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ABSTRACT 
Osteoporosis, a degenerative bone disorder, is one of the leading causes of morbidity in the 

elderly. Proper nutrition plays a role in the prevention and treatment of osteoporosis. Intake 

of calcium and Vitamin D are some of the most important nutritional factors, and 

supplementation remains the gold standard and first line of treatment for low bone mineral 

density and osteoporosis. Supplementation can prevent bone loss and reduce fracture risk. 

This work set about to produce, characterise and encapsulate for direct delivery to the bone 

various micro and nano sized calcium based mineral compounds which may be beneficial to 

bone health, using the precipitation method and biomimetic processes. 

Calcium phosphate mineral was produced and characterised, including hydroxyapatite (Hap), 

dicalcium phosphate dihydrate (DCPD), as well as multiphase and substituted calcium 

phosphates using biomimetic process. Standard simulated body Fluid (SBF) solution was 

modified, creating a high carbonate solution which better mimics the bone environment, and 

produces precipitates more similar to bone than traditional low carbonate SBF, as confirmed 

using Fourier Tansform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD). 

The use of liposomes as a delivery vesicle for the calcium mineral was evaluated usmg 

FTIR, XRD, Electron Dispersive Spectroscopy, Mass Spectrometry Transmission and 

Scanning Electron Microscopy, and X-Ray Mapping. The calcium mineral from aqueous 

solutions and prepared HAp and DCPD was incorporated into the liposome. 

Functional groups were synthesised based on a published structure used to target the bone 

marrow macrophage, and incorporation into liposomes was confitmed using Nuclear 

Magnetic Resonance Spectroscopy and FTIR. Preliminary cell culture studies showed no 

direct effect on osteoblast like Mg63 or Saos-2 cells or osteoclast resorption, measured by 

bone collagen release. 

Macrophage response was explored using U93 7 cell line. Expression of TNF-a and IL-1 , 

markers of inflammation, increased with liposome treatments compared to the negative control 

but decreased compared the positive control. The Mg63 cells given U937 supematants showed 

liposomes increased OPG production, but this was regardless of mineralisation. 

The calcium based mineral compounds were produced, characterised, successfully 

encapsulated using liposomes and functionalised to improve uptake at the bone site . This 

shows the potential to deliver calcium to the bone, however further work to inhibit 

inflammation and increase the calcium dose to elicit greater cell response is required before 

this approach can be developed as a treatment option. 
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Chapter 1 Introduction 

1.1 Significance 

Osteoporosis is a degenerative bone disorder and is one of the leading causes of 

morbidity in the elderly. It is characterized by a progressive loss of total bone mass 

and bone density. Current treatments using calcium and vitamin D supplementation 

remain the gold standard and the first line of treatment for low bone mineral density 

and osteoporosis. However optimising uptake, absorption and retention of calcium 

still remain major hurdles. 

In this study liposomes are used to encapsulate calcium and mineral, so that it can be 

delivered directly to the bone, with the purpose of creating compounds that can be 

later evaluated in vivo for increasing calcium delivery to patients with mineral 

deficiency or osteoporosis. 

Liposomes are spherical particles in an aqueous medium formed by a lipid bilayer 

enclosing an aqueous compartment. They have shown promise as drug delivery 

devices. The project examines a variety of incorporation methods, proposes a 

mechanism for incorporation and evaluates cell responses. 

1.2Aims 

1. Produce calcium phosphate mineral by a variety of methods, which can form 

the basis of a calcium supplement in nm range. 

2. To vary the method to optimise the bioactivity of the calcium phosphate 

obtained through substitutions. Particularly to create a modified Simulated 

Body Fluid (SBF) solution which will remain stable, yet produce highly 

carbonated apatite similar to bone. 
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3. To produce liposomes as a potential delivery device, which contain 

functional groups for delivery to target the bone. 

4. To encapsulate preformed Calcium phosphates inside the liposomes, as well 

as mineralise liposomes from solution using biomimetic process, and 

characterise the mineral obtained, and propose mechanisms for 

mineralisation. 

5. To evaluate the potential cytotoxicity to bone cells, through the use of 

osteoblasts and osteoclasts, and examine potential changes in bone markers. 

6. To evaluate a preliminary macrophage response to the mineralised liposomes, 

including markers of inflammation and osteoblast signalling. 

1.3 Summary thesis outline 

Chapter 2 provides background and overview. Chapters 3 and 4 deal with the mineral 

produced from calcified buffers and the preparation of liposomes as a potential 

delivery vehicle respectively. Included is the preparation of functional groups to 

target the bone. Chapter 5 examines the encapsulation of mineral inside the 

liposomes, characterisation of the products obtained, discussion of the conditions 

required for mineral to incorporate or form inside the liposomes, and reports on the 

nature of the mineral incorporated in the liposomes. Chapter 6 examines the 

osteoblast and osteoclast response to mineralised and non mineralised liposomes, and 

Chapter 7 covers a preliminary exploration of the macrophage response to liposomes. 
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1.4 Outline of the thesis 

Chapter 2 covers a background to bone, and a literature review of current research in 

osteoporosis, current treatments, the limitations of these treatments, as well as the 

research into current uses for liposomes. 

In Chapter 3, a system is developed where the liposomes are produced in a solution 

that resembles the environment in the blood plasma, and from which bone like 

calcium phosphate mineral will form. The method used for producing calcium based 

minerals in this study is the precipitation method. In the first instance, a set of 

samples is created so that the mineral produced is ideally designed to be similar to 

bone mineral, and produced in a biomimetic environment. The solutions used mimic 

the ion concentrations found in blood plasma, and hence the extracellular 

environment in the body. In this environment highly substituted apatites or multi 

phase mineral can be formed. These model solutions are used throughout this project 

and are referred to as modified simulated body fluid (SBF) solutions. 

Each liposome sample is prepared as specified in Chapter 4. Although mineralisation 

is observed in the TEM images, further analysis is required to determine if the 

various solutions will provide a modified mineral content, as well as to confirm that 

calcium has indeed been encapsulated, and in what form it is present. The mineral 

characterised in Chapter 3 gives an indication of what is expected to form out of each 

solution, and modifications from this will be due to the influence of the liposomes on 

the mineral structures obtained. 

As such each sample 1s then subjected to further processing and samples are 

evaluated in Chapter 5 by imaging using the Scanning electron microscope, 

transmission electron microscope, as well as Electron Dispersive spectroscopy and 

X-ray mapping. 

Cell culture studies were conducted and are reported in Chapter 6 and 7 to determine 

the cell response to the ca lei fied 1 iposomes. Chapter 6 examines whether ca lei fied 

liposomes generate an increase in the activity or differentiation of the osteoblast, or a 
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change in the osteoclast activity, particularly examining proliferation, ALP activity, 

osteocalcin activity, and OPG activity. It also conducts a premiminary examination 

of osteoclast activity, particularly differentiation and collagen resorption. 

The calcified liposomes were designed to primarily target cells of the bone and 

therefore, osteoblast and osteoclast cell lines were employed as model systems in 

order to test potential cytotoxic and/or cellular effects by the liposomes. Subsequent 

experiments were designed to determine if mineralised liposomes illicit an increase 

in bone markers produced by osteoblast cells or whether they suppress the osteoblast 

phenotype. 

The final experimental chapter, Chapter 7 deals with the effect of mineralised 

liposomes on the monocyte cell line, U93 7. This was used to evaluate the cellular 

response of macrophage cells to the liposomes. The U937 cell line was used to 

evaluate the uptake of the functionalised liposomes, and cell response of the 

macrophage to the liposomes. The liposomes were functionalised to target bone 

marrow macrophage cells. The U93 7 cell culture was used as a model to determine 

whether an inflammatory response will occur, or if osteoblast/osteoclast signalling is 

occurring, through macrophage produced cytokines. 

Chapter 8 covers the conclusions of the study, and areas which have been identified 

as the next step in taking these project forward and future considerations. 
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Chapter 2 - Background and Literature Review- current research 

2.1.Bone 

Bone is a dense, specialised form of tissue; it maintains the load of the body and acts as 

a reservoir for many of the mineral ions in the body [ 1]. The decomposition and 

remodelling of bone is a constant process with the bone holding about 99% of the 

calcium, 86% of the phosphate and 54% of the magnesium in the body [2]. A portion of 

the remainder is contained in the blood and a balance between bone and blood 

concentration is maintained to control bone formation and release minerals into the body 

[3]. 

Because of its highly specific fonction in load bearing and structural support, the 

properties required for bone are high hardness, fracture toughness, the ability to 

withstand compression and being capable of significant load bearing [4]. In natural bone 

this is achieved by the mixing of two materials, being an organic phase (mainly 

collagen) and an inorganic phase with both entirely different properties. 

Bone also contains a variety of cells, particularly three types of cells, osteoblasts, 

osteocytes and osteoclasts. Osteoblasts deposit new bone matrix, osteocytes are matured 

osteoblasts that have become entrapped in the bone matrix, and osteoclasts are the cells 

that break down the bone matrix [5]. In addition a small portion of bone is made up of 

lipids, plasma proteins, and interstitial fluid [6]. This results in the formation of a 

composite system of whose physical properties surpass that of the individual 

components [2]. 

2.2.Bone classification 

Bones differ in fonction throughout the body; being used for support and protection to 

varying degrees. The weight each bone is required to bear will also vary. As such the 

7 



size, shape and appearance will change, as well as the proportions of bone tissue types; 

cortical (compact) bone, which is a dense solid structure, and trabecular 

( cancellous/spongy) bone which contains far more open space and needle-like structures 

of carbonated apatite joined together. Bone can be classified into four categories based 

on the respective ratios of cortical and trabecular bone as well as the bone shape (figure 

2.1) [7]. These are the Long, Short, Irregular and Flat bones. 

(•) Longborte 

~ . l ' 
,- . .,,~. ···"./ y- 1 . .) ~- . 

(d) lrr8gular !)()rte 

Figure 2.1 Examples of the four bone types shown in the human skeleton [7]. 

Bone Microstructure 
The cortical bone which forms the outer shell of bones is very hard and dense. Whilst it 

appears almost solid to the naked eye, it contains tiny pores which are cylinders of 

calcified bone called osteons, or Haversian systems. These cylinders are made up of 

concentric layers called lamellae. The lamellae also contain lacunae which are small 

spaces which house the osteocytes [8].The longitudinal channels in the centre of the 

osteons are called Haversian canals; these contain blood vessels, nerves and lymphatic 

vessels. The Haversian canals also have branches that run at right angles, and extend the 

systems of nerves and blood to the outer covering of bone (the periosteum) . The canals 
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which branch from the Haversian canals are called Volkmans canals [9]. This 

microstructure is illustrated as follows in figure 2.2. 

periosteum inner layer 
periosteum outer layer 

compact bone 

blood vessels in 
Haversian canals 

lacunae 

interstitial lamellae 

endosteum 

canals 

c ire umferen ti al 
lamellae 

Figure 2.2 Microstructure of bone modified from [9] 

2.3. Bone Composition 

Bone is a natural composite material; it contains three main components which are an 

inorganic component, an organic component and water, although often the water is 

considered to be simply a part of the organic component [ 1 O]. 

Bone is made up of a collagen fibre matrix stiffened by carbonated apatite crystals 

which account for 69% of the weight of bone. It is this mix of components which gives 

bone its unique properties including strength and hardness, while maintaining 

considerable elasticity [2]. 
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Organic Matrix 

The chemical composition of bone consists of about 25% by weight of organics. 

Approximately 90% of the organic matter is collagen type I [2]. Like all collagen, type I 

is a triple helix; each molecule is composed of two alpha l chains and one alpha-2 chain 

[ 11]. The protein molecule, tropocollagen in the organic phase of bone is 260 nm long 

and the molecules alongside each other are staggered by about V4 of their length [2]. The 

collagen takes a different form depending on whether it is incorporated into immature 

woven bone or mature lamellar bone. In woven bone the collagen is finely fibred, O. l 

~tm in diameter and oriented almost randomly. The collagen in mature lamellar bone 

forms branching bundles 2-3 µm in diameter. 

The collagen fibril is the basic building block of bone. Small amounts of collagen type V 

are also present, with both type I and type V being co distributed on the same fibril [ 11]. 

A number of proteins in the matrix of bone are speci fie to the bone environment. 

Osteocalcin, comprises 15% of the non-collagenous protein present in bone, and 

produced exclusively by osteoblast and the dental counterpart odontobast cells [ 12]. As 

such osteocalcin is used as a marker indicating that bone formation is occurring. 

Osteocalcin is a calcium binding protein, containing three y- carboxyglutamic acid 

residues. After production it is partially incorporated into the bone matrix, and the 

remainder is found in the circulation. Osteocalcin released from the bone is rapidly 

metabolised by both the kidney and liver [13]. 

The remaining 10% of the orgamc matter is acidic glycoproteins, phosphoproteins, 

serum proteins, lipids and small proteoglycans [2]. These proteoglycans include 

osteoglycan, biglycan, and fibromodulin [ 11]. 
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Inorganic Phase 
The inorganic component of bone is composed mainly of inorganic calcium salts, and is 

the component which gives bone its hardness. Calcium phosphate is the first precursor 

formed and is precipitated by macromolecules on the collagen matrix, although the 

mechanism by which this occurs has not been determined. The apatite crystals are 

deposited on the acidic macromolecules, being the aspartic and glutamic acid amino acid 

residues , located along the co Hagen fibres in a regular arrangement [ 14]. 

A number of biologically significant calcium phosphate phases have been identified and 

these are shown in Table 2.1. 

Table 2.1 Biologically Significant Calcium phosphate compounds [ 15], [ 16] 

typical crystal 
acronym mineral or chemical name chemical formula Ca/P structure 

HAp, Hap, HA Hydroxyapatite Ca10(P04)6{0H)2 1.67 Hexagonal 
CHA carbonated hydroxyapatite Ca10(P04)3(C03)3(0H)2 1.33 Hexagonal 
OCP octacalcium Phosphate CaaH2(P04)6 .5H20 1.33 Triclinic 

monoclinic or 
a-TCP a-tricalcium phosphate a-Ca3(P04)2 1.50 orthorhombic 

~- tricalcium phosphate 
~-TCP (whitlockite) ~- Ca3(P04)2 1.50 Rhombohedral 

brushite (dicalcium phosphate 
DCPD dihydrate) CaHP04.H20 1.00 monoclinic 
TetCP tetracalcium phosphate Ca4(P04)20 2.00 

dicalcium phosphate or 
dicalcium phosphate 

DCP, DCPA anhydrous (monetite) CaHP04 1.00 Triclinic 
monocalcium phosphate or 
monocalcium phosphate 

MCP, MCPA anhydrous Ca(H2P04)2 0.50 
monocalcium phosphate 

MCPM monohydrate Ca(H2P04)2.H20 0.50 
amorphous calcium 

ACP phosphate Ca3(P04)2. H20 1.50 

Although the inorganic component of bone is widely described in the literature as a HAp 

structure it is a highly substituted carbonated apatite. The inorganic component will also 
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contain significant but varying amounts of elements such as sodium, magnesium, and 

potassium. Calcium ions may also be replaced in this basic structure by atoms such as 

lead or strontium [14]. Although not an all-inclusive formula, the apatite in bone is more 

correctly given the general formula (Ca, Mg, Na)1o(P04)3(C03)3(0H)2. 

Hydroxyapatite is the idealised composition of bone, with the formula Ca1o(P04)6(0H)2 

and is part of the family of apatites, these belong to a hexagonal system with the space 

group P63/m (Figure 2.3). This structure has been described as being characterised by a 

six-fold c -axis perpendicular to three a-axes (a 1, a 2, a3) [17]. The ten calcium atoms 

contained in the unit cell can be defined depending on the location in the unit cell. Two 

positions in the possible stmcture are represented as Ca (I) and Ca (II). Of the four Ca (I) 

atoms, two occupy the z =O and two at z = Yz . Of the six Ca (II) , a set of three are at z = 

% and the remainder at z = Y<i . These surround the OH atoms at the corners of the unit 

cell. The six P04 tetrahedra are arranged in two sets levels at z= Y<i, z= % (figure 1.4). 

The Ca/ P ratios are often used as a means to confirm the stoichiometry of the apatite, 

pure stoichiomentric HAp has a Ca/P ratio of 1.667, but if an apatite is precipitated with 

a Ca/P of 1.50 it is generally -~TCP. Ca/P ratios of a number of apatite phases are 

included in Table 2.1 

0 

Figure 2.3 Unit cell structure of HAp [181 
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Bone Cells 
Osteoclasts and Osteoblasts have a complementary function in the dissolution and 

deposition of bone respectively (Figure 2.4). Osteoclasts are multinucleated cells with a 

diameter of 30-1 OOum or more and are formed by fusion of cells of monocyte lineage 

[ 19]. 

Osteoblasts are mononuclear cells with a diameter of 20-50um. They can be 

distinguished from plasma cells by the separate Golgi zone from the nucleus and a lesser 

degree of chromatin condensation [ 19]. 

The location can also be used to identify these cells [ 19]. Osteocytes are within bone 

lacunae. Osteoblasts appear in rows along a bone spinacle or layer of osteoid. 

Osteoclasts are likely to be found on the other side of the spinacle from osteoblasts or at 

some distance away. One of the most characteristic features of the osteoclast is the 

frayed appearance on the bone surface where osteoclast activity has occurred [20]. 

Figure 2.4 Cell activity in bone, showing osteoblasts in bone formation and 

osteoclasts resorbing bone. 

Bone formation and bone resorption are coupled at the macroscopic level. Osteoblasts 

produce both the cytokines M-CSF and RANKL, which are critical and necessary 

factors for osteoclastogenesis. Therefore, osteoclast differentiation, formation , and, to a 
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lesser degree, activation absolutely depend upon the proximity and products of the 

osteoblast. However, osteoblast differentiation and activation are also significantly 

modulated by the osteoclast [21]. 

Macrophages are best known for their presence in soft tissue, and role in immune 

response, however they are also widely present in the bone and bone marrow, and are 

believed to play a role in bone regulation. They are closely related to the osteoclast, as 

they arise from the same cell lineage. Examination of the role of macrophages in bone 

has largely been confined to inflammation of the joints as in osteoarthritis, and in bone 

marrow pathology. 

The roles of the cells in the bone environment and the current research will be discussed 

in more detail following. 

Lipids 
Lipids are also present in bone and bone marrow. Bone marrow lipids are comprised 

principally of triglyceride, diglyceride, and free cholesterol. The majority of lipid 

present is triglyceride [22]. Lipids have largely been ignored as their role in bone 

homeostasis and pathologies have largely been reported as insignificant. More recent 

research which is discussed later in this chapter indicates that the lipid profile may play a 

role in bone mineral density regulation. 

Interstitial fluid 

The bone interstitial fluid contains 10ns including calcium, phosphorous, magnesium, 

sodium, potassium and, chloride. It is responsible for delivering the nutrients required to 

the bone and surrounding cells, and helps maintain bone homeostasis. 
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2.4.Bone Decomposition 

If the body requires more calcium or phosphate the apatite crystals in bone will ionize 

[2]. This occurs by the action of osteoclasts which are stimulated by the increased levels 

of parathyroid hormone when blood calcium levels get low [7]. 

Various bone pathologies such as osteoporosis, osteopenia, pagets disease and calcium 

deficiency all result in a weaker quality of bone, and a low bone mineral density. 

Weakening of the bones can occur if the diet becomes mineral deficient. Other factors 

can lead to the loss of bone; such as the inability to use calcium optimally [2] , In 

addition a number of hormones play a major role in the deposition and resorption of 

bone. If an imbalance occurs, bone is destroyed faster than it is created. This is a major 

cause of osteoporosis [9]. Inactivity among other factors can also lead to a loss in bone 

mass; this is because bone is laid down in areas of stress and activity [2]. 

Therefore bone is a living dynamic system constantly being reshaped in the body with 

numerous interactions taking place involving cells, ions, proteins and lipids our 

understanding of these processes, together with mechanical factors will allow us to 

develop treatments to reverse bone degradation. 

2.5 Osteoporosis Pathophysiology 

Osteoporosis is a degenerative bone disorder, and is one of the leading causes of 

morbidity in the elderly [21]. It is characterized by a progressive loss of total bone mass 

and bone density. Since the mean age of life expectancy in many developed nations is 

now over 80 years, the majority of people outlive the quality of their connective tissues 

[23]. This increase in life expectancy also means that an increasing number of patients 

exhibit secondary osteoporosis due to systemic diseases or medication side effects [23]. 
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As the agmg population continues to mcrease globally, osteoporosis will become 

increasingly significance as a global health problem. As such, there is an urgent need to 

develop and implement nutritional approaches and policies to prevent and treat 

osteoporosis [24]. 

The World Health Organization has defined osteoporosis according to bone mass. Their 

diagnostic criteria for osteoporosis, based on bone mineral content or bone mineral 

density (BMD) include: normal , which is within 1 standard deviation of young adult 

reference mean for the population; osteopenia, between 1 and 2.5 standard deviations 

and osteoporosis greater than 2.5 standard deviations below the young adult mean [24]. 

Osteopenia is sometimes referred to as borderline low density because there is a loss of 

bone density, but less than that which is seen with osteoporosis [24]. 

Normal bone structure and mineral integrity is maintained through remodelling, which 

consists of a complex coupling of bone resorption and formation, modulated by 

osteoclasts and osteoblasts, respectively [21 ]. Macrophages are also believed to play a 

significant role in the coupling process [25]. Resorption and formation become 

uncoupled in advanced age, resulting in a net loss of bone tissue. Bone loss in 

osteoporosis is due to the persistent excess of osteoclast bone resorption over osteoblast 

bone formation [21]. 

Both genetic and environmental factors influence peak bone mass. Proper nutrition plays 

a role in the prevention and treatment of osteoporosis. One of the most important 

nutritional factors in prevention of osteoporosis is adequate intake of calcium and 

Vitamin D [26]. 

Vitamin D in the form of vi tam in 0 3 can be made from 7-dehydrocholesterol (7- DHC) 

in the skin by exposure to ultraviolet light. Vitamin D converted ultimately to the active 

form l ,25-dihydroxyvitaminD3 ( l ,25(0H)2D3). Vitamin D compounds stimulate calcium 
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absorption and contribute to optimal bone mineralization and reduced fracture risk. The 

role of vitamin D in calcium homeostasis is highlighted in genetic mouse models of 

targeted deletion of either the l ,25(0H)z03-synthesizing enzyme, or of the nuclear 

receptor for l ,25(0H)z03, the vitamin D receptor. In these models it was found that the 

mice have reduced osteoblast numbers and bone volume [27]. Vitamin D also plays a 

role in the activation of the osteoblast. 

The importance of Vitamin D supplementation is disputed, with claims that the loss of 

calcium absorption due to lack of vitamin D and associated diseases only occur when the 

vitamin D deficiency is severe [28]. 

In addition to calcium and Vitamin D, inadequate intake of phosphorus, magnesmm, 

fluoride, boron, vitamins (K, C, B6), potassium, and protein has been linked to a 

predisposition to osteoporosis [26]. Similarly, a deficiency in certain fatty acids in the 

diet may also contribute to bone loss [26]. Dietary fats may exacerbate the uncoupling of 

bone resorption and formation by inhibiting the formation of mature osteoblasts from 

their stromal progenitor cells and by enhancing adipogenesis [29]. Several studies 

indicate that when the differentiation process is directed toward adipocyte formation, 

osteoblast formation may be compromised [29]. However, essential fatty acids are 

believed to enhance Vitamin D effects, facilitating calcium absorption from the gut, 

which in tum leads to a reduction of calcium excretion in the urine. This process may 

result in increased calcium deposition in bone, enhanced synthesis of bone collagen and, 

improved bone health [26]. 

Although of all of these factors are known to contribute to overall bone health, bone 

regeneration is a complex process not yet completely understood, especially when 

osteoporosis is present [23]. 

Currently there are few osteoporosis treatments, to reduce the risk of fracture, these 

treatments slow the loss of bone, and may result in an increased bone mass. These 
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treatments however, are generally not advised for long term use due to side effects, and 

as such there is nothing available long term to regenerate the lost bone mass in full, so 

that the Bone mineral density (BMD) is within a normal range. The following section 

provides a smrunary of the current generally accepted treatments for osteoporosis; 

Current Treatments for Osteoporosis 

Calcium and vitamin D supplementation remains the gold standard and the first line of 

treatment for low bone mineral density and osteoporosis. Controlled trials have shown 

that calcium supplementation can prevent bone loss in postmenopausal women and has 

been associated with a modest reduction in fracture risk in longer-term studies. Calcium 

supplementation is also believed to add to the effect of oestrogen on bone density. Most 

controlled trials of new agents have used calcium therapy as a control [30]. 

The number of factors believed to inhibit calcium absorption or retention are many, with 

reports that the source of the dietary calcium alters uptake and excretion [31]. The intake 

of certain herbal flavanoids will enhance intestinal absorption of calcium and inhibit 

bone resorption [32]. There are also concerns that an excessive increase in calcium 

intake or hypercalcemia will lead to pathological calcifications such as soft tissue 

calcification [33]. Such findings indicate that the total calcium intake should not be the 

only consideration, but rather ensuring the efficacy of the supplement, is of utmost 

importance and the next logical step. 

Treatment with hormone replacement therapy (HRT) is advised for early 

postmenopausal women, to prevent bone loss, a number of controlled clinical trials with 

oestrogen have shown long-term increases in bone density averaging 5% over three 

years [30]. In the estrogen-deficient state, such as menopause, the balance between 

bone-resorption and bone-formation shifts towards increased levels of bone-resorption 

[34]. 
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Selective estrogen receptor modulators such as tamoxifen and raloxifene (RAL) are 

known to preserve bone mineral density, however in postmenopausal women who take 

the HRT tamoxifen the risk of developing endometrial cancer increases [35]. As such 

there is still a need to develop new and improved pharmaceutical agents that provide the 

bone-protective effects of estrogens without increasing the risk of developing breast and 

endometrial cancer [34]. Example of cortical thinning associated with low bone mineral 

density is shown in Figure 2.5. 

Given that there has been an emergence of the harmful effects of HRT in some clinical 

trials, certain health authorities now consider that risk-benefit considerations do not 

favour the use of HRT for prevention of bone fractures in postmenopausal women 

[36]. However, other experimental and clinical studies indicate that adverse effects of 

HRT may largely depend on the estrogen and progesterone/progestin formulation, 

dosage, mode of administration, patient's age, associated diseases, and duration of 

treatment [36]. 

The bisphosphonate class of drugs work to reduce the progress10n of trabecular and 

cortical thinning, as well as loss of trabecular connectivity, and in doing so maintain or 

increase bone strength, even though they cannot reverse structural damage [37]. 

Etidronate was the first bisphosphonate developed for clinical use. There have been a 

number of relatively small controlled trials with etidronate, showing increases in bone 

density averaging 5% over 2-3 years and suggesting a 50% reduction in vertebral 

fracture rate [30]..Several controlled clinical trials of the bisphosphonate alendronate 

have shown a reduction of vertebral, and even peripheral fracture rates by about 50%. 

However not all studies have shown a reduction in hip fracture rates. Reduction of 

fracture rates was apparent in individuals with bone mineral density (BMD) T scores 

below - 2.5 [30]. 
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There are also many side effects of bisphosphonate therapy. The estimated osteonecrosis 

of the jaw incidence among patients receiving zoledronic acid a member of the 

biphsophonate treatments is 10% and the mean time to the onset of osteonecrosis among 

patients is 18 months. This risk may increase for patients taking corticosteroids [3 8]. 

The mechanism for bisphosphonate-induced osteonecrosis of the jaw is unclear [39]. It 

is hypothesized that osteonecrosis of the jaw may be attributable to marked inhibition of 

bone remodelling that occurs with high doses of bisphosphonates, predisposing patients 

to osteonecrosis when there are additional demands on the bone that require remodelling 

or growth to maintain vitality. The oral cavity is never aseptic and hence the necrosis 

observed in these patients may also involve the effects of host- bacterial interactions, 

including infection [38]. 

Another treatment method is to use a selective oestrogen-receptor modulator, such as 

Raloxifene [30]. In addition to acting to decrease bone resorption, Raloxifene also 

improves lipid profiles and reduces breast cancer incidence in studies at 3 .5 years. 

However clinical trials have shown only modest increases in bone density, generally 

somewhat less than those seen with hormone replacement therapy [30]. 

Figure 2.5 An imbalance between bone formation and resorption leads to trabecular thinning (left) 

and eventual loss of trabecular connectivity (right)[37] 

Recently, it was discovered that the receptor activator of nuclear factor KB 

(RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG) system is an important signal 
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transduction pathway that regulates osteoclast formation [ 40]. Current studies are 

exploring the possibility of inhibiting the Rank-RankL pathway as a possible treatment 

for osteoporosis [ 40]. 

The binding of OPG to RANKL inhibits the binding between RANKL and RANK; this 

in turn prevents osteoclast precursors from differentiating and fusing to form mature 

osteoclasts. Therefore, the inhibition of the RANK/RANKL pathway inhibits osteoclast 

formation, differentiation, activation, and bone resorption. Using an anti-RANKL 

monoclonal antibody, such as denosumab, that binds to RANKL with high affinity and 

specificity and thus blocks RANKL- RANK interactions, has been suggested as a 

potential therapy [ 40]. 

Besides RANKL , osteoblasts or bone marrow stromal cells secrete OPG. OPG is a 

decoy receptor of RANKL and binds with RANKL competitively, thereby blocking the 

interaction between RANKL and RANK, inhibiting osteoclast differentiation and bone 

resorption by mature osteoclasts and inducing osteoclast apoptosis [ 40]. Studies have 

shown that mice lacking OPG could develop osteoporosis due to an increase in the 

number and activity of osteoclasts [ 41]. However, the direct application of recombinant 

OPG protein has many limitations. The OPG protein is unstable and difficult to obtain. It 

undergoes rapid degradation in vivo; therefore, it requires daily injections. Furthermore, 

it is likely to cause side effects in other organs [ 40]. 

Model Systems for Studying the Pathogenesis of Osteoporosis 

One of the mam reasons for the still limited knowledge on bone regeneration and 

biomaterial osteointegration in the presence of osteoporosis may be the lack of idoneous 

and reliable models. It is recognized that it is extremely difficult to experimentally 

mimic, both in vitro and in vivo, the complex bone- biomaterial interactions and the 

decrease in osteoinducti ve capacity due to the loss of bioactive factors, bone 
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morphogenetic proteins and mesenchymal staminal cells that accompany ageing and 

osteoporosis [23]. 

Although not ideal, a variety of model systems have been produced for the local mineral 

environment. These have sprung from the need to run in vitro experiments in a blood or 

bone like environment as well as, a need to model how different components react with 

minerals in blood plasma or to test the bioactivity of implants. 

Such model systems began as a series of solutions, such as a balanced salt solution in 

which the solution was used in the examination of tumours [ 42]. This was designed to 

provide a solution containing salts at similar concentrations to those found in the body. It 

therefore contains CaCb, MgS04, KCl, NaHC03, NaCl, NaH2P04.H 20 and glucose, 

and was developed as a cell culture medium [ 42]. Since then the both the nature of the 

ions included in the solution composition and the concentrations of ions have been 

widely varied depending on the use. 

The uses of simulated ionic solutions have been widened to potentially be able to predict 

bioactivity. A balanced salt solution named simulated body fluid was developed by 

Kokubo, and has been widely used as a means to predict bioacti vity [ 43]. Simulated 

body Fluid (SBF) or electrolyte solutions have been used as a means to predict 

bioactivity of materials intended for implantation ([ 44 ], [ 43 ]), as well as to create 

biomimetic coatings for implants (Kim, [45] , [46], [47, 48]) such as , the intent to 

detennine the ability of the implant to form a strong bone implant bond. The bone-

bonding ability of a material is often evaluated by examining the ability of apatite to 

form on its surface in a simulated body fluid (SBF) with ion concentrations nearly equal 

to those of human blood plasma [ 49]. The SBF solutions have also been used to better 

determine drug release rates when the low mineral concentration of water would not be 

appropriate [50]. Furthermore, they have been adapted for use as a tool in order to 

understand the mechanism by which bone is formed in the body. However, the validity 
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of some of these methods for evaluating bone-bonding ability [51] for example, have 

not been systematically assessed. 

To enable results to be comparable between researchers, and determine a standard 

formulation, an international standard containing salts at similar concentrations to those 

found in the body has been recently developed. It contains CaClz, MgS04, KCl, 

NaHC03, NaCl, NaH2P04.H20 , however there still are many components of the solution 

which are not ideal. Namely the carbonate concentration of the SBF solutions is 

significantly lower than that of blood plasma, due to instability of high carbonate 

solutions and their tendency to spontaneously precipitate. ln addition there is no method 

specified for ensuring that the carbonate added to the solution does not escape as carbon 

dioxide gas with the addition of HCl during the adjusting of the pH. 

During in vitro bioactivity tests, the material is exposed to an aqueous solution 

simulating the inorganic part of blood plasma in the presence or absence of cell cultures, 

and the interactions of the surface with the solution are examined [ 44]. 

This however has had some criticism as a SBF solution will form nano and micro 

particles of hydroxyapatite, when left standing over a period of time without the 

introduction of any surface material at all. Foetal bovine serum will not form any 

apatites unless an outside object is introduced. For this reason, many researchers believe 

that using Foetal bovine serum, which contains proteins and other ingredients in addition 

to the ions is a better solution to use as an indicator of material bioactivity [52]. This 

also has some limits however, as the solution can not be as easily modified as preparing 

a SBF solution with the desired concentrations. In addition although apatite's will not 

precipitate on standing, there may be precipitation of other material including proteins, 

making it overall a less reliable solution. 

The importance of each ion both with respect to the stability of the solution and the 

production of HAp has also been examined [53], [44] and varying solutions have been 
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produced altering the HC03 concentration from that of the standard, but these have had 

limited stability. 

HC03 concentrations in the mineral precipitated has been shown to be directly related to 

the amount of HC03 present in solution, this is demonstrated by studies varying only the 

HC03 concentration in solution and examining the inorganic material precipitated [54]. 

This demonstrates the need for high carbonate content in solutions in order to achieve 

the highly substituted HAp which is present in bone [ 15], [ 4]. Octacalcium phosphate 

has been reported to form in the presence of a high C03 concentration [ 45] whereas 

dicalcium phosphate dihydrate (DCPD) forms in a more acid environment, it is believed 

to spontaneously convert to HAp via the following reaction (Equation 2.1) [55] 

Equation 2. l 

The high carbonate present however has repercussions for the stability of solutions as 

such solutions are prone to spontaneous precipitation during preparation [56] as well as 

changes in pH over time on standing [56]. In addition, the conditions of the in vitro 

experiments described in the literature are not standardized [ 44]. 

The degree of super saturation, presence of seeds, temperature, pH, and ionic strength 

are all known to affect the course of synthesis of calcium phosphate bioceramics from 

aqueous solutions ([53],[57]). As such a solution is required with established storage 

conditions and known stability of pH over time. The problems associate with the 

addition of HCl and the subsequent change in HC03 away from the desired 

concentration have also not been dealt with. 

Given these significant changes to the product due to minor changes in solution, it is 

important that any work done using SBF to mimic the bone environment must be as 

close as possible, ifresults are to be taken as reliable. 
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The incorporation of ions will also affect the calcium phosphate synthesis and stability, 

incorporation of magnesium has been shown to increase the solubility of hydroxyapatite 

[58] and addition of fluoride has also been used as it increases the stability of the 

mineral formed [59]. 

2.6 The Importance of Lipids in Bone Health 

Although present in the bone environment particularly in the bone marrow, lipids or 

fatty acids are rarely included in model systems; this is due to the limited understanding 

as to which of the lipids and fatty acids are essential for bone formation and regulation, 

and the lack of information and research into their role in the bone environment in 

general. The discovery that fats play a role in calcification in arteries stimulated thinking 

that they may also effect bone activity. In fact there is constantly increasing evidence 

that lipids can play a significant role in mineralisation, bone mineral density, and it 

pathological calcifications [60] [61] [62] [63]. 

The effect of liposomes in blood plasma on calcification has been explored by [64]. 

Liposomes are shown to create calcium deposits in arteries which are thought to be 

similar to Hydroxyapatite the mineral found in bone. The mechanism by which this 

occurs is still debated and the type of liposomes which generate the calcification is still 

debated ([65], [66],[67], [68]). The exact nature of the product is still undetermined. And 

more characterisation work needs to be conducted. 

This work suggests that the formation of arterial plaques is highly dependent on the 

presence of liposomes, and the balance of the bicarbonate buffering system in the blood. 

Given the limited available knowledge, and the use of liposomes to deliver mineral to 

the bone environment it cannot be assumed that the liposome would only act as a passive 

carrier, but it itself may affect or signal cells to a specific response. 

Evidence is accumulating that dietary lipids play an important role in bone health. Most 

of the data supporting the effects of lipids on bones have been collected in young adult 
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and/or developing animals. Based upon this work, mechanisms have been proposed to 

explain how lipids act to enhance or inhibit bone resorption and deposition [29]. 

Specifically, studies supporting the influence of dietary lipids on calcium excretion, 

growth hormone secretion, fatty acid metabolism, and osteoblast formation are reviewed 

[29]. 

Studies have emerged exploring the link between osteopetrosis, or osteopenia and 

atherosclerosis. A study by Gupta et al. [69] reports an association between osteoporosis 

or osteopenia and atherosclerotic vascular disease in elderly postmenopausal women as 

studied in a nursing home. This is confirmed in a more extensive study covering over 

1300 women which found that women with plasma LDL cholesterol levels of at least 

160 mg/dL had a more than doubled probability of being osteopenic compared with 

women with lower LDL cholesterol [70]. 

Data indicates that high-fat diets, especially those rich in saturated fatty acids, may 

contribute to reduced bone density and increased fracture risk, in older as well as 

younger people [29]. This indicates that while lipids effect calcium retention and 

formation they may not all work in a similar manner or might even have opposing 

affects. It has been suggested that certain bone sites are more sensitive to the effects of 

total fat intake than other sites in different age groups, although this has not been proven 

[29]. 

In addition work has shown that there is a potentially important interaction between the 

osteoblastic and adipocytic lineages, These studies have shown that adipocytes and 

osteoblasts may be derived from a common precursor and, under certain in vitro 

conditions; alter their phenotype to that of the other lineage [71]. It is thought that this 

excess fatty tissue, occurring as a result of failure of osteoblast formation, may enhance 

osteoclast activity, thus increasing the disparity between bone resorption and formation, 

and providing another possible role for the osteoblast in the control of osteoclast 

activity. However, such hypotheses await experimental confirmation [72]. 

26 



Mineralization in biological systems is tightly regulated with respect to both its timing 

and spatial aspects. The process of skeletal mineralization does not occur as random 

precipitation, but in a rather defined three-dimensional manner so that the resulting 

crystals formed are highly ordered and ultimately display a spatial relation to the 

underlying organic matrix [73]. 

2. 7 Liposomes 

Liposomes are spherical particle in an aqueous medium formed by a lipid bilayer 

enclosing an aqueous compartment. They have show promise as drug delivery devices 

and may also help to nucleate the calcium present. And help to isolate the calcium in a 

way that can be deposited. 

Liposomes have been widely investigated for their use as drug delivery devices. The 

encapsulation of bisphosphonates has been investigated for use in the prevention of 

arterial deposit formation as well as for the killing of liver macrophages (Kupffer Cells) 

[74]. 

Work examining the encapsulation of dichloromethylene bisphosphonate (clodronate), 

shows that the potency of the clodronate is actually increased 100 fold over the free drug 

in 24 hour cell studies, and 58 fold in 48 hours trials [75] This indicated that the cells 

respond faster in this instance to the liposome mediated drug, and that the cellular 

response may be increased by the presence of liposomes. 

This raises questions about the cellular activity in forming liposome /mineral deposits, 

and whether liposome mineral deposits may in fact be eliciting a response in the arterial 

environment, and may be a useful aid in promoting bone formation. The idea that 

cellular activity is involved in the formation of arterial deposits is supported by the 
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identification of, however other work shows that calcium carbonate solutions cause 

mineral deposits in conjunction with liposomes [76]. 

The addition of ammo acids and functional groups has been used to target the 

environment for treatment, the addition of Poly ethylene glycol, which spontanoisly 

incorporates, has been used to increase the blood circulation time [77]. The combination 

of PEG and L-glutamic acid, N-(3-carboxy-l -oxopropyl)-, 1,5-dihexadecyl ester has 

been shown to selectively target the bone marrow [77]. 

Cationic lipids are positively charged amphiphilic molecules made of a cationic polar 

head group (usually amino groups) , a hydrophobic domain (comprising alkyl chains or 

cholesterol), and a linker connecting the polar head group with the non-polar tail [78] 

Increasing reports suggest that cationic liposomes strongly interact with the cell surface 

and modify the composition and the charge of the membrane [78]. 

Findings suggest that some cationic liposomes alone are immune-stimulatory adjuvants 

that could stimulate efficiently the immune system [78] , the suggested mechanism is 

shown in Figure 2.6 
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Figure 2.6 Cationic lipids activating the cellular activity From: [78] 

Anionic liposome vesicles , commonly formulated by mixing acidic phospholipids such 

as phosphoglycerol, or phosphatidic acid, with poly (ethylene glycol) (PEG) conjugated 
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phosphoethanolamine in lipid components are known to mediate complement activation. 

Complement activation, which is followed by systemic immune activation and 

anaphylaxis shock, is regarded as a critical problem in the clinical setting of various 

biomaterials [79]. 

A 
Carboxylate anion 

SA 

Figure 2.7 Structure of SA [79J. 

The carboxylic acid of SA (Figure 2.7) and phosphoric acid of PG have equal capacity 

as anionic components of vesicles at neutral pH. The results presented in this 

investigation demonstrated that the negative electrostatic charge of anionic vesicles is 

not a critical factor in the activation of complement. Rather, the induction of 

complement activation by anionic vesicles is dependent on the structure of acidic lipids 

[79]. 

The liposome uptake was dependent both on the surface properties of the liposomes and 

on the cell line. Negatively charged phospholipids incorporated into PC/cholesterol 

liposomes were recognized by cell lines to different extents depending on the lipid head 

group and its charge density in the liposome bilayer [80]. 

Liposomes can be naturally targeted to mononuclear phagocytes but also have been 

successfully targeted to specific cells by conjugation to appropriate ligands [80]. 

A liposomal corticosteroid fonnulation containing dexamethasone- 21-palmitate 

available in Germany is the only intra-articular liposomal product used in human 

patients and is used to treat an osteoarthritis-like degenerative joint disease, in the TMJ 

family, characterized by progressive bone and cartilage destruction and subsequent 

inflammation [81]. 
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In an effort to eliminate joint injections altogether, intravenous administration of these 

preparations has also been evaluated. However, in a recent study, intravenous 

administration of several liposomal formulations of an anti-inflammatory agent failed to 

treat arthritic symptoms in a rat model [81]. 

Studies have been conducted to characterize liposomes-entrapped chondroitin sulphate 

and ascertain their in vitro biocompatibility in a human dermal fibroblast culture system, 

in order to use them in the treatment of inflammatory disorders [82]. 

Liposomes have the capacity to be used as delivery and targeting agents for the 

administration of ant rheumatic drugs at lower doses with reduced toxicity. In other 

areas of medicine, the pace of progress has been rapid [83]. 

In the case of infectious diseases and cancer, liposomal drug delivery has progressed and 

developed into commercially viable therapeutic options for the treatment of fungal 

infections (amphotericin B), or metastatic breast cancer and Kaposi sarcoma 

( doxorubicin, daunorubicin), respectively. In arthritis, the efficacy of prednisolone-

loaded longcirculating liposomes is currently being evaluated in a phase II clinical trial 

[83]. 

Liposome' s application to arthritis is still in its infancy but appears promising as new 

patents are filed. With improvements in liposomal formulation and targeted synovial 

delivery, liposomes offer increased therapeutic activity and improvement in the risk-

benefit ratio [83]. 
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Figure 2.8 A schematic representation of different liposome types[83] . 

The schematic illustration of liposomes based on different size and number of lamellae. 

SUV: small unilamellar vesicles; MLV: multilamellar vesicles; MVV: multivesicular 

vesicles, as shown in figure 2.8 
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Figure 2.9 Liposomes with the four types of functionalisation. 

Four types of functionalised liposomes (Figure 2.9) [83] Four major types of liposomes. 

Conventional, stealth, immunoliposomes, and cationic liposomes. 
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2.8 Bone Cell Activity 

Many cells are involved in regulation of bone formation and remodelling, however the 

two main groups of cells, osteoblasts responsible for bone formation, and osteoclasts for 

resorption [84]. 

In order to remodel bone osteoblasts must synthesis bone matrix following coordinated 

resorption by osteoclasts [85]. The osteoblasts are derived from mesenchymal stem 

cells, and differentiate in response to growth factors released by the osteoclast [86]. 

Osteoblasts secrete the bone matrix, which subsequently becomes mineralized. Once 

embedded in the bone matrix, osteoblasts further differentiate into osteocytes [87]. 

Osteocytes communicate with each other and with surface osteoblasts and lining cells 

[84]. This is shown in figure 2.10 From [84] 

Osteocytes 

Cb) 

Figure.2.10 Schematic of active osteoclast and osteoclasts 

Osteoclasts differentiate from precursors of the monocyte/macrophage lineage under the 

influence of various local and systemic factors. The bone resorption involves many steps 

including osteoclast attachment and polarization, bone resorption and cell detachment 

[88]. 

If the process becomes unbalanced in favour of osteoclasts, diseases with a low bone 

mass often result , whereas impaired osteoclastic bone resorption results in diseases with 
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a high bone mass [89]. Bone acts as a calcium store and responds to calcium-regulating 

hormones, and the immune and bone systems share a number of regulatory factors, 

including cytokines, receptors, signalling molecules, and transcription factors [89]. 

Normal bone remodelling begins with differentiation of osteoclasts and their attachment 

to the bone surface. Macrophage- colony stimulating factor increases the pool of 

osteoclast precursors, and receptor-activator of nuclear factor-jB ligand (RANKL) 

induces proliferation and differentiation of osteoclast precursors and inhibits osteoclast 

apoptosis. Subsequent morphologic changes allow the dissolution of the bone mineral 

and organic matrix [86]. The matrix chemistry in turn influences the differentiation 

process of the mesenchymal stem cells [90]. 

Prior to bone resorption, the polarization of osteoclasts includes specific cytoskeletal 

changes and formation of distinct plasma membrane domains, including the ruffled 

border, sealing zone, peripheral non-bone facing membrane and functional secretory 

domain [88]. Bone resorption includes solubilisation of crystalline hydroxyapatite 

followed by degradation of the demineralised organic matrix. This is conducted in a 

sequential manner, so if one step of the sequence is stopped, the process will not proceed 

[88]. 

Mature bone-resorbing osteoclast have a finite life span and eventually the osteoclast 

disengages from the bone surface, leaving behind an area of bone surface which may 

then be the focus of osteoblast activity [72]. 
Formation 
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Figure 2.11 Bone resorbtion and formation [86]. 
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Bone remodelling is controlled by a number of systemic factors including parathyroid 

hormone (PTH), and leptin and local factors such as those secreted by osteoblasts to 

regulate osteoclast differentiation for example osteoprotegerin. Synthesis of new bone 

by osteoblasts is also controlled by several cell-specific transcription factors [91]. This is 

represented in Figure 2.11. 

As such the pathology of other systems may very well affect the bone remodelling 

process it has been reported that enhanced bone resorption is associated with activation 

of the immune system observed in autoimmune or inflammatory diseases [89]. However 

the interaction between immunodeficiencies and bone remodelling is poorly understood. 

In addition the existence of a possible link between bone and metabolic pathways has 

been recognised for some time [92]. 

Table 2.2 Properties of the Osteoblast Phenotype [84]. 

Products; Receptor.\lre.\po11.'tes to; 
Alkaline Phosphatase 
Type 1 Collagen 
Osteocalcin 
Osteopontin 
Osteonectin 
Prostanoids 
Osteoclast stimulating factor 
Growth Factors 

Markers of Bone Cell Activity 

Parathyroid Hormone 
Prostaglandins 
l,25(0H)ilJ1 
Epidermal and transforming growth factors 
Interleukin 1 
Tumor Necrosis Factors 
Retinoids 

There are many markers of bone formation and cell signalling factors, alkaline 

phosphatase is secreted by various organs predominantly from bone, liver, intestine, and 

placenta. Bone-specific alkaline phosphatase hydrolyses pyrophosphate, which is 

otherwise an inhibitor of osteogenesis. The inorganic phosphate however is required for 

generation and deposition of hydroxyapatite. This enzyme is secreted from the 

osteoblast cell membrane allowing bone mineralization to proceed [86]. 

34 



Osteocalcin is the major noncollagenous protein in the bone matrix. It is produced by 

osteoblasts, odontoblasts, and hypertrophic chondrocytes and is thought to function as a 

localization site for hydroxyapatite crystals during bone matrix synthesis. Both 

osteolysis and osteogenesis release osteocalcin into the serum, Therefore, osteocalcin 

levels might reflect overall bone metabolism, not just osteogenesis [86]. 

Tartrate-resistant acid phosphatase type Sb (TRAcP-5b) is secreted primarily by 

activated osteoclasts and is l of 2 isoforms detected in human serum. Activated 

macrophages secrete the second isoform, TRAcP-5a. Osteoclasts secrete the active 

enzyme after they have attached to the bone surface. The enzyme then enters the 

circulation where it is inactivated and degraded [86]. 

Receptor activator of nuclear factor-jB (RANK) and its ligand (RANKL) are required 

for osteoclastogenesis [86]. RANKL binds to a unique hematopoeitic progenitor cell that 

is committed to the osteoclast lineage and stimulates the rapid induction of genes that 

typify osteoclast development. Data suggest that RANKL is an osteoclast differentiation 

and activation factor. The effects of RANKL are blocked in vitro and in vivo by 

Osteoprotegerin (OPG), suggesting that RANKL and OPG are key extracellular 

regulators of osteoclast development [85]. OPG is a soluble decoy receptor that binds 

RANKL, thereby blocking stimulation of osteoclastogenesis. RANKL exists in two 

forms; a membrane-bound form and a shorter soluble form. It is expressed not only in 

preosteoblastic and stromal cells in the bone but also in lymphoid tissue. 

Osteoprotegerin is expressed in a number of other tissues besides bone including the 

cardiovascular system, the neurologic system, and the gastrointestinal system. This 

signaling pathway has molecular interactions with other ligand-receptor systems to 

maintain normal bone homeostasis [86]. 

RANKL is a member of the TNF superfamily. One of its functions is to stimulate 

osteoclast recmitment and differentiation and inhibit osteoclast apoptosis [93] and is 

therefore essential for bone remodelling and calcium mobilization from the bones [85]. 
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The expression of RANKL and OPG is regulated by multiple hormones and cytokines 

shown to affect the development and activation of osteoclasts, including 25-

dihydroxyvitamin 03, IL-1, IL-11, PGE2, calcitonin, and TNFa. Expression of RANKL 

and OPG is also strongly influenced by the female sex hormones progesterone and 

estrogen [85]. 

Transforming growth factor (TGF)-P is abundantly present m bone tissue where it 

regulates osteoblast and osteoclast functions in a complex manner [87]. TGF-P is 

produced and stored in the bone matrix and can be released and activated during 

osteoclastic resorption. Both osteoblasts and osteoclasts are responsive to TGF-p, 

however, the differentiation state of the cells as well as the microenvironment can 

modulate these responses [87]. 

Macrophage Activity in the Bone 

Recent work has shown that the endosteum and periosteum contain populations of 

macrophages that impact on the bone fonnation process and are likely to play an 

important role [25]. 

The bone marrow macrophage appears to have two main functions, encouraging bone 

remodelling through production of factors causing osteoclast inhibition, osteoclast-

genesis, and signalling [94 ], immune and inflammatory response including foreign body 

removal [95]. 

The role in which the macrophage plays in bone homeostasis is being continually 

explored. The studies began by examining the role in pathogesis. In pathological 

conditions, macrophages can directly and indirectly contribute to both anabolic and 

catabolic bone outcomes, but pathology often results in destructive ramifications for 

bone [25]. Although it has long been known there is a relationship between bone and the 
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immune system in pathological instances, the role of the immune system and particularly 

macrophage function in normal bone function is only beginning to be fully explored. 

It is now believed that osteoimmunological interactions are central to maintaining bone 

homeostasis and are also key mechanisms in bone pathology. Macrophages are highly 

adaptable cells and can have broad ranging effects on bone, but they are most commonly 

considered for their in vitro potential as an osteoclast precursor [25]. The role that 

macrophages play in the inhibition of osteoclastgenesis is also being explored [96]. 

One proposed model suggests that macrophages ' resting' in bone or bone marrow are 

constantly surveying for changes to the local environment. In response to anabolic 

stimuli , they recruit new osteoblast precursors and induce the proliferation of adjacent 

bone lining cells and promote attachment to the bone surface [25]. The study also 

suggested that proliferation of these macrophages, is possibly driven by osteoblast-

derived CSF-1 , leading to the formation of the canopy structure and subsequently 

providing ongoing anabolic/mineralization signals to the underlying osteoblasts [25]. 

Bone marrow macrophages are believed to produce OPG, a factor which competes for 

bonding sights on RANK, a factor which stimulates osteoclast differentiation [97], In 

addition they can express alkaline phosphatase and osteocalcin under certain conditions 

[25]. 

Once the anabolic stimulus is removed or a specific termination signal has been 

detected, these macrophage cells within the canopy withdraw the anabolic factor(s) and 

either disperse and/or undergo apoptosis. Subsequently the underlying mature 

osteoblasts either revert to a bone lining cell phenotype or die and are replaced by 

resting osteal tissue [25]. 

The role that macrophages play in osteoclastgenesis or its inhibition is also being 

explored, With studies suggesting many differing roles [96], if both RANKL, and M-
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CSF are present monocyte/macrophage precursor cells entered the osteoclast lineage and 

express the osteoclast marker tartrate-resistant acid phosphatase (TRAP) . These cells 

were motile and began to differentiate by contacting and fusing together, initially 

forming cells with several nuclei, then forming larger cells with more than 6 and as 

many as 50 nuclei. The degree of osteoclastogenesis was related to the concentration of 

RANKL [94]. 

The following diagram (Figure 2.12) shows cell differentiation into mature osteoclasts. 

Maturation occurs on bone from peripheral blood-borne mononuclear cells with traits of 

the macrophage lineage. M-CSF (CSF-1) and RANKL are essential for 

osteoclastogenesis. OPG can bind and neutralize RANKL, and can negatively regulate 

both osteoclastogenesis and activation of mature osteoclasts [96]. 
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Figure 2.12 Osteoclast differentiation pathway [96] 

This is compared to the following which shows the importance of both fibroblast and T -

cells in the differentiation of Osteoclasts. The differentiation of bone-resorbing 

osteoclasts from haematopoietic osteoclast precursors is a cytokine-driven process. The 

essential cytokine mediators are RANKL (receptor activator of nuclear factor-t<l3 
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(RANK) ligand) and M-CSF (macrophage colony-stimulating factor), which are 

expressed by synovial fibroblasts and T helper 1 (TH 1) cells. Osteoclast differentiation is 

achieved by the actions of tumour-necrosis factor (TNF) and interleukin-! (IL-1) among 

other cytokines [98]. The effect of these factors is represented in figure 2.13. 
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Figure 2.13 Cytokines affecting the osteoclast. 

Although M-CSf is considered an essential factor, the role of GM-CSF is disputed, 

review by [95] highlights the current dispute about the role of GM-CSF in bone 

formation. With some studies GM-CSF has been reported to induce osteoclast like cell 

fonnation showing a stimulatory or facilitating effect of GM-CSF on osteoclastogenesis, 

other studies examining the effect of GM-CSF in co-cultures of bone marrow cells with 

osteoblasts and human precursors containing RANKL and MCSF, have reported an 

inhibitory effect on osteoclast formation [95]. 

Transforming growth factor-P (TGF-~) is another cytokine, present in bone, whose role 

in bone turnover is quite complex with conflicting in vivo and in vitro data on whether 

resorption is enhanced or inhibited. However her own work with non-adherent bone 

marrow macrophage precursors suggests that TGF-P potentiates osteoclast development 

in vitro [95]. 

39 



All forms of RANKL-induced osteoclastogenesis are blocked by the decoy receptor 

osteoprotegerin and were also strongly reduced by calcitonin, with the later arriving 

morphological categories being the first to disappear [94]. 

The role of interlukin-10 an anti-inflammatory cytokine in osteoclast genesis has been 

explored using the RAW264.7 macrophage cell line [95], which constitutively expressed 

IL-10 receptor, it was differentiated to osteoclasts with stimulation of receptor activator 

of nuclear factor KB ligand (RANKL). IL-10 inhibited the RANKL-induced 

osteoclastogenesis [99]. 

It is also believed that many of the coupling signals previously thought to be from 

osteoclast to osteoblast are in fact provided by bone macrophages, For example TGFP 

and ephrin B2 have been implicated as possible coupling factors that are made by 

osteoclast, which can be produced by the macrophage and provide these bone forming 

signals during bone modelling [25]. 

In osteoclastogenesis mediated by bone marrow stromal cells or osteoblasts, several 

hormones and cytokines, such as parathyroid hormone, glucocorticoid, vitamin 03, 

prostaglandin E2, IL-1, TNF-a, IL-11 , have been shown to stimulate osteoclastogenesis 

by increasing relative expression of RANKL to OPG in stromal cells or osteoblasts [97]. 
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Figure 2.14 Monocyte differentiation [ 100] 
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However, some cytokines, such as TNF-a, IL-6 and IL-11, exert effects directly on 

osteoclast progenitors to induce osteoclastogenesis in the presence of M-CSF by a 

RANKL-independent mechanism. Therefore, the inhibitory effect of M-CSF on the 

OPG production by osteoclast progenitors does not appear to be essential for RANKL-

independent osteoclastogenesis although it is important for RANKL-dependent 

osteoclastogenesis [97]. 

Given that the macrophage playes a major role in the inflammatory response, we must 

ensure that this pathway is not unregulated, this is of particular concern as 

atherosclerosis involving both liposomes and mineralisation is now considered an 

inflammation-driven process. 

In atherosclerotic lesions, many proinflammatory cytokines, such as interleukins (IL-1 , 

IL-6, IL-8, IL-10, IL-12) and tumour necrosis factor (TNFa), are released by 

macrophages in response to infiltrated lipoproteins [ l 0 l]. 

The local environment also effects cell differentiation, with shifts towards a more 

oxidizing environment inducing changes in osteoclastogenesis. 

Increasing dietary calcium has been found to suppress indices of inflammation in a 

mouse model of obesity and proposed that calcitriol, as well as [Ca2+] signalling may 

also play a role in regulating inflammatory factor production in adipocytes and/or 

macrophages [ l 02]. It is likely that calcitriol regulates cytokine production by 

adipocytes and macrophages and that dietary calcium modulation of inflammatory stress 

is mediated by suppression of calcitriol [ 102]. 
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Figure 2.15 Cationic lipid effect on cell activity [781 

Another consideration for this work is that cationic lipids are not passive carriers but can 

modify cellular pathways and stimulate immune or anti-inflammatory responses (Figure 

2.15). A considerable number of cationic lipids are currently available and in most cases 

cationic lipids are used in combination with immunostimulatory adjuvants, to enhance 

the immunogenicity of vaccines [78]. 

There have also been some indications recently that cationic lipids do stimulate specific 

immune response in the absence of antigens, which goes against traditional thought that 

cationic liposomes on their own are considered as inert in terms of activation of innate 

immune responses [78]. 

Some cationic liposomes induced transcription of several chemokines, including 

macrophage inflammatory protein-I alpha and beta (MIP-l b) [78]. It appears that the 

same studies have not been conducted for anionic liposomes. 
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Figure 2.16 Activated T cells induce osteoclast genesis [103] 

Recently, several groups have reported that IL-1 7 plays important roles in both the 

immune response and osteoclastic bone resorption in patients with rheumatoid arthritis. 

Interleukin-17 (IL-17) is a recently cloned cytokine secreted by activated memory CD4+ 

T cells and modulates the early stage of immune responses. IL-1 7 stimulates the 

production and expression of proinflammatory cytokines, IL-1 beta and tumor necrosis 

factor-alpha by human macrophages [ 103 ]. 

Bone-resorbing osteoclasts belong to the myelomonocytic lineage and can be generated 

from monocytes or even macrophage populations [95] GM-CSF has been considered as 

generating a " proinflammatory" phenotype in macrophages. 

As such we have chosen to work with both macrophage and osteoblast cells, and a 

selection of bone and inflammation markers to examine in our study. InterLeukin 1 

(ILl ), and Tumour Necrosis Factor alpha (TNFa) these are inflammatory markers, and 

also increase osteoclastgenesis so we would want a decrease in these marker produced 

by the cells. Osteoprotegerin (OPG) production, prohibits binding of RANK and thus 

prohibits osteoclast differentiation and proliferation, we want an increase. We are also 

looking for an increase in Transforming growth factor (TGFP) want an increase as this is 

an osteoblast signalling factor. 
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Chapter 3 Mineral Production and Characterisation 

3.1 Introduction and Outline of Experimental Strategy 

This chapter describes work undertaken with a focus on producing various calcium 

based mineral compounds, which may be beneficial to bone health. Compounds 

containing ions such as magnesium, phosphate, sulphate and fluoride may provide 

additional benefits or changes in cell activity if delivered to the bone. The 

production, modification and optimisation of the calcium compounds for delivery to 

the bone, via various methods is discussed below. 

The flow chart (Figure 3 .1) below summaries the discrete steps undertaken in this 

process. The encapsulation of the calcium compounds for delivery to the bone, and 

the cell responses to the encapsulated compounds will be examined and discussed in 

subsequent chapters. 

The method used for producing calcium based minerals m this study is the 

precipitation method. In the first instance, a set of samples is created so that the 

mineral produced is ideally designed to be similar to bone mineral, and are produced 

in a biomimetic environment. 

The solutions used mimic the ion concentrations in blood plasma, and hence the 

extracellular environment in the body. In this environment highly substituted apatites 

or multi phase mineral can be formed. These model solutions are used throughout 

this project and are referred to as modified simulated body fluid (SBF) solutions. 
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Mineral 
Characterisation 

FTIR XRD 

Figure 3.1 Outline of mineral production and characterisation. 

Three mineral compounds were produced using the SBF approach; 

1. Standard SBF solution, the international standard. 

2. Modified SBF solution, to increase carbonate concentration and 

bioactivity 

3. SBF solution which also contains flouride in order to increase stability of 

the mineral formed. 

Following this, concentrated solutions were produced composed of only the ions of 

interest, and by removing elements from the SBF such as sodium and phosphate or 

carbonate. The mineral produced in these solutions, was then compared to that 

obtained from the SBF solutions. Chapter 5 describes the use of these solutions in 

selecti ve ion encapsulation for delivery to the bone. 
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The three solutions are as follows. 

l. Calcium chloride, 

2. Calcium chloride plus sodium carbonate 

3. Calcium chloride, magnesium sulphate, and potassium phosphate. 

The calcium chloride is soluble, and so will not form a precipitate on its own. As 

such is not characterised in this chapter. The third solution will precipitate a calcium 

carbonate, this will provide a comparison sample for use in subsequent chapters, 

between the encapsulation of calcium phosphates, with calcium carbonate, and allow 

an estimation of how much calcium binds to the phosphate of the liposome versus 

negatively charged phosphate or carbonate groups in solution .. 

Finally two minerals with known structures are produced for comparison; they will 

be formed as a known single phase calcium phosphate, unlike the samples produced 

from the SBF and modified solutions, which can be multiphase. 

The two mineral compounds produced for comparison are; 

1. hydroxyapatite, the idealised inorganic component of bone (Hap), 

2. dicalcium phosphate dehydrate (DCPD), a precursor calcium phosphate 

phase 

Hydroxyapatite is a stable calcium phosphate produced at pH=7 and is generally 

insoluble except in an acidic environment. The dicalcium phosphate dihydrate is a 

more soluble calcium phosphate produced at slightly lower pH. This lower pH is 

more similar to the remodelling environment of bone, and the environment produced 

during trauma. The Hap and DCPD have been prepared using the precipitate method, 

and are used in an attempt to have greater control over the type of mineral 

encapsulated for delivery. 
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3.2 Mineral Production 

Production of Simulated Body Fluid, and precipitate formation. 

Simulated body fluids (SBF) are produced by m1xmg a variety of mineral salts , 

which are included with ion concentrations similar to that of blood plasma. These 

solutions include ions such as magnesium which are beneficial to bone in addition to 

calcium. 

Our initial starting point is that of the international standard developed by Kokubo 

[ 1 ], which was developed to predict material bioactivity. Various modifications to 

this solution are made, to make the ion concentrations of the solution even more 

similar to the blood plasma. A modified solution with the addition of fluoride is al so 

produced. Fluoride substitution in apatites causes the formation of a more crystalline 

and stable materia l. 

The compounds used fo r preparation of Kokubo 's SBF and the order of addition are 

shown in table 3.1 ; 

Table 3.1 Compounds used for preparation of lL ofKokubo's SBF 

Order of Addition Compound Weight (g) Supplier 

# 1 NaCl 7.996 Sigma Aldrich #S5886 

#2 NaHC03 0.350 Sigma Aldrich #S57 61 

#3 KCl 0.224 Sigma Aldrich #P5405 

#4 K1HP04.3 H20 0.228 Sigma Aldrich #P5504 

#5 MgCb.6H20 0.305 Sigma Aldrich #M2393 

#6 HCl* 40ml Sigma Aldrich #320331 

#7 Ca Cb 0.278 Sigma Aldrich #C5670 

#8 NaS04 0.071 Sigma Aldrich #S5640 

#9 (HOCH2)3CNH2 (Tris) 6.057 Sigma Aldrich #252859 

# 10 HCl* To pH=7.25 Sigma Aldrich #320331 

# 11 Milli Q water Up to 1 L 

*has been diluted 87 .28ml up to 1 L in milli Q H20 prior to use 
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Kokubo's SBF solution varies from the blood plasma in a number of ways (Table 

3 .1 ); the chloride concentration is significantly higher than blood plasma, being 

almost 150% of the concentration, in addition the sulphate in this solution is half of 

the blood plasma concentration, with concentrations being 0.5mmol and l .Ommol in 

the SBF and blood plasma respectively. 

The magnesium concentration present in SBF solution is 1.5 mmol in SBF solution, 

rather than l .Ommol in blood plasma. However the most significant change is the 

carbonate concentration, which is only 4.2mmol in standard SBF solution rather than 

the 27.0mmol present in blood plasma. This is of significance as the bone mineral is 

a highly carbonated apatite, and as such the carbonate is essential for the formation 

of bone like mineral. 

Using only the compounds specified in Kokubo ' s method, the chloride cannot be 

reduced without also decreasing the concentration of the sodium, magnesium, 

potassium, calcium, or a combination of these, and the carbonate cannot be increased 

without also increasing the concentration of sodium significantly. As such the 

reagents used must be changed keeping in mind that with every compound change, 

two ions are being altered. 

The MgCb and NaS04 are then completely removed, and replaced with NaCl and 

MgS04, to keep the Mg2+ and so/- concentrations at l .Ommol. The HC03 

concentration is then increased, with the increased addition of the NaHC03. The 

excess Na2+ is then reduced by decreasing the addition of NaCb, so that the Na2+ 

concentration remains at 142.00mmol. The er concentration was also significantly 

higher than blood plasma, so lowering the concentration of NaC}z also brings the er 
concentration closer to the blood plasma range. Finally the KCl concentration is 

reduced, this lowers the K+ concentration from 5.0mmol to 3.8mmol, now at the 

lower end of the blood plasma range, and brings the er concentration from initially 

being 14 7.8mmol, to finally l 2 l.8mmol, which is significantly closer to the blood 

plasma concentration of95.0-l07.0mmol. 
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For the new modified SBF solution, herein referred to as Kanthi's SBF the following 

reagents are used as described in table 3 .2, 

Table 3.2 Compounds used for preparation of SOOml of Kanthi's SBF 

Order of Addition Compound Weight (g) Supplier 

#1 KCl 0.067104 Sigma Aldrich #P5405 

#2 NaCl 3.3603 Sigma Aldrich #S5886 

#3 NaHC03 1.134135 Sigma Aldrich #S57 6 l 

#4 MgS04.7H20* 0.12324 Sigma Aldrich #Ml 880 

#5 K2HPOdH20 0.114114 Sigma Aldrich #P5504 

#6 (HOCH2)3CNH2 (Tris) 3.0290 Sigma Aldrich #252859 
,____. 

#7 O. lM HCl** to pH=8 Sigma Aldrich #320331 

#8 CaCh* 0.13874 Sigma Aldrich #C56 

#9 O.lM HCl** to pH=7.4 Sigma Aldrich #320331 

#10 Milli Q water to vol. Up to 500ml 

*indicates that this reagent is dissolved in water prior to addition 

**diluted to O. lM with water, from concentrate before use 

Solutions are made up in 1 litre quantities, 900ml of milliQ water is placed in a 2L 

plastic beaker, and this is then placed on a magnetic stirrer and heated to above 3 7°C. 

Inorganic salts are added one by one in the order shown in table 3.3 below, ensuring 

the last salt has completely dissolved before the addition of the next. 

The final solutions are saturated with respect to calcium carbonate and calcium 

phosphate, and as such great care must be taken in preparing solutions, in order to 

ensure that these compounds do not precipitate during preparation. This could result 

in variations in the final product obtained, as the addition of the calcium chloride and 

calcium carbonate at the same time will cause calcium carbonate to precipitate rather 

than a calcium phosphate phase. It is particularly important to ensure that the 

calcium chloride is the last salt added for this reason, and that all other salts have 

been completely dissolved prior to addition. 
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Table 3.3 Concentrations of Ions in SBF solutions compared to blood plasma 

Ion Mmol lll high Mmol in SBF Mmol In SBF Mmol blood 

C03 SBF +F plasma 

K+ 3.8 5.0 5.0 3.6- 5.55 
Na+ 142.0 142.0 142.0 142.0 
MgL+ 1.0 1.5 1.5 1.0 
HP04L- 1.0 1.0 1.0 1.0 
HC03- 27.0 4.2 4.2 27.0 

er 121.8 147.8 147.8 95.0- 107.0 
S042- 1.0 0.5 0.5 1.0 
Ca2+ 2.5 2.5 2.5 2.5 

F 0.0 0.0 0.01 0.0 

Any solutions which precipitated during preparation were immediately discarded and 

all solutions were left to stand for a minimum of 24 hours to ensure stability. 

After repeated trials of the SBF solution it became apparent that only plastic beakers 

should be used, as any scratches in the glass ware could cause heterogeneous 

nucleation, and thus cause precipitation. The use of plastic ware and following the 

steps outlined generated a reliable method to reproduce stable SBF solutions. 

The use of high carbonate concentrations greatly increased the risk of precipitating 

calcium carbonate out of solution during preparation, or on standing. This is a 

particular concern if the solution is left to cool. Literature also reports that when 

leaving the solution on standing, solutions with a higher carbonate concentration are 

generally less stable due the loss of carbonate as the solution equilibrates with the air. 

This causes a decrease in carbonate in the final solution and a considerable variation 

in the pH due to these changes. 
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A number of additional steps have been put in place in the preparation and storage to 

overcome these problems. In overcoming these problems we have developed a 

solution which more effectively represents the ions in blood plasma, and is more 

suitable for experimental work 

These steps are designed to firstly ensure the carbonate stays at the high 

concentration, and secondly to ensure that calcium carbonate precipitation does not 

occur. 

This includes the order of addition of the constituents and the storage conditions. The 

solution when made up will have a pH of 10, at this pH all the carbonate in the 

solution exists as H2C03. HCl is added to adjust the pH to approximately pH = 8 

before the addition of the CaCb. This is added drop wise with stirring so as to not 

cause the carbonate in solution to be lost as carbon dioxide gas. The reason for 

adjusting the pH to 8 is to keep the pH above the PKa2 of the H2C03. This is because 

pH=8 is between pKa1 and pKa2 of H2C03, below which it will become C032-. The 

final pH adjustments are made after the solution is allowed to equilibrate in 5% C02. 

The pH is reduced so that it is at about 8, or as low as 7 .8 , with slow addition, this 

ensures the ions in solution are HC03 and H+ rather than H20 and C02, 

The solution is then placed in a 5% C02 incubator and the C02 in the incubator will 

then drive the pH down slightly further. This is due to the absorption of C02 in the 

solution and then being converted to HC03 and H+( equation 3 .1) however because 

the pH is already near equilibrium then this is only to a minimum. 

It is also imperative that the solution have the pH altered before the addition of the 

Ca2+ that the acid is added, this is because the high pH means that at a pH of 10.33 

50% of the carbonated added is in the form on C03 and can easily react with the 

calcium. 

By adding the acid, the reaction is driven to the left (equation 3. l ). The desirable pH 

is 7.4 in blood plasma, but the pH is not reduced to this point completely to take into 
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account the fact that the pH will go down further due to absorption of the C02 in the 

incubator. 

At 1 pH unit below the pKa the carbonate will have shifted to 90% HC03 and 10% 

C02, by going at least 2 pH units below the PKa, then the majority is HC03 with a 

small portion as H2C03 and less than 1 % C03. This keeps the pH sufficiently low to 

stop the precipitate occurring with the addition of the calcium chloride, while 

allowing for adjustment with C02 from the incubator. 

The calcium chloride is also dissolved in water before addition, so that it can be 

added more slowly and evenly to the SBF solution. 

Equation 3. l Bicarbonate buffering system 

HzC03 ¢::> H ~ + 
HC03 

HC03- ¢::> H+ + CQ32-

(1) dissolved C02 

(2) carbonic acid 

(3) bicarbonate 

(4) carbonate 

pKa1=6.35 at 25°C 

pKa2=10.33 at 25°C 

The solution is then made up to l OOOml in a volumetric flask, shaken well and placed 

into aliquots in air exchange flasks inside an incubator kept at 3 7°C and at 5% CO 2. 

In addition to adjusting the pH, this also ensures that C02 and HC03 contained in the 

solution do not escape as it would if they were left in the open air. It does not drive 

the equilibrium to allow C02 to escape as in air, but rather will drive the equilibrium 

in the opposing direction, and causes the pH to be reduced further. 

The solutions were monitored over time, both visually looking for the appearance of 

precipitates as well as via pH measurements. This was done to determine the long 

term stability of the solution when stored under these conditions. High carbonate 

solutions were seen to precipitate within 10 days when stored in air. When using the 

method with 5 % C02 at 3 7°C they were found to be stable for up to 12 weeks (table 
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3.4), after which time measurements were ceased. SBF solution was prepared on 6 

separate occasions to ensure consistent long term stability without precipitation. All 

solutions were within the desired pH range of 7 .30- 7.40 at 12 weeks. 

Table 3 .4 shows the measurements obtained for a single solution over a 12 week 

period. 

Table 3.4 pH readings of high carbonate SBF with storage at 37 °C and 5% C02 

Time pH SBF solution 

Initial 7.94 

Incubator/ Adjustment 7.78/7.40 

2 Days 7.43 
·-

1 week 7.38 

2 weeks 7.32 

6 weeks 7.32 

12 weeks 7.30 

Precipitates are produced for analysis by placing solutions in a glass beaker, on a 

magnetic stirrer heated to approximately 3 7 degrees, and scratching the beaker with a 

glass rod, until a fine precipitate starts to form. Solutions are then left at room 

temperature for 24 hours and filtered using a Buchner funnel. Precipitates are 

characterised using FTIR and XRD 

Production of mineral from alternate calcified solutions 

The simulated body fluid solutions also contain high concentrations of ions which we 

are not attempting to use to aid bone formation, such as the sodium and potassium. 

These may provide the environment for an apatite with a structure closer to that 

found in bone, being highly substituted, and as such having a low crystallinity. And 
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so the SBF solutions will be compared to samples in which only the ions of interest 

are used to prepare the solutions. 

Three solutions are produced with only the ions of interest; firstly a CaCb solution 

was used, this will not form precipitates in solution so will allow the mechanism by 

which mineralisation in the liposomes is occurring to be better understood. Secondly 

a solution of CaCh plus NaC03 to examine if the carbonate plays a role in the 

formation, and thirdly a solution of CaCb plus KHP04 and MgS04, to explore 

selective substitutions of ions, and determine whether carbonate is essential for 

mineralisation in the liposome. Solutions are produced by mixing to the 

concentrations shown in table 3.5. 

Table 3.5 Ion concentrations (mmol) in solutions used. 
Ion CaC(z, NaC03 CaCii solution CaClz, KHP04, MgS04 SBF Blood plasma 

solution solution 

K+ 0.0 0.0 6.0 3.8 3.6 - 5.55 
Na+ 27.0 0.0 0.0 142.0 142.0 
Mg2+ 0.0 0.0 l.O l.O l.O 
HPO/ 0.0 0.0 l.O l.O 1.0 

·-
HC03- 27.0 0.0 0.0 27.0 27.0 
c1- 2.5 2.5 2.5 12 l.8 95.0 - 107.0 
so42- 0.0 0 .0 1.0 l.O 1.0 
Ca2+ 2.5 2.5 2.5 2.5 2.5 

Precipitates are produced for analysis by plac ing solutions in a glass beaker, on a 

magnetic stirrer heated to approximately 37°C, and scratching the beaker with a glass 

rod, until a fine precipitate starts to form. Solutions are then left at room temperature 

for 24 hours and filtered using a Buchner funnel. Precipitates are characterised using 

Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD) 
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Calcium phosphate mineral production 
A variety of processes are available for the production of calcium phosphate mineral, 

particularly Hap , the idealised component of bone. These are shown in table 3.6. 

Table 3.6 Different processes available for the production of Hap [2] 

Process 

Hydrolysis 

Hydrothermal 
Synthesis 

hydrothermal 

reactants 

Ca9(P04)6H(OH) 
Ca(P04)zO 
CasH2(P04)z5H20 

CaHP04, HP04 and CaHP04, 2H20 
Ca(CH3C00)2H20 and (C2H50 3)PO 

Ca(N03)z and (NH4)zHP04 
Ca2P207 and Cao 

exchange CaC03 and (NH4)2HP04 with 

solid process HzO Bovine Bone 

sol- gel Ca(OC2Hsh and P(OC2Hsh 
Ca(CH3CH2C00)2 and P(0Et)3 

spray pyrolysis Ca(N03)z and (NH4)zHP04 
Ca(N03)z and H3P04 in 
MeOH20-

wet ch em istry 

natural 
coralline 

HN03 

CaCl26H20 and (NH4)zHP04 
CaCl2 and NaHP04 
Ca(OH)z and H3P04 
Ca(N03)z and(N03)zNaHP04 

Ca(P04)2 and H20 
CaO(or Ca(OH)z) and CaHP042H20 
CaHP04.2H20 CaC03 
Ca(CH3COO)z and (C2H50 3)PO 
CaHP04 and Ca4(P04)zO 
CaCl2 and H3P04 
Ca(N03)2 and (NH4)zP04 
Ca(N03)z4H20 and (NH4)zHP04 

(hydrothermal) Coral exoskeleton (Porites 
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The structure produced may be varied depending on the method used, with crystals 

being platelike, spherical or needle like. When a wet method is employed the rate at 

which a phosphate containing solution is added to the calcium solution can also 

determine the size of the apatite crystals which are formed [3]. 

Two calcium phosphate materials are produced in this study and are used to examine 

the effectiveness of the liposomes to encapsulate pre-formed mineral. 

Figure 3.2 Synthesis setup for the preparation of hydroxyapatite 

Hydroxyapatite (Hap) is produced, which is an idealised component of inorganic 

bone. Secondly dicalcium phosphate dihydrate (DCPD) is produced which is a more 

soluble calcium phosphate and is formed at a slightly lower pH. The lower pH is 

more similar to the environment at the bone remodelling surface. DCPD is also 

debated as one of the precursor phases in bone along with ACP [ 4]. 

HAp is prepared by precipitation method consisting of drop wise addition of 250ml 

of 0 .05M calcium acetate (Ca(Ac)2) (Fisher Scientific #AC2ll05-0010) solution, 

using a dropper funnel to 750ml stirring solution containing 1 OOml 0.1 M sodium 
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phosphate (molar ration Na2HP04/NaH2P04 = 1: 1) (Fisher Scientific #S4 72 and # 

AC27l75-0010 respectively) and 650ml of distilled water (Figure 3.2). The solution 

is then stirred for 3 hours at 100°C, using a hotplate magnetic stirrer (Corning PC-

35 l ), and precipitates are washed with Milli Q water and dried in the oven for 2 days 

[5]. 

DCPD is precipitated by drop wise addition of 250ml of 0.04M calcium acetate 

solution from a dropper funnel to 7 50ml of stirring solution containing 1 OOml of 

0.1 M sodium phosphate (NaH2P04) and 650ml of distilled water adjusted to pH=6 

by NaOH (Fisher Scientific #AC3802 l). The solution is stirred for 3 hours at room 

temperature, using a hot plate magnetic stirrer (Corning PC-351 ). Then the 

precipitates are filtered and washed with Milli Q water and dried in the oven at 37°C 

for 2 days [5]. Precipitates were then characterised by FTIR and XRD. 
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3.3 Methods of Mineral Characterisation 

Fourier transform infrared spectroscopy (FTIR) 

Background to Fourier transform infrared spectroscopy 

Infrared spectroscopy is a technique which uses infrared radiation to probe the 

functional groups in a molecule. Infrared radiation generally ranges from 0.78 µm to 

1000 µm [6]. When the molecules present in the sample are subject to radiation 

which matches the frequency of vibrational motion in the molecule, absorption of 

energy is observed [7]. The spectra obtained are characteristic of the functional 

groups present in the molecule, as each functional group will experience vibrations at 

different wavelengths. There are a number of types of vibrations which can occur; 

these are either due to stretching or bending. The frequency of a molecular vibration 

has been described as comparable to a model of two bodies attached by a spring. It is 

described using equation 3.2 [6]. 

l 
U = -

2TT 
equation 3 .2 

Where v is the vibrational frequency, m 1 and m1 are the masses connected by a 

spring, and k is the force constant. 

Note that all vibrations are not infrared active, consequently not all theoretical 

absorption bands will appear in an IR spectrum. The number of bands which will 

appear in the IR spectrum can be determined based on the predicted changes which 

occur in the molecule following application of possible symmetry operations [8]. 

Movement is defined along the three Cartesian axes and for a given molecule the 

number of possible vibrations will be 3n - 6 (or 3n - 5 for a linear molecule), where 

n is the number of atoms in the molecule and the six relates to three rotational and 

three translational degrees of freedom. Of the remaining vibrations, those which are 

IR active have a movement which causes a change in the dipole moment [6]. 
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FTIR experimental parameters 

FTIR analyses were conducted at the University of Technology Sydney usmg a 

Nicolet Magna IRE 760 spectrophotometer. Measurements were obtained using 

diffuse powder reflectance, set in Kubeika-Munk mode of analysis. The reference 

material was KBr, with the resolution of 4cm-l and a total of 256 scans per sample. 

All analyses were conducted using OMNIC software. 

X-ray Diffraction analysis (XRD) 

Background to x-ray diffraction 
X-ray diffraction is a technique which is used to examine the structure of matter, 

g1vmg insight into information about the crystal structures. The x-rays cover the 

region in the electromagnetic spectrum from O. l A to l 00 A although the most 

commonly used range is O. l A to 10 A [9]. 

Although a variety of sources are available for the generation of x-rays the most 

common is the hot cathode or Coolidge tube. This tube contains a tungsten filament 

from which thermal electrons undergo acceleration due to a high voltage, onto the 

target. This target is water cooled. As collision with the target takes place, radiation 

of the x-rays from the target occurs. In this process the amount of kinetic energy 

which has been converted to x-ray energy, is only about 0.3% with the remainder 

undergoing conversion to heat [ 1 O]. 

When the x-rays come in contact with a solid they are diffracted by the electrons 

which surround an atom (Figure 3.4). Scattered x-rays produce a diffraction pattern 

which is characteristic of the crystal lattice. The relationship between the wavelength 

of the incident radiation and the diffraction is described by the Bragg equation 

(equation 3.3). 

nA = 2dsin8 equation 3 .3 

Where n is an integer, A is the wavelength of the x-ray, 8 is the angle of incidence 

and d is the interplane spacing [ l l]. 
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Figure 3.3 Diffraction from crystal planes. Modified from [9] 

XRD Experimental Parameters 

XRD analyses were conducted at the University of Technology, Sydney and 

performed on a Siemens 05000, using Cu Ka radiation and a graphite filter with the 

conditions of 40kV, 30mA. The range of 5 - 80° 28 was scanned using a step size of 

0 .02 degrees at a rate of 3 seconds per step. All peaks were stripped of the 

contribution of Ka2 before performing analysis. 
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3.4 Mineral Characterisation 

The FTIR spectrum of the mineral obtained from SBF solutions (figure 3.4a-c) show 

that the precipitates forming are likely to be a calcium phosphate, possibly 

amorphous calcium phosphate or apatite., this is seen by the bands at 1034 cm- 1 and 

1057 cm-1
, which are attributed to the vibration of the PO 34- ion, the solutions appear 

to contain very little carbonate substitution, this is also seen in the precipitate which 

is produced from the high carbonate solution in figure 3 .4b. The carbonate bands 

appear at around 1200cm-1 and are absent in all three SBF precipitates. 
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Figure 3.4 FTIR spectrum of mineral produced from a) low carbonate, b) high carbonate SBF 
c) SBF with Flouride 

The band which appears at 1100-1000 cm- 1 is seen as a broad unresolved peak in the 

SBF samples. This is due to the low crystalinity of these samples, this can be either 

due to the crystallite size (i.e. it is nano-crystalline) or due to impurities. The 

carbonate is usually a major impurity in biogenic apatite samples and the lack of this 

substitution is seen by the absence of the carbonate bands. These bands are observed 

at 873 cm- 1
, 1417 cm- 1

, and 1475 cm- 1
• 
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These bands are also indicative of the type of substitution which can occur if apatite 

has been formed. There are two environments in which carbonate substitution can 

occur, the first termed type A is a substitution for the Off ion, the second, type B is 

as a substitution for the PO!- ion [4]. The position of the carbonate bands in the 

spectrum will vary depending on whether a type A or B substitution has occurred. 

The B type is expected to exhibit bands at 873, 1420 and 1460 cm-1
, and type A at 

875, 1460 and 1550 cm- 1 [12]. It is widely thought that in carbonated hydroxyapatite, 

the carbonate is substituting for the P0 3
4- ion, rather than the Off ([[4], [13], [12]). 

Common substitutions which can occur in the structure of apatite and produce 

notable changes in the FTIR spectrum are F- or er for Off to form fluroapatite, or 

chlor-apatite. Increasingly these can occur naturally in regions with fluoridated and 

chlorinated water supplies. These substitutions would cause the formation of an 

additional band in the FTIR spectrum which would appear as a shoulder at 575 cm- 1
• 

The poor resolution of the peaks due to the low crystalinity of the SBF samples, does 

not allow us to determine with certainty whether the fluoride substitution has 

occurred with the addition of fluoride into the SBF solution. However a comparison 

of the SBF with fluoride spectrum (figure 3 .4c) with that of the SBF with no fluoride 

(figure 3.4a) does show a shift in the peaks in the region, indicating that it is likely. 

The mineral produced from SBF solutions further resembles that of biogenic samples 

which show a broad band due to the adsorbed water at around 3700 - 3500 cm- 1
• In 

contrast the HAp showed a sharp band at 3572 cm- 1(figure 3.5a), due to the vibration 

of the Off groups in the crystal lattice. As most of the water in the biogenic apatites 

is loosely bound it is expected that a substantial water loss will be seen on heating. 
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Figure 3.5 FTIR spectrum of a) Hydroxyapatite b) Dicalcium phosphate dihydrate c)calcium 

carbonate; produced by precipitation method 

The low crystallinity (a reflection of crystallite size and internal strain) of SBF 

mineral compared with synthetic HAp may be inferred from splitting of the PQ 3
-

bands appearing between 1100- 1000 cm- 1 and at 600- 550 cm-1
• As observed in the 

Hap figure 3.5a, a more crystalline sample will produce an increased resolution of 

the sets of the bands that appear due to the v3 and V4 vibrations observed between 

600- 550 cm- 1 [3]. The spectrum for the dicalcium phosphate dehydrate sample 

(figure 3.5b) shows the bands characteristic of the phosphate and OH groups present. 

Large sharp bands are present at 3543 cm- 1 and 3159 cm- 1 due to the waters of 

crystallisation. If the water is absorbed water not bound in the structure these bands 

would not appear but rather a large broad band over the 3000 cm- 1 region would 

appear as in the SBF samples (figures 3.4a-c). These bands in the 3000 cm- 1 region 
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would be absent in Monetite, the anhydrous form of dicalcium phosphate dehydrate, 

with a structure of CaHP04 [ 14]. 

This spectrum also shows phosphate bands due to the vibrations of HP04 and P04 

groups present at 1128 cm- 1
, 1059 cm-' 985cm-1 as wells as a number of bands from 

900 - 500 cm- 1
• These bands are affected by the waters of crystallisation, and would 

not be well resolved if the material is anhydrous. 

The final spectrum is characteristic of calcium carbonate (figure 3.5c) and shows the 

broad water band at 3000 cm- 1 as well as the carbonate at around 1400 cm- 1 and 800 

Calcium chloride is highly soluble, and as such does not precipitate from solution. 

Dried crystal s will also not appear in an FTIR spectrum, as FTIR shows only the 

presence of functional groups, and do not the presence of ionic compounds. The 

assignments of bands in the spectrum are show in table 3.7 

Table 3.7 Assignment of IR vibrational bands to functional groups 

Frequency functional group vibrational mode Reference 

3700-3500 adsorbed water OH stretching [3] 
1652 Amide I [15] 
1546 Amide II [15] 
1461 Carbonate [15] 
1461 Organics C-H stretch (weak) & COO stretch [15] 
1417 Carbonate V3C032- [15] 
1417 COO- vCOO- [15] 
1237 Amide Ill [15] 
1030 -
1040 Phosphate V3 PO}- [15],[16] ,[3] 
967 Phosphate v1 Pot [15], [16] 
960 Phosphate v3 Pot [3], [16] 
870 Carbonate v2 co}" [15], [16] 
604 Phosphate 3-V4 P04 [16] 
564 Phosphate v4 Pot [3],[16],[15] 

In synthetic apatites, FTIR data can be used to generate a crystallinity index based on 

the measurement of the resolution of the band due to the PO!- vibration. The poor 
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crystallinity of biogenic apatites generates a spectrum with broad peaks; as such the 

data has inadequate resolution to generate a crystallinity index. 

Although the FTIR spectrum confirmed that the samples were calcium phosphates 

and calcium carbonate, there may still be multiple phases present. The X-ray data 

enables us to show the type of calcium phosphate which is forming. There is some 

difficulty however using this for low crystalline or amorphous material gives a high 

background, and does not allow accurate determination. This technique will also 

show if salts are being trapped. These would not show up in a FTIR spectrum, but 

due to the high crystallinity, any sodium or potassium chloride of magnesium salt 

will show up in the diffraction patterns. 
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Figure 3.6 X-ray diffraction pattern of mineral obtained from a) low carbonate SBF solution 
with JCPDS sodium chloride reference pattern 00-0050628 b) high carbonate SBF solution with 
JCPDS sodium chloride reference pattern 00-005-0628 c) low carbonate SBF solution containing 
fluoride with JCPDS sodium chloride reference pattern 00-005-0628 
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Examination of the three diffraction patterns obtained from the SBF solutions 

(figures 3.10-3.12) SBF, high carbonate SBF and SBF + F respectively show that the 

calcium phosphate determined present via FTIR has extremely low crystallinity, and 

is either amorphous, or has nano crystallinity, and could not be identified from these 

diffraction patterns as no peaks could be attributed. The shape does however 

resemble that on the amorphous structure which is found either in nanocrystalline 

apatites, or in amorphous calcium phosphate. However which of these calcium 

phosphate phases are present in what proportion could not be identified with 

certainty. 

Results of all three SBF precipitates produced showed that small quantities of 

sodium chloride were present; it has a highly crystalline cubic structure, and as such 

is responsible for the 5 sharp peaks present, as shown by the reference pattern in 

green. 

The three samples produced by the precipitation method could be clearly identified, 

as Hydroxyapatite (figure 3 .13 ), dicalcium phosphate dehydrate (figure 3 .14 ), and 

calcium carbonate (figure 3.15) respectively. 

Peak broadening and mmor changes in lattice parameters suggest a reduced 

crystallinity, probably due to small crystallite size. A small amount of a secondary 

phase was present in the hydroxyapatite sample. The peaks due to this secondary 

phase are indicated with arrows in figure 3.14. 
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Figure 3.7 X-ray diffraction pattern hydroxyapatite with JCPDS hydroxyapatite reference 
pattern 00-009-0432 
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Figure 3.8 X-ray diffraction pattern of Hydroxyapatite with JCPDS calcium hydrogen 
phosphate hydrate reference pattern 00-026-1056 
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The secondary phase is identified as calcium hydrogen phosphate hydrate. Given the 

small size of the peaks and the long scan time used to obtain the diffraction pattern, it 

is believed that only a negligible amount of calcium hydrogen phosphate hydrate is 

present. 

The DCPD (brushite) and CaC03 show extremely crystalline material, which can be 

seen by the sharp peaks in the diffraction pattern (figures 3.15 , and 3.16 

respectively). The high crystallinity gi ves very little peak broadening. 
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Figure 3.9 X-ray diffraction pattern of dicalcium phosphate dihydrate with JCPDS dicalcium 
phosphate dihydrate (Brushite) reference pattern 01-072-0713 
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Figure 3.10 X-ray diffraction pattern of calcium carbonate with JCPDS calcium carbonate 
reference pattern 00-005-0586 

Other calc ium phosphate phases which could form during sample preparation 

including any precursor phases are listed in table 3 .8 which also shows the most 

intense peaks for these minerals. 

Table 3.8 Calcium phosphate compounds and major identifying x-ray diffraction peaks (20) and 
expected relative intensities (I) values taken from JCPDS [17] 

peak peak peak 
Compound position I position I position I 

octacalcium phosphate* 38.610 100 19.891 80 20.786 70 
A-tricalcium phosphate 30.71 100 12.101 39 24.105 33 
B- tricalcium phosphate (whitlockite) 31.027 100 27.769 55 34.372 65 
brushite (dicalcium phosphate 
dihydrate) 11.604 100 23.391 30 - -
monocalcium phosphate or 
monocalcium phosphate anhydrous 24.502 100 24.64 90 42.801 35 
monocalcium phosphate 
monohydrate 22.902 100 24.098 90 7.55 75 

The absence of these peaks in the diffraction patterns obtained for the samples 

indicates that these related phases were not present in the samples which were 

synthesised. 
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3.5 Summary of Chapter Findings 

The SBF solution was successfully modified to be more similar to the concentrations 

of ions found in blood plasma, including producing a stable SBF solution with a high 

carbonate concentration. The precipitates formed from SBF solutions were 

amorphous or nano crystalline calcium phosphates, with the high carbonate SBF 

solution producing a precipitate with higher carbonate content, however a significant 

amount of sodium chloride was also found to be present in the SBF samples. The 

calcium chloride plus sodium carbonate solution produced calcium carbonate as 

expected. In addition hydroxyapatite and dicalcium phosphate dehydrate have been 

successfully synthesised for use in subsequent chapters. 
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Chapter 4 
Liposome and Functional group production and Characterisation 

4.1 Introduction 

As previously discussed in Chapter 2, liposomes are spherical particles in an aqueous 

medium formed by a lipid bilayer enclosing an aqueous compartment. In the current 

study, the potential use of liposomes as a delivery vesicle for the calcium mineral 

produced in Chapter 3 is explored. The encapsulation will occur by allowing the 

calcium to bind to the lipid phosphate layer and become encapsulated as the 

liposome forms. 

Subsequent targeting of the liposomes is important to enable the calcium to reach the 

bone, limiting the possibility of pathological calcifications occurring elsewhere, such 

as kidney stones, or calcified arteries, which can be associated with high doses of 

calcium. The liposomes were therefore functionalised using protocols based on work 

by Sou et al [ l] who have demonstrated that inclusion of l ,2 distearoyl-sn-glycero-3-

phospho-ethanolamine-N-[ monomethoxy poly( ethylene glycol) 5000 (PEG-DSPE) 

and l ,5 dipalmmitoyl-L-glutamate-N-succinic acid, cause the liposomes to be 

preferentially taken up by bone marrow macrophages in rabbits, with very little 

remaining in the blood, liver or kidneys. 

The production and characterisation of mineralised and functionalised liposomes is 

explored in this chapter, as shown in figure 4.1. The nature of the mineral contained 

within the liposome, and modification of the mineral will be explored in detail in 

chapter 5. 
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Synthesis of Functional Groups Intermediate 
via Esteriftcatlon reaction 

laeerporation or r.aedonal 
IJ'Olllll Into lpo1omes 

Figure 4.1 Outline of production steps in red and characterisation of liposomes 
shown in yellow 
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4.1.Preparation of Liposomes 

Liposomes are made usmg L-a-phosphatidycholine (PC) and cholesterol, both 

obtained from Sigma-Aldrich (#61755 and #C3045 respectively). PC 1s a 

phospholipid, its structure is shown in figure 4.2 with a polar head and non polar tail. 

Cholesterol is used to strengthen the membrane of the liposomes, and reduce the 

possible rupturing of the liposomes during processing and storage. 

C> 

- ------------------------------------------
C> o . /? ' -

c:{-0 ' C> ------ 2i ' 
C> 

Figure 4.2 Structure of Phosphatidycholine [21 

The structure containing a polar head and non polar tail allows the liposome to form 

spontaneously in an aqueous medium, as the non polar tails are hydrophobic and will 

group together rather than maintain contact with the aqueous medium; the formation 

of layers can also occur leading to a multilamellar liposome formation. As shown 

below in figure 4.3. 

Figure 4.3 Mulitlammelar liposomes with hydrophobic tails grouping together, and polar heads 

in contact with aqueous solution [3] . 

1 OOmg of PC, and l Omg of cholesterol are dissolved in 900µ1, and 100µ1 of 

chloroform (Sigma Aldrich #2883 06) respectively, then subsequently mixed. 200µ1 

aliquots areplaced into test tubes. Each test tube is dried down using nitrogen gas 
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while slowly rotating the test tube so a thin film around the bottom 2 cm of the test 

tube is created. The tubes are then placed in vacuum desiccators for at least six hours. 

At this stage the tubes can be covered with parafilm and stored in the refrigerator for 

up to one week. 

The liposomes are then re-hydrated using 200µ1 of calcified buffers, prepared as 

described in Chapter 3. Two to three glass beads with a 1-2 mm diameter are placed 

in each test tube, and tubes are vortexed before being placed in the ultra-sonicator for 

five minutes. This ultrasonication time can be increased to generate a structure with 

more layers. A second set of samples are ultrasonicated for 10 minutes, to increase 

the number of lamellaes of the liposomes. 

We initially investigated the production of both unilamellar and multilamellar 

liposomes, to determine the optimal conditions for delivering the mineral to the bone. 

The produced liposomes needed to be visualised in order to determine if either 

method produced a greater amount of mineralisation. It was also important to 

determine if mineralisation occurred preferentially in the aqueous centre of the 

liposomes, between layers of a multilamellar liposome or around the outer surface of 

the liposome. 

Characterisation of the liposomes is carried out usmg transmission electron 

microscopy (TEM). The exact nature of the mineralisation will be discussed and 

characterised in detail in chapter 5. Characterisation of the functional groups was 

then carried out using FTIR and Nuclear magnetic Resonance Spectroscopy (NMR). 
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4.2.Methods of Characterisation 

Transmission Electron Microscopy (TEM) 

Background to TEM 

Transmission electron microscopy (TEM) is an imaging technique where a beam of 

electrons is focused onto a sample allowing an image to be produced. The 

transmission electron microscope operates on the same basic principles as the light 

microscope but uses electrons instead of light. 

If a solid is crystalline, the electrons are diffracted by atomic planes in the material 

similar to the case of X-rays. It is therefore possible to form a transmission electron 

diffraction pattern through a thin specimen, it was realised that if the transmitted 

electrons could be focused, their short wavelength would allow the specimen to be 

imaged with a much better resolution than is possible with the light microscope[ 4 ]. 

The focussing of Electrons relies on the fact that in addition to the wave like 

character that electrons possess, they will behave as a negatively charged particle and 

therefore can be deflected by electric or magnetic fields [ 4 ]. 

In TEM the electrons penetrate the thin specimen and are then imaged by appropriate 

lenses. The intensity of the Electron diffraction across the thin section, which is 

called diffraction contrast, is made use of to image defects such as dislocations or 

secondary phase particles [5]. 

TEM experimental procedure 

The liposomes were concentrated by spinning in a centrifuge (Eppendorf centrifuge 

minispin) at 2000 rpm for 5 minutes. 250-500 µl of concentrated liposomes to cold 

EM fixative (2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4, 

supplied by Dr Murray Killingsworth, Liverpool Hospital, Sydney), was added to a 

glass specimen bottle, and samples were left in the refrigerator at +4°C for at least 1 

hour. 
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Samples were then transferred to a centrifuge tube and spun at 2000-3000 rpm for 5 

minutes. Supernatant (top 90% of fluid) is removed by pipette. 

Subsequent processing was conducted at Liverpool Hospital, NSW, Australia. By the 

Department of Anatomical Pathology using the following method ; 

Liposomes were resuspended in the same volume of EM buffer (0.1 M sodium 

cacodylate buffer pH 7.4) and left for I hour. After which they were spun at 2000-

3 000 rpm for 5 minutes. 

Resuspension was repeated in the same volume of EM buffer and left for 30 minutes 

prior to spinning at 2000-3000 rpm for 5 minutes. Supernatant was then pipetted off. 

The third resuspension was with 10% BSA (bovine serum albumin) using a vortex or 

pointed wooden stick and samples were left for 15 minutes. Note: 30% BSA stock 

solution must be diluted 1 part in 3 with distilled water for this step, followed by 

centrifugation at 1500-2000 rpm for 15 minutes, and removal of supernatant. 

The supernatant was replaced with cold EM fixative taking care not to disturb the 

liposomes at the bottom of the tube, and left at +4°C overnight for BSA to 

polymerise. 

The EM fixative is poured off and blocks dissected to be sized 1.0 mm3 from the 

pellet at the bottom of the tube. The pellet is then transferred to EM buffer. 

The sections of the liposomes were then processed routinely as for a normal tissue 

block [6]. Block stain with 2% osmium tetroxide for 4 hours, a rinse in 1 % sodium 

acetate, block stain with 2% uranyl acetate for I hour, dehydrated through graded 

alcohols and acetone, infiltrate with Spurr low viscosity resin and polymerise at 70 

°C for 15 hours. 

Semi-thin sections (500 nm) are cut from the block and stained with methylene blue 

2% with borax 1 % to check for presence of liposomes by light microscopy. 

Ultrathin sections were cut at 120 nm from areas containing liposomes. 

Ultrathin sections were viewed in FEI Morgagni 2680 transmission electron 

microscope (Eindhoven, The Netherlands) at 80 kV. Acquire digital images with 

integrated Mega View III CCD camera (0 lympus Soft Imaging Solutions Gmbh, 
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Munster, Germany) and sharpen images using Photoshop v4.0 unsharp mask filtering 

(Adobe Systems Incorporated, U.S.A.). 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

Background to Nuclear Magnetic Resonance Spectroscopy (NMR) 

Nuclear magnetic resonance is a phenomenon which occurs when the nuclei of 

certain atoms are immersed in a static magnetic field and exposed to a second 

oscillating magnetic field [7]. 

Spectroscopy is the study of the interaction of electromagnetic radiation with matter. 

NMR spectroscopy is used by chemists to study chemical structure using simple one-

dimensional techniques. Two-dimensional techniques are used to determine the 

structure of more complicated molecules. 

Many common atoms found in matter, such as the hydrogen atom, will resonate, or 

absorb energy at a specific radio wave frequency , when placed in a strong magnetic 

field [7]. 

Resonance happens because the nuclei of these atoms have weak magnetic 

properties, referred to as "spin". In a strong magnetic field, the spins of these nuclei 

tend to align in two or more possible energy states, with or against the direction of 

the magnetic field [8]. 

The frequency of radio waves required to produce resonance depends upon the way 

the atoms are connected together and their relative positions in space. 

Each atom in a molecule resonates at a slightly different frequency based on the 

other elements around it. Stronger magnetic fields lead to richer, more detailed 

information content and increased sensitivity, allowing the detection and 

characterization of smaller amounts of material. 
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The sample is placed in a slender glass tube with approximately 5cm of solvent and 

lowered into the bore, at the centre of the magnet. The sample tube is spun with an 

air jet, to produce a more uniform sample for scanning. 

The NMR console triggers split-second bursts of energy that are sequenced to excite 

the sample in the probe and cause the atomic nuclei to resonate. These energy pulses 

are then sent to the NMR probe. The superconducting magnet provides a strong, 

homogenous magnetic field that can be as much as 200,000 times stronger than the 

earth's magnetic field. 

The magnetics in the nuclei line up with the NMR magnet. The RF pulses from the 

NMR console excite the atoms in the sample, making the nuclei resonate. As soon as 

the RF signal stops, the nuclei return to their natural and more comfortable state. As 

the nuclei relax, the NMR probe receives a very weak RF resonance response back 

from the sample and transmits it to the NMR console for amplification [8]. 

The NMR console amplifies the returning signals over 1,000,000 times. A unique 

spectrum is obtained for the sample, showing the atomic structure of each molecule. 
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4.3. Characterisation of Liposomes 

The first sample produced contains liposomes which have been prepared in the SBF 

solution, using a 3 minute ultrasonication time. The TEM image obtained is shown in 

figure 4.4, and shows the unilamellar liposomes which have formed. 

Figure 4.4 TEM image of unilamellar liposomes with mineralised portions indicated by green 

arrows. Viewed in FEI Morgagni 268D transmission electron microscope (Eindhoven, The 

Netherlands) at 80 kV, and digital images acquired using an integrated MegaView Ill CCD 

camera 

Some small dark spots are seen, indicated by the green arrows, and are due to a 

compound with a high electron density, indicating that mineralisation has occurred, 

and as such are thought to be the calcium deposits. These will be examined in 

chapter 5. However these do not seem to be attached or associated with the 

liposomes, but it seems instead that the mineral has been incidentally incorporated. 

Four samples were produced using this method and multiple slices are examined, and 

similar results are seen with little or no mineralisation occurring inside the 

unilamellar liposomes. 
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Figure 4.5 TEM image of Unilamellar liposomes with some multilamellar samples beginning to 

form and shown with red arrows. Viewed in FEI Morgagni 268D transmission electron 

microscope (Eindhoven, The Netherlands) at 80 kV, and digital images acquired using an 

integrated MegaView Ill CCD camera. 

It was noticed however that small multilamellar liposomes had begun to form and 

these appeared to be associated with small amounts of mineralisation. This is shown 

in figure 4.5 indicated by the red arrows. 

Following this finding, four additional samples were produced in SBF solution with 

the ultrasonication time increased to l 0 minutes. The increased ultrasonication time 

will cause more of the lipid chains to join forming into liposomes, as the ends of the 

lipid chains come into contact. This should increase the number of liposomes 

forming as well as generate liposomes in which layers form outside of the liposomes 

already formed. As seen in figures 4.6 and 4.7, the samples now contain a mixture of 

multilamellar and unilamellar liposomes. Unilamellar liposomes in the image are 

highlighted by green arrows and multilamellar liposomes in red. 
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Figure 4.6 TEM image of a mix of multilamellar and unilamellar liposomes produced in a 

calcifying buffer. Unilamellar liposomes shown by green arrows and multilamellar liposomes in 

red. Viewed in FEI Morgagni 2680 TEM (Eindhoven, The Netherlands) at 80 kV, and digital 

images acquired using an integrated MegaView III CCO camera 

Figure 4.7 TEM image of a mix of multilamellar and unilamellar liposomes produced in a 

calcifying buffer. Viewed in FEI Morgagni 2680 TEM (Eindhoven, The Netherlands) at 80 kV, 

and digital images acquired using an integrated Mega View III CCO camera 
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The unilamellar liposomes indicated by the green arrows, do not show any 

mineralisation occurring, which would appear as dark black spots, in the TEM 

images. This is clearly seen in close-up images, where a unilamellar liposome is 

shown in Figure 4.8 without any mineralisation occurring. However the rings of the 

multilamellar liposomes appear darkened. Figure 4.9 and figure 4.10 showing 

multilamellar liposomes, clearly show significant mineralisation occurring. These 

dark rings indicate that mineral may be trapped between the la ye rs, or the mineral 

builds up as the layers form. This is likely due to the high charge density. 

Figure 4.8 TEM image of a unilamellar liposome produced in a calcyfying buffer. viewed in FEI 

Morgagni 2680 TEM (Eindhoven, The Netherlands) at 80 kV, and digital images acquired using 

an integrated Mega View III CCD camera 

The positive charge of the calcium ions in solution would be attracted to the cluster 

of negatively charged phosphate groups. As the positive charge builds up on the 

surface this process would repeat. Electrostatic interactions would cause a mineral 

build up. 

The hard/soft acid base theory indicates that the calcium in solution would 

preferentially bind to the phosphate although many other positively charged ions are 

present[9]. This would suggest that although the sodium, magnesium and potassium 
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are all also present, and may substitute into the structure, the bulk of the mineral 

build up should be calcium 

The following image shows where dense areas of mineral are present approximately 

500nm in diameter. The following image also shows multilamellar liposomes at a 

higher magnification, clearly demonstrating the small pockets of mineralisation 

trapped in between the liposome layers. 

Figure 4.9 TEM image of multinlamellar liposomes in a calcyfying buffer. viewed in FEI 

Morgagni 268D transmission electron microscope (Eindhoven, The Netherlands) at 80 kV, and 

digital images acquired using an integrated MegaView III CCD camera. 

92 



'){'/)Jot ------

Figure 4.10 TEM image of multilamellar lipsomes in a calcifying buffer. viewed in FEI 

Morgagni 2680 transmission electron microscope (Eindhoven, The Netherlands) at 80 kV, and 

digital images acquired using an integrated MegaView Ill CCD camera 
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4.4. Functional group production method 

1,2 distearoyl-sn-glycero-3-phospho-ethanolamine-N-[ monomethoxy poly( ethylene 

glycol) 5000 (PEG-DSPE) is obtained from Auspep PTY LTD. 1,5 Dipalmmitoyl-L-

glutamate-N-succinic acid (LGSA) was synthesised at the University of Technology 

Sydney using, hexadecyl alcohol (Sigma Aldrich # 258741 ), L-glutamate Sigma 

Aldrich #G84 l 5), succinic anhydride (Sigma Aldrich #239690), p-toluenesulfonic 

acid monohydrate (Sigma Aldrich #402885) and benzene solvent, obtained from 

Sigma. The method was as follows. 

Esterification reaction of L-glutamate and hexadecyl alcohol, is conducted by 

refluxing for 4 hours, in the presence of p-toluenesulfonic acid monohydrate catalyst 

and using 50ml of Benzene solvent. 

The reflux is carried out in a round bottomed flask over an oil bath at less than 100 

degrees C, with magnetic stirring using a condenser and a dean-strark trap to remove 

water. As a by-product of the reaction, the water must be removed so that its 

presence does not drive the reaction in the reverse direction. 

After refluxing, the material was dried using a rotor vapour, and recrystalisation was 

conducted using methanol. The solution was heated to 50 degrees C and left to 

recrystallise at room temperature. The solid, compound 1, was filtered using a 

buchner funnel and left to air dry in the fume hood. 

This intermediate step was characterised using nuclear magnetic resonance 

spectroscopy (NMR) before proceeding, [1 O] and compared to the starting materials. 

A 
Carboxylate anion 

SA 

Figure 4.11 The structure of compound I. 1-glutamic acid, N-(3-carboxy-l-oxop ropyl)-, 1,5-

dihexadecyl ester [IOJ 
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The chemical structure of compound 1 is l-glutamic acid, N-(3-carboxy-l-

oxopropyl)-, and 1,5-dihexadecyl ester as shown in figure 4.11. The carboxylate 

group circled in red in figure 4.1 l, is the functional group on molecule which will 

react with the succanic anhydride (SA) in the following step. 

4.5. Functional group characterisation 

Compounds 1 and 2 are dissolved in CDCh, and placed in the spectrometer. The 

starting materials L-glutarnine and Hexadecyl alcohol shown in figure 4.12 and 4.13 

and are these compounds are analysed to be used as a comparison to the intermediate 

and final products obtained. Figure 4.12 shows the structure of the L-glutamine [ 11] . 

Figure 4.12 The structure of L-glutamine, the four Hydrogen environments that appear in the 

NMR spectrum are numbered 

Figure 4.13 The structure of hexadecyl alcohol, the four Hydrogen environments that appear in 

the NMR spectrum are numbered 

Each hydrogen environment present in the molecule will appear as a peak in the 

NMR spectra, and splitting of each peak is based the number of hydrogens on the 
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neighbouring molecule. The four hydrogen environments in both Figure 4.12 , and 

4.13 will produce 4 peaks in the spectra shown in Figure 4.14 and 4.15 respectively. 

To explain further Figure 4.13 shows environment 1, a hydrogen atom present on the 

carbon chain is neighbouring to both a carbon bonded to a n OH group and a carbon 

with two hydrogen atoms. Those hydrogens in environment 2 are attatched only to 

carbons bonded to with two hydrogen atoms and so on. 
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Figure 4.14 H-NMR spectrum of starting material ,a L-glutamine in 0 20 b) hexadecyl alcohol 

in D20 

The spectra of L-glutamine (Figure 4.14a) shows four distinct regions or hydrogen 

environments, the HOD at 4.734ppm, the C-H triplet at 3.8, the CH2-C=O and the 

CH2-CH upfield at approximately 2.5 and 2 respectively. The spectra of hexadecyl 
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alcohol (Figure 4. l 4b) shows four distinct regions or hydrogen environments, at 

3 .62ppm, the at 1.58, and l 5(CH2) upfield at approximately 1.3 and 0.9 respectively. 
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Figure 4.15 H-NMR spectrum of compound 1- a) before purification b) after purification 

Compound 1 (figure 4. l 5a) is then further purified to remove remaining p-toluene 

sulfonic acid. This is done by dissolving lg in 30ml of chloroform, mixed with 1 Oml 

of aqueous saturated sodium hydrogen carbonate. 

The aqueous layer is removed usmg a separating funnel. This washing step is 

repeated three times, to ensure complete removal of the p-toluene sulfonic acid. The 

chloroform solution is then dried via the addition of approximately I g of sodium 

sulphate, and the solution decanted into a round bottom flask. The solution is 

evaporated using a rota vapour. 
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The H-NMR spectra of compound after purification (Figure 4.15b)l - [CDC13, 500 

MHz, delta (ppm)]: shows many distinct regions or hydrogen environments assigned 

the following hydrogen environments; 0.88 (t, 6H, -CH3); 1.26 (s, 52H, -CH2-CH2-

); 1.62 (m, 4H, CO-O-C-CH2); 1.85, 2.08 (m, 2H, glu beta -CH2); 2.46 (m, 2H, glu 

gamma -CH2); 3.46 (m, 1 H, glu alpha -CH); 4.08 , 4.12 (tt, 4H, -CO-O-CH2-). 

The compound 1 is then dissolved along with the succinic anhydride and stirred at 25 

degrees C using a chloroform/tetrahydrofuran 1: 1 mixed solvent. The solvent is 

evaporated and the solid is recrystallised using a mixed solvent ethanol/acetone 1: 1 

Characterisation of the product 1,5 dipalmmitoyl-L-glutamate-N-succinic acid is 

carried out using NMR and FTIR. 
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Figure 4.16 H-NMR spectrum of Compound 2- 1,5 dipalmrnitoyl-L-glutamate-N-succinic acid 

The H-NMR spectra of compound 2 (Figure 4.16) - [CDCl3, 500 MHz, delta (ppm)]: 

shows many distinct regions or hydrogen environments assignes the following 

hydrogen environments as follows 0.88 (t, 6H, -CH3); 1.26 (s, 52H, -CH2-CH2-); 

1.63 (m, 4H, - CO-O-C-CH2); 2.04, 2.21 (m, 2H, glu beta -CH2); 2.40 (m, 2H, -

CH2-CO-NH-); 2.58 (m, 2H, glu gamma -CH2); 2.72 (m, -CH2-C-CO-NH-); 4.06, 

4.14 (tt, 4H, -CO-O-CH2-); 4.60 (m, 1 H, glu alpha -CH); 6.55 (m, lH, -CO-NH-). 
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Figure 4.17 FTIR spectrum of a) compound I after purification b) compound 2- 1,5 

Dipalmmitoyl-L-glutamate-N-succinic acid 

The comparison of the FTIR spectrum of compound l (Figure 4. l 7a) and Compound 

2 (Figure 4. l 7b) also confirms the successful addition of the Palmytoyl. The 2700-

3000cm-l is the CH Symetrycal and Asymetrical stretches, The C=O stretch appears 

at 17 50 cm-1, these are increased compared to the other peaks with the addition of 

the Palmytol to the structure. 
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4.6. Production of Functionalised liposomes 

Liposomes for functionalisation were made using L-a-phosphatidycholine (PC) and 

cholesterol, both obtained from Sigma- Aldrich for the non-functionalised 

Liposomes, All vesicle preparations were performed under sterile conditions. PC, 

Cholesterol, and 1,5 di-palmitoyl-L-glutamate-N-succinic acid are added at the intial 

stage. 

PC, Cholesterol, and 1,5 di-palmitoyl-L-glutamate-N-succinic acid ( 1.0:0.1 :0.2 molar 

ratio) were dissolved in chloroform and then subsequently mixed. 200µ1 aliqots are 

then placed into test tubes. Each test tube was dried down using nitrogen gas and 

slowly rotating the test tube so a thin film around the bottom two cm of the test tube 

is created. The tubes werere then placed in a vacuum desiccator for at least six hours. 

At this stage the tubes can be covered with parafilm and stored in the refrigerator for 

up to one week. 

Lipids were then hydrated with calcified and non calcified buffer solutions as well as 

PBS with 0.1 mg of preformed mineral. Two to three glass beads were placed in each 

tesi tube, and the tubes vortexed. This was followed by ultra centrifugation for l 0 

minutes, and 12 hours incubation in a 37°C water bath. The ions which are not un-

encapsulated were then removed by three ultracentrifugation steps (3x l 05g, 60 min 

each) and the vesicles were dispersed in phosphate buffered saline solution. 

Surface modification with PEG was performed by making use of the spontaneous 

incorporation of PEGDPSE into vesicles. The PEG-DSPE dispersion was added to 

the vesicle dispersion and the mixture incubated at 3 7°C for 3 h. The vesicle 

dispersion was ultracentrifuged (3x 105g, 60 min each) to remove unincorporated 

PEG-DSPE in the supernatant. 

After washing the precipitated vesicle pellet by ultracentrifugation (3x l 05g, 60 min 

each) the PEG-modified vesicles (PEG-vesicles) were dispersed in phosphate 

buffered saline. SA-vesicles containing 0.6, mol% of PEG-DSPE on the surface. 
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At low grafting densities of PEG, the chains of grafted-PEG are displayed 

"mushrooms", in which area APEG covered by each molecule is theoretically 

calculated as 

Equation 4.1 APEG = rrRl 

Where the Flory radius RF is given by 

Equation 4.2 RF= N315a 

Where N is the degree of polymerization, a is the size of a monomer. The percentage 

of covered surface area by PEG in the mushroom conformation R was estimated as 

Equation 4.3 R = APEG x MI A1ipid 

Where M is the mole percentage of PEG-DSPE and Alipid is the average area of 

total membrane lipids. In subsequent calculation, we used N 114 114 and a 1/i 0.35nm 

for PEG (Mw 5000), and AlipidE 0.4nm2 for average area as mixed membrane of 

DPPC and CH (1: 1 molar ratio) [32]. 

The theoretical estimation for surface coverage by PEG on vesicles has also been 

previously reported [30,31 ]. 

A comparison between the NMR spectrum of the un-funtionalised liposomes (figure 

4.20) to the functionalised liposome (Figure 4.21) Confirms the incorporation of the 

PEG into the liposome. 
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4. 7. Characterisation of Functionalised Liposomes 

The inclusion of functional groups into the liposome is confirmed by comparing the 

NMR spectra obtained for liposomes before and after incorporation of the functional 

groups (Figure 4. l 8a and 4. l 8b respectively) 
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Figure 4.18 H-NMR spectrum of a) liposome without PEG b) liposome with spontaneously 

incorporated PEG 

The presence of PEG in the liposome can be seen by the appearance of the PEG 

methylene protons in the NMR spectrum at around 3 .30ppm [ 1 ]. Methylene protons 

of the un-functionalised li posome appear at around 3 .40ppm [ l]. Although these are 

in the same vicinity, the large increase in this peak area shown in figure 4. l 8a at 4.5 

ppm compared to the same are in figure 4. l 8b, indicates show significant 

spontaneous incorporation of the PEG into the liposomes. 
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4.8. Summary of Chapter Findings 

The work in this chapter shows that mineralisation occurs predominantly in 

multilayered liposomes, rather than unilamellar liposomes, as such the mulitlamellar 

liposomes are used for all further work. The functional groups were successfully 

synthesised, and the product confirmed using both NMR and FTIR. The functional 

groups showed spontaneous incorporation into the liposome, as determined by the 

NMR spectrum. 
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Chapter 5 Characterisation of Mineralised Liposomes 

5.1. Introduction 

Liposomes are to be used to encapsulate calcium and mineral, so that it can be 

delivered to the bone. There are two ways that this incorporation is believed to occur. 

First as a preformed mineral deposit in the solution, which gets trapped as the 

liposome lamellae are forming and secondly as ions which have an attraction to the 

phosphate of the lipid layers, which then builds up on the surface of the liposomes 

before the second layer is placed on top. 

Preceding Chapters 3 and 4 dealt with the mineral produced from calcified buffers, 

and the preparation of liposomes as a potential delivery vehicle. The current chapter 

examines the encapsulation of mineral inside the liposome, characterisation of the 

products obtained, discusses the conditions required for mineral to incorporate or 

form inside the liposomes, and reports on the nature of the mineral incorporated in 

the liposomes. 

As discussed in Chapter 3, a system was developed where the liposomes were 

produced in a solution that resembles the environment in the blood plasma, and from 

which bone like calcium phosphate mineral will form. 

Each liposome sample was prepared as specified in Chapter 4, and although 

mineralisation was observed in the TEM images, further analysis must be done to 

determine if the various solutions will provide a modified mineral content, and to 

confirm that calcium has indeed been encapsulated, and in what form it was present. 

The mineral characterised in Chapter III gives an indication of what is expected to 

form out of each solution, and modifications from this will be due to the influence of 

the liposomes on the mineral structures obtained. 

As such each sample was then subjected to further processing and samples are 

evaluated through imaging using the scanning electron microscope (SEM), 

transmission electron microscope (TEM), as well as electron dispersive spectroscopy 
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(EDS) and x-ray mapping (XRM). The procedure followed in outlined in figure 5. l 

below; 

Preparation of 
liposomes in solutiom 

Characterisation 

SEM 

Figure 5.1 Summary of Liposome Characterisation Techniques 

Elemental Mapping 
(Quant Maps) 

In addition to the control sample which was liposomes prepared using phosphate 

buffered saline, there are three main groups of samples to be examined. 
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The first group of samples wereliposomes prepared (as outlined in Chapter 3) in 

phosphate buffered saline where a hydroxyapatite or dicalcium phosphate dihydrate 

was also added. 

The second group of samples werethose in which a precipitate was formed out of the 

ions in simulated body fluids (described in Chapter 3). The first was the liposomes 

rehydrated with Kukubo's simulated body fluid, which is the international standard 

for preparation of SBF solutions. The second is the simulated body fluids 

supplemented with fluoride, believed to cause more stable apatites and thirdly a 

simulated body fluid with high carbonate content. 

The third group of samples weresolutions containing only the ions of interest 

believed to be precipitating. The first solution in this group contains only calcium 

chloride. The use of this solution will help determine the mechanism by which the 

calcium deposits wereforming. As calcium chloride is soluble and a precipitate will 

not form in aqueous solution, any calcium observed will be that of the free calcium 

ions forming bonds with the phosphate groups of the liposomes. In this instance, 

quantification of the calcium in these samples relative to others will allow 

determination of whether this was the only mechanism of calcium formation. 

If only ions bind to the phosphate in all samples, then quantification of this third 

sample will show results similar to the other samples. An additional sample 

containing calcium chloride and sodium carbonate is produced as the carbonate 

content will affect the apatite formed [ l] and this may be important in the formation 

of the liposome mineral deposits. 

The third sample is calcium chloride with the addition of potassium phosphate, and 

the addition of magnesium sulphate. It is believed that incorporation of magnesium 

or sulphate would keep the mineral more soluble. Given the increased bioactivity of 

apatites substituted with magnesium [2], the inclusion may increase the bioactivity of 

the delivered calcium. This third group also contains no sodium, as this is not 

believed to have a beneficial effect on bone formation. 
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5.2. Methods of characterisation 

Samples produced for TEM imaging were processed as described in Chapter 3. The 

grids obtain were also used for ESEM analysis. Additional liposomes samples were 

also produced following the method in Chapter 3 for X-ray mapping and ICP-MS, 

with the following modifications; the samples were spun down at 1200 rpm for 60 

minutes (Eppendorf mini spin), and the supernatant removed following overnight 

incubation. 

Samples which were produced for ICP-MS analysis were centrifuged at l 200rpm, 

lipid fractions collected, then ion concentrations compared to the solutions used for 

preparation as well as additional standards of known concentrations. Samples 

produced for X-Ray mapping analysis underwent the same sample preparation 

followed by washing which involves the addition of 200µ1 of Milli Q water, and 

resuspending of the liposomes by gentle pipetting. The sample is then centrifuged for 

a further 60 minutes at 1200 rpm. The wash step was repeated in triplicate to remove 

all unincorporated material. 

The liposome pellet was then resuspended in 50µ1 of Milli Q water and immediately 

added to a silicon wafer and left to dry. PBS was not used in this instance so that the 

ions in the saline solution do not interfere with the analysis. The use of water may 

cause rupturing of the liposomes, however all unincorporated material has been 

removed via washing so all mineral present on the silicon wafer is considered to have 

been contained inside or bound to the liposome. X-ray mapping was then conducted. 
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Environmental scanning electron microscope (ESEM) 

Background to the environmental scanning electron microscope 

A scanning electron microscope (SEM) is made up of an electron beam, a sample 

chamber, a detector and a mechanism for viewing the sample. An electron gun emits 

a beam, and as this hits the sample a virtual image is created which results from the 

electron interactions with the sample and the signal that is produced. As the beam 

moves along the sample, the signal strength will vary. The detector monitors these 

changes and creates an image based on signal differences [3] . 

The ESEM is an SEM which has an aperture separating the column and sample 

chamber; as such the column will remain at a high vacuum and the chamber can 

operate at higher pressure up to 20 Torr. In this work the chamber pressure was set 

between 0.3 Torr and 1 Torr. An ESEM, therefore, allows moist, oily or dirty 

samples to be examined without cleaning, critical point drying and coating which 

would otherwise be required for biological samples [ 4 ]. 

A range of detector types are available, the gaseous secondary electron (GSE) 

detector detects secondary electrons, and also enables the gas molecules in the 

chamber to amplify the signal. Because this detector type discriminates against 

backscattered electrons and type (III) secondary electrons, the image quality is 

improved for most samples. 

The back scattered electron (B SE) detector creates an image which results from 

electrons which have been scattered out of the sample after collisions with nuclei in 

the sample. These are generally of a high energy and the image is generated as a 

result of energy differences between atoms of varying atomic number. Atoms with a 

high atomic number backscatter more electrons and create brighter regions in the 

image. 
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ESEM experimental parameters 

Imaging was conducted at the University of Technology, Sydney (UTS). Images 

were obtained on an FEI XL30 ESEM using an acceleration voltage of 20 kV, in wet 

mode (0.3Torr to 1 Torr). Both GSE and BSE detectors were used. A working 

distance of 1 Omm was used. X-ray microanalysis was performed using the EDAX 

system. 

A Zeiss Supra 55 VP FEGSEM (field emission gun scanning electron microscope ) 

was also used. This instrument was operated at 20kv, using BSE and in-lens ( 120um 

aperture and high current mode. 

X-Ray Mapping 

Background to X-ray Mapping 

Electron beam microanalysis is useful given its' ability to analyse small samples non 

destructively. It is particularly appropriate for samples which require a high degree of 

spatial resolution. 

The electron microscope is able to excite X-ray production by the interaction of high 

energy incident electrons with the electrons forming the shells of the atoms [3]. This 

yields characteristic X-rays which uniquely identify each element present in the 

sample. The number of X-rays per incident beam current for each element present is 

a measure of the proportion of that element present in the sample. For a bulk material 

the depth of penetration of the incident electrons is approximately proportional to the 

square of the energy of the incident beam. 

As such X-Ray Mapping (XRM) has become a powerful technique to understand the 

distribution of elements in a given sample. Region oflnterest x-ray maps (RIOM) are 

usually collected using raw counts from the elemental peaks of interest. However 

collection of counts at each point over a large area, to a level which gives an 
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adequate signal to noise ratio becomes very time consuming, and is the main 

limitation of XRM [5]. Quantitative x-ray maps (QXRM) were also generated, 

which involves doing a ZAF correction of the EDS data at each pixel of the image 

and gives a more accurate indication of the quantitative results. 

One approach which has been recently developed is to map the spatial distribution 

quantitatively and then plot correlation diagrams in 2,3 or more dimensions, thus 

allowing these correlation diagrams, or scatter plots, to define the phases present [6], 

[5]. Following which the image can be redrawn showing the phase distributions with 

different colours assigned to the different phases allowing X-ray images to be 

presented as combinations of elements [5]. 

From a scatter plot you can select a cluster of points and then redraw the image. The 

new image then shows where the selected analysis points appear on it with an 

assigned colour superimposed on the backscatter image [5]. The scatter diagrams 

also show the relationships between elements. For example a scatter diagram of two 

elements which show a positive correlation indicates that an increase in one element 

is associated with an increase in the other [6]. A negative correlation indicates that as 

the concentration of one element decreases, the other will increase. 

X-ray mapping experimental parameters 
Samples were carbon coated then X-ray mapping conducted at the University of 

Technology, Sydney using a JEOL 35CF SEM with a Moran Scientific x-ray 

microanalysis mapping system. The full sample preparation procedure will be 

provided subsequently in further detail. 

Inductively coupled plasma-mass spectroscopy 

Background to inductively coupled plasma-mass spectroscopy 
Mass spectrometry (MS) provides both qualitative and quantitative data on elements 

which are present in the sample [3] and is based on the separation of sample 

components due to the mass to charge ratio. The sample undergoes atomisation, and 

a portion of the atoms are turned into an ion stream. There are a number of plasma 

sources which can be used for this process, including direct current plasma and an 
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inductively coupled plasma (ICP). The separation of ions takes place using either a 

quadrupole, time of flight or double focus analyser. A transducer is then used so that 

this information can be stored and processed. 

Inductively coupled plasma-mass 

parameters 

spectroscopy experimental 

The ICP-MS work was conducted at New York University, on the Agilent 7500e 

ICP-MS (Figure 5.3) 

5.3. Characterisation of Mineralised Liposomes 

The ICP-MS was conducted as a preliminary test to determine whether calcium has 

been incorporated into the liposome before proceeding with more detailed mineral 

characterisation and analysis. The results confirmed calcium was being retained 

inside the liposomes for all samples produced from ions in solution. Of the samples 

initially produced (Table 5 .1) Ca Ch sample was the only one in which the calcium 

concentration in the liposome did not exceed that of the starting solution it was 

prepared in (Table 5.1). This indicates that in the remaining liposome samples 

examined, other ions of functional groups will bind to the calcium and have a 

concentrating effect as the liposomes were prepared. 

The sodium and magnesium were also incorporated into the liposome, and as such 

these elements were also analysed in subsequent experiments. 
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Table 5.1 Concentrations of ions compared to standard solutions 

Ca ppm Mg ppm Na ppm Pppm 

Std Lipid Std Lipid Std Lipid Std Lipid 

CaC12 + NaC03 760 884 0 0 509 423 0 2918 

CaCli 878 638 0 0 6.6 4.6 0 1787 

CaCli + KHP04 742 798 420 120 3.2 2.9 310 2682 
+ MgS04 

high C03 SBF 61 158 62 15 23 4515 31 4167 

low C03 SBF 78 186 68 64 2779 4866 34 4482 

SBF plus F 74 182 69 62 2138 4907 33 4184 

The original TEM grids discussed in chapter 4 showed dark areas of high electron 

density, where it is believed calcium deposits were formed. After determining which 

TEM slices had the largest number of liposomes and identifying electron dense as 

shown in Figure 5.2A and B, these slices were used for SEM and EDS analysis. The 

images as they appear in the SEM are shown in Figure 5.3, with scale bars at A) 

l Oµm B) 20µm and C) 50µm. 

Figure 5.2 TEM images of a multilamellar liposomes produced in SBF, viewed in FEI Morgagni 

2680 transmission electron microscope (Eindhoven, The Netherlands) at 80 kV, and digital 

images acquired using an integrated MegaView Ill CCD camera, with scale bars A) 2000nm 

and B) 5000nm. 

The samples produced using SBF solution were the first examined, as these had the 

largest range of ions in solution, and as such it was believed that these samples 

would give the best indication of what mineral was present using EDS. 
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Figure 5.3 Image of liposomes taken using XL30ESEM in low vacuum mode showing 

multilamellar liposomes, with KV and scale bar shown at A) 5Kv and lOµm, 8) 8Kv and 20µm 

and C) 5Kv and 50µm respectively. 

The spectra shown in Figure 5.4 showed no phosphorous or calcium, only the 

aluminium and copper. The TEM grids were composed of copper, and the aluminium 

in the spectra was due to the aluminium holder the grids were contained in. These 

elements swamp out any other material which may be present. 

Al 

0 

Cu 

1 . 71 1-41 2 . 11 2 .11 3 .SI 

Figure 5.4 EDS spectra of the liposomes on the TEM grid. using a Zeiss Supra 55VP FEGSEM 

operated at 20kv. 
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The preparation of the sample for TEM analysis requires a thin section, due to this 

the sample interaction volume was most likely too small for the EDS spectra to 

detect the phospholipids or mineral present. In most cases this could be counteracted 

by increasing the beam size, however in this instance it melted the film of paraffin 

comprising the section thus destroying that portion of the samples. 

SEM in backscatter mode was then used as an alternative method of analysis. The 

TEM copper grids were mounted in an Aluminium holder with a hole below the 

TEM sample grid, with the backscatter detector (Figure 5.5). Regions of high 

electron density are now displayed with a white appearance. 

Figure 5.5 Backscatter images of liposomes in SBF solution, using a Zeiss Supra 55VP FEGSEM 

operated at 5 kv and scale of A) lOµm and B) 2µm 

Na SI 
0 

Cl 

Z.OI 4 . 00 ,_oo I .DI 

Figure 5.6 EDS of liposomes plus SBF, shows the presence of calcium, potassium, magnesium, 

sodium, phosphourous, and chloride. Data obtained using a Zeiss Supra 55VP FEGSEM 

operated at 20kv 
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The EDS spectra in Figure 5.6, shows the presence of calcium, magnesium, sodium 

and chloride. This indicates a strong likelihood that these have incorporated into the 

liposome. One of the flaws of using the TEM images prepared in PBS buffer, and 

doing total area analysis was that it was not definitive whether the ions were from 

deposits in the liposomes or due to ions remaining in solution. Water cannot be used 

to wash the liposomes, as the imbalance in ion concentration will likely cause 

rupturing of the liposomes, which would prevent the liposomes from being visualised 

in the TEM images. Subsequent analysis which does not require visualisation of the 

liposome was then required. 

As such subsequent X-ray mapping of samples which had been washed then dried 

was conducted. By combining this technique with the TEM already conducted, and 

removing all unincorporated material in the wash steps, it removes the need to 

visualise the liposome and remaining deposits can be analysed to determine 

incorporation. 
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5.4. Sample set 1 incorporation of preformed mineral 

The first series of samples contains three sample groups; Sample 1 a control sample 

of liposomes PBS, Sample 2 was liposomes in PBS plus Hap and thirdly Sample 3 

was liposomes in PBS plus DCPD. 

Figure 5.7 Pseudo colour images obtained using JEOL 35CF with a Moran Scientific x-ray 

microanalysis mapping system. Data was collected at 20 keV, 512 x 512 pixels, 100 msec/pixel, 

and 7 kcps. Width of field (WOF) = 300 µm. sample set 1 a) liposomes in PBS Control b) 

Liposomes in PBS plus HA c) Liposomes in PBS plus DCPD 

Primary-colour pseudo colouring x-ray maps reveal the types of phases produced. 

With primary colouring, each of three elements selected from the QXRM is assigned 

a colour of red, green, or blue. By rotating the colour coding for various elements, 

features that could be missed, such as hairline cracks, fine precipitates, and small 

boundary interfaces, can be seen. 

The pseudo colour images in Figure 5.7 shows the silicon in blue, from the 

background si licon wafer the liposomes were placed on for analysis. The calcium is 

shown in green and the phosphate in red, the colour bar below each pseudo colour 

image shows the colour where two components were overlapping and the gradual 

colour change as the material changes from 100% of one component to 100% of 

another. The yellow regions in the image are spaces where both calcium and 

phosphate were present, the more orange to red samples are considered to be more 

phosphate rich. Thus these regions of yellow and orange are the regions where 

calcium phosphate deposits have formed or that calcium has deposited onto the 

phosphate contained in the liposome. This shows that calcium phosphates are 
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present in both samples, or at least that calcium and phosphate exist in the same area 

of the sample. 

The variation in colour between the samples containing hydroxyapatite and the 

sample containing DCPD, shows that the sample prepared using DCPD contains 

deposits on the surface which are less phosphate rich than the Hap sample. 

The structure of Hap, Ca10(P04)6(0H)2 the calcium to phosphate ratio is 1.67: 1, and 

for DCPD whose structure is CaHP04.2H20, and the ratio is 1: 1 [7],[8]. This is not 

reflected in the pseudo colour images obtained, indicating two possibilities. The first 

possibility is that more of the DCPD sample has become incorporated into the 

liposome than the Hap, so when comparing the total amount of calcium to the 

phosphate in both the mineral and the liposome the DCPD sample appears to have 

more. Therefore increasing the apparent calcium to phosphate ratio compared to the 

Hap sample. Alternately due to the Pseudo colour image only representing surface 

structure, the position of the mineral in the sample would affect the apparent calcium 

to phosphate ratio. If the DCPD sample is closer to the surface more would appear 

present, thus appearing to form a more calcium rich structure. 

The Pseudo colour images are not intended as a quantitative tool, so conclusions 

about elemental ratios should not be drawn from this data alone. The Pseudo colour 

images are far more useful as tool in determining the correlation between elements 

and positioning of ions; whether the ions occur in the same space or discretely in the 

sample. As such EDS scatter diagrams and quant maps were also produced on these 

same images to determine the nature of the mineral produced, and provide some 

semi-quantitative data [9]. 

The images were further examined with EDS. These spectra have been obtained over 

the entire pseudo colour image to average out any variations which may occur at 

specific points in the sample. 

The EDS in Figure 5 .8 supports the hypothesis that the surface structure caused 

appearance of the Pseudo colour images. Although the pseudo colour images clearly 
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show the elemental distribution over the sample surface, the total calcium to 

phosphate ratio over the sample is more definitively shown in our EDS. The sample 

produced in PBS showed phosphate present, but no calcium, whilst the HA and the 

DCPD samples show a significant amount of both calcium and phosphate present, 

similarly to the pseudo colour image. However the calcium to phosphate ratios in the 

EDS images show increased calcium peak compared to phosphate for the HAp 

sample, and a calcium peak a similar size to the phosphate peak for the DCPD 

sample. This would be expected in a sample where the Ca:P ration is 1: 1 and the Hap 

is reflective of a sample with a higher Ca: P ratio . 

The EDS spectra also show that small amounts of sodium and chloride have been 

incorporated from the PBS buffer used. 

b ':\ 
'i 
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Cl 
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Figure 5.8 EDS obtained using JEOL 35CF with a Moran Scientific x-ray microanalysis 

mapping system. Data was collected at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. 

Width of field (WOF) = 300 µm. sample set 1 a) liposomes in PBS Control b)Liposomes in PBS 

plus HA c) Liposomes in PBS plus DCPD. 

These two-dimensional scatter diagrams indicate pixel frequency where element 

concentration profiles are plotted against each other for selected elements within the 

sample. The scale 100 on the scatter diagrams represents 0 to 100 percent of the 

maximum element concentration recorded during the map process. The scatter 

diagram scale is qualitative, but the data taken from the map can be processed to be 

quantitative. These scatter diagrams were given an extra dimension by colouring the 
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intensity of points on the diagrams with the thermal colour scale. Thus, the intensity 

within the scatter diagram indicates the number of points in the image with similar 

concentration [ l OJ. From these scatter diagrams we observe clusters, also referred to 

as nodes, which correspond to different chemical phases (11]. 

The scatter diagrams in Figure 5.9 also show a positive correlation between calcium 

and phosphate for both HA and DCPD samples as would be expected in Apatite 

samples. These samples show an increasing amount of calcium present where there is 

an increased phosphate. 

Ca 100 Ca 100 Ca 100 

a b 

.·· .. 
. :·:f"::·· 

p 100 p 100 p 100 

Figure 5.9 Scatter diagrams sample set I a) liposomes in PBS Control b) Liposomes in PBS plus 
HA c) Liposomes in PBS plus DCPD, showing the correlation between calcium and phosphate. 
Data was collected at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) 
= 300 µm. 

The control sample shows no areas of high calcium and the cluster in the scatter 

diagram remains close to the zero point, providing a control contrast sample. In 

samples produced from SBF and ionic solutions, this is how the scatter diagram 

would appear should calcium incorporation not occured. 

In order to further quantify each element present, elemental mappmg diagrams 

(quantative x-ray maps) were produced with each element quantified using a 

greyscale image with brightness corresponding to the percentage of the ion present. 

This analysis also uses the entire sample area. 
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Figure 5.10 Elemental mapping diagrams, quantifies 8 elements present in liposomes in PBS, the 

scale related to percent of each element present is shown in grey scale to the left of each element. 

Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping 

system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Although this is semi-quantitive it will give an indication of the amount of each 

element present at each point of the map. It provides a visual representation and 

allows semi-quantitation of a larger number of elements simultaneously. 

The first sample shown in the quant maps in Figure 5.10 is the control sample, made 

with phosphate buffered saline and no additional mineral. This sample was used as a 

reference to compare the calcified samples to. The calcium level in this sample is 

negligible when compared to the Hap and DCPD samples. 
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Figure 5. 1 l Elemental mapping diagram, quantifies 8 elements Liposomes in PBS plus HA, the 

scale related to percent of each element present is shown in grey scale to the left of each element. 

Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping 

system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

The quant maps also show that small amounts of sodium, chloride and potassium 

have been incorporated into the liposome. The levels in the Hap and DCPD ( Figures 

5 .11 and 5 .12) samples are similar to that contained in the control PBS sample. 

Figure 5.12 Elemental mapping diagrams, quantifies 8 elements sample set 1 Liposomes in PBS 

plus DCPD, the scale related to percent of each element present is shown in grey scale to the left 

of each element. Data was collected using JEOL 35CF with a Moran Scientific x-ray 

microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of 

field (WOF) = 300 µm. 
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5.5. Sample set 2 SBF modifications 

Sample set two; liposomes produced in simulated body fluid solutions, were 

compared to those in sample set one which were obtained using pre-prepared 

calcium phosphate. In these solutions any calcium phosphate or mineral formation 

will be via precipitation, and will be incorporated as the liposomes were forming. 

This method also allows the possibility for calcium ions in solution to bind directly 

to the phosphate layer of the liposomes, as shown in Figure 5.13. Apatite will form 

out of simulated body fluid solutions as shown in chapter 3. These solutions were 

modified in order to produce substituted apatites contained within the liposome. 

Other positively charge ions in solution would also be attracted to the negatively 

charged phosphate groups, depending on the strength of the charge, varying ions may 

then incorporate to maintain a charge balance, or incorporate preferentially due to 

size, and space available between surrounding ions. 

PO/ PO/ P Q 3-po/ POJ-PO/ PO/ POJ-
Ca2+Ca2ta2ta2ta2ta2ta2ta2ta2+Ca2+ 

] ]]]]]]]]]]]1 
Mineralisation occurs, layer by layer, on 
each lipsome la mellar Ions bind between lipid layers based on 

electrostatic interaction 

Figure 5.13 Representation of calcium ions binding to the phosphate layer of the liposome 

The pseudo colour images in Figure 5.14 shows the si licon in blue, again due to the 

background silicon wafer the liposomes were placed on. The calcium is shown in 
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green and the phosphate in red, the colour bar below each pseudo colour image 

shows that colour where two components were overlapping. 

Figure 5.14 Pseudo colour images of a) liposomes in low C03 SBF b) Liposomes in low C03 SBF 

+F c) Liposomes in high C03 SBF, showing the distribution of calcium, phosphate 

and background silicon. Data was collected using JEOL 35CF with Moran Scientific 

x-ray microanalysis mapping system at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. 

Width of field = 300 µm. 

The pseudo colour images show that calcium phosphates have likely formed and 

given that the solutions themselves produced an apatite like calcium phosphate, as 

demonstrated in chapter 3, and this is believed to be contained in the liposomes. 

These samples show significant contrast between samples colour and demonstrate 

that not only is mineral incorporating into the liposome from the SBF solutions, but 

the mineral incorporated into the liposome is varied according to the solution 

composition. 

The pseudo colour image of the low carbonate SBF showed a high phosphate 

content, with small calcium rich areas. The liposomes obtained from the SBF +F 

solution, show a much greater presence of calcium. This is most likely due to the fact 

that fluoride can incorporate in the calcium phosphate structure and form a more 

stable apatite [ 12], [ l 3 ]. The third solution produced a mineral that appears greener 

in colour in the pseudo colour image. This may be due to the increased incorporation 

of carbonate, which will substitute for the phosphate in the mineral formed [ 1],[14]. 

The scatter diagrams in Figure 5.15 confirm that these were all calcium phosphate 

based due to the high correlation seen between the calcium and phosphate. The 

regions of high phosphate were also regions of high calcium. 
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Figure 5.15 Scatter diagrams produced from X-ray maps for sample set l a) liposomes in low 

C03 SBF b) Liposomes in low C03 SBF +F c) Liposomes in high C03 SBF, showing 

the correlation between calcium and phosphate in the sample. Data was collected using JEOL 

35CF with a Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 

pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Most significant in the quant maps of the SBF samples (Figure 5.16-5.18) is the 

incorporation of other beneficial ions such as magnesium, which were contained in 

the SBF solution. This can be seen by the appearance of light areas in the magnesium 

portion of the Quant map. Magnesium increases the solubility of apatite, and also 

increases the bioactivity [15] . 

Figure 5.16 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in low C03 SBF sample the scale related to percent of each element present is shown 

in grey scale to the left of each element quant maps. Data was collected using JEOL 35CF with a 

Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 

msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 
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Figure 5.17 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in low C03 SBF + F sample the scale related to percent of each element present is 

shown in grey scale to the left of each element. Data was collected using JEOL 35CF with a 

Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 

msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Figure 5.18 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in high C03 SBF sample the scale related to percent of each element present is shown 

in grey scale to the left of each element. Data was collected using JEOL 35CF with a Moran 

Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 

7 kcps. Width of field (WOF) = 300 µm. 
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Figure 5.19 EDS images produced from the whole sample area for set 1 a) liposomes in low C03 

SBF b) Liposomes in low C03 SBF +F c) Liposomes in high C03 SBF. Data was collected 

using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 

x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

The EDS images in Figure 5 .19 shows a range of ions become incorporated into the 

liposome in the SBF solution rather than just the calcium. The spectrum shows the 

presence of sodium, magnesium, phosphorous, chlorine, potassium and calcium from 

the SBF solutions; in addition Silicon is present which is due to the background on 

which the sample is mounted. 
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5.6. Sample Set 3- ions of interest 

This third sample set using only the ions of interest was produced following the 

success of incorporating mineral from SBF solution. These also provide a better 

understanding of the mechanism for incorporation. 

CaCl2 solution CaCl2 plus NaHC03 
solution 

CaCl2 plus K2HP04 
plus MgS04 solution 

Figure 5.20 Pseudo colour images of a) liposomes produced with CaCii b) liposomes produced 

with CaCl2 plus NaHC03 c) liposomes produced with CaCl2 plus K 2HP04 plus MgS04 

solution. Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis 

mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 

300 µm. 

The pseudo colour images in Figure 5.20 show that the calcium ions from the CaCb 

solution will bind to the liposome, as seen by a fairly uniform surface, in which the 

yellow colour indicated the presence of both calcium and phosphate, however it does 

accumulates at a lower quantity than samples containing carbonate and phosphate 

The top left corner of the pseudo colour image of the silicon wafer containing CaCb 

solution shows an area of high silicon in blue which is likely to be cracking or a gap 

in the liposomes placed on the silicon wafer. The remainder of the area is yellow in 

colour indicating that the entire area contains calcium phosphate although some areas 

which have higher calcium or higher phosphate were observed. Since there was no 

carbonate or phosphate added to the buffer solution, it is believed that the only 

binding site for the calcium is on the phosphate which makes up the liposome layers. 
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The Pseudo colour images for solutions containing carbonate and phosphate show 

that mineralisation has occurred in both samples, indicating that neither the presence 

of phosphate or carbonate is in solution is essential, but rather indicates that either 

group is capable of bonding to the calcium which bonds with the liposome. 

CaCl2 solution 

Ca 100 

p 100 

Calcium plus 
carbonate solution 

Ca 100 

p 100 

Calcium plus 
phosphate solution 

Ca 100 

p 100 

Figure 5.21 Scatter diagrams of a) liposomes produced with CaCii b) liposomes produced with 

CaC12 plus NaHC03 c) liposomes produced with CaCli plus K2HP04 plus MgS04 solution. 

Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping 

system, at 

20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

The CaC03 has a negative correlation between calcium and phosphorous (Figure 

5 .21 ), comparing this to the scatter diagrams obtained for the SBF solutions (Figure 

5.15), shows that calcium carbonate has not formed out of SBF, otherwise scatter 

diagrams would resemble that of the calcium carbonate solution with a negative 

correlation between calcium and phosphate in these solutions rather than the strong 

positive correlation observed. 

The positive correlation between the calcium and phosphorous may also indicate that 

very little calcium is binding to the phosphate of the liposome but rather forming 

calcium carbonate deposits in the solution and becoming trapped inside the liposome. 
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CaCl2 solution CaC'2 plus NaHC03 
solution 

CaC'2 plus K2HP04 
plus MgS04 solution 

Figure 5.22 Images and EDS over the entire image of a) liposomes produced with CaC(z b) 

liposomes produced with CaC12 plus NaHC03 c) liposomes produced with CaC12 plus 

KzHPO~ plus MgS04 solution. Data was collected using JEOL 35CF with a Moran 

Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 

7 kcps. Width offield (WOF) = 300 µm. 

The EDS spectra show in Figure 5 .22a, b and c also confirms the presence of calcium 

in each sample, and provides a better indication of the increase in calcium in the 

sample containing carbonate compared to the sample containing calcium chloride 

alone. Since neither of these two samples contains phosphate in solution, the calcium 

peak relative to the phosphate peak will give an indication of the relative quantities. 

The sample containing carbonate shows a marked increase in the size of the calcium 

peak compared to the sample containing calcium chloride alone. Since both of these 

solutions were prepared with the same concentration of calcium present, it can be 

determined that the presence of carbonate will dramatically increase the amount of 

calcium incorporated into the liposome. This is further explored using elemental 

mapping diagrams. 

The scale bar on the side of each elemental mapping diagram in Figure 5.23-5 shows 

the percentage al located to white, black and the graduation between the two. 
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The similar concentrations of calcium observed for the phosphate containing solution 

in the absence of carbonate also indicates that the presence of phosphate in solution 

will also increase the calcium retained in the liposome. This further supports the 

theory that as the calcium ions bind to the phosphate layer, mineral will build up 

forming deposits on the surface. 

The quantative maps also show that the magnesium scale bar for MgS04 containing 

sample lies between 0-15%, with the majority of the picture being completely black 

and so falling at 0%. This is at similar levels to the sodium, chloride and potassium. 

The sodium and potassium were known to be absent from the sample as they were 

not added. So other elements at this level can also be assumed to be in negligible 

amounts. 

The sample containing phosphate as well as magnesmm and sulphate, shows that 

sulphur has also been incorporated into the liposome (Figure 5.25), which was not 

observed with the SBF samples (Figure 5.16- 5.18). 

Figure 5.23 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in CaCl2 sample the scale related to percent of each element present is shown in grey 

scale to the left of each element. Data was collected using JEOL 35CF with a Moran Scientific x-

ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. 

Width of field (WOF) = 300 µm. 
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Figure 5.24 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in CaCiz plus NaHC03 sample the scale related to percent of each element present 

is shown in grey scale to the left of each element. Data was collected using JEOL 35CF with 

a Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 

100 

msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Figure 5.25 Elemental mapping diagram, shows the distribution of 8 selected elements in the 

liposomes in CaC12 plus K2HP04 plus MgS04 sample the scale related to percent of 

each element present is shown in grey scale to the left of each element. Data was collected 

using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 

x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Each of the three samples were subjected to further analysis to confirm the pnor 

observations. 
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The EDS spectra obtained for the CaCb sample is unlike the EDS of the samples 

containing carbonate and phosphate in solution, as the CaCb sample shows a much 

larger peak for phosphorous than for calcium. This indicates that for the same 

amount of phosphorous, significantly less calcium has remained bound to the 

liposome, or trapped as mineral deposits inside. The areas which were high in 

calcium and phosphorous were further analysed for this sample. The region of scatter 

diagram (Figure 5 .26) with both high calcium and phosphate in the sample CaCb has 

been outlined in black and this region reanalysed 

Ca 100 

p 100 

Figure 5.26 Mapping image with a scatter diagram showing the correlation between calcium 

and phosphorus, the region outlined in a black box, as the areas of high calcium and 

phosphorous are shown in yellow in the corresponding mapping image. Data was collected using 

JEOL 35CF with a Moran Scienti.fic x-ray microanalysis mapping system, at 20 keV, 512 x 512 

pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

Regions of high calcium and high phosphate appear yellow and these regions were 

found to be dispersed across the sample fairly uniformly. These regions may indicate 

the presence of multilayered liposomes in this area, which is believed to be the most 

likely scenario, as no additional phosphate was present in solution, and all phosphate 

is due to the liposome layers. 
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The sample containing liposomes plus a solution of CaCh and NaC03 shows 

significant amounts of calcium and phosphorous across the sample in the quant 

maps. The previous scatter diagrams show a negative correlation between the 

calcium and phosphorous, and the pseudo colour image shows many areas where 

calcium deposits were forming, as shown by the dark green high calcium. An area 

which is assigned the green blue colour is pinpointed in the image, and EDS spectra 

were obtained for that discrete area, as shown in Figure 5.27. The spectra show that 

the calcium level is high , while the phosphorous is very low. This shows that we 

have formed calcium carbonate inside the liposome, rather than calcium phosphate. 
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Figure 5.27 ESEM image of the NaC03 plus CaCl2 sample with EDS spectra obtained for 

the portion outlined with a red box. Data was collected using JEOL 35CF with a Moran 

Scientific x-ray microanalysis mapping system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, 

and 7 kcps. Width of field (WOF) = 300 µm. 

The quant maps of the sample containing CaCli, KHP04 and MgS04, shows the 

incorporation of sulphur. So the pseudo colour image is repeated including sulphur as 

one of the elements of interest. 
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Figure 5.28 Pseudo colour image of the sample containing CaCli, KHP04 and MgS04 

with Sulphur shown in blue, phosphorous in red and calcium in green. Data was collected 

using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping system, at 20 keV, 512 

x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

This pseudo colour image in figure 5.28 shows the sulphur in Blue, the calcium in 

green and the phosphorus in red, the colour bar shows the colour where two 

components were overlapping. Again as in the previous sample the yellow regions 

indicate both calcium and phosphorus were present. This sample also shows a 

number of light blue regions , indicating both calcium and sulphur were present. It is 

believed that within the mineral deposits calcium sulphate has formed and has been 

incorporated into the liposome. 

The possibility was also considered that magnesium from the magnesium sulphate 

was being trapped into the liposome, however magnesium was not found in the quant 

maps or the EDS spectra for this sample, so this was excluded as a possibility. 

To further explore each region, EDS spectra has been taken on individual regions of 

interest in this image (Figure 5 .29). 
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Figure 5.29 ESEM image with EDS spectra obtained for the portion outlined with a red box. 

Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping 

system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

The EDS spectra obtained from the light blue portion of the pseudo colour image is 

shown in Figure 5.29 along with the area analysed shown by the red box in the SEM 

image. This area has high levels of calcium and phosphorous, as confirmed by the 

EDS spectra. 
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Figure 5.30 ESEM image, with scatter diagram and EDS spectra of the area selected in red. 

Data was collected using JEOL 35CF with a Moran Scientific x-ray microanalysis mapping 

system, at 20 keV, 512 x 512 pixels, 100 msec/pixel, and 7 kcps. Width of field (WOF) = 300 µm. 

On the same sample, a second area 1s analysed by EDS (Figure 5.30) which is 

believed to be one of the phosphate rich areas, which can be seen in the pseudo 

colour image with a darker red regions. This area also contains small amounts of blue 

and yellow. 
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The EDS shows that the peaks for phosphorous and calcium were a similar size, and 

the incorporation of sulphur was also conrifmed.. Despite the presence of the 

sulphur this still shows a positive correlation between the calcium and phosphorous 

in the sample, indicating it was primarily calcium phosphate which had formed. 
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Figure 5.31 X-ray diffraction pattern for the solution with two calcium phosphate phase present, 

being both DCPD and Apatite, as shown by the JCPDS reference patterns [16], shown in purple 

and green. 

The high crystallinity of this sample, and the quantity of mineral obtained which can 

be visually observed from the pseudocolour image (Figure 5.2) meant that data could 

also be obtained for this sample using X-ray diffraction. The X-ray diffraction data 

(Figure 5 .31) showed that a multi phase material has formed. Two phases of calcium 

phosphate could be identified using the JCPDS reference patterns, being both DCPD 

and apatite [ l 6]. Additional peaks are observed in this pattern which could not be 

identified due to the low intensities, and the increasing difficulty in identifying multi 

phase materials with accuracy. 
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5.7. Summary of Chapter Findings 

The liposome samples produced in SBF solution, as well as the samples produced in 

solutions containing the ions of interest, all showed incorporation of mineral inside 

the liposome. We have successfully incorporated calcium into the liposome and have 

modified the form of the calcium present. The samples made using preformed 

calcium phosphate, successfully incorporated Hap and DCPD. The SBF solutions 

produced calcium phosphates incorporated into the liposome, with some magnesium, 

sodium and potassium also being incorporated. 

The CaCh solution produced liposomes containing calcium ions, bound to the 

phosphate layer, however using this solution only a small quantity of calcium was 

incorporated in comparison to the other samples. The inclusion of phosphate or 

carbonate in solution increased the amount of mineral incorporated, and the 

liposomes produced in a CaClz plus NaC03 solution, produced liposomes containing 

calcium carbonate. The final solution containing CaCb plus KHP04 and MgS04, 

successfull y incorporated calcium phosphate, forming as two separate phases, both 

DCPD and apatite, in addition to calcium sulphate. 
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Chapter 6 Osteoblast and osteoclast response to mineralised 
liposomes 

6.1 Introduction 

Cell culture studies were conducted to determine the cell response to the calcified 

liposomes. This chapter examines whether calcified liposomes generate an increase 

in the activity or differentiation of the osteoblast, or a change in the osteoclast 

activity. 

Liposomes were prepared as outlined in the preceding chapters, with the following 

modifications; firstly, all solutions were filter sterilised (Millipore 20um filter # 

SLGS033 SS) prior to use, secondly, test tubes and glass beads were sterilized by 

autoclaving, and thirdly, all preparation was carried out under sterile conditions, 

using sterile techniques. 

The calcified liposomes were designed to primarily target cells of the bone and 

therefore , the cell culture studies were initially designed to be carried out using 

primary cells derived from rat bone, obtained from ovarectomised and normal rats. 

Ovarectomied rats are an approved model for studying osteoporosis by the Federal 

Drug Administration (USA). This would allow observations of interactions in a 

mixed culture, and the response of cells derived from bone osteoporotic and normal 

bone samples could be compared. This would also enable a study of the cell response 

in an environment where the osteoclasts, osteoblasts and bone marrow macrophages 

were co-cultured and cell signalling is possible. Attempts to set up such a culture 

system however were unsuccessful (details provided below), therefore we moved to 

using individual cell lines. 

Osteoblast and osteoclast cell lines were thus employed as model systems in order to 

test potential cytotoxic and/or cellular effects of the liposomes. Subsequent 

experiments designed to determine if liposomes are beneficial to bone cells or if they 

suppress the osteoblast phenotype also used these cell lines. 
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As mentioned previously, this chapter deals with the effect of mineralised liposomes 

on osteoblast and osteoclast activity, while chapter 7 will examine the effect on the 

macrophage cell line. A summary of the cell culture experimental design is shown in 

figure 6.1 , below. 

Pi'imaty Cell Culture 
Explant Method 

Osteoblast Mg63 Osteoblast Saos-2 Osteoclast 

Proliferation PI assay 

ALP production 

OPG production 

Figure 6.1 Summary of osteoblast and osteoclast cell culture studies 
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6.2 Primary Cell Culture 

Bone Collection 
Thirty (30), non-ovariectomized (OVX) and OVX female Sprague Dawley, of three 

(3)- months age (average weight 225 g) were obtained from Charles River (Indiana). 

These were maintained on low-mineral diets in pellet form, obtained from Purina 

Test Diets (Indiana, USA). 

The animal protocol (# 061008-01) was approved by the Institutional Animal Care 

and Use Committee (IUCAC) of NYU. All experimentation was performed in 

accordance with the US Department of Agriculture (USDA). The rats used were part 

of an ongoing osteoporosis project and cell cultures are produced as part of this 

project. 

The rats were housed in pairs in cages and kept at the animal facility of the New 

York University College of Dentistry. This facility regulates light/dark illumination 

cycles and maintains constant temperature and humidity). The rats were pair fed, 

given water (non-fluoridated) ad libitum, monitored daily and their weights were 

recorded weekly. 

After 3 months the animals were sacrificed by C02 inhalation, utilizing a Euthanex 

chamber. The rats were exposed to a gas mixture of 30% of C02 and 70% of 0 2 for 2 

minutes followed by C02 (100%) over a 4 minutes period until no sign of breathing 

was detec ted. 

One foreleg from each rat was cleaned of extraneous soft tissues and stored in 

osteogenic storage media, at 3 7°C until all collections were complete. This foreleg 

was then used for cell culture. A tibia was also collected and stored at -80°C for 

osteoclast resorption studies. Slices from the tibia were then used to evaluate changes 

in osteoclast activity and to measure the release of collagen from osteoclasts treated 

with various liposome compounds. 
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Cell Culture Method for Osteoblast isolation 
Initially a comparison study was conducted to determine the appropriate method for 

isolation of bone cells. Since a variety of cells are present in the bone tissue, 

including blood cells, macrophage cells, and fibroblasts, the chosen culture method 

must selectively yield high numbers of the cells of interest, namely osteoblasts. 

Osteoblast cells were isolated from the rat bone of both normal and OVX rats which 

had been fed a mineral deficient diet. Two different methods were used; firstly half 

the bones are firstly subjected to collagenase digestion, which limits fibroblasts, by 

removing collagen which makes up the extracellular matrix. Secondly, the explant 

method was conducted on the remaining bone samples (Figure 6.2) [ l], [2]. 

Bone pieces were cut into approximately l mm3 pieces and subjected to collagenase l 

digestion. It was expected that collagenase l would provide optimal digestion as this 

is speci fie to collagen type l which is the primary collagen type in bone (3], [ 4]. 

Figure 6.2 Bone samples in complete bone media for cell culture using explants method. 

Table 6.1 Collagenase Digest composition 

Component % 

Optimum (Invitrogen #51985-034) Up to volume 

Pen/strep (Sigma-Aldrich #P078 l) 2% 

Fungizone (Sigma-Aldrich #A2942) 1% 

FBS ( Sigma-Aldrich# l 200C3) 0.5 % 

Collagenase type 1 (Sigma-Aldrich #C2014) 0.5mg/ml 

Collagenase type D Sigma-Aldrich #C0773) 0.5mg/ml 
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The supernatants were collected after a 2 hour digestion, then spun down to obtain a 

pellet. Digest solution was then tipped off and the pellet resuspended in 25ml of 

complete media (outlined below) followed by plating of cells in a Petri dish. 

Remaining bone pieces were washed with PBS until the solution was clear and all of 

the collagenase digestion has been removed. The remaining bone pieces were then 

plated on a Petri dish with 30ml of complete bone growth media. 

The composition of the bone growth media is detailed in table 6.2 below. 

Table 6.2 Bone growth media 

Component Percentage added 

a-MEM (Sigma-Aldrich #M4526) Make up to 100% desired volume 

FBS (Sigma-Aldrich #1200C3) 10% 

~GP (0.5M Soln) (Sigma-Aldrich #G989 l) 2% (concentration 1 OmM) 

Ascorbate-2-phosphate (Sigma-Aldrich #A4403) 1 % (of 5mg/ml soln) 

Dexmethasone ( l o-5
) (Sigma-Aldrich #D8893) 1% 

Pen/Strep (Sigma-Aldrich #P078 l) 1% 

Fungizone (Sigma-Aldrich #A2942) 1% 

L-glutamine (Sigma-Aldrich #G75 l 3) 1% 

The cells were monitored for 4 weeks, with media changes every 3 days. A small 

number of cells were observed in both the explants and collagenase methods. The 

cells however were extremely few in number, and very slow growing. In addition, 

there was a power failure of the incubator used, resulting in no further cell growth 

observed. Due to time constraints and experimental limitations, the strategy for in 

vitro testing of the liposome was redesigned to use cell lines instead of primary cells. 
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6.3 Cell lines 

Cell culture studies were conducted using the osteoblast like - human osteosarcoma 

derived cell lines, Mg63 and Saos-2, in order to study the direct effect of liposomes 

on osteoblast like cells. 

Mg63 cell line used ( ATCC catalogue #CRL-1427) is a homo sapien derived cell 

line, from an osteosarcoma. These cells are adherent and have a fibroblast 

morphology. This cell line is derived from a 14 year old caucasian male [5]. Mg63 

cells were cultured in Eagles modified Essential Media (Sigma-Aldrich #M5650). 

The media is supplemented with 10% Foetal Bovine Serum (Sigma-Aldrich 

# 1200C3), Sodium Pyruvate (Sigma-Aldrich #S8636) and L-glutamine (Sigma-

Aldrich #M4526), as per the A TCC protocol. 

Although the functionalised liposomes will be targeted in vivo primarily to 

macrophage cells, the direct effect on the osteoblast and osteoclast was also 

examined to ensure that the liposomes do not cause a loss in the expression of the 

osteoblast phenotype, or have a cytotoxic effect. Proliferation assays were conducted 

and a number of markers of bone activity ; ALP activity, osteocalcin and 

osteoprotegerin production were also examined. 

Saos-2 cells (ATCC catalogue #HTB-85) are a Homo sapien derived cell line, from 

an osteosarcoma. They are adherent and have an epithelial morphology. This cell line 

is derived from an 11 year old caucasian female [6]. Saos-2 cells were cultured in 

McCoys SA media (Sigma-Aldrich #M9309) supplemented with 15% Foetal Bovine 

Serum and L-glutamine as per the A TCC protocol. This cell line has a doubling time 

of approximately 43 hours. The Saos-2 cell line, while responsive to vitamin D and 

having a high ALP activity, has been found to have no positive reaction for 

osteocalcin [7]. As such this cell line will only be used for the cytotoxicity assays, 

while the Mg63 cell line will be used for both the proliferation, and differentiation 

assays. 
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Cell culture passages 1-6 were used for the analysis and each passage was conducted 

using trypsin/EDT A (Sigma-Aldrich #T3924) for approximately 10 minutes, 

allowing lifting off of the adherent cells from the tissue culture vessel, time variation 

were gauged by monitoring the cells using a light microscope. 5ml of the appropriate 

media was then added and the cells spun down for 3 .5 minutes at 1200 rpm. 

Following this the solution was tipped off and the cell pellet resuspended in fresh 

media. The solution was then pipetted up and down a number of times to avoid 

clumping of the cells. 

Cells were counted using a haemocytometer and stained with trypan blue (Sigma-

Aldrich #T8154) and plated in tissue culture flasks (Nunc). Trypan blue is one 

example of a vital dye and is the dye of choice for this project. The reactivity of 

trypan blue is based on the fact that the chromophore is negatively charged and does 

not interact with the cells, unless their membrane is damaged [2]. Trypan blue binds 

to the nucleus of the cell, and thus only penetrated the cell when the cell membrane 

when it is ruptured or damaged. Therefore, all the cells which exclude the dye are 

deemed to viable. The starting cell number was recorded for each experiment and 

cell samples were then left to grown for periods of 3 hours, 1, 3, 5 and 7 days. 

1 ml solution of the cells was then taken and a 1: 10 dilution of trypan blue was 

performed using this solution. A coverslip was placed over the counting chamber and 

approximately 1 Oµl of cell solution containing trypan blue is loaded into each side of 

the haemocytometer using a micropipette. 

Viewing the cells under the microscope at a 1 Ox magnification, the cells and the grid 

of counting chamber were clearly visible. The number of cells was determined by 

counting the number of cells in eight Ix I mm2 areas, followed by averaging the 

result. If the number is less than 10, a more concentrated solution was used. Also if 

the numbers are greater than 50 the cell solution was further diluted for improved 

accuracy. 
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For all cell culture, liposome samples were prepared as in chapter 5, and were as 
follows; 

1. Liposomes in Phosphate buffered saline (PBS) 

2. Liposomes with Hydroxyapatite (HA) 

3. Liposomes with di-calcium phosphate dihydrate (DCPD) 

4. Liposomes in Kanthi's SBF solution 

5. Liposomes in Kukubos SBF solution 

6. Liposomes in Kukubos SBF + F 

7. Liposomes in CaCb solution 

8. Liposomes in CaCb + NaHC03 solution 

9. Liposomes in Ca Cb + MgS04 + KzHP04 solution 

10. PMA 

Each liposome group used was tested both as functionalised and non-functionalised 

liposomes. Where liposomes are functionalised it is designated by the sample 

number and the letter F, e.g. sample 4F indicates Functionalised liposomes in 

Kanthi' s SBF solution. 

A PMA control was also added, to maintain consistency so that the response of this 

cell line can be compared to the response to cells exposed to macrophage 

supernatants with both liposomes and PMA which will produce an inflammatory 

response. PMA is added at a final concentration of 160nmol. 
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6.4 Methods for determining cytotoxicity and prolif era ti on 

Cytotoxicity and liposome dose determination 

Propidium iodide (PI) assay is an assay which is rapid and allows for quantitation of 

cell numbers over time. The PI dye is polar and soluble in water and so can be easily 

added directly to cell culture media for a rapid determination of cell number and cell 

proliferation over time. The PI binds to the nucleic acid of dead cells. It binds to 

double stranded ON A but not to other macromolecules. The PI - DNA complexes 

produce a fluorescent signal, the strength of which correlates to the amount of ON A 

present. 

The cells were seeded into the cell culture plates at a known concentration as 

determined by trypan blue and left to grow in culture media for l, 3 , 5 and 7 days. A 

standard curve was also generated, using ten known concentrations of cells. These 

cells were frozen immediately to prevent further cell proliferation and the numbers 

used to standardise experimental numbers. At each time point PI dye (Sigma Aldrich 

#81845) was added to each well at a final concentration of 50ug/ml and incubated in 

the dark for 20 minutes. This allows the dye to penetrate cells with damaged 

membranes and allow quantification of dead cell numbers. A blank sample 

containing only media and PI dye was used to correct for background fluorescence. 

The samples were then read using a plate reader, using an excitation wavelength of 

530nm and emission at 620nm. Each reading was taken twice to eliminate machine 

variability. 

After reading the experimental wells, all wells were frozen immediately to prevent 

further cell proliferation. Following this the cells were subjected to three freeze thaw 

cycles. With freezing at -80° C overnight and thawing at room temperature until all 

media was thawed. The three freeze thaw cycles ensure that all cells have been lysed 

prior to taking the final fluorescence measurement for total cell number. 
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Three concentrations of liposomes were initially chosen to determine the appropriate 

dose for the osteoblast cell study (0.5, 1.0 and 2.0 mg/ml in media). The numbers of 

dead cells were observed after 3 hours, and after 1, 3, 5 and 7 days. 

Cells for cytotoxicity assay were seeded at a concentration of 100,000 cells per well, 

in a 6 well plate. Separate plates were used for each time point, resulting in 6 repeats 

of each sample. Three separate readings of each plate were obtained to determine the 

precision of the ELISA reader. 

Methodology Used for the Statistical Analysis of Data 

The determination of a statistical difference is determined by the following equations 

[8] 

X -x -+ts - - pooled 
2 

Where the left of the equation X - X is less than or equal to the right of the 

equation ±ts 1 1 poo e< 

In this instance the null hypothesi s is accepted and no significant difference is 

present between samples, there the value on the left is the larger value, the null 

hypothesis is rejected and a significant difference is observable for the sample sets. 

= -r pooled 
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Where Sm 1 and Sm2 are the standard deviations for measurement one and two, and N 

is the number of samples. t values were taken at a 95% confidence interval, from 

published tables [8] 

The number of degrees of freedom was taken as N-1, where N is the number of 

replicate measurements, and as N-X for multiple sample groups where N is the 

combined total number of replicates and X is the number of groups of data 

combined. This method of statistical analysis is used for all cell culture experiments, 

and data is shown in Appendix B 

Proliferation Assay Methodology 

Cell proliferation was measured using propidium iodide and an ELISA reader (Bio-

Tek Synergy HTTR, Bio-Tek instruments, USA) and values recorded using KC4 

software (Bio-Tek Instruments, USA) . The samples were then freeze thawed to 

determine the total cell number, and the fluorescence normalised using a standard 

curve. 

A series of mineralised liposomes as well as a non-mineralised sample was used to 

analyse the effect of mineralised liposomes on bone cell activity. The proliferation 

was measured using both functionalised and non-functionalised liposomes. The 

liposomes were added to the cell culture at a concentration of 1 mg/ml. 
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6.5 Methods for determining osteoblast differentiation 

To determine if the mineralised liposome compounds affect the differentiation or 

activity of the Mg63 or Saos-2 osteoblast like cell lines, three different differentiation 

assays were conducted. These are (I) ALP production, (2) osteocalcin production 

and (3) osteoprotegrin production. 

For differentiation studies, cells were grown for 7 and 10 days, then subjected to 

treatment with the liposome compounds. These samples were used to determine the 

ALP activity, osteocalcin production and osteoprotegerin production. For these 

studies the media was also supplemented with Vitamin D at 1 xl0-7mM which is 

required for osteoclacin production. 

Alkaline Phosphatase activity 

Serum alkaline phosphatase (ALP) assay (Sigma Aldrich #A3469), allows for the 

analysis of ALP which has been secreted by the cells and released into the 

supernatant. The Sigma assay uses a known volume of p-nitrophenol phosphate (p-

Npp) which is converted to p-nitrophenol (pNp) in the presence of ALP as shown 

below. The amount converted is proportional to the concentration of ALP. 

ALP 
p-Nitroph enyl phosphate + H20 ~ p-Nitrophenot (PNP) + H3P04 

Colourless Yellow 

The reaction mixture changes from colourless to yellow as the reaction proceeds, and 

the absorbance is read at 405nm after 30 minutes. The absorbance was measured 

using an ELISA reader (Bio-Tek Synergy HTTR, Bio-Tek instruments, USA) and 

values recorded using KC4 software (Bio-Tek Instruments, USA). One unit of 

phosphatase activity is defined as the amount of enzyme that hydrolyzes l 

micromole of pN pp per litre, and calculated as follows; 
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Equation 5.1 
JU= µmo! l(L ·min) 

= ( ODsample, - 0Dsample0 ) • l 000 ·Reaction Vol 
t · E · l · samplevol 

( ODsample, - 0Dsample0 ) ·Reaction Vol 
( ODcalibrator - OD Hp)· Sample Vol· t 

Where t is the incubation time, £ is the absorbance co-efficient for p-nitrophenol, 

where£= 18.75. 

This is a rapid and inexpensive test to perform, which is an indicator of bone 

formation, or increased bone turnover, [9] however it is not as meaningful as 

osteocalcin and osteoprotegerin production, given that it's production is not bone 

specific. 

Osteocalcin Production 

Osteocalcin is produced by osteoblasts and is found exclusively in bone tissue and is 

a marker of bone formation. Unlike ALP it is a marker which is specific to the 

formation of bone, and is thought to therefore be more reliable than ALP. This 

response is dependent on the presence of Vitamin D, and the osteocalcin is secreted 

into the solution. Osteocalcin contains carboxyglutamic acid residues which are 

thought to be involved in calcium ion and hydroxyapatite binding. It accounts for 10-

20% of the non-collagenous protein in bone. 

Osteocalcin was measured using a Biosource human osteocalcin immunoassay kit. 

(Biosource International Inc catalogue #KAQ 1381 ). The Biosouce human 

osteocalcin immunoassay kit is a solid phase Enzyme Amplified Sensitivity 

Immunoassay, which is performed on a microtiter plate. This assay uses monoclonal 

antibodies (Mabs) directed against epitopes of human osteocalcin [ 1 O]. The standards 

provided and the experimental samples react with the capture monoclonal antibody 

(Mab l ). They also react with a monoclonal antibody (Mab 2) labelled with horse 

radish peroxidise (HRP). After an incubation period a sandwich will form, which has 

an absorbance at 450nm. Therefore the amount of osteocalcin present is proportional 
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to the absorbance obtained at 450nm. This is conducted using the procedure provided 

and is summarised as follows. 25 µL of each standard, control or sample was added 

into the appropriate wells followed by l 00 µL of working Anti-OST-HRP conjugate. 

The plate was then covered with a plate cover and incubated for 2 hours at room 

temperature. The solution is decanted from wells the liquid discarded. Wells were 

then washed three times. Following the wash step, 100 µL of Chromogen Solutionis 

added into each well within l 5 minutes. The plate is incubated for 30 minutes at 

room temperature in the dark prior to addition of l 00 µL of Stop Solution to each 

well. The absorbance of each well was then read at 450 nm Values were standardised 

via a standard curve obtained from control samples provided. The absorbance is 

measured using an ELISA reader (Bio-Tek Synergy HTTR, Bio-Tek instruments, 

USA) and values recorded using KC4 software (Bio-Tek Instruments, USA). 

Osteoprotergerin Production 

Osteoprotegerin (OPG) or osteoclastogenesis inhibitory factor is a secretory 

glycoprotein and is produced in a wide range of tissues, e.g. bone, skin, liver, 

stomach, intestine, and lung. Osteoprotegerin inhibits the binding of RANK to 

RAN KL ( osteoclast differentiation factor) , thus inhibiting the recruitment, 

proliferation and activation of osteoclasts. Since OPG exhibits an inhibitory effect on 

osteoclasts, it acts as a soluble factor in the regulation of bone mass. Osteoclast 

formation activity may be the cause of bone loss in many imbalances in bone 

metabolism such as osteoporosis, osteopetrosis, hypercalcemia, metastatic osteolytic 

lesions and rheumatic bone degradation. 

Serum osteoprotegerin specifically relates to the way osteoblasts signal the osteoclast 

to break down bone. Given the fluoride not only strengthens the bone but also plays a 

preventive role in the degradation of bone this bone marker is extremely important to 

examme. 

Osteoprotegerin production was measured using the Quidel Metra OPG EIA assay 

(Quidel #8034 ). In this ELISA, the Standards, Controls and specimens were 

incubated in duplicate assay wells coated with a murine monoclonal anti-human 
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osteoprotegerin antibody. Standards were reconsitituted and serial dilutions prepared 

by diluting Standards, Controls and Specimens l :3. 100 µL diluted Standards, 

Controls and samples were then added to assay wells. After a 60-minute incubation 

period at room temperature using a shaker at 300 rpm., unbound material is removed 

by a washing step, which consists of washing each well three times using 300µ1 of 

wash buffer. A solution containing a biotin-labelled polyclonal antihuman 

osteoprotegerin antibody was then added, using 100 µL per well. 

After a further 60 minute incubation at room temperature using a shaker at 300 rpm 

and a second washing step to remove unbound antibody, l 00 µLof streptavidin 

horseradish peroxidase conjugate is added to the assay wells. The conjugate is 

incubated for 30 minutes at room temperature using a shaker at 300 rpm, and a final 

round of washing removes unbound material and the remaining conjugate is allowed 

to react with 100 µL of Substrate Solution consisting of tetramethylbenzidine 

(TMB). The reaction is stopped by the addition of 100 µL of an acidic stop solution, 

and the optical density of the resulting yellow product is measured at 450 nm. The 

absorbance is proportional to the concentration of osteoprotegerin in the well. A 

standard curve is constructed by plotting absorbance value versus osteoprotegerin 

concentrations of Standards. Concentrations of unknown samples were determined 

using this standard curve. 

The absorbance is measured using an ELISA reader (Bio-Tek Synergy HTTR, Bio-

Tek instruments, USA) and values recorded using KC4 software (Bio-Tek 

Instruments, USA). 
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6.6 Cytotoxicity and Proliferation Assay Results 

The cells treated with liposomes alone showed a similar number of dead cells 

between the control sample and at the two lower concentrations of liposomes in the 

media for both Saos-2 and Mg63 cell lines, over a period of 7 days (Figure 6.3 and 

Figure 6.4 respectively). 
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Figure 6.3 a) Cell death for Saos-2 cell line with varied liposome concentrations shows a 

significant increase in cell death for the 2mg/ml after day 3 b) cell death represented as a change 

from the control sample. Each experiment was conducted twice with samples in triplicate. 

At the higher concentration of liposomes (2mg/ml) a significant increase in cell death 

was seen after day three and beyond. This indicates that this concentration is too high 

for our cell studies, as it leads to cell death. 
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Figure 6.4 a) Cell death for Mg63 cell line with varied liposome concentrations shows a 

significant increase in cell death for the 2mg/ml after day 3 b) cell death represented as a change 

from the control sample. Each experiment was conducted twice with samples in triplicate. 
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As such, a concentration of 1 mg/ml was chosen for incorporation of calcium and 

further studies of cell response. This concentration was chosen as it is the highest 

concentration which did not cause any significant difference from the control. 

In the proliferation study, data is shown for days 3, 5 and 7, for both the non-

functionalised liposomes (Figure 6.5) and the functionalised liposomes (Figure 6.6). 

For the non-functionalised samples at days 3, 5 and 7, a significant decrease is 

observed in the proliferation of the Mg63 cell line with non-mineralised liposomes 

compared to no liposomes at all. 

At day 5 all mineralised liposomes samples except sample 6 and 7 solutions 

containing SBF with Flouride (Sample 6) and CaCh (Sample 7) showed a 

significant increase in the proliferation compared with the unmineralised liposomes, 

however the proliferation of all samples was reduced compared to the sample 

containing no liposomes, with the exception of sample 9. 
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Figure 6.5 a) Proliferation for Mg63 cell line with non-functionalised liposome samples. Cell 

numbers are shown after 3,5 and 7 days of gro\vth. Each experiment was conducted twice with 

samples in triplicate. 

A significant increase in proliferation is observed at day 5 and 7 for sample 9, the 

sample prepared using CaCb, MgS04 and K 2HP04 , compared with the liposome 
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sample prepared using PBS solution (sample 1), as well as the control containing no 

liposomes. This was the only non-functionalised sample to show a significant 

increase in cell proliferation compared to both controls. Futhermore, it also showed 

significant increase in proliferation when compared to the solutions containing SBF 

with Flouride (Sample 6), CaCb (Sample 7) and CaCb plus NaC03 (Sample 8). 

This indicates that the introduction of liposomes can cause a reduction in the 

proliferation of the Mg63 cell line. However this can be increased back to the normal 

level, or greater, depending on the type of mineral incorporated into the I iposome. 
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Figure 6.6 Proliferation for Mg63 cell line with functionalised liposome samples. Cell numbers 

are shown after 3,5 and 7 days of growth . Each experiment was conducted twice with samples in 

trip Ii ca te. 

For the functionalised liposomes, sample l containing non-mineralised liposomes 

also showed a significant decrease in the proliferation of the M6g3 cell line 

compared to the control containing no liposomes, at all time points. 

At day 5 all samples showed a significant increase in proliferation compared to the 

non-mineralised liposomes (sample 1), and proliferation was significantly reduced 

compared to the control containing no liposomes at all. Sample 5 (liposomes in 
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Kukubos SBF solution,) was the exception to this and showed no significant 

difference in proliferation from the control containing no liposomes. 

At day 7 most samples have a proliferation rate higher than non-mineralised 

liposomes, but lower than the sample containing no liposomes. Samples 5 and 9, the 

sample liposomes in Kukubos SBF solution as well as the sample containing CaCb, 

MgS04 and K1HP04 are the only liposome samples showing proliferation which is 

not significantly different from the control with no liposomes at day 7. Sample 10 

containing PMA also showed no change in proliferation from the control containing 

no liposomes. 
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Figure 6.7 Proliferation for Saos-2 cell line with non-functionalised liposome samples. Cell 

numbers are shown after 3,5 and 7 days of growth. Each experiment was conducted twice with 

samples in triplicate. 

The data for the non-functionalised liposomes with the Saos-2 cell line is consistant 

with the Mg63 in that the non-mineralised liposomes show a decrease in 

proliferation at day 5 and 7 compared with the sample containing no liposomes at all. 

The Saos-2 cells showed no significant change in the proliferation of the cells with 

the addition of the mineralised liposomes compared to no liposomes over the 7 days 
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(Figure 6.7). The changes in the mineral incorporated inside the non-functionalised 

liposome did not effect the proliferation of the Saos-2 cell line. 
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Figure 6.8 Proliferation for Saos-2 cell line with functionalised liposome samples. Cell numbers 

are shown after 3,5 and 7 days of growth. Each experiment was conducted twice with samples in 

triplicate. 

For the functionalised liposomes (Figure 6. 8) only sample 7 showed a significant 

change from the sample containing no liposomes. However this sample was not 

significantly different from the non-minerali sed liposome sample. 

Again the functionalised samples 5 and 9 showed a significant increase in the cell 

proliferation compared to the non-mineralised liposomes. This was seen at 5 and 7 

days. These were not significantly different from the sample containing no 

liposomes. 
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6. 7 Results of Osteoblast Differentiation Assays 

The ALP activity of the Mg63 cells showed no significant difference with the 

addition of mineralised lipsomes compared to the control sample containing no 

liposomes (Figure 6.9). There was a significant difference in the ALP activity of the 

non-mineralised liposomes compared to no lipoosomes. This was only observed m 

the non-fuctionalised liposome sample. 
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Figure 6.9 ALP activity for Mg63 cell line with non-functionalised liposome samples. Each 

experiment was conducted twice with samples in triplicate. 

Samples 2, 3, 4 and 6 have a lower ALP activity than the non-mineralised sample 

however are not significantly different from the sample containing no liposomes. 
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Figure 6.10 ALP activity for Mg63 cell line with functionalised liposome samples. Each 

experiment was conducted twice with samples in triplicate. 
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There was also no significant difference observed between the different mineralised 

liposomes, or between liposome samples which contain functional groups (Figure 

6.10). 
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Figure 6.11 ALP activity for Saos-2 cell line with non-functionalised liposome samples. Each 

experiment was conducted twice with samples in triplicate. 

0.9 _, 
o.a ....... c .E 0 .7 

....... o.o E 
:L 0 .5 
~ 0 .4 
:~ 0.3 v 
nJ 0 ./ a.. 
~ 0.1 <( 

0 

Saos-Z ALP activity with functionalised liposomes, 
after 7 days 

·-- - --

-

Sample 

Figure 6.12 ALP activity for Saos-2 cell line with functionalised liposome samples. Each 

experiment was conducted twice with samples in triplicate. 
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These results were also consistant with the results obtained for the Saos-2 cell line 

(Figure 6.11 and Figure 6.12). No significant difference was observed between 

mineralised or non-mineralised, non-functionalised liposomes, compared to no 

liposomes at all. For functionalised liposomes the non-mineralised sample was not 

significantly different from no liposomes at all. 

All samples and controls produced a higher ALP activity for the Saos-2 cell line than 

for Mg63. This is an expected difference of the cell line [7]. 

No significant differences were observed between the ALP activity of the Saos-2 

cells treated with liposomes, or with mineralised, or functionalised liposomes (Figure 

6.11 and Figure 6.12). 

Figure 6.13 Mg63 Osteocalcin production after 10 days, with different liposome samples. Each 
samples is repeated in triplicate. 

Results show there is no change in the osteoclacin production in the cells which were 

treated with liposomes containing mineral compared to the liposomes and mineral 

alone, and no significant difference could be seen between the osteocalcin production 

of cells treated with liposomes containing different mineral compounds (Figure 

6.13). 
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Figure 6.14 Mg63 Osteoprotegerin production after 10 days, incubated with different liposome 
samples. Each samples is repeated in trip licate. 

The Mg63 cell line did not show any significant change in the OPG production with 

the addition of non-mineralised liposomes compared to the control sample containing 

no liposomes. The calcified liposome samples did not show any significant change 

from either the control sample containing liposomes, or the non-mineralised 

liposome samples (Figure 6.14). 
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6.8 Osteoclast culture and cell differentiation methods 

In order to study the potential effect of liposomes on bone resorption and osteoclast 

activity, osteoclasts were treated with liposome compounds in the presence of bone 

slices. Although the functionlised liposomes are designed to target the bone marrow 

macrophage the uptake may not be complete, and as such osteoclast activity may be 

affected by the presence of liposomes. As the cytotoxicity of the liposome 

compounds to osteoclasts, and the effect on osteoclast activity is currently unknown 

this has been incorporated into the study. 

Bone slices were obtained from rat tibias, which had been collected from healthy, 

normal 6 month old rats (Figure 6.15), as described earlier for cell culture. Tibias 

were stored frozen at -80°C until required and then thawed and sectioned into 1 OOum 

slices, using a Beuhler Isomet low speed diamond saw, and used in the cell culture 

studies to measure the resorption activity of osteoclasts. The collagen released from 

the bone as resorption occurs was quantified after 10 days of growth. 

Figure 6.15 Tibia obtained from a female Sprague Dawley rat. 

1 million human osteoclast precursor cells were obtained from Lonza USA, (2T-

l l 0), and seeded onto bone pieces at a cell density of l 0,000 cells per well. 
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These cells cannot be passaged, but can be differentiated into osteoclasts by 

supplementing the media, with differentiation factors RANK-Land MSF. Some cells 

were also cultured without differentiation factors for comparison. Cell differentiation 

must be confirmed, so a serum TRAP assay was conducted to ensure that cells had 

differentiated into osteoclasts. As osteoclast precursors were used, it is expected that 

they are fully differentiated by 7 days, and so collagen release was measured after 10 

days of growth. 

The composition of the media used was as follows: 

Osteoclast basal media (Lonza, USA PT8201 ), supplemented with 

10% Foetal Bovine Serum (Lonza, USA PT9007) 

1 % L-Glutamine (Lonza, USA PT9008) 

1 % Penicillin/Streptomycin (Lonza, USA PT9009) 

Soluble Rank ligand (Lonza, USA PT9011) 

Rhm CSF (Lonza, USA PT9010) 

Given the expense of this test, as the pre-osteoclasts are one use only and cannot be 

passaged, this experiment was conducted only once as a preliminary test. Samples 

were however set up in triplicate. 

Trap Assay 

Serum band 5 tartrate resistant acid phosphates (TRAP Sb) is a glycoprotein which is 

secreted by bone resorbing osteoclasts and is an indicator of bone resorbing activity 

in vivo [ 11]. 

TRAP5b (serum band 5 tartrate-resistant acid phosphatase) is a 35-37 kDa 

glycoprotein. TRAP5b is typically expressed in proportion to osteoclast activity and 

is secreted into the circulation. 

The METRA TRAP5b Assay Kit was used (Quidel #8033) which detects the enzyme 

activity of TRAP5b based on an immuno-captured enzyme assay system. Elevated 

167 



serum TRAP5b levels are thought to be associated with active bone remodelling. 

Elevated serum TRAP5b levels have also been detected in certain disease states and 

conditions characterized by increased bone resorption. 

The METRA TRAP5b Assay is a 2-step, direct capture, 96-well EIA. Serum or 

plasma samples and reconstituted as per the product insert, and 50µL of standards or 

controls were added to coated micro well plate wells along with 100 µL sample 

diluent. The plate was then sealed and incubated for 60 minutes at room temperature. 

The assay employs two unique monoclonal antibodies, Trk49 and Trk62. The first 

antibody, Trk49, is highly specific to inactive TRAP5b fragments; the second 

antibody, Trk62, is highly specific for intact, active TRAP5b. Trk49 binds inactive 

TRAP5b fragments, thereby making Trk62 more available to bind active TRAP5b in 

the microplate. The resulting TRAP5b assay is one that is specific and has good 

precision and a wide range of linearity. 

After the immunoreaction incubation, the plate was washed three times using 300µL 

of wash buffer to remove unbound material, and 100 µL of a prepared substrate, 2-

chloro-4-nitrophenyl phosphate (CNPP, pH 6.4), was added to each well. Since the 

TRAP5b analyte is itself an enzyme, a labelled secondary antibody-enzyme 

conjugate was not required. 

The plate was sealed and incubated a further 60 minutes at 3 7°C and at the end of the 

incubation, the reaction stopped with the addition of 50µL of 0.2M NaOH solution 

and then read via microplate reader at 405 nm. The TRAP5b activity was then 

calculated off a quadratic curve. The amount of colour developed is proportional to 

the concentration of TRAP Sb in the samples. 

The absorbance was measured usmg an ELISA reader (Bio-Tek Synergy HTTR, 

Bio-Tek instruments, USA) and values recorded using KC4 software (Bio-Tek 

Instruments, USA). 
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Collagen release 

Collagen released from bone thin sections was measured usmg METRA Helical 

Peptide Assay (Quidel #8022). Metra Helical peptide is an assay which 

quantitatively measures the concentration of the peptide consisting of the 620-633 

region of the helical region in type 1 collagen alphal chain. The bone matrix consists 

of 90% type l collagen, 2 alpha one chains and l alpha 2 chain. As the bone 

resorption occurs the collagen is degraded releasing into circulation the peptides of 

various molecular weights. The measurement of specific degradation products of 

bone matrix provides analytical data of the rate of bone metabolism. 

Helical peptide is present in all mammalian species including human, rat, cats, dogs 

and pigs. The effectiveness of the assay is extended to animal model studies. 

The assay is a competitive enzyme immunoassay in a microassay stripwell format 

utilizing a monoclonal anti-helical peptide antibody coated on the strip to capture 

helical peptide. The conjugate produces an absorbance at 405nm proportional to the 

concentration. The sample concentrations were determined comparison with a 

standard curve prepared from known standards which were provided. 

The assay procedure was conducted briefly as follows; 

20 µL Standards, Controls, or samples were added to each well of the coated strips 

provided. Enzyme conjugate provided was reconstituted with l 0 mL of Assay 

Buffer. 150 µL of reconstituted Enzyme Conjugate was added to each well, and 

plate is covered using the provided tape cover. The plate was incubated 24 hours at 

2-8°C. 

Working Substrate Solution was prepared immediately prior to use by the addition of 

l tablet provided to each required bottle of Substrate Buffer, 60 minutes was allowed 

for the tablet to di ssolve, and the mixture was shaken well. Three wash steps were 

conducted, each time adding 300µ1 of wash buffer, and inverting the strips to empty. 

Following th e final wash steps the strips were dried by blotting with paper towel. 

169 



150 µL of Working Substrate Solution was then added to each well, and the plate 

incubated for 60 minutes at room temperature. 100 µL of the provided stop solution 

was added, and the absorbance read at 405nm. 

The absorbance is measured using an ELISA reader (Bio-Tek Synergy HTTR, Bio-

Tek instruments, USA) and values recorded using KC4 software (Bio-Tek 

Instruments, USA). 
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6.9 Results: Osteoclast cell differentiation levels 
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Figure 6.16 Trap assay for osteoclast precursors treated with differentitation factors and, 

liposome samples, shows all samples positive for TRAP, indicating that differentation has 

occured. Each samples is repeated in triplicate. 

All samples containing differentiation factors show the production of TRAP5b, 

indicating that the liposomes do not inhibit the differentiation of the pre-osteoclasts 

into osteoclast cells. All samples show a significant increase in the TRAP b from the 

negative control which did not contain any differentation factors (Figure 6.16). 

However treating with liposomes did not show any significant difference from the 

sample without liposomes, and the mineralisation of the liposomes generates no 

significant difference from non-mineralised or no liposomes at all. 
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Figure 6.17 Osteoclasts, collagen release from bone in the presence of liposome samples. Each 
samples is repeated in triplicate. 

All samples showed a release of collagen from the bone pieces (Figure 6.1 7). These 

results indicate that osteoclasts were active in the presence of liposomes. There was 

no significant change in the collagen resorption by osteoclasts between the 

mineralised or non-mineralised liposome samples or the sample containing no 

liposomes. 

Measuring the collagen release is a measure of bone resorption over time. The 

collagen is released into circulation from bone as the osteoclast resorbs the mineral 

present. The concentration of collagen in the cell culture supernatant will correspond 

to the amount of bone resorbed by the osteoclast. The normal rate of resorption is 

measured by the sample containing no liposome treatments. The addition of 

liposomes did not generate any significant increase or inhibition of the bone 

resorption rate, indicating that the liposomes have no direct effect on the osteoclast 

activity. 

Any effects the liposomes may have on reducing bone resorption, or the regulation of 

cell activity must be mediated by macrophage activity. This possibility will be 

explored in the following chapter. 

6.10 Discussion of cell culture findings 
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These cell culture results summarised in table 6.3 below indicate that liposomes 

alone can reduce the proliferation of the osteoblast cell lines; however the amount of 

proliferation can be returned to normal by altering the mineral composition contained 

within the liposome. 

For example, whilst the addition of the non-mineralised liposomes significantly 

decreased proliferation compared to the sample containing no liposomes over 7 days, 

mineralised liposome samples did not show the same level of decrease. Sample (5) 

liposomes in Kukubos SBF solution and sample (9) containing CaCh , MgS04 and 

K2HP04 showed a proliferation not significantly different from the control with no 

liposomes. 

Table 6.3 Summary of Cell Culture results 

Samples which showed a significant difference to control without liposomes 
Mg63 Proliferation 1,~3,4,5,~ ~8,9, lF 
Saos-2 proliferation 1, 7 
ALP actvity No significant differences observed 
Osteocalcin Production No significant differences observed 
Osteoprotegerin Production No significant differences observed 

Samples which showed a significant difference to control without liposomes 
Mg63 Proliferation 6, 7, 2F, 3F, 4F, 6F, 7F, 8F, 9F 
Saos-2 proliferation 5, 7 
ALP actvity 2F, 3F, 4F, 6F 
Osteocalcin Production No significant differences observed 
Osteoprotegerin Production No significant differences observed 

Samples which showed a significant difference between samples 
Osteoclast Collagen Release No significant differences observed 

OsteoclastTrap Activity No significant differences observed 

The slight changes observed between the mineralised samples may be due to the 

composition of ions inside the liposomes, for sample 9, which contains sulphate, 

possibly as the highly soluble calcium sulphate may lead to an increase in 

proliferation from non mineralised liposomes. A liposome sample containing only 

ca lcium sulphate sample should be explored as a possibility during further work. 

Although some samples showed changes in the cell proliferation, this did not 

translate into changes in overall activity. The three assays; ALP, OPG and OC, used 
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on the Mg63 and Saos-2 cell lines, represent three areas of osteoblast activity. High 

ALP is generally associated with high bone turnover, osteocalcin production is a 

marker of bone formation and involved in bone mineralisation. OPG production is 

involved in osteoblast to osteoclast signalling, and inhibits osteoclastgenesis. 

An increase in these markers produced by the osteoblast would be positive for bone 

formation, however this was not observed. The mineralised, functionalised liposomes 

showed no significant difference for any of these markers of bone activity, and 

therefore are believed to have little to no direct effect on the osteoblast activity. 

Importantly the mineralised functionalised liposomes did not cause any reduction in 

ALP activity, osteocalcin or OPG production. This indicates that the liposomes could 

potentially be delivered to the bone without any negative effects on the osteoblast. 

Neither the functionalised nor the non-functionalised liposomes showed a significant 

effect on the osteoclast resorption of bone measured by collagen release, or the 

differentiation measured by TRAp-5b activity. 

There are a number of possibilities considered to be responsible for the lack of 

change in the osteoblast and osteoclast activity, Hap and calcium are known to 

increase the production of bone markers. The release rate of the calcium from the 

liposomes was not measured as the liposomes were designed for uptake by the 

macrophage, rather than release the calcium into the solution. Therefore the calcium 

may be released too slowly to initiate a direct osteoblast response, beyond the slight 

changes in proliferation observed. 

The form of the calcium was also not readily soluble, as apatite is only slightly 

soluble at pH=7 and so is slowly dissolved. Increasing calcium sulphate content or 

other more soluble forms of calcium may have an increased effect on the osteoblast. 

In addition the dose of calcium in each liposome was not optimised. Increasing the 

dose of calcium present may lead to a larger osteoblast response. 

The variation seen between the functionalised and non functionalised liposomes, also 

indicate that the addition of the PEG functional groups, which are designed to 
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mcrease circulation time in the body, and targeting to the macrophage, may be 

inhibiting the osteoblast response due to a slower or negligible breakdown of the 

liposomes in solution. 

The increased calcium ion concentration in solution would also slow the osteoclast 

resorption of bone, however this was not observed. This supports the theory that the 

calcium is not released from the liposomes. The incorporation of fluoride into the 

liposome, as in sample 6 was also expected to reduce the osteoclast activity, as 

fluoride is known to alter osteoclast activity, however this was not observed. 

Calcium phosphate containing fluoride, has an increased stability and will not 

dissolve into solution unless the pH is low. This is expected where the osteoclasts are 

active as the local environment will have a drop in pH. 

The osteoclast study was conducted over 10 days in order for the collagen resorption 

to be measured. Given that the first 7 days were required for complete differentiation, 

The 3 additional days would have lowered the pH at the bone surface, as osteoclast 

resorb the bone but may not have been sufficient to generate the necessary drop in 

pH of the cell culture media that would have been required to dissolve the calcium 

phosphates in solution. Whilst a series of increased time frames could not be 

conducted due to financial and time restraints, this should be explored in the future. 

Any liposome generated increase on bone formation, or the regulation of cell activity 

under pathological conditions such as osteoporosis, must be through mediated by 

macrophage activity. This possibility will be explored in the following chapter. Thus 

the focus of the subsequent set of experiments was to address this possibility. 

The calcified liposomes do not generate an increase in the activity or differentiation 

of the osteoblast, or a change in the osteoclast activity under the examined 

conditions. 
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6.11 Summary of Chapter Findings 

A liposome concentration of 1 mg/ml in media was found to be an optimal 

concentration to use for all liposome studies, as at this concentration, the liposomes 

were found to not cause any cytotoxic effects on the Mg63 and Saos-2 cell lines. 

This concentration was therefore used for all further work. 

At a concentration of 1 mg/ml the non-mineralised liposomes were however, found to 

significantly reduce the proliferation of both osteoblast cell lines Mg63 and Saos-2, 

when compared to the sample containing no liposomes. 

There were no observed significant changes in the Mg63 or Saos-2 ALP activity, the 

Mg63 production of osteocalcin or OPG. These three assays , represent three areas of 

osteoblast activity. High ALP is generally associated with high bone turnover, 

ostecalcin production is a marker of bone formation and involved in bone 

mineralisation. OPG production is involved in osteoblast to osteoclast signalling, and 

inhibits osteoclastgenesis. 

An increase in these markers produced by the osteoblast would be positive for bone 

formation, however this was not observed. The mineralised, functionalised liposomes 

showed no significant difference for any of these markers of bone activity, and 

therefore are believed to have little to no direct effect on the osteoblast activity. 

Neither the functionalised nor the non-functionalised liposomes showed a significant 

effect on the osteoclast resorption of bone measured by collagen release, or the 

differentiation measured by TRAp-5b activity. 

This allows the continuation of the study administering the liposomes to the 

macrophage cell line in the following chapter, to examine the effect on bone 

formation through macrophage produced cytokines. 
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CHAPTER 7 

MACROPHAGE RESPONSE TO 
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Chapter 7 Macrophage Response to Liposomes 

7.1 Introduction 
U93 7 Macrophage cell line was used to evaluate the uptake of the functionalised 

liposomes, and cell response of the macrophage to the liposomes. The liposomes 

were functionalised to reach the bone marrow macrophage. The U93 7 cell culture 

was used as a model to determine whether an inflammatory response will occur, or if 

osteoblast/osteoclast signalling is occurring. The uptake of the liposome by the 

macrophage may initiate a bone forming response, or increase OPG lowering bone 

resorption. Alternately the liposomes may generate an inflammatory response in 

which case delivering calcium through the liposome to the macrophage will need to 

be re-examined. The Summary of Macrophage Cell culture studies is shown in figure 

7.1 below. 
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Figure 7.1 Summary of cell culture work in chapter 7 
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7 .2 U937 Cell Culture Methods 

The U937 cell line used (ATCC catalogue #CRL-1592.2) is a homo sapien derived 

cell line, from a histiocytic lymphoma. Cells were grown in suspension culture and 

have a monocyte morphology. This cell line is derived from a 37 year old caucasian 

male. U937 cells were cultured in RPMI Media (Sigma-Aldrich #R8758). The media 

was supplemented with 10% Foetal Bovine Serum (Sigma-Aldrich # l 200C3 ), and L-

glutamine (Sigma-Aldrich #M4526), as per the ATCC protocol. During experiments 

the Foetal bovine serum was reduced to 5 %. 

Cells were counted using try pan blue (Sigma-Aldrich #T8 l 54 ), plated in 24 well 

plate for proliferation experiments, and in 6 well plates for PCR. The sta1iing cell 

number was recorded for each experiment. 

For all ce ll culture, liposome samples were prepared as in chapter 5, and are as 
fo llows; 

l . Liposomes in Phosphate buffered saline (PBS) 

2. Liposomes with Hydroxyapatite (HA) 

3. Liposomes with dicalcium phosphate dihydrate (DCPD) 

4. Liposomes in Kanthis SBF solution 

5. Liposomes in Kukubos SBF solution 

6. Liposomes in Kukubos SBF + F 

7. Liposomes in CaCb solution 

8. Liposomes in CaCb + NaHC03 solution 

9. Liposomes in CaCl2 + MgS04 + K2HP04 solution 

10. PMA 

Each liposome group used was tested both as functionalised and non functionalised 

liposomes. Where liposomes were functionalised it is designated by the sample 

number and F, e.g. sample 4F indicates Functionalised liposomes in Kanthis SBF 

solution 
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Samples 7 and 8 (the Liposomes in CaClz solution and Liposomes in CaClz + 

NaHC03 solution respectively were included only to determine the mechanism for 

calcium incorporation in chapter V. They and are not calcium phosphate based 

mineral which is the intended mineral for delivery, as such they have not been 

included for the PCR work. 

PMA was used at a final concentration of l 60nmol as a positive control to activate 

U937 differentation and inflammatory response [l],[2],[3]. 

Proliferation 

The cells were seeded into the cell culture plates at a known concentration as 

determined by trypan blue, and left to grow in culture media for 2 and 3 days. 

A standard curve was also generated, using ten various concentrations of cells. These 

cells were frozen immediately to prevent cell proliferation, and the numbers plated 

were used to standardise experimental numbers. At each time point PI dye (Sigma 

Aldrich #81845) was added to each well at a final concentration of 50ug/ml, and 

incubated in the dark for 20 minutes. 

This allows the dye to penetrate the membrane of cells with a damaged membrane 

and allow quantification of dead cell numbers. A blank sample containing only 

media and PI dye was used to correct for background fluorescence. The samples 

were then read using a plate reader, using an excitation wavelength of 5 30nm and 

emission at 620nm. Each reading was taken twice to eliminate machine variability. 

The absorbance was measured using an ELISA reader (Bio-Tek Synergy HTTR, 

Bio-Tek instruments, USA) and values recorded using KC4 software (Bio-Tek 

Instruments, USA). 

After reading experimental wells, all were frozen immediately to prevent further cell 

proliferation. Following this the cells were subjected to three freeze thaw cycles, 

with freezing at - 80°C overnight and thawing at room temperature until all media 

was thawed. The three freeze thaw cycles ensures that all cells were lysed prior to 

taking the final fluorescence measurement for total cell number. All samples were 

conducted in triplicate and each experiment repeated 3 times. 
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U937 proliferation with liposome samples 
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Figure 7.2 a) Proliferation for U937 cell line with non functionalised liposome samples. Cell 

numbers are shown after 2, and 3, days of gro\'\'th. Each experiment was conducted twice with 

samples in triplicate. 
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Figure 7.3 a) Proliferation for U937 cell line with functionalised liposome samples. Cell 

numbers are shown after 2 and 3 days of growth. Each experiment was conducted twice with 

samples in triplicate. 

The proliferation of the U93 7 cell line with both non functional and functionalised 

lipsoomes (Figures 7 .2 and 7 .3) show a significant decrease in the proliferation of the 

cell at day 3 with the addition of PMA, compared to the control containing no 

liposomes, which is consistant with published data [ l]. 
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For the non-functionalised liposomes, samples containing no mineral (sample 1), HA 

(sample 2), DCPD (sample 3) and SBF solutions (samples 4-6) as well as the 

magnesium sulphate phosphate solution (sample 9) all showed a significant 

difference from the PMA. The sample containing PMA had a decrease in the 

proliferation compared to these samples. However they did not show any significant 

change in proliferation from the blank which contained no liposomes and without 

PMA. 

The functionalised liposomes samples 4F and 9F also show a significant difference 

from the sample containing PMA at day 3, although they show no significant 

difference from the blank sample containing no liposomes or PMA. No significant 

difference is observed between the mineralised liposome samples. 

At day three the proliferation of the U937 cell line decreased for all mineralised 

functionalised liposomes compared to the sample containing no liposomes. 

Proliferation is believed to decrease when this cell line is activated and 

differentiating [1], so the decrease in proliferation is seen as a possible indication of 

increased differentiation, and activity. 

A number of both functionalised and non-functionalised samples show a significant 

difference when comparing the mineralised to non-mineralised samples, with sample 

6 showing a decrease in proliferation in both instances. Samples 2, 7 and 8 also show 

changes in the proliferation at day 3. 

The non-functionalised samples showed greater change between the mineralised and 

non-mineralised samples. All non-functionalised liposome samples, prepared from 

solution (samples 4-9) show a significant difference at day 2 when compared to the 

non-mineralised sample. However no significant differences were observed when 

comparing mineralised and non-mineralised functionalised liposomes until day 3. 

This indicates that the presence of functional groups will alter the response of the 

u937 cell line. Literature shows that the inclusion of PEG into the liposomes will 

cause an increased circulation time in vivo, and while this is important allows 

circulation to occur till the bone marrow macrophage uptakes the liposomes, it may 

increase the response time of cells invitro. 

183 



Differentiation 

Polymerase chain reaction (PCR) was used to determine changes in the gene 

expression of the U93 7 cells, whether the liposomes are generating an increase in the 

expression ofTNF-a and IL-1 which are inflammatory cytokines, or if the U937 cell 

line is involved in osteoclast signalling via OPG production. In order to determine 

the levels of RN A in the cell using PCR, RN A was first isolated and combined with 

reverse transcription to cDNA prior to analysis with PCR. 

Cells were seeded into 6 well plates at density of 500,000 cells per well. They were 

left for 24 hours to settle, prior to the addition of liposomes. Liposomes were added 

at a concentration on 1 mg/ml. The cells were incubated for a further 6 hours at 37°C 

with 5% C0 2• Cells were then collected for PCR as described later, and cell culture 

supernatants were stored at -80°C for further experiments with the Mg63 cell line. 

Background to Polymerase Chain Reaction (PCR) 

PCR is a technique, which results in the rapid production of multiple copies of a 

target ON A sequence. Due to the rapid amplification of the ON A, PCR has made it 

possible to analyse DNA in samples that would otherwise be too small to permit 

other types of nucleic acid analysis. As a result, it now becomes possible to analyse 

and characterize DNA fragments found in minute quantities [ 4]. 

Real time PCR is a method of PCR quantification. Real time PCR has many 

advantages over traditional PCR. Traditional PCR only allows end point detection 

making it difficult to determine even a 5 fold difference since it is only visually and 

not expressed in numerical terms. The real time PCR can detect as little as a two fold 

change [5]. 

Real-Time PCR provides rapid quantitation with a high level of sensitivity [6] and is 

used for a broad range of applications including quantitative gene expression 

analysis, genotyping, SNP analysis, pathogen detection, drug target validation and 

for measuring RNA interference. It can be comined with reverse transcription to 

quantify messenger RNA (mRNA) and MicroRNA (rniRNA) in cells or tissues [5]. 
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RNA is the messenger for protein synthesis, and levels present in the cell are 

believed to be indicative of levels of protein expression [7]. Whist ON A is quite 

stable, RNA will degrade rapidly , and as such cannot be used for analysis without 

reverse transcription to cDN A. The relationship between DNA, RN A and Protein is 

shown in Figure 7.4. 
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Figure 7.4 A) diagramatic representation of DNA, RNA and protein shown [8] with 8) 

schematic DNA RNA and Protein and involvement in various processes [7J. 

There are three distinct phases to the PCR reaction (Figure 7.5), the first being the 

exponential phase, where product doubling occurs at every cycle. Exponential 

amplification occurs because all of the reagents are fresh and available, the kinetics 

of the reaction push the reaction to favor doubling of the amplicon. The reaction then 

proceeds to the linear phase, the reaction progresses and reagents are being 

consumed as a resu lt of amplification. The reactions start to slow down and the PCR 

product is no longer being doubled at each cycle. The final phase is the Plateau or 

end point, at this point the reaction has stopped, no more products are being made 

and if left long enough, the PCR products will begin to degrade. Due to the different 

reaction kinetics for each sample, each reaction will plateau at a different point. The 

plateau phase is where traditional PCR takes its measurement, and is sometime also 

called as end-point detection [5]. 
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Figure 7.5 Phases of a PCR reaction [5] 

Real-Time PCR uses the exponential phase of the reaction because it provides the 

most precise and accurate data for quantitation [9] . Within this phase the PCR 

instrument calculates the threshold line which is the level of detection at which a 

reaction reaches a fluorescent intensity above background. It also calculated the PCR 

cycle at which the sample reaches this level is called the Cycle threshold, Ct. The Ct 

value is used in quantitation or presence/absence detection. 

The presence of only one amplification product must be determined by melting curve 

analysis prior to ca lculation of results [ 1 O]. The use of a melting curve at the end of 

each PCR run, once the product MP has been determined also eliminated the need for 

post amplicifcation procedures such as gel electrophoresis following each run [9]. 

PCR method 

The cells were seeded into the cell culture p lates at a known concentration as 

determined by trypan blue, liposomes or PMA was added to the culture media, and 

the cells left to grow in culture media for 6 hours. 
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After 6 hours cell pellets were collected via centrifugation at l 200rpm for 3 .5 

minutes in an eppendorf tube. 

RNA was isolated using the Qiagen RNEasy Mini Kit (Quaigen #74106), and the 

cell lysate homogenised using the QIAshredder (Qiagen #79654). All 

homogenisation and RNA isolation was performed in accordance with the supplied 

instructions. The optional on column DNA digestion was performed for all samples 

to ensure the removal of Genomic DNA using an RN Ase-Free DNase set (Qiagen # 

79254). 

The RN A was quantified using the nanodrop l 000 spectrophotometer (Thermo 

Scienti fie) and stored at -80 deg C until transcription. The RN A was reverse 

transcribed to CDNA using Superscript II RT (Invitrogen # 18064014) as follows; 

The following supplied components were added to a nuclease-free microcentrifuge 

tube: 2 ~d 50- 250 ng random primers, 500 ng total RNA (x µl) as quantified using 

nanodrop, 1 µl dNTP Mix (l 0 mM each) and Sterile, distilled water to bring the total 

volume to 12 µl 

Following this the mixture was heated to 65 °C for 5 min and quickly chilled on ice. 

The contents were collected by brief centrifugation and 4 µI of 5X First-Strand 

Buffer, 2 µl ofO.l MOTT and 1 µl of RNaseOUT™ (Invitrogen # 10777-019) (40 

units/µl) were added. 

The tube contents were mined gently and incubated at 25 °C for 2 mm. l µl (200 

units) of SuperScript™ II RT was added and mix by pipetting gently up and down 

and the tube incubate at 25 °C for l 0 min, followed by 42°C for 50 min. The reaction 

wass inactivated by heating at 70°C for 15 min. 

The cDN A was now ready for use as a template for amplification in PCR. 
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The PCR reaction mix was prepared and mixed gently in a PCR plate, the reaction 
mix is as follows; 

1 OX PCR Buffer [200mM Tris-HCL (pH 8.4), 500 mM KCL] 

50 mM MgC12 

10 mM dNTP Mix 

Sybr Green ( 1 :20,000 dilution) 

Forward primer ( 10 µM) 

Reverse primer ( 10 µM) 

Taq DNA polymerase (5 U/µl) 

cDN A from first-strand reaction 

autoclave, distilled water 

2 µl 

1.2 µI 

0.4µ1 

1 ul 

0.5 µl 

0.5 µl 

0.08 µl 

1 µl 

to 20 µl 

Gene Specific primers were used for Il-1 , TNF, OPG and BTF-3 , Human basic 

transcription factor 3 (BTF-3) was used as a housekeeping gene, this gene is 

believed to be present in all human tissues in equal quantities, and so can be used as 

a threshold to compare the expression of other genes in the sample. 

The primers sequences for OPG ([1 l],[12]) , TNF [13] , and BTF-3 [14] were 

obtained from published works. The primers and optimal reaction conditions for IL-1 

was obtained from as a gift from Stephanie Dowdell at the University of Technology, 

Sydney. All primer sequences were confirmed for the appropriate gene using NCBI. 

All primer sequences lie over regions of exon boundaries, to ensure only RNA, rather 

than genomic DNA were being amplified in the PCR reaction. 

The primer sequences used, and the NCBI ascension numbers are shown in table 7.1 

Table 7.1 Primer sequences with resulting product size, and mRNA, NCBI ascension 

number. 

Forward Reverse Product NCBI Ref 

OPG GCTAACCTCACCTTCGAG TGATTGGACCTGGTTACC 324bp NM 012202 

IL-I TGAGCTCGCCAGTGAAATGATG CAGAGGGCAGAGGTCCAGGTC I l8bp NM 000576 

TNF-a CTGCCCCAATCCCTTTAIT CCCAATTCTCTTTTfGAGCC 69bp NM 000594 

BTF AGGAACTGCTCGCGCAGAAA AAGTGGTGCTTTTCCATCCA 339bp X74074 
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The reaction was heated to 94 °C for 5 minutes to initiate the reaction. 45 cycles were 

repeated with denaturation at 94 °C for 25 seconds, annealing at 61 °C for l minute 

and extension at 72 °C for 2 minutes. Following the 45 cycles, a melting curve was 

performed in which the reaction mix was taken to 95 °C for 15 seconds, then dropped 

to 60°C and ramped back up to 95°C over 20 minutes, then held for 15 seconds. The 

reaction was then rapidly cooled and held at 4 °C. This program is shown in figure 

7.6. 
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Figure 7.6 PCR program used for IL-1, TNF, BTF, and OPG 
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The presence of only one amplification product was confirmed by running a melting 

curve at the end of each PCR run [ l O] . This is shown in figure 7 .7 which shows the 

melting curve obtained for the housekeeping gene BTF, which had a melting point at 

88 °C. 
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Figure 7.7 Melting curve obtained for BTF-3 the housekeeping gene, showing the 

melting point at 88 °C 
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Figure 7.8 Melting curve obtained for TNF-u aplification, showing the melting point at 

83°C 

Melting curves were also determined for the products obtained from the PCR runs of 

the genes of interest. These showed that that melting points for the products obtained 

for TNF, OPG and IL-l where 83 °C (Figure 7.8 ), 87 °C (Figure 7.9) and 86°C 

(Figure 7. l O)respectively. The presence of only one melting temperature in each 

figure shows that only one product has been formed. 
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Figure 7.9 Melting curve obtained for OPG amplification, showing the product melting 

point at 87 °C 
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Figure 7.10 Melting curve obtained for Il-1 amplification, showing the product melting 

point at 86 °C 

The melting curves obtained can be compared to that obtained for the negative 

control s, which contain all of the reaction mixture minus the template DNA. This 

confirms that because no products have been formed (Figure 7.11) the products 

obtained from the reactions containing template ON A were unlikely to be primer 

dimmers or other products. 
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Figure 7.11 Melting curves of negative controls without template DNA. No melting 

points are present, as no products have formed. 

The product was confirmed by determining the size using gel electrophoresis. 

Gels were prepared using 2% Agarose (Sigma Aldrich # A9S39) in T AE buffer 

(Sigma Aldrich #T8280), microwaved for approximately l minute with swirling 

every 20 seconds, until the agarose was completely dissolved. When the mixture was 

partially cool ethidium bromide (Sigma Aldrich #46065) was added at a 

concentration of 1 mg/ml T AE. 

The solution was placed into a gel mould and cooled in the refrigerator until set. 

1 Oµl of each sample was mixed with Sul of loading dye (Sigma Aldrich #G76S4), 

loading a total of l S µl into each well. A ladder (bio-line hyper ladder V) was used to 

confirm the product size, and S µl of ladder was mixed with Sul ofloading dye. 

The gel was run using a bio-rad gel electrophoresis tank for 90 minutes at 60V. The 

gels were imaged using Gel Red Kodak imager. This confirms that the MP obtained 

for the PCR run corresponds with the correct product being amplified. Gels with 

products and ladder are shown in Figure 7.12 . 
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IL-l OPG 

Figure 7.12 Electrophoresis gels run at 60V for 90mins, showing PCR product sizes 

corresponding to the expected values shown in table 7.1 

Following product confirmation, a melting curve was added to the end of every PCR 

run, only results that contain one melting curve, at the determined temperature were 

used for analysis. 
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PCR Results 

Fold increases were calculated by the following calculations in Equations 7.1 -7.3, values 

over a two fold increase are considered significant using real time PCR. Below a two fold 

change values are considered below the limits of detection. 

Equation 7 .1. Change between gene of interest and housekeeping gene (HKG) 

Gene l Ct - HKG Ct = LiCt 

Equation 7 .2. Sample change compared to control sample 

Sample LiCt - Control LiCt = X 

Equation 7.3. Find fold increase, as each Cycle represents and exponential increase 

Fold increase (or decrease)= Power (X,2) 

The fold changes of OPG, IL-1 and TNF in the U937 cell line are shown in table 7.2, table 

7.3 and Table 7.4 respectively). Results we re obtained from triplicate readings and the 

average Ct va lues were used for calculations. Fold decreases in the tables are shown in red. 

Table 7.2 Change in fold expression of OPG in U937 with liposome treatments 

OPG HKG Fold change from Fold change from Fold change from 
Ct Ct treatment with non-mineralised negative control 

PMA liposome 
Sample 1 30.79 16.91 0.5041 0 0.0361 
Sample 2 31.05 16.42 0.0016 0.5625 0.3136 
Sample 3 30.13 16.95 l.9881 0.49 0.7921 
Sample 4 29.69 17.3 1 1.4641 0.25 0.4761 
Sample 5 30.02 16.42 0.9801 0.0784 0.2209 
Sample 6 30.46 16.58 0.504 l 0 0.0361 
Sample 9 30.39 16.74 0.8836 0.0529 0.1764 
Sample 10 32.57 17.98 0 0.5041 0.2704 
Blank 30.19 16.12 0 .2704 0.0361 0 

Levels of OPG expression do not have any significant difference between samples. Levels of 

OPG are unchanged in samples when compared to the sample l 0, treatment with PMA. 

There is no change when comparing the mineralised liposomes to the un-mineralised 

liposomes. The comparison with a blank sample shows no change in the OPG production. 

The fold changes shown in table 7.2 are all below two, which is the minimum fold change 

that can be accurately detected using PCR. 
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Table 7.3 Change in fold expression of TNF in U937 with liposome treatments 

TNF- HKG Fold change from Fold change from Fold change from 
a Ct Ct positive control non-mineralised negative control 

liposome 
Sample l 24.42 l 7.24 (-) 163.3284 0 50.5521 
Sample 2 29.14 21.6 (-) 172.6596 0.1296 45.5625 
Sample 3 23.45 16.65 (-) 153.76 0.1444 56.1001 
Sample 4 24.01 18.06 (-) 133.4025 1.5129 69.5556 
Sample 5 24. l l 16.38 (-) 177.6889 0.3025 47.4721 
Sample 6 24.19 21.71 (-) 169 0 .0484 47.4721 
Sample 9 25.84 16.92 (-)210.8304 (-)3.0276 28.8369 
Sample 10 22.52 28.12 0 163 .3284 395.6121 
Blank 30.94 16.65 (-) 395.6121 (-)50.5521 0 

The cell expression of TNF-a is increased approximately 50 fold when compared to the 

blank sample containing no treatments. However all samples are significantly lower than the 

positive control for TNF-a the cells treated with PMA. Mineralised liposome samples 2-8 

show no significant change in TNF expression when compared to non-mineralised samples. 

Sample 9 showed a 3 fold decrease from the non-mineralised sample. 

Table 7.4 Change in fold expression of IL-1 in U937 with liposome treatments 

IL-I HKG Fold change from Fold change from Fold change from 
Ct Ct positive control non-mineralised negative control 

liposome 
Sample I 23.76 l 7.24 (-) 97.0225 0 19 .8916 
Sample 2 25.05 21.6 (-) 45.9684 9.4249 56.7009 

'----· 

Sample 3 23. l 9 16.65 (-) 97.4169 (-) 0.0004 19.7136 
Sample 4 23.05 18.06 (-) 69.2224 2.3409 35.8801 
Sample 5 22.96 16.38 (-) 98.2081 (-)0.0036 19.36 
Sample 6 22.91 I6.79 (-) 89.3025 0. 16 23.6196 
Sample 9 23.71 16.92 (-) 102.4144 (-) 0.0729 17.5561 
Sample IO 24.79 28.12 0 97.0225 204.7761 
Blank 27.63 16.65 (-) 204.7761 19.8916 0 

The cell expression of IL- I is increased approximately 20-40 fold when compared to the 

blank sample containing no treatments. However all samples are significantly lower than the 

positive control for IL- I the cells treated with PMA, which is known to unregulate IL-1 in 

the U937 cell line [15]. Mineralised liposome samples 3-9 show no significant change in IL-

i expression when compared to non-mineralised samples. Sample 2 showed a 9 fold 

decrease from the non-mineralised sample (Table 7.4). 
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7 .3 Mg63 response to U937 cytokines 

Mg63 cell line was used (ATCC catalogue #CRL-1427) and maintained in Eagles modified 

Essential Media (Sigma-Aldrich #M5650). The media was supplemented with 10% Foetal 

Bovine Serum (Sigma-Aldrich #1200C3), Sodium Pyruvate (Sigma-Aldrich #S8636) and L-

glutamine (Sigma-Aldrich #M4526), and maintained as described in Chapter VI. 

For experimental work the Mg63 cell line was cultured in the supematants obtained from the 

U937 cell culture treated with functionalised liposomes and PMA. There are many cytokines 

produced by the macrophage which can affect bone formation, and resorption [16], [17] [18]. 

This series of cell studies was therefore conducted to explore the response of the osteoblast 

to these cytokines, and to examine whether these cytokines produced with liposome 

treatments will alter the bone formation activity of the cell. 

Proliferation and d~ff erentiation 

For experiments the cells were plated down at a concentration of 10,000 cells per well as 

determined by trypan blue, for proliferation experiments, in a 24 well plate. After allowing 

the cells to settle for 24 hours, media was removed, and replaced with 2ml of the media 

saved from 093 7 experiments, and proliferation was measured after 5 and 7 days, At each 

time point PI dye (Sigma Aldrich #8 1845) was added to each well at a final concentration of 

50ug/ml, and incubated in the dark for 20 minutes. ALP activity was also measured at 7 days 

as described in Chapter 6. 

Additional cells were plated in 6 well plates at a concentration of l OOk per well, after 24 

hours the cell culture media was removed, and replaced with 2ml of the supematants saved 

for the U937 samples. These were used for determination of expression of OPG, using PCR. 

All samples were repeated in triplicate. 
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Figure 7.13 Proliferation of Mg63 cell line at 5 and 7 days, with U937 supernatants. Each 

experiment was conducted twice with samples in triplicate. 

The Mg63 cell line cultures in the U937 supematants showed a significant decrease in the 

proliferation when the U937 cell line was treated with non-mineralised liposomes compared 

to the control containing no liposomes (Figure 7 .13 ). 

All mineralised samples showed a significant increase at day 2 compared to the non-

mineralised sample. However proliferation for all mineralised samples remained lower than 

the control with no liposomes. The changes in the mineral incorporated inside the liposome 

did not effect the proliferation of the Mg63 cell line (Figure 7.13). 

Alkaline phosphatase activity 

ALP was detennined as previously described in Chapter VI, usmg supematants obtained 

after 7 days of cell culture. The ALP activity of the Mg63 cell line was altered when 

cultured with the supematants from the U937 cell line treated with mineralised liposomes 

(Figure 7.14). 

The non-mineralised liposome sample showed no significant difference from the cells 

without liposome treatments. Liposome samples prepared using the SBF solutions and the 

preformed Hap and DCPD showed a reduction in the ALP activity, but samples 7,8, and 9 

maintained a normal ALP activity, with no significant difference when compared to the 

control containing no liposomes. 
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Figure 7.14 ALP activity changes in the Mg63 cell line with the U937 supernatants. Each 

experiment was conducted twice with samples in triplicate. 

Osteoprotegerin production 

PCR was conducted as previously described in this chapter, and changes in OPG production 

are shown in table 7.4 below. 

Table 7.5 Change in fold expression of OPG in Mg63 with U937 supernatants 

OPG HKG Fold change from Fold change from Fold change from non-
Ct Ct negative control sample 10 mineralised liposome 

Sample l 17.28 17. l 9 4.6225 3.5721 0.00 
Sample 2 16.75 16.59 4.3264 3.8416 0.0049 
Sample 3 17.42 17.36 4.7524 3.4596 0.0009 
Sample 4 17.53 17.98 7.2361 l.8225 0.2916 
Sample 5 16.29 l 5.83 3.1684 5.1076 0.1369 
Sample 6 15.87 15.5 3.4969 4.7089 0.0784 
Sample 9 15.78 16.69 9.9225 0. 792 l l.0000 
Sample 10 16.55 l 8.35 16.3216 0.00 3.572 l 
Blank 18. l l 15.87 0.00 (-) 16.3216 (-)4.6225 

The expression of OPG a regulator of oscteoclast function [ 19], is unchanged when 

comparing the mineralised liposomes to the non-mineralised liposomes. The comparison 

with a blank sample shows an increase in the OPG production. 
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7 .4 Discussion of Results 

The U93 7 express10n of IL-1 is increased approximately 20-40 fold when liposome 

treatments are compared to the blank sample containing no treatments. However all samples 

are significantly lower than the positive control for IL-l the cells treated with PMA, which 

is known to unregulate IL-l in the U937 cell line [ 15]. These results are summarised below 

in Table 7 .6. 

Table 7.6 Summary of Chapter 7 cell culture results 

Samples which showed a significant difference to control without liposomes 
U937 Proliferation 6,7, lF, 2F, 3F, 4F, SF, 6F, 7F, 8F, 9F 
Osteoprotegerin mRNA No significant differences observed 
TNF-a mRNA All samples 
IL-1 mRNA All samples 

Samples which showed a significant difference to non mineralised liposomes 

U937 Proliferation 4, S, 6, 7, 8, 9, 2F, 6F, 7F, 8F, 
Osteoprotegerin mRNA No significant differences observed 
TNF-a mRNA 9F, PMA, Blank 

IL-1 mRNA 2F, 4F, PMA 

Samples which showed a significant difference to PMA 

U937 Proliferation 1, 2, 3, 4, S, 6, 9, Blank, lF, 3F, 4F, 9F 
Osteoprotegerin mRNA No significant differences observed 

TNF-a mRNA All samples 

IL-1 mRNA All samples 

Mg63 treated with U937 supernatants showed significant differences between samples 

Proliferation compared to blank All samples 
Proliferation compared to non-mineralised liposomes All samples 
ALP activity 2F, 3F, 4F, SF, 6F 
Osteoprotegerin mRNA compared to blank All samples 

Mineralised liposome samples 3-9 show no significant change in IL-l express10n when 

compared to non-mineralised samples. Sample 2 showed a 9 fold decrease from the non-

mineral ised sample (Table 7.5). 

The U937 expression of TNF-a 1s increased approximately 50 fold when liposome 

treatments are compared to the blank sample containing no treatments. However all samples 

are significantly lower than the positive control for TNF-a the cells treated with PMA. 
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Mineralised liposome samples 2-8 show no significant change in TNF expression when 

compared to non-mineralised samples. Sample 9 showed a 3 fold decrease from the non-

mineralised sample. 

TNF and IL-l are markers of inflammation in the cell, and the up regulation from the blank 

sample indicates that an inflammatory response is occurring; however the level of 

inflammation is still significantly lower than that of the positive control, treated with PMA. 

The cytokines TNF-a and IL-1 exert effects directly on osteoclast progenitors to induce 

osteoclastogenesis in the presence of M-CSF by a RANKL-independent mechanism [20], as 

such in addition to ensuring that local inflammation is not occurring, these are considered 

important for the study to ensure that osteoclast bone resorption activity is not increased, and 

the inflammatory response must be reduced in order for this to be a viable treatment option. 

Published work shows that increasing dietary calcium has been found to suppress indices of 

inflammation in a mouse model and proposed that [Ca2+] signalling may play a role in 

regulating inflammatory factor production in adipocytes and/or macrophages [2 l]. Although 

the mineral incorporated into the liposome did not appear to have any significant change in 

the production of IL-I and TNF-a, an increase in the dose of calcium contained inside may 

play a role in reducing this response. The combination with an anti- inflammatory agent must 

be considered. 

Increasing the solubility of the calcium inside the liposomes may also generate a faster 

release of Ca2
+ ions, or an altered response. This may further reduce inflammation. Sample 9 

which contained a more highly soluble calcium sulphate in addition to the calcium phosphate 

showed a decrease in the TNF-a expression compared to the non-mineralised sample. The 

increased solubility of the calcium may be a possible explanation which should be examined 

further. 

Levels of OPG expression do not have any significant difference between samples. Levels of 

OPG are unchanged in samples when compared to the sample 10, treatment with PMA. 

There is no change when comparing the mineralised liposomes to the un-mineralised 

liposomes. The comparison with a blank sample shows no change in the OPG production. 

The Mg63 cell line cultures in the U937 supematants showed a significant decrease in the 

proliferation when the U937 cell line was treated with non-mineralised liposomes compared 

to the control containing no liposomes (Figure 7.13). 
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All mineralised samples showed a significant increase at day 2 compared to the non-

mineralised sample. However proliferation for all mineralised samples remained lower than 

the control with no liposomes. The changes in the mineral incorporated inside the liposome 

did not effect the proliferation of the Mg63 cell line (Figure 7 .13 ). This followed the same 

pattern as treating with the liposome samples alone. 

The ALP activity of the Mg63 cell line was altered when cultured with the supernatants from 

the U937 cell line treated with mineralised liposomes (Figure 7.14). 

The non-mineralised liposome sample showed no significant difference from the cells 

without liposome treatments. Liposome samples prepared using the SBF solutions and the 

preformed Hap and DCPD showed a reduction in the ALP activity, but samples 7 ,8, and 9 

maintained a normal ALP activity, with no significant difference when compared to the 

control containing no liposomes. 

This indicates that ions such as sodium which have been incorporated into the SBF solutions 

and not included in samples 7, 8 and 9, may have some effect, or the ion concentrations in 

solution may have played a role in altering the activity. 

The presence of Hap or DCPD would be expected to increase the ALP activity [22] however 

this is not observed in this instance, suggesting that the liposome encapsulated mineral is not 

eliciting the same response as the mineral alone. This supports our theory that these changes 

in cell activity are due to macrophage produced cytokines produced in response to the 

compound rather than the remaining mineral in the cell culture supernatant. 

ALP activity is a marker of bone formation [23 ], the change in the ALP levels indicated that 

the presence of liposomes causes a change in the bone forming activity of the cell 

The expression of OPG a regulator of oscteoclast function [ 19], is unchanged when 

comparing the mineralised liposomes to the non-mineralised liposomes. The comparison 

with a blank sample shows an increase in the OPG production. 

This indicates that the presence of liposomes in the U937 cell culture causes the cell to 

produce cytokines leading to an increase in OPG production in the Mg63 cell line compared 

to the negative control; however the incorporation of mineral inside the liposome did not 

have any effect on the OPG production of the Mg63 cell line. An increase in the levels of 

OPG, a decoy receptor that inhibits the RANK/RANK L pathway, will cause a decrease in 

the osteoclastgenesis [24], and osteoclast differentiation [25] and may assist in returning 

coupling between the osteoblast and osteoclast to normal levels [ 16]. 

201 



7.5 Summary of Chapter Findings 

The proliferation of the U93 7 cell line with both non functional and functionalised lipsoomes 

show a significant decrease in the proliferation of the cell at day 3 with the addition of PMA, 

conpared to liposome samples. 

The cell expression of TNF-a is increased approximately 50 fold when compared to the 

blank sample containing no treatments. The cell expression of IL- I is increased 

approximately 20-40 fold when compared to the blank sample containing no treatments. 

However all samples are significantly lower than the positive control for TNF-a and IL- I the 

cells treated with PMA. TNF and IL-1 are markers of inflammation in the cell, and the up 

regulation from the blank sample indicates that an inflammatory response is occurring; 

however the level of inflammation is still significantly lower than that of the positive control, 

treated with PMA. 

Levels of OPG expression in U93 7 do not have any significant difference between samples. 

The Mg63 cell line cultures in the U937 supernatants showed a significant decrease in the 

proliferation when the 093 7 cell line was treated with non-mineralised liposomes compared 

to the control containing no liposomes. All mineralised samples showed a significant 

increase at day 2 compared to the non-mineralised sample. However proliferation for all 

mineralised samples remained lower than the control with no liposomes. 

The changes in the mineral incorporated inside the liposome altered the ALP activity of the 

Mg63 cell line. A change in the ALP activity of the Mg63 indicates a change in the bone 

forming activity. This shows that osteoblast activity can be altered through cytokines 

produced by macrophages treated with liposomes. 

OPG is Lmchanged in Mg63 when comparing the mineralised liposomes to the non-

mineralised liposomes. The comparison with a blank sample shows an increase in the OPG 

production. 

lndicating that the presence of liposomes in the U937 cell culture causes the cell to produce 

cytokines leading to an increase in OPG production in the Mg63 cell line, compared to the 

negative control, however the incorporation of mineral inside the liposome did not have any 

effect on the OPG production of the Mg63 cell line . This indicated that it is the liposome 

alone that is causing the change, and no effect is seen with the addition of calcium to the 

liposome. 
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8.1 Conclusions and Future Studies 

This work set about to produce various micro and nano sized calcium based mineral 

compounds which may be beneficial to bone health, using the precipitation method 

and biomimetic processes. 

We successfully produced and characterised calcium phosphate mineral, and 

obtained highly crystalline, single phase, calcium phosphates via precipitation for 

two mineral compounds; hydroxyapatite, the idealised inorganic component of bone 

(Hap), and dicalcium phosphate dihydrate (DCPD), a more soluble calcium 

phosphate phase . 

The standard SBF solution was successfully modified, to create a solution more 

similar to the environment in the blood plasma, by modifying the compounds used in 

its preparation, as well as the storage conditions. The modified SBF solution which 

was developed is a high carbonate SBF solution, shown to be stable over 12 weeks of 

monitoring. This provides a new solution which more accurately mimics the bone 

environment, and produces precipitates more similar to bone than traditional low 

carbonate solutions, without compromising stability. 

The precipitates formed from SBF solutions were amorphous or nano crystalline 

calcium phosphates, with the high carbonate SBF solution producing a precipitate 

with higher carbonate content. This modification to the SBF successfully produced a 

more highly substituted apatite when precipitation was induced, particularly with 

respect to carbonate substitution, which gives rise to a more bioactive and soluble 

apatite, this was confirmed using FTIR and XRD. This provides a solution that also 

produces an apatite more similar to bone for bioactivity testing. 

The potential use of liposomes as a delivery vesicle for the calcium mineral produced 

was successfully evaluated and a mechanism for encapsulation was proposed by 

comparing encapsulation products from varied solutions. The calcium mineral was 

incorporated into the liposomes both from aqueous solutions and from samples 

containing preformed calcium phosphate, which also successfully incorporated Hap 
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and DCPD. This demonstrated that preformed mineral could become trapped within 

the liposome as the lipid layers are forming. 

The use of CaC12 solution (sample 7) to produce liposomes by rehydrating dry lipids, 

resulted in liposomes containing calcium ions, indicating that aqueous calcium ions 

bind to the phosphate layer. The inclusion of phosphate or carbonate in the solution 

increased the amount of mineral incorporated, and it was found that liposomes 

produced in a CaCb plus NaC03 solution, resulted in liposomes containing calcium 

carbonate. Similarly, liposomes made in a solution containing CaCb plus KHP04 

and MgS04, successfully incorporated calcium phosphate, which formed as two 

separate calcium phosphate phases, being present as both DCPD and apatite in 

addition to forming calcium sulphate. These three compounds have different release 

rates, and will be dissolved into solution at varing time points. Calcium sulphate is 

the most highly soluble of the three, and is expected to be the fasted released source 

of calcium. 

The proposed mechanism for the encapsulation of mineral, is that the calcium and 

other positively charged ions in solution bind to the negatively charged phosphate 

groups of the phospholipid layer and thus become encapsulated as the liposomes 

form. Addition of further phosphate and carbonate results in their electrostatic 

binding to the calcium as the liposome is formed. This was successfully 

demonstrated in the calcium carbonate sample (Sample 8), which was found to 

contain not only positively charged ions attached to the phosphate group, but 

additional functional groups such as carbonate. We also demonstrated that by 

changing the rehydrating solution during the formation of liposomes, the mineral 

encapsulated could be selectively modified to incorporate ions such as magnesium 

and sulphur. It has been shown that these ions when incorporated into calcium 

phosphates increase the bioactivity of the mineral [ 1] [2]. Therefore, their 

incorporation into liposomes provides an attractive means of designing targeted 

vehicles for the delivery of such ions directly to bone tissues where they are needed. 

These studies confirm that liposomes can successfully be used to encapsulate highly 

bioactive substituted nanocrystalline apatites. Furthermore, we demonstrated that 

mineralisation occurs predominantly in multilayered liposomes, compared to 
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unilamellar liposomes. This is not surprising and is in keeping with our proposed 

mechanism for the encapsulation of mineral by lipid bilayers. As such, multilamellar 

liposomes were employed in all the in vitro cell experiments undertaken and reported 

in this study. 

In order to achieve selective delivery of the mineralised liposomes to bone we 

modified the lipids used in their production. Sou et al (2007) [3] had previously 

demonstrated that inclusion of the lipids 1,2 distearoyl-sn-glycero-3-phospho-

ethanolamine-N-[monomethoxy poly(ethylene glycol) 5000 (PEG-DSPE) and 1,5 

dipalmmitoyl-L-glutamate-N-succinic acid, at certain concentrations cause liposomes 

to be preferentially taken up by bone marrow macrophages in rabbits, when injected 

intravenously. We were successful in synthesizing (confirmed using both NMR and 

FTIR) these fonctional groups, resulting in modified lipids that were then 

incorporated into liposomes . These functionalised liposomes were used in the in vitro 

cell studies and compared to non-functionalised liposomes. A liposome 

concentration of 1 mg/ml media was found to be an optimal concentration to use for 

all liposome studi es, as this caused no cytotoxic effects to the Mg63 and Saos-2 cell 

lines. This concentration was used for all further work. 

These functionali sed liposomes to target the bone have been further developed by 

incorporating calcium and other ions beneficial to bone health. These functionalised 

minerali sed liposomes then provide a mechanism to target calcium to the bone, as a 

potential treatment method for mineral deficiency of osteoporosis. 

The intra venous method previous demonstrated effective in reaching the bone 

marrow is the proposed method of administration to the patient [3]. The deposition 

into the soft marrow particularly in the spine, pelvis and femurs previously observed 

[3 ], has significant benefits as these are generally areas of high bone loss in 

osteoporotic patients [4], [5]. The major downside of this approach is the discomfort 

to the patient through repeated administration of injection. An oral therapy approach 

would be preferable, however no studies have been conducted examining the uptake 

of these liposomes when administered orally. 

The accumulation of lipids in the liver or arteries was a potential source of concern 

when using liposomes to deliver the calcium, especially given the potential for 
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arterial calcification, or atherosclerosis to occur with lipid build up in the arteries [6] 

[7]. Previous studies also show the potential for a long half life of some liposomes, 

and a wide potential tissue distribution [8]. By targeting the liposomes to bone 

marrow macrophages using modified lipids, the only potential accumulation site is 

believed to be the bone, with very little lipid accumulation occurring in the blood, 

kidneys or liver according to published animal studies [3]. Other studies have shown 

that higher lipid profiles are associated with higher bone mineral density (BMD) in 

post menopausal women [9]. As such, the accumulation of lipids in the bone 

environment would appear to be of lesser concern, and in fact, may generate a 

positive environment for the increase in BMD. This makes the liposome a promising 

vehicle for delivering therapeutic drugs to patients suffering from osteoporosis. 

The ability to deliver calcium directly to the bone also overcomes another maJor 

hurdle encountered when using dietary supplements of calcium for osteoporosis 

therapy. It is well known that with increasing age, intestinal calcium absorption is 

impaired because of a decreased production of l ,25-dihydroxyvitamin D and an 

increased urinary calcium excretion [ l O]. Thus as many of the osteoporosis patients 

are in this older age demographic, they will potentially have a problem with calcium 

absorption, thus limiting the effectiveness of dietary calcium supplements . By 

delivering the calcium and mineral directly to the bone, it circumvents this problem, 

and would allow the calcium to reach the bone environment. In further work the 

encapsulation of vitamin D should also be explored. 

Our increased knowledge of the pivotal role played by macrophages in bone 

homeostasis [ 11], and particularly their role in bone loss in the elderly due to 

changing oestrogen levels [1 O], also points to their complicity in osteoporosis. 

Following menopause in women, serum oestrogen levels decrease by approximately 

75%, and this increases the production of bone-resorbing cytokines such as 

interleukin-I, tumour necrosis factor-a, interleukin-6 and RANK-L by immune cells 

and osteoblasts in the bone marrow microenvironrnent [ l O]. 

These bone-resorbing cytokines in turn increase the osteoclast number and activity, 

thereby increasing bone loss. In vitro studies have shown that oestrogen increases the 

osteoblastic expression of osteoprotegerin, which in turn neutralises the stimulatory 
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effect of the cytokine RANK-L on osteoclastogenesis and osteoclastic activity [10]. 

Thus in the oestrogen-deficient state, such as menopause, the balance between bone-

resorption and bone-formation shifts towards increased levels of bone-resorption 

[ 12]. 

Current hormone replacement therapies thereby can claim some of their success on 

bringing these processes closer to normal levels. A number of controlled clinical 

trials using oestrogen replacement therapy, have shown long-term increases in bone 

density averaging 5% over three years [13]. However side effects of hormone 

replacement therapy include increased risk of developing endometrial cancer [ 14 ], as 

well as breast cancer [ 12]. As such potential treatments must provide the bone-

protective effects of oestrogens without increasing the risk of developing breast and 

endometrial cancer [ 12]. 

The potential to directly target the bone marrow macrophage through functionalised 

liposomes, and alter the production of bone resorbing cytokines, is a novel approach 

to eliminating the causes of osteoporosis, and normalising the activity of cells which 

are directly responsible for the post menopausal degradation of bone. 

Prior to examining the effect of liposomes on macrophage cells, preliminary work on 

the effect of liposomes using osteoblast ceil lines was performed in order to test their 

potential cytotoxicity, and to determine if they had a direct effect on osteoblast or 

osteoclast differentiation. 

At a liposome concentration of l mg/ml media the non-mineralised liposomes were 

found to significantly reduce the proliferation rate of both osteoblast cell lines Mg63 

and Saos-2, when compared to the sample containing no liposomes. 

At day 7 most samples showed a proliferation rate higher than non-mineralised 

liposomes, but lower than the sample containing no liposomes. Samples 5 and 9, the 

sample liposomes in Kukubos SBF solution as well as the sample containing CaCb, 

MgS04 and K2HP04 are the only liposome samples with proliferation which is not 

significantly different from the control which contained no liposomes at day 7. 

Sample I 0 containing PMA also showed no change in proliferation from the control 

containing no liposomes. 
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These results indicate that liposomes can reduce the proliferation of the osteoblast 

cell lines, however the amount of proliferation can be returned to normal by altering 

the mineral composition contained within the liposome. 

The changes observed in the proliferation of the mineralised samples may be due to 

the composition of ions inside the liposomes, for example, sample 9 which contains 

sulphate. Calcium sulphate is highly soluble and the presence of soluble calcium may 

lead to an increase in proliferation. A liposome sample containing only calcium 

sulphate should be explored as a possibility during further work. 

Although some samples showed changes in the cell proliferation, this did not 

translate into changes in overall cellular activity. There were no observed significant 

changes in both the Mg63 or Saos-2, ALP activity, nor in the Mg63 production of 

osteocalcin or OPG. These three markers represent three areas of osteoblast activity. 

High ALP is generally associated with high bone turnover [ l 5], ostecalcin 

production is a marker of bone formation and involved in bone mineralisation [ 16], 

[ l 7]. OPG production is involved in osteoblast to osteoclast signalling, and inhibits 

osteoclastogenesis [ 11 ]. Importantly the mineralised functionalised liposomes did not 

cause any reduction in ALP activity, osteocalcin or OPG production. 

An increase in these markers produced by the osteoblast would be positive for bone 

formation, however this was not observed. The mineralised, functionalised liposomes 

showed no significant difference for any of these markers of bone activity, and 

therefore are believed to have little to no direct effect on the osteoblast activity. 

Neither the functionalised or non-functionalised liposomes showed a significant 

effect on the osteoclast resorption of bone measured by collagen release, or the 

differentiation measured by TRAp-5b activity. There were no observed significant 

changes on in the Mg63, Saos-2, or osteoclast activity by varying the mineral 

composition encapsulated inside the liposome. 

While there were no increases in markers of bone formation observed by directly 

administering the liposomes to the osteoblast and osteoclast cell lines, there were 

also no negative effects observed. This allowed the continuation of the study 
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administering the liposomes to the monocyte cell line, to examine the effect on bone 

formation through macrophage produced cytokines. 

There are a number of possibilities considered to be responsible for the lack of 

change in the osteoblast and osteoclast activity, Hap and calcium are known to 

increase the production of bone markers. The release rate of the calcium from the 

liposomes was not measured as the liposomes were designed for uptake by the 

macrophage, rather than release of the calcium into the solution. Therefore the 

calcium may be released too slowly to initiate a direct osteoblast response, beyond 

the slight changes in proliferation observed. 

Similarly, the calcium enclosed within the liposome is in a lipid bound/trapped form 

which is distinct to the aqueous soluble mineral, and thus the mineralised liposomes 

may generate a vastly different response in cells compared to the free soluble form of 

the mineral. This is also important when delivering to the macrophage cell, as the 

calcium can potentially become trapped in the cells' phagosomes and be expelled 

from the cell rather than released intracellualarly. Macrophage cells engulf and 

digest/ lyse I iposomes, and this may be a potential pitfall in using a strategy that 

utilises the macrophage phagocytic process to uptake liposomes in order to deliver 

calcium. 

The form of the calcium was also not readily soluble, as apatite is only slightly 

soluble at pH=7 and so is slowly dissolved. Increasing calcium sulphate content or 

other more soluble forms of calcium may have an increased effect on the osteoblast. 

In addition the dose of calcium in each liposome was not optimised. Increasing the 

dose of calcium present may lead to a larger osteoblast response. 

The variation seen between the functionalised and non functionalised liposomes, also 

indicate that the addition of the PEG functional groups, may be inhibiting the 

osteoblast response due to a slower or negligible breakdown of the liposomes in 

solution. 
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The PEG functional groups are designed to increase circulation time in the body 

without macrophage uptake. This allows the liposomes to pass through the liver and 

kidneys with out being processed and targeting the bone marrow macrophage, 

The monocyte cell line, U93 7, was used to evaluate the cellular response of 

macrophage cells to the liposomes. Proliferation of U937 cells showed no significant 

change following liposome treatments. The cell expression of TNF-a and IL-1 

mRNA, both markers of inflammation, increased in the samples treated with 

liposomes, compared to the control sample which was not exposed to liposome 

treatments. However all samples are significantly lower than the positive control 

cells treated with PMA, for TNF-a and IL-1 mRN A levels. This indicates that 

inflammatory cytokines production is occurring, albeit lower than that of the positive 

control treated with PMA. However, in order for the use of this approach to be 

viable, the inflammatory response by these cells must be prevented. 

The cytokines TNF-a and IL-1 exert effects directly on osteoclast progenitors to 

induce osteoclastogenesis m the presence of M-CSF by a RANKL-independent 

mechanism [ 18], as such m addition to ensuring that local inflammation is not 

occurring, these are considered important for the study to ensure that osteoclast bone 

resorption activity is not increased. 

The 093 7 cell line represents an immature cell phenotype and not a fully fledged 

macrophage. They are more monocyte-like, thus it is not surprising that their 

response would be weaker compared to the PMA control. 0 se of cells that are 

differentiated macrophage cells should also be assessed. Our studies were initially 

interested in ascertaining cytotoxicity and effects on proliferation; hence the U93 7 

cells were appropriate for this initial study. The later cytokine studies using 093 7 

cells are somewhat limited for the purpose of equating the effect on macrophages but 

it has relevance to monocytes which are also found in bone marrow as the precursor 

cells of macrophages. U937 exposed to retinoic acid for 2-3 days become 

macrophage like, and experiments should be conducted on fully differentiated cells 

in future. 
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For this work to be continued incorporation of an anti-inflammatory agent into the 

liposomes should be explored. Compounds such as dexamethasone have been shown 

to decrease inflammatory response [ 19], including IL-1 production in the U93 7 cell 

line [20] and is also beneficial for osteoblast differentiation, and bone function. This 

is one possible avenue to be explored. Delivery of siRNA or oligonucleotides against 

these various cytokines using the functionalised liposomes may prove a useful 

alternate approach for regulating macrophage function within the bone environment. 

Published work shows that increasing dietary calcium has been found to suppress 

indices of inflammation in a mouse model and proposed that Ca2+ signaling may play 

a role in regulating inflammatory factor production in adipocytes and/or 

macrophages [21 ]. Although the mineral incorporated into the liposome did not 

appear to cause any significant difference in the production of IL-1 and TNF-a 

what?? compared to the non-mineralised liposome sample, an increase in the dose of 

calcium contained inside the liposome may induce a reduced response. 

The scope of the current work conducted did not include examination of the dose of 

mineral contained inside the liposome, therefore future studies will need to measure 

the dosage of calcium in each liposome, and use increased amounts of encapsulated 

mineral to investigate a dose response. 

The Mg63 cells showed a significant change in the ALP activity of the cells with the 

addition of the supernatants from U937 cells treated with either mineralised or non-

mineralised liposomes. Liposome samples prepared using the SBF solutions and the 

preformed Hap and DCPD showed a reduction in the ALP activity, but samples 7,8, 

and 9 maintained a normal ALP activity compared to the control containing no 

liposome. 

The presence of Hap or DCPD would be expected to increase the ALP activity [22] 

however this is not observed, suggesting that the liposome encapsulated minera l is 

not eliciting the same response as the mineral alone. This supports our theory that 

these changes in cell activity are due to macrophage produced cytokines produced in 

response to the liposome compound. 
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For the samples where no response was observed with the addition of calcium inside 

the liposomes, this may be due to the amount of calcium incorporated being too low. 

Therefore, a dose response should be explored in future work. In addition, the 

solubility and availability of the calcium should also be examined, through 

dissolution studies using ICP-MS. Cell work should also be conducted using cell 

culture supernatants taken at varying time points. 

Further work should be conducted to explore other avenues of bone cell activation by 

the macrophage, such as a change in the production of other bone forming cytokines 

such as TGF-b, IGF-1 or various BMP's produced by the macrophage. 

In future, work should explore possible changes in the production of transforming 

growth factor (TGF~) an osteoblast signalling factor. Transforming growth factor 

(TGF)-~ is one of the most abundant growth factors in the bone and its role in the 

regulation of osteoblast functions appears to be multifaceted. TGF-~ induces the 

proliferation and pre-osteoblast differentiation, while inhibiting matrix 

mineralization and maturation of osteoblasts [23]. PCR studies should be expanded 

to include these cytokines. 

OPG remained unchanged in Mg63 cell cultures treated with the supernatants from 

U937 cells treated with mineralised liposomes, compared to the non-mineralised 

liposomes. Comparison of all liposome treatments, mineralised and non-mineralised 

to the non-treated sample, showed an increase in the OPG production in the treated 

samples. This indicates that the presence ofliposomes in the U937 cell culture causes 

the cells to produce cytokines, which in tum lead to an increase in 0 PG production 

in the Mg63 cell line, compared to the negative control. However, incorporation of 

mineral inside the liposome did not have any effect on the OPG production of the 

Mg63 cell line. This shows the potential of the liposome alone to alter bone resorbing 

activity via OPG production; however mineral incorporation at this dose did not 

further affect this pathway. This indicated that the liposome may be beneficial m 

slowing bone resorption when used as the delivery device. 

The use of the RANK/RANK-L pathway has been indicated as a potential new 

treatment mechanism for the treatment of osteoporosis, with suggested regulation via 

administration of osteoprotergerin to the patient [24]. However potential problems 
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include the expense of synthesis or isolation of osteoprotegerin, and difficulty in 

deli very to the bone. The increase in OPG production of the Mg63 cell line, when 

cultured in the supernatants of the U93 7 cells exposed to liposomes, shows that 

treatment with functionalised liposomes is a promising avenue for regulation of OPG 

production, and provides a viable alternative to direct administration of OPG. 

The calcium based mineral compounds were produced using the precipitation 

method and biomimetic processes, and characterised. They were successfully 

encapsulated for delivery using liposomes and functionalised to improve uptake at 

the bone site. This shows that thi s may be able to be used to deliver calcium to the 

bone. 

Results have shown they also have the potential to reduce bone resorption, as seen by 

the increased production of OPG from osteoclast cultured with supernatants from 

macrophages exposed to liposomes. Further work will need to be conducted to 

decrease inflammatory response and increase the calcium dose prior to evaluation 

clinically as a potential treatment option for osteoporosis or low bone mineral 

density . 
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APPENDIX A - X-ray diffraction references patterns used in the identification of calcium phosphate phases present 
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APPENDIX B - Calculation of Significance between samples for cell culture 

The determination of a statistical difference is determined by the following equations [1] 

X -x =+ts - pooled 
2 

Where the left of the equation X - X is less than or equal to the right of the equation 

± lS pooled 

In this instance the null hypothesis is accepted and no significant difference is present between 
samples, there the value on the left is the larger value, the null hypothesis is rejected and a 
significant difference is observable for the sample sets. 

Spooled in the equation above is determined by the following 

( s,,,, \ , + ( s,,,, \, = ( s,, ~= 
5 

, / N, + N, \ 

A

ln ;, )I I ;, l,1 1 :J '""''"' 1 ) 

~ ~ \ -V . f \ v \ N, N 2 

=S S pooled 
d 

JN 
Where Sm1 and Sm2 are the standard deviations for measurement one and two, and N is the number 
of samples. 

t values are taken at a 95% confidence interval, from published tables (REF) 

The number of degrees of freedom are taken as N-1, where N is the number of replicate 
measurements, and as N-X for multiple sample groups where N is the combined total number of 
replicates and X is the number of groups of data combined. 

1. Skoog, D., D. West, and F. Holler, Fundamentals of Analytical Chemistry. 7th ed. 1996, 
Sydney: Saunders College Publishers. 
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Statistical analysis for Mg63 liposome dose determination 

Where N=6 for each sample t95% =2.57 

sd pooled = 549.35607 
3hr St Dev x X1 -X2 Critical value 
Control 820 5293 
Liposomes 0.5mg/ml 2028 4886 407 4891 
Liposomes 1 mg/ml 1087 7511 2218 4891 
Liposomes 2mg/ml 820 12207 6914 4891 

sd pooled = 544.2531 
1day St Dev x X1 -X2 Critical value 
Control 1361 1632 
Liposomes 0.5mg/ml 629 2039 407 4845 
Liposomes 1 mg/ml 1599 14166 12534 4845 
Liposomes 2mg/ml 1308 31728 30096 4845 

sd pooled = 2896.5433 
3 days St Dev x X1 -X2 Critical value 
Control 1087 20747 
Liposomes 0.5mg/ml 6920 7733 13014 25787 
Liposomes 1 mg/ml 8629 27476 6729 25787 
Liposomes 2mg/ml 7814 56537 35790 25787 

sd pooled = 4072.4473 
5 days St Dev x X1 -X2 Critical value ------- - - ·------ - ·-----·- ----------·----- - - ---
Control 8473 21610 - ·----------·- 3438 Liposomes 0.5mg/ml 30377 8767 36256 
Liposomes 1 mg/ml 7514 37237 15627 36256 
Liposomes 2mg/ml 14993 76280 54670 36256 

sd pooled = 4220.5211 
7 days St Dev x X1 -X2 Critical value 
Control 1167 37422 
Liposomes 0.5mg/ml 4279 28650 8772 37574 
Liposomes 1 mg/ml 13911 51657 14235 37574 
Liposomes 2mg/ml 13368 138690 101268 37574 
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Statistical analysis for Saos-2 liposome dose determination 

Statistical analysis Where N=6 for each sample t95% =2 .57 

sd pooled= 813.8303 
3hr St Dev x X1 -X2 Critical value 

Control 2396.745 9436.56 
Liposomes O.Smg/ml 1192.586 7972.44 1464 7245 
Liposomes lmg/ml 1616.085 8053.78 1383 7245 
Liposomes 2mg/ml 2189.214 8541.82 895 7245 

sd pooled= 905.2368 
lday St Dev x X1 -X2 Critical value 

Control 1705.56 10331.3 
Liposomes O.Smg/ml 2312.306 9761.92 569 8059 
Liposomes lmg/ml 2396.379 9273.88 1057 8059 

--
Liposomes 2mg/ml 2007.399 10656.66 325 8059 

sd pooled= 887 .3768 
3 days St Dev x X1 -X2 Critical value 

Control 1393.598 10982.02 
Liposomes O.Smg/ml 1287.307 9871.078 1111 7900 
Liposomes lmg/ml 1486.183 10087.28 895 7900 
Liposomes 2mg/ml 3393 .466 20092.1 9110 7900 

sd pooled= 399.952 
--

5 days St Dev x X1 -X2 Critical value 

Control 362 14072.94 
------~· 

Liposomes 0.5mg/ml 1608 13907.89 165 3561 

Liposomes lmg/ml 851 12869.11 1204 3561 
Liposomes 2mg/ml 281 19278.7 5206 3561 

--

sd pooled= 411.4911 
7 days St Dev x X1 -X2 Critical value 

Control 1409 13910.26 
Liposomes O.Smg/ml 1165 13503.56 407 3663 
Liposomes lmg/ml 525 12283.46 1627 3663 
Liposomes 2mg/ml 330 16594.48 2684 3663 
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Statistical analysis for Mg63 Proliferation N=6 for each sample 

Day 3 St Dev Sd x X1 -X2 Cri tical Day S St Dev Sd x X1 -X2 Critical Day 7 St Dev Sd x X1 -X2 Crit ical 
pooled value pooled value poo led value 

Sam pl e 1 22S4 .S 7086. l 27S27 .9 21019 .7 10S14 Sa mpl e 1 939. 04 2090 .1 3940 1.8S S004S .14 3101 Sampl e 1 42S4 .7 9216.7 88439 .7 13918.9 13676 
Sa mpl e 2 8444 .9 1079 1.0 451 11.8 343S.8 1601 2 Sampl e 2 2734. 74 33 11.4 64 232 .34 2S 214.6S 4913 Sample 2 76S7 .7 11202.0 10S006 .6 2647 .9 16621 
Sam ple 3 207 33.5 21794 .7 35 144.2 13403.4 32339 Sa mpl e 3 8020.44 8234.9 70623. 31 188 23. 68 12219 Sampl e 3 

20310.4 21894 .2 126122.4 23763 .8 32486 
Sam pl e 4 2634.7 72 16. 1 41 532 .2 701S.4 10707 Sa mpl e 4 3 S103 .63 3S1S3.3 104778. 33 1S331.34 S2160 Sample 4 23629 .2 2S003.7 11S894 .8 13S 36 .l 37100 
Sa mp le S 1390 1.7 1S4 39.8 47923 .1 624 .S 22909 Sample S 1999.80 273 6.0 6943S .91 20011.07 4060 Sampl e S lOOSl.S 12956. 7 108537 .3 6178.6 19225 
Sa mpl e 6 3650 .8 7645 .9 29972.5 18575.1 11345 Sampl e 6 9680 .Sl 98S8 .9 46176.97 43 270 .01 14629 Sample 6 

S827 .8 10040.3 89243 .7 13114 .9 14898 
Sampl e 7 5882.2 89 29.2 36939 .8 11607 .8 13 249 Sample 7 11202 .72 11357.3 34861.81 S4S85.17 1G8S2 Sample 7 3129.3 87S4 .3 90097.9 12260.7 12989 
Sampl e 8 9140 .9 11344 .0 48569 .2 21.6 16832 Sa mple 8 379S.41 4229 .9 61298 .78 28 148 .21 G276 Sample 8 6401.8 10384.0 106304 .9 3946.3 15408 
Sam ple 9 7254 .3 9887.2 49S08 .0 960.4 146 70 Sample 9 19204 .94 1929S .S 12S344 . 71 3S897.73 28630 Sa m pl e 9 

23 161.4 24S62.0 1636S0.2 61291.6 3644S 
Sam pl e 10 120 23.6 13 77 3. 1 35783 .1 12764.5 20436 Sampl e 10 17245.52 17346.3 7033 0.53 19 116.45 25 738 Sampl e 10 15075.0 17149 .3 106215 .9 38S7 .3 25446 
No 21 244 .0 21244.9 48S47 .6 31S23 No 5904 . 73 65 76.0 89446.98 9757 No 
Liposo m es Liposom es Liposom es 2S854 .3 26360 .9 102358.6 39114 

Day 3 St Dev Sd x X1 -X2 Critical Day 5 St Dev Sd x X1 -X2 Critical Day 7 St Dev Sd x X1 -X2 Critical 
pooled val ue pooled value poo led val ue 

Sa mpl e l F 4 229 .9 S401 .4 28435 .9 20111. 7 8014 Sa mple 1F 383S . 7 42 66 .0 449 54 .7 44492 .3 6330 Sample 1F SS47 .7 6708.4 58561.9 43796 .7 99S4 
Samp le 2F 818.3 34S7 .2 45967 .4 2S80 .2 5130 Sample 2F 24 77 .l 3102.0 60809 .9 28637 .1 4603 Sample 2F SS9 1. 7 6744 .8 69632 .3 32726 .3 10008 
Sa mp le 3F 2486 .0 4178.8 42248 .1 6299 .5 6201 Sa mple 3F 

72S57 .4 16889.6 22392 
Sample 3F 

8494 .0 9293 .8 86344 .3 16014.4 13790 1497S .3 1S091. 2 
Samp le 4F 209S .3 39S8.9 53021.9 4474.4 S874 Sa mpl e 4F 13123.E 132SS .8 67161.7 2228S.3 1%69 Sample 4F 14318.6 14807.0 88682 .9 1367S .7 21970 
Sam pl e SF 634 .7 3418.4 4 1444 .9 7102.7 S0 72 Sampl e SF 91S3 .C 9341.6 86683.9 2763 .l 13861 Sam pl e SF 16264.9 16696 .S 92137 .6 10221.0 24774 
Samp le 6F 1166.4 3SSS.7 4 1008 .3 7S39 .3 S276 Sampl e 6F 

1874 .l 62136.9 27310 .0 278 1 
Sample 6F 

7970 .S 88 17.9 67764.5 34S94 .2 13084 160.C 
Samp le 7F 6734 .0 7S2S .3 4422 1.3 4326 .3 11166 Samp le 7F 6102 .2 6381.S S8264 .6 31182.4 9469 Sam ple 7F 6784. 4 7762.3 64097 .l 38261.S 11S18 
Samp le 8F 9801.1 10360.7 4 708S.O 1462.6 1S373 Sampl e 8 F 1686.l 2S1S .9 S1316 .2 38130.7 3733 Sam pl e 8F 2SSS .S 4SSS.9 6S8S8 .7 36SOO.O 6760 
Samp le 9F 8079 .1 8 749 .6 S4S93 .S 604S.9 12983 Sample 9F 

14209 .5 72400 .2 17046.8 21084 
Sam ple 9F 

1SS38.7 1S989 .9 9 1644 .1 10714 .S 23726 14086.3 
Sample lOF 103S 6.3 10887.4 S6082 .3 7S 34.7 161SS Sampl e Sam ple l OF 

lOF 13426.2 13SSS.S 73102.9 16344.l 20113 14100 .9 14S96.6 101089 .7 1269 .0 216S8 
No 10622 .0 10622 .0 48S47.6 1S761 No No 
liposom es li posom es 5904. 7 66Sl.1 89447 .0 9869 liposomes 11927.l 12068 .7 1023S8 .6 17907 
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Statistical ana lysis for Saos Proliferation N=6 for each sample 

Day 3 St Dev Sd x X1 -X2 C ritical Day 5 St Dev Sd x X1 -X2 Critical Day 7 St Dev Sd x X1 -X2 Critical 
pooled value pooled val ue pooled value 

Sample 1 2933.4 3894.7 18818.4 S586.2 5779 Samp le 1 2964.39 34 71.3 29168.56 19640.76 5151 Sample 1 
6611.7 7090.8 66204.3 10564.7 10521 

Sample 2 2903.9 3872.5 20809 .4 3595.3 5746 Samp le 2 2438.06 3034 .2 41618 . 76 7190.56 4502 Sam pl e 2 
9578 .0 9914.7 83237.5 6468.5 14711 

Samp le 3 5711.7 6260.0 25551.0 1146.3 9289 Sample 3 2885.85 3404.5 51101.93 -2292 .61 5052 Sample 3 
8123.5 8517.9 76652.9 -116.1 12639 

Samp le 4 85 78.0 8952.4 24123.9 280.8 13284 Samp le 4 4550.78 4896.1 48247.74 -561.58 7265 Sample 4 
4564.4 5234.3 84433.5 7664.6 7767 

Samp le 5 7123 .5 7570.2 21707.5 2697 .2 11233 Sample 5 10340 .90 10497.5 43414.90 5394.41 15576 Sample 5 
5933.4 6462.9 86829.8 10060.8 9590 

Sample 6 2564 .4 3624 .9 18639.7 5764 .9 53 79 Sample 6 8101.81 8300.7 31687.52 17121.80 12317 Sample 6 
6803.9 7270.3 63691.9 13077 .l 10788 

Sample 7 2438 .1 3536.7 18976.2 5428.5 5248 Sample 7 8578.00 8766.l 43645.26 5164.05 13007 Sample 7 
6738 .1 7208.7 71578 .2 5190.7 10696 

Samp le 8 885.8 2710.8 22516.2 1888.4 4022 Sample 8 7123.50 7348.9 47284.11 1525.20 10904 Sample 8 
8850.8 9214.2 88894 .1 12125.2 13672 

Samp le 9 4550 .8 5222.4 28679 .3 4274 .7 7749 Sample 9 3933.39 4328.3 48754.86 -54.46 6422 Sample 9 
7550 .8 7973 .6 96534 .6 19765.6 1183 1 

Sample 10 10340.9 10653.6 26530.3 2125. 7 15808 Sample 10 2903.89 3419.8 47754.56 1054. 75 5074 Sample 10 
12340.9 12604.0 72586.9 -4182.0 18702 

No Liposomes 8101. 8 8176 .2 24404.7 12132 No Liposomes 5711.73 5763.5 48809 .32 8552 No Liposomes 
8101.8 8497.2 76769 .0 12608 

Day 3 St Dev x X1 -X2 Critical Day 5 St Dev Sd x X1 -X2 Critical Day 7 St Dev Sd x X1 -X2 Critical 
value pooled value pooled value 

Samp le lF Sample 1F Sample 1F 
3936.0 4253 .8 15692.4 1534.4 6312 3600.0 4414.0 31384.9 3068 .8 6549 6933.4 7391.6 65908.2 10860.7 10968 

Sampl e 2F Sample 2F Sample 2F 
2306.3 2814.6 17951.5 -724.7 4176 3479.0 4315 .9 35903.0 -1449 .3 6404 8882.3 9244.4 69632.3 7136.6 13717 

Sample 3F Sample 3F Sample 3F 
5711.7 5935.2 19440.6 -2213 .8 8807 8460.1 8837.2 40825.2 -6371.6 13113 5711 .7 6260.0 73485 .4 3283.5 9289 

Sample 4F Sa mp/ e4F Sample4F 
2438 .1 2923.5 18575.0 1348.2 4338 8460.1 8837.2 39007.5 -4553.8 13113 8578.0 8952.4 64362.3 12406.6 13284 

Sample SF Sample SF Sample SF 
3479.0 3834.9 19828.0 -2601.2 5690 2438 .1 3S30.9 396S6.l -S202 .4 S239 11340.9 11626 .7 83137.6 -6368.7 172S2 

Sample 6F Sample 6F Sample 6F 
3948.7 426S.6 16021.2 1205 .6 6329 2438. 1 3S30.9 33644 .S 809 .2 S239 9486.8 9826 .7 67764 .S 9004 .S 14S81 

Sample 7F Sample 7F Sample 7F 
2438.1 2923.5 167S9.3 467.5 4338 3948.7 4702.7 3653S .2 -2081. 6 6978 2438.1 3S36.7 64097.1 12671.9 5248 

Sample 8F Sample 8F Sample 8F 
6643.8 6836.9 1847S.6 ·1248 .8 10144 3479.0 4315 .9 36951.2 -2497 .S 6404 7664.4 8081.3 6S858 . 7 10910 .3 11991 

Sample 9F Sa mp le9 F Sample 9F 
45S0.8 4828.3 19576.8 2349.9 7164 4550.8 5218.S 391S3.5 -4699.9 7743 45S0 .8 5222.4 76844 .l -75 .1 7749 

Sample lOF Sample lOF 
4240.9 I Sample lOF 

6340.9 6542 .9 19960.1 2733.3 9708 338S.5 38922.2 -4468 .6 6293 7123.5 7S70 .2 87S7S.O -10806.0 11233 
No liposomes No liposomes No liposomes 

5101.8 53S0.8 17226.8 7939 8076.7 8471.0 344S3.6 12569 8 101.8 8497 .2 76769 .0 12608 
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Statistical analysis for Saos-2 ALP N=6 for each sam ple 

Day 7 St Dev Sd pooled x X1 -X2 Critical Day 7 St Dev Sd pooled x X1 -X2 Critical 
value value 

Sample 1 0.0455 0.0562 0.6770 -0.0153 0.0834 Sample 1 0.0455 0.0478 0.6770 0.0000 0.0709 
Sample 2 0.0619 0.0701 0.6141 -0.0476 0.1040 Sample 2 0.0619 0.0635 0.6141 -0.0629 0 .0943 
Sample 3 0.1210 0.1254 0.5288 -0.1329 0.1861 Sample 3 0.1210 0.1219 0.5288 -0.1482 0.1808 
Sample 4 0.1645 0.1678 0.7959 0.1342 0.2490 Sample 4 0.1645 0.1651 0.7959 0.1189 0.2450 
Sample S 0.1343 0.1382 0.8562 0.1946 0.2051 Sample S 0.1343 0.1350 0.8562 0.1792 0.2004 
Sample 6 0.1660 0.1692 0.8544 -0.1927 0.2511 Sample 6 0.1660 0.1666 0.8544 -0.1774 0.2472 
Sample 7 0.0834 0 .0896 0.6304 0.0313 0.1330 Sample 7 0.0834 0.0846 0.6304 0.0466 0 .1255 
Sample 8 0.1021 0 .1073 0.6331 -0.0286 0.1592 Sample 8 0 .1021 0.1031 0.6331 -0.0439 0.1530 
Sample 9 0.0617 0.0699 0.5995 -0.0621 0.1038 Sample 9 0.0617 0.0633 0.5995 -0.0775 0 .0940 
Sample 10 0.1090 0.1139 0.8259 0.1642 0.1690 Sample 10 0.1090 0.1100 0.8259 0.1488 0 .1632 
No Liposomes 0.1042 0.1093 0.6617 0.1621 No Liposomes 0.1042 0.1052 0.6617 -0.0153 0.1561 
Day 7 St Dev Sd pooled x X1 -X2 Critical Day 7 St Dev Sd pooled x X1 -X2 Critical 

value value 
Sample lF 0.0780 0.0847 0.6522 0.0095 0.1256 Sample 1F 0.0780 0.0818 0.6522 0.0000 0.1214 
Sample 2F 0.1207 0.1251 0.5868 0.0748 0.1856 Sample 2F 0.1207 0.1232 0.5868 -0.0653 0.1828 
Sample 3F 0.0958 0.1013 0.5986 0.0630 0.1503 Sample 3F 0.0958 0.0989 0.5986 -0.0535 0.1468 
Sample 4F 0.0994 0.1047 0.4971 0.1646 0.1554 Sample 4F 0.0994 0.1024 0.4971 -0.1551 0.1520 
Sample SF 0.1020 0.1072 0 .5338 0.1279 0.1591 Sample SF 0.1020 0.1050 0.5338 -0.1184 0.1557 
Sample 6F 0.0606 0.0690 0.5206 0.1410 0.1024 Sample 6F 0.0606 0.0654 0.5206 0.1315 0.0971 
Sample 7F 0.0703 0.0776 0.5116 0.1501 0.1152 Sample 7F 0.0703 0.0745 0.5116 0.1406 0 .1106 
Sample 8F 0.0127 0.0353 0.4499 0.2118 0.0524 Sample 8F 0 .0127 0.0277 0.4499 -0.2023 0.0412 
Sample 9F 0.0203 0.0387 0.4454 0.2163 0.0574 Sample 9F 0 .0203 0.0319 0.4454 -0.2068 0.0474 
Sample lOF 0.0760 0.0828 0.4943 0.1673 0.1228 Sample lOF 0.0760 0.0799 0.4943 -0.1578 0.1185 
No liposomes 0.1042 0.1042 0.6617 0.1546 No liposomes 0.1042 0.1071 0.6617 0.0095 0.1589 
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Statistical analysis for Mg63 ALP N=6 for each sample 

Day 7 St Dev Sd pooled x X1 -X2 Critical value Day 7 St Dev I Sd pooled x X1 -X2 Critical value 
Sample 1 0.1968 0.1996 0.5850 -0.2150 0.2961 Sample 1 0.1968 0.2064 0.5850 0.0000 0.3063 
Sample 2 0.0727 0.0799 0.3265 -0.0435 0.1186 Sample 2 0 .0727 0.0957 0.3265 -0.2585 0.1420 
Sample 3 0.1247 0 .1290 0.3048 -0 .0653 0.1915 Sample 3 0.1247 0.1394 0.3048 -0.2803 0.2068 
Sample 4 0.0583 0.0670 0.4245 0 .0544 0.0994 Sample4 0 .0583 0.0853 0.4245 -0.1605 0.1265 
Sample 5 0.0596 0.0682 0.4898 0.1197 0.1011 Sample 5 0.0596 0.0862 0.4898 -0.0952 0.1279 
Sample 6 0.0281 0.0434 0.3810 -0.0109 0.0644 Sample 6 0.0281 0.0683 0.3810 0.2041 0.1013 
Sample 7 0.1326 0.1366 0.5279 -0.1578 0.2027 Sample 7 0 .1326 0.1464 0.5279 0.0571 0.2173 
Sample 8 0.0899 0.0958 0.5306 0.1605 0.1422 Sample 8 0.0899 0.1094 0.5306 -0.0544 0.1623 
Sample 9 0.1689 0.1721 0.4898 0.1197 0.2553 Sample 9 0 .1689 0.1800 0.4898 -0.0952 0.2670 
Sample 10 0.1286 0.1328 0.4653 0.0952 0.1970 Sample 10 0.1286 0 .1429 0.4653 -0.1197 0.2120 
No Liposomes 0.1045 0.1096 0 .3701 0.1627 No Liposomes 0.1045 I 0.1217 0.3701 -0.2150 0.1805 
Day 7 St Dev Sd pooled x X1 -X2 Critical value Day 7 St Dev Sd pooled x X1 -X2 Critical value 
Sample lF 0.0381 0.0584 0.3673 -0.0054 0.0866 Sample lF 0.0381 0.0400 0.3673 0.0000 0.0593 
Sample 2F 0.0257 0.0511 0.3347 0.0272 0.0759 Sample 2F 0.0257 0.0284 0.3347 -0.0327 0.0421 
Sample 3F 0.0483 0.0654 0.3646 -0.0027 0.0971 Sample 3F 0.0483 0.0497 0.3646 -0.0027 0.0738 
Sample4F 0.0402 0.0598 0.2884 0.0735 0.0887 Sample4F 0.0402 0.0420 0.2884 -0.0789 0.0623 
Sample SF 0.0348 0.0563 0.3075 0.0544 0.0835 Sample SF 0.0348 0.0369 0.3075 -0.0599 0.0547 
Sample 6F 0.0579 0.0728 0.3456 0.0163 0.1080 Sample 6F 0.0579 0.0591 0.3456 0.0218 0.0877 
Sample 7F 0.0762 0.0881 0.3973 -0.0354 0.1307 Sample 7F 0.0762 0.0771 0.3973 -0.0299 0.1145 
Sample 8F 0.0800 0.0914 0.3592 0.0027 0.1356 Sample 8F 0.0800 0.0809 0.3592 -0.0082 0.1200 
Sample 9F 0.1097 0.1183 0.3102 0.0517 0.1756 Sample 9F 0.1097 0.1104 0.3102 -0.0571 0.1638 
Sample lOF 0.0757 0.0876 0.3320 0.0299 0.1300 Sample lOF 0 .0757 0.0766 0.3320 -0.0354 0.1137 
No liposomes 0.1398 0.1398 0.3619 0.2074 No liposomes o .1398 I 0.1403 0.3619 -0.0054 0.2082 
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Statistica l analysis for Mg63 OPG production Comparison w ith contro l containing no liposomes N=3 for each sample 

Day7 St Dev Sd pooled x X1 -X2 Critical value 

Sample lF 0.9737 1.1343 19.35358 -2 .1311 2.5747 

Sample 2F 1.5216 1.6291 16.42954 0.7930 3.6978 
Sample 3F 1.3279 1.4498 19.66746 -2 .4450 3.2909 
Sample4F 1.5067 1.6151 19.394 -2.1715 3.6662 
Sample SF 1.2629 1.3906 18.41194 -1.1894 3.1564 
Sample 6F 1.2997 1.3508 20.27782 -3.0553 3.0661 
Sample 7F 2.0685 2.1488 18.94411 -1.7216 4.8776 
Sample 8F 0.5774 0.8197 17.2225 0.0000 1.8607 
Sample 9F 1.2503 1.3791 20.34302 -3.1205 3.1303 
No liposomes 1.1638 1.1638 17.2225 2.6417 
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Statistical analysis for Mg63 Osteocalcin production Comparison with control containing no liposomes N=3 for each sample 

Groups Average St dev Sd pooled x X1 -X2 Critical value 

Sample 1 145.4227 0.218134 4.3114 19.35358 -2.1311 9.0470 
Sample 2 145.2047 9.301034 10.2494 16.42954 0.7930 15.2079 
Sample 3 141.4781 3.678948 5.6635 19.66746 -2.4450 8.4034 
Sample4 159.9953 21.68144 22.1049 19.394 -2.1715 32 .7990 
Sample 5 153.645 11.76818 12.5312 18.41194 -1.1894 18.5936 
Sample 6 154.8017 3.40598 4.3608 20.37782 -3.1553 6.4706 
Sample 7 140.6317 11.68919 12.4570 18.94411 -1.7216 18.4836 
Sample 8 141.6965 8.611733 9.6282 17.2225 0.0000 14.2862 
Sample 9 143.3293 3.40598 5.4901 20.54302 -3.3205 8.1462 
no liposomes 134.4436 8.611733 8.6117 17.2225 12.7780 
Statistical analysis for Osteoclast differentiation assays N=3 for each sample 

Trap assay St dev. Sd pooled Average X1 -X2 no rank-L X1 -X2 no L Critical value 
Sample 1 0.352443 0.3648 2.807321 2.4699 o.46896 I 0.8281 
Sample 2 0.204016 0.2247 2.916745 2.5793 0.359536 0.5101 
Sample 3 0.365602 0.3775 2.687476 2.3500 0.588805 0 .8570 
Sample 4 0.448269 0.4581 3.036591 2.6991 -0 .23969 1.0397 
Sample 5 0.331359 0.3445 2.588473 2.2510 -0 .68781 0.7820 
Sample 6 0.330251 0.3356 3.630607 3.2931 o.354325 I 0.7617 
Sample 7 0.197937 0.2192 3.198121 2.8607 -0.07816 0.4976 
Sample 8 0.18319 0.2060 3.568079 3.2306 0.291797 0.4676 
Sample 9 0 .164693 0.1897 I 3.093908 2.7564 -0.18237 0.4307 
No liposomes 0.18845 0.1885 3.276281 2.9388 0 0.4278 
No Rank-L 0.130162 0.1302 0.337465 0 2.938816 0.2955 
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Collagen Resorption N=3 for each sample 

St dev sd pooled x Xl-X2 Critical St dev sd pooled x Xl-X2 Critical 
value value 

Sample 1 13.72864 13.8400 40.57646 5.4839 31.4148 Sample 1 13.72864 15.3 40.57646 0.0 34.8403 
Sample 2 9.860999 10.0154 58.34158 -12.2812 22.7335 Sample 2 9.860999 12.0 58.34158 17.8 27.2722 
Sample 3 10.17579 10.3255 49.12492 -3.0645 23.4374 Sample 3 10.17579 12.3 49.12492 8.5 27.8616 
Sample4 11.99692 12.1241 50.13875 -4.0784 27.5201 Sample 4 11.99692 13.8 50.13875 9.6 31.3738 
Sample 5 8.218708 8.4033 36.47504 9.5853 19.0744 Sample 5 8.218708 10.7 36.47504 -4.1 24.3062 
Sample 6 8.841877 8.9110 40.71471 5.3457 20.2268 Sample 6 8.841877 11.2 40.71471 0.1 25.4080 
Sample 7 8.73599 8.9099 39.6745 6.3859 20.2242 Sample 7 8.73599 11.1 39.6745 -0.9 25 .2186 
Sample 8 9.8419 9.9966 42.03978 4.0206 22.6909 Sample 8 9.8419 12.0 42.03978 1.5 27.2366 
Sample 9 11.73525 11.8653 48.57192 -2.5115 26.9325 Sample 9 11.73525 13.6 48.57192 8.0 30.8597 
no liposomes 3.503622 3.5036 46.06038 7.9527 no liposomes 3.503622 7.7 46.06038 5.5 17.4933 
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U937 Proliferation 

Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 

Sample 1 9070.6 9145.6 80490.0 -24644.2 13570 Sample 1 15117.59 15125.7 116652.24 -10279.19 22443 

Sample 2 26670.6 26696.2 56291.2 -445 .3 39612 Sample 2 21607.89 21613.6 112582.30 -6209 .25 32070 

Sample 3 14214.8 14262 .8 73122.6 -17276.8 21163 Sample 3 17768.52 17775.5 121871.02 -15497.97 26375 

Sample 4 9324.5 9397.5 60485.7 -4639.9 13944 Sample 4 9232.20 9245 .5 120971.50 14598.45 13718 

Sample 5 16397.0 16438.7 45950 .3 9895.6 24392 Sample 5 16796.27 16803.6 108118.28 -1745.23 24933 

Sample 6 12715.3 12768.9 35480.6 20365.3 18946 Sample 6 10279.14 10291.1 74695.93 31677.12 15270 

Sample 7 16399.9 16441.5 38648.7 17197.2 24396 Sample 7 13251.37 13260.7 73616.50 32756.55 19676 

Sample 8 10162.5 10229.5 42045.5 -13800.4 15178 Sample 8 9963.23 9975.6 84090.97 22282.08 14802 

Sample 9 10544.3 10608.9 43904.5 -11941.3 15741 Sample 9 14059.09 14067.9 100980.36 -5392.69 20874 

Sample 10 5327.7 5454.5 30295.9 25550.0 8093 Sample 10 4264.92 4293.7 65860.60 40512.45 6371 

No Liposomes 3696.6 5428.8 55845 .8 8055 No Liposomes 1570.36 4274.7 106373.05 6343 

Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 

Sample 1F 15073.5 15085.6 44924.0 6454.2 22384 Sample 1F 14577.9 14589.3 89847.9 16525.1 21647 

Sample 2F 8322.3 8344.3 43498.3 7879.9 12381 Sampl e 2F 6210.7 6237.6 72497.1 33876.0 9255 

Sample 3F 8734.4 8755 .3 40966.1 10412.1 12991 Sample 3F 7878.9 7900 .1 81932 .1 24440.9 11722 

Sample 4F 5471.4 5504.7 37010.6 -14367.6 8168 Sample 4F 5346.3 5377.4 92526.5 13846.5 7979 

Sampl e SF 12572.5 12587.0 45323 .8 6054.4 18676 Sample SF 12572.5 12585.8 90647.5 15725.5 18675 

Sample 6F 6051.5 6081.6 33929.8 17448.4 9024 Sample 6F 6131.2 6158.4 67859.5 38513 .5 9138 

Sample 7F 10582.9 10600.1 41665.7 9712.5 15728 Sample 7F 10442.9 10458.9 83331.4 23041.7 15519 

Sample 8F 11266.7 11283.0 45040.7 6337.5 16742 Sample 8F 6512.6 6538.2 81892.1 24480.9 9701 

Sample 9F 2855.9 2919 .2 53524.6 2146.4 4331 Sample 9F 2379.9 2449.2 93086.2 13286.8 3634 

Sample lOF 5544.4 5577.3 30984.1 -20394.1 8275 Sample lOF 4264.9 4303.9 65860.6 40512.5 6386 

No liposomes 1911.3 4452 .1 51378 .2 6606 No liposomes 1828.5 3729.5 106373.0 5534 
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Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 

Sample 1 9070.6 9513.3 80490.0 0.0 14116 Sample 1 15117.59 15855.5 116652.24 0 .0 23526 

Sample 2 26670.6 26824.4 56291.2 -24198.9 39802 Sample 2 21607.89 22130.4 112582 .30 -4069 .9 32837 

Sample 3 14214.8 14501.3 73122.6 -7367.4 21517 Sample 3 17768.52 18400.4 121871.02 5218.8 27302 

Sample 4 9324.5 9755.7 60485.7 -20004.3 14475 Sample 4 9232 .20 10396.5 120971.50 4319.3 15426 

Sample 5 16397.0 16646.0 45950.3 -34539.8 24699 Sample 5 16796.27 17463.4 108118.28 -8534.0 25912 

Sample 6 12715.3 13034.8 35480.6 -45009 .5 19341 Sample 6 10279.14 11336.4 74695.93 -41956.3 16821 

Sample 7 16399.9 16648.9 38648.7 -41841.4 24703 Sample 7 13251.37 14087.3 73616.50 -43035.7 20903 

Sample 8 10162.5 10559.5 4204s.s I -38444.6 15668 Sample 8 9963.23 11050.8 84090.97 -32 561.3 16397 

Sample 9 10544.3 10927.5 43904.5 -36585.5 16214 Sample 9 14059.09 14849.7 100980.36 -15671.9 22034 

Sample 10 5327.7 6050.8 30295.9 -50194.2 8978 Sample 10 4264.92 6406.5 65860.60 -50791.6 9506 

No Liposomes 3696.6 4678.9 55845 .8 -24644 .2 6943 No Liposomes 1570.36 5031.9 106373.05 -10279.2 7466 

Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 
(1F) 

Sample 1F 15073 .5 15809.2 44924.0 0.0 23458 Sample lF 14577 .9 15289.4 89847.9 0.0 22686 

Sample 2F 8322 .3 9590.7 43498.3 -1425.7 14231 Sample 2F 6210.7 7734.6 72497.1 -17350.8 11477 

Sample 3F 8734.4 9950.4 40966.1 -3957 .9 14764 Sample 3F 7878.9 9128.5 81932.1 -7915.8 13545 

Sample 4F 5471.4 7256 .5 37010.6 -7913.4 10767 Sample 4F 5346.3 7059.3 92526.5 2678 .6 10475 

Sample SF 12572.5 13445.7 45323.8 399 .8 19951 Sample SF 12572.5 13391.0 90647.5 799.6 19869 

Sample 6F 6051.5 7703.3 33929.8 -10994.2 11430 Sample 6F 6131.2 7670.9 67859.5 -21988.4 11382 

Sample 7F 10582.9 11606.8 41665 .7 -3 258.3 17222 Sample 7F 10442.9 11415 .2 83331.4 -6516.6 16938 

Sample 8F 11266.7 12233.6 45040.7 116.7 18152 Sample 8F 6512 .6 7979.0 81892.1 -7955.8 11839 

Sample 9F 2855.9 5556.7 53524.6 8600.6 8245 Sample 9F 2379.9 5188.0 93086.2 3238.3 7698 

Sample lOF 5544.4 7311.7 30984.1 -13939.8 10849 Sample lOF 4264.9 6280 .2 65860.6 -23987 .3 9319 

No liposomes 1911.3 5135.6 51378.2 6454.2 7620 No liposomes 1828.5 4959 .3 106373.0 16525.1 7359 
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Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 

Sample 1 9070.5 9145.6 80490.0 -24644.2 13570 Sample 1 15117.59 15125.7 116652.24 -10279.19 22443 

Sample 2 26670.6 26696.2 56291 .2 -445.3 39612 Sample 2 21607.89 21613 .6 112582.30 -6209.25 32070 

Sample 3 14214.8 14262.8 73122.6 -17276.8 21163 Sample 3 17768.52 17775.5 121871.02 -1 5497.97 26375 

Sample 4 9324.5 9397.5 60485.7 -4639.9 13944 Sample 4 9232 .20 9245 .5 120971.50 14598.45 13718 

Sample 5 16397.0 16438.7 45950.3 9895 .6 24392 Sample 5 16796.27 16803.6 108118.28 -1745.23 24933 

Sample 6 12715.3 12768.9 35480.6 20365.3 18946 Sample 6 10279.14 10291.1 74695 .93 31677.12 15270 

Sample 7 16399.9 16441.5 38648.7 17197.2 24396 Sample 7 13251.37 13260.7 73616.50 32756.55 19676 

Sample 8 10162.5 10229.5 42045.5 -13800.4 15178 Sampl e 8 9963 .23 9975.6 84090.97 22282 .08 14802 

Sample 9 10544.3 10608.9 43904.5 -11941.3 15741 Sample 9 14059.09 14067.9 100980.36 -5392.69 20874 

Sample 10 5327.7 5454.5 30295 .9 25550.0 8093 Sample 10 4264.92 4293.7 65860.60 40512.45 6371 

No Liposomes 3696.6 5428.8 55845.8 8055 No Liposomes 1570.36 4274.7 106373 .05 6343 

Day 2 St Dev Sd pooled x X1 -X2 Critical value Day 3 St Dev Sd pooled x X1 -X2 Critical value 

Sample 1F 15073.5 15085.6 44924.0 6454.2 22384 Sample 1F 14577.9 14589.3 89847.9 16525.1 21647 

Sample 2F 8322.3 8344.3 43498.3 7879.9 12381 Sample 2F 6210.7 6237 .6 72497.1 33876.0 9255 

Sample 3F 8734.4 8755.3 40966.1 10412.1 12991 Sample 3F 7878.9 7900.1 81932.1 24440.9 11722 

Sample 4F 5471.4 5504.7 37010.6 -14367.6 8168 Sample 4F 5346.3 5377.4 92526.5 13846.5 7979 

Sample SF 12572.5 12587.0 45323.8 6054.4 18676 Sample SF 12572.5 12585.8 90647.5 15725.5 18675 

Sample 6F 6051.5 6081.6 33929.8 17448.4 9024 Sample 6F 6131.2 6158.4 67859.5 38513.5 9138 

Sample 7F 10582.9 10600.1 41665.7 9712.5 15728 Sample 7F 10442.9 10458.9 83331.4 23041.7 15519 

Sample 8F 11266.7 11283.0 45040.7 6337.5 16742 Sample 8F 6512.6 6538.2 81892 .1 24480.9 9701 

Sample 9F 2855.9 2919.2 53524.6 2146.4 4331 Sample 9F 2379.9 2449.2 93086.2 13286.8 3634 

Sample lOF 5544.4 5577 .3 30984.1 -20394.1 8275 Sample lOF 4264.9 4303.9 65860.6 40512.5 6386 

No liposomes 1911.3 1911.3 51378.2 2836 No liposomes 1828.5 1828.5 106373.0 2713 
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Mg63 with U937 supernatant proliferation 

Day 5 St Dev Sd pooled x X1 -X2 equation Day 7 St Dev Sd pooled x X1 -X2 equation 

Sample 1F 11800.0 11810.4 44954.0 31075.9 17524 Sample 1F 14577.9 14722.6 64418.1 34869.8 21845 

Sample 2F 6210.7 6230.5 60201.8 15828.2 9245 Sample 2F 2100 .0 2941.3 83558.8 15729.1 4364 

Sample 3F 7878.9 7894 .6 66752.8 9277.1 11714 Sample 3F 14865.8 15007.8 76846.4 22441.5 22268 

Sample 4F 5346 .3 5369.3 67833.4 8196.6 7967 Sample 4F 12572.5 12740.0 86909.2 12378.6 18904 

Sample SF 12572.5 12582.3 69347.1 6682.8 18669 Sample SF 5346.3 5729.2 85688.0 13599.9 8501 

Sample 6F 6131.2 6151.2 62136 .9 13893.0 9127 Sample 6F 6131.2 6467.8 81317.4 17970.5 9597 

Sample 7F 10442.9 10454.7 63508.4 12521.5 15513 Sample 7F 6512.6 6830.4 86531.1 12756.8 10135 

Sample 8F 6512 .6 6531.5 61579.5 14450.5 I 9691 Sample 8F 4264.9 4736.1 79030.4 20257.5 7027 

Sample 9F 2379.9 2431.2 71676.2 4353.7 3607 Sample 9F 5570.4 5938.9 94393.4 4894.4 8812 

Sample lOF 4264.9 4293 .7 67985.7 8044.3 6371 Sample lOF 6720.4 7028.9 95024.3 4263 .6 10429 

No liposomes 1570.4 1647.0 76029 .9 2444 No liposomes 6S12.6 6S31.S 99287.9 9691 

Day 5 St Dev Sd pooled x X1 -X2 equation Day 7 St Dev Sd pooled x X1 -X2 equation 

Sample 1F 11800.0 12375.9 449S4.0 0 .0 18363 Sample 1F 14S77.9 1S289.4 64418.1 0.0 22686 

Sample 2F 6210 .7 7245.5 60201 .8 15247.8 10751 Sample 2F 2100.0 5065.7 83SS8.8 19140.7 7S16 

Sample 3F 7878 .9 8717 .9 66752.8 21798.8 12936 Sample 3F 14865.8 1S564.2 76846.4 12428.3 23094 

Sample 4F S346.3 6519 .7 67833.4 22879.4 9674 Sample 4F 12S72.5 13391.0 86909.2 22491.1 19869 

Sample SF 12572.5 13114.S 69347 .1 24393.1 19459 Sample SF S346.3 70S9.3 8S688.0 21269.9 1047S 

Sample 6F 6131.2 7177.4 62136 .9 17182.9 106SO Sample 6F 6131.2 7670.9 81317.4 16899.3 11382 

Sample 7F 10442.9 11089.6 63S08.4 18SS4.4 164SS Sample 7F 6Sl2.6 7979.0 86S31.1 22113.0 11839 

Sample 8F 6S12 .6 7SOS.8 61S79 .5 1662S.S 11137 Sample 8F 4264.9 6280.2 79030.4 14612.3 9319 

Sample 9F 2379 .9 442S.8 71676.2 26722.2 6567 Sample 9F SS70.4 7230.5 94393.4 2997S.4 10729 

Sample lOF 4264.9 S666.9 6798S.7 2303i.7 I 8408 Sample lOF 6720.4 8149.6 9S024.3 30606.2 12092 

No liposomes 1570.4 4048.5 76029 .9 3107S.9 6007 No liposomes 6512.6 7979 .0 99287.9 34869.8 11839 
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Day 5 St Dev Sd pooled x X1 -X2 equation Day 7 St Dev Sd pooled x X1 -X2 equation 

Sample 1F 11800.0 11810.4 44954.0 31075 .9 17S24 Sam ple 1F 14S77 .9 14722.6 64418.1 34869.8 2184S 

Sampl e 2F 6210 .7 6230.S 60201.8 1S828.2 924S Sample 2F 2100 .0 2941.3 83SS8.8 1S729.1 4364 

Sampl e 3F 7878 .9 7894 .6 66752 .8 9277 .1 11714 Sample 3F 14865 .8 1S007 .8 76846.4 22441.5 22268 

Sample 4F S346.3 S369.3 67833.4 8196 .6 7967 Sample 4 F 12S72.5 12740.0 86909.2 12378.6 18904 

Sample SF 12S72.5 12S82.3 69347 .1 6682 .8 18669 Sample SF S346 .3 S729.2 8S688.0 13S99.9 8S01 

Sample 6F 6131.2 61Sl.2 62136.9 13893.0 9127 Sample 6F 6131.2 6467.8 81317.4 17970.S 9S97 

Sample 7F 10442.9 104S4.7 63508.4 12S21.5 15513 Sample 7F 6Sl2 .6 6830.4 86S31.1 127S6.8 10135 

Sample 8F 6512 .6 6S31.5 61S79.5 144SO.S 9691 Sample 8F 4264.9 4736.1 79030.4 202S7.S 7027 

Sample 9F 2379 .9 2431.2 71676.2 43S3.7 3607 Sample 9F 5S70.4 S938.9 94393.4 4894.4 8812 

Sample lOF 4264.9 4293.7 6798S.7 8044.3 6371 Sample lOF 6720.4 7028.9 9S024.3 4263.6 10429 

No liposomes 1S70.4 1S70.4 76029 .9 2330 No liposomes 6Sl2 .6 6S12 .6 99287.9 9663 
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Mg63 in U937 supernatant ALP 

Day 7 St Dev Sd pooled x X1 -X2 equation 

Sample lF 0 .1569 0.1647 1.0676 0.1275 0.2444 
Sample 2F 0.1190 0.1291 0.8210 0 .3741 0 .1916 
Sample 3F 0.0664 0 .0831 0 .8046 0.3905 0 .1233 
Sample 4F 0.1084 0.1194 0.7890 0.4061 0 .1771 
Sample SF 0.1073 0.1183 0 .8249 0 .3702 0.1756 
Sample 6F 0.1281 0.1375 0.8390 0.3561 0 .2040 
Sample 7F 0 .3474 0.3510 1.1966 -0.0016 0 .5208 

-
Sample 8F 0 .1896 0.1960 1.0395 0.1556 0.2909 
Sample 9F 0.1488 0.1570 1.0208 0 .1743 0.2329 
Sample lOF 0.1376 0.1464 1.0739 0.1212 0 .2172 
No liposomes 0.1580 0.1580 1.1951 0 .2344 
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