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GENERAL INTRODUCTION 

 

Bone 

Bone is a dynamic tissue that forms a rigid skeleton. This rigid skeleton has several major 

functions providing a framework for the body, protection for internal organs, attachment 

sides for skeletal muscles, support for soft tissues, housing for bone marrow, and plays an 

important role in mineral homeostasis. Bone is composed of organic and inorganic 

components. The organic components mainly consist of collagen fibers and non-collagenous 

proteins, and the inorganic components are primarily formed from mineral salts of calcium 

and phosphate. There are two major types of bone: trabecular and cortical. Trabecular bone 

supports strengthening of the ends of weight-bearing bone and comprises 20% of the 

skeletal mass. Cortical bone is the external layer of bone and comprises 80% of the skeletal 

mass. 

To maintain an adequate skeletal mass, bone is continuously renewed in a so-called 

bone remodeling process.1 Bone remodeling involves resorption and formation of bone. In 

this process four types of bone cells are involved: osteoclasts, osteoblasts, osteocytes, and 

bone lining cells. Osteoclasts are the bone-resorbing cells. These cells dissolve bone mineral 

and enzymatically degrade extracellular matrix. Osteoblasts are the bone-forming cells. These 

cells produce the organic bone matrix and aid its mineralization. Osteocytes are the largest 

fraction of bone cells (~95%) and function as the mechanosensors in bone. Bone lining cells 

cover inactive bone surfaces, and may be involved in the propagation of the activation signal 

that initiates bone resorption and bone remodeling. The process of bone remodeling is 

essential for the regeneration of bone to repair e.g. bone defects. 

 

Bone defects 

Bone defects in fields such as orthopedics, traumatology, and oral and maxillofacial surgery 

can occur as a consequence of injury, cancer, or inflammation, and their reconstruction still 

remains challenging. The use of autologous bone is the golden standard for reconstruction of 

bone defects, since autologous bone has osteoconductive properties, which is the ability to 

induce osteogenesis, as well as osteoinductive properties, which is the ability to stimulate 

osteoprogenitor cells to differentiate into osteoblasts to form new bone, contains osteogenic 

cells, and does not evoke immunogenic responses. The drawbacks of using autologous bone 

are caused by e.g. limited availability of bone grafts, risk of infection, and morbidity at the 

donor site. Nowadays, several alternatives for bone reconstruction are available such as bone 

tissue engineering. 
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Bone tissue engineering 

Bone tissue engineering has become a promising alternative for the use of autologous bone 

in bone reconstruction. It is the use of a combination of scaffolds, cells (including stem cells), 

and physical/mechanical and/or chemical stimuli to improve or replace bone.2 Scaffolds play 

a critical role in tissue engineering to provide a microenvironment where cells can proliferate, 

differentiate, and generate the desired tissue. Currently, a variety of bone substitutes are 

commercially available to function as a scaffold for the reconstruction of bone defects in the 

fields of orthopedics, traumatology, and oral and maxillofacial surgery with varying success.3 

 

Bone substitutes 

Bone substitutes can be categorized into bone substitutes such as autografts, allografts, and 

xenografts, demineralized bone, ceramics, polymers, and composites.3 In this study, we 

focused on the ceramic biphasic calcium phosphate (BCP), the natural polymer fibrin, and 

resin-based composites. 

BCPs are used as synthetic bone substitutes. Ellinger et al. (1986) were the first to use 

the term BCP to describe bioceramics composed of hydroxyapatite (HA) and ß-tricalcium 

phosphate (ß-TCP).4 The chemical composition of BCP resembles the inorganic part of the 

natural bone matrix.5 HA is rigid, brittle, and hardly resorbed, while ß-TCP degrades faster 

and has a different resorption pattern.6 

Fibrin has also been used as a scaffold in bone tissue engineering. It is a versatile 

biopolymer of the monomer fibrinogen, and a critical blood component. Monomers of 

fibrinogen are formed after thrombin-mediated cleavage of fibrinopeptide A and 

fibrinopeptide B with subsequent conformational changes and exposure of polymerization 

sites. Fibrin and fibrinogen play critical roles in blood clotting, fibrinolysis, cellular and matrix 

interactions, inflammatory response, wound healing, and neoplasia.7 

Resin-based composites are widely used as dental restorative materials, but also for 

bone reconstruction such as vertebral augmentation,8 bone void filler to fixate implants in 

bone,9 augmenting screws in fracture fixations10 or closure of anterior skull base bony 

defects.11 A composite material combines at least two chemically different materials with a 

distinct interface separating the components. The composition of resin-based composites 

comprises an organic resin matrix and inorganic filler particles that are used in different sizes 

such as nanometer-sized and micrometer-sized filler particles. Reduction of filler size and the 

subsequent increase in surface area-to-volume ratio and filler volume improves the 

mechanical properties.12 

 

Cell sources 

Cells can be obtained from different sources. Regeneration-competent cells can be recruited 

from the surrounding tissue after implantation of bone substitutes or harvested from tissues 
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containing cells. Adipose stem cells and fibroblasts are promising cells for bone tissue 

engineering. Human adipose tissue provides an easily accessible, expendable source of 

clinically relevant numbers of adipose stem cells.13,14 Adipose stem cells have multilineage 

potential including the osteogenic lineage,15 and probably the endothelial lineage.16 

Fibroblasts encompass any stromal cell and are the most common cells in connective tissue. 

Populations of fibroblasts differ between human tissues, with significant alterations even 

apparent within a given tissue type. Fibroblasts are an heterogeneous and dynamic cell 

lineage, and capable of altering its function and physiology or even transforming into a new 

cell type, based on its location within the body. Fibroblasts play an important role in wound 

healing.17 

 

Cell matrix interaction 

Cells actively modify their mechanical environment by degrading their surrounding 

microenvironment, secreting their own matrix. The matrix is a highly dynamic and remodeling 

scaffold. The interaction between cells and their microenvironment result in dynamic changes 

in the composition, stiffness, and architecture of the microenvironment. The cell-matrix 

interaction regulates different cellular processes including cell morphology, adhesion, 

migration, differentiation, and altered gene regulation.18 Cells and matrix dynamically interact 

to develop tensional homeostasis.19 Considering the dynamics of the cell-matrix interaction is 

important since an imbalance can result in pathological processes such as cancer.20 

 

Maxillary sinus floor elevation 

Synthetic BCP has been widely and successfully used as a scaffold in maxillary sinus floor 

elevation procedures. Maxillary sinus floor elevation is a surgical procedure which was first 

performed by Tatum21 and published by Boyne.22 In this procedure, a lateral bony window is 

made in the maxillary sinus, followed by elevation of the maxillary sinus membrane to 

generate a cavity within the maxillary sinus in which a bone substitute can be placed. Dental 

implants can be placed when the alveolar bone height is sufficient, and after the appropriate 

healing time. It is an unique commonly used model to accurately and precisely assess bone 

formation after maxillary sinus floor elevation by taking bone biopsies prior to dental implant 

placement.3,23 

For efficient scaffold remodeling and tissue growth, there should be a proper balance 

between the degradation time of the scaffold and the timing of new bone formation. The 

concept that degradation by-products can influence stem cell function such as cell fate 

decisions is emerging.24 TCP supports cell ingrowth and promotes osteogenic differentiation 

of osteoprogenitor cells25 and a high percentage of HA may hamper efficient scaffold 

remodeling. The extent of dissolution of BCP depends on the HA/ß-TCP ratio, the lower the 

ratio, the more the dissolution.26 BCP with a HA/ß-TCP ratio of 60/40 (BCP60/40) is 
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successfully clinically applied27,28 and represents the slowest resorbing variant of BCP 

currently used in the clinic, while a bone substitute with 100% ß-TCP has the shortest 

resorption time and may lose its scaffolding properties too early. Several studies have 

evaluated and compared bone substitutes with different HA/ß-TCP ratios against autologous 

bone or each other.29-31 BCP with a HA/ß-TCP ratio of 20/80 (BCP20/80) has not been 

clinically tested before in a human model. BCP20/80 is applied in animal studies32,33 and 

represents more dissolution than BCP60/40. For new bone formation, angiogenesis is also 

very important since vascular development needs to be induced prior to osteogenesis34,35 and 

blood vessels carry nutrients which are crucial to ensure the survival of cells and/or 

transplanted progenitor cells.36 Osteogenesis and angiogenesis are tightly coupled processes. 

This complex process has been a major challenge for engineering viable and functional bone 

grafts.37,38 There is still a lack of quantitative or histomorphometrical data whether BCP20/80 

is more desirable to use as an alternative for autologous bone in patients undergoing 

maxillary sinus floor elevation for dental implant placement compared to BCP60/40. 

BCP can be combined with regeneration-competent cells such as multipotent cells in 

the stromal vascular fraction or human adipose stem cells (hASCs) residing in the stromal 

vascular fraction,39,40 as well as with scaffolds like fibrin to provide a composite with both 

osteogenic and vasculogenic potential. After implantation of these composites, cells will 

adapt to the hostile and hypoxic microenvironment which will determine the successfulness 

of the regeneration of the tissue. A hypoxic microenvironment induces angiogenesis. 

 

Mechanical cues 

Cells release mechanical cues to the surrounding matrix and corresponding cues from the 

remodeled matrix feedback to modulate cell behavior. The matrix transmits external forces to 

cells, and cells reciprocally create localized forces the so-called traction forces.41 

Cells have a much wider space to explore on two-dimensional surfaces than in three-

dimensional microenvironments. Two-dimensional resin-based composites can be filled with 

different sized filler particles such as nanometer-sized or micrometer-sized. Addition of 

nanometer-sized filler particles to the organic resin matrix enables mechanical strengthening 

of the composite. Introducing nanoroughness to a material effect cell-matrix interactions 

such as cell morphology42 and cell differentiation.43 An important aspect of cell behavior is 

the influence of fluid-applied forces. Morphological shape adaptation of cells seems to occur 

not only as a result of structural contact guidance, but also as a result of the cells sensing the 

shear stress arising from mechanical-loading-induced fluid flow. Mechanosensitivity of bone 

cells increases during bone cell differentiation.44 hASCs on polylysine-coated glass slides 

display a bone cell-like response to mechanical loading by fluid flow.45 Nanotopographic 

surfaces provide optimal environments to promote stem cell mechanotranduction activity.46 

To further understand the cellular behavior on biomaterial surfaces for bone tissue 
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engineering, knowledge regarding the mechanoresponsiveness of hASCs is needed when 

their structural contact guidance is different. 

Fibroblasts can sense the mechanical properties of their surrounding 

microenvironment as well as apply a controlled force onto this microenvironment. This 

capacity depends on engagement of appropriate integrins, inherent contractility of the cell, 

and the degree to which the material strain-stiffens. Fibroblasts are acutely responsive to the 

non-linear properties of their substrate and respond to the material’s high strain modulus.47 

Cell activity such as contraction of the cell and changes in cell shape can create traction 

forces. These traction forces are applied via integrins which results in inhomogeneous stress 

and deformation fields in the extracellular microenvironment. Fibroblasts actively stiffen cell-

seeded fibrin gels by applying traction forces.48 The dynamics of the fibroblasts and fibrin is 

complex and the understanding of such complexity remains a major challenge. 

 

Aim and outline of this thesis 

The aim of the studies presented in this thesis was to investigate stem cell behavior in/on 

biomaterials with implications for bone tissue engineering in oral regenerative medicine. We 

studied the interaction of stem cells with biomaterials by using different cell types and 

biomaterials for bone tissue engineering. In order to achieve our aim, we addresses the 

following scientific questions: 

1. Do differences exist in the response to mechanical loading by pulsating fluid flow of 

hASCs on nanocomposite or micro-hybrid composite (Chapter 2)? 

2. Do fibrin networks mechanically adapt due to contractile stress generated by fibroblasts at 

the micron scale (Chapter 3)? 

3. Do differences exist in osteogenic and/or vasculogenic differentiation potential of 

composites consisting of hASCs seeded on BCP 60/40 or BCP20/80 incorporated in fibrin 

gels as well as fibrin gel degradation (Chapter 4)? 

4. Does hypoxia affect osteogenic and/or vasculogenic differentiation potential of 

composites consisting of hASCs seeded on BCP60/40 or BCP20/80 incorporated in fibrin 

gels as well as fibrin gel degradation (Chapter 5)? 

5. Do differences exist in osteogenic and/or angiogenic potential of BCP60/40 or BCP20/80 

in patients undergoing maxillary sinus floor elevation (Chapter 6)? 

 

To seek answers to these questions, we started with the preparation of resin-based 

composites. Resin-based composites are materials used for bone tissue engineering. The 

composition of these composites comprises an organic resin matrix and inorganic filler 

particles such as nanometer-sized (nanocomposites) and micro-meter sized filler particles 

(micro-hybrid composites). For bone tissue engineering, understanding the biological 

responses to resin-based composites is important as well as that stem cells differentiate into 
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bone cells and display a bone cell-like response to mechanical loading. In Chapter 2 the 

mechanoresponse of hASCs on nanocomposite and micro-hybrid composite is studied. 

The mechanical influence of the natural polymer fibrin on the response of fibroblasts 

as well as the influence of fibroblast activity on the mechanical properties of fibrin remains 

unclear. The mechanisms of cellular control over the mechanical properties of the 

extracellular matrix are essential. Therefore, the mechanical adaptation of fibrin networks due 

to cell-generated contractile stresses is evaluated in Chapter 3. 

Thereafter, composites consisting of hASCs seeded on BCP60/40 or BCP20/80 and 

then incorporated in fibrin gels were prepared. Osteogenic and/or vasculogenic 

differentiation potential of these composites as well as fibrin degradation are determined in 
vitro (Chapter 4). After implantation of these composites in vivo, the microenvironment 

arises hypoxic. Understanding the role of hypoxia on the osteogenic and/or vasculogenic 

differentiation potential is essential for bone tissue engineering. In Chapter 5 the effect of 

hypoxia on composites consisting of hASCs seeded on BCP60/40 or BCP20/80 and then 

incorporated in fibrin gels as well as fibrin degradation are evaluated. For efficient scaffold 

remodeling and tissue growth, a proper balance between the resorption time of the scaffold 

and the timing of new bone formation is important. A high percentage of HA may hamper 

efficient scaffold remodeling and the extent of dissolution of BCP depends on the HA/ß-TCP 

ratio, the lower the ratio, the more the dissolution. In Chapter 6 a new BCP with a lower 

HA/ß-TCP ratio of 20/80 is evaluated in a clinical human model as an alternative for 

autologous bone in patients undergoing maxillary sinus floor elevation for dental implant 

placement. A comparative study of BCP with a HA/ß-TCP ratio of 60/40 and BCP with a HA/ß-

TCP ratio of 20/80 for osteogenic and vasculogenic potential in patients undergoing maxillary 

sinus floor elevation is performed (Chapter 6). 

 Finally, Chapter 7 discusses the results of the different studies and concludes on the 

work presented in this thesis. 
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