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Abstract 

Bone graft substitute materials are becoming more common as alternative therapy strategies 

when bone defects in patients need to be treated. The interaction between bone cells and 

biomaterials occur at the surface of the materials. A great deal is known about the importance of 

surface topography and physic-chemical properties of biomaterials. It is also known that cells 

require proteins in order to interact with biomaterials. Less is known about how material 

properties and proteins interact forming the biological interface that cells will be exposed to, 

and that might determine if new bone is formed or not in the patient. The overall aim of the 

present thesis was to systematically investigate bone graft substitute material surface reactions 

and the interface in order to better understand how biomaterials may promote bone formation. 

Bio-Oss (BO) is a commonly used bone graft substitute material in reconstruction of periodontal 

and dentoalveolar bone defects. BO is mainly considered to be “osteoconductive”, but we could 

show that it does interact with a biological fluid (α-MEM cell culture medium) through 

dissolution/precipitation reactions. A significant reduction of calcium and phosphate levels in 

the medium was obtained even with low concentrations of BO. A release of silicon from the 

material was also demonstrated. An osteogenic response was seen in close contact to the BO 

particles when cultured with different types of pre-osteoblastic cells (Paper I). X-Ray 

Photoelectron Spectroscopy (XPS) with fast-frozen sample technique was used to further 

characterize the surface of BO, Frios Algipore (AP) and 45S5 Bioglass (BG). These three bone 

graft substitute materials are used as “model systems”, because they have all demonstrated 

newly formed bone on the surface after implantation in patients. From the XPS analysis it can 

be concluded that AP and BG acquired a positively charged surface while BO gained a negatively 

charged surface. Only AP and BG adsorb organic components (amino acids) from the medium 

(Paper II). Next we investigated initial surface reactions and the formation of a biological 

interface in the presence of proteins (serum) for the three biomaterials. The major findings were 

that in the presence of proteins BO underwent a surface charge reversal, all three biomaterials 

adsorbed proteins on the surface and all three biomaterials altered the chemical composition of 

the cell culture medium (Paper III-IV). Silicon (Si), which was released from BO as well as from 

BG, is interesting in relation to bone health. Positive effects of BG Si dissolution products on 

osteoblasts have been reported earlier. In the present study inhibitory interactions of Si on the 

RANK/RANKL/OPG signaling pathway as well as with gap junction intercellular 

communication in vitro are reported. These new findings implicate that Si could potentially be 

beneficial for patients with imbalance in bone remodeling (osteoporosis) and treatments of bone 

defects (Paper V). In conclusion, biomaterials of different origins interact with a solution 

resembling the extracellular tissue fluid. The dissolution-precipitation reactions are influenced 

by the material concentration used and should be taken into consideration when designing 

experiments and when biomaterials are used clinically. The presence of proteins will influence 

surface reactions, the formation of the biological interface and have implications on cellular 

responses. Possible dissolution products from the biomaterials should be investigated.  Si, a 

dissolution product, is shown to have an inhibitory effect on osteoclastogenesis and bone 

resorption in vitro. Potential clinical value of Si in treatment of patients with bone defects 

should be further investigated. 
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1. Introduction 

Bone graft substitute materials are becoming more common as alternative 

therapy strategies when bone defects in patients need to be treated (Fig. 1). 

The interaction between bone cells and biomaterials occur at the surface of 

the materials. A great deal is known about the importance of surface 

topography and physic-chemical properties of biomaterials. It is also known 

that cells require proteins in order to interact with biomaterials. Less is 

known about how material properties and proteins interact forming the 

biological interface that cells will be exposed to, and that might determine if 

new bone is formed or not in the patient. The overall aim of the present 

thesis was to systematically investigate bone graft substitute material surface 

reactions and the interface in order to better understand how biomaterials 

may promote bone formation and possibly influence bone remodeling. 

 

 

Fig 1. Illustration of bone defects in patients later treated with bone graft materials.                  
(a) Cranial reconstruction using adipose-derived stem cells and beta-tricalcium phosphate 
granules [1]. (b) Treatment of an intrabony periodontal defect using guided tissue regeneration 
and BO [2] . (c, d) Treatment of benign bone tumors and tumor-like lesions using biphasic bone 
substitute and fibrin sealant [3]. (Images reprinted with kind permission from copyright 
owner.)  
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1.1 Bone – a short overview 

There are 206 named bones in the human body that make up the skeletal 

system [4]. The skeletal system has several functions such as providing a 

ridged framework to support the body, protection of inner organs, facilitate 

body movement, harboring bone marrow involved in hematopoiesis and act 

as a primary reservoir for mineral salts (e.g. calcium and phosphate) [4, 5]. 

The skeletal bones can be classified either by their shape (long, short, flat or 

irregular bones) or be subdivided by the position they have in the skeletal 

system. The two subdivisions are the axial and the appendicular skeleton. 

The axial consists of the skull, the vertebral column, sternum and ribs, 

whereas the appendicular are all other bones (upper and lower extremities) 

[4, 5]. Every bone of the skeleton is an organ in itself since it comprises 

several different tissues; bone tissue, hematopoietic tissue, nerve tissue, 

adipose tissue, blood vessels and sometimes hyaline or articular cartilage [4-

6]. Bone tissue is a specialized form of connective tissue, consisting of bone 

cells and a bone matrix (extracellular matrix) that can mineralize. Calcium 

and phosphate are stored in the bone as hydroxyapatite-like mineral 

[Ca10(PO4)6(OH)2] when newly formed bone matrix is mineralized. In the 

bone tissue approximately 65-70% of the dry weight can be accounted to the 

inorganic hydroxyapatite. The remaining, organic, 30-35% are comprised of 

collagenous (90%; type I collagen) and noncollagenous proteins (10%) [6-9]. 

It is believed that the noncollagenous proteins are essential to bone and may 

influence mineralization processes, cell proliferation, attachment and 

activity. The three main groups of noncollagenous proteins are: 

proteoglycans, glycoproteins and γ-glutamic acid-containing proteins 

(vitamin K-dependent). In addition to the three major structural protein 

groups there are also some growth factors and cytokines that can be assigned 

to the noncollagenous proteins (e.g. bone morphogenetic proteins) [6, 10].  

During embryonic development three distinct embryonic cell linages will 

contribute to the formation of the different parts of the skeleton. Neural crest 

cells will give rise to the craniofacial skeleton, axial skeleton will be derived 

from the sclerotome cells from the somites and lateral plate mesoderm cells 

will give rise to the remaining appendicular bones [11, 12]. Two distinct 

forms of bone formation, osteogenesis, exists: endochondral ossification and 

intramembranous ossification. The two processes are distinguished by 

whether or not the ossification is preceded by a cartilage precursor (i.e. 

endochondral ossification). Bones formed without previously being modeled 

in cartilage (i.e. intramembranous ossification) are the flat bones of the skull 

and face, the mandible and the clavicle [12].  Classically three types of bone 

cells are defined: osteocytes, osteoblasts and osteoclast. However, 

morphologically and histologically sometimes osteoprogenitor cells 

(osteoblast precursor cells) and lining cells (inactive surface osteoblasts) are 
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also identified and discussed [6, 13, 14]. Osteocytes are the most common of 

all bone cells and often regarded as a differentiated osteoblast embedded in 

the mineralized bone matrix. These cells are dendritic in shape, enclosed 

within a lacunocanalicular network and connect with neighboring osteocytes 

through branching cytoplasmic processes connected via gap junctions 

(intercellular transmembrane channels facilitating communication between 

adjacent cells)[13, 15, 16]. 

 

1.1.2 Osteoblast 

Osteoblasts arise from multipotential mesenchymal stem cells capable of 

giving rise to a number of cell lineages such as adipocytes, myoblasts, or 

chondrocytes [14]. Transcriptional factors control phenotype-specific gene 

expression. Studies concerning the development of the osteoblast phenotype, 

from the osteoprogenitor proliferative cell to the osteocyte embedded in the 

extra cellular matrix, suggest a temporal sequence of differentiation 

involving active cell proliferation, expression of osteoblastic markers,  

 
Fig 2. Illustration of MSC differentiation into osteoblasts [17]. 

(Images reprinted with kind permission from copyright owner.) 
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synthesis, deposition and maturation of a collagenous extra cellular matrix 

and, matrix mineralization. Runx2 is an essential transcription factor 

necessary for osteoblasts differentiation and transcription of osteoblast-

related genes (e.g. alkaline phosphatase, osteocalcin, type I collagen, 

osteopontin and bone sialoprotein). Osterix is another factor controlling 

osteogenesis and acts downstream of Runx2 [14, 18]. Osteoblasts produce 

both macrophage colony-stimulating factor (M-CSF) and receptor activator 

of NF-kB ligand (RANKL), which are critical and necessary factors for 

osteoclastogenesis. Osteoblasts/stromal cells also produce osteoprotegerin 

(OPG), a soluble decoy receptor for RANKL that inhibits both differentiation 

and function of osteoclasts. Thus, osteoclast differentiation, formation, and, 

to a lesser degree, activation absolutely depend upon the proximity and 

products of the osteoblast [19, 20].  

 

1.1.3 Osteoclast 

“The osteoclast remains one of the most complex and fascinating cells of the body. These cells 

are destructive yet delicate, short-lived but highly active, modest in numbers but recognized as 

the only cell of the body capable of degrading and removing large quantities of bone.” [21].   

This introduction by Edwards & Mundy (2011) captures the essence of the 

osteoclast. Originating from the hematopoietic cells of the monocyte-

macrophage linage the osteoclast progenitor cells are committed to 

becoming active osteoclasts through a series of steps involving regulatory 

factors as well as cell-to-cell interactions [22-24].  

 
 

Fig 3. Illustration of osteoclastogenesis [21]. 
(Images reprinted with kind permission from copyright owner.) 
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RANKL, OPG and M-CSF are factors crucial in osteoclast differentiation and 

activation produced by osteoblasts/stromal cells in response to different pro-

resorptive and calciotropic factors. RANKL binds to receptor activator of NF- 

kB (RANK), expressed on osteoclast precursors and mature osteoclasts, and 

activates several signaling pathways. One downstream pathway activates 

PLC and ITAM-dependent co-stimulatory signals. This cause a rise in 

intracellular Ca2+, and induction of the transcription factor NFATc1 and 

other factors important in osteoclastogenesis (TRAF6, c-fos) and gene 

expression for osteoclast specific markers (tartrate resistant acid 

phosphatase (TRAP), calcitonin receptor (CTR), Cathepsin K (Cath K) and 

RANK ) [23]. 

In order for osteoclast to resorb bone, osteoclasts need to bind tightly to the 

mineralized bone surface. This binding is mediated by integrin aνβ3 

interaction with matrix proteins containing the ArgGlyAsp (RGD) motifs. 

The bone resorbing cell is polarized with a ruffled border membrane 

exporting protons to the sealed zone, via a proton pump, thus creating a low 

pH that can dissolve the mineral component of bone. In addition, osteoclast 

contribute to the degradation of the organic part of the matrix by matrix 

degrading proteases (Cath K, TRAP and matrix metalloproteinases (MMPs)) 

[21, 25]. 

 

1.1.4 Gap junction cell-cell communication 

Bone cells are organized in cellular networks and this bone cell society is 

crucially dependent on highly organized signaling systems in order to control 

and coordinate the remodeling process.  Morphological studies in rat bone 

tissue have indicated gap junctions between osteoblasts, osteoblasts-

osteocytes, and between osteocytes [26]. Gap junctions provides a fast  

communication system and permit the transit of ions, second messengers 

(Ca2+, cAMP) and small molecules (up to 1 kDa) between adjacent cells. A 

gap junction hemi channel, connexon, is formed by six gap junction protein 

subunits, connexins, (Cx) which docks with a corresponding structure in a 

neighboring cell. Gap junctions can be regulated at many levels by factors 

such as membrane voltage, pH, phosphorylation state, and biochemical 

signals. Gap junctional communication (GJC) plays a crucial role in many 

aspects of cell differentiation, growth and proliferation. There is a large body 

of evidence implicating that GJC is important in regulation of osteoblast 

differentiation and function. A functional coupling between osteoblast-like 

cells mainly composed of Cx 43 protein subunits has been demonstrated in 
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osteoblasts. In line with this, Cx 43-null mice exhibits delayed skeletal 

mineralization, craniofacial abnormalities and osteoblast dysfunction. Thus, 

gap junction coupling seems to be required for osteoblast differentiation and 

the formation of bone matrix and mineralization [27, 28]. Far less is known 

concerning the role of intercellular gap junction communication in the 

regulation of osteoclast recruitment and the bone resorption process. 

Ilvesaro et al. demonstrated Cx 43 immunoreactive sites in rat osteoclasts in 

vitro and a gap-junction inhibitor decreased the number and size of bone 

resorption pits [29]. We have reported expression of Cx 43 mRNA in mouse 

bone marrow cultures and in a pure population of micro-isolated osteoclasts. 

Moreover, Cx43 mRNA expression was demonstrated in bone resorption 

cultures and was up-regulated when bone resorption stimulated with PTH or 

vitamin-D3. Furthermore, pharmacological inhibitors of gap junction 

intercellular communication clearly reduced the number of resorption pits 

formed by osteoclasts incubated on bone slices without any reduction of the 

number of TRAP-positive cells or signs of cytotoxic effects [30]. We have also 

reported an up-regulation of Cx 43 gene expression in relation to increased 

osteoclast formation in mouse bone marrow cultures. Gap junction 

communication seems to be important in mediating signals crucial for 

differentiation and fusion of osteoclasts. Our results suggest that gap 

junction-mediated signals in osteoclastogenesis is acting downstream of 

RANK-RANKL [30, 31]. An interesting question is if gap junction-mediated 

signals interact with other signaling pathways and molecules important for 

bone remodeling. Considering the important role for gap junction 

transferred signals in normal osteogenic differentiation, it is suggested that 

that GJIC is a platform to modulate craniofacial tissue engineering [32, 33]. 

In line with this, GJIC could be a novel strategy to control the bone 

developmental processes initiated by biomaterials [34, 35]. 

 

1.1.5 Bone healing and bone remodeling 

Bone is a dynamic and living tissue with a remarkable capacity to repair and 

regenerate in response to injury, fractures or during osseointegration. Three 

to four consecutive healing phases have been suggested. Stage one involves 

hematoma formation and inflammation (minutes-hours). This stage is 

followed by the repair stage where a soft callus is formed (within a few days) 

and transformed gradually into a hard callus, over a period of up to 8 weeks. 

The final stage of healing involves the remodeling of the hard callus into 

bone and over a time period of 3-6 months the new bone will gain the same 

properties as original bone [4, 9, 36-38]. 
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Bone remodeling is a process which involves both bone resorption and bone 

formation in a locally coupled and balanced process between osteoblasts and 

osteoclasts. Remodeling is important for mineral homeostasis as well as for 

repair of bone tissue [12, 20, 39]. The bone remodeling can be described in 

five stages: activation, resorption, reversal, formation and termination phase 

[20]. 

 

1.1.6 Silicon  

In 2004, the European food safety authority (EFSA) concluded that the 

essentiality and functional role for silicon has not been established due to 

insufficient data. However, accumulating evidence strongly suggest that 

silicon intake is important for bone formation and skeletal health. 

Silicon occurs in nature as silica and silicates which have very low 

bioavailability. Dissolution products, mainly orthosilicic acid (OSA; 

Si(OH)4), are found in plants and algae and drinking water. OSA is the most 

readily bioavailable source of silicon and high levels of OSA are found in 

fruits, grains, cereals, rice, seafood and beer [40]. The fasting serum levels of 

silicon increase after dietary silicon intake in rats and humans. Although 

silicon is eliminated from plasma into urine within 4-8 hr following 

ingestion, some of the silicon is likely to be taken up by tissues. Studies in 

rats demonstrate high levels of silicon present in bone and other connective 

tissues and it is assumed to be the same in humans. Chemical analyses of 

vertebrae in mice after 8 weeks feeding with excessive dietary silicon 

demonstrated a significant increase in silicon content in bones[41]. The 

relation between ingested silicon, plasma levels and accumulation in bone in 

humans remains to be studied.  

In animals a silicon deprivation result in skeletal defects, thinner legs and 

decreased mineral content. Already in 1972, Carlisle and Schwartz reported 

that silicon is essential for bone formation in the chick and rat. A short-term 

supplementation of soluble silicon improved bone mineral density in rats 

with OVX-induced osteoporosis [42]. In the Framingham offspring cohort a 

higher intake of dietary silicon was significantly associated with higher bone 

mineral density (BMD) in men and in pre-menopausal women. A significant 

effect of silicon on BMD was demonstrated also in post-menopausal women 

if combined with hormone replacement therapy [40], and, furthermore, 

choline-stabilized OSA increased the stimulatory effect of calcium and 

vitamin D3 on bone formation markers in osteopenic women [43]. It is not 

clear what the mechanism is that mediates the positive effects of silicon on 

bone. It is suggested that silicon crosslink extracellular matrix proteins in 
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bone but it is also reported to stimulate osteoblast synthesis of collagen I and 

other markers of bone formation. Animal studies have shown that 

supplemental Si inhibits bone loss and increases femoral BMD above that of 

controls, suggesting that Si may have both anti-resorptive and anabolic 

properties [44]. 

 

1.2 Bone graft substitute materials 

The etiology of a bone defect varies, but regardless if it was acquired as a 

congenital deformity, by injury or due to a pathological processes it is a 

strain on the patient and on society [45]. It has been suggested that 5-10 % of 

all fractures have a delayed or impaired healing [46]. Approximately 2.2 

million bone grafting procedures are performed annually worldwide, making 

bone the second most commonly transplanted tissue [47]. Harvesting bone 

from the patient (autologous bone graft) is still considered the golden 

standard [48]. Despite being the treatment of choice the amount of tissue 

that can be harvested is limited. It has also been reported that the risk of 

complications at the donor site ranges from 8-39% [47]. This has increased 

the use of alternatives to autologous bone graft for bone repair such as 

hydroxyapatite of natural origin (algae - and bovine bone-derived) and 

synthetic bioceramic (calcium phosphate and bioactive glass) materials [49].  

Bioactive glasses are silica-based ceramic materials that have different 

bioactivity and bone bonding properties depending on chemical 

composition. Bioactive glass 45S5 (BG) has been used in different shapes 

and for reconstruction of craniofacial and periodontal bone defects. Biopsies 

from maxillary sinus elevation with BG showed that the glass particles 

became excavated and their centers gradually filled with bone tissue. All BG-

particles had disappeared 16 months after grafting and was completely 

replaced by bone tissue. BG is known to release ionic dissolution products 

(Na, Ca and Si) when incubated in a solution [50, 51].  Using the conditioned 

medium containing the dissolution products Xynos et al (2000) could 

demonstrate induction of insulin-like growth factor II (IGF-II) mRNA 

expression in osteoblasts [52]. It was later also demonstrated that using BG 

conditioned medium induced protein synthesis and formation of mineralized 

bone nodules. The authors postulated that the effect seen of the conditioned 

medium was due to the increase of Si ions in the medium [53]. Since silicon 

is a major dissolution product from BG, it has been proposed to play a 

critical role for the osteogenic effects of BG [54-57]. Several other inorganic 

ions, which might be released as dissolution products from biomaterials, 
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have been suggested to be important for bone repair (e.g. magnesium, 

strontium, zinc, copper, cobalt and boron) [58-60].  

1.3 Biological interface  

After a material is implanted in a bone defect a solid-solution interface is 

rapidly established between the biomaterial surface and the surrounding 

solution.  The formation of a biological interface will start when protein are 

adsorbed on the material surface. The presence of proteins is crucial for the 

material-cell interaction(s) and the following attachment of cells [61, 62]. 

Interface properties (through physicochemical processes, surface topography 

and nano-scale structures) will regulate cell functions and gene expression 

[63-65].  

 
 

Fig 4. Illustration of a solid-solution interface and a biological interface 

Since bone strength is related to coordinated formation and resorption in a 

physiological adaptation it is important to understand how the biomaterial 

may regulate both bone forming osteoblasts as well as bone resorbing 

osteoclasts. Before the material can be used for clinical applications, it 

should have been studied in vitro to examine the biological responses. In 

order to relate the results from in vitro experiments to the clinical situation, 

it is crucial to consider the experimental setup, cell type and analyzing 

techniques carefully when investigating cell/biomaterial interactions [34, 65-

68]. 
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2. Aims 

The overall aim was to systematically investigate bone graft substitute 

material surface reactions in a biological medium in order to better 

understand how biomaterials interact with bone cells activities and bone 

remodeling.  

 

Specific aims of the present thesis were: 

 To systematically investigate initial surface and interface reactions of 

three bone graft substitute materials (BG, BO and AP) using an in vitro 

model system based on a biological medium with or without the addition 

of serum proteins (FBS).  

 

 To examine the biological interface of BO and the osteogenic response 

when osteoblast-like cells were added to the in vitro model system 

 To study the solid-solution interfaces of bone graft substitute materials, 

in the in vitro model system based on cell culture medium, using XPS 

with fast-frozen technique. 

 To investigate effects on the biological interface when serum (proteins) 

was added to the in vitro model system based on cell culture medium, 

using XPS with fast-frozen technique. 

 

 To study the in vitro effects of BG ionic dissolution product and Si on 

osteoclastogenesis and bone resorption and signaling pathways 

important for osteoclastogenesis and bone resorption. 

 

 



 

11 

3. Material and Methods 

The material and methods section has deliberately been kept short since the 

methods and materials used have been more comprehensively described in 

each paper.  

 

Table 1. Summary of methods used 

Method What is detected/ Used for Paper 

ICP-OES Trace elements I,III,V 

45Ca-isotop labeling Calcium isotope I,III 

Osteoblast cultures 

(a) Mouse marrow stromal cells 

(b) Rat calvarial cells 

(c) MC3T3T-E1 

 

Mineralization assay 

Cell morphology 

 

I 

Mineralization assay Nodule formation I 

Toluidine blue staining Cell morphology I 

von Kossa staining Phosphate binding I 

Alizarin red S staining Calcium binding I 

Light microscopy Cell morphology I,V 

BET measurements Surface area and pore size II, IV 

 

XPS (fast-frozen technique) 

Surface chemical composition 

Surface charge 

Biological interface 

 

II,III, IV 

SEM/EDX Surface morphology 

Surface chemical composition 

III 

RNA isolation, cDNA synthesis and 

qPCR 

Gene expression V 

TRAP staining TRAP positive multinucleated cells V 

Flow cytometry (Propidium Iodide) Toxicity (necrosis/apoptosis) V 

Neutral red uptake assay Cell viability/toxicity V 

Bone resorption assay (45Ca) 45Ca-release V 

Osteoclast formation assays 

(a) Mouse bone marrow cultures 

(b) RAW264.7 cells 

 

Osteoclast-like multinucleated cells 

 

V 
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3.1 Animals 

CsA mice from our own inbred colony were used in some of the experiments.  

The animals were kept at the university animal facilities and any experiment 

involving an animal was conducted after the animal had been sacrificed. 

Animal care and experiments were approved by the Animal Ethics 

Committee at Umeå University (approval no. A27-07 and A40-10) and are 

also in accordance with European Communities Council Directive 

(86/609/EEC). 

 

3.2 Osteoblast culture 

Mesenchymal stem cells differentiate into mature fully developed osteoblasts 

that can produce and mineralize bone matrix. Gene expression will thus vary 

with differentiation stages of the cells. Three differentiation stages of 

osteoblast-like cells were used: mouse marrow stromal cells, primary rat 

calvarial cells and MC3T3-E1 mouse pre-osteoblast cell line. 

 

3.3 Bone graft substitute materials 

Three bone graft substitute materials were used as model system materials in 

several of our studies. The three bone graft substitute materials used were: a 

synthetic (45S5 Bioglass®), a natural bovine derived (Bio-Oss®) and an algae 

derived material (Frios® Algipore®)  

 

3.4 Dissolution extract medium 

Samples for ICP-OES analysis were prepared by weighing 0.005, 0.025, 

0.05, 0.1, 0.25, 0.5 g of Bio-Oss respectively in test tubes before adding 5 mL 

of α-MEM. These sample concentrations correspond to 0.1, 0.5, 1.0, 2.0, 5.0 

and 10.0% weight /volume. Samples were incubated in 37°C for 24 h, 72 h or 

168h and thereafter the solutions were pipetted to new test tubes. Final 

solutions were analyzed with Optima 2000 DV ICP-optical emission 

spectrometer.  
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3.5 Silicon containing medium 

Silicon containing medium was prepared by modifying a method previously 

published by Sripanyakorn et al. [69]. The cell culture medium did not 

contain any measurable amounts of silicon. At all times was the silicon 

containing medium prepared and kept in plastic vessels (i.e. no glass vessels 

were used for the silicon containing medium, due to the risk of 

contamination).  Concentrated sodium silicate solution was used to prepare 

a stock solution containing 350 µg/mL of Si (0.1 mL of concentrated sodium 

silicate solution to 49.9 mL of α-MEM). The pH was adjusted to 7.0-7.2 

using 6M HCl before 10% FBS was added. Final concentrations of 0-200 

µg/mL Si solutions were prepared by diluting the stock solution with α-MEM 

+ 10% FBS. Silicon concentrations were confirmed using ICP-OES analysis. 

 

3.6 ICP-OES 

Spectra for emission wavelengths (nm) Calcium (Ca) 317.933, Phosphorous 

(P) 213.617, Silicon (Si) 251.61, Sodium (Na) 330.273 and 589.592 were 

recorded. Five different standard solutions containing 0, 1, 10, 50 and 100 

μg/mL Ca, P, Si and 0, 20, 200, 1000 and 2000 μg/mL Na were prepared in 

order to obtain calibration curves.  

 
Fig 5.  a) ICP-OES instrument. b) The plasma torch. c) Ionization of sample. d) Element 
specific light emission. e) Concentration of sample correlated to the standard curve. 
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In all standard solutions 10% α-MEM was added to resemble the sample 

solution matrix. The stability of the calibration curve was assured by 

periodical remeasurement of the standard solutions during analysis.  

 

 

3.7 45Ca-isotop labeling 

Calcium precipitation on material surface were assessed using an calcium- 

45 isotope labeled medium (+10% FBS).  

 

 

Fig 6.  a) Biomaterial is added to the Calcium-45 containing medium. b) Calcium-45 
precipitated on the material and the amount of isotope remaining in the medium is analyzed 
using a liquid scintillation system.    

 

 

3.8 Surface analysis 

There are number of different techniques available to study a surface.  

Several properties of the surface (e.g. topography, chemical composition and 

structure) are needed to understand surface behavior. No single technique 

can provide all this information [70]. We have used Scanning Electron 

Microscopy (SEM) give an image of the surface and elements can be detected 

using Energy Dispersive X-ray (EDX) analysis. However, due the penetration 

depth of the electron beam signals from the bulk will also be detected. EDX 

is thus not always regarded as a surface analysis method [71]. X-ray 

photoelectron Spectroscopy (XPS) was used as the principle technique to 

study the material surfaces. Using the fast-frozen technique the solid-

solution interface could also be analyzed [72, 73].  



 

15 

 
Fig 7. Illustration of different methods used to study a surface [74]. (Images reprinted with kind 
permission from copyright owner.) 

 

3.9 Mineralization assay 

Mineralization was detected using Von Kossa staining and Alizarin red S 

staining. Von Kossa detects phosphate and Alizarin red S was used for 

calcium detection. 

 

3.10 Toluidine blue staining 

Toluidine blue (TB), also known as tolonium chloride, is a commonly used 

dye in histology. TB is a basic (cationic) dye and reacts with anionic 

components of cells and tissue.  An acidic dye has a net negative charge on 

the dye portion of the molecule and can be described by the general formula 

[Na+dye-]. The basic dye has a net positive charge on the dye portion of the 

molecule and can be described by the general formula [dye+Cl-] [75].  
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Fig. 8 MC3T3-E1 cells stained with Toluidine blue dye.  Cells as well as cell nuclei are clearly 
outlined. Original magnification 40x. 

TB can bind to anionic components of nucleic acid (phosphate groups), 

proteoglycans and glycosaminoglycans (sulfate groups) as well as proteins 

(carboxyl groups). The reaction of a basic dye is dependent on what anionic 

groups are ionized and available for chemical reactions with the basic dye 

and the availability of the anionic groups are pH dependent [75-77]. 

 

3.11 Cell viability/toxicity 

A number of different methods exist to analyze cell viability/toxicity. 

Common approaches can be to demonstrate metabolic activity and/or cell 

membrane integrity as a prof of viable cells. Cell toxicity/ cell death could on 

the other hand be proven by leakage of dyes into a cell or leakage of 

cytoplasmic molecules out from a cell.  We have used two methods:  1) flow 

cytometry and Propidium Iodide (PI) labeling to assess cell toxicity and 2) 

NR assay for viability/proliferation.  

3.11.1 Flow cytometry PI 

In flow cytometry each cell is passed through one or more laser beams 

producing a light scatter that is detected. This means that for each cell data 

will be collected regarding size (forward scatter), granulation (side scatter) 

and if labeled with fluorochromes information about surface molecules, DNA 

contents, proteins and intracellular activities can be detected [78]. PI 

labeling is a well-established method for analyzing apoptosis. PI is a 

fluorochrome that can only enter a disrupted cell membrane and then binds 

to DNA [79]. The FL3 channel was used to detect PI binding to DNA. 
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3.11.2 Neutral Red uptake assay 

Neutral Red (NR) uptake assay is also a commonly used method to assess 

cell viability/cell toxicity. NR is a week cationic dye that can penetrate the 

cell membrane by passive diffusion. The dye binds to lysosomes in the cell. 

Once inside the lysosome the dye acquires a charge due to the internal 

lysosomal pH and is only released if the pH gradient is reduces, as in the case 

of cell death. It has been demonstrated that the amount of dye in a cell is 

proportional to the number of cells [80]. The amount of dye in the cells is 

quantified spectrophotometrically.  

 

3.12 Bone resorption 

Bone resorption was studied in a mouse calvarial model system. Release of 

calcium-45 isotope from the pre-labeled bones to the medium was used as a 

measure of osteoclast bone resorption activity.  

 

Fig. 9 a) Calcium-45 prelabeld calvaria were dissected and cut into smaller pieces. b) After 
culturing the calvarials the amount of isotope released into the medium from the bones was 
assessed using a liquid scintillation system.    
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3.13 Gene expression 

Using quantitative real-time RT-PCR mRNA expression important for 

osteoclastogenesis as well as cell-cell communication was detected. Using the 

relative standard curve method mRNA expression was computed from target 

Ct values and β-actin values.  

 

3.14 Osteoclast 

Mouse bone marrow cells as well as RAW264.7 cell line was used to study 

osteoclastogenesis. Multinucleated (>3 nuclei) and TRAP positive cells were 

counted as osteoclast. Previously we have shown that multinucleated TRAP-

positive cells formed in the mouse marrow cultures can resorb bone slides 

and show phenotypic markers (e.g. CTR and Cath K) for differentiated 

osteoclasts [81].  

 

 

 
 

Fig. 10 Mouse bone marrow isolation, multinucleated TRAP positive cells and phenotypic 
markers (e.g. CTR, Cath, K, TRAP and RANK). Pictures courtesy of Dr. Maria Ransjö 
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4. Results and Discussion 

4.1 Experimental setup 

To understand why and how bone graft substitute materials facilitate or 

promote new bone formation in this complex environment it is important to 

study materials effects on the biological environment. It is equally important 

to study the environmental effects on the materials itself. Bone formation, 

bone remodeling and osseointegration are all processes that depend on 

cellular activities. The interactions are very complex and several parameters 

influencing the bone formation have been suggested or described (e.g. 

chemical and physical properties of the material, surface topography and cell 

type). [61, 67, 82]. Physiological bone remodeling is dependent on an 

intricate balance between the bone-forming cells and the bone-resorbing 

cells (osteoclasts) as well as interactions with osteocytes. Thus, an important 

question is how biomaterials may influence the remodeling process. All 

cellular activities (cell adhesion, proliferation, differentiation and cell-cell 

interactions) are regulated by systemic and local factors, signaling pathways 

and cell-cell communication. We have aimed to systematically investigate 

early surface reactions of three bone graft substitute materials using an in 

vitro model system based on a biological medium. From our results we can 

conclude that BG, BO and AP all altered the composition of the surrounding 

solution (cell culture medium).  This change in ion concentrations is 

necessary to take into consideration when designing experimental system 

with biomaterials and cells. We believe it is important to study material-cell 

interactions require that all analyses are performed in a milieu where cells 

can be cultured. In doing so the results obtained would be more relevant for 

comparisons with the in vivo situation. The schematic illustrations presented 

below are to be regarded as hypothetical and conceptual ideas of actions 

occurring at different time points in order to give an overview of our results 

in relation to what is already known.  

 

4.1 Biomaterial-cell interface 

Our model system is based on three clinically used and commercially 

available bone graft substitute materials (BG, BO, and AP). The rationality 

for the choice of materials is that size, physical and chemical properties are 

known. An even more important reason is that all the materials have 

demonstrated new bone formation in vivo [55, 83, 84]. We have used BG as 

a reference material since it has a well-defined chemical composition and 

has been extensively studied with regard to surface reactions [51]. The initial 
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step in our model system was to investigate material behavior in α-MEM cell 

culture medium. In order to draw conclusions from the cell-biomaterial 

studies, surface reactions of the materials need to be studied in the same 

medium/solution as cell cultures. Material surfaces of BG, BO and AP (1% 

w/v) “as received”, after 1 day incubation or after 7 days of incubation in α-

MEM (without FBS) were analyzed with SEM/EDX. SEM micrographs of BG 

demonstrated a gradual loss of surface roughness after incubation in cell 

culture medium. A Ca/P ratio, similar to what has previously been reported 

for BG [85], could also be detected using EDX analysis. 

 

Fig 11. Concept illustration of initial solid-solution reactions after bone graft substitute  

material implantation.  

Formation of a Ca-P layer on the BG surface has also been reported using 

SBF [51, 86, 87]. Apatite layer formation on a biomaterial surface in SBF has 

broadly been accepted as a materials ability to bind to living bone. This 

binding ability in vitro is used as a predictor of a materials “bioactivity” in 

vivo [88]. Although tempting to use a method with the outcome measure 

apatite layer formation or not, it would be to oversimplify the complexity of 

the in vivo situation. SBF is lacking organic components and it has been 

demonstrated that adding proteins to the solution will delay the formation of 

the Ca-P layer [89-92]. Questions of how useful the SBF tests actually are 

have been raised [93, 94].  The authors to the article “Apatite-formation 

ability – Predictor of „„bioactivity”?” take the discussion one step further 

when criticizing the use of SBF and write: 
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“Consequently, although apatitic mineral is the principal component of bone and tooth, a non 
biological prediction of bioactivity in vivo is essentially meaningless”. /…./ “However, even 
adding growth factors to SBF would be pointless in the absence of osteoblasts. Thus, the entire 
concept appears to be ill-conceived, being both chemically and biologically irrelevant to the 

main question.”[95]  

Material testing in SBF might have its merits. However, if the “true” 

material-cell interactions are to be understood analyses have to be carried 

out in a relevant system and cells need to be present. The concept of study 

relevance for in vivo models has also been discussed for the relationship 

between material architecture and biological responses and a new approach 

in six steps was suggested by Bohner et al [96]. This concept is well in 

agreement with what we have suggested.  

Our SEM/EDX analysis of BO and AP did not demonstrate any major 

changes of the surface morphology or chemical composition when studied 

for up to 7 days in α-MEM. However, detecting small changes in surface Ca 

and P concentrations of materials with a calcium phosphate bulk can prove 

to be somewhat problematic due to the probing depth the EDX data 

originate from. The formation of a Ca-P layer on the BG surface has been 

studied comprehensively and at least five dissolution-precipitation reaction 

stages have been described [50, 97]. To our knowledge, dissolution-

precipitation reactions for BO and AP have not been studied earlier. Our 

results demonstrate time and does-dependent changes of ions in the cell 

culture medium after incubation with the materials. This finding is 

interesting since a number of in vitro studies on BO have reported negative 

effects of the material regarding cellular activities (e.g. proliferation, 

attachment and gene expressions) [98-101]. It is also problematic that the 

amount of material used in different studies is not always reported, which 

makes it hard to draw any conclusions about the results reported. Si release 

from BO was a surprising finding and might reflect that BO has a biological 

origin. Had we not actively been monitoring for Si ions, then we might not 

have detected it. This raises the question if any other ions of importance for 

bone function are released and what clinical relevance this might have. Next 

step in our model system was to add serum and cells. 
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Fig 12. Cell-material interaction. Proteins are needed for cells to attach. Integrin-RGD mediated 
signaling, cell-cell communication, as well as local and systemic factors will initiate cellular gene 
expressions. 

  

 
 

Fig 13. Formation of bone matrix 

When material effects (dissolution-precipitation reactions) on the 

experimental setup were taken into account an osteogenic response could be 

detected in close contact with the BO particles.  It can be concluded that the 
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amount of material used in the experimental model will be a key parameter 

for the in vitro results obtained.   

 
 

 

 
 

Fig 14. Osteoid formation and initiation of the mineralization process. 

 

XPS analyses with fast frozen technique demonstrate that BG and AP acquire 

a positive surface charge and adsorb organic molecules from the cell culture 

medium. BO on the other hand gained a negative surface charge and no 

organic components could be detected on the surface. Adding 10% serum 

resulted in a charge reversal for BO and adsorption of organic molecules 

despite differences in chemical composition and surface structure. Protein 

conformation and orientation at the interface could determine what part of 

the protein that will be exposed to cells. Serum proteins, such as vitronectin 

and fibronectin, contain the RDG sequence needed for cell attachment. 

RGD-Integrin mediated attachments are known to induce intra cellular 

signaling [102-105]. It should also be further investigated if the protein layer 

in itself could function as barrier regulating the interaction at the interface. 

Surface properties such as topography might influence the protein 

adsorption and conformation. It has also been demonstrated that surface 

topography can influence gap junction communication which could also 

depend on cytoskeletal tensions [34, 106]. The osteogenic response seen in 

close contact with BO (demonstrated with Von Kossa and Alizarin red S) 

could be due to surface properties and protein adsorption.  
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4.2 Effects of Si on osteoclastogenesis and bone 
resorption 

Earlier studies have mainly focused on effects of dietary Si on bone health 

and in relation to bone formation and osteoblast functions [44, 107-109]. 

There are results suggesting that Si might suppress bone resorption and 

number of osteoclast in ovariectomized rats [110-112]. However, direct 

effects of Si on osteoclasts formation and functions have not been reported 

earlier. In our study we demonstrated that BG dissolution extract inhibits 

osteoclastic bone resorption in an organ culture system. The BG extract also 

inhibited osteoclast formation in the mouse bone marrow system as well as 

in the RAW264.7 cell line. Although Si was released from the BG to the 

medium it cannot be excluded that changes in pH, Ca and P ion 

concentrations could have contributed to the inhibitory effects on bone 

resorption and osteoclast formation. To investigate if the inhibitory effects 

seen with the BG extract were caused by Si, media with known 

concentrations of the ion were prepared. The Si containing medium 

inhibited bone resorption and osteoclast formation. Results suggest that Si 

acts on osteoclast precursors through interaction with the 

RANK/RANKL/OPG signaling pathway and that gap junction intracellular 

communication could also be involved.  Si concentrations used were 

nontoxic.  Si releasing materials that promote osteoblast bone formation and 

inhibits osteoclast formation and function might be of clinical relevance at 

an initial stage. Si is not considered to be an essential trace element for 

human health today. However, should molecular mechanism for Si on bone 

cells be established it could prove to be a cost effective way of treating bone 

loss in patients. 

 

 

 

 

 

 



 

25 

5. Conclusion 
 
The overall conclusion is that the three bone graft substitute materials (BG, 

BO and AP), despite different origin and chemical composition, all interact 

with surrounding solution through dissolution/precipitation reactions. The 

formation of a biological interface is dependent on the chemical composition 

of the solution used as well as on the presence of serum proteins. Ionic 

dissolution products released from the bone graft substitute materials can 

also interact with the surroundings. To understand cellular/biological 

responses it is important to choose a biologically relevant experimental 

model system.  It is necessary to study bone graft substitute materials both in 

vivo and in vitro in order to understand how the materials interact with 

bone cells and bone remodeling. 

 

 From the results in the thesis it can be concluded: 

 

 The experimental setup has a profound impact on the formation of the 

biological interface. BG, BO and AP interact with surrounding solutions 

through dissolution- precipitation reactions. Dose and time-dependent 

behavior of bone graft substitute materials should be examined in a 

biologically relevant model system prior to performing studies with bone 

cells.  

 

 BO, generally considered as being osteoconductive, interacted through 

dissolution-precipitation reactions with the surrounding solution. Si was 

released from BO, but the concentrations varied and were batch 

dependent. An osteogenic response could be obtained in the presence of 

osteoblast-like cells. A key factor for results obtained in an experimental 

study is the concentration of the bone graft substitute material used, and 

might also be of importance when treating bone defects in patients 

 

 XPS with fast-frozen technique is a useful method to acquire additional 

information of chemical interactions occurring at the solid-solution 

interface of bone graft substitute materials. 

 

 Serum proteins adsorbed on the three bone graft materials and in the 

case of BO cause a surface charge reversal at the interface. Proteins 

adsorbed on the biomaterial might not only be essential for cell 

attachment, proliferation and differentiation, but could also function as 

a barrier regulating material behavior in a solution. Proteins are an 

integral part of the biological interface and should not be omitted in 
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experimental studies where bone cell responses to biomaterials are to be 

studied. 

 

 BG dissolution extract and particles had an inhibitory effect on 

osteoclast formation and bone resorption.  Results suggest that the 

inhibitory effects of BG/extract were caused by the release of Si from the 

material. However, it cannot be excluded that the inhibitory effects were 

caused by change of pH and/or concentrations of Ca and P in the cell 

culture medium. 

 

 Si, added to the cell culture medium, inhibited osteoclast formation and 

bone resorption. Results demonstrate that the inhibitory effects of Si are 

related to the RANK/RANKL/OPG signaling pathway as well as gap 

junction intercellular communication. Direct effects of Si on osteoclast 

precursor are suggested, although regulation via osteoblasts cannot be 

excluded.  
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6. Clinical relevance and future perspectives 
 

From a clinical perspective: 

Handling of the material before implantation might be of importance to the 

biological response. 

 
It is important that the practitioner has a solid and sound knowledge of what 

can be expected of a bone graft substitute material after implantation in a 

patient.   

 
A good understanding of the biological effects which bone graft substitute 

could exert on the surrounding tissues and cells could improve treatment 

outcome.  

 

 

Future perspectives: 

Future studies should address the identification of the specific proteins 

species adsorbed as well as protein confirmation in relation to material 

surface properties. 

 

Further studies need to be conducted to establish the molecular mechanisms 

for the Si actions on bone formation, bone resorption as well as bone 

remodeling process. 
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