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Abstract 
Biomaterials used for stabilization of compressed vertebraes due to osteoporosis, have mainly 
been based on resin materials, like PMMA (polymethyl methacrylate), but have recently 
expanded to consist of injectable ceramics, such as calcium-aluminate. In this in vitro study 
human osteoblast-like cells, MG-63, were cultured on three different injectable biomaterials 
based on: Ca-aluminate, Bis-GMA (bisphenol A-glycidylmethacrylate) and PMMA, to 
investigate the cellular response elicited by these materials. Cell proliferation was measured 
by the NucleoCounter® system, cell viability was investigated by LDH (lactate 
dehydrogenase) analysis, cell differentiation and mineralization was evaluated by mRNA 
gene expression of the osteoblastic markers: ALP (alkaline phosphatase), OC (osteocalcin) 
and COLL-I (collagen type I) by qPCR (quantitative polymerase chain reaction) analysis. 
Two control materials were used: TCP (tissue culture polystyrene, negative control) and PVC 
(polyvinyl chloride, positive control). The results showed that all the bone cement materials 
were non-toxic and biocompatible, i.e. they provided good cell viability and proliferation of 
the MG-63 cells. They are specific for bone cells, since they expressed high values of the 
osteoblast-specific differentiation markers, and are thus promising as injectable bone cement 
materials. Among the bone cements, Xeraspine appears to be the most biocompatible material 
for bone cells. It is followed by Cortoss and then Vertebroplastic. 
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Abbreviations 
ALP   alkaline phosphatase 
α-TCP   α-tricalcium phosphate 
Bis-GMA   bisphenol A-glycidylmethacrylate 
BMP   bone morphogenetic protein 
BSA   bovine serum albumin 
CAC   calcium aluminate cement 
CBC   chemically bonded ceramics 
Cbfa1   core binding factor alpha1 
COLL-I   collagen type I 
CPC   calcium phosphate cements 
HA   hydroxyapatite 
hOP-1   human osteogenic protein-1  
IGF   insulin-like growth factor 
IL-6   interleukin-6 
LDH   lactate dehydrogenase 
MMA   methyl methacrylate 
MMP   metalloproteinase 
MSC   mesenchymal stem cell 
OC   osteocalcin 
OD   optical density 
OPG   osteoprotegerin 
Osx   osterix 
PBS    phosphate buffered saline 
PEMFs   pulsed electromagnetic fields 
PMMA   poly(methyl methacrylate) 
pNP   paranitrophenol 
pNPP   paranitrophenyl phosphate 
PTH   parathyroid hormone 
PVC   poly vinylchloride 
PVP   percutaneous vertebroplasty 
qPCR   quantitative polymerase chain reaction 
RANK   receptor for activation of nuclear factor-κB 
RANKL   receptor for activation of nuclear factor-κB ligand 
SEM   scanning electron microscopy 
TCP   tissue culture polystyrene 
TEM   transmission electron microscopy 
TGF-β   transforming growth factor-β 
TNF-α   tumour necrosis factor-α  
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1 Introduction 
Osteoporosis is a bone disease which often leads to compressive vertebral fractures, caused by 
low-energy trauma [1]. Women past menopause are the group most likely to develop 
osteoporosis, but it also occurs in men over 65. Recent epidemiologic estimations show that 
this injury will become even more frequent in the future. Conventional treatment includes 
analgesic, bed resting and bracing. Unfortunately such treatments do not effectively prevent 
severe pain during the period of healing. Furthermore, the reduced mobility will enhance the 
bone loss even more. 
 
Vertebroplasty is a treatment that has been used over the last decade, which includes injection 
of cement into the affected vertebrae, using a thin needle [2]. This procedure has been 
developed into an established method of treatment for stable compressed vertebral fractures in 
osteoporotic patients. By using percutaneous vertebroplasty (PVP) the cement can be injected 
without any attempt to restore the anatomy of the vertebra. A variation of the procedure is 
kyphoplasty (KVP) an inflatable balloon is introduced prior to cement injection, to restore the 
anatomy. A large number of studies of these techniques have shown that this treatment 
provides an immediate pain relief and improved mobility by stabilization. The improvement 
is almost instant followed after the cement injection and has a lasting effect for several 
years.[2]
 
The cement used in this treatment has so far been basically different variations of 
conventional bone cement, PMMA (polymethyl methacrylate), which is normally used for 
fixation of artificial joints and not intended for use in the spine. New cement formulations are 
also evaluated to be used, based upon resin (Bis-GMA, bisphenol A-glycidylmethacrylate) 
and ceramics (calcium aluminate). To date, not much information about the cell response to 
the materials has been reported. More basic knowledge of the material systems is needed to be 
able to describe their in vivo behaviour. 
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2 Purpose 
The purpose of this thesis is to evaluate the cellular in vitro response of osteoblast-like MG-
63 cells elicited by different biomaterials intended for augmentation of vertebral compression 
fractures. The materials are: Ca-aluminate, Bis-GMA and PMMA surfaces and the cell 
proliferation, cell viability, cell differentiation and mineralization are studied compared to 
control materials TCP (tissue culture polystyrene, negative control) and PVC (polyvinyl 
chloride, positive control). The thesis is a collaboration with the biomedical company Doxa in 
Uppsala, and the experimental part was carried out at the Sahlgrenska Academy, at Göteborg 
University. 
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3 Bone Composition and Functions 

3.1 Bone Physiology 
Bone is a relatively hard and lightweight composite material, mostly formed by calcium 
phosphate in the chemical arrangement termed calcium hydroxyapatite (HA), 
Ca10(PO4)6(OH)2. Bone mineral also contains carbonate and small amounts of sodium, 
magnesium and other trace components. It has relatively high compressive strength but poor 
tensile strength. Bone is essentially brittle, but it also has significant elasticity contributed by 
its organic components (mainly collagen). The internal structure is mesh-like, and the density 
may vary at different points. 
 
Bone consists of three types of bone cells; osteoblasts which promote bone formation, 
osteoclasts which promote bone resorption and osteocytes which are mature bone cells, 
derived from osteoblasts, that have encased themselves within the bone. Bone remodelling 
consists of carefully coordinated interplay of osteoblastic and osteoclastic activity. During the 
periods between the remodelling, the quiescence phases, bone lining cells (BLC) which share 
a common lineage with osteoblasts, are the most important bone cells. They are flattened, 
mononuclear cells which line bone and function as a barrier for certain ions.  
 
Bone consists of two types of bone tissue; cortical (compact) and trabecular (cancellous) 
bone (Figure 1). Cortical bone is the outer layer (the cortex) of all bones and forms the bulk of 
the interior of the long bones. This dense tissue is composed mostly of the bone mineral and 
extracellular matrix elements, and represents about 80% of the total bone mass. Cortical bone 
consists of closely packed osteons or haversian systems. The osteons consist of a central canal 
called the osteonic (haversian) canal, which is surrounded by concentric rings (lamellae) of 
matrix. Between the matrix rings, the osteocytes are located in spaces called lacuna. Small 
channels (canaliculi) radiate from the lacuna to the haversian canal to provide passageways 
through the hard matrix. The haversian systems are packed tightly together in the compact 
bone to form a solid mass. The haversian canals contain blood vessels that are parallel to the 
long axis of the bone. These blood vessels interconnect, by way of perforating canals 
(Volkmann’s canal), with vessels on the surface of the bone.  

  
Trabecular bone is found in 
the interior of the bone and is 
especially prominent within 
the vertebral bodies. This 
spongy bone is lighter and 
less dense than compact 
bone. It consists of plates 
(trabeculae) and thin spicules 
of bone that extend from the 
cortex into the medullary 
cavity that contain red bone 
marrow. The lacework of 
bone spicules is lined in 
many areas by osteoblasts 

and osteoclasts. The canaliculi connect to the adjacent cavities, instead of a central haversian 
canal, to receive their blood supply. The trabeculae are organized to provide maximum 

Figure 1. Bone composition [3]. 

strength and they follow the lines of stress and can realign if the direction of stress changes. 
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Both trabecular and cortical bone are constantly being synthesised and resorbed by osteoclast
and osteoblasts, although the fractional rate in cortical bone is much lower. 

s 

ollagen and other extracellular matrix proteins form a protein matrix of bone which is called 

hin 
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 normal remodelling and vascularisation of bone. The 
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in 

ome lymphocyte-derived cytokines, such as lymphotoxin, interleukin-6 (IL-6) and tumour 

 

 
Figure 2. Bone remodelling. [9]

[3][4][5][6]
 
C
osteoid. Osteoid is a highly organized protein matrix synthesized mainly by osteoblasts which 
provides sites for the nucleation of HA crystals. Type I collagen (COLL-I) monomers are 
secreted from the osteoblasts and associated into collagen fibres, by cross-linking both wit
a fibre and between fibres. The collagen fibres are arranged in the osteoid in a highly ordered 
manner and this organization of collagen fibres is important for the tensile strength in bone. 
[4][5]  

Osteoclasts are responsible for the
osteoclast is a highly specialized catabolic cell that seals tightly via integrins to vitronecti
the bone matrix, acidifies its apical extracellular compartment (a confined resorption space, 
the Howship lacuna), dissolves the mineral phase (HA) and degrades bone proteins (collagen
with lysosomal enzymes (such as acid phosphatase). In the middle of such a lacuna grows a 
blood capillary that supplies nutrients to the bone cells. [3][5][7]
 
T
osteoblasts to the resorption pit. Following resorption, unclassified macrophage-like cells a
found in the remodelling site in the intermediate, or reversal, phase. Once the lacuna acquires 
a certain depth, osteoblast precursors are recruited, which proliferate and differentiate into 
mature osteoblasts, before secreting a new bone matrix (osteoid). [9] The matrix then 
mineralizes to generate new bone. This process is shown in Figure 2. In normal conditi
bone density is maintained due to the dynamic equilibrium between the functions of 
osteoclasts and osteoblasts. Any change in this equilibrium, by uncoupling between b
resorption by osteoclasts and bone formation by osteoblasts, causes an absolute reduction 
the amounts of bone which might lead to osteoporosis. [4][5][8]
 
S
necrosis factor-α (TNF-α), are known to activate osteoclast mediated bone resorption. [5]  
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3.3 Osteoclast Differentiation 
Vitamin D and parathyroid hormone (PTH) stimulate osteoblastic cells to secrete substances, 
such as macrophage colony-stimulating factor (M-CSF) and receptor for activation of nuclear 
factor-κB ligand (RANKL). M-CSF causes osteoclast precursors to proliferate by binding to 
its receptor (c-Fms). The precursor cells (hematopoietic stem cells called monocytes) 
differentiate into mononuclear osteoclasts and then fuse to become multinuclear osteoclasts. 
PTH and vitamin D also stimulate osteoblasts to release IL-6, which stimulates existing 
osteoclasts to resorb bone.  
 
The protein called RANKL or osteoprotegerin ligand appears to be a major stimulator both of 
the differentiation of osteoclast precursor cells to mature osteoclasts, and of the activity of 
mature osteoclasts. RANKL is a member of the tumour necrosis factor (TNF) cytokine family 
and exists both as a membrane-bound form on the surface of stromal cells and osteoblasts, 
and as a soluble protein secreted by these cells. RANKL binds to and stimulates a membrane-
bound receptor of the osteoclast called RANK, which result in a cascade of events, including 
the activation of the osteoclast differentiation factor, called nuclear factor-κB (NF-κB). This 
leads to differentiation and maturation of the osteoclast precursor cells to mature osteoclast 
cells and thus promotes bone resorption. [5][10]

3.4 Development of Osteoporosis 
Osteoblastic and stromal cells also produce a soluble member of the TNF receptor family, 
called osteoprotegerin (OPG) (Latin: osteo = bone, protegere = protect). By binding to 
RANKL, OPG protects the bone from osteoclastic activity. Glucocorticoids increase the 
production of RANKL by osteoblastic cells but decrease the production of OPG. The net 
result is that more free RANKL is available to bind RANK and thus promote bone loss. The 
balance between the amounts of OPG and RANKL produced by the osteoblasts/stromal cells 
appears to be a very important factor of developing osteoporosis. [5][10]
 
Oestrogen levels decrease in women past menopause, resulting in an increase of bone 
resorption due to an increased number of osteoclasts, which might lead to osteoporosis as 
well. Oestrogen is involved either directly or indirectly in the regulation of a number of 
molecules that have an effect on osteoclasts. [10]

3.5 Bone Mineralization (calcification) 
Many osteoblast-derived proteins are important to the mineralization process, including 
osteocalcin (OC) and osteonectin.  
 
Osteocalcin, or bone Gla protein, is the major non-collagenous protein of the bone matrix. OC 
is synthesized by 1,25-Dihydroxyvitamin D (1,25 (OH)2-vitamin D3) and is partly 
incorporated in the osteoid, by binding to both Ca2+ and HA, and the rest is found in the blood 
circulation. OC is approximately stoichiometric to the number of collagen molecules and HA-
like nanocrystals with which it associates. The exact physiological function of OC is still 
unclear, but since it is derived by osteoblasts it has a high specificity as a marker for the 
mature osteoblastic phenotype and studies (in developing embryos and bone cell models) 
have shown that the circulating levels of OC reflect the rate of bone formation. Thus OC is a 
good marker for the bone forming activity and mineralization process. The OC gene is the 
most thoroughly studied of all bone-specific genes, serving as a model for regulation by 1,25 
(OH)2-vitamin D3, glucocorticoids, growth factors, and the transcription factors Runx2/Cbfa1 
and osterix. [5][7][11]
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Osteonectin, another osteoblast product that binds to HA, also binds to collagen fibres and 
facilitate the mineralization process. [5]  
 
Osteoblasts promote mineralization by exporting Ca2+ and phosphate from intracellular 
vesicles that have accumulated these minerals. Exocytosis of Ca2+ and phosphate raises the 
local extracellular concentration of these ions around the osteoblast to higher levels than in 
the bulk extracellular fluid, thus promoting crystal nucleation and growth. [5]

3.6 Vitamin D and Ca2+ 
The direct effect of vitamin D on bone is to mobilize Ca2+ out of bone. Both osteoblasts and 
osteoclast precursor cells have vitamin D receptors. In response to vitamin D, osteoblasts 
produce a number of proteins, including alkaline phosphatase (ALP), collagenase and 
plasminogen activator, which promotes bone resorption. This direct effect of vitamin D is 
contrary to the overall effect of vitamin D on bone, which is to promote mineralization. 
Vitamin D raises the concentration of both Ca2+ and phosphate in the blood and extracellular 
fluid, by enhancing the absorption of Ca2+ and phosphate from the intestine and by enhancing 
the reabsorption of Ca2+ and phosphate from the renal tubules. This increase in the calcium-
phosphate ion product results in net bone mineralization.  
 
Among the drugs that can stimulate bone formation, only vitamin D has won support. Vitamin 
D, often given in high doses as 1,25-dihydroxyvitamin D, is usually combined with Ca2+ 
therapy to increase the fractional absorption of Ca2+ and stimulate the activity of osteoblasts. 
[5]

3.7 PTH and Ca2+ 
PTH also promotes bone synthesis, although in a lesser extent than it promotes bone 
resorption. PTH promotes bone synthesis both directly and indirectly. Directly, by activating 
Ca2+ channels in osteocytes, which leads to a net transfer of Ca2+ from bone fluid to the 
osteocytes. The osteocytes then transfer the Ca2+ via gap junctions to the osteoblasts at the 
bone surface. This process is called osteocytic osteolysis. The osteoblasts then pump this Ca2+ 
into the extracellular matrix, thus contributing to mineralization. Indirectly, the PTH 
stimulates bone synthesis, since osteoclastic bone resorption leads to the release of growth 
factors, such as insulin-like growth factor I (IGF-I), IGF-II and transforming growth factor β 
(TGF-β). [5]
 
If the concentration of Ca2+ reaches levels that highly exceeds the biological level, the 
excessive Ca2+ activates the synthesis of phospholipases, proteases, endonucleases and nitric 
oxide with cell toxicity as a consequence. A study has revealed data that implies that the 
hydrophobicity in a biomaterial is related to the mobilization of Ca2+ and thus cytotoxicity 
[12]. This might explain why the hydrophobic monomer MMA promotes cytotoxicity and 
why the low hydrophobicity of resin monomers equates with low cytotoxicity. (See PMMA 
and Bis-GMA) [12]

3.8 Osteoblast Differentiation 
Osteoblasts are formed from precursor cells that differentiate into mature osteoblasts. The 
precursor cells are stromal cells from bone marrow, which provide connective-tissue 
versatility. Because of their self-renewing, multipotent character, they are referred to as 
mesenchymal stem cells (MSC). Some osteoblast cells differentiate even more to become 
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osteocytes. Several proteins and groups of proteins are necessary for osteoblast formation. 
Three well studied ones are: bone morphogenic proteins (BMP), core binding factor alpha 1 
(Cbfa1) and osterix (Osx). [10][13]
 
BMPs belong to the TGF-β superfamily and play an important role in development and many 
cellular processes. TGF-β and BMP are powerful regulators of growth, differentiation and 
matrix synthesis by connective-tissue cells. They can induce the formation of cartilage, bone 
or fibrous matrix from MSCs, according to the site and circumstances. [13] A study has 
shown that BMP-2, BMP-6, and BMP-9 induce the most potent osteogenic differentiation of 
MSCs [14].  
 
Cbfa1 is an osteoblast-specific transcription factor specifically required for the differentiation 
of MSCs to mature osteoblast cells. It is sometimes called Runx2 and it belongs to the family 
of transcription factors. Cbfa-1, which is activated and phosphorylated by a fibroblast growth 
factor (FGF-2), is expressed in osteoblasts and is also involved in chondrocyte differentiation. 
Chondrocytes are also derived from MSCs and are involved in bone formation. Cbfa1 
activates the transcription of many genes involved with bone function. In particular it binds to 
the promoter region of the osteocalcin gene. [10][15]
 
Osx is another protein needed for osteoblast differentiation that acts downstream of Cbfa1, i.e. 
the expression of Osx require the presence of Cbfa1. Osx is a zinc finger containing 
transcription factor and is present in developing bones. [10]
 
One of the most widely used bone differentiation markers is the bone/liver/kidney isoenzyme 
of alkaline phosphatase (ALP). The function of ALP in osteoblastic differentiation is believed 
to be hydrolysis of ester phosphates at sites of mineralization, providing phosphate ions to 
incorporate into mineral. Although this enzyme is also expressed in liver and kidney cells 
among mesenchymal cells, induction of ALP is specific for osteoblastic differentiation. [16]

3.9 Cellular Adhesion on Biomaterials 
When a biomaterial, e.g. an implant, has been introduced into the body, a haematoma1 is 
formed due to the trauma induced by surgery [17]. This is followed by a migration of 
inflammatory cells (from the microcirculation to the implant surface and interface between 
the implant surface and the injured tissue. The role of the inflammatory phase, which lasts 
about 3 d in rodents, a week in rabbits, and a couple of weeks in man, is to remove the debris 
due to trauma and to provide the appropriate signals for the shift from inflammation to repair 
and regeneration of the tissue [18]. Subsequently, MSCs from the bone marrow migrate to the 
biomaterial surface and a blood clot is formed between the bone tissue and the biomaterial. 
One to two weeks after the installation, osteoblasts begin to produce osteoid which later 
become mineralized to HA crystals. The bone density and the amount of bone-biomaterial 
contact increase by time. The bone around implants is remodelled throughout its life-span in 
the body. The direct contact between living bone and the implant is called osseointegration, 
which means “establishment of a functional unit consisting of bone tissue and a biomaterial 
without any fibrous tissue between”. The biomechanical locking (ankylos) occurs when bone 
tissue grows in contact with the biomaterial surface and into its irregularities. When the 
biomaterial is exposed to compression-, tensile- and rotational forces, this ankylotic locking is 
connecting and dividing this momentum to surrounding bone tissue. [19]  

                                                 
1 Haematoma consists of hemangiomas, which are abnormally dense collections of dilated small blood vessels 
(capillaries) [20].
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3.9.1 Protein Adsorption 
There are several features of the biomaterials that affect the cellular adhesion. When a 
biomaterial is implanted in the body it is almost instantly followed by the adsorption of a 
protein layer on the surface (before the cells are recruited). The protein layer is highly 
dependent on the water structure adherent to the surface. Hence, the cells recruited to the area 
are not directly interacting with the surface, but with the proteins, which in turn are affected 
by the surrounding water. The cells attach to the surface by binding to cell adhesion proteins 
(adsorbed to the surface). Different cell types have different sets of receptors on their cell 
surface, and it is therefore possible to attract a specific cell type by having the correct proteins 
on the surface. [21]
 
Receptor-ligand interactions are very specific, so the cellular adhesion to the surface is 
dependent on the structure of the adsorbed protein. Proteins may denature upon adsorption, 
especially on hydrophobic surfaces, which is why cells do not easily grow on hydrophobic 
materials. If the biomaterial is very hydrophilic on the other hand, it is difficult for the 
proteins to adhere due to repulsive hydration forces, which in turn is adverse for cell 
interactions. [21] Studies have shown that hydrophilic surfaces exhibit greater bone-to-
implant contact and higher pull-out strength in vivo [8].  

3.9.2 Surface Features vs. Cellular Adhesion 
Biomaterials can be tailored to exhibit desired functions and interact with cells in a 
predictable manner. Tailoring of biomaterials can occur at three different length scales: 
subcellular (<10μm), cellular (10-100μm) and supracellular (>100μm). Both the chemistry 
and the topography of the biomaterial surface have a large influence on the interactions with 
the cells. The surface chemistry can affect the biological response at the subcellular scale by 
binding to a specific receptor, it can direct cell migration into an implant at the cellular scale, 
and affect the mechanical properties of the tissue at the supracellular scale. The topography of 
the surface is also important at all three principal length scales, and makes it possible to 
modulate cell orientation and direct migration. [22]
 
The underlying substrate, particularly in bone, has structural features that can alter the 
mechanical environment experienced by the bone cells. These structural features modulate the 
nature of cell attachment and the resulting cell shape, affecting the cell proliferation and 
differentiation. The chemistry, surface energy and microarchitecture (topography) of a 
biomaterial all influence the kinds of proteins that adsorb to the surface, which in turn affects 
the integrin-mediated attachment of the cells. Signalling via integrins initiates the transfer of 
information to the cell about the microenvironment on the biomaterial surface. [8]

3.9.2.1 Surface Chemistry 
During the bone remodelling process in vivo, the osteoclasts resorb bone mineral and degrade 
some of the extracellular matrix, and the surface they leave behind has both a specific 
physical structure and a specific chemistry. The osteoclasts deposit proteins, such as 
osteopontin on the surface, which help to recruit osteoblasts to the resorption pit. A similar 
protein coating can be found on titanium implants that are integrated with bone. [8] Thus, 
biomaterials can be coated with specific proteins to mimic real bone and provide an 
environment for osteogenesis like that found in normal bone remodelling. 

3.9.2.2 Surface Structure 
Osteoblasts can detect and respond to different surface structures at the micron (cellular) and 
submicron (subcellular) scale. Cells grown on smooth surfaces tend to attach, spread and 
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proliferate, whereas cells grown on micro-rough surfaces tend to assume a more differentiated 
phenotype. Studies have shown that osteoblasts preferentially colonize pits with 30 to 100μm 
in diameter, a similar size to those in an osteoclast resorption pit. The osteoblasts can also 
detect differences in submicron scale roughness within the craters. [8]  
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4 Biomaterials for Vertebroplasty 

4.1 Vertebroplasty 
In percutaneous vertebroplasty (PVP) two needles are used for injecting the bone cement in 
painful vertebral bodies (Figure 3). The cement hardens in place which results in an 
immediate reduction of pain and stabilization of the vertebrae. The time from onset of pain, 
caused by acute vertebral body compression, until vertebroplasty, is mainly of importance if 
attempts are made to correct the vertebral body angle and height. In fractures older than 3 
months, little or no fracture reduction can be expected with vertebroplasty, although these 
patients will have the identical pain relief as patients treated within 3 months.  
 

 
  Figure 3. Percutaneous Vertebroplasty (PVP). [23]
 
Three factors have been shown to be essential for performing vertebroplasty safely. First, 
comprehensive understanding of the vertebral anatomy (especially regarding pedicle diameter 
and orientation) at the various thoracic, thoracolumbar and lumbar levels is very important. 
Secondly, an imaging device (usually fluoroscopic) of excellent quality is needed to clearly 
display the spinal anatomy and the instruments used. Thirdly, the cement itself needs to be 
radiopaque2, so that any leakage outside the vertebral body can be detected at an early stage. 
 
Severe complications as a result of vertebroplasty are rare, occurring in less than 2% of the 
cases. Complications caused by vertebroplasty include: hemorrhage, infection, neurological 
deficit (which has resulted in irreversible paralysis in some patients) and pulmonary embolism 
after extravertebral leakage of cement (which has resulted in death for some patients). The 
risk of extracorporal cement leakage is smaller for kyphoplasty than for vertebroplasty. 
 
No experimental studies have yet investigated the biomechanical and biological nature of 
adjacent risk of fracture following vertebroplasty. [24]

                                                 
2 Radiopaque objects block X-rays or other types of  [25]. radiation
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4.2 Biomaterials 
In hard tissue replacement, a biomaterial must interface with bone. The biocompatibility of 
the biomaterial is optimal when the material elicits the formation of normal tissues at its 
surface (restitution ad integrum) and establishes a continuous interface capable of transferring 
the loads that normally occur at the implantation site.  
 
Failed implants mainly originate at the tissue/biomaterial interface. The formation of a fibrous 
capsule and demineralization of bone surrounding the implant are thought to be the main 
causes of the interface failure. Clinical success requires a simultaneous achievement of a 
stable interface with connective tissue and a match of the mechanical behaviour of the implant 
with the tissue to be replaced. Bone graft substitute materials are employed primarily to serve 
as a scaffold to facilitate the bone regeneration process. Thus, if a bone cement, which 
achieves approximately the same mechanical and biological properties as bone itself, is 
developed, then similar compositions would perform as effective bone substitutes. Some 
properties may though need to be manipulated, as e.g. radiopacity, for fluoroscopic guidance 
during the injection process of the cements.  
 
The bone substitute needs to serve as a substrate for osteogenesis, i.e. to be osteoconductive. 
In doing so it becomes incorporated into the host bone, thus preventing its migration or 
movement relative to surrounding bone, which might interfere with the bone formation 
process. Ideally, the bone graft substitute particles are mechanically coupled to the host bone 
that forms on the surface of the particles and in the interstices. This creates a particulate-filled 
composite material, with the trabecular bone serving as the matrix material of the composite.  
 
HA is the one of the main component of hard tissues such as bone. Consequently HA is often 
considered as a bioactive material for artificial bone substitution because of its 
biocompatibility and chemical and biological affinity with bony tissue. [4]  
 
Biomaterials that form a bond with tissue are called bioactive. The first material to show 
bioactivity, besides apatite, was the bioglass. Other materials with similar properties have also 
been developed, e.g. wollastonite ceramics. Most bioactive materials cannot be shaped in vivo 
and have to be machined to desired shape. Calcium phosphate cements (CPC) are bioactive 
and can be shaped intraoperatively. Their mechanical strength is however low and the 
material cannot be used in load bearing applications. CPC are also resorbable.  
 
The chemically bonded ceramics family (CBC) is another injectable bioactive mineral, which 
provides immediate stability, hardens with limited exothermal reactions and is strong enough 
to allow an early and active rehabilitation. [26]
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4.3 PMMA 
PMMA (polymethyl methacrylate) is the most frequently used material for vertebroplasty, 
originally used for total joint arthroplasties. The cement provides an immediate pain relief, 
because of its stabilization properties.  
 
PMMA is a hydrophobic, linear chain polymer that is transparent, amorphous and glassy at 
room temperature. In addition to toughness and stability, it has excellent light transmittance. 
Some mechanical properties of PMMA are shown in Table I. 
 
Table I.  Some mechanical properties of PMMA. [27]
Property Value 
Water absorption (%):   0.1 – 0.4  
Bulk modulus (GPa): 3 – 4.8  
Tensile strength (MPa): 38 – 80  
Elongation at break (%): 2.5 – 6  
Tg (K): 379 – 388  
Tm (K): 443  
Elastic modulus (Young’s modulus) (GPa): 1.8 – 3.3  
Yield strength (MPa): 35 – 70  
Ultimate strength (tMPa): 38 – 80  
Fatigue strength (MPa): 19 – 39  
Hardness (MPa): 100 – 200  
Elongation at fracture (%): 2.5 – 6  
 
Polymers have surfaces that resist creep under the stresses found in clinical situations and 
have enough yield strengths to minimize plastic deformation. Some important mechanical 
properties of orthopaedic polymers are yield stress, creep resistance and wear rate, which can 
be controlled by parameters such as molecular chain structure, molecular weight and degree 
of branching/chain linearity. [27]
 
PMMA has also some less favourable effects. One of the problems with acrylic cements used 
in vertebroplasty is a high viscosity and a radiopacy that is insufficient to adequately observe 
the injection process to ensure perfect location of the reinforcement. Studies have shown that 
by using bismuth salicylate as a radiopaque agent, the cement gets a higher radiopacy and 
better injection properties than commercial bone cement preparations and presents good 
mechanical properties. [28]
 
The PMMA bone cement interface is a weak link, since it is a barrier to immediate fracture 
healing. It has a non-bone bonding character and it has to cure before it sets, hence suffering 
both biologically and mechanically. A fibrous tissue is formed at the interface between the 
PMMA bone cement and the bone, which leads to failure of the cement and can lead to 
aseptic loosening of the material. [4]
 
The polymerization of methyl methacrylate (MMA) is an exothermal reaction process, in 
which considerable, potentially harmful, energy is released as heat. Furthermore, MMA is a 
toxic monomer that can cause damage to osteocytes. PMMA is an inert material that does not 
resorb, and thus will reside in the body for many years. These problems might not cause any 
problems for elderly patients, whose degenerated spines are treated well, with an immediate 
reduction of pain. However, for younger and more active patients, these PMMA 
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biocompatibility problems are unacceptable if they might induce an adverse tissue response 
later in life. A solution to these problems is to fill the PMMA with more biocompatible 
materials, such as calcium phosphate and HA. [24]
 
The thermal effects caused by PMMA affects the surrounding tissues. This concern has 
serious clinical relevance in spinal applications, due to the proximity of vulnerable neural 
tissue, i.e. the spinal cord. However, studies have shown that the height and duration of the 
temperatures were suggested not to reach values that could lead to necrosis (cell death) of 
surrounding tissues. [24][29]
 
Studies of the toxic effects of MMA monomer have shown that contact of skin and mucosa 
with MMA could lead to hypersensitivity, allergic contact dermatitis, mucosal irritation and 
asthmatic reactions [30]. These studies have resulted in several precautions and practical 
guidelines for operating personnel and patients, when preparing and handling this type of 
cement [24][31].  
 
Pulmonary embolism is a dreadful, and sometimes lethal, complication of kyphoplasty. 
PMMA has been found in the pulmonary circulation of several patients, who became 
hypotensive and hypoxic (lack of oxygen). This might be caused by extravertebral cement 
leakage of wear particles, which can also lead to osteolysis (bone cell death). [24]
 
To eliminate these shortcomings, various hybrids, or composite cements, in which PMMA is 
modified by incorporating e.g. HA, calcium aluminate, glass beads or even injectable porous 
polymers, that combine their bone augmentation characteristics with the ability to serve as a 
drug release system, are being developed and tested in vitro and in vivo. Some cements could 
be designed to provide long-term multidirectional stability and resorb slowly to promote 
fusion in complex traumatic fractures. Other types of cement could be designed to produce 
local heat and resolve quickly for application in metastatic lesions or osteoid osteomata. 
Developing different types of cement with characteristics to suit the specific indications, 
could probably solve many practical issues and might lead to better patient outcome, while 
decreasing the rate of complications. [24]
 
 
 
 
 
 
 
 
 

 13



 

4.4 Bis-GMA 
Bis-GMA (bisphenol A-glycidylmethacrylate) was originally used as a base resin monomer in 
polymeric dental materials, e.g. restorative composites, adhesives and prophylactic sealants, 
but it has recently also been introduced in the orthopaedic field as a bone filling material. 
[32][33]
 
Bis-GMA is bifunctional and thus capable of cross-linking the resin into a three-dimensional 
molecular network (polymerization structure), which provides a tight physical binding. The 
resin is filled with ceramic particles and thus it functions as a composite material. [34]
 
The monomer is synthesized by reacting glycidyl ester methacrylate with bisphenol A. The 
monomers react simultaneously with methacrylate groups by free-radical polymerization and 
by acid-base neutralization reactions, with the cations released from the glass particles in the 
presence of water. [33][34]
 
Bis-GMA is biocompatible to the tissue interface which contributes to direct bone apposition 
and bonding. A calcium phosphate rich layer (apatite) is formed in the interface which allows 
adjacent bone to integrate into and along the Bis-GMA resin surface. By contrast, PMMA 
forms a fibrous tissue between the bone cement and the bone. [32]
 
Bis-GMA has an immediate strength, good aesthetics and water stability after placement, but 
high polymerization shrinkage can cause problems with marginal sealing and retention. [1] 
Some mechanicals properties of Bis-GMA are shown in Table II. 
 
The advantages with Bis-GMA over smaller monomers, such as MMA, include less 
shrinkage, higher modulus and reduced toxicity due to its lower volatility and diffusivity into 
tissues [33]. Since bifunctional resins undergo extensive 3D cross-linking, in contrast to the 
monofunctional monomers in PMMA, Bis-GMA imparts mechanical strength and reduces 
leaching. Bis-GMA has also lower setting temperature that reduces the risk of thermal 
necrosis. [32]
 
Table II. Some mechanical properties of Bis-GMA and PMMA. [32]
Property Bis-GMA (Cortoss) PMMA (Simplex P) 
Compressive strength (MPa): 211.0  92.3  
Tensile strength (MPa): 52.5  35.9 
Flexural strength (MPa):  82.3  60.1 
Shear strength (MPa): 87.0  39.7 
Elastic modulus (Young’s) (GPa): 8.0  3.0 
Porosity (%): 4.7  9.4  
Water absorption (%):  4.5  3.8  
Set time (min): 4.7  10.5  
Exotherm (ºC): 56.2 83.5  
Compressive endurance  
strength (MPa at 106 cycles, 5 
Hz): 

100  30  

Compressive creep (% strain at 50 
MPa/24 hrs): 0.4  15.6  

Cement-implant shear (MPa): 11.65  6.25 
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The porosity is closely linked with strength and structural stability. Bis-GMA resin has a 
lower porosity than PMMA and thus it is stronger and more stable as biomaterial. The static 
compressive strength of Bis-GMA resin (210 MPa) is close to that of cortical bone (200 
MPa). The cement-implant shear is also higher in Bis-GMA than in PMMA. 
 
Different fillers can be reinforced in the Bis-GMA resin for improved performance. Synthetic 
glass-ceramic particles can be used for better bonding to bone, radiopaque particles (such as 
zirconium) can contribute to better radiographic visualization and both types of particles 
enhance flow characteristics and significantly increase biomechanical strength and endurance. 
[32]
 
These desirable properties of Bis-GMA compared to MMA (less shrinkage, higher modulus 
and reduced toxicity) are partially negated by a relatively high viscosity and low vinyl 
conversion under ambient polymerization conditions. Thus, the use of a less viscous monomer 
as a diluent comonomer, e.g. triethyleneglycol dimethacrylate (TEGDMA), to achieve a resin 
of workable viscosity is a common practice. Unfortunately, the addition of smaller-sized 
diluent comonomers increases polymerization shrinkage and contributes to the development 
of concomitant stress sites in the polymeric materials and its interface with bone (or tooth) 
structure, resulting in interfacial gaps and promoting micro leakage. Moreover, the hydroxyl 
groups of Bis-GMA are a major source of the relatively high water absorption of Bis-GMA 
based polymeric matrices which can have adverse effects on the properties of dental 
materials. [33]
 
Another problem with Bis-GMA which may influence the efficiency of this material is 
incomplete double bonds conversion. From 25% to 50% of methacrylate groups remain 
unreacted after light-curing. Monomer molecules that are smaller and flexible have fewer 
polar groups, and shorter and more flexible pendant groups. These molecules should be able 
to diffuse easier through the polymer network than larger and more complex monomer 
molecules. The gradual degradation changes the net microstructure forming porosities, and 
through this way, residual monomers and degradation by-products are released, which may 
lead to an erosion and mass loss. This uncured material may represent a potential 
toxicological risk for personnel and patients. [35]
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4.5 Calcium aluminate 
High alumina cement (calcium aluminate cement, CAC) belongs to the CBC family (see 
Biomaterials) and has recently started to be used as a filling material in dental and 
orthopaedic applications, such as bone void filler in compression fractures. 
 
The CAC has several benefits that enable the system to be used as a biomaterial:  
 

- It is biocompatible, also during hardening, and is environmentally friendly. 
- It hardens rapidly, has high initial strength and good corrosion resistance. 
- It is possible to make in situ room-temperature preparations with adjustable rheology 

and hardening time. 
- The water uptake during hardening is substantial and enough for the hydrates to fill up 

the initial porosity, yielding a high strength end product. 
- No phase transformation occurs above 30ºC and thus no conversion (change in 

properties) can be measured. 
 
Some mechanical properties of CAC are shown in Table III  and Table IV. 
Due to a slight expansion of the material the retention to bone tissue (or tooth) is very good. 
The mechanical and aesthetic properties are also at an acceptable level for restorative 
materials. In vitro tests have shown that the interface between CAC and the biological tissue 
is very tight. It has still not been shown whether the same tight interface is formed in vivo and 
if there is a chemical bonding between CAC and the biological tissue. [36]
 
When CACs are mixed with water they react in an acid-base reaction, where the ceramic 
powder works as the base and water as the weak acid, supplying ions to the water. Water 
dissolves the CAC powder and formation of Ca2+, Al(OH)4- and OH- ions takes place, which 
at low water/cement (w/c) ratios is followed by an almost immediate precipitation of hydrates 
due to saturation of the solution. This reaction leads to a rise in pH of the solution due to the 
formation of OH-. The precipitates grow until they meet each other and a skeleton (a 
connected cluster) of CAC hydrates is built up continually, as the amount of liquid phase 
reduces. The hydrates, of which the main part is initially amorphous, continue to form and fill 
the initial porosities and the material hardens with time. The repeating reaction is fast at the 
beginning, resulting in a hardened product within 15-20 minutes, but the final strength is 
reached first after a couple of days of maturing. [34][39]
 
CACs are considered as double-oxides between CaO and Al2O3. They exist in different 
phases with CaO:Al2O3 ratios between 3:1 and 1:6. The most commonly used are 1:1, calcium 
aluminate (CA or Marokite) and 1:2, calcium di-aluminate (CA2 or Grossite). The Ca-rich 
phases react faster than the Al-rich ones, and are difficult to control. Above 30ºC the stable 
minerals Gibbsite and Katoite are formed. The chemical reaction at 37ºC is summarised as: 
 

3 CaOAl2O3 + 12 H2O → Ca3[Al(OH)4]2(OH)4 + 4 Al(OH)3
 

                          CA (Marokite) + Water →       Katoite            +      Gibbsite  
[34]

If phosphate ions also are introduced into the reaction (as for CPC), in vitro studies have 
shown that Apatite may form instead of Katoite. Apatite is the most stable Ca-phosphate 
mineral over pH 8. During the dissolution of Ca-aluminates the pH reaches about 11. [36]
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The precipitated minerals (hydrates) have a very fine grain size and a high surface energy 
with considerable amounts of bound water. The hydrates bond the material together and 
strength develops. The compressive strength reaches values close to 200 MPa (the 
compressive strength for cortical bone) and the flexural strength 50 MPa. [36] According to a 
study, the higher water uptake in CASs, compared to CPCs, gives benefits as higher 
mechanical strength, possibility to add fillers (e.g. zirconium for improved radiopacy) and 
tuneable handling properties (e.g. rheology) [37]. 
 
Table III. Physical and mechanical properties of the CAC and PMMA based material. [38]
Property CAC   PMMA 
Working time, 23°C (min): 5  4-8  
Setting time, 37°C (min): 10  11  
Compressive strength, 24 h (MPa): 70-100  70-90  
Setting temperature (°C):  55 100 
      
Table IV. Some other mechanical properties of CACs. [37]
Property Value 
Flexural strength (MPa): 60  
Young’s modulus (GPa): 15  
Mol % water (%): > 60  
 
According to another study, the interface between bone and the mineral paste (Grossite and an 
isostructural form of Marokite) was continuous with no gaps [26]. Calcium titanate (used as 
an inert filler for microstructure optimization, which disperses into the formed hydrates) was 
no closer than 10J/m from the bone, which indicates that dissolution of Marokite and Grossite 
and precipitation of hydrates had taken place during the formation of the contact zone. New 
bone had grown towards the biomaterial compared to the reference material, PMMA, which 
showed an irregular interface with gap between the bone and the CAC. The interface seems to 
be formed early in the process, directly after insertion, and then remain unchanged over time. 
In vitro tests of long-term compressive strength have proven the material to increase its 
strength during the first month and then stay constant. [26]
 
The final hardened body is principally controlled by the porosity of the injectable ceramic 
material. The porosity originates from two sources: air bubbles (from non-optimal mixing and 
injection procedure) and from the space occupied by the liquid. A certain powder/liquid ratio 
is needed to obtain an injectable paste. The space occupied by the liquid should also be filled 
and replaced by hydrates in the hardening process, to obtain a high-strength body. An optimal 
reactive powder/liquid ratio is ≥2.2. This feature can be used to add filler particles, without 
reducing the final strength. [39]  
 
The final porosity can not be zero for CBC materials, since when hydrates precipitate as new 
grains some space between the grains is formed. This porosity is in the nano-meter size and 
10-20% of the filled space (the original liquid-phase volume) is estimated to be pores. The 
pores lower the mechanical strength, but enable the liquid to diffuse into the hardened 
material. [39] This water-uptake facilitates the protein-adsorption followed by cell recruitment 
to the material surface.  
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5 Previous Cell Studies with Osteoblasts 

5.1 In vitro Studies with Osteoblasts 
There are several methods for studying how bone formation, the osteoblastic differentiation, 
behave on different biomaterials. In in vitro studies where the osteogenic potential is 
investigated, osteoblast differentiation markers are often used, such as ALP and OC. The 
biomaterial is often compared to a positive or negative control material, which is expected not 
to show any of the bioactive results. Followed are some examples of studies over osteoblastic 
behaviour on different biomaterials, with different methods used. 

5.1.1 In vitro study 1 – Bioglass 45S5 stimulation of bone tissue 
synthesis 

In an in vitro study the osteogenic potential of a melt-derived bioactive glass ceramic 
(Bioglass 45S5) was investigated for in vitro synthesis of bone tissue [40]. Bioactive glass 
ceramic and bioinert (plastic) substrates (as control substrates) were seeded with human 
primary osteoblasts and evaluated after 2, 6 and 12 days. Flow cytometric analysis of the cell 
cycle suggested that the bioactive glass-ceramic substrate induced osteoblast proliferation, as 
indicated by increased cell populations in both S (DNA synthesis) and G2/M (mitosis) phases 
of the cell cycle. 
 
Biochemical analysis of the osteoblast differentiation markers ALP and OC indicated that the 
bioactive glass-ceramic substrate augmented osteoblast commitment and selection of a mature 
osteoblastic phenotype. Scanning electron microscopic (SEM) observations of discrete bone 
nodules over the surface of the bioactive material, from day 6 onward, further supported this 
notion. To investigate what the nodules were made of, a combination of fluorescence, 
confocal, transmission electron microscopy (TEM) and X-ray microprobe (SEM-EDAX) 
examinations were made. These results revealed that the nodules were made of cell 
aggregates which produced mineralized collagenous matrix. The control substrates did not 
exhibit mineralized nodule formation at any point. In conclusion, this study shows that 
Bioglass 45S5 has the ability to stimulate the growth and osteogenic differentiation of human 
primary osteoblasts.  

5.1.2 In vitro study 2 – hOP-1 stimulation of new bone formation 
An in vitro study of recombinant human osteogenic protein-1 (hOP-1, a member of the TGF-β 
family) in the rat subcutaneous bone induction model demonstrated that hOP-1 was capable 
of inducing new bone formation [41]. Evaluation of hOP-1 effects on cell growth and 
collagen synthesis in rat osteoblast-enriched bone cell cultures showed that both cell 
proliferation and collagen synthesis were stimulated in a dose-dependent manner. 
Examination of the expression of characteristic markers for osteoblast phenotype showed that 
hOP-1 specifically stimulated the induction of ALP, PTH-mediated intracellular cAMP3 
production and OC synthesis. Direct comparison of TGF-β and hOP-1 in these bone cell 
cultures indicated that, although both of them promoted cell proliferation and collagen 
synthesis, only hOP-1 was effective in specifically stimulating markers of the osteoblast 
phenotype.  
 
 
                                                 
3 Cyclic adenosine monophosphate (cAMP) is an intracellular second messenger and plays an important role in 
regulation of cytokine biosynthesis [5]. 
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5.1.3 In vitro study 3 – Synergistic effect of Ca, Si and P on osteogenesis 
This study investigated the synergistic effect of Ca 100 ppm with silicon (Si) and 
phosphorous (P) ions on human osteoblast cell proliferation, ALP activity, OC expression and 
mineralization in vitro [42].  
 
The second passage of human osteoblast-like cells, derived from normal human alveolar 
bone, was cultured in triplicate media supplemented with Ca 100 ppm combined with Si and 
P for 12 and 20 days. Culture medium with only Ca 100 ppm was used as a control. Cell 
proliferation was determined by measuring the optical density (OD) of crystal violet dye in 
the cultures. ALP activity was determined by OD measurement of pNP4 mixture in fixed 
cellular layer. Radioimmunologic technique was applied for labelling the expression of OC. 
Alizarin red S stain was used to measure mineralization of the cultures. All data were 
calibrated on per cell basis and tested by ANOVA and SAS statistical analysis. The results 
showed that the addition of 100 ppm Si and 16.7 ppm P to the culture medium with 100 ppm 
Ca significantly increased cell proliferation rate, ALP activity, OC expression and 
mineralization of the cultures by about 1.5-fold at both 12 and 20 days, compared to the 
control. This in vitro study demonstrated that the combination of Ca, Si and P ions 
significantly multiplies the osteogenesis of human osteoblast cells.  

5.1.4 In vitro study 4 – HA-HGF stimulation on osteoblasts 
In this study the in vitro effects of HA-tricalcium phosphate material (Triosite) coated with 
hepatocyte growth factor (HA-HGF5) were examined on cell growth, collagen synthesis and 
secretion of metalloproteinases (MMPs6) by human osteoblasts [44].  
 
The osteoblasts were characterised according to the well-established parameters of ALP 
activity, production of cAMP in response to PTH and synthesis of OC in response to 1,25-
dihydroxy-vitamin D3. The results indicated that the cells were well-differentiated osteoblasts.  
 
The cell proliferation assays were carried out in 96-well microtitre plates in serum-free 
Iscove-modified Dulbecco’s medium (IMDM) supplemented with bovine serum albumin 
(BSA). The cells were exposed to HA or HA-HGF and as a control group, cells were cultured 
in IMDM without HA. After 48 hours, osteoblasts were washed with PBS (phosphate 
buffered saline), dehydrated with methanol and stained with crystal violet, followed by 
extensive rinsing. The OD of the released stain solution was read in a Titertek colorimeter. 
The results showed that the proliferation of osteoblasts was significantly stimulated after 
exposure to HA granules with respect to the untreated control cells. In the HA-HGF treated 
cells there was further and significant increase compared with both control cells and HA-
coated cells. 
 
The collagen synthesis was assessed by determining the uptake of 3H-proline in serum-free 
IMDM supplemented with BSA. After 48 hours, the osteoblasts were washed with PBS, 

                                                 
4 Paranitrophenyl phosphate (pNPP), which is colourless, is hydrolysed by ALP at pH 10.5 and 37ºC to form 
free paranitrophenol (pNP), which is coloured yellow [43]. 
5 HGF is a protein which stimulates the growth of rat hepatocytes. In bone tissue, HGF is produced by 
osteoclasts and has effects on both osteoclasts and osteoblasts by stimulating its DNA synthesis [44]. 
6 MMPs are a family of proteolytic enzymes expressed by both osteoclasts and osteoblasts, including 
collagenases, gelatinases A and B and stromelysins. They are thought to be involved in bone synthesis[44]. 
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solubilised in sodium dodecyl sulphate (SDS) and precipitated by the addition of 
trichloroacetic acid (TCA). After 30 min, TCA-precipitable material was pelleted by 
centrifugation, redissolved in SDS and counted in a scintillation spectrophotometer after 
addition of distilled water and scintillation fluid. The results indicated that treatment with HA 
and HA-HGF significantly stimulated collagen synthesis compared to the untreated control 
cells. The uptake of 3H-proline in the HA-HGF-treated cells was also significantly increased 
compared with HA-treated cells.  
 
The secretion of MMPs was assayed by zymography of medium collected from cells cultured 
without HA (control) and with HA or HA-HGF in serum-free IMDM supplemented with 
BSA. Each sample was dialysed using spectrapor molecular porous dialysis membranes and 
the proteins were quantified by a micro BCA protein assay reagent kit. The proteins were 
loaded with SDS/polyacrylamide gel impregnated with gelatine. After electrophoresis, the gel 
was washed with Triton-X and incubated for 16 h in Tris-HCl buffer. Clear bands, identifying 
the position of the MMPs, were visualized on the dark-blue background after staining with 
Coomassie Blue and destaining with methanol and acetic acid. The results showed that there 
was no secretion of MMPs in the control cells. However, in the presence of HA and HA-
HGF, there was clear evidence of secretion of two different MMPs. There was no significant 
difference in the amount of MMP secreted in the HA and HA-HGF cells.  
 
The increased production observed in HA- and HA-HGF-treated osteoblasts may reflect the 
ability of this biomaterial to activate osteoblasts toward bone synthesis. Since HA-HGF was 
not able to increase the production of MMPs with respect to HA, it indicates that HGF is 
probably ineffective in promoting its synthesis and acts mainly on cell replication and 
collagen synthesis. This selective effect has also been reported for other osteogenic growth 
factors, such as TGF-β, which increases collagen synthesis and cell proliferation but inhibits 
the level of MMPs in osteoblasts. HA is thus helpful in obtaining better osseointegration of 
biomaterials and HGF is effective in further improving the bioactivity of HA.  

5.2 In vitro Studies on PMMA 
Followed are some studies of osteoblastic behaviour on different treated or untreated PMMA-
cements. 

5.2.1 PMMA study 1 – HA-incorporation increases osteoblast adhesion 
and response 

In this study, PMMA discs with different vol% of HA were used, to examine the biological in 
vitro response of primary human osteoblast-like cells to these cements [45]. Morphology was 
observed used scanning microscopy (CLSM). Measurement of tritiated thymidine (3H-TdR) 
incorporation and ALP activity were used to assess proliferation and differentiation. A 
synergy between increased focal contact formation, cytoskeleton organisation, cell 
proliferation and expression of phenotype was observed with increasing HA volume. 
Preferential anchorage of human osteoblast-like cells to HA rather than PMMA was also a 
prominent observation.  

5.2.2 PMMA study 2 – PMMA+ α-TCP stimulate osteoblast function and 
bone tissue formation 

The biological properties of a polymeric matrix made of PMMA and α-tricalcium phosphate 
(α-TCP) were tested in vitro and in vivo [46]. PMMA was used as a comparative material. 
Osteoblast cultures (MG 63 human osteoblast-like cells) demonstrated that PMMA+ α-TCP 
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significantly and positively affected osteoblast viability, synthetic activity and IL-6 level 
compared to PMMA. After 12 weeks, the PMMA+ α-TCP implants in rabbit bone 
successfully osseointegrated in trabecular and cortical tissue. Newly formed bone after 
tetracycline labelling was histologically observed inside PMMA+ α-TCP porosity. A 
microhardness test at the bone-PMMA + α-TCP interface showed a significantly higher rate 
of newly formed bone mineralization compared to PMMA, but differences still existed 
between the newly formed and pre-existing normal bone. It is hypothesized that the positive 
results may be ascribed to the porous macroarchitecture of PMMA+ α-TCP and the presence 
of the bioactive ceramic material that could have a synergic effect and be responsible for the 
improvement of the material colonization by bone cells (osteoinduction), osteoblast activity, 
osteoconduction and bone remodelling.  

5.2.3 PMMA study 3 – Biological effects of PEMFs on PMMA-based bone 
substitutes 

In this in vitro study the effects of pulsed electromagnetic fields (PEMFs7) on osteoblastic 
cell cultures (MG 63) grown in the presence of PMMA and PMMA+ α-TCP were evaluated, 
to assess the biological response at the cell-biomaterial interaction [47]. Cell cultures were 
stimulated with PEMFs 12 h/day for 3 days and evaluations of MTT8, ALP, OC, PICP9, 
TGF-β1 and IL-6 were performed at day 3 and 6. The results showed that PMMA had a 
negative effect on osteoblasts, whereas PMMA+ α-TCP enhanced production of ALP, PICP, 
OC and TGF-β1 and reduced IL-6 levels. Cells responded positively to PEMF stimulation 
even when cultured with a poorly biocompatible material, such as PMMA. This effect was 
more evident in the presence of PMMA+ α-TCP (further improvement in proliferation and 
synthetic activity) both at day 3 and 6. The results support the use of PEMFs to improve tissue 
response to biomaterials implanted as bone substitutes.  

5.2.4 PMMA study 4 – PMMA particles inhibit osteoblastic differentiation 
This study investigated the effects of PMMA particles on the ability of bone marrow 
osteoprogenitors to differentiate into osteoblasts in vitro [48]. Murine bone marrow cells 
challenged with PMMA particles on the first day of differentiation in osteogenic medium 
showed a dose-dependent decrease in osteoprogenitor proliferation, ALP expression and 
mineralization. Undifferentiated bone marrow cells pre-treated with PMMA particles in non-
osteogenic medium for 5 days also showed a dose-dependent loss in osteogenic potential, 
which was sustained throughout subsequent growth in particle-free, osteogenic medium. Bone 
marrow cells challenged with PMMA particles after the 5th day of differentiation in 
osteogenic medium showed significant reductions in cellular proliferation, but not in ALP 
expression and mineralization, indicating that bone marrow cells were most sensitive to 
particle treatment during the first 5 days of differentiation. This study demonstrated that 
PMMA particles inhibit osteoblastic differentiation of bone marrow osteoprogenitor cells, 
which may contribute to periprosthetic bone loss and implant failure.  

                                                 
7 PEMFs are known to be effective in the stimulation of cultured osteoblasts and in vivo healing of delayed and 
non-union fractures [47]. 
8 MTT assay is a laboratory test and a standard colorimetric assay for measuring cellular proliferation [49]. 
9 Serum procollagen type I carboxyterminal propeptide (PICP) is a useful marker of bone formation. PICP is 
cleaved from procollagen type I during the synthesis of fibril-forming collagen type I [50][51] 
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5.3 In vitro Studies on Bis-GMA 
Followed are some studies of the biological response to different treated Bis-GMA cements. 

5.3.1 Bis-GMA study 1 – Mechanical and biological properties of 
silanized HA-filled composites 

In this study series of experimental composites consisting of Bis-GMA based resin and 
untreated or treated HA powder (HAp) with γ-methacryloxypropyltrimethoxy-silane (γ-MPS) 
were produced to determine the mechanical properties and in vitro bioactivity [52]. The 
incorporation of HAp filler into the Bis-GMA based resin had an enhancing effect on the 
flexural strength and Young’s modulus of the base resin. The mechanical properties of the 
filled resin were not affected by the surface treatment of the HAp, but filler loading was found 
to have a significant effect on Young’s modulus. Higher proportions of silane-treated HAp of 
smaller particle size could be incorporated in the monomer phase giving rise to composites of 
higher stiffness. Examination of the fracture surfaces showed that the silanized HAp particles 
maintained better contact with the polymer matrix. The in vitro study revealed that the 
composites incorporating silanized HAp formed a compact and continuous calcium phosphate 
layer on their surface after 4 weeks immersion in a stimulated body fluid.  

5.3.2 Bis-GMA study 2 – Bioactivity and biocompatibility of nano-silica-
whisker composites 

The aim of this study was to develop strong and bioactive Bis-GMA based composites by 
combining calcium phosphate cement (CPC) HA fillers with nano-silica-fused whiskers to 
roughen the whisker surfaces for enhanced retention in the resin matrix. Fillers with different 
mass ratios of whisker/CPC were incorporated into a Bis-GMA based resin and hardened by 
two-part chemical curing [53]. Composites with only CPC fillers without whiskers served as a 
control. The specimens were tested using three-point flexure and nano-indentation. The 
flexural strength of the of the new whisker-CPC composites was 3 times higher than the 
strength achieved in previous studies for conventional bioactive composites containing HA 
particles in Bis-GMA based resins. The mechanical properties of the CPC-whisker 
composites nearly matched those of cortical bone and trabecular bone. Osteoblast-like cell 
adhesion, proliferation and viability were equivalent on the non-whisker composite at 
whisker:CPC of 1:1 and on the tissue culture polystyrene (TCP) control, suggesting that the 
new CPC-whisker composite was bioactive and non-cytotoxic.  

5.3.3 Bis-GMA study 3 – Influence of resinous materials on activities of 
osteoblast-like cells 

The purpose of this study was to examine the influences of four root-end filling materials on 
osteoblast proliferation and function using MC3T3-E1 cell culture system10 [55]. The 
materials tested on were: a Bis-GMA based resin composite (APX), a 4META-MMA resin 
(SB), a zinc oxide eugenol cement (EBA) and a resin modified glass-ionomer cement (LC2). 
MC3T3-E1 cells were plated on each of set materials and cultured for 3, 7, 14 or 21 days. 
After each incubation period, cell attachment and proliferation were observed by SEM and 
ALP activity was measured. For the control, cells were cultured without any materials. The 
results showed that no differences in attachment, spreading and proliferation of MC3T3-E1 
cells on the material surface were observed between the control and the two resinous 

                                                 
10 A kit with undifferentiated preosteoblastic MC3T3-E1 cells is the standard in vitro cell model of osteogenesis. 
The assay produces efficient differentiation of MC3T3-E1 cells to mature osteoblasts. [54]  
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materials APX and SB. On the other hand, cells adhered and proliferated poorly on EBA and 
LC2. When cultured on APX or SB, the ALP activity of the cells was not influenced until 7 
days and suppressed more than the control thereafter. For EBA and LC2, ALP activity was 
significantly decreased throughout the experimental period. Thus, MC3T3-E1 cells show 
more favourable response to APX and SB compared to EBA and LC2.  

5.3.4 Bis-GMA study 4 – Effects of AW-GC powder and two types of 
alumina powder in composites on osteoblastic differentiation 

One purpose of this study was to investigate whether a composite consisting of apatite and 
wollastonite containing glass-ceramic powder (AW-GC) powder promotes osteoblastic 
differentiation in rat bone marrow as AW-GC bulk did in a previous study [56]. Another 
purpose was to evaluate the effects of δ-crystal phase of alumina powder in a composite on 
osteoblastic differentiation. The materials used were: AW-GC and Bis-GMA based resin 
(AWC), a composite consisting of mainly the δ-crystal phase of alumina powder and Bis-
GMA based resin (ABC) and a composite filled with the pure α-crystal phase of alumina 
powder (α-ALC). In a cell culture with dexamethasone11, the ALP activity at days 7 and 14, 
the levels of OC mRNA and α1(I)collagen mRNA at day 14 and osteopontin12 mRNA at day 
7, were highest on AWC, followed by ABC and finally α-ALC. SEM showed more abundant 
mineralized globules and a fibrous collagen matrix on AWC at day 14, followed by ABC. In a 
cell culture without dexamethasone (as a control), the ALP activity at days 7 and 14 and the 
level of osteopontin mRNA at day 7, were higher on ABC than on any other composite, 
whereas OC mRNA could not be detected. These results indicate that AW-GC powder in a 
composite promotes osteoblastic differentiation of bone marrow cells intensively when 
supplemented with dexamethasone. The δ-crystal phase of alumina powder in a composite 
promotes greater osteoblastic differentiation than the α-crystal phase of alumina powder.  
 

                                                 
11 Dexamethasone is a potent synthetic member of the glucocorticoid class of steroid hormones. It acts as an 
anti-inflammatory and immunosuppressant [57]. 
12 Osteopontin is a glycoprotein and one of the extracellular structural proteins in osteoblasts [58]. 
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6 Materials and Methods 

6.1 Method Evaluations – Pilot Study 
Different methods were evaluated in a pilot study, to determine which methods to use in the 
material experiments. Two different cell concentrations (7500 cells/well and 3750 cells/well) 
of MG-63 cells were cultured in triplets on the control materials TCP (48 well plates) and 
PVC for 7, 14, 21 and 28 days. Cell viability and cell proliferation were measured by the 
NucleoCounter® system, cell differentiation was investigated by the ALP-standard method, 
calcium deposition was evaluated by calcein-staining and cell differentiation and 
mineralization was investigated by qPCR measurements of mRNA gene expression of ALP, 
OC and COLL-I. 

6.1.1 Control Materials  
Both positive and negative controls were used for the best comparison of the material results. 

6.1.1.1 PVC – Positive Control 
Polyvinylchloride (PVC, British standard institute, SIMS, England, ref. 499/300/000/000) 
discs were used as positive control. A positive control material is a material which, when 
tested in accordance with ISO 10993, provides a reproducible cytotoxic response. PVC 
(organo-tin stabilized) is used for cytotoxity testing as positive control for solid materials and 
extracts. [59]  

6.1.1.2 TCP – Negative Control 
Tissue culture polystyrene (TCP) 48 well plates (Falcon, BD, Biosciences, Belgium) served 
as a negative control. Cells adhere favourably to TCP, since it is tissue culture treated. The 
negative control material should be a relatively inert reference material. (In some cases where 
a class of materials is expected to show a reaction, e.g. a foreign body response, it is advisable 
to implant/compare with a clinically acceptable reference material as an additional control.) 
[60]

6.1.2 Culture of MG-63 Cell Line 
The human osteoblast-like (osteosarcoma13) cell line MG-63 (ATCC, CRL-1427, US) was 
used. MG-63 cells exhibit mature osteoblastic traits like differentiation, proliferation and 
production of membrane-associated ALP, bone matrix molecules including COLL-I and a 
variety of non-collagenous proteins, such as OC. [61][62]
 
The cells were cultured in 75 cm2 tissue culture flasks (Falcon, US) in Dulbecco’s modified 
Eagle medium (DMEM, Gibco, UK) (including HEPES14 in the material experiments), 
containing 10% heat-activated fetal bovine serum (FBS, Gibco, UK) and 1% of penicillin G 
sodium/streptomycin sulphate (PEST) and fungizone (Gibco, UK), at 37ºC in an atmosphere 
of 5% CO2 and 95% humidity (a body-simulated environment).  
 

                                                 
13 Osteosarcoma is the most common type of malignant bone cancer. It is a malignant connective (soft) tissue 
tumor whose neoplastic cells present osteoblastic differentiation and form tumoral bone. [63]  
14 HEPES is a pH-stabilizing buffer, which was used in the medium during the material experiments, since 
Xeraspine may contribute to an increased pH-value (See 4.5) [39][64] A pH-test was made before the material 
experiments, where the pH-change was evaluated after one day. No pH-change was observed at Xeraspine when 
using HEPES-containing DMEM. 

 24



 

When the cells reached confluence they were gently washed with Hank’s balanced salt 
solution (HBSS without Ca2+ and Mg2+) for 30s, trypsinized (1.5ml 0.52mM trypsin-EDTA, 
Sigma) for 5-10 minutes, aspired with (approximately 10ml) complete growth medium and 
aliquots were added to 3 new flasks with complete growth medium (to a total volume of 15 
ml per flask). The medium was exchanged three times a week (Monday, Wednesday and 
Friday). At passage 6 the cells were trypsinized as usual and seeded on the material surfaces 
in the 48-well plates with the cell concentrations 7500 cells/well or 3750 cells/well. During 
the experiments the medium was exchanged by the same procedure as before (three times a 
week). 

6.1.3 Differentiation and Mineralization analysis (qPCR) 
The cell differentiation of the osteoblasts was studied by measuring the mRNA gene 
expression of the early osteoblastic differentiation marker ALP and the mineralization was 
studied by measuring the mRNA gene expression of the osteoblast markers OC and COLL-I 
by qPCR (performed by TATAA BioCenter, Sahlgrenska Academy). The qPCR-
measurements were only made on TCP control surfaces (the expected PVC response was 
negligible) at day 7, 14, 21 and 28. Two different cell concentrations were used (1:7500 
cells/well and 2:3750 cells/well). 

6.1.3.1 Real Time PCR (qPCR) 
Real time PCR (also called quantitative polymerase chain reaction, qPCR), is a molecular 
biologic method, used for measuring the quantity of a specific mRNA (transcript) in a tissue 
or a group of cells. The amount of transcript is measured in relation to a universal reference 
gene which exists in most cell types (the house keeping gene). Some common house keeping 
genes are GAPDH (an enzyme which participate in an essential step in the glycolyse) and 
beta-actin. 
 
The process starts with a cleaning step where the RNA is separated from the tissue or the cell 
culture; thereafter the RNA is transformed to complementary DNA (cDNA) by the enzyme 
reverse transcriptase (RT). This step is necessary since RNA (unlike cDNA) is a very instable 
molecule and would not tolerate the high temperature which is necessary in PCR. cDNA has a 
different chemical structure than RNA (the base Uracil in RNA corresponds to the base 
Thymine in cDNA), but consists of the same information.  
 
The principle of qPCR is based upon the ordinary PCR-technique, where the template of 
interest (e.g. the ALP, OC or COLL-I genes) is amplified during the process by a temperature 
program. It starts with a denaturation step (at 94-96ºC) when the cDNA strands become 
separated from each other, followed by the annealing or hybridisation step (at 60ºC) when the 
primers are attached to the end of the sequence that is to be amplified. Thereafter the cDNA 
strands are polymerised (at 72ºC) from the primers by DNA polymerase. The procedure is 
terminated after about 40 cycles of this process. 
 
The result is millions of identical copies of the DNA-fragment. The difference with qPCR 
compared to ordinary PCR is that a fluorescent molecule (probe) is added to the reaction mix 
and binds specific to the DNA-fragment (e.g. ALP, OC or COLL-I genes). It transmits a light 
of a specific wave length and by detecting the light intensity by the apparatus the amount 
(quantity) of DNA can be determined. [65][66]
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6.1.3.2 mRNA Preparation 
After removal of the medium, the cells were washed three times with RNAse-free PBS 
(phosphate buffered saline). The cells were put on ice and scraped off the surfaces with a cell 
scraper. After centrifugation of the cell suspension in 400g for 5 minutes, the supernatants 
were removed and the cell pellets were frozen in -70ºC until the qPCR measurements. 

6.1.3.3 Measurements of mRNA Gene Expression of ALP, OC and COLL-I  
The measurements of the ALP, OC and COLL-I mRNA gene expressions by qPCR were 
performed by TATAA BioCenter at Göteborg University (already described above).  
 
The extraction of the RNA was made with Qiagen RNeasy Mini or Micro. The reverse 
transcription process was performed by BioRad iScript first strand synthesis kit. The same 
amount of RNA was used in every reaction (in this case 250ng). cDNA synthesis was made in 
duplicate in 10µl reactions. The cDNA was diluted to 50µl and 3µl was added to the PCR. 
(This corresponds to 15ng of original RNA.) qPCR was made with 0.4µM primer in each 
reaction of 20µl. BioRad SYBR Supermix was used. The temperature protocol used was 95ºC 
in 3 minutes followed by 40 cycles with 95ºC (denaturation) in 20s, 60ºC (annealing) in 20s, 
and 72ºC (polymerisation) in 20s.  

6.1.4 Cell Viability and Proliferation analysis (NucleoCounter) 
Cell viability and proliferation analysis was performed by the NucleoCounter® system 
(ChemoMetec A/S, Denmark). The viability was determined by using the total cell count and 
the count of non-viable cells. A mixing of the cell suspension (at least 50μl) with Reagent A-
100 (detergent) and Reagent B (stabilizator) caused a lysis of the viable cell membrane which 
rendered all the cell nuclei susceptible to staining with propidium iodide (PI), resulting in a 
total cell count (a measurement of the proliferation). Non-viable cells are however permeable 
without treatment and were therefore stained directly with PI, resulting in a non-viable cell 
count. The cell viability was counted as a quote of the viable cell amount through the total cell 
amount. An acceptable level of the cell viability for seeding is 90-95%. [67]  

6.1.5 Differentiation analysis (standard ALP method) 
ALP activity analysis is widely used as a reliable marker of the early stages of differentiation 
of osteoblasts. [61] An ALP method was investigated on TCP wells and PVC surfaces. The 
enzymatic ALP activity was assayed using a standard method based on the conversion 
(hydrolysis) of the colourless substrate p-nitrophenyl phosphate (pNPP, Sigma 104) into p-
nitrophenol (pNP), coloured yellow, caused by ALP. The released pNP is proportional to the 
ALP activity. [43]
 
After removal of medium, the cells were washed with phosphate buffered saline (PBS) three 
times at room temperature. The cell samples were thawed on ice, 0.05% triton in PBS was 
added to each well, cells were scraped off, and liquid was collected into ependorf tube. The 
samples were UV-sonicated for 30s and centrifugated for 10s at 3000g. Twenty μl of each 
standard solution, sample solution, and 0.05% triton in PBS (as blank control) were pipetted 
into separate microtiter plate wells (96 well plate), in duplicate. Twenty μl of diethanolamin 
buffer were added to each standard and blank well and 20μl of substrate (1 mg/ml PNPP in 
1M diethanolamin buffer) were added to each sample well. The plate was incubated at 37ºC 
for 15-30 minutes and the reaction was stopped by adding 200μl 3M NaOH to each well. The 
absorbance of pNP was measured photometrically with an ELISA reader (Spectra Vmax, 
Molecular Devices, Crawley, UK) at 405 nm.  
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6.1.6 Calcium Deposition (calcein method) 
The fluorescent molecule calcein can be used for studying the mineralization (the calcium 
deposition) caused by the MG-63 cells. The calcein uptake correlates to the calcium content 
of the mineralized matrix (calcein binds specific to calcium ions) and the amount of calcein 
can be detected by a fluorescence microscope and quantified by using an image analyzer. The 
calcein deposition was evaluated on the TCP surfaces. One μl calcein was added to each 
calcein well consisting of 0,8ml cell suspension. (This corresponds to 0,8mg/ml of calcein.) 
[68]
 
Two alternative Chamber slides (LabTek Chamber Slide™ System, 8 well Glass Slide, Nalge 
Nunc International, US, respective Falcon® Culture Slide, 8 Chamber Polystyrene Vessel, 
Tissue Culture Treated Glass Slide, Becton Dickinson Labware, US) specific for fluorescence 
measurements were evaluated for the calcein measurements to see if they were less auto 
fluorescent than normal TCP.  

6.1.7 Morphology 
The morphology of the MG-63 cells on the TCP and PVC surfaces were studied in an 
inverted light microscope (Nikon Eclipse TE 2000-U) and documented by photos (Nikon 
Cool Pix camera) before every measurement, once a week. 
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6.1.8 Results of Pilot Study 

6.1.8.1 Differentiation and Mineralization analysis (qPCR) 
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Figure 4. Relative quantities of mRNA-levels of ALP, OC and COLL-I versus day and cell 
concentration (day.conc.). Cell concentrations: 1: 7500 cells/well, 2: 3750 cells/well. 
 
The results from the mRNA gene expression of ALP, OC and COLL-I showed that the MG-
63 cells expressed these osteoblastic markers, indicating that the cell differentiation and 
mineralization process worked well on the TCP surface (see Figure 4, based on 13.3). 
 
The ALP-values were relatively high at day 7 and decreased successively by time. Since ALP 
is an early osteoblastic differentiation marker, this trend indicated that the MG-63 cells 
differentiated well.  
 
The OC- and COLL-I-values showed an irregular behaviour and the OC-release seemed to be 
a little higher than the COLL-I-release. Both markers seemed to have an increasing trend by 
time, which is an indication that the mineralization process proceeded well. It could also be 
explained by an increasing cell number/well by time. Considering this, an additional graph 
was plotted, where the relative quantities per well were divided by the corresponding cell 
number/well (the proliferation data from Table VI), to receive the relative quantities per cell. 
(Figure 5) 
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Figure 5. Relative quantities/cell of mRNA-levels of ALP, OC and COLL-I versus day. Cell 
concentration: 3750 cells/well. 
 
The graph, seen in Figure 5 above (based on 13.3.1), shows the ALP, OC and COLL-I-mRNA 
levels per cell after dividing the mRNA relative quantities/well with the corresponding cell 
number/well (the proliferation values from Table VI, based on the cell concentration 3750 
cells/well). All the osteoblastic markers show a decreasing tendency by time, where the ALP-
release is highest of all at day 1. The release of OC and COLL-I from the MG-63 cells is quite 
evenly distributed. 
 
This method seemed to work well, but an additional mRNA preparation was necessary for the 
material surfaces, since the cells can not be scraped off by cell scrapers in the same manner as 
from the TCP wells, because of their irregular surfaces. 
 
To be able to demonstrate an ALP-peak, we decided to add a measurement at day 1 in the 
material experiments (and exclude the measurement at day 28, since this day did not seem to 
be relevant for the early cell response). 

6.1.8.2 Cell Viability and Proliferation analysis (NucleoCounter) 
The results from the cell viability method are shown in Table V below (based on 13.1). The 
cell viability results from the NucleoCounter were not reliable enough since it was difficult to 
mix the cell suspension (because of cell lumps) without destroying the viable cells. We 
decided to study the cell viability by the standard LDH-method instead in the material 
experiments. 
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Table V. Cell viability. Cell concentration: 3750 cells/well. 
Time Cell viability 
Day 7 82 % 
Day 14 70 % 
Day 21 61 % 
Day 28 45 % 
 
The cell proliferation results from the NucleoCounter showed an increasing number of cells 
by time. See Table VI (based on 13.2). Since the method seemed to work well, we decided to 
continue with this proliferation method for the material experiments. The NucleoCounter 
system worked better for the proliferation analysis than for the cell viability analysis, since all 
the cell membranes were destroyed for the staining and did not require viable cells.  
 
Table VI. Cell proliferation (total cell number/well). Cell concentration: 3750 cells/well. 
Time Total cell 

number/well 
Day 7 20400 
Day 14 57000 
Day 21 93600 
Day 28 258000 

6.1.8.3 Differentiation analysis (standard ALP method) 
We did not receive any clear or reliable results with this method, since we only received a 
negligible amount of pNP in the sample wells. Since the ALP activity also could be measured 
by qPCR in a specific and reliable way, we decided to use the latter method in the material 
experiments.  

6.1.8.4 Calcium Deposition (calcein method) 
The calcein method did not reveal any useful results, since the cells and the TCP showed an 
autofluorescent behaviour and transmitted green light. The hypothesis was that only the 
calcein molecules which had bound to the calcium ions would provoke a green light in the 
fluorescence microscope, which in turn could be determined quantitatively by an image 
analyzer.  
 
The cells stained with calcein in the chamber slides did not show much better results, so we 
decided to eliminate this method for the material experiments.  
 
An explanation to the results could be that the cells were too closely packed, since they 
proliferated so quickly in the relatively small wells. Better results might have been received if 
a lower cell concentration was used and/or if the measurements only would have been done 
during the first days. The best results were observed at day 7 when the medium had not been 
exchanged and when the calcein-stained cells had not been exposed to any light. See Figure 6. 
 
 
 
 
 
 

 30



 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. MG-63 cells stained with calcein on TCP at day 7. Cell concentration: 3750 
cells/well. 
 
Since we did not have any protocol describing how to use this method, we had to experiment 
a little. This might explain why we did not receive any reliable results within the time frame 
of this thesis. We did not know if it was suitable to change the medium (and calcein) as often 
as three days a week. This might have had a negative effect on the cells.  

6.1.8.5 Morphology 
The morphological evaluation of the MG-63 cells on the control materials showed that the 
cells were viable and proliferated well on the TCP (Figure 7) and that the cells did not survive 
on the toxic PVC surface (Figure 8), as expected. 
 
The MG-63 cells were spread out in an irregular manner and nodules could be found between 
the cells after some days (less than 7 days). This showed that the mineralization process had 
started well.  
 

 
 
 
 
 
 
 
 
 

Figure 7. Viable MG-63 cells on TCP                            Figure 8. Non-viable MG-63 cells on    
at day 7. Cell concentration:                                           toxic PVC at day 14. Cell              
3750 cells/well.                                                                concentration 7500 cells/well.                                      
                                                                                         The dead cells can be seen                                           

                            as small dots.                                                                                                
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6.2 Material Experiments 
MG-63 cells were seeded in 48 well plates in duplicates on three bone cement materials: Ca-
aluminate (Xeraspine™, Doxa AB), Bis-GMA (Cortoss, Orthovita) and PMMA 
(Vertebroplastic, DePuy Spine) and on two control materials: TCP and PVC, for 1, 7, 14 and 
21 days. Cell proliferation was measured by the NucleoCounter® system, cell viability was 
investigated by LDH-analysis, cell differentiation and mineralization was evaluated by 
mRNA gene expression of ALP, OC and COLL-I by qPCR. 0,8ml of cell suspension (3500 
cells/well) was added to each well and complete growth medium was exchanged three times a 
week (Monday, Wednesday and Friday).  

6.2.1 Bone Cement Materials  
The bone cement materials: Ca-aluminate (Xeraspine™, Doxa AB), Bis-GMA (Cortoss, 
Orthovita) and PMMA (Vertebroplastic, DePuy Spine) were prepared (hardened) and 
sterilized with e-beam. 

6.2.1.1 PMMA - Vertebroplastic 
The PMMA surfaces come from the batch: Vertebroplastic, DePuy Spine, LOT 1927216, 
Exp. Date 2008-10.  
 
The PMMA surfaces were pre-mixed with barium sulphate to provide good radiopacity and 
accurate evaluation of the cement distribution under fluoroscopy. The injection time is up to 
10 minutes at 23ºC from start of mixing and the setting time is 14-20 minutes. The exothermic 
reaction is below 70ºC, which is lower than the recommended ISO standard (90ºC) for 
PMMA cements. (ISO 5833:2002) [69] (See 4.3 for more information.) 

6.2.1.2 Bis-GMA - Cortoss 
The Bis-GMA surfaces come from the batch: Cortoss, Orthovita, LOT A501007 
Cortoss consists of the three resins: Bis-GMA, Bis-EMA and TEGDMA, which are 
difunctional and cross-linked. 
 
Three components have been reinforced into the resins: synthetic combeite glass-ceramic 
particles, which increase direct bonding to bone and improve mechanical strength, baria-
boroalumino-silicate glass (BBAS), that improves the radiopacity and the mechanical strength 
and silica (SiO2) which improves viscosity, handling and mechanical strength. All 
components are silane bonded to the polymer matrix. The setting time is 4.7 minutes and the 
exothermic reaction is at 56.2ºC. [32] (See 4.4 for more information.)  

6.2.1.3 Ca-aluminate - Xeraspine™ 
The Ca-aluminate surfaces come from the batch: Xeraspine™, Doxa AB, LOT HSB - 02- 
0604001 + LOT HLD - 01 - 0605003 + LOT HLA - 02- 0606003. 
 
Xeraspine consists of CaOAl2O4 as the reactive phase and zirconium dioxide (ZrO2) powder 
as an added radiopacity source. The ZrO2 is considered as inert filler (it does not participate in 
the reaction) and is added in an amount of above 30 wt%. The mixing liquid is based on water 
with small amounts of additives; LiCl <0.05 wt%, (for control of setting time), 
methylcellulose < 1 wt% and polycarboxylacid < 1 wt% (for control of rheology).  The 
powder/liquid ratio is about 4.4, thus well above the limit (2.2) for total hydration of the 
CaOAl2O4 powder (including the filler). The powder and liquid were machined mixed using a 
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capsule system and the formed paste was extruded from the capsule using a hand gun and 1ml 
syringes. 
 
According to a study, the porosity of the material reached about 10-15% after 3 days and then 
stayed constant over the test period (6 months). [39] (See 4.5 for more information.) 

6.2.2 Cell Proliferation analysis (NucleoCounter) 
The medium supernatants were harvested and the cell proliferation on the surfaces was 
analysed by the NucleoCounter® system (ChemoMetec A/S, Denmark). (See Method 
evaluations – pilot study/Cell viability and proliferation analysis (NucleoCounter) for detailed 
information about the proliferation method.) 

6.2.3 Cell Viability analysis (LDH-method) 
The cell viability was determined by analysis of the lactate dehydrogenase (LDH) content in 
the supernatants. LDH is an enzyme that leaks out from the cell membrane when the cells 
undergo necrosis and can therefore be used as a marker of cell membrane injury. The amount 
of LDH (μkatal/L) is measured using a spectrophotometric evaluation of LDH-mediated 
conversion of pyruvic acid to lactic acid. [70] The standard procedures were used and 
performed at Sahlgrenska University Hospital, Göteborg.  
 
To investigate if there were any cells in the supernatants a Bürker chamber was used. The 
cells were stained with Trypan Blue, fixed in a Bürker chamber, studied and counted in a light 
microscope and with the NucleoCounter system if the cell concentration was higher than 500 
cells/ml. 

6.2.4 Differentiation and Mineralization analysis (qPCR) 
The osteoblastic cell differentiation was studied by measuring the mRNA gene expression of 
the early osteoblastic differentiation marker ALP and the mineralization process was studied 
by measuring the mRNA gene expression of the osteoblast markers OC and COLL-I by using 
qPCR.  

6.2.4.1 mRNA Preparation 
After removal of the cell medium, the cells were washed with RNAse15-free PBS three times. 
Buffer RLT16 mixed with β-mercapto ethanol (β-ME) (according to miRNeasy Mini 
Handbook, Qiagen) was added to the wells to lyse the cell membranes and set the intracellular 
products free. Adding β-ME to Buffer RLT may be helpful when cleaning up samples that 
contain large amounts of RNases. [73] The function of β-ME is to render the RNases inside 
the cells harmless, to keep the RNA functional. The cells were then frozen in -70ºC until the 
qPCR measurements.   

6.2.4.2 Measurements of mRNA Gene Expression of ALP, OC and COLL-I 
The measurements of the ALP, OC and COLL-I mRNA gene expressions by qPCR were 
performed by TATAA BioCenter at Göteborg University.  
 

                                                 
15 RNase, or ribonuclease, is a nuclease that catalyzes the hydrolysis of RNA into smaller components. [71]  
16 Buffer RLT contains guanidine thiocyanate. Guanidine Thiocyanate is used as a common protein denaturant in 
the purification and extraction of mRNA, nucleic acids and proteins from cellular material, acting as a strong 
RNase inhibitor, protecting cellular transcripts from degradation during tissue extraction. [72]  
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RNA was extracted from cell samples in duplicates on the five different materials using 
Qiagen RNeasy Mini Kit. The RNA concentration was determined using NanoDrop ND-
1100. The same amount of RNA (21ng) from the different samples was used in reverse 
transcription (RT) which was performed in duplicates to create cDNA. As a control for the 
amount of genomic DNA, a so called NoRT control was performed, where no RT enzyme 
was added. The signal in the NoRT control reflects the amount of genomic DNA. qPCR of 
four genes was performed on the cDNA from the duplicate samples and on the NoRT control. 
The assays used were ALP, OC and COLL-I. 18S was used as a reference gene. Relative 
quantities were calculated assuming a 90% PCR efficiency, normalised against the reference 
gene 18S and setting the sample with lowest expression level to a value of 1.  

6.2.5 Scanning Electron Microscope (SEM) 
The SEM-preparations of the surfaces (Xeraspine, Cortoss, Vertebroplastic and PVC, at day 
1, 7, 14 and 21) were made by the OTO- (osmiumtetroxide (OsO4), thiocarbohydrazide 
(TCH), OsO4) method (emu nr 901) (performed at the Electron Microscopy Unit (EMU), 
Sahlgrenska Academy). 
 
The cells were washed three times with PBS and pre-fixed with Karnowsky. Then they were 
washed with 0,15M Na-cacodylate before the post-fixation in 1% OsO4 in 0,10M Na-
cacodylate buffer for 2 h in room-temperature. The surfaces were washed 6 times with 
distillated H2O and filtered TCH was added for 10 minutes. Then the cells were washed 6 
times with distillated H2O and 1% OsO4 was added for 1 h. The protocol of washing and 
dehydration with increasing concentration of ethanol was: 70% for 5 min (including one 
change), 85% for 5 min, 95% for 5 min, 100% (abs.) for 4*5 min and hexamethyldisilanazane 
for 2*5 min. The surfaces dried in air until the following day and were thereafter put on 
Carbon Tabs and stubs. The fixed surfaces were sputtered with gold before the SEM.  
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7 Results 

7.1 Cell Proliferation (NucleoCounter) 
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Figure 9. Cell proliferation of MG-63 cells. Cell num 
 
The cell proliferation results from the NucleoCounter system (see Figure 9, based on 14.1) 
show that the MG-63 cell number increased the most and almost exponentially on the TCP-
control and not at all on the PVC-control. On the bone cements the cells tended to decrease 
their number at day 14 and then increase a little again at day 21. 
 
Among the bone cements, cells proliferated more on Xeraspine, followed by Cortoss and then 
Vertebroplastic.  
 
When studying the exact cell number at day 1, it can be observed to be a little lower than the 
cell number at day 0 (the seeding day) (See 14.1). The cell number is the most 2200 cells/well 
instead of 3500 cells/well. 
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7.2 Cell Viability (LDH-method) 
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Figure 10. Cell viability analysis. LDH/well versus the materials. 
 
The cell viability results captured by the LDH-method, shows an irregular amount of LDH by 
time (see Figure 10, based on 14.2). The LDH-amount per well seems to increase markedly at 
day 14. The TCP shows an increasing level of LDH by time, almost exponentially, like the 
proliferation data. The most toxic material, PVC, released the least LDH-amount, explained 
by the presence of very few cells on the surface. The LDH-amount/well was divided by the 
corresponding cell number/well (the proliferation data in Appendix B.1), which resulted in the 
LDH-amount/cell. This would reveal a more fair demonstration of the cell viability related to 
the different materials. 
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Figure 11. Cell viability analysis. LDH/cell versus the materials. 
 
The results after dividing the LDH-values/well with the corresponding cell number/well are 
shown in Figure 11 (based on 14.2.1) above. It can be observed clearly that PVC has a 
relatively higher LDH-amount per cell, which is expected, since it is toxic. The TCP shows 
very low values of LDH, while Xeraspine, Cortoss and Vertebroplastic show slightly higher 
LDH-values. When comparing these three materials, Xeraspine is the one that causes the least 
leakage of LDH out of the cell membrane, which indicates that this is the most biocompatible 
material of them. A possible explanation for the relatively higher amount of LDH after 1 day 
could be that the process of plating the cells may have had a negative influence on cell 
viability. 
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Figure 12. Cell viability analysis. LDH/cell versus time. 
 
The diagram in Figure 12 (based on 14.2.1) shows that the LDH-amount per cell was very 
high for every material at day 1.  
 
As mentioned earlier, the LDH-amount per well increased markedly at day 14 while the 
corresponding cell number was a little lower than expected. Adding these facts, the LDH-
amount per cell seems to be even higher than expected. 

7.2.1 Bürker Chamber 
The cell concentration from the supernatants studied by the Bürker chamber did not reach 
500cells/ml, which excluded further cell counting by the NucleoCounter.  
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7.3 Differentiation and Mineralization analysis (qPCR) 
The results from the cell differentiation and mineralization analysis performed by qPCR of 
ALP, OC and COLL-I mRNA gene expression are compiled in the graphs below. Since PVC 
provided a negligible amount of RNA in the measurements, this material was not included in 
the graphs. 

7.3.1 Alkaline Phosphatase-analysis 
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Figure 13. Differentiation analysis. Relative quantity of ALP/well versus time. 
 
This diagram shows that all materials provide an ALP-peak at day 1, with decreasing ALP-
values by time (see Figure 13, based on 14.3.1). Xeraspine promotes the markedly highest 
ALP-peak of all materials, including TCP. Cortoss is the material which promotes the 
secondly most ALP-release, followed by Vertebroplastic and then TCP.  
 
To receive a more fair result, the relative quantities of ALP per well were divided by the 
corresponding cell number/well (by the same procedure as in the LDH-analysis). 
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Figure 14. Differentiation analysis. Relative quantity of ALP/cell versus time. 
 
The diagram in Figure 14 (based on 14.3.4) above shows that the ALP-release per cell is also 
increased at day 1 with the highest values from Xeraspine, followed by Cortoss. Thereafter all 
materials decrease their ALP-levels markedly, even more than they did in the ALP/well-
graph. 
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7.3.2 Osteocalcin-analysis 
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Figure 15. Mineralization analysis. Relative quantity of OC/well versus time. 
 
The osteocalcin mRNA-levels show a biphasic OC-release from the MG-63 cells by time, 
with peaks at day 7 and 21 (see Figure 15, based on 14.3.2). Xeraspine on the other hand 
show its highest value at day 1. Cortoss shows the second highest OC-values at day 1. A trend 
seems to be that the bone cements have their highest value at day 7.  
 
To receive more adjusted OC-values per material, the same procedure as with the ALP-values 
were made i.e. the relative quantity of OC per well was divided by the corresponding cell 
number/well to receive the OC-value/cell. 
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Figure 16. Mineralization analysis. Relative quantity of OC/cell versus time. 
 
This diagram shows a quite different behaviour of the OC-release from the MG-63 cells 
provided by the different materials, compared to the OC-release per well (see Figure 16, 
based on 14.3.4). All materials show their highest OC-value per cell at day 1. Among the 
bone cements Xeraspine provides the most OC-secretion of all materials at day 1. From day 7 
onward the OC-release caused by the different materials remains quite low, except for 
Vertebroplastic at day 14. TCP provides lower OC-values in general, compared to the bone 
cement materials.  
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7.3.3 Collagen Type I-analysis 
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Figure 17. Differentiation analysis. Relative quantity of COLL-I/well versus time. 
 
The diagram in Figure 17 (based on 14.3.3) above shows that the COLL-I mRNA gene 
expression had a peak at days 7 or 14. Both Xeraspine and TCP have their peak at day 7, 
while Vertebroplastic and Cortoss have their peak at day 14.  
 
To receive more adjusted results over the COLL-I release per material, the same procedure as 
with ALP and OC was made i.e. the relative quantities of COLL-I per well were divided by 
the corresponding cell number/well, to receive the COLL-I-value per cell. 
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Figure 18. Differentiation analysis. Relative quantity of COLL-I/cell versus time. 
 
This diagram shows that the COLL-I-release per cell provided by the different materials is 
quite similar to the OC-release per cell, i.e. all materials promote a COLL-I-peak at day 1 (see 
Figure 18, based on 14.3.4). TCP causes the highest secretion of COLL-I by the MG-63 cells 
of all materials, while Xeraspine provides the strongest release among the bone cement 
materials. Vertebroplastic promotes an elevated COLL-I-release at day 14, while the other 
materials provide quite low values from day 7 onward. 
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7.4 SEM 
The morphological evaluation of the MG-63 cells on the different surfaces showed how the 
cells spread out on the surface. The two SEM-photos below (Figure 19 and Figure 20) show 
how the osteoblast-like cells looked on a Bis-GMA surface after 7 days, with different scales. 
The morphology of the cells and the crater-like surface topography of the resin-based surface 
can be seen. 
 

 
Figure 19. MG-63 cells on Bis-GMA, day 7. 

 
 
 

 
Figure 20. MG-63 cells on Bis-GMA, day 7. 

 
The wing-like elongation from the cell seen in Figure 20 could possibly be a precipitation due 
to the SEM-preparation process.  
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8 Discussion 

8.1 Cell Proliferation and Viability 

8.1.1 Cell Proliferation (NucleoCounter) 
The cell proliferation results showed that, among the bone cements, Xeraspine is the most 
biocompatible, since the MG-63 cells proliferated the most on this material. The proliferation 
results on TCP showed how the cells would behave ideally, i.e. the cell number would 
increase almost exponentially by time. If this is the behaviour the cells would express in vivo 
is difficult to say without any further in vivo studies. 
 
The decrease of cell number at day 1, compared to the original cell number at day 0, could be 
explained by the trypsinization in the cell tissue flask prior the reseeding, which might have 
destroyed some cells. This is a quite normal in vitro phenomenon when cells are removed 
from one place (substrate) to another. 
 
The tendency of decrease in cell number at day 14 on all bone cements might be explained by 
some kind of pollution in the cell suspension in the day 14 plate.  

8.1.2 Cell Viability (LDH-method) 
The cell viability results also show that Xeraspine seem to be the most biocompatible bone 
cement, since it provides the least amount of LDH-release from the cells. The cells are thus 
more viable on this material, compared to the other bone cement materials.  
 
One of the LDH-diagrams shows that the LDH-release was very high on every material at day 
1. This could also depend on the trypsinization-effect that was mentioned above.  
 
The little increase in LDH-release at day 14 might also be related to some kind of pollution in 
the day 14 plate, since this was the same plate as for the cell proliferation measurements. 
Another explanation might be the difficulty of getting the same amount of cells from the 
beginning while aliquoting the cell suspension in the wells. 
 
The results from the Bürker chamber (the cell concentration was lower than 500 cells/well in 
the supernatants) implied that most of the cells were attached correctly to the surfaces. An 
explanation to why no more destroyed (dead) cells were observed in the supernatants from the 
PVC wells could be that the medium was changed so frequently (three times a week). 

8.1.3 Discussion 
The results from the cell proliferation and cell viability both showed that, among the bone 
cements, Xeraspine seem to be the most biocompatible. Xeraspine was followed by Cortoss 
and then Vertebroplastic.  
 
PMMA is known not to be as biocompatible as Bis-GMA and Ca-aluminate, so the cell 
results from this material are quite expected, i.e. that the cells did not proliferate as much and 
were not as viable on Vertebroplastic as on Cortoss and Xeraspine.  
 
Why the cells prefer Xeraspine before Cortoss is a little unclear though. The main reason 
could presumably be due to the material chemistry. Both of them form a hydroxyapatite layer 
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between the cement and the bone, which results in a close and strong interface. Ca-aluminate 
on the other hand has a more bone-mimicking chemistry than the Bis-GMA cement. 
Xeraspine is more hydrophilic than Cortoss as well [37][32], which also might influence the 
cell adhesion process, since the cell adhesion proteins prefer a hydrophilic environment [22]. 
 
Both the surface topography and the porosity of the materials might influence the attachment 
and proliferation of the cells as well as the cell differentiation. According to [8], cells grown 
on smooth surfaces tend to attach, spread and proliferate, whereas cells grown on micro-rough 
surfaces tend to assume a more differentiated phenotype. This might explain why the MG-63 
cells proliferated more on the smoother TCP-surface than on the bone cement materials, 
which had a rougher surface topography.  
 
The porosity might influence the cell adhesion of the osteoblast-like cells, according to a 
study that implied that osteoblasts prefer colonizing craters within the micro-scale (30 to 
100μm). These craters mimic the osteoclastic pits in the bone remodelling process. [8] Since 
resins are almost non-porous [32] and since Ca-aluminate has a nano-porous structure [39], 
this fact might explain the larger cell proliferation of the osteoblast-like cells on the Xeraspine 
surfaces compared to the resin-based Bis-GMA surfaces. The nano-porous structure of Ca-
aluminate also helps water molecules to penetrate the material, which facilitates the 
recruitment of the cell adhesion proteins to the surface, followed by the attachment of the 
bone cells. 

8.2 Differentiation and Mineralization analysis (qPCR) 

8.2.1 ALP-analysis 
The ALP-analysis indicated that Xeraspine provided the most differentiation of the 
osteoblast-like cells, since it promoted the highest ALP-peak of all materials at day 1. The 
very strong ALP-activity caused by Xeraspine indicated that this material is very bone-
mimicking. The ALP-release caused by the materials was followed by Cortoss and TCP 
which in turn was closely followed by Vertebroplastic. Thus, almost all the bone cement 
materials provided higher ALP-release from the cells than TCP. Since ALP is an early 
osteoblastic differentiation marker the results indicated that the bone cement materials are 
working well as osteogenic materials.  
 
The ALP-peak was positioned at day 1 for all materials, which is a little unexpected, since it 
is presumed to appear a little later in the bone forming process. The reason why the ALP-
values did not decrease more at day 1 after dividing with the corresponding cell number, 
might be that the cell number was not large enough at this day. If this is a normal behaviour or 
not for the MG-63 cells is therefore difficult to say. The results should thus be interpreted 
quite carefully. 

8.2.2 OC-analysis 
The OC-analysis showed that all materials provide the highest OC-release from the cells at 
day 1, which indicated that the mineralization process had started well. All bone cement 
materials promoted higher OC-release from the MG-63 cells than TCP, which implies that 
they are working well as bone-mimicking and osteogenic materials. Among the bone cements, 
Xeraspine provided the highest OC-release, which indicates that it seem to be the most 
biocompatible material. 
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8.2.3 COLL-I-analysis 
The COLL-I-analysis showed a similar COLL-I release pattern as the OC-release per cell, i.e. 
all materials promoted a COLL-I-peak at day 1. COLL-I differs from the other osteoblast-
markers, since it is released most on the TCP, followed by Xeraspine and then Vertebroplastic 
and Cortoss. The COLL-I secretion might therefore not be a typical osteoblastic marker, since 
it does not favour the bone cement materials.  

8.2.4 Discussion 
The osteoblast differentiation and mineralization results form the mRNA gene expression of 
ALP, OC and COLL-I all showed an indication of that Xeraspine differs from the other two 
comparable bone cements. Xeraspine appears to be the most biocompatible material 
specialized for bone cells, since the specific osteoblast markers are mostly even higher on 
Xeraspine than on TCP (except the COLL-I release). The other materials also show a more 
bone-specific response than TCP. TCP is a biocompatible material where all kinds of cells 
proliferate well, but it is not specific for bone cells in the same way as the bone cement 
materials are.  
 
An explanation to the differentiation results could be drawn from the phenomenon mentioned 
in 8.1.3, i.e. that cells grown on micro-rough surfaces tend to assume a more differentiated 
phenotype than cells grown on smooth surfaces. The fact that the bone cement materials have 
a rougher surface topography than TCP could thus explain why the cells on these materials 
differentiated more than the cells cultured on the smoother TCP surface. 
 
As mentioned above, the higher hydrophilicity and the nano-porosity of the Ca-aluminate 
cement might explain why the cells prefer this material rather than the resin-based ones.   
Another explanation could be a probable release of Ca2+ from the Ca-aluminate cement. Since 
osteoblasts promote mineralization by exporting Ca2+ and phosphate from intracellular 
vesicles [5], an elevated concentration of Ca2+ might affect the cells positively, since they 
normally live in a Ca2+ rich environment. (Too high Ca2+ concentration, on the other hand, 
might lead to cell toxicity [12].) 
 
It is also remarkable that Vertebroplastic provoked both increased OC and COLL-I gene 
expression values at day 14. This might be caused by some unknown phenomenon in the cells 
which may take place around this day of their development. 

8.3 SEM 
The SEM-photos of the MG-63 cells on the different materials showed quite irregular cell 
morphology. Only two photos are shown in this thesis, due to the difficulty in interpreting the 
other photos. An explanation to why the photos showed such diversity might be that the 
surfaces were a little too large for the cell wells in this experiment, which caused difficulties 
in the SEM-preparation process. Osmiumtetroxide might also have been precipitated on the 
surfaces, provoking strange looks of the cells. 
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9 Conclusions 
 
• All the bone cement materials in this study are non-toxic and biocompatible, i.e. they 

provide good cell viability and proliferation of osteoblast-like cells. They are specific 
for bone cells, since they express high values of osteoblast-specific differentiation 
markers and are thus promising to use in vivo as injectable bone cement materials. 

 
• The proliferation and cell viability results indicate that Xeraspine appears to be the 

most biocompatible material among these bone cements. TCP shows though the most 
favourable proliferation and viability results of all materials. 

 
• The cell differentiation and mineralization analysis of the osteoblast-like cells 

indicates that Xeraspine appears to be the most biocompatible material of all 
(including TCP), which indicates that it is the most specialized material for bone cells. 
Xeraspine is followed by Cortoss and then Vertebroplastic. 
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10 Future Studies 
This in vitro study was the first comparative study between these materials. Since Xeraspine 
is a relatively new material on the market, both more in vitro and in vivo studies are desirable. 
It is always a good idea to compare new materials with conventional ones, such as PMMA in 
this case, but other more similar materials should also be used (besides Bis-GMA), e.g. 
materials based on calcium phosphate (which is another ceramic material). An argument to 
compare Ca-aluminate with Ca-phosphate is the fact that this is also a Ca-containing material. 
Based on the discussion in 8.2.4, a hypothesis might be that Ca-aluminate and Ca-phosphate 
may have a more similar behaviour than the resin-based materials used in this thesis. 
 
An ideal control might be a real bone-surface where osteoclasts just have been working, to be 
able to see the difference. This may be investigated in further in vivo studies.  
 
To be able to draw firm conclusions more measurements, especially during the first days, 
would have to be performed. More measurements around day 14 would also be desirable, 
since this day showed a different behaviour in the viability and proliferation results. 
 
Another experiment might be to study osteoblastic behaviour on surfaces coated with 
different kinds of growth factors, such as osteopontin, or bisphosphonates, since this 
experimental design most probably would promote an elevated osteogenesis. 
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13 Appendix A: Pilot Results 

13.1  Appendix A.1: Cell Viability analysis (pilot) 

pilot exp.1 total conc.(cells/ml) 
non-viable cells 
(cells/ml) viability   

 Day c.1  c.2 (cells/ml) c.1 c.2 c.1 c.2 
6 586000 139000        
14 1580000 274000 1160000 268000 0,27 0,02 
17 1160000   37000   0,97   
25 20000 20000 12000 6000 0,40 0,70 
pilot exp. 2            
 Day c.1  c.2 (cells/ml) c.1 c.2 c.1 c.2 
7 405000 170000 48000 29000 0,88 0,83 
14 1140000   204000   0,82 0,7 
21 1248000 624000 162000 247000 0,87 0,60 
28   1720000   952000   0,45 
 

13.2  Appendix A.2: Proliferation analysis (pilot) 
pilot exp.1 total cell count 
 Day c.1 c.2 
6 146500 34750
14 134300 23290
17 174000   
25 3000 3000
pilot exp. 2    
 Day c.1 c.2 
7 60750 20400
14 171000 57000
21 187200 93600
28   258000
c.1 = 7500 cells/well  
c.2 = 3750 cells/well  
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13.3  Appendix A.3: qPCR-analysis (pilot) 
Ct-values             
Day.conc. COLL-I COLL-I OC OC ALP ALP 
7.1 20,05 20,38 23,97 24,27 29,9 30,09
7.2 21,7 21,31 26,41 25,57 30,84 30,46
14.1 20,49 20,33 24,49 24,35 31,14 31,36
14.2 19,46 19,97 24,20 24,17 30,13 31,41
21.1 19,63 19,68 23,76 24,04 31,85 31,73
21.2 20,52 20,34 24,84 24,48 33,13 32,64
28.1 20,39 20,57 24,10 23,9 32,56 33,18
28.2 20,04 19,69 23,67 23,68 33,06 32,3
NoRT 30,82  No Ct  No Ct   
NTC No Ct No Ct No Ct No Ct No Ct No Ct 
Relative Quantities           
Day.conc. COLL-I COLL-I OC OC ALP ALP 
7.1 2,54 2,06 3,66 3,02 6,73 5,96
7.2 0,88 1,13 0,76 1,31 3,68 4,70
14.1 1,92 2,13 2,62 2,87 3,04 2,64
14.2 3,72 2,68 3,15 3,22 5,80 2,55
21.1 3,33 3,23 4,18 3,50 1,92 2,08
21.2 1,88 2,11 2,09 2,64 0,85 1,16
28.1 2,05 1,82 3,36 3,82 1,22 0,82
28.2 2,56 3,21 4,43 4,40 0,89 1,44

 

Day.conc. ALP/well ALP stdev OC/well OC stdev 
COLL-
I/well 

COLL-I 
stdev 

7.1 6,34 0,55 3,34 0,45 2,30 0,34
7.2 4,19 0,72 1,04 0,39 1,01 0,18
14.1 2,84 0,28 2,74 0,17 2,02 0,15
14.2 4,18 2,30 3,19 0,04 3,20 0,73
21.1 2,00 0,11 3,84 0,49 3,28 0,07
21.2 1,00 0,22 2,36 0,38 2,00 0,16
28.1 1,02 0,28 3,59 0,33 1,93 0,16
28.2 1,16 0,39 4,42 0,02 2,88 0,46

13.3.1 Appendix A.3.1: qPCR calculations (pilot) 
Day 
(conc: 
2) 

cell 
nr/well ALP/well OC/well COLL-I/ well ALP/cell OC/cell 

COLL-I/ 
cell 

7 20400 4,19 1,04 1,01 2,05E-04 5,08E-05 4,94E-05
14 57000 4,18 3,19 3,20 7,33E-05 5,59E-05 5,61E-05
21 93600 1,00 2,36 2,00 1,07E-05 2,53E-05 2,13E-05
28 258000 1,16 4,42 2,88 4,51E-06 1,71E-05 1,12E-05
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14 Appendix B: Material Results 

14.1 Appendix B.1: Proliferation analysis 

Day 1 
Cell conc. 
(cells/ml) 

Volume 
(ml/well) 

Cell 
number/well material average StDev 

1.1.1 10000 0,2 2000 1.1 2100 141,42
1.1.2 11000 0,2 2200 2.1 1600 848,53
2.1.1 5000 0,2 1000 3.1 1600 848,53
2.1.2 11000 0,2 2200 4.1 1000 0,00
3.1.1 11000 0,2 2200 5.1 1500 707,11
3.1.2 5000 0,2 1000     
4.1.1 5000 0,2 1000     
4.1.2 5000 0,2 1000     
5.1.1 10000 0,2 2000     
5.1.2 5000 0,2 1000     

Day 7 
Cell conc. 
(cells/ml) 

Volume 
(ml/well) 

Cell 
number/well material average StDev 

1.7.1 308000 0,2 61600 1.7 50800 15273,51
1.7.2 200000 0,2 40000 2.7 30800 4525,48
2.7.1 170000 0,2 34000 3.7 30500 21920,31
2.7.2 138000 0,2 27600 4.7 1000 0,00
3.7.1 75000 0,2 15000 5.7 79100 15414,93
3.7.2 230000 0,2 46000     
4.7.1 5000 0,2 1000     
4.7.2 5000 0,2 1000     
5.7.1 341000 0,2 68200     
5.7.2 450000 0,2 90000     

Day 14 
Cell conc. 
(cells/ml) 

Volume 
(ml/well) 

Cell 
number/well material average StDev 

1.14.1 118000 0,2 23600 1.14 29100 7778,17
1.14.2 173000 0,2 34600 2.14 19400 1131,37
2.14.1 93000 0,2 18600 3.14 4800 1131,37
2.14.2 101000 0,2 20200 4.14 1000 0,00
3.14.1 28000 0,2 5600 5.14 87800 0,00
3.14.2 20000 0,2 4000     
4.14.1 5000 0,2 1000     
4.14.2 5000 0,2 1000     
5.14.1 439000 0,2 87800     
5.14.2 439000 0,2 87800     

Day 21 
Cell conc. 
(cells/ml) 

Volume 
(ml/well) 

Cell 
number/well material average StDev 

1.21.1 259000 0,2 51800 1.21 50500 1838,48
1.21.2 246000 0,2 49200 2.21 14300 6081,12
2.21.1 93000 0,2 18600 3.21 16300 1555,63
2.21.2 50000 0,2 10000 4.21 1000 0,00
3.21.1 76000 0,2 15200 5.21 2E+05 24183,05
3.21.2 87000 0,2 17400     
4.21.1 5000 0,2 1000     
4.21.2 5000 0,2 1000     
5.21.1 1212000 0,2 242400     
5.21.2 1041000 0,2 208200       
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14.1.1 Appendix B.1.1: Summary Proliferation 
  Day 1 Day 7 Day 14 Day 21 
Xeraspine 2100 50800 29100 50500 
Cortoss 1600 30800 19400 14300 
Vertebroplastic 1600 30500 4800 16300 
TCP 1500 79100 87800 225300 
PVC 1000 1000 1000 1000 
Material number 
1.1.1 Xeraspine, day 1, nr 1 
1.1.2 Xeraspine, day 1, nr 2 
2.1.1 Cortoss, day 1, nr 1 
2.1.2 Cortoss, day 1, nr 2 
3.1.1 Vertebropl., day1, nr 1 
3.1.2 Vertebropl., day1, nr 2 
4.1.1 PVC, day 1, nr 1 
4.1.2 PVC, day 1, nr 2 
5.1.1 TCP, day 1, nr 1 
5.1.2 TCP, day 1, nr 2 

14.2  Appendix B.2: LDH-analysis 
Day 1 NC PCR Average Material LDH-av StDev 
1.1.1 0,8 0,7 0,75 1.1 0,78 0,04 
1.1.2 0,8 0,8 0,80 2.1 0,75 0,00 
2.1.1 0,7 0,8 0,75 3.1 0,80 0,00 
2.1.2 0,8 0,7 0,75 4.1 0,73 0,04 
3.1.1 0,8 0,8 0,80 5.1 0,78 0,11 
3.1.2 0,8 -      
4.1.1 0,8 0,6 0,70     
4.1.2 0,8 0,7 0,75     
5.1.1 0,8 0,6 0,70     
5.1.2 0,9 0,8 0,85     
Day 7 NC PCR Average Material LDH-av StDev 
1.7.1 0,9 0,8 0,85 1.7 0,83 0,04 
1.7.2 0,8 0,8 0,80 2.7 0,83 0,04 
2.7.1 0,8 0,8 0,80 3.7 0,85 0,00 
2.7.2 0,8 0,9 0,85 4.7 0,80 0,00 
3.7.1 0,9 0,8 0,85 5.7 0,85 0,00 
3.7.2 0,8 0,9 0,85     
4.7.1 0,8 0,8 0,80     
4.7.2 0,8 0,8 0,80     
5.7.1 0,8 0,9 0,85     
5.7.2 0,8 0,9 0,85     
Day 14 NC PCR Average Material LDH-av StDev 
1.14.1 2,8 3,3 3,05 1.14 3,25 0,28 
1.14.2 3 3,9 3,45 2.14 3,38 0,11 
2.14.1 3,4 3,2 3,30 3.14 1,60 0,14 
2.14.2 3,3 3,6 3,45 4.14 0,55 0,21 
3.14.1 1,9 1,5 1,70 5.14 1,68 0,18 
3.14.2 1,8 1,2 1,50     
4.14.1 0,7 0,7 0,70     
4.14.2 0,1 0,7 0,40     
5.14.1 1,9 1,2 1,55     
5.14.2 1,8 1,8 1,80     

 59



 

Day 21 NC PCR Average Material LDH-av StDev 
1.21.1 2,6 3 2,80 1.21 2,80 0,00 
1.21.2 2,8 2,8 2,80 2.21 2,85 0,14 
2.21.1 2,5 3 2,75 3.21 1,98 0,25 
2.21.2 2,7 3,2 2,95 4.21 0,90 0,07 
3.21.1 1,7 1,9 1,80 5.21 2,63 0,04 
3.21.2 1,9 2,4 2,15     
4.21.1 1 0,9 0,95     
4.21.2 0,8 0,9 0,85     
5.21.1 2,6 2,7 2,65     
5.21.2 3 2,2 2,60       

14.2.1 Appendix B.2.1: LDH calculations 
LDH/well Day 1 Day 7 Day 14 Day 21 

0,78 0,83 3,25 2,80Xeraspine 
0,75 0,83 3,38 2,85Cortoss 
0,80 0,85 1,60 1,93Vertebroplastic 
0,80 0,80 0,55 0,90PVC 
0,83 0,85 1,68 2,63TCP 

LDH/cell Day 1 Day 7 Day 14 Day 21 
3,69E-04 1,62E-05 1,12E-04 5,54E-05Xeraspine 
4,69E-04 2,68E-05 1,74E-04 1,99E-04Cortoss 
5,00E-04 2,79E-05 3,33E-04 1,18E-04Vertebroplastic 
8,00E-04 8,00E-04 5,50E-04 9,00E-04PVC 
5,50E-04 1,07E-05 1,91E-05 1,17E-05TCP 

14.3  Appendix B.3: qPCR analysis 

14.3.1 Appendix B.3.1: ALP analysis 
  ALP ALP 18S 18S Normalized   
1 Cortoss 1 33,63 34,4 14,95 13,95 6,21E-06 1,99E-06 
1 Cortoss 2 33,55 33,69 14,33 13,42 4,39E-06 2,24E-06 
7 Cortoss 1 30,38 30,01 10,16 10,41 2,31E-06 3,44E-06 
7 Cortoss 2 28,93 28,99 8,41 8,41 1,91E-06 1,83E-06 
14 Cortoss 1 30,99 30,91 7,49 7,71 2,81E-07 3,41E-07 
14 Cortoss 2 32,28 31,94 7,61 7,58 1,33E-07 1,62E-07 
21 Cortoss 1 34,6 34,43 9,48 9,48 9,95E-08 1,11E-07 
21 Cortoss 2 31,83 31,97 8,19 8,43 2,57E-07 2,74E-07 
1 PVC 1 35,71  24,94 24,78 9,95E-04   
1 PVC 2   23,43 23,81    
7 PVC 1 36,48  23,75 24,07 2,83E-04   
7 PVC 2 37,73  26,13 26,13 5,84E-04   
14 PVC 1 33,83 33,12 8,43 8,43 8,31E-08 1,31E-07 
14 PVC 2  36,14 10,43 10,63  7,74E-08 
21 PVC 1   28,11     
21 PVC 2  37,23 29,78 28,64  4,03E-03 
1 TCP 1 32,43 33,61 12,31 11,76 2,46E-06 8,11E-07 
1 TCP 2 33,42 33,51 11,96 12,31 1,04E-06 1,23E-06 
7 TCP 1 29,39 29,58 7,95 8,23 1,06E-06 1,12E-06 
7 TCP 2 28,99 29,45 7,86 7,86 1,29E-06 9,59E-07 
14 TCP 1 32,35 32,59 8,18 8,23 1,83E-07 1,62E-07 
14 TCP 2 32,2 33,99 8,85 8,85 3,10E-07 9,82E-08 
21 TCP 1 33,66 33,51 8,74 7,92 1,13E-07 7,36E-08 
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21 TCP 2 33,52 33,6 9,38 9,38 1,87E-07 1,77E-07 
1 Vertebroplastic 1 33,19 33,4 12,09 12,09 1,31E-06 1,15E-06 
1 Vertebroplastic 2 36,16 34,02 13,62 14,14 5,21E-07 2,87E-06 
7 Vertebroplastic 1 28,92 28,89 7,86 8,56 1,35E-06 2,15E-06 
7 Vertebroplastic 2 29,6 29,41 8,5 8,31 1,31E-06 1,31E-06 
14 Vertebroplastic 
1 32,85 32,22 7,78 8,07 1,03E-07 1,85E-07 
14 Vertebroplastic 
2 30,31 30,65 7,84 7,86 5,45E-07 4,44E-07 
21 Vertebroplastic 
1 33,74 33,7 7,93 8,25 6,39E-08 8,05E-08 
21 Vertebroplastic 
2 31,6 32,69 8,05 7,65 2,72E-07 1,05E-07 
1 Xeraspine 1 36,06 35,5 17,81 17,81 8,18E-06 1,17E-05 
1 Xeraspine 2 36,09 37,47 18,47 18,31 1,23E-05 4,56E-06 
7 Xeraspine 1 29,32 28,51 8,38 8,05 1,46E-06 1,98E-06 
7 Xeraspine 2 29,64 29,65 8,05 8,05 9,59E-07 9,53E-07 
14 Xeraspine 1 32,74 31,64 8,13 8,19 1,38E-07 2,91E-07 
14 Xeraspine 2 32,88 32,3 7,91 8,17 1,10E-07 1,88E-07 
21 Xeraspine 1 32,19 32,09 8,11 8,3 1,94E-07 2,34E-07 
21 Xeraspine 2 33,29 33,31 8,89 9,18 1,58E-07 1,88E-07 
 
  Low=1  average average day StDev CV 
1 Cortoss 1 8,60E+01 2,76E+01 56,80 51,35 7,71 15,0%
1 Cortoss 2 6,08E+01 3,10E+01 45,90     
7 Cortoss 1 3,20E+01 4,76E+01 39,82 32,86 9,85 30,0%
7 Cortoss 2 2,64E+01 2,54E+01 25,90     
14 Cortoss 1 3,90E+00 4,73E+00 4,31 3,18 1,61 50,5%
14 Cortoss 2 1,84E+00 2,24E+00 2,04     
21 Cortoss 1 1,38E+00 1,54E+00 1,46 2,57 1,57 61,2%
21 Cortoss 2 3,56E+00 3,80E+00 3,68     
1 PVC 1 1,38E+04  13784,35 13784,35   
1 PVC 2 0,00E+00       
7 PVC 1 3,92E+03  3917,68 6004,52 2951,23 49,2%
7 PVC 2 8,09E+03  8091,35     
14 PVC 1 1,15E+00 1,82E+00 1,48 1,28 0,29 22,7%
14 PVC 2   1,07E+00 1,07     
21 PVC 1     55855,93   
21 PVC 2   5,59E+04 55855,93     
1 TCP 1 3,41E+01 1,12E+01 22,68 19,22 4,90 25,5%
1 TCP 2 1,44E+01 1,71E+01 15,75     
7 TCP 1 1,46E+01 1,55E+01 15,06 15,31 0,36 2,3%
7 TCP 2 1,78E+01 1,33E+01 15,56     
14 TCP 1 2,54E+00 2,24E+00 2,39 2,61 0,31 11,8%
14 TCP 2 4,29E+00 1,36E+00 2,83     
21 TCP 1 1,57E+00 1,02E+00 1,29 1,91 0,87 45,5%
21 TCP 2 2,58E+00 2,46E+00 2,52     
1 Vertebroplastic 1 1,82E+01 1,59E+01 17,04 20,28 4,57 22,6%
1 Vertebroplastic 2 7,22E+00 3,98E+01 23,51     
7 Vertebroplastic 1 1,87E+01 2,98E+01 24,24 21,22 4,28 20,2%
7 Vertebroplastic 2 1,82E+01 1,82E+01 18,19     
14 Vertebroplastic 
1 1,42E+00 2,57E+00 2,00 4,42 3,43 77,6%
14 Vertebroplastic 
2 7,55E+00 6,15E+00 6,85     
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21 Vertebroplastic 
1 8,85E-01 1,12E+00 1,00 1,81 1,14 63,1%
21 Vertebroplastic 
2 3,77E+00 1,45E+00 2,61     
1 Xeraspine 1 1,13E+02 1,62E+02 137,83 127,16 15,09 11,9%
1 Xeraspine 2 1,70E+02 6,32E+01 116,49     
7 Xeraspine 1 2,02E+01 2,74E+01 23,80 18,52 7,46 40,3%
7 Xeraspine 2 1,33E+01 1,32E+01 13,24     
14 Xeraspine 1 1,91E+00 4,03E+00 2,97 2,51 0,64 25,6%
14 Xeraspine 2 1,52E+00 2,60E+00 2,06     
21 Xeraspine 1 2,69E+00 3,24E+00 2,96 2,68 0,40 15,0%
21 Xeraspine 2 2,19E+00 2,60E+00 2,39       
 
Summary ALP 
Time 
point Material Average StDev 
Day 1 Cortoss 51,35 7,71
Day 7 Cortoss 32,86 9,85
Day 14 Cortoss 3,18 1,61
Day 21 Cortoss 2,57 1,57
Day 1 PVC 13784,35  
Day 7 PVC 6004,52 2951,23
Day 14 PVC 1,28 0,29
Day 21 PVC 55855,93  
Day 1 TCP 19,22 4,90
Day 7 TCP 15,31 0,36
Day 14 TCP 2,61 0,31
Day 21 TCP 1,91 0,87
Day 1 Vertebroplastic 20,28 4,57
Day 7 Vertebroplastic 21,22 4,28
Day 14 Vertebroplastic 4,42 3,43
Day 21 Vertebroplastic 1,81 1,14
Day 1 Xeraspine 127,16 15,09
Day 7 Xeraspine 18,52 7,46
Day 14 Xeraspine 2,51 0,64
Day 21 Xeraspine 2,68 0,40

14.3.2 Appendix B.3.2: OC analysis 
  OC OC 18S 18S Normalized   
1 Cortoss 1 32 33,37 14,95 13,95 1,77E-05 3,86E-06 
1 Cortoss 2 30,77 33,46 14,33 13,42 2,61E-05 2,59E-06 
7 Cortoss 1 27,39 27,17 10,16 10,41 1,57E-05 2,13E-05 
7 Cortoss 2 25,28 25,33 8,41 8,41 1,98E-05 1,92E-05 
14 Cortoss 1 25,8 25,66 7,49 7,71 7,87E-06 9,92E-06 
14 Cortoss 2 25,78 25,89 7,61 7,58 8,61E-06 7,87E-06 
21 Cortoss 1 27,23 26,79 9,48 9,48 1,13E-05 1,50E-05 
21 Cortoss 2 25,44 25,22 8,19 8,43 1,55E-05 2,09E-05 
1 PVC 1  35,72 24,94 24,78  8,92E-04 
1 PVC 2 36,09 35,63 23,43 23,81 2,96E-04 5,07E-04 
7 PVC 1 37,41 34,95 23,75 24,07 1,56E-04 9,27E-04 
7 PVC 2 34,83 35,8 26,13 26,13 3,76E-03 2,02E-03 
14 PVC 1 26,64 26,1 8,43 8,43 8,39E-06 1,19E-05 
14 PVC 2 28,99 29,27 10,43 10,63 6,70E-06 6,37E-06 
21 PVC 1 37,23  28,11  2,87E-03   
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21 PVC 2 35,94  29,78 28,64 1,92E-02   
1 TCP 1 29,76 30,59 12,31 11,76 1,37E-05 5,64E-06 
1 TCP 2 30,41 29,96 11,96 12,31 7,19E-06 1,20E-05 
7 TCP 1 25,02 24,92 7,95 8,23 1,74E-05 2,23E-05 
7 TCP 2 24,86 24,79 7,86 7,86 1,82E-05 1,91E-05 
14 TCP 1 26,2 26,12 8,18 8,23 9,48E-06 1,03E-05 
14 TCP 2 26,3 25,96 8,85 8,85 1,37E-05 1,70E-05 
21 TCP 1 25,11 25,4 8,74 7,92 2,73E-05 1,34E-05 
21 TCP 2 26,22 26 9,38 9,38 2,02E-05 2,33E-05 
1 Vertebroplastic 1 30,17 29,95 12,09 12,09 9,12E-06 1,05E-05 
1 Vertebroplastic 2 31,16 32,15 13,62 14,14 1,29E-05 9,54E-06 
7 Vertebroplastic 1 25,44 25,17 7,86 8,56 1,26E-05 2,34E-05 
7 Vertebroplastic 2 25,03 25,02 8,5 8,31 2,47E-05 2,20E-05 
14 Vertebroplastic 
1 25,72 25,52 7,78 8,07 9,98E-06 1,37E-05 
14 Vertebroplastic 
2 25,38 25,25 7,84 7,86 1,29E-05 1,42E-05 
21 Vertebroplastic 
1 25,49 25,29 7,93 8,25 1,27E-05 1,78E-05 
21 Vertebroplastic 
2 25,23 25,34 8,05 7,65 1,63E-05 1,17E-05 
1 Xeraspine 1 34,39  17,81 17,81 2,39E-05   
1 Xeraspine 2 35,58 34,88 18,47 18,31 1,70E-05 2,40E-05 
7 Xeraspine 1 25,51 25,17 8,38 8,05 1,68E-05 1,69E-05 
7 Xeraspine 2 25,06 24,98 8,05 8,05 1,81E-05 1,91E-05 
14 Xeraspine 1 26,08 26,03 8,13 8,19 9,92E-06 1,06E-05 
14 Xeraspine 2 25,91 26,04 7,91 8,17 9,60E-06 1,04E-05 
21 Xeraspine 1 25,49 25,43 8,11 8,3 1,43E-05 1,68E-05 
21 Xeraspine 2 26,31 26,34 8,89 9,18 1,39E-05 1,65E-05 
 
  Low=1  average average day StDev CV 
1 Cortoss 1 2,14E+00 4,68E-01 1,31 1,52 0,31 20,3%
1 Cortoss 2 3,17E+00 3,15E-01 1,74     
7 Cortoss 1 1,91E+00 2,58E+00 2,25 2,31 0,09 3,7%
7 Cortoss 2 2,41E+00 2,33E+00 2,37     
14 Cortoss 1 9,55E-01 1,20E+00 1,08 1,04 0,06 5,4%
14 Cortoss 2 1,04E+00 9,55E-01 1,00     
21 Cortoss 1 1,37E+00 1,81E+00 1,59 1,90 0,44 23,0%
21 Cortoss 2 1,89E+00 2,53E+00 2,21     
1 PVC 1 0,00E+00 1,08E+02 54,13 51,42 3,83 7,4%
1 PVC 2 3,59E+01 6,15E+01 48,72     
7 PVC 1 1,89E+01 1,13E+02 65,70 207,98 201,21 96,7%
7 PVC 2 4,56E+02 2,45E+02 350,26     
14 PVC 1 1,02E+00 1,44E+00 1,23 1,01 0,31 30,5%
14 PVC 2 8,14E-01 7,73E-01 0,79     
21 PVC 1 3,48E+02  348,17 1337,88 1399,65 104,6%
21 PVC 2 2,33E+03  2327,58     
1 TCP 1 1,66E+00 6,84E-01 1,17 1,17 0,00 0,3%
1 TCP 2 8,73E-01 1,46E+00 1,17     
7 TCP 1 2,12E+00 2,70E+00 2,41 2,34 0,10 4,4%
7 TCP 2 2,21E+00 2,32E+00 2,27     
14 TCP 1 1,15E+00 1,25E+00 1,20 1,53 0,47 30,5%
14 TCP 2 1,66E+00 2,06E+00 1,86     
21 TCP 1 3,32E+00 1,63E+00 2,47 2,56 0,12 4,6%
21 TCP 2 2,45E+00 2,83E+00 2,64     
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1 Vertebroplastic 1 1,11E+00 1,27E+00 1,19 1,28 0,12 9,5%
1 Vertebroplastic 2 1,57E+00 1,16E+00 1,36     
7 Vertebroplastic 1 1,53E+00 2,84E+00 2,18 2,51 0,46 18,2%
7 Vertebroplastic 2 2,99E+00 2,67E+00 2,83     
14 Vertebroplastic 
1 1,21E+00 1,66E+00 1,43 1,54 0,15 9,6%
14 Vertebroplastic 
2 1,57E+00 1,72E+00 1,64     
21 Vertebroplastic 
1 1,55E+00 2,16E+00 1,85 1,77 0,11 6,2%
21 Vertebroplastic 
2 1,97E+00 1,42E+00 1,70     
1 Xeraspine 1 2,90E+00  2,90 2,69 0,29 10,7%
1 Xeraspine 2 2,06E+00 2,92E+00 2,49     
7 Xeraspine 1 2,04E+00 2,05E+00 2,04 2,15 0,15 7,1%
7 Xeraspine 2 2,20E+00 2,32E+00 2,26     
14 Xeraspine 1 1,20E+00 1,29E+00 1,25 1,23 0,02 1,8%
14 Xeraspine 2 1,17E+00 1,27E+00 1,22     
21 Xeraspine 1 1,73E+00 2,04E+00 1,89 1,87 0,03 1,6%
21 Xeraspine 2 1,69E+00 2,00E+00 1,84       
 
Summary OC 
Time 
point Material Average StDev 
Day 1 Cortoss 1,52 0,31
Day 7 Cortoss 2,31 0,09
Day 14 Cortoss 1,04 0,06
Day 21 Cortoss 1,90 0,44
Day 1 PVC 51,42 3,83
Day 7 PVC 207,98 201,21
Day 14 PVC 1,01 0,31
Day 21 PVC 1337,88 1399,65
Day 1 TCP 1,17 0,00
Day 7 TCP 2,34 0,10
Day 14 TCP 1,53 0,47
Day 21 TCP 2,56 0,12
Day 1 Vertebroplastic 1,28 0,12
Day 7 Vertebroplastic 2,51 0,46
Day 14 Vertebroplastic 1,54 0,15
Day 21 Vertebroplastic 1,77 0,11
Day 1 Xeraspine 2,69 0,29
Day 7 Xeraspine 2,15 0,15
Day 14 Xeraspine 1,23 0,02
Day 21 Xeraspine 1,87 0,03

14.3.3 Appendix B.3.3: COLL-I analysis 
  COLL-I COLL-I 18S 18S Normalized   
1 Cortoss 1 28,74 29,81 14,95 13,95 1,43E-04 3,79E-05 
1 Cortoss 2 28,73 29,79 14,33 13,42 9,68E-05 2,73E-05 
7 Cortoss 1 24,83 24,54 10,16 10,41 8,14E-05 1,15E-04 
7 Cortoss 2 22,49 22,34 8,41 8,41 1,19E-04 1,31E-04 
14 Cortoss 1 21,37 21,4 7,49 7,71 1,35E-04 1,53E-04 
14 Cortoss 2 21,52 21,57 7,61 7,58 1,33E-04 1,26E-04 
21 Cortoss 1 23,87 23,81 9,48 9,48 9,74E-05 1,01E-04 
21 Cortoss 2 22,18 22,11 8,19 8,43 1,26E-04 1,54E-04 
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1 PVC 1 34,06 34,43 24,94 24,78 2,87E-03 2,04E-03 
1 PVC 2 34,75 34,88 23,43 23,81 6,99E-04 8,21E-04 
7 PVC 1 34,76 32,75 23,75 24,07 8,53E-04 3,81E-03 
7 PVC 2 34,57 34,84 26,13 26,13 4,44E-03 3,73E-03 
14 PVC 1 22,72 22,42 8,43 8,43 1,04E-04 1,26E-04 
14 PVC 2 26,86 26,65 10,43 10,63 2,63E-05 3,42E-05 
21 PVC 1 34,67  28,11  1,48E-02   
21 PVC 2 35,02 34 29,78 28,64 3,46E-02 3,21E-02 
1 TCP 1 25,64 26,2 12,31 11,76 1,92E-04 9,44E-05 
1 TCP 2 25,95 25,54 11,96 12,31 1,26E-04 2,05E-04 
7 TCP 1 21 21,12 7,95 8,23 2,30E-04 2,55E-04 
7 TCP 2 20,93 20,94 7,86 7,86 2,27E-04 2,26E-04 
14 TCP 1 22 22,23 8,18 8,23 1,40E-04 1,25E-04 
14 TCP 2 22,34 21,88 8,85 8,85 1,74E-04 2,33E-04 
21 TCP 1 22,54 22,87 8,74 7,92 1,42E-04 6,80E-05 
21 TCP 2 23,33 23,29 9,38 9,38 1,29E-04 1,33E-04 
1 Vertebroplastic 1 26,87 27,25 12,09 12,09 7,59E-05 5,94E-05 
1 Vertebroplastic 2 29,08 28,16 13,62 14,14 4,90E-05 1,24E-04 
7 Vertebroplastic 1 21,47 21,35 7,86 8,56 1,61E-04 2,72E-04 
7 Vertebroplastic 2 21,5 21,66 8,5 8,31 2,38E-04 1,90E-04 
14 Vertebroplastic 
1 21,28 21,11 7,78 8,07 1,73E-04 2,32E-04 
14 Vertebroplastic 
2 20,66 20,63 7,84 7,86 2,67E-04 2,76E-04 
21 Vertebroplastic 
1 21,43 21,49 7,93 8,25 1,73E-04 2,04E-04 
21 Vertebroplastic 
2 21,4 21,58 8,05 7,65 1,90E-04 1,31E-04 
1 Xeraspine 1 31,46 31,67 17,81 17,81 1,57E-04 1,37E-04 
1 Xeraspine 2 31,9 31,85 18,47 18,31 1,80E-04 1,68E-04 
7 Xeraspine 1 21,35 21,25 8,38 8,05 2,42E-04 2,09E-04 
7 Xeraspine 2 21,46 21,35 8,05 8,05 1,83E-04 1,96E-04 
14 Xeraspine 1 21,87 21,98 8,13 8,19 1,48E-04 1,43E-04 
14 Xeraspine 2 22,24 22,17 7,91 8,17 1,01E-04 1,25E-04 
21 Xeraspine 1 22,31 22,35 8,11 8,3 1,10E-04 1,21E-04 
21 Xeraspine 2 23,8 23,5 8,89 9,18 6,98E-05 1,02E-04 
 
  Low=1  average average day StDev CV 
1 Cortoss 1 2,31E+00 6,11E-01 1,46 1,23 0,32 26,4%
1 Cortoss 2 1,56E+00 4,40E-01 1,00     
7 Cortoss 1 1,31E+00 1,85E+00 1,58 1,80 0,30 16,9%
7 Cortoss 2 1,92E+00 2,11E+00 2,01     
14 Cortoss 1 2,18E+00 2,46E+00 2,32 2,20 0,17 7,6%
14 Cortoss 2 2,14E+00 2,03E+00 2,08     
21 Cortoss 1 1,57E+00 1,63E+00 1,60 1,93 0,46 23,9%
21 Cortoss 2 2,03E+00 2,48E+00 2,25     
1 PVC 1 4,62E+01 3,29E+01 39,56 25,90 19,31 74,6%
1 PVC 2 1,13E+01 1,32E+01 12,24     
7 PVC 1 1,37E+01 6,13E+01 37,52 51,67 20,01 38,7%
7 PVC 2 7,15E+01 6,01E+01 65,82     
14 PVC 1 1,67E+00 2,03E+00 1,85 1,17 0,96 82,5%
14 PVC 2 4,24E-01 5,51E-01 0,49     
21 PVC 1 2,39E+02  239,02 388,02 210,71 54,3%
21 PVC 2 5,58E+02 5,16E+02 537,02     
1 TCP 1 3,10E+00 1,52E+00 2,31 2,49 0,25 10,2%
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1 TCP 2 2,03E+00 3,30E+00 2,67     
7 TCP 1 3,71E+00 4,11E+00 3,91 3,78 0,18 4,9%
7 TCP 2 3,66E+00 3,64E+00 3,65     
14 TCP 1 2,26E+00 2,02E+00 2,14 2,71 0,80 29,7%
14 TCP 2 2,80E+00 3,76E+00 3,28     
21 TCP 1 2,29E+00 1,10E+00 1,69 1,90 0,29 15,4%
21 TCP 2 2,08E+00 2,14E+00 2,11     
1 Vertebroplastic 1 1,22E+00 9,58E-01 1,09 1,24 0,21 17,1%
1 Vertebroplastic 2 7,90E-01 1,99E+00 1,39     
7 Vertebroplastic 1 2,59E+00 4,38E+00 3,49 3,47 0,03 0,8%
7 Vertebroplastic 2 3,83E+00 3,06E+00 3,45     
14 Vertebroplastic 
1 2,78E+00 3,73E+00 3,26 3,81 0,79 20,7%
14 Vertebroplastic 
2 4,30E+00 4,44E+00 4,37     
21 Vertebroplastic 
1 2,78E+00 3,28E+00 3,03 2,81 0,32 11,3%
21 Vertebroplastic 
2 3,06E+00 2,11E+00 2,58     
1 Xeraspine 1 2,52E+00 2,21E+00 2,36 2,59 0,31 12,1%
1 Xeraspine 2 2,91E+00 2,71E+00 2,81     
7 Xeraspine 1 3,91E+00 3,37E+00 3,64 3,34 0,41 12,4%
7 Xeraspine 2 2,94E+00 3,16E+00 3,05     
14 Xeraspine 1 2,38E+00 2,31E+00 2,34 2,08 0,37 17,7%
14 Xeraspine 2 1,63E+00 2,02E+00 1,82     
21 Xeraspine 1 1,77E+00 1,95E+00 1,86 1,62 0,34 20,9%
21 Xeraspine 2 1,12E+00 1,64E+00 1,38       
 
Summary COLL-I 
Time 
point Material Average StDev 
Day 1 Cortoss 1,23 0,32
Day 7 Cortoss 1,80 0,30
Day 14 Cortoss 2,20 0,17
Day 21 Cortoss 1,93 0,46
Day 1 PVC 25,90 19,31
Day 7 PVC 51,67 20,01
Day 14 PVC 1,17 0,96
Day 21 PVC 388,02 210,71
Day 1 TCP 2,49 0,25
Day 7 TCP 3,78 0,18
Day 14 TCP 2,71 0,80
Day 21 TCP 1,90 0,29
Day 1 Vertebroplastic 1,24 0,21
Day 7 Vertebroplastic 3,47 0,03
Day 14 Vertebroplastic 3,81 0,79
Day 21 Vertebroplastic 2,81 0,32
Day 1 Xeraspine 2,59 0,31
Day 7 Xeraspine 3,34 0,41
Day 14 Xeraspine 2,08 0,37
Day 21 Xeraspine 1,62 0,34
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14.3.4 Appendix B.3.4: qPCR calculations 
ALP/well Day 1 Day 7 Day 14 Day 21 
Xeraspine 127,16 18,52 2,51 2,28
Cortoss 51,35 32,86 3,18 2,57
Vertebroplastic 20,28 21,22 4,42 1,81
TCP 19,22 15,31 2,61 1,91
PVC 13784,35 6004,52 1,28 55855,93
ALP/cell Day 1 Day 7 Day 14 Day 21 
Xeraspine 6,06E-02 3,65E-04 8,64E-05 4,51E-05
Cortoss 3,21E-02 1,07E-03 1,64E-04 1,80E-04
Vertebroplastic 1,27E-02 6,96E-04 9,21E-04 1,11E-04
TCP 1,28E-02 1,94E-04 2,97E-05 8,46E-06
PVC 1,38E+01 6,00E+00 1,28E-03 5,59E+01
OC/well Day 1 Day 7 Day 14 Day 21 
Xeraspine 2,69 2,15 1,23 1,87
Cortoss 1,52 2,31 1,04 1,90
Vertebroplastic 1,28 2,51 1,54 1,77
TCP 1,17 2,34 1,53 2,56
PVC 51,42 207,98 1,01 1337,88
OC/cell Day 1 Day 7 Day 14 Day 21 
Xeraspine 1,28E-03 4,23E-05 4,23E-05 3,69E-05
Cortoss 9,53E-04 7,49E-05 5,36E-05 1,33E-04
Vertebroplastic 7,98E-04 8,22E-05 3,21E-04 1,09E-04
TCP 7,79E-04 2,95E-05 1,74E-05 1,13E-05
PVC 5,14E-02 2,08E-01 1,01E-03 1,34E+00
COLL-I/well Day 1 Day 7 Day 14 Day 21
Xeraspine 2,59 3,34 2,08 1,62
Cortoss 1,23 1,80 2,20 1,93
Vertebroplastic 1,24 3,47 3,81 2,81
PVC 25,90 51,67 1,17 388,02
TCP 2,49 3,78 2,71 1,90
COLL-I/cell Day 1 Day 7 Day 14 Day 21
Xeraspine 1,23E-03 6,58E-05 7,16E-05 3,21E-05
Cortoss 7,68E-04 5,84E-05 1,13E-04 1,35E-04
Vertebroplastic 7,75E-04 1,14E-04 7,94E-04 1,72E-04
TCP 1,66E-03 4,78E-05 3,08E-05 8,44E-06
PVC 2,59E-02 5,17E-02 1,17E-03 3,88E-01
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