inhibits RANKL production [352].  In our study, however, the addition 

of free radical scavenger (NaPy 10 mM), did not reduce RANKL but reduced OPG 

production, suggesting that the mode of action by NaPy and Si maybe through a 

different anti-oxidative mechanism or depends on the mode of action of the 

antioxidant used.  
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How does Si reduce the amount of ROS in the cell and cell free Fenton 

reaction models?  

In our study an increase in Si (up to 2mM) reduced ROS (generated from 1mM 

H2O2) in a concentration dependent manner (Figure5.3a and b) within a cell-free 

Fenton reaction model. In cell culture 2mM Si also reduced ROS production in 

osteoclast and osteoblast cultures which also completely inhibited osteoclast 

formation (in both primary OCs and a RAW264.7 osteoclastic clone, Figure5.1a 

& 3a). To explain these findings, Si may be acting as; 1) an antioxidant that 

reduces the intracellular ROS level via the release free H+ (that react with the 

peroxide (O
2

.2-) or hydronium (H3O+)  by the formation of SiO(OH)3- and/or 

SiO2(OH)22- in solution [474] or/and; 2) Si may act as an iron chelator and thereby 

reduce the activity of the free iron or iron containing enzymes (e.g. catalase) 

involved in the Fenton reaction [51,52].  The Fenton reaction catalyses the 

generation of hydroxyl free radical (•OH) and hydroperoxyl (HOO.) from peroxide 

(a vital intercellular reaction). Si(OH)4 or silicic acid can react with the ferric 

hydroxides (Fe(OH)3), producing an insoluble ferric silicate (FeSiO3) precipitate 

and is used in mining and wastewater treatment to remove iron [489]. Si may 

therefore maintain the stability of H2O2 within an iron environment causing less 

ROS production.  

 

Indeed, previously studies have reported that the addition of iron could induce 

RANKL-dependent osteoclast formation through increased ROS production in 

both RAW264.7 and BMMs (ferric ammonium citrate (FAC) at 50 and 25µM 

respectively) [483, 485]. An in vivo study also reported increased serum RANKL 

after administration of 0.04 g/kg iron 3 times a week for 1 month in a mouse model 

[483]. The Si chelation of iron may therefore have the opposite effect and inhibit 

osteoclast formation as seen in our study (Figure5.1-4). Furthermore, for mature 

osteoclast during bone degradation, ROS in TRAP-5b plays important role.  

TRAP-5a (inflammatory TRAP for active macrophages) and TRAP-5b 

(Osteoclastic TRAP) (two major isoforms of TRAPs, the latter is a proteolytic 

processed form of TRAP 5a) [490] [491]. TRAP-5b is enzymatic, contain redox-

active iron and which activated by cathepsin K. ROS generated via the Fenton 

reaction which contained in the bone matrix-delivering vesicles crucial for 
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intracellular transcytosed collagen I (bone matrix) degradation [369, 436, 492].  

In the future study, a possible way to verify this is to apply Si at mature osteoclast 

culture to see if reduction in ROS produced by TRAP could result in reduction of 

bone resorption and may involve in earlier phase of osteoclast development. 

 

If Si osteoclast inhibition is (in part) acting through an iron chelation pathway, it 

is also important to note that iron is important in many other cellular pathways.  

Such as, essential for prolyl hydroxylases domain (PHD) activity, and the activity 

of this enzyme is vital for Hypoxia Induced Factor-α (HIF-α) stabilisation. The 

chelation of iron by transition metals or siderphores has been shown to inhibit 

PHD activity, cause the stabilisation of HIF-α and thereby Hypoxia Response 

Element (HRE) gene expression. HIF stabilisation has been reported to increase 

VEGF, RANKL production, osteoclastogenesis and resorption [326, 457, 493].  

Whilst this may explain the Si dependant increase in VEGF expression observed 

in macrophages (Figure5.4c). This highlights the complexity of cellular pathways 

and non-specific action of ions released from bioactive glasses (or other sources), 

which may interact with a number of cellular pathways in a time, concertation and 

cell type specific manner.   

 

The influence of silicate on TRAP in osteoclast development 

To further investigate whether Si interact with iron redox enzymes that influences 

osteoclast formation and function. There is vast amount of redox iron enzyme in 

the cells. As a result, the first enzyme can be look into is TRAP-5b, which is an 

enzyme that contain redox iron and require it to generate ROS during bone 

resorption by degrading collagen in the bone matrix [437], therefore, three future 

experiments can be designed,1) By using ROS acellular assay, apply TRAP-5b 

and Si with H2O2 at known concentration to see whether or not Si would inhibit 

TRAP-5b to convert H2O2 into ROS and this can be detected by the de-esterised 

H2DCFDA dye (See section 5.5.4 for more detail). 2) To test if inhibiting TRAP-

5b would inhibit its function on collagen degradation/bone resorption, Si can be 

applied at the last two days after bone resorption initiation with acid, to exam 

whether bone resorption could be reduced or inhibited compared with control 

without Si. In both studies a known iron chelator can be used to further reassure 

that the effect of Si on TRAP-5b is via iron chelation.3) In addition by using 
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electrophoresis with TRAP-5b enzyme with Si addition to isolate protein that 

contain TRAP-5b+Si complex and further doing structural analysis to see how 

exactly Si interaction in the TRAP-5b enzyme may also be another prospective. 

In addition, a study looked into whether TRAP-5b interact with N-ASPI-P via iron 

independent pathway could also add into insight about this enzyme activity in 

quantitative detection, a small experiment was tried out previously that showed 

there is not significant difference in adding Si with osteoclast lysate in reduction 

of TRAP-5b reading (Figure9 appendix). 

 

The impact of Silicate inhibited osteoclastogenesis on bone regeneration 

and remodelling  

Si uptake by cells surrounding Si-BGs may improve bone mineral density (BMD) 

by up-regulate the expression of osteogenic-specific genes and proteins 

Figure1.10 and inhibiting osteoclast formation and activity (as reported in this 

chapter). Bone remodelling, however, is a continuous process that requires a 

tight coupling of osteoclast-osteoblast activities [494, 495]. A further study looking 

at key makers for osteoblast in vivo from mesenchymal stem cells and osteoblast 

cell-line such as using Saos-2 and investigating alkaline phosphatase (ALPase) 

[496] and gamma-carboxyglytamate (i.e. Gla-osteocalcin) protein expressions 

[497]. In addition, osteocalcin expression is a mature osteoblast exclusive marker 

which represents native bone formation [498] and looking at bone nodule 

formation with TEM techniques and EDX on bone nodule composition [499].  

 

The beneficial consequence of prolonged inhibition of osteoclastogenesis and 

osteoclast function inhibition through Si release (both locally and systematically) 

is uncertain. Certainly prolonged inhibition of osteoclast function, as reported with 

the treatment of osteoporosis with bisphosphonates, may result in increased 

BMD, but results in more mineralised/crystallised bone with decreased plastic 

deformation and increased micro-fracture and atypical fracture [500]. For this 

reason, bisphosphonates may be beneficial in patients with decreased BMD in a 

short time period but clearly not in healthy individuals. The same may be true for 

Si release and a patient specific approach may be required, whereby BGs with 

specific ion release profiles (concentration, duration and type of ion release) 

should be used depending on the application and patient characteristics (e.g. age, 
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underlying disease and even sex). In patients with osteoporosis, high ROS levels 

or high iron levels (such as thalassemia and hereditary hemochromatosis) 

prolonged Si release may be beneficial [501]. On the other hand, in cases of 

trauma in healthy patients, no Si release or local short-term Si release may be 

preferable. Optimized BG ion release profiles for specific patients and 

applications may further increase the success of BGs. 

 

A comparison of the mouse RAW264.7 and primary osteoclast cell model 

A concentration of 2mM dissolved silicate inhibited osteoclastogenesis in both 

RAW264.7 cells and primary mice osteoclasts. Despite this similar inhibitory 

response to dissolved Si, between the cell lines, morphological differences 

between the osteoclasts formed from the two cell types were observed at 

concentrations below 2mM Si. The osteoclast-like cells differentiated from 

RAW264.7 cells were more pancake-like than the bone-resorbing primary cells. 

This difference may reflect the culture substrate (primary cells were grown on 

dentin discs, the RAW 264.7 cells were grown on tissue culture plastic) or cell-

type, or both parameters. Orriss et.al., 2012 demonstrated that monocyte contact 

with calcium-containing mineral (and possibly mineralised collagen fibres) is 

needed for the osteoclast differentiation and polarization of primary monocytes, 

whilst plastic substrates caused a “pancake morphology”, similar to that observed 

in Figure2a [32].  The RAW264.7 cells offer some practical advantages as an 

osteoclast model in terms of genetic stability, ease of expansion, only require 

RANKL for differentiation without using M-CSF, and thus rapidness of osteoclast 

formation, 6 days compared with 9 days from primary cells. The sub-clone also 

confirmed with resorbing activity with acidic initiation upon osteoclast maturation, 

data not included. Recently, it has been suggested that RAW264.7 are a 

heterogeneous population and that the selection of colonies with increased 

osteoclastogenesis may increase the relevance of this model and this sub-clone 

are capable of mineral matrix resorption through acidification [324]. Using this 

sub-clone are necessary to better understand preliminarily osteoclast behaviour 

(e.g. to new materials) before using primary cells or inside animals. 
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Conclusion 
This chapter demonstrated that silicate inhibits osteoclastogenesis in a 

concentration dependant manner.  Si also increased osteoblast proliferation and 

macrophage production of VEGF and may inhibit RANKL expression (determined 

previously) could lead to enhanced mineral deposition. Our results also suggest 

that silicate may influence intracellular ROS dependent signal transduction 

pathways. Further understanding of how silicate differentially affects osteoclast, 

osteoblast and macrophage function will enable the development of optimised Si-

BGs for specific applications and new enterprise and innovation.  
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6.1 Summary of findings 

This thesis furthered our understanding of the osteoclastic response to 

orthopaedic implant ions, this included; 1) the development of an in vitro model 

for osteoclastogenesis using a sub-clone of RAW264.7 (Chapter3); 2) the 

osteoclast response to undesirably released Co ions from orthopaedic implants 

and their possible contribution to inflammatory osteolysis and aseptic loosening 

through HIF-1α stabilisation (Chapter 4); and 3) in response to desirably released 

Si from bioactive glasses and their role in osteoclast inhibition (Chapter 5).  

 

Chapter 3. Development of a functional osteoclast cell line 

Osteoclasts have an important role in bone remodelling and in coupling bone 

formation and bone resorption. There is, however, considerably less in vitro 

research on osteoclast in bone remodelling or bone regeneration within the 

biomaterial and tissue regeneration fields, compared to osteoblasts. For example, 

in the last 5 years of papers published in the field of bone tissue engineering, 96% 

investigate the interaction of osteoblast and only 4% investigate osteoclast 

interactions 1 . This may partly be due to a lack of perceived importance of 

osteoclast but also due to practical difficulties in culturing osteoclasts. Primary 

osteoclasts have limited expansion potential, causing a restriction of sample 

size/number of repeats, high cost and considerable variation within and between 

individuals isolated cells. Furthermore, osteoclast-like cell lines have not been 

able to reproducibly demonstrate bone resorption capacity in a similar to primary 

cells.  

 

In Chapter 3, the methodology for creating a functional osteoclastic cell line, using 

sub-clone of RAW264.7, was developed. This sub-clone was able to resorb 

dentin, although volume and depth when compared with primary MF-1 mice 

osteoclasts was reduced (Chapter 3, Figure3.4). In addition, the morphology of 

osteoclastic RAW264.7 cells had a similar morphology to primary osteoclasts 

when both were cultured on dentine discs (Figure3.3B&F), primary osteoclasts 

are ‘dendritic shape instead of pancake shape with extruding extensions. This 

sub-clone of RAW264.7 are the first cell line capable of reliably resorbing bone 

                                            
1 Web of science search of primary articles published 2013-2018 with “bone tissue engineering” 
in the title and either osteoclast* or osteoblast* in the topic.  
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and offers significant advantages over the existing cell-lines or primary cells for 

studying in vitro bone disease, biomaterial research, bone tissue engineering and 

pharmaceuticals. 

 

Chapter 4. The role of undesirably released orthopaedic ions on bone 

remodelling. 

The role of undesirably released ions (focusing on Co) from orthopaedic implants, 

on bone remodelling was investigated. Considering the known role of Co as a 

HIF mimetic, it was also investigated if Co mediated osteoclastogenesis and 

osteoblast-osteoclast cross talk, via the HIF pathway.  

 

Inflammation. In this chapter it was demonstrate that Co ions, at clinically 

relevant concentrations present in patients with failed orthopaedic implants, 

enhanced macrophage phagocytic activity and increased ROS production. This 

supports the view that Co ions enhance the inflammatory response in the 

periprosthetic tissue. 

 

Osteoclastogenesis. Co also increased osteoclastogenesis in the osteogenic 

RAW264.7 sub clone, as determined by increased TRAP5b expression (although 

OC number was not changed). The use of the HIF antagonist echinomycin 

reduced TRAP5b expression and number of OC formed, suggesting for the first 

time, that Co induced osteoclastogenesis is via the HIF pathway. To further 

investigate the possible link of Co mediated osteoclastogenesis via the HIF 

pathway, known HIF stabilising chemicals DMOG and DFO were compared to 

Co. These HIF mimetics both demonstrated an increase in TRAP5b expression 

and number (250µM DMOG and 25µM DFO, Figure4.7). Although to a lesser 

extent than Cobalt. The differences between the known HIF mimetics Co, DMOG 

and DFO may reflect different modes of interaction with the HIF pathway and 

their specificity (or lack of specificity) to the HIF pathway.  

 

Co bone remodelling activity was compared to other ions released from 

orthopaedic implants Cr and Ti. Somewhat surprisingly Ti showed a substantial 

increase of TRAP-5b expression (10 times increase) in the RAW264.7 sub clone. 

Cr inhibited OC formation in both primary and RAW264.7 sub clone. There were 
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clear differences between the responses of the primary MF-1 osteoclasts and the 

RAW264.7 sub clone. The primary cells appeared more sensitive to Co, Cr and 

Ti ions. Ti completely inhibited osteoclast formation in primary cells whilst 

appearing to increase osteoclastogenesis in the cell line (Figure4.6). This 

illustrates the importance of cell type in modelling osteoclastogenesis and that 

the range of studies that can be completed on the primary osteoclasts is more 

limited due to the limited cell expansion.  

 

Osteoblast activity. As there is a balance between osteoclast and osteoblasts 

in bone remodelling the effect of Co, Cr and Ti on osteoblast activity was 

investigated. These ions did not promote either osteoblast proliferation or bone 

nodule formation.  All ions inhibited Saos-2 proliferation. Ti completely inhibited 

primary osteoblast cell bone nodule formation, whilst Co didn’t inhibit bone nodule 

formation. Cr showed a concentration dependant effect whereby a concentration 

of 25µM showed inhibition but not lower concentrations. Primary osteoblasts 

were used after Saos-2 cells were found to not reproducibly form bone nodules.  

 

Osteoblast-osteoclast cross-talk. Co (50µM) changed the RANKL/OPG ratio 

to favour of bone resorption (more RANKL and less OPG being produced by 

osteoblasts). Interestingly the addition of echinomycin reduced this imbalance, 

suggesting (at least in part) that the HIF pathway is involved in this Co mediated 

RANKL/OPG imbalance (Figure4.11C).   

 

Chapter 5. The role of silicate in bone remodelling, a possible cellular 

mechanism unravelled. 

Si-based BGs have been reported to have a positive effect on osteogenesis, 

however, less is known about how Si influences osteoclastogenesis. In Chapter 

5, Si at BG relevant release level (0.4-2mM) inhibited osteoclast formation, this 

was shown previously by Z Mladenovic et.al [469] however, the underlining 

mechanism of this effect was not known. In an acellular ROS assay, Si inhibited 

ROS generation following the addition of Fe as a catalyst (the Fenton reaction 

which also occurs within cells). To test the theory that Si inhibits 

osteoclastogenesis via inhibition of the Fenton reaction, free radical scavengers 

with a similar anti-oxidant capacity to Si were added to osteoclast cell culture and 
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these were found to also inhibit osteoclastogensis. Furthermore, to test if Si is 

inhabiting the function of Fe in the Fenton reaction, additional Fe ions were added 

to the osteoclast cultures. The addition of this ion reversed the Si based inhibition 

of osteoclastogenesis. This is the first study to suggest that the role of Si in bone 

regeneration may be through inhibition of osteoclast formation through 

interactions of Si with Fe that prevent ROS production.  

 

Furthermore, Si increased early VEGF production by macrophages, this may be 

beneficial to recruitment monocytes to the bone fracture healing site for enhanced 

bone remodelling. Moreover, at BG relevant concentration of Ca2+ altered primary 

osteoclast resorptive pattern, this may in combination with Si to act as a local 

delivery that affect osteoclast functions (Appendix Figure10a).   

 

6.2 Discussion  

6.2.1 Creation of a functional osteoclast cell line.  

The protocol for creating a functional osteoclast cell line was developed in 

Chapter 3. The RAW264.7 cell line was found to be heterogenic with only some 

cells capable of responding to RANKL and expressing TRAP5b. The osteoclast 

sub-clone created a more uniform population which had the capability to resorb 

dentin, which is a considerable improvement on the heterogenic population [353]. 

The sub-clone, however, only retained its osteoclastogenesis capability for a 

limited number of passages and was morphologically shown to still maintain 

some heterogeneity. Further development of a cell line (and a human) cell line 

would offer considerable improvements. One mechanism for this is to find more 

specific markers of osteoclastogenesis. Although fluorescence-activated cell 

sorting (FACS) is current technique to identify pre-osteoclasts, but it dependent 

on the already known osteoclast specific markers which can miss other potential 

pre-osteoclast markers. Therefore, one approach could be the use of Subtractive 

Transcription-based Amplification of mRNA (STAR) [502], which enriches rare 

sequence of mRNA often missed by DNA microarray. The differential expression 

of the sequences contained in the STAR library would be confirmed afterwards 

using customized microarray and interference RNA technology (RNAi). In brief, 

this method uses the driver DNA from the osteoclast precursors with the tester 

RNA from differentiated osteoclasts, which allows to detect un-hybridised RNA, 
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amplify and synthesise these to cDNA for microarray. This showed that a >50% 

more unidentified gene expression than the conventional microarray using 

standard cDNA probes technique, therefore, to further purify this sub-clone of 

RAW264.7 cells by comparing MF-1 mice osteoclast gene expression with 

RAW264.7 sub-clone gene expression a specific colony can be obtained.   

 

6.2.2 The cross-species reactivity of RANKL and its potency in 

differentiation 

The increased addition of RANKL to the osteoclast RAW264.7 sub-clone showed 

an inhibition effect in concentrations higher than 10ng/ml, whilst in primary cells 

a lower optimal concentration of RANKL was used (3ng/ml), increase RANKL 

concentration over 10ng/ml in primary mouse osteoclast also had not significant 

increase in osteoclast resorption [372]. This indicates that the RANKL sub-clone 

potency and differentiation potential (in this case in mouse cells) is different on 

both primary cells (3ng/ml for resorption) and cell lines, there may be cross-

species similarity among ligand and receptors. It is necessary to check for 

differentiation and resorption of RANKL from different manufacture before 

applying it to the actual experiments. Studies has shown that human and mouse 

RANKL share 87% of common peptide sequence and RANK receptor also 

showed ~85% similarity [503]. Therefore, using mouse cells for preliminary 

studies is an appropriate first step for drug and new bone construct development. 

 

6.2.3 Does Co increase osteolysis thus increase aseptic loosening via the 

HIF pathway? 

From my results in Chapter 4, Co ions was able to increase ROS, phagocytic 

particle uptake and osteoclastogenesis (as determined by TRAP-5b expression) 

at the concentrations relevant of the failed implant. A supportive study 

demonstrated that HIF stabilization partially increases osteoclastogenesis in vitro 

[351]. Echinomycin, a specific HIFa antagonist and was able to reduce the level 

of Co mediated osteoclastogenesis (Figure4.5A-C) at concentrations between 

12.5-25 and 100µM of Co. The possible (overlapping) pathways that Co may by 

influencing osteolysis found in aseptic loosening are explored in Figure6.1. These 

may include cobalt induced osteoclastogenesis via; 1) ROS production, 2) HIF 

stabilisation, 3) inflammasone formation and 4) hypoxia.  
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(1) Co induce osteoclastogenesis is via the generation of ROS. Kadiiska et.al. 

1989 employed electron spin resonance spin-trapping technique (ESR) to 

compare whether or not Co act as Fe that convert H2O2 to superoxide free radical 

through the Fenton reaction. They found in the first time because Co generated 

ROS (superoxide and hydroxyl free radical) in both acellular and cellular systems 

can be inhibited by superoxide dismutase and catalse, by EDTA, DTPA and by 

hydroxyl radical scavengers: ethanol, formate and mannitol etc., however, Fe did 

not act to produce the same effect and generated only superoxide free radical 

[504] (Figure6.1). As a result, for further study to test if Co acting through the 

same pathway as Fe, DFO (iron chelator) could be used to add evidence to 

support, if Co acting the same as Fe, DFO and Co may neutralise the effect of 

each other. In addition, DFO inhibit iron dependent hydrolases thus stabilises HIF 

α [505]. Co showed to produce ROS in an iron independent pathway because 

cannot be abrogate by addition of Fe3+ which shift the Fenton reaction equilibrium, 

Co stabilizes HIF through the operation of the phosphatidylinositol-3 kinase (PI-

3K) and MAPK pathways as previously study on HeLa cells by protein expression 

on these short lived signalling proteins showed an expression even after 

reduction of the Fenton reaction [413]. The ROS that generated can then induces 

RANKL expression [352] or stabilises HIF.  Intracellular ROS play a vital role in 

osteoclastogenesis [485] as the reduction of it showed to inhibit osteoclast 

formation and exogenous H2O2 addition partially rescued the osteoclast 

formation [506]. The increase RANKL also showed to prolong Ca oscillation and 

has shown a positive effect on osteoclastogenesis [350]. Moreover, hypoxia 

condition increases mitochondrial ROS at Complex III and causes HIF-1α protein 

accumulation, in addition exogenous H2O2 at normoxia also stabilises HIF 

pathway [412].  
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Figure6.1: Possible mechanism Co ions increase osteolysis. There are four main possible 
mechanisms:  1. Co induces osteolysis via ROS dependent RANKL/RANK signalling. 2. Co ions 
induce osteolysis via stabilisation of HIF pathway and enhances RANKL/RANK signalling. 3. Co 
induced inflammatory cytokine production induces NF-kB pathway. 4. HIF stabilisation via Co and 
ROS induces enhanced glycolytic osteolysis. 
 

(2) HIF stabilization also increase RANKL independent of ROS, however the 

increase of ROS could increase RANKL that increase ROS generation. Several 

studies showed that RANKL increase ROS generation and increases 

osteoclastogenesis [346, 360]. Pre-condition osteoclasts with antioxidants such 

as N-acetyl-L-cystein, glutathione and resveratrol reduced RANKL-induced Akt, 

NF-κB, and ERK activation and actin ring formation thus reduce OCgenesis in 

both formation and activation. However, it is not clear whether the reduction or 

RANKL come before reduction of ROS or vice versa. From my results, Co ions 

able to increase ROS and echinomycin was able to inhibit HIF stabilization [332] 

and reduced the level of osteoclastogenesis; hypoxia 1%O2 was able to reduce 

soluble RANKL production (Figure4.11D), however the level of sRANKL 

production did not show a significant reduction when  ROS scavenger NaPy nor 

echinomycin was added to Co containing culture was added (Figure4.11D), 

further study looking into ROS scavenger on osteoclastogenesis could be next 

step, but more important HIF and other pathways may be present, furthermore, 

ROS may acting in a shorter time period than HIF pathway since evidence 
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suggested hypoxia induces ROS production and over production of ROS is 

cytotoxic [412]. 

 

Interestingly, my result indicated that the addition of RANKL >10ng/ml showed 

inhibition of osteoclast resorption (Figure3.3C), when its level is over optimal 

concentration range according to cell types and culture conditions, however the 

underlying mechanism of this is not clear, this may due to increase ROS 

generation inside the cells [346]. Moreover, HIF activates TRAF6 pathway [507], 

this shows a supportive evidence that has shown previously by RANKL also 

acting through this pathway [508, 509], therefore, increase amount of HIF may 

be acting through the same pathway as RANKL as a result previously studies 

showed a mixture and not significant results by previous study on Co, HIF and 

RANKL may due to the addition of excessive amount of RANKL (50ng/ml) rather 

than in my study 3ng/ml RANKL was used.  By using echinomycin although is a 

specific HIF inhibitor that inhibit the binding of HIF heterodimer to the HIF 

responsive element. Yet, a further validation using HIFa nuclear extraction assay 

[510] or HIFa luciferase assay may be useful [511].  

 

(3) Co ions has shown to increase inflammatory milieu and increase inflammatory 

osteolysis [187]. Inflammatory cytokines and inflammasome formation under the 

cytokine environment contain such as TNFα and IL-1α and IL-1b can induce the 

formation of osteoclasts without addition of RANKL. TNFα alone is enough to 

trigger osteoclast formation but not function and synergistically addition of IL-1α 

causes formation of lacunar resorption [512]. In addition, osteoclast cytokines 

can also be modulated by the cell-matrix interaction, hence the importance of 

substrate and osteoclast interaction, study showed this possible due to these 

factors can be stored in the bone matrix and to chemistry of the substrate, the 

enzymes secreted by the osteoclast can release these factors [506].  

 

(4) Intermittent hypoxia condition at O2 at both 2% and 0.2% showed increased 

osteoclastogenesis compared with 20%O2 [429]. This was showed as a result of 

enhanced glycolysis under hypoxic condition which generates six times more H+ 

per ATP in a short period of time that activates and enhance osteoclast resorption 

via NF-kB pathway [351]. On the other hand, osteoclast contains enormous 
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number of mitochondria, although the reasons for the numerous mitochondria 

present is not yet understood. One suggestion is that it generates enough ATPs 

for osteoclast quickly during re-oxygenation. osteoclast are short lived and 

terminal bone resorbing cells, undergoes apoptosis by mitochondrial pro-death 

factors cytochrome c and Smac/DIABLO consequently the activation from the 

Caspase pathway [513] this may acting as a self-protection mechanism against 

this highly destructive OCs otherwise causing continuous bone resorption.  

 

6.2.4 Is the species of Si important in determining OC function and how is 

it internalised by cells? 

Obata et.al.2017 showed using 29Si NMR spectra (liquid NMR) of Si ions to show 

the species Si released from BG, Q0,1 Si species were released from BG, in 

addition, previous study using solid NMR showed that BG consists of 67.2% Q2, 

22.3% Q3 and 10.1% Q1 Si species. Qn notation indicates to silicon atom 

binding to other silicon atom via bridging oxygen bonds, therefore, when the BG 

dissolved in the solution, the silicates are existed as approximately 75% Q0 and 

25% Q1 [514]. Silicate is present at ~1ppm in the serum and 210 ppm in the liver, 

kidney, lungs and muscle, 100ppm in bone and 200-600ppm in cartilage and 

other connective tissue [273]. Si level was highest (0.5 wt%) during the earliest 

stage of bone calcification when Ca/P ratios are low (Ca/P=0.7) compared to the 

ratio (Ca/P=1.67) in fully formed HAP and become non-detectable [515].  

 

Zhou et.al.2016 suggested silicate may enter bone cells through Na+HCO3-

(NBC-1) co-transporter and could reduce the transcription of NF-kB and inhibit 

NFATc1 by upregulation of interference RNA miR-146a which activates Runx2 

and osteoblast differentiation [516], this suggestion is based on previous 

literature that OPG was increased in silica treated SaOs-2 cells, thus reducing 

overall osteoclastogenesis [255]. Furthermore, a study using a sponge 

(demosponge Suberites domuncula) demonstrated that silicic acid is up-taken by 

the NBC transporter as identified by fluorescent silica tracer (PDMPO) and can 

be blocked by DIDS, a specific inhibitor of cellular anion permeability.  The NBC 

transporter was cloned and analysed to be an NBCSA sodium carbonate silicate 

co-transporter [517].  How these studies are transferrable to bone remodelling 

cells is less clear, and more studies are needed to investigate how Si is 
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internalised and the importance of Si species in this internalisation.  TEM with 

element analysis (e.g. energy dispersive X-ray spectroscopy) tools or florescent 

labelling of relevant silicate species (Q0-1) may be useful for future studies. In 

addition, methods to block specific protein channel can applied to identify specific 

channel that effect Si uptake. For example, using a selective inhibitor for 

Na+/HCO3- sodium bicarbonate co-transporter (NBC) such as S0859 could be 

the first step to provide evidence whether Si is up-taken by this co-transporter 

into the osteoclasts [518].  

 

Si-BGs are important in bone formation and promote the formation of a 

hydroxyapatite (HAP) surface capable bone binding, in addition to modulating 

cellular functions through the controlled release of ions. Many different designs 

and combinations arise such as composites and hybrids such as BG with 

polymers as a hybrid [519]. A recent study using dietary silicate supplementation 

in ovariectomized mice showed that trabecular bone volume decreased by 48% 

in untreated animals compared with the groups, which received either aqueous 

silicate or estradiol, an inhibitor of the resorption activity of osteoclasts. Lower 

levels of collagen were also observed in the cartilage of Si deficient chick that 

were fed with 2mg/g silicate for 4 weeks instead of 100mg/g Si [267]. Si deficiency 

also decreased the concentration of osteopontin which is an important factor for 

anchoring osteoclasts to bone matrix. Furthermore, difference in dietary silicate 

intake were showing a significant positive correlation to bone mineral density 

(BMD) at all hip measurement sites in men and premenopausal women with BMD 

differences as large as 10% between >40mg/Si/day intake and lowest <14mg Si/ 

day intake [271]. In vitro studies also shown that silicate inhibited osteoclast 

formation in both human and mouse monocyte cultures and in chapter 5 of this 

thesis.  

 

6.2.5 Iron in bone remodelling  

In my results from Chapter5, Figure5.2b and 5.4b&d. Soluble ferrous iron was 

shown to reverse the effect of Si and enhance osteoclastogenesis. There are 

several disease conditions that related to iron overload or deficiency and affect 

bone quality such as in haemoglobinopathies, hereditary haemochromatosis, 

menopasuse and 70-80% of adults with thalassemia and sickle cell disease, 
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could lead to chronic iron accumulation and osteoporosis [520]. Iron chelation 

therapy is used for patient with systemic iron overload, DFO [521], deferiprone 

and deferasirox are the three iron chelators used clinically [522]. Iron facilitate 

osteoclastogenesis and function. Iron involved in many cellular enzymes not just 

TRAP and cell metabolic/respiratory process, especially in mitochondria [316]. 

Osteoclast differentiation is induced by transferrin receptor 1 (Tfr1) and 

proportional with iron uptake with chelation of iron, osteoclast resorption was 

inhibited [523, 524]. Using iron chelator such as lactoferrin, osteoclast 

differentiation was arrested, iron overload was also shown to affect osteoblast-

osteoclast interactions (RANKL/OPG ratio) [525, 526] , using iron chelator could 

enhance bone mineral density .  

 

6.2.6 How could Ca affect osteoclastogenesis? 

Bone resorption results in release of free Ca into the extracellular fluid but it is 

still not clear what the concentration clinically and whether changes in 

extracellular Ca influence osteoclastogenesis. I reported a trapped pattern of 

osteoclastogenesis in response with Ca (Appendix Figure9), previous study by 

Cheng et.al. showed that by using nicotinic acid adenine dinucleotide phosphate 

(NAADP), a potent Ca mobilising messenger that induces Ca uptake on human 

osteoclast formation and resorption (Appendix Figure9). They reported reduction 

in number of TRAP+ osteoclasts and extend of lacunar resorption under 

increasing NAADP and extracellular Ca. Their result suggested that extracellular 

Ca affects osteoclast formation and RANK receptor expression but does not 

affect the function of mature osteoclasts [302]. Although this study showed latest 

prospective into how extracellular calcium at BG release range affect osteoclasts 

however it did not take into the consideration of the pattern of osteoclast 

resorption track, this is important as may provide new insight of designing 

materials/therapy that could immobilize the resorption patter of osteoclasts such 

as in patient with osteonecrosis of the jaw due to bisphosphate (anti-osteoporotic) 

drug treatment, removal of the specific necrotic bone by osteoclasts action could 

be locally important but not systematically.   
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6.2.7 Implant materials with optimal ion release profile for patient with 

specific needs 

Developing materials that control the release of therapeutic ions, which interact 

with cells involved in bone remodelling, are the next generation of bone implants. 

Ions such as Si and Co can modulate bone formation, resorption and 

osteoblast-osteoclast cross-talk. Other ions have also been reported to effect 

bone remodelling (see table1.5). A material that releases desired 

concentrations of bone remodelling ions over a period of repair can be designed 

through modification of the BG structure and network connectivity.  These can 

be tailored to specific applications and underlying diseases for a patient specific 

(personalised) approach to bioactive glass therapy. For example, in healthy 

individual, inhibition of osteoclast function via Si release may lead to brittle bone 

prone to microfractures [62] but may be beneficial in patients with osteoporosis 

(too much bone resorption). The release of cobalt may also be beneficial in 

patients that have an impaired sensitivity to oxygen pressure, such as diabetic 

patients, via artificial activation of the HIF pathway [527] Interestingly patients 

with diabetes have increased risk of impaired bone healing [528].  
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6.3 Conclusion 

This thesis furthers our understanding of how ions released from orthopaedic 

implants (desirably or undesirably) interact with osteoclasts. Co was found to 

increase osteoclastogenesis whilst Si was found to inhibit osteoclastogenesis. 

Modifying the release of Co and Si form a new generation of biomaterials will 

allow further control of bone remodelling and could launch the next generation 

of new biomaterials with personalised therapeutic ion release. 

.  
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Figure1: A software interface from MetroPro software on measuring one of the control disc. 
It allows measuring depth by dragging the line across the area where the resorption pits are. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure2: The software interface produced from VHX optical microscope. The 
measurement a control disc is achieved by scanning the discs and using its specialized 
software to analysis. 
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Figure3: A total DNA concentration standard curve produced by serial dilution of calf thymus 
DNA and the O.D was read by florescent Hoechst 33258 in 1:1 ratio at excitation 355nm and 
emission 460nm. 
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Figure4: Functional RAW264.7 sub-clone selection by limited dilution. (A) A heterogeneous 
response to RANKL was observed between colonies, the population with the highest TRAP-5b 
staining (red box) osteoclast-like cells and lowest expressed (blue box) were selected for further 
culture. (B) The OC SC lost their OC function after > 60 passages in the TRAP5b selected sub 
clone (SC). (C)The OC sub-clone contains large OC with resorption pits compared to the 
mononuclear clone. 
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Figure5: Optimal seeding density with RAW264.7 cell osteoclast sub-clone. (a) Primary OC, 
(b) RAW 264.7 Colony and (c) at seeding density 3x103/cm2.  
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Figure6: Hypoxia in particle uptake, osteoclastogenesis and bone nodule formation. (a) 
Co2+ as a hypoxia mimicking agent compared with orthopaedic ions induced particle uptake. (b) 
1%O2 and (c) bone nodule formation under Co and Cr ions. (d) Bone nodule formation under 

a 

b c 

d 
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hypoxia (1%O2 over 28 days) and normoxia 20% O2 conditions, hypoxia conditioned bone nodule 
showed a crystal-like formation of Ca-P without collagen matrix underneath. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure7: Positive controls for membrane bound RANKL and soluble OPG. (a) Positive 
control using 1% O2 incubate on day 6 Saos-2 cells over 24 hours, 1%O2 increased the production 
of RANKL pg/ml by over 3-folds. (b) Positive control of soluble OPG production pg/ml under 
overnight treatment of 100nM b-Estradiol compared with 0.1nM of b-Estradiol and negative 
control, there is a significant increase of OPG production; ***p<0.001.  
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Figure8: ROS production in Co conditioned media with Saos-2 cells. (a) Total ROS 
production measured by 10µM H2DCF dye, Co at 100 and 200µM showed a reduction of ROS 
due to Co toxicity and cell death, ***p<0.001. (b) Co showed a slight elevation of ROS in all 
conditioned cultures however, these are not significant p>0.05. 
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Figure9: Blood-Gas analyser for measuring the pH of (a) Si (Si(OH)4) and Ca, (b) Cr and Co 
ions and (c)Ti ions DMEM high glucose, GlutaMAX™ media after pre-incubation in the incubator 
and after adjusting pH by adding HCl.  
  

a b 

 c 
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Figure10: Silicate and TRAP-5b activity measurement by using Naphthol AS-BI-P. Si 2mM 
diluted did not show a significant difference in inhibiting TRAP-5b activity compare with water 
diluted sample (a-b), ***p<0.001, however, increase in pH resulted a higher detection of TRAP-
5b. The concentration of silicate released by 45S5BG is at the same range as the Si used in 
chapter 5 (c).  
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Figure11: Osteoclastogenesis under Ca containing culture. Ca release by 45S5BG 
measured by ICP (a). Interferometer images of control and Ca 2.5mM culture (b). Depth 
measurement of Ca containing cultured osteoclast by using MatLab software (see chapter 2) (c), 
*p<0.05, **p<0.01. Number of osteoclasts formed and % resorption on dentine discs under Ca 
treatment (d). 
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Figure12: Ca containing culture of osteoclasts and osteoblasts. (a) Si and Ca treated sample 
on dentine discs, scale bar =200µm. (b) Ca culture on dentine discs under SEM, scale bar= 30µm. 
(c) Amount of soluble RANKL production by Saos-2 cell under Ca2+ culture with much lower 
concentration than measured in 45S5 BG releasing concentration by ICP, * “p<0.001. 
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Figure13: Silicate on early bone nodule formation and bone nodule formation under Ca 
culture. Early bone nodule formation, Ca at 2.5mM showed a much higher volume of early bone 
nodule formation compared with control at day 11 (a-b).  Ca 2.5mM showed an not significant 
difference of bone nodule area of bone nodule compared with control, however increasing Ca 

concentration decreases area of bone nodule formation (c)�***p<0.001. 
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