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GENERAL INTRODUCTION 
 
Bone defects 
Large bone defects can occur as a result of trauma, tumor resection, or infection. These defects 

cannot be regenerated by natural self-repairing capacity of the bone and surgical intervention is 

required. Autografts are the golden standard for the treatment of large bone defects since they 

contain osteogenic cells, have osteoinductive properties, which is the ability to stimulate 

osteoprogenitor cells to differentiate into osteoblasts to form new bone, as well as 

osteoconductive properties, which is the ability to provide scaffold-like properties for new bone 

ingrowth, while avoiding immunogenic responses. However, use of autologous bone has 

drawbacks such as limited supply, donor site morbidity, and need for multiple surgeries. Currently, 

bone tissue engineering represents a promising alternative for the reconstruction of large bone 

defects [1]. 

 

Bone tissue engineering 
Bone tissue engineering involves a combination of scaffolds, osteogenic cells, and 

physical/mechanical and/or chemical signals to replace, maintain, or enhance the function of 

damaged or diseased bone [2]. Scaffolds are a key component in bone tissue engineering to 

provide a microenvironment for cell activities. However, despite numerous efforts, successful 

applications of bone tissue engineering-based therapies in routine medical practice are limited, 

indicating the strong unmet need for improved strategies making use of “smart” scaffolds that 

provide adequate mechanical strength and stiffness, cell attachment properties, and effective 

stimulation of osteogenic behavior of either exogenously added or locally recruited regenerative 

cells. 

 

Biomaterials in bone tissue engineering 
The most commonly used materials for fabrication of bone tissue engineering scaffolds are 

ceramics, polymers, and demineralized bone. Since we aimed for 3D-bioprintable biomaterials 

(see below), we focused in this thesis on the polymer polycaprolactone (PCL) and a composite of 

the polymer poly (lactic-co-glycolic acid) (PLGA) with the ceramic β-tricalcium phosphate (β-TCP). 

PCL is a biodegradable polymer in the family of poly(α-hydroxy esters). It is the most 

widely used polymer in 3D-printing due to its low melting (60°C) and glass transition (-60°C) 

temperatures which makes it easy to process. PCL has a slow degradation time in the order of 

two years, is a biocompatible polymer and is approved by the US Food and Drug Administration. 
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However, PCL is hydrophobic in nature and lacks biological recognition sites, and therefore needs 

surface modification for enhanced cellular attachment, proliferation, and differentiation [3]. 

PLGA is another polyester which is a copolymer of poly lactic acid (PLA) and poly glycolic 

acid (PGA). One of the main advantages of PLGA is that its degradation rate can be controlled 

by the relative percentages of PLA and PGA in the copolymer. PLA is more hydrophobic than 

PGA and therefore, lactide-rich PLGA copolymers are less hydrophilic and degrade more slowly. 

Degradation of PLGA can range from several weeks to several months depending on the 

molecular weight and copolymer ratio [4]. PLGA has a higher intrinsic mechanical stiffness than 

PCL which is more ductile than PLGA [5]. However, PLGA itself lacks osteoconductivity [6], and 

therefore bone biomimetic materials such as hydroxyapatite (HA) and β-TCP are extensively used 

as a composite with PLGA [7-9]. β-TCP has tailorable bioresorbability in contrast to HA, which 

has a significantly lower dissolution rate, around 10 wt% per year in vivo [10]. However, since 

calcium phosphates display intrinsic brittleness, composites with them and various polymers are 

an obvious method of choice by combining the benefits and overcoming the limitations of the 

individual components. 

 

3D-printing of tissue engineering scaffolds 
3D scaffold fabrication techniques can be categorized into conventional or additive manufacturing 

(AM) methods. Conventional methods such as freeze drying, solvent casting-porogen leaching, 

gas foaming etc. can produce porous spongy scaffolds that resemble the micro-structure of 

cancellous bone. However, these fabrication methods have limitations such as toxic solvent 

residues, inaccurate control of the internal structure, and poor ability to customize for specific 

defect sites [11]. To tackle these limitations, there has been a trend in recent years to fabricate 

tissue engineering scaffolds using AM technology. AM is a relatively new technology in which the 

final structure is built by stacked layers of material. In short, the shape of the defect site is first 

identified using medical imaging techniques such as computed tomography (CT) and magnetic 

resonance imaging (MRI). Geometrical modelling is then conducted to generate a 3D CAD model 

with controlled internal structure and geometry fitting the defect site. The 3D scaffold is then 

printed layer by layer according to the designed model.  
Extrusion-based 3D-printing, which dispenses material strands via either pneumatic, 

piston-driven, or screw-driven force [12] through a nozzle and positions them via computer-

controlled motion of the printing head or the collecting stage, is the most widely used AM system 

for the fabrication of tissue engineering scaffolds. It allows processing of different biomaterials 

with high reproducibility and flexibility, and offers possibilities for printing various biological 
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compounds including hydrogel-encapsulated cells. If cells are printed simultaneously with the 

scaffold material, this is referred to as “3D-bioprinting”. Hydrogels are 3D networks that have a 

high water content. Several hydrogels such as fibrin [13], agarose [14], alginate [15], and gelatin 

methacrylate (GelMA) [16] have been used for cell printing. Alginate is a biocompatible natural 

polysaccharide composed of guluronic and mannuronic acids [17]. Due to its biodegradability, low 

cost, and gelation under mild conditions, alginate has been frequently used for encapsulation of 

cells in the bioprinting of bone tissue engineering scaffolds [18-21]. However, it is important to 

realize that, despite numerous reports on bioprinting of cells using different hydrogels, the 

advantageous or destructive effects of cell encapsulation, and its effects on cellular functions 

remain largely unsolved questions. 

 

Options for optimization of 3D printing of tissue engineering scaffolds 

Mechanical properties 

Mechanical properties of scaffolds play a major role in their in vivo performance, in particular in 

bone tissue engineering. Implanted bone scaffolds are typically exposed to locally different 

mechanical stresses including compression, tension, and shear [22]. Therefore, the mechanical 

strength throughout the scaffold should ideally match the local mechanical properties of its 

surrounding bone to maximize the regenerative potential of the scaffold. Ingrowth of bone into the 

scaffold leads to biological fixation of the scaffold in the defect site which in turn plays a critical 

role in the formation of new bone in the defect site [23]. A mismatch of the mechanical properties 

can result in scaffold failure [24]. A combination of finite element modeling for prediction of the 

forces on the defect site during normal functions, and 3D-printing for customized design and 

fabrication of scaffolds accordingly, can contribute to improved performance and integration of 

the scaffold with native tissue. 
 

Scaffold architecture and cellular responses 

The cellular microenvironment is directly determined by the scaffold internal architecture. Scaffold 

architecture can affect cell growth, signaling, and osteogenic differentiation [25]. Scaffold porosity 

modulates cell migration and infiltration within the scaffold, and determines the available surface 

area for cells to proliferate and to deposit new matrix [26]. Scaffolds fabricated by conventional 

methods such as solvent casting-porogen leaching have a random porous internal structure that 

resembles the structure of cancellous bone. In contrast, scaffolds fabricated by AM techniques 

such as 3D-printing have ordered internal structure consisting of struts of scaffold material, which 

provide a large surface area for cell attachment and activities. Therefore, scaffolds with different 
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internal architecture made from the same material may result in different interaction between the 

cells and the scaffold surface and therefore, may result in different cell responses. 

  

Cell-scaffold surface interactions 

Scaffold surface properties play a significant role in cell-biomaterial interactions, ultimately 

controlling cellular responses. Surface hydrophilicity, topography, charge, stiffness, chemical 

functionalities, and presence of biologically active molecules on the surface are among the most 

important characteristics of the scaffold. All mentioned properties may affect cell behavior in terms 

of morphology, adhesion, proliferation, migration, differentiation, and metabolism [27]. It is hard 

to isolate each surface property as an independent variable to obtain conclusions about the 

precise influence of each one. For instance, surface hydrophilicity is affected by the functional 

groups on the surface as well as by the surface roughness [28]. Super hydrophilic and super 

hydrophobic surfaces both inhibit cell attachment and moderately hydrophilic surfaces (water 

contact angel between 45°- 80°) result in optimal adsorption of proteins, giving rise to optimal 

conditions for cell adhesion and proliferation [29-31].  

Adsorption of proteins to any surface is also dependent on the size of topographical 

features on the surface [32]. Surface cues might cause cells to adopt shapes which correspond 

to certain cytoskeleton organizations that might enhance some signaling pathways that other 

shapes would not. Surfaces with relatively high roughness (high Ra values) and smooth surfaces 

with no roughness (low Ra values) are both not suitable for cell activities [33, 34]. Numerous 

surface modification methods including physical (e.g. ɣ-radiation and plasma treatment), chemical 

(e.g. hydrolysis and aminolysis) or biological methods (e.g. coating and immobilization of 

biologically active molecules such as proteins and/or ligands on the surface) have been used to 

improve scaffold surface properties. Hydrolysis of scaffolds made from poly(α-hydroxy esters) 

such as PCL by sodium hydroxide (NaOH) has been extensively used to increase surface 

hydrophilicity by creation of carboxyl and hydroxyl groups on the surface [35-37]. Immobilization 

of RGD peptide (R: arginine; G: glycine; D: aspartic acid) on the surface of polymeric scaffolds 

has also been used to facilitate cell attachment and proliferation [38-40]. A better understanding 

of the interaction of osteogenic cells with 3D-printed scaffolds can contribute in successful 

application of 3D-printed scaffolds for bone regeneration. 
 

Scope of the thesis 
The aim of the studies presented in this thesis was to evaluate and optimize the performance of 

3D-(bio)printed scaffolds for bone tissue engineering purposes. We studied the interaction of pre-
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osteoblasts with 3D-printed scaffolds fabricated from different biomaterials for bone tissue 

engineering. In order to achieve our aim, we addressed the following scientific questions: 

1. Which surface modification of PCL, i.e. chemical modification by NaOH or immobilization 

of RGD on the surface, is more effective to enhance pre-osteoblast proliferation and 

differentiation (Chapter 2)? 

2. Can finite element modeling of the force distribution in a bone defect site allow 

customization of the 3D-printed scaffolds to match the in situ bone mechanical properties 

(Chapter 3)? 

3. What is the difference in the osteogenic response of pre-osteoblasts seeded on scaffolds 

fabricated from the same material, but either produced by solvent casting-porogen 

leaching thus with random porous internal structure versus 3D-printed scaffold with 

ordered internal structure (Chapter 4)? 

4. Does bioprinting of pre-osteoblasts in the scaffold enhance cell retention, proliferation, 

and differentiation compared with cell-seeding post-printing (Chapter 5)? 

 

PCL is frequently used for fabrication of bone tissue engineering scaffolds due to its 

biodegradability, biocompatibility, and high mechanical properties. However, since its 

hydrophobicity may hamper cell attachment and subsequent cellular responses, we assessed in 

Chapter 2 whether and how chemically or RGD immobilized surface modifications of 3D-printed 

PCL scaffolds affect the osteogenic activity of MC3T3-E1 pre-osteoblasts. 

Mechanical properties of bone tissue engineering scaffolds are considered to play a major 

role in their in vivo performance. Therefore, prediction of forces within native bone during normal 

functioning, which will vary depending on the location, is important in the design, fabrication, and 

integration of a scaffold with the host. In Chapter 3 we predicted the forces and torques induced 

on the mandibular symphysis during jaw opening and closing by finite element modeling and 

customized the mechanical properties of 3D-printed PCL scaffolds accordingly. 

Scaffold internal architecture can affect cellular responses. Composites consisting of 

MC3T3-E1 pre-osteoblasts seeded on either porous spongy scaffolds prepared by solvent 

casting-porogen leaching, or ordered 3D-printed PLGA/β-TCP scaffolds were prepared. 

Proliferative and osteogenic potential of these composites were determined in vitro (Chapter 4). 

Effective incorporation of cells in 3D scaffolds remains a challenge. Conventional cell 

seeding may result in inhomogeneous distribution of cells in the scaffold and low seeding 

efficiency. Bioprinting of cells in the scaffold may adversely affect cell viability due to harsh printing 

conditions, and/or may hamper subsequent cell growth and differentiation. In Chapter 5 we 
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investigated cell retention potential, as well as cell proliferation and osteogenic activity on 3D-

bioprinted versus cell-seeded post-printing PLGA/β-TCP scaffolds. 

Finally, Chapter 6 discusses the results of the different studies and provides a 

comprehensive view on how our findings may be implemented to optimize 3D-printed scaffolds 

for bone tissue engineering. 
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