
 
 

IN SITU CONJUGATION-CO-FABRICATION OF BIOARCHETYPES EMPLOYING  
3D PRINT PROCESSING 

 

 

MDUDUZI NKOSINATHI SITHOLE 

A thesis submitted to the Faculty of Health Sciences, University of the Witwatersrand, in 

fulfilment of the requirements for the degree of  

Doctor of Philosophy 

 

 

 

Supervisor: 

Professor Viness Pillay 

Department of Pharmacy and Pharmacology, Faculty of Health Sciences, 

 University of the Witwatersrand, South Africa 

 

Co-Supervisors: 

Professor Yahya Essop Choonara 

Professor Lisa Claire du Toit 

Professor Pradeep Kumar 

Department of Pharmacy and Pharmacology, Faculty of Health Sciences, 

 University of the Witwatersrand, South Africa 

 

Johannesburg  

2019 

 





ii 
 

ANIMAL ETHICS DECLARATION 

 

I, Mduduzi Nkosinathi Sithole, hereby confirm the study entitled “In vivo assessment of 3D 

printed, in situ Conjugated-co-Fabricated, Alginate-PEI Scaffolds using New Zealand White 

Rabbits” was approved by the Animal Ethics Screening Committee (AESC) of the University 

of the Witwatersrand with Ethics Clearance Number 2017/10/64D.  

                      APPENDIX A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

RESEARCH OUTPUTS 

 

Publications arising from PhD work 

 

1. Mduduzi N. Sithole, Pradeep Kumar, Lisa C. du Toit, Thashree Marimuthu, Yahya E. 

Choonara, Viness Pillay. A 3D bioprinted in situ conjugated‐co‐fabricated scaffold for 

potential bone tissue engineering applications. Journal Biomedical Materials Research 

Part A, 2018, 106A:1311–1321 [Research Article]. 

     APPENDIX B 

 

2. Mduduzi N. Sithole, Pradeep Kumar, Lisa C. du Toit, Yahya E. Choonara, Viness Pillay. 

Reinforced, composite biomaterial 3D printed scaffold for bone tissue engineering: Tuning 

mechanical properties and cellular affinity (Submitted to Materials Science: Materials in 

Medicine) [Review Article]. 

     APPENDIX C 

 

3. Mduduzi N. Sithole, Pradeep Kumar, Yahya E. Choonara, Lisa C. du Toit, Kennedy H. 

Erlwanger, Viness Pillay. 3D bioprinted biomaterial scaffold for bone tissue engineering: 

in vitro cell assessment and in vivo animal studies (Submitted to Materials Science: 

Materials in Medicine) [Research Article]. 

 

     APPENDIX D 

 

Research presentations 

 

1. Mduduzi N. Sithole, Pradeep Kumar, Lisa C. du Toit, Thashree Marimuthu, Yahya E. 

Choonara, Viness Pillay. A 3D bioprinted in situ conjugated‐co‐fabricated scaffold for 

potential bone tissue engineering applications. AAPS PharmSci 360, Washington DC, 

Walter E. Washington Convention Center, USA, November 4-7, 2018. 

 

2. Mduduzi N. Sithole, Pradeep Kumar, Lisa C. du Toit, Thashree Marimuthu, Yahya E. 

Choonara, Viness Pillay. The impact of 3D printing in the health sector. TECH MEET UP 

4 ADDITIVE MANUFACTURING, 3D printing, Tshimologong precint, 41 Juta Street, JHB. 

October 18, 2018. 

 

3. Mduduzi N. Sithole, Pradeep Kumar, Lisa C. du Toit, Thashree Marimuthu, Yahya E. 

Choonara, Viness Pillay. The impact of 3D printing in the health sector. Global 



iv 
 

Entrepreneurship. Medical Technology Talk, Tshimologong precint, 41 Juta Street, JHB. 

November 16, 2018. 

 

     APPENDIX E 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ABSTRACT 

 

Bone tissue has the natural ability to self-regenerate or self-heal, however, large-size (critical-sized) bone defects do not 

have the ability to self-heal to completion without external intervention. Traditional repair treatments for critical-sized or 

non-union bone defects have been centered on orthopaedic implants, allografts, and autografts. However, these 

techniques suffer from a number of limitations such as lack of available donors and inadequate biomechanical 

properties. A constructive development of novel fabrication methods and the design of novel composite 3D printed 

biomaterial scaffolds will address the challenge of complete healing of critical-sized bone defects. Furthermore, 3D 

printing technology have emerged as an innovative tool, with great potential in designing and fabrication of novel 

composite 3D biomaterial scaffolds. Recently, there has been a huge interest in 3D printing biomaterial scaffolds for 

bone tissue engineering application. A number of reinforced multi-biomaterials 3D printed scaffolds have been 

developed and investigated as a key solution for the mechanical and biological properties. But there is still a huge gap 

for appropriate composite biomaterials that will yield composite 3D biomaterial scaffolds with acceptable mechanical 

and biological properties for bone tissue engineering application. Developing novel fabrication methods, which will 

increase the limited printable biomaterial, yielding 3D printed biomaterial scaffolds for bone tissue engineering 

application, will be of great advantage in bone tissue engineering research and be a solution in the healing of critical-

sized bone defect. The use of single-component biomaterials independently poses limitations in their properties as 

scaffolds for bone tissue engineering application. In this research, a composite 3D printed biomaterial scaffold was 

fabricated with desirable mechanical and biological properties for bone tissue application. This 3D biomaterial scaffold 

was engineered by modifying sodium alginate (NaAlg) with silica gel (Si), through in situ conjugated with 

polyethylenimine (PEI) yielding a composite 3D printed biomaterial scaffold to regulate the regeneration of new bone 

tissue formation. The method of fabrication was based on the novel single step in situ conjugation-co-fabrication of the 

biomaterial scaffold employing 3D bioprinter technology as an innovative tool. The 3D printed biomaterial scaffold 

maintained its 3D architecture for the duration of the 28 day degradation investigation, while potentially permitting the 

infiltration of nutrients, growth factor, and cells, evident by the increased solvent penetration into the scaffold observed 

via Magnetic Resonance Imaging (MRI) studies. The scaffold porosity and pore size were found to be 60% and 210µm, 

respectively. Biomechanical evaluation revealed a Young’s modulus of 60MPa highlighting that the scaffold in its current 

form possesses the mechanical capabilities for certain bone tissue engineering applications. In vitro studies, which 

include: biomineralization (e.g. Ca-P) and biological parameters (such as cell viability, cell adhesion, and cell 

proliferation) were investigated and analysed. Osteoblast-like MG63 cells were used and cultured on the novel 

composite 3D printed biomaterial scaffolds to determine the various biological responses/parameters. Cells-scaffolds 

were cultured for seven days, thereafter, light microscopy and electron scanning microscopy (SEM) were used to 

qualitatively examine cell adhesion, cell proliferation and surface morphology; MTS assay was used to quantitatively 

determine cell viability. Therefore, the novel composite 3D printed biomaterial scaffold exhibited biomineralization (e.g. 

Ca-P) confirmed through the EDX and FTIR analysis. Light microscopy and scanning electron microscopy (SEM) 

revealed that the osteoblast-like MG63 cell cultured on the scaffold were clearly attached to its surface and proliferated 

within the scaffolds pores. Viability of cells cultured on the composite 3D printed biomaterial scaffold and on the control 

increased over time (P < 0.05), however, at respective time point, cell viability was not significantly different between the 

two groups (P > 0.05). Therefore, these results suggest that the novel composite 3D printed biomaterial scaffold is a 

biocompatible material. In vivo studies were performed using New Zealand White Rabbits model to assess new bone 

formation from the composite 3D printed biomaterial scaffold and control. Therefore, the final composite 3D printed 

biomaterial scaffold provided a pro-regenerative platform, rich in mechanical, topographical and biological cues and 

guides the cells towards functional regeneration. Histology results revealed that there was significant new bone 

formation especially at week 8 in all induced bone defects. It was also noted that the scaffold containing growth factors 

had complete bone formation (week 8 complete) compared to the scaffold without growth factors and the empty defect 

(the control). There was no sign of pain and advance tissue reaction, therefore; the composite 3D printed biomaterial 

scaffold proved to provide a pro-regenerative platform for bone tissue engineering application. 
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CHAPTER ONE 
INTRODUCTION AND BACKGROUND 

 

 

1.1. BACKGROUND OF THIS STUDY 

 

The development of biological substitutes that maintain, restore or improve the function of 

tissue is currently necessitated by the combined effort of interdisciplinary fields such as 

materials science, cell biology, genetics, engineering, mathematics and clinical science 

through tissue engineering (Bártolo et al., 2008). The main purpose of tissue engineering is 

to come up with ways or strategies to repair, regenerate, restore, replace and reorganize 

tissues and/or organs. The fabrication of biomaterial scaffolds substitutes plays a significant 

part in tissue engineering since biomaterial scaffolds serve as templates for cell adhesion, 

proliferation and recruitment to infiltrate the deeper or inner site of the scaffolds. Biomaterial 

scaffolds also offer mechanical support during tissue regeneration/healing/restoration. 

Therefore, there are on-going attempts by researchers to develop optimized biomaterial 

scaffolds environment that will mimic the natural extracellular matrix (ECM) of the tissue 

under investigation (e.g. bone tissue) (Wu and Hsu, 2015).  

 

Hence, polymeric biomaterials are attractive materials to be used in the fabrication of 

scaffolds since they offer significant 3D support for cell growth and tissue or organ formation 

(Park et al., 2010). Different conventional fabrication techniques have been developed to 

fabricate biomaterial scaffolds to be utilized in tissue engineering, that includes, but not 

limited to, solvent casting, gas foaming, phase separation and salt leaching (Mironov et al., 

2003; Sachlos and Czernuszka, 2003). However, fabricating biomaterial scaffold structures 

with controlled pores interconnectivity is difficult when utilizing the above conventional 

polymeric biomaterial scaffolds processing techniques, because these techniques are not 

easily adjusted to yield structures that will support cell ingrowth or to control pore size for cell 

migration (Seitz et al., 2005). 

 

Several rapid-prototyping (RP) computer-aided technologies such as selective laser 

sintering, stereolithography, fused deposition, and 3D printing have been introduced and 

accepted in the synthesis of 3D biomaterial scaffolds for specific geometric control (Park et 

al., 2010; Wu and Hsu, 2015). Furthermore, this synthetic approach for 3D biomaterials 

provides great opportunities with significant potential for tissue engineering. Supplementary 

insight on structure/function relation and cellular interaction within the tissue may be gained 

by the extension of these studies to three-dimension cellular control (Chen et al., 2006). The 
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3D printing technology provides great potential as mentioned, but there are some significant 

limitations to be overcome before it can be recognized as a common bio-fabrication 

technique. One major significant limitation in relation to the 3D biomaterial bioprinter 

capability is the non-availability of diverse 3D printable biomaterials hereafter referred to as 

bio-inks (Guvendiren et al., 2016). 

 

The 3D printing technology is known as additive manufacturing (Gu et al., 2016) or solid 

free-form fabrication and it has become the driving force in various areas of research (Lee 

and Dai, 2015). 3D bioprinting technology has been utilized to fabricate scaffolds from 

biomaterials due to specific advantages w.r.t. customized production, high precision and 

rapid fabrication (Gu et al., 2016). Scaffolds are 3D biomaterials that are required to be 

biocompatible and mimic the properties of the Extracellular Matrix (ECM) namely cellular 

activity and mechanical support. If the scaffold is appropriately designed employing various 

bio- and physicochemical cues; it can act as a template for cell attachment, cell proliferation 

and the stimulation of tissue formation in vivo. Biomaterial scaffolds performance is 

determined by parameters such as pore size, chemistry, mechanical strength and pore 

volume (Bose et al., 2013; Li et al., 2014). 

 

There is a great need for the diversity of 3D printable biomaterials for the synthesis of 

bioarchetypes scaffolds that conforms to specific characteristics and parameters needed for 

specific tissue engineering applications such as bone tissue. The fabrication, analysis, and 

development of novel bioarchetypes scaffolds and biodegradable polymeric biomaterials will 

constitute a centrepiece for the research efforts in the field of tissue engineering (repair, 

regeneration, restoration, and reorganization) (Liu and Ma, 2004).  

 

Extrusion-based 3D printing is the most common method for scaffold fabrication procedure 

for tissue engineering applications (such as bone tissue). There are two widespread 

extrusion methods, namely, fused deposition modelling (FDL) and direct ink writing (DIW). 

The procedure that is mainly used in extrusion-based additive manufacturing is that pressure 

is applied in the biomaterial ink to extrude it through a nozzle as a melt or viscous liquid to 

form lines that gelate or solidify onto the building reactive solvent or building plate. A nozzle 

containing biomaterial ink follows a pre-defined path which is determined by a computer 

model to fabricate structures layer-by-layer. The solvent-cast direct-writing ink is biomaterials 

solutions in a preferably low boiling solvent (such as dichloromethane and tetrahydrofuran) 

that evaporate rapidly upon extrusion leaving a solid polymer matrix (Guvendiren et al., 

2016).  
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This research proposes to develop a novel bioarchetype scaffold employing 3D bioprinter 

technology whereby two or more biomaterials will be conjugated via 3D print processing as 

an innovative tool towards one-step conjugation-co-fabrication of biomaterial scaffolds which 

will be further seeded with specific cells (osteoblast-like MG63 cells) to form a construct 

engineered bio-substitute for in vitro cellular investigations. 

 

1.2. RATIONALE AND MOTIVATION  

 

There are significant defects (critical-sized bone defects) resulting from trauma or tumors, 

that cannot be easily repaired by the body without external intervention. Hence, for these 

defects (e.g. critical-sized bone defects), synthetic replacement applications involving 3D 

biomaterial scaffolds have great clinical potential as a repairing solution. Using such 

bioarchetypes scaffolds may further result in the reduction of tissue rejection by the body 

since the implantable biomaterials used has to be biocompatible and to some extent 

biodegradable (Seitz et al., 2005). However, fabrication of a “perfect” defect-filling and ECM-

mimicking 3D biomaterial scaffold is a challenge as most conventional techniques lack tailor-

made fabrication capabilities. 

 

3D biomaterial printing refers to the physical extrusion of a bio-ink or biomaterial polymer-ink 

that rapidly stabilizes upon deposition via a specific different mechanism and is repeated 

layer-by-layer for fabrication of a construct intended to interact with cells or tissue 

environment. Mechanical stiffness, incompatibility of materials, complicated liquid medium 

densities to preserve shape, low resolution and critical timing of gelation or solidification are 

some of the disadvantages that hinder efficient production of desired 3D biomaterial scaffold 

structures when using 3D bioprinting technology (Jakus et al., 2016). Advanced materials 

development, can be optimized for bio-factors and may provide the potential to fabricate 

constructs satisfying complex biological requirements of tissue engineering scaffolds (Chia 

and Wu, 2015). However, not every feature of the tissue needs to be printed, since the 3D 

printed biomaterial scaffold will guide the cellular organization into more ordered structures 

reminiscent of natural tissue. Hence, the structural integrity concerning the bio-ink, upon 

extraction of the biomaterial ink onto a substrate, should ideally maintain the user-defined 

pattern across all three dimensions. Meaning the used materials must be mechanically soft 

enough to be extruded, though at the same time be stiff enough to be self-supporting upon 

deposition - maintaining the as-printed architecture across many layers. 

 

Though there is huge progress in tissue engineering, but the reality of on-demand fabrication 

of functional and transplantable biomaterial scaffolds or tissues and organs is not fulfilled 
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completely yet. There are two main technical challenges that need to be overcome in order 

to advance from this point of research onward: firstly, we must expand on the limited 

available 3D printable biomaterials (bio-ink) capable of satisfactorily representing the 

chemical, physical, biological complexity, and diversity of the tissue and organs within the 

human body. Secondly, the fabricated 3D biomaterial scaffolds from the developed bio-inks 

must have certain characteristics that will lead to optimal printing, structural and biological 

outcomes. 

 

This research focuses on fabricating novel bioarchetype scaffolds employing a 3D bioprinter 

as an advanced innovative tool wherein the constituent biomaterials [natural polymers 

(alginates)] will be conjugated via in-print processing. The medium of the 3D bioprint reaction 

will be maintained and controlled externally to mold the bioarchetype scaffolds with varied 

mechanical properties and pore and surface morphologies. The mode of in situ 

polymerization will be critically engineered for the choice of polymers used and to control the 

resulting structural and mechanical architecture. This will be significant since the mechanics 

of the biomaterial scaffold needs to closely match the endogenous matrix of the cells or 

tissue niches investigated. The naturally derived polymers that will be used have their own 

inherited method of gelation or solidification, such as ionic (alginate) crosslinking (Bajaj et 

al., 2014). Figure 1.1, highlights the generalized in-process polymeric reaction approach 

employing 3D printing.  

 
Figure 1.1: Simplified reaction schematic for the fabrication of the bioarchetype scaffolds. 
 

For the 3D print processed biomaterials, the reaction mechanism may include thermal 

induced gelification, chemical conjugation, and complexation, precipitation induced 

solidification, and post-process solidification through sintering. Though, for the extruded 

biomaterials (bio-ink) to hold their shape during deposition, the rate of these reactions must 

be extremely high. By increasing polymer fraction or adding an inherently viscous 
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component one can increase the viscosity of the solution which can be utilized alone or in 

conjunction with layer-by-layer gelation or solidification. In another embodiment of this 

research, a cyto-conducing inorganic phase (e.g. silica) will be included via intermediate 

layering to form a robust substitute tissue. Hence, the aim was to fabricate a fully 

interconnected biocompatible bioarchetype scaffold that will be conjugated via innovative in-

printing using the 3D bioprinter to form a variety of novel bioarchetypical scaffold matrices. 

The scaffold matrices were utilized in tissue engineering whereby osteoblast-like MG63 cells 

were seeded on the biomaterial scaffolds to generate specific tissue environment capable of 

enhanced cell attachment and complete tissue formation (Seitz et al., 2005). Figure 1.2 

represents the generalized synthetic route for tissue engineering. 

 

 

Figure 1.2: Schematic representation of general synthetic route for tissue engineering. 
 

According to Guvendiren et al., (2016), none of the available biomaterial-inks (bio-inks) have 

the potential to be functionalized. The current attempt is to fabricate novel biodegradable 
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polymeric ink libraries with tunable and user-defined properties. Therefore, the deficiency of 

printable biomaterial with sufficient mechanical and chemical properties for construction of 

regenerative scaffolds or implants has been a huge barrier in medical 3D bioprinting. 

 

1.3. AIM AND OBJECTIVES 

 

The aim of this research was to fabricate a novel bioarchetype scaffolds employing 3D 

bioprinting as an advanced innovative tool wherein the constituent biomaterials were in situ 

conjugated via in-print processing and then the biomaterial scaffolds were seeded with 

osteoblast-like MG63 cells for bone tissue engineering in vitro analysis (cell viability, cell 

adhesion, and cell proliferation). The following objectives were undertaken to ensure the 

achievement of the proposed study. 

 

1. Preliminary studies were conducted using the selected suitable polymeric biomaterials 

and cyto-conducive inorganic phase materials. Followed up by the complexation and 

conjugation reactions for optimization of reaction and formation conditions w.r.t. in situ 

biomaterial synthesis. 

2. Development of the novel bioarchetype scaffold using the suitably selected biomaterials 

employing 3D bioprinting technology. 

3. Characterization of the selected native biomaterials and the fabricated 3D printed 

biomaterial bioarchetype scaffold employing physicochemical, physicomechanical and 

morphological analyses. Then optimization of the fabricated 3D printed bioarchetype 

scaffold for tailored biodegradability, mechanical properties, and ECM-mimicking 

properties. 

4. Seed the fabricated bioarchetype scaffold with osteoblast-like MG63 cells to assess the 

ex vivo/in vitro performance (cell viability, cell adhesion, and cell proliferation) of the cell- 

seeded onto the bioarchetype scaffolds for its application in bone tissue engineering. 

5. Undertake in vivo studies, using New Zealand White Rabbits, in order to assess the 

performance of the 3D printed bioarchetype biomaterial scaffold on the living organism. 

 

1.4. NOVELTY OF THIS STUDY 

 

1. A novel composite 3D printed biomaterial scaffolds were synthesized in an effort to 

overcome the limitations associated with previously fabricated scaffolds for bone tissue 

engineering application. The composite 3D printed biomaterial scaffolds comprised at 

least two new different combination of integrated biomaterial: i.e. natural biomaterial e.g. 
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(Alginate), synthetic polymers (e.g. Polyethyleneimine) and inorganic biomaterial (Silica 

gel). The 3D printed biomaterial scaffold composite is completely novel and has not been 

formulated in previously published studies. 

2. The novel 3D bioarchetype scaffold composite was fabricated employing an advanced 

innovative 3D bioprinting in-processing method. 

3. The synthetic path and the design of the 3D bioarchetype scaffold composite are novel 

for bone tissue engineering. 

4. This engineered bone tissue construct could solve the problem associated with the repair 

of critical-sized bone defects and replacement in bone tissues engineering application. 

 

1.5. OVERVIEW OF THE THESIS 

 

CHAPTER 1: This chapter provides an introduction and background of this current research 

study. The rationale for this research is stressed upon, and the aims and objectives outlined 

in detail for undertaking this research.  

 

CHAPTER 2: A detailed literature review of the reinforced multi-biomaterial 3D printed 

scaffolds for bone tissue application. This chapter highlighted various biomaterials and 3D 

printing method used in fabricating composite 3D printed biomaterial scaffolds. It highlighted 

the critical factors to be considered when synthesizing bone tissue biomaterial scaffolds. The 

limitations associated with single-component biomaterials (natural or synthetic polymers, 

metals, and bioceramics) and the benefit of using hybrid or composite 3D printed biomaterial 

scaffolds in bone tissue engineering application are discussed in detail. 

 

CHAPTER 3: This chapter provides preliminary experimental parameters for the 3D 

bioprinting synthesis of the 3D biomaterial scaffold, as well as physicochemical and 

physicomechanical characterization, in conjunction with in vitro analyses studies (e.g. 

degradation study). The pre-formulation complexation was investigated with various 

techniques used to characterize the interaction of the precursors and the newly-formed 3D 

biomaterial scaffold. Some of these characterization studies undertaken include magnetic 

resonance imaging (MRI), attenuated total reflection transform infrared spectroscopy (ATR-

FTIR), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray 

powder diffraction (XRD) and scanning electron microscopy (SEM). 

 

CHAPTER 4: This chapter describes in detail the analysis and optimization of the composite 

3D printed biomaterial scaffolds, prepared according to different inorganic biomaterials (silica 
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gel, hydroxyapatite, and nanoclay). The 3D printed biomaterial scaffolds were analyzed and 

physicomechanical characterization optimization was determined. Proceeding from this 

founding, biomineralization, and biocompatibility studies were conducted. 

 

CHAPTER 5: This chapter provides detailed in vivo animals studies, employing New 

Zealand White Rabbits for clinical bone regeneration observation at predetermined time 

intervals, rabbits were terminated and samples were collected and analyzed after surgical 

implantation of the 3D printed biomaterial scaffolds and comparative formulations. The 

regeneration progress of new bone formation was analyzed through histological 

examination, thereby determining the new bone formation and osteoblastic activities.  

 

CHAPTER 6: This chapter concludes the thesis, providing the recommendations and future 

outlook in the field of 3D printing technology in bone tissue engineering applications 
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CHAPTER TWO 
REINFORCED, COMPOSITE BIOMATERIAL 3D PRINTED SCAFFOLD FOR BONE 
TISSUE ENGINEERING: TUNING MECHANICAL PROPERTIES AND CELLULAR 

AFFINITY 

 

 

2.1. INTRODUCTION 

 

Bone tissue is the most extensive and ubiquitous organ, and its functional failure is amongst 

the main causes of reduced quality of life (Woolf and Pfleger, 2003). Tissue engineering 

encompasses the use of different biomaterials to fabricate 3D scaffold substitutes, to assist 

tissue regeneration or enhance host tissue self-healing (Chan and Leong, 2008; Yang et al., 

2001). Bone tissue engineering is an intricate and dynamic progression which is initiated by 

the recruitment and migration of osteoprogenitor cells followed by cell spreading 

(proliferation), cell differentiation, and then the matrix formation with the remodelling of bone 

tissue (Khan et al., 2008). Furthermore, bone tissue engineering involves designing and 

fabricating novel biological substitutes, as solutions for critical-sized bone defects (non-union 

defects estimated to be 5mm diameter in rabbits bones) caused either by tumours, 

infections, trauma or congenital disorder since they cannot self-heal to completion without 

external intervention (Li et al., 2015; Sun et al., 2015). Therefore, bone tissue engineering is 

aimed at developing 3D biomaterial scaffolds with the necessary mechanical support and 

mimic the extracellular matrix (ECM) to aid in the formation of new bone tissue (De Witte et 

al., 2018). Biomaterials have been used for the fabrication of external intervention and there 

is a great need to modify biomaterials to imitate natural tissues or tissue environments 

partially or absolutely (Green, 2008). The development and investigation of intelligent 

biomaterials that are not only responsive to biological fluid but also mimic ECM are amongst 

the current research that is undertaken in bone tissue engineering with regard to the 

fabrication of 3D biomaterial scaffolds (Peppas and Clegg, 2016). Hence, this leads to a 

combined work of different areas of science community to form a 3D structured scaffold, 

Figure 2.1 shown a schematic workflow of the multi-disciplinary approach in scaffold design. 
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Figure 2.1: The schematic workflow of the multidisciplinary approach utilized in the 3D 
printing of scaffolds for tissue engineering applications (Devi et al., 2018). 
 

Biomaterials that are utilized specifically in bone tissue engineering have certain 

characteristics that are incorporated, such as; excellent biocompatibility, complete lack of 

antigenicity, osteoconductivity, good mechanical properties that match the native tissue, and 

good porosity (Misch et al., 1999; Wang et al., 2011). Ideally, the fabricated 3D biomaterial 

scaffolds should not only have the mechanical support similar to human bone, but it must 

also be resorbed as the new bone tissue growth occurs (Fielding et al., 2012). The 

replacement or resorption of the 3D biomaterial scaffold by the regenerated tissue is mostly 

facilitated by the combination of the carefully selected biomaterials properties, stimulating 

the native in vivo mechanisms of tissue to regenerate thereby stimulating the body to self-

heal (Costa et al., 2007). Hence, biomaterial selection and the fabrication method are two of 

the most significant factors/elements that shape the utilization of 3D biomaterial scaffolds, 

promoting new tissue development or regeneration. In this review chapter, biomaterials are 

referred to as materials that interface with the biological systems (Freed et al., 1994; Karp et 

al., 2003; Nair and Laurencin, 2006; Navarro et al., 2008). Different biomaterials have been 

engineered for the use in fabricating implantable 3D biomaterial scaffolds, which act as 

stimuli and guide for cell in-growth in a three-dimensional manner using 3D printing 

technology (Chang et al., 2015; Costa et al., 2007; Stumpf et al., 2018). Furthermore, the 

choice of biomaterials for bone tissue 3D scaffolds has to also consider the bonding strength 

at the scaffold interface (Chang et al., 2015). 
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Novel biomaterials development and modification have been explored through a variety of 

studies (Nair and Laurencin, 2006; Navarro et al., 2008). Currently, most of the available 

biomaterials needs to be engineered in order to obtain biomimetic properties, for the use in 

medical applications (Khan and Tanaka, 2017) and appropriate mechanical properties. 3D 

printing technology referred to as additive manufacturing, includes; inkjet printing, selective 

laser sintering (SLS), extrusion, digital laser printing (DLP), fused deposition modelling 

(FDM), laser beam melting, bioprinting, polyjet, and electron beam melting (Khatiwala et al., 

2012; Wong and Hernandez, 2012) have been used in fabricating 3D biomaterial scaffolds. 

Regardless of the method/type of 3D printing technology, all 3D printing technology uses the 

same principle, where the desired structure/object is obtained through layer-by-layer 

patterning of material. 3D printing technological methods gives numerous advantages (which 

includes a precise control over shape, pore size, and their interconnectivity and also the 

fabrication time is minimized) (Jammalamadaka and Tappa, 2018). Therefore, 3D printing 

technology is the current preferred method of fabrication, to engineer 3D biomaterial 

scaffolds for bone tissue engineering in medical sciences. The flowchart for the 

creation/fabrication of 3D printed biomaterial scaffolds is depicted in Figure 2.2. Briefly, the 

selection of biomaterials is an essential process in the fabrication of scaffolds. During the 

fabrication process, the scaffolds are physically or chemically modified to meet the 

properties requirements ofspecific tissue properties, such as the mechanical properties, 

porosity, shape, size, bioactivity, and biodegradability. The material requirement varies 

according to the fabrication method and the nature of the biomaterials used. The 3D 

biomaterial scaffold will be implanted within the body after achieving the desired appropriate 

properties, for the host cells to infiltrate the scaffold (Jammalamadaka and Tappa, 2018; 

Mok et al., 2016). 

 

This review focuses on 3D printing technology as a preferred current method of 3D 

biomaterial scaffolds fabrication for bone tissue engineering application. Nevertheless, the 

3D biomaterial scaffolds properties (e.g. mechanical properties) that match the native bone 

tissue and materials bioactivity are amongst the current existing major challenges in bone 

tissue regeneration. Hence, different 3D printed biomaterial scaffolds for different tissue 

applications have emerged in the past decades and significantly transformed the field of 3D 

printing technology. The 3D printing technology does not only provide an advantage for 

tissue engineering and medical device because of its capability to fabricate one-of-a-kind 

parts/structures on-demand based on patient specifications, but it also provides flexibility in 

the starting materials (Bandyopadhyay et al., 2015). 
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Figure 2.2: Schematic flowchart for the fabrication of the 3D printed constructs/implants 
(Mok et al., 2016).  
 

The review primarily aims at highlighting the advancements in reinforced multi-biomaterial 

3D printed scaffolds, for the tuning of mechanical and cell affinity properties for bone tissue 

engineering application. Furthermore, also discuss the limitations associated with single-

component biomaterials (pure biomaterials) in the fabrication of bone tissue scaffold and the 

challenges associated with their 3D printability .It is anticipated that this review inspires 

research scientist to develop novel printable biomaterials which will ultimately ensure the 

attainment of 3D printing of bone tissue 3D biomaterial scaffolds. Therefore, the chapter will 

offer a brief overview of advantage of the composite 3D printed biomaterial scaffolds for 

bone tissue application, along with selected representative biomaterials examples, including 

but not limited to 3D printed biomaterial scaffolds to give assistance to the reader in attaining 
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an understanding of the current state of art and to encourage future technical contributors 

and research scientists towards expanding the frontier of 3D printed biomaterial scaffolds for 

bone tissue applications. 

 

2.2. CHALLENGES WITH SINGLE-COMPONENT BIOMATERIAL’S FOR 3D PRINTING 

BONE TISSUE SCAFFOLD  

 

3D printing technologies are amongst fabrication methods that have grown significantly over 

the years and been used in developing novel 3D biomaterial scaffolds for bone application 

(Turnbull et al., 2018). 3D biomaterial scaffolds are invented to act as template for cell 

attachment and stimulate functional bone tissue formation in vivo through tailored 

biophysical cues to direct the organization and behaviour of cells (Bose et al., 2013; Ferrand 

et al., 2014). Currently, different biomaterials such as bioceramics, metals and polymers are 

being utilised in medical 3D printing of biomaterial scaffolds, and novel biomaterials have 

been discovered by researchers to be applied in 3D printing technological methods 

(Jammalamadaka and Tappa, 2018).  

 

As mentioned before, the current challenges in 3D printing scaffolds for bone tissue 

engineering is the limited appropriate mechanical property and cellular affinity of the 

available biomaterials, and also the challenge of limited available printable biomaterials. 

Furthermore, because most single-component (pure) biomaterials have limitations in their 

properties, to fully replicate the properties of the tissue under investigation and the nature of 

3D printing technological methods, hence the printability and the properties of these single-

component biomaterials mostly needs to be modified. Particularly for bone tissue application, 

the 3D printed biomaterial scaffold needs to have appropriate mechanical strength (see 

Table 2.1) in addition to the 3D porous structure that provides support during bone 

remodelling and bone growth (Wu et al., 2008). Therefore, 3D printing techniques have been 

used in designing single-component biomaterial scaffolds for tissue engineering even though 

the properties that improve cell viability and functions are at odds with those that aid in 3D 

printing (Chimene et al., 2016).  

 

Table 2.1: Characteristics of human cortical and cancellous bones. 

Bone type Compressive strength (MPa) Young’s modulus (GPa) 

Cortical bone 130-1225 3-30 

Cancellous bone 4-12 0.01-0.5 
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The most investigated synthetic polymers for the synthesis/fabrication of biomaterial 

scaffolds for bone tissue engineering application, include but not limited to; poly (lactic acid) 

(PLA), poly (caprolactone) (PCL), poly (ethylene glycol) (PEG), and poly(glycolic acid) 

(PGA), due to  their mechanical and biocompatibility properties (Dong et al., 2017; Oh et al., 

2003; Sheikh et al., 2016). However, most synthetic biomaterial polymers lack specific cell 

recognition sites and are restricted by their hydrophobicity when used as single-component 

for bone tissue engineering application (Dong et al., 2017; Tallawi et al., 2015; Wang et al., 

2016). Additionally, the most investigated natural polymers for bone tissue engineering 

application, include but not limited to; hyaluronic acid, alginate, chitosan, silk and collagen 

(Calabrese et al., 2016). Nevertheless, natural polymers also have limitations when used as 

single-component for scaffolds fabrication, such as the presence of pathogenic impurities 

like endotoxin (Liu and Ma, 2004), lack of tuneability of the degradation rate and degradation 

related inhibition of local cells. Additionally, for bone tissue engineering, the mechanical 

properties of natural polymers are suboptimal (Ravi and Chaikof, 2010; Yoon and Fisher, 

2009).  

 

Biomaterials that are classified as bioceramics also attracted great attention in bone tissue 

engineering application, due to the unlimited availability, reported potential osteoinductivity, 

osteoconductivity and excellent biocompatibility, which are similar to the native bone 

inorganic components, namely bioactivity and hydrophilicity (LeGeros, 2002; Woodard et al., 

2007). Furthermore, bioceramics have the potential to instruct the surrounding in vivo 

environment to induce ectopic bone formation (Blokhuis and Arts, 2011). Hence, 

bioceramics such as bioactive glass and calcium phosphate (Ca-P) are well documented for 

their application as bone fillers in the dental field (Sarkar and Banerjee, 2010). Natural origin 

bioceramics such as calcium sulphate and Ca-P have been extensively studied over the 

years as a bone tissue substitute biomaterial and Ca-P was proven to be the prominent part 

of the skeletal tissue. The Ca-P has the ability to be osteoconductive, osteoinductive and 

bioactive material, beside organizational occurrence (Dadhich et al., 2016). However, most 

single-component or pure bioceramics have unsatisfactory mechanical properties and low 

wear resistance, resulting in limited application in bone tissue engineering (Dadhich et al., 

2016). Although on the other hand, bioceramics such as amorphous glass, crystalline 

ceramics, and bioceramics composite have also shown great potential for bone tissue 

engineering application, due to their strong mechanical properties with favourable bioactivity 

(Bonfield et al., 1981). The use of these bioceramics has increased due to properties, such 

as stiffness and biocompatibility leading to widespread use within clinical orthopaedics (Kurtz 

et al., 2007; Pasold et al., 2017). These bioceramics also have limitations in bone tissue 

engineering application resulting from their weakness to shear and tensile strength, leading 
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to brittleness and resistance to compression (Ho and Matinlinna, 2011). Therefore, in 

general bioceramics based scaffold are prone to brittleness in perspective of bone tissue 

engineering application. Likewise, biomaterials such as metals have also been investigated 

for bone tissue engineering. However, metallic based biomaterial scaffolds have difficulties 

in finely controlling degradation rate (Turnbull et al., 2018).  

 

The synthetic and natural polymers when used as single-component biomaterials 

(individually) for scaffolds fabrication, have low elastic moduli with poor loading capacity 

compared to pure single-component metallic and some bioceramic biomaterials (Ma and 

Choi, 2001; Woodruff and Hutmacher, 2010). The mechanical requirements are complex for 

bone tissue engineering biomaterial scaffolds, with fatigue, compressive, and tensile 

properties all required for load bearing (Hollister and Murphy, 2011). An example of a single-

component natural biomaterial polymer; namely collagen, is amongst the most used natural 

biomaterial polymer for the synthesis/fabrication of biomaterial scaffolds intended for bone 

tissue engineering application, because of its excellent biodegradability and biocompatibility. 

However, single-component (pure) collagen has limitations which hinder it from being widely 

used in bone regeneration field. Pure collagen has low mechanical strength and low 

osteoinductivity (Calabrese et al., 2016; Zhang et al., 2018), reducing its applicability for 

bone tissue engineering. Therefore, the mechanical property of pure collagen scaffold was 

improved through the reinforcement of bioceramic (such as hydroxyapatite (HAP)). The 

mechanical strength was found to be proportional or related to the concentration of the 

amount of HAP, collagen, the crosslinking methods and composite methods (Calabrese et 

al., 2016). Through reinforcing different biomaterials, collagen matrix properties such as the 

structural stability, porosity, osteogenicity and osteoinductivity can be improved (Zhang et 

al., 2018). Furthermore, Table 2.2 summarises the limitations of groups (classes) of 

biomaterials for scaffolds fabrication and their advantages in bone tissue engineering 

application. 

 

Table 2.2: Summary of different single-components biomaterials used for bone tissue 
scaffold (Turnbull et al., 2018). 

Biomaterials Potential advantages       Potential limitations 

Natural polymers  They have low toxicity and high 
biocompatibility since they are 
mostly derived from 
extracellular matrix. 

 On their surface they often 
contain bio-functional 
molecules 

 They are biodegradable 
 

 For load bearing, it 
has poor 
mechanical 
properties. 

 Endotoxins maybe 
present 
(Pathological 
impurities). 
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Synthetic polymers  Offer improved control over 

physical properties  
 Lacks mechanical 

properties for 
loading bearing. 

 Lack cell 
recognition site 
and mostly 
hydrophobic. 

 
Bioceramics   Have strong integration with the 

host tissue due to their 
osteocoductive and 
osteoinductive properties. 

 Can be delivered as paste, 
injectable format or granules. 

 Their composition is similar to 
the host bone mineral content. 

. 
 

 When used 
individually, they 
are brittle and 
hard. 

 Inappropriate 
resorption/degrad
ation rate may be 
exhibited with 
decreased 
mechanical 
properties as a 
result. 
 

Bioactive glasses  Have osteoinductive and 
osteoconductivity properties. 

 Adapted into clinical prosthesis 
already. 

 
 
 
 
 
 

 They are brittle. 

 Very difficult to 
adjust the rate of 
resorption. 

 It is a challenge to 
manipulate the 
scaffolds/construct
s into 3D shape 
for specific 
treatment defects. 

 Toxic metal ion 
release is highly 
possible. 
 

Metals   Biocompatible and superior 
strength 

 Superior mechanical properties 
can be advantageous in 
situations where slow bone 
growth is likely. 

 
 

 Stress-shielding 
resulting from 
superior modulus. 

 Tissue in-growth 
implantation/surge
ry results from 
poor 
biodegradability. 

 Distal and local 
toxicity maybe 
caused by 
secondary release 
of metal ions. 
. 

 

Finally, the majority of single-component biomaterial (excluding metals) degrade easily and 

lack the necessary mechanical stability to be used as 3D printable biomaterial (Jang et al., 
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2018) and to be applied in bone tissue engineering. Therefore, most single-component 

(pure) biomaterials are unable to fully replicate the properties of bone tissue when used 

alone (Turnbull et al., 2018). That is why it is an urgent necessity to develop reinforced multi-

biomaterials 3D scaffolds that will fulfil the mechanical and cell affinity of bone tissue and be 

printable using the 3D printing technologies. 

 

2.3. RATIONALE FOR REINFORCEMENT OF MULTI-BIOMATERIALS FOR 3D 

PRINTED SCAFFOLDS  

 

3D printed biomaterial scaffolds can be implanted either as cellular or acellular, wherein the 

former (cellular) involves the implantation of the biomaterial scaffold combined with cells 

(e.g. stem cell and/or osteoprogenitor cells) (Kinoshita and Maeda, 2013), where the cells 

are encapsulated during biomaterial scaffold fabrication made of hydrogel polymer matrix 

(Nicodemus and Bryant, 2008). The former technique protects cells from the immune system 

(Murua et al., 2008) and permits uniform cell distribution within the scaffold (Bryant and 

Anseth, 2003). On the other hand, the latter (acellular), the overall architecture and geometry 

of the biomaterial scaffold promote the recruitment of local/host cells, which is possible with 

“smart” cues and attachment motifs within the biomaterial scaffold architecture (Kinoshita 

and Maeda, 2013). This review will investigate and highlight mostly the acellular 3D printed 

biomaterial scaffolds for bone tissue engineering application.  

 

Biomaterial properties can be improved through the combination of two or more biomaterials 

to form composite multi-biomaterial 3D scaffolds (Turnbull et al., 2018). Hence, different 

biomaterials are combined or reinforced to yield a multi-biomaterial 3D scaffolds with 

appropriate properties for bone tissue engineering application (Costa et al., 2007; Stumpf et 

al., 2018). The reinforcement of bioactive components (such as bioceramics amongst 

others) is also a popular strategy to improve osteogenesis, bioactivity and mechanical 

strength of pure or single-component polymeric scaffolds (Zhang et al., 2018). Therefore, the 

physical/chemical bonding of the reinforced biomaterial into the polymeric/biomaterial 

scaffolds can solve the mechanical properties limitations of pure biomaterial or single-

component biomaterials. Recently most bioceramics are combined with polymers (natural or 

synthetic polymers) to enhance their printability. Furthermore, most of the biomaterials that 

are polymer-based are 3D printed using the extrusion-based printing technology, and there a 

broader range of application in regenerative medicine (Jammalamadaka and Tappa, 2018). 

Biomaterials possess great influence on the overall properties of the developed 3D 

biomaterial scaffolds. Therefore, it is very important to study and understand individual 

biomaterials properties, and allow a suitable selection process of the biomaterials for a 
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specific tissue application; since biomaterials differ in their mechanical and cellular affinity 

(Khang, 2015); which also influences cell proliferation, cell adhesion, and overall tissue 

regeneration outcome (Asa’ad et al., 2016). 

 

2.4. SCAFFOLD FABRICATION APPROACHES FOR BIOMATERIAL SCAFFOLD 

REINFORCEMENT 

 

Three selected methods are discussed, which are used to improve the 3D printed/printing of 

biomaterial scaffolds properties, for suitability in bone tissue engineering application. Below 

are brief descriptions of how each method is carried out. 

 

2.4.1. Post-3D Printed Biomaterial Scaffolds Dip Coating Modification 

 

The dip-coating technique, described as a process where the substrate (e.g. 3D printed 

biomaterial scaffolds) is immersed in a liquid solution (containing the coating materials) and 

then withdrawn in a pre-defined speed, under controlled temperature and atmospheric 

conditions (Figure 2.3). Therefore, the dip-coating of the 3D printed biomaterial scaffolds is 

amongst the techniques used to enhance biomaterials scaffold properties, such that the 

mechanical and biological properties are improved partially or wholly to match the tissue 

under investigation. Figure 2.3 is the representation of the schematic instrument utilized in 

the process of biomaterial scaffolds dip-coating method. Briefly, after the 3D biomaterial 

scaffolds are fabricated using the 3D printing technique, it is coated with a thin layer (e.g. 

solution) via dip coating. Prior the dip-coating, the 3D biomaterial scaffolds of equal size are 

cleaned in an ultrasound (e.g. using acetone or ethanol) and then dried at room temperature. 

To apply the coating (solution) to the 3D printed biomaterial scaffolds, the dip-coating 

method RDC 15 (Relamatic, Glattburg, Switzerland) can be utilized. The scaffolds will be 

immersed in the coating solution for a specified period and withdrawn with a specific hosting 

speed as per the specifically developed protocol. Finally, the coated 3D biomaterial scaffolds 

will be dried (Coan et al., 2013; Motealleh et al., 2016). The thickness varies depending on 

the dipping time (Li et al., 1996). 

 



20 
 

 
Figure 2.3: Schematic representation of scaffolds dip-coating method (Coan et al., 2013). 
 

2.4.2. Modification by in situ Co-Fabrication via 3D Printing Method 

 

The in situ co-fabrication/precipitation/mineralization is amongst the current effective 

methods to reinforce biomaterials/biomolecules for the enhancement of 3D printed 

biomaterial scaffolds properties. Briefly, a polymeric solution is prepared as a hydrogel (e.g. 

Sodium alginate/nanoHAP or alginate/SiO2), then added to a 3D print cartridge and printed 

into a solution made of biomaterials that enhance the precursor biomaterial properties (e.g. 

PEI). Figure 3.1 (Section 3.3.1, chapter 3), is the pictorial simplified synthetic demonstration 

of the in situ co-fabrication method (Sithole et al., 2018). This method is believed to 

efficiently distribute minerals within polymer matrixes. Hence, alginate/nanoHAP (Rajkumar 

et al., 2011), chitosan/nanoHAP (Azami et al., 2012), gelatin/nanoHAP (Zandi et al., 2010) 

and collagen/nanoHAP composite (Hoyer et al., 2012) have been fabricated through a 

similar technique. 

2.4.3. Pre-Processed Biomaterials Modification Method for 3D Printing 

 

This method is also amongst the most used biomaterials modification techniques, it includes 

the pre-processing of biomaterials to be 3D printable as 3D biomaterial scaffolds and have 

desired properties for bone tissue engineering application. Briefly, the biomaterials are 

modified through chemical/physical means such as blending, crosslinking and grafting to be 

3D printable and at the same time have biological and mechanical properties that are 

suitable for the tissue under investigation such as bone tissue engineering application. 



21 
 

2.5. REINFORCED, MULTI-BIOMATERIAL, 3D PRINTED SCAFFOLDS FOR 

IMPROVEMENT OF MECHANICAL PROPERTIES AND CELL AFFINITY  

 

The mechanical integrity of the 3D printed biomaterial scaffolds remains a challenge in 

successfully achieving a balance in vivo properties (Chan and Leong, 2008; Hollister et al., 

2002). As highlighted above, single-component biomaterials (which include bioceramics, 

metals and polymers), when utilised alone are unable to fully replicate the properties of bone 

tissue when used alone or 3D printed as single-component biomaterial (Jang et al., 2018). 

The type of biomaterial used and architectural properties are the driving force for scaffold 

mechanical behaviour (Wu et al., 2017). Hence, pure biomaterials or single-component 

biomaterials mechanical properties and cell affinity limitations can be addressed by 

introducing bioceramics or physical/chemical bonding biomaterials into the 

polymeric/biomaterial composite scaffolds. In most cases, bioceramics are introduced as 

filler or are coated to the polymer matrix to improve the mechanical properties and its 

bioactivity properties (Gloria et al., 2010; Liu and Ma, 2004; Rezwan et al., 2006). Porosity is 

introduced to the composite biomaterial scaffolds through various levels of precision using 

techniques such as 3D printing technology (Do et al., 2015), since the scaffolds pore size 

have an effect on its mechanical properties and cell behaviour (Loh and Choong, 2013). 

Below are selected examples of reinforced composite 3D printed scaffolds for bone tissue 

engineering application, to enhance either the mechanical properties, cell affinity or both. 

 

Chou et al., (2013), 3D printed a metallic scaffold using iron (Fe) and magnesium (Mn), 

resulted in tensile mechanical properties scaffold being similar to cancellous bone tissue. 

The composite 3D printed iron-magnesium (Fe-Mn) scaffold was also found to have good 

cell viability, cell adhesion (cell affinity) and the cells infiltrated the 3D printed biomaterial 

scaffold pores upon exposure through in vitro analysis. But the reported mechanical 

properties of pure or single-component Fe (Young modulus 211GPa) (Ghassemi et al., 

2018) is significantly higher than the measured mechanical properties of the composite 3D 

printed Fe-30Mn scaffold (Young’s modulus 32.47GPa). The reduction in the mechanical 

properties suggested that the 3D printed metallic biomaterial scaffold under investigation 

may be more appropriate for craniofacial bone scaffolds application. The measured Young’s 

modulus (32.47GPa) was found to be twice that of the natural bone, hence, the composite 

3D printed Fe-30Mn should possess reduced risk for stress shielding compared to other 

metallic biomaterials of higher stiffness such as Ti and Co-Cr systems (Chou et al., 2013). 

Furthermore, a stainless metallic composite 3D printed scaffold made of the combination of 

cobalt chromium and titanium alloy was 3D printed through selective laser sintering (SLS), 

which was then secondarily modified using phosphoric acid. The resulted composite 3D 
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printed metallic scaffold composed of a biocompatible phosphoric acid layer on the metallic 

scaffold surface. Hence, this allowed a successful reinforcement of biomolecules and 

antibiotics to improve bioactivity on the printed scaffold phosphoric acid surfaces (Kruth et 

al., 2005; Vaithilingam et al., 2015). 

 

Feng et al., (2015), fabricated a composite akermanite (Ca2MgSi2O7) biomaterial scaffold, 

which was reinforced/modified with nano-titania (nano-TiO2) particles using selective laser 

sintering (SLS) 3D printing technology. The composite 3D printed biomaterial scaffold had 

shown a high compressive strength of 23 MPa when reinforced/modified with nano-TiO2. 

Hardness, stiffness, compressive strength and fracture toughness were significantly 

enhanced with increase nano-TiO2 content. Additionally, on the surface of the composite 3D 

printed biomaterial scaffold, a bone-like apatite was formed in vitro with osteoblast-like 

MG63 cells proliferated and adhere to the biomaterial scaffold (Feng et al., 2015). Figure 

2.4a depicted the morphology of the original osteoblast-like MG63 cells viewed under light 

microscopy. The original osteoblast-like MG63 cells were uniform in size and 

polygon/fusiform shaped. Figure 2.4(b-d and e-g) depicted the morphologies of osteoblast-

like MG63 cells cultured on the pure akermanite scaffold and the 5wt% nano-TiO2 reinforced 

porous akermanite scaffold for different days respectively. Figure 2.4(b and e) depicted the 

attachment of osteoblast-like MG63 cells and spread well on the surface of the scaffold after 

culturing for 3 days. Figure 2.4(c-d and f-g), shows that as the cell-scaffold culture days 

increases, it significantly increases the number of osteoblast-like MG63 cells attachment on 

the scaffold surface. The cells were observed to be flattened and tightly attached on the 

surface of the scaffolds with their lamellipodium and filopodium, suggesting good cell viability 

on all akermanite scaffolds. 

 

Wu et al., (2006), previously showed that Si, Mg and Ca ions, resulted from the scaffold 

made of akermanite dissolution could stimulate osteoblast-like MG63 cells to proliferate and 

this may be considered as one of the stimulatory effects in evaluation criteria for bioactivity 

of the biomaterial scaffold. The nano-TiO2 reinforced akermanite biomaterial scaffold has 

enhanced cell growth and attachment, since the results indicated excellent scaffold 

biocompatibility. Additionally, Liu et al., (2013), used metal titanium and silica to fabricate a 

composite titanium-silica composite scaffold using a selective laser sintering (SLS) 3D 

printing techniques (Liu et al., 2013). The compressive strength of the composite 3D printed 

scaffold was enhanced by the heat treatment, post-3D printing. Osteoblast-like MG63 cells 

were utilized to study the cell proliferation for seven days and the result supported good cell 

viability (Huang et al., 2013). 
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Figure 2.4: Light microscopy morphology of (a) original osteoblast-like MG63 cells; (b-d) 
SEM microscopy of osteoblast-like MG63 cells (arrows) on the pure akermanite scaffold and 
(e-g) 5wt% nano-TiO2 reinforced akermanite scaffold; (b and e) after cell culture for 3 days;(c 
and f) 7 days and (d and g) 10 days (Feng et al., 2015). 
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However, there are few challenges encountered by using metals for 3D printed biomaterial 

scaffolds in bone tissue application. Most 3D printed metallic scaffolds are sintered at 

1200oC, very high-temperature conditions. High-temperature conditions are not good for the 

inclusion of bioactive polymers or bone growth factors, and biomolecules directly during 

scaffolds fabrication. Attempts such as reinforcement of HAP or calcium silicate through 

coating the surface of the metallic scaffold post-3D printing are encouraged (Huang et al., 

2013) in these cases. The other encountered challenge in 3D printed metallic scaffold, 

involved the removal of unbound powder after 3D printing, especially within the pores size of 

500µm as displayed in Figure 2.5 (Chou et al., 2013). 

 

 

Figure 2.5: Photograph of prototype sample part of the 3D printed Fe–30Mn scaffold powder 
after sintering (Chou et al., 2013). 
 

However, currently, there is increased attention focused on the development of 

polymer/bioceramic or copolymer/ceramic composite scaffolds, which has been reviewed in 

detail (Turnbull et al., 2018). Because they possess the most ideal characteristics 

appropriate for bone tissue engineering application and the use of heat is eliminated as to 

incorporate biomolecules directly during fabrication and biological polymers will not lose their 

biological integrity since the fabrication temperature conditions are low and appropriate for 

the inclusion of bone growth factors and bioactive. 

 

2.6. REPRESENTATIVE EXAMPLES OF REINFORCED, 3D PRINTED 

BIOMATERIALS SCAFFOLDS FOR BONE TISSUE ENGINEERING  

 

A huge number of biomaterials have been investigated for bone tissue engineering 

application over the year. Different fabrication methods have been explored to produce bone 

biomaterial scaffolds, but this review focused on 3D printing biomaterial scaffolds fabrication 

methods as mentioned above. In this review, two mostly and currently used biomaterials for 

scaffolds fabrication in bone tissue engineering – alginate and silica are discussed in detail. 
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2.6.1. Alginate-Based Reinforced 3D Printed Biomaterial Scaffolds for Bone Tissue 

Engineering 

 

Alginate is a natural biomaterial polymer, widely used for biomaterial scaffold fabrication in 

tissue engineering because of its high water content mimicking natural ECM, innate 

biocompatibility and low cytotoxicity (Yang et al., 2018; You et al., 2017). Alginates easily 

degrade and consist of two monosaccharides units, namely; mannoronic acid and gulunoric 

acid. When mixed with trivalent cations or divalent cation such as Ca2+, it can possibly form a 

stable hydrogel. The negatively charged carbonyl groups of guluronic acid of alginate chain 

can easily interact ionically with cations (e.g. Ca2+) and the noncovalent interaction mostly 

led to gelation (Bajpai and Tankhiwale, 2006; Gombotz and Wee, 1998). Alginate is also 

widely used because it easily and quickly encapsulate growth factors and cells (Cui et al., 

2013; Freeman and Cohen, 2009; George and Abraham, 2006; Lee and Mooney, 2012; 

Tønnesen and Karlsen, 2002; Axpe and Oyen, 2016; Kim et al., 2016; Yeo and Kim, 2017). 

Therefore, alginate-based scaffolds holds great potential in bone tissue engineering 

application, due to the easy delivery of living cells and growth factors, even though it has low 

compressive strength, lacking bioactivity and low modulus.  

 

The introduction of inorganic materials (such as Silica or Hydroxyapatite) as alginate 

modification biomaterials is an option to enhance the bioactivity and mechanical properties 

of alginate-based scaffolds (Lin and Yeh, 2004; Turco et al., 2009). Traditional 

reinforcements of inorganic materials are based on physical interactions with the hydrogel 

matrix in which secondary or van der Waals forces including dipolar interactions, hydrogen 

bonding and London dispersion forces are involved (Ehrburger, 1980). These physical 

interactions generate strong adhesion between the reinforcements and hydrogel matrix, and 

the enhancement of hydrogel properties (Jeong et al., 2016). However, alginate as a natural 

biomaterial polymer lacks cell adhesion site, consequence limiting cell adhesion and it also 

easily degrade. Hence, cell-recognition peptide such as RGD peptides and/or other 

biomaterials can be mixed/added into the alginate hydrogel as alternative bioactive hydrogel 

to be incorporated in alginate hydrogel to provide biochemical functionality for cell growth 

(You et al., 2017). Therefore, this leads to the wide use of alginate in 3D printing of scaffolds 

mostly used for cartilage tissue engineering application. For an example, Müller et al., (2017) 

3D printed a scaffold for cartilage tissue engineering application using sodium alginate in 

combination with nano-cellulose (Müller et al., 2017). Cell proliferation was reported to be 

accelerated by alginate-based 3D bioprinted scaffold overlaid with agarose and calcium salt 

of polyphosphate compounds (Neufurth et al., 2014).The reinforcement of inorganic phase 
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into polymer-based biomaterial scaffold structure is a great strategy to improve bioactivity in 

tissue engineering as suggested (Egorov et al., 2016).  

 

Sodium alginate is a biocompatible polyanionic, having shear thinning properties that’s result 

from alginate solution, which leads to alginate being often utilized as precursor solution in 3D 

printing of tissue engineering constructs/products. The 3D printed hydrogel shape and 

structural integrity are often difficult to guarantee because of the insufficient viscosity of the 

maximum concentration of alginate hydrogel, hence the deposited layers can easily collapse 

and fuse. Furthermore, crosslinking alginate hydrogel with Ca2+ mostly results in a 

mechanically weak alginate construct and due to gravity the deposited layers can easily 

collapse, this also has influence on the shape and structural integrity of the 3D printed 

hydrogel construct. Therefore, alginate as a biocompatible polyanionic, can easily form a 

polyion complex (PIC) when crosslinked with a polycation as mentioned in the text. But the 

changing reactive ion pairs mostly control the mechanical strength of the PIC hydrogels, 

which are prepared from two opposite charged polyelectrolytes. The inhomogeneous 

precipitations are usually the result of mixing bulk solutions of polyanion and polycation, 

where at the interface of the two solutions a strong PIC is formed, which quenches further 

reaction. Consequentially, due to the limited ion pairs that are reactive in the reaction site, 

this may lead to a low crosslinking density of the biomaterial internal network. As a solution 

to this problem, Luo et al., (2015) used a polyelectrolyte to polymerize it from a monomer 

solution in the presence of an oppositely charged 1:1 charged ratio polymer (Luo et al., 

2015). The monomer 3-(methacryloylamino) propyl-trimethylammonium chloride (MPTC) 

which is cationic, was homopolymerized first and then mixed with monomer sodium p-

styrenesulfonate (NaSS) which is anionic. In the second step, the anionic monomer is 

polymerized after good dispersion, forming a soft PIC hydrogel. The hydrogel that was 

formed from the oppositely charged polyelectrolyte are self-healing, rebuildable and tough as 

usually indicated by the compression and tensile test (Liu et al., 2018). Below, few studies 

on reinforced 3D printed biomaterial scaffolds have been highlighted. 

 

A 3D printed biomaterial scaffold was fabricated from novel hydrogel composite for bone 

tissue engineering, using biomaterials such as alginate, hydroxyapatite (HAP) and gelatin. 

(Wüst et al., 2014). A huge widow of using this hydrogel in tissue engineering was opened. 

The hydrogel resulted from the two-step process of chemical crosslinking alginate and 

mixing the thermosensitive properties of gelatin, to achieve a long term structural integrity 

and a fast crosslinking with human mesenchymal stem cells performed during the 3D 

printing of hydroxyapatite. Furthermore, alginate was combined with polycaprolatone due to 

its excellent mechanical properties for bone tissue application to fabricate/create a 3D 



27 
 

osteochondral tissue from a 3D bioprinter (Shim et al., 2012). Hence, the combination of 

these two biomaterials results in the mechanical properties that is necessary for bone tissue 

engineering application. Armstrong et al., (2016) fabricated a 3D alginate-based scaffolds 

with enhance mechanical properties, from a hydrogel made of sodium alginate and 

poloxamer as a sacrificial guest. On the other hand, a 3D biomaterial scaffold made of 

sodium alginate and gelatin mixed with bone-related SaOS-2 cells, then overlayed by 

agarose and calcium salt of polyphosphate was fabricated. An increase in cell mineralization 

and higher cell proliferation was observed from the resultant biomaterial scaffold (Neufurth et 

al., 2014). Wang et al., (2014) used the same cell phenotype to investigate the effect of 

bioglass on SaOS-2 cells biomineralization and growth in the 3D printed alginate/gelatin 

scaffolds. Cell mineralization and cell proliferation were increased by the presence biosilica 

and polyphosphate. Jang et al., (2016) fabricated a 3D biomaterial scaffold from mixing 

nanofibers, polycaprolactone microfibers, collagen and mesenchymal stem cell-laden 

alginate, utilizing a 3D bioprinter. The resultant 3D biomaterial scaffold accelerated new 

bone formation in vivo and promoted osteogenesis after mastoid obliteration. Daly et al., 

(2016) firstly used stem cells supported by gamma-irradiated alginate hydrogel with Arg-Gly-

Asp adhesion peptides to make cartilage templates. The template was modified/reinforced 

by 3D printed polycaprolactone, the resultant printed biomaterial scaffold was approximately 

350-fold high in compressive modulus, which will be advantageous for bone tissue 

engineering application.  

 

Therefore, alginate mechanical properties for bone tissue scaffold is low in 3D bioprinting 

(for instance, the stiffness during elastic deformations of the bone ranges between 15–25 

GPa (Ritchie et al., 2009), whereas alginates is so much lower which is 150–550 kPa 

(Kaklamani et al., 2014)). Even though there exists limitations such as modulus, low 

compressive strength and the lack of bioactivity, the scaffolds made from alginate still holds 

great potential in bone tissue engineering application due to their potential to deliver living 

cells and growth factors. Hence, the combination of biomaterial such as biosilica, 

polycaprolatone and hydroxyapatite amongst others, with alginate improves the mimicking of 

the mechanical properties of the 3D printed biomaterial scaffold for bone tissue. Hence, 

alginate-based scaffolds mechanical properties and bioactivity can be improved by the 

introduction of inorganic materials such as hydroxyapatite (HAP) amongst others (Luo et al., 

2015). 
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2.6.2. Silica Reinforced 3D Printed Biomaterial Scaffolds for Bone Tissue Engineering 

 

Silica-based bioceramics composite scaffolds have gained great attention in bone tissue 

engineering, due to the ionic breakdown of Si-containing biomaterial scaffolds, making it 

possess osteoconductive properties (Huang et al., 2013; Wu et al., 2008; Xue et al., 2005). 

Furthermore, silica has good biocompatibility, bioactivity and mechanical properties making 

advantageous for bone restoration and bone tissue engineering application (Chang et al., 

2015; Torres et al., 2013). Though, it was reported that the compressive strength of SiO2 

scaffold was found to be 4.2MPa, which is insufficient to support bone structure since the 

compressive strength of human bone is reported in a range of 100- 230MPa (Chang et al., 

2015; Kokubo et al., 2003; Lei et al., 2014). But silica has good mechanical properties, even 

though it is not sufficient to support bone structures when used alone, therefore, it is 

significant to reinforce the silica biomaterials in order to achieve appropriate mechanical 

properties for bone tissue engineering application. Feng et al., (2014) 3D printed a potential 

bone scaffold using calcium silica via SLS, the mechanical strength was improved by the 

reinforcement of HAP. Therefore, the 3D printed biomaterial scaffold compressive strength 

increased from 15MPa to 27MPa with the reinforcement of 20wt% HAP whiskers. 

Furthermore, apatite mineralization was observed on the surface of the 3D printed 

biomaterial scaffold in vitro analysis and osteoblast-like cell infiltration and cell proliferation 

increased with culture time (Feng et al., 2014). 

 

Furthermore, few examples to highlight silica-reinforced scaffolds advantages with multi-

biomaterials 3D printed scaffolds for bone tissue engineering application, special for good 

mechanical properties improvement. Bioceramic silica ceramic slurry (SiO2) was 3D printed 

through a self-developed 3D printer and its mechanical strength was improved by reinforcing 

CaCO3 in order to blend it into a homogenous SiO2-sol. The prepared CaCO3/SiO2-sol bi-

component was 3D printed as biomaterial scaffold (Chang et al., 2015). The 3D printed 

bioceramic-based scaffold presented an improved mechanical property and showed good 

cell affinity when osteoblast-like MG63 cells were used, demonstrating good biocompatibility, 

no cytotoxicity and improved mechanical properties (Chang et al., 2015). The reinforcement 

of ZnO and SiO2 dopants to the 3D interconnected porous tricalcium phosphate (TCP) 

scaffolds influenced both mechanical and biological properties of the scaffolds. These 

means that, the reinforced dopants decreases the phase transformation of TCP sintered at 

1250oC, increasing densification and the result showed up to 250% increase in compressive 

strength when compared to pure TCP scaffolds. The maximum compressive strength of 

10.21 ± 0.33MPa was achieved in doped scaffolds (Fielding et al., 2012). Tarafder and 

Bose, (2014) 3D printed TCP scaffold from the combination of polycaprolactone (PCL) and 
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alendronic acid (AL), performed post-fabrication (Tarafder and Bose, 2014). Through in vivo 

investigation by local delivery of AL from PCL-coated TCP scaffold, it shows an increase in 

early bone formation compared to bare TCP and PCL coated TCP scaffolds. Additional 

studies of 3D printing of 3D TCP scaffold reinforced with silicon dioxide and magnesium 

oxide doping into the scaffold design was conducted (Bose et al., 2017). Hence, significantly 

great blood vessel and bone formation were observed in scaffolds reinforce with Si and Mg 

compared to bare TCP scaffolds through in vivo investigation. But these hard materials 

based scaffolds lack a soft niche to support neo-angiogenesis in vivo. The findings of the 

study suggested that silicon and magnesium reinforce into the 3D printed TCP scaffolds 

could have the potential for future bone tissue repair and regeneration (Turnbull et al., 2018).  

 

2.7. CONCLUDING REMARKS 

 

3D printing technology has solved a great number of 3D biomaterials scaffolds fabrication 

limitations in tissue engineering applications. Though, the mechanical properties and cell 

affinity are still the existing challenges, especially for bone tissue engineering applications. 

This review chapter highlighted a number of attempted potential solutions to address the 

limitation associated with mechanical strength and cell affinity of the 3D printed biomaterial 

scaffolds specifically for bone tissue engineering application. The review chapter also 

highlighted briefly the limitation associated with pure or single-component biomaterials for 

bone tissue scaffolds application and printability. It was also noted that some synthetic 

conditions (e.g. high temperatures) of the 3D printed biomaterials scaffold (mostly metallic) 

are not appropriate for inclusion of biomolecules during 3D printing fabrication stage. 

Therefore, the biomaterial scaffolds printed in high temperatures condition makes it 

impossible to work with most biological materials as precursors. Furthermore, the methods 

of sterilization before implantation in living organism (such as animals) are not well 

investigated and studied. The 3D bioprinter can work in low temperatures and biological 

materials (including living cells) can be printed or be incorporated in the printing of 

biomaterial. In our lab, we published a paper on alginate-based 3D printed biomaterial 

scaffold for bone tissue engineering application. Our lab, focused on the novel synthetic 

methods using novel biomaterial combination, yielding a composite 3D printed polymer-

bioceramic scaffold for bone tissue engineering application (Sithole et al., 2018). Therefore, 

recently polymer-bioceramics composites are under investigation as a best composite 

biomaterial to be 3D bioprinted for bone tissue engineering application. 
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3.1. INTRODUCTION  

 

The traditional repair treatments for critical-sized or non-union bone defects due to trauma or 

disease have centered on orthopedic implants, allografts, and autografts. However, these 

techniques suffer from a number of limitations (Inzana et al., 2014; Mallick et al., 2015) such 

as lack of available donors and inadequate biomechanical properties (Sarkar et al., 2006). 

Hence, bone tissue engineering employing scaffolds has emerged as an innovative and 

growing field of research in tissue engineering as an alternative technique to overcome the 

limitations of current approaches (Mallick et al., 2015). Tissue engineering techniques 

involve the use of an appropriate scaffold biomaterial, relevant growth factor and/or cells 

(Cohen et al., 2010; Tang et al., 2016). Polymers have been investigated as biomaterials for 

a range of medical applications due to their biological properties (Karageorgiou and Kaplan, 

2005). Major breakthroughs in tissue engineering is owing to the success in development of 

novel biomaterial-based approaches that simulate native organ and tissue parts (Bajaj et al., 

2014). Manipulation of materials and their biorelevant characterization has been the 

fundamental to their application in tissue engineering (Naebe and Shirvanimoghaddam, 

2016).  

 

The properties of the scaffold depend mainly on the fabrication methods and the nature of 

the biomaterial (Karageorgiou and Kaplan, 2005). Two-dimensional (2D) patterns of 

biochemical and mechanical cues have been generated through the development of 

numerous intricate methods, but for many cell types, the 2D culture condition may not be 

appropriate for propagating tissue regeneration. Additionally, 2D fabrication methods cannot 

be easily transformed into 3D methods, hence, there is a need for more progressive 

methods to precisely capture the intricate 3D cellular environment (Bajaj et al., 2014). 

Scaffolds with controlled surface chemistry, pore size distribution, pore volume, pore 

interconnectivity and architecture cannot be fabricated with traditional processing techniques 
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(Gu et al., 2016; Liu et al., 2007) such as solvent casting or particle leaching, freeze-drying 

and gas foaming (Bajaj et al., 2014). Therefore, additive manufacturing processing 

technologies such as 3D printing have been explored as an innovative tool since 1988 for 

the production of 3D structures, such as medical devices and tissue engineering scaffolds 

(Mehrban et al., 2016). The advantages of 3D printed scaffolds for bone tissue engineering 

includes the fabrication of well-defined architecture with patient-specific geometries as well 

as enabling the necessary spatial organization (e.g., of bioactives or cells) within the scaffold 

or enhancing biological functionality (Inzana et al., 2014). However, appropriate material 

selection is a major challenge in bioprinting. This could be addressed through 

conceptualizing tunable bio-inks with a range of material properties; this may be achieved 

through creation of novel composite mixtures to incorporate desirable features or properties 

(Mandrycky et al., 2016). This approach is enabled via 3D printing which allows multiple 

biomaterials to be simultaneously plotted (Mandrycky et al., 2016). During 3D printing of 

hydrogel scaffolds, further co-fabrication approaches, such as chemical or physical  

crosslinking reactions, could be implemented to influence the 3D structural integrity and 

properties (Khan et al., 2015). 

 

In considering the biomaterial composition of a bone scaffold it must be noted that bone is a 

nanostructured inorganic-organic composite (nanocomposite) or multiphase solid material. 

Alginate has been actively explored in the fabrication of scaffolds due to its capability to 

enable tissue and organ regeneration (Hashimoto et al., 2005; Kataoka et al., 2004; 

Levenberg et al., 2005; Li et al., 2006; Prang et al., 2006; Suzuki et al., 2000). For the 

fabrication of scaffolds using alginate, traditional methods such as electrospinning, 

crosslinking and lyophilization have been extensively studied. The most commonly employed 

traditional method for the production of alginate biopolymer scaffolds is via lyophilization 

(Venkatesan et al., 2015). Alginate displays distinct efficacy due its high water absorbing 

ability, biodegradability and high biocompatibility. Hence, it has been widely studied for 3D 

cell culture, tissue regeneration and drug delivery (Shang et al., 2017). Modification of 

alginate via diverse approaches is also possible, and a requirement for enhancement of its 

biomechanical properties for tissue engineering applications. Sun et al., (2013) provided an 

in depth review of alginate hydrogels for regenerative medicine applications through click 

reaction, free radical polymerization, cell crosslinking, phase transition and ionic crosslinking  

(Sun and Tan, 2013; Venkatesan et al., 2015). Polyethyleneimine (PEI) is a branched 

polycationic polymer that contains a high density of ionizable tertiary, secondary and primary 

amino groups and has a strong interaction with proteins. It has been employed widely in 

tissue engineering and promotes cell growth. It has also been utilized to enhance protein 

loading on solid surfaces and it has been introduced onto the surfaces of organic or 
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inorganic solid spheres using techniques such as covalent grafting, spray drying, 

electrostatic adsorption and layer-by-layer assembly. Murakami et al., (2011) produced PEI-

coated hydroxyapatite with various fractions of PEI via a spray drying technique. Further, Xia 

et al., (2011) employed a layer-by-layer technique to produce chemically crosslinked PEI 

using glutaraldehyde. Therefore, PEI can form a polyelectrolyte (PEC) layer following 

electrostatic adsorption on a negative substrate (Wang et al., 2012), such as alginate to 

create a complex with potentially enhanced capabilities. Silica gel is an exemplary inorganic 

component commonly included in bone scaffolds. Bioactive materials containing silicon 

species have demonstrated enhancement of osteogenesis. Silica could thus be included in 

the bio-ink for improved bone tissue biosimulation.  

 

The 3D printing technology, as discussed, holds great potential, but there are some 

important limitations that need to be overcome. There is a great need for an increased 

diversity of printable biomaterials for the synthesis of bioarchetypes and biodegradable 

polymeric biomaterials that will fulfil the requirements of tissue repair, regeneration, 

restoration and reorganization (Guvendiren et al., 2016; Liu and Ma, 2004). This study 

proposed to develop a novel bioarchetype employing 3D-printing technology as an 

innovative co-fabrication tool for single-step conjugation of scaffolds. A polymeric scaffold 

was engineered in situ employing sodium alginate as a bio-ink which interacted with PEI to 

form a polyelectrolyte complex while the scaffold was simultaneously bioprinted, with 

inclusion of silica gel as a temporal inorganic bone tissue supporting component for 

bioarchitectural simulation of bone tissue. Physicochemical and physicomechanical 

characterizations were undertaken to assess the potential of the scaffold for bone tissue 

engineering. Ultimately, this research proposes a novel approach for bio-ink design and 

scaffold bioprinting to address the limited availability of printable biomaterials for bone tissue 

engineering applications. 

 

3.2. MATERIALS AND METHODS 

 

3.2.1. Materials 

 

Sodium alginate (NaAlg, Product number: W201502, sodium alginate), demonstrated to be 

suitable for biofabrication of 3D hydrogel (Tabriz et al., 2017), was obtained from Sigma-

Aldrich, Gilling-ham,UK. silica gel (Si, Mw = 60 000), poly(ethyleneimine) solution (PEI, 

50%w/v in water, Mw = 750 000), Dulbucco’s Modified Eagle’s Medium (DMEM), Fetal bovin 

serum (FBS), ethanol, deionized water and additional reagents were purchased from Sigma-
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Aldrich (Cleveland, OH, USA). Chemicals were utilized without further purification unless 

stated. 

 

3.2.2.  Fabrication of the 3D Bioprinted in situ Conjugated-co-fabricated Scaffold 

Bioarchetypes 

 

The Alg-PEI/Si scaffold was engineered as follows: Sodium alginate (200mg/mL) was 

prepared as a component of the bio-ink following hydration in ultra-filtrated purified deionized 

water (Millipore, France). Silica gel (200mg/mL) as an inorganic component was combined 

with the sodium alginate hydrogel. Separately, PEI solution was prepared by adding 40mL of 

PEI to 100mL of ethanol. A 3D Bioplotter® (EnvisionTEC, GmBH) was employed to engineer 

an Alg-PEI/Si 3D porous scaffold. The 3D printing of these polymeric scaffolds utilized 

computer aided design (CAD) to create the desired structure to be printed. The importing 

software of the STL data and the control of the 3D Bioplotter® consisted of two modules: (i) 

the 3D Bioplotter® software for STL data importation and structure (e.g. scaffold) fabrication; 

and (ii) the VisualMachine software for material parameters and machine control. The 

scaffold was printed at a temperature of 37oC where the Alg/Si bio-ink was fed into a 30cm3 

cartridge and dispensed through a plastic needle (nozzle diameter 0.41mm), under a 

pressure of 0.5Bar and deposition speed of 8mm/s into a petri dish containing the solidifying 

solution of PEI dissolved in ethanol. The layers were deposited at 90 degree angle to the 

underlying layer in PEI solution. Layers were successively printed with the average 

solidification time per layer noted. The scaffold was printed using parameters as described in 

Table 3.1. The bioprinted scaffold was subsequently washed thrice with double deionized 

water and dried to constant weight at room temperature (25°C). Table 3.2 provides visual 

results of the solidification behavior of the various preliminary solidified scaffolds evaluated, 

where deionized water and PEI, ethanol and PEI, or ethanol alone were investigated as the 

solidifying solutions. The preferred scaffold was identified and subjected to further 

characterizations. 

 
Table 3.1: Parameters used to print the desire bioarchetype scaffold 

Parameter Value 

Temperature 37oC 
Pressure 0.5Bar 
Speed 8mm/s 
Platform temperature 20oC 
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Table 3.2: 3D bioprinted scaffold combinations and preliminary characterization 

Bio-Ink Solidification Solution Visual 
Characterization 

Sodium Alginate + Silica gel Ethanol Rapid solidification 
(within 30s); Stable 
scaffold (maintains 3D 
architecture for 
successive layers to 
be printed); Scaffold 
degrade within a day 
(see Comparative 
Degradation Rate 
Analysis of the 
Bioprinted Scaffold 
section).  
 

Sodium Alginate + Silica gel PEI dissolved in ethanol  Moderate solidification 
time (within 60s); 
Stable scaffold 
structure (maintains 
3D architecture for 
successive layers to 
be printed); Scaffold 
maintains it 3D 
network structure over 
28-day period of study 
(see Comparative 
Degradation Rate 
Analysis of the 3D 
Bioprinted Scaffolds 
section). 
 

Sodium Alginate + Silica gel PEI dissolved in deionised water Very slowly 
solidification (does not 
maintain 3D 
architecture for 
successive layers to 
be printed); Nonstable 
scaffold structure 
(failed to maintain 3D 
structure); Scaffold 
did not form –erosion 
studies could not be 
undertaken 

 

3.2.3. Determination of Chemical Transitions of the 3D Bioprinted Scaffolds and 

Native Biomaterials 

 

The chemical transitions of the scaffold fabricated employing the 3D Bioplotter® 

(EnvisionTEC, GmBH) and the native materials used were determined utilizing a Fourier 

Transform Infrared (FT-IR) spectrometer (PerkinElmer Spectrum 100, FT-IR Spectrometer) 
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fitted with a universal ATR Polarization Accessory (PerkinElmer Ltd., Beconfield UK). The 

samples were weighed (1-3mg) and analyzed at high resolution with the wavelength ranging 

from 4000-650cm-1 on a Nicolet Impact 400D FT-IR Spectrophotometer coupled with Omnic 

FT-IR research grade software (Nicolet Instrument Corp., Madiso, WI, USA) and the 

presence and absence of specific functional groups were evaluated. 

 

3.2.4. Thermal Transition Analysis of the 3D Bioprinted Scaffold 

 

The thermal properties of all the native materials and the bioprinted scaffold were 

ascertained via differential scanning calorimetry (DSC) (Mettler Toledo, Schwerzernback, 

Switzerland). Dried samples of 5-10mg were weighed into aluminium crucible pans (40µL) 

and a small (0.2mm) hole in aluminium lid was induced to create an open system. The 

samples were heated under nitrogen atmosphere (Afrox, Germiston, Gauteng, South Africa) 

with 200mL/min flow rate acting as the purge gas to decrease oxidation. The samples were 

exposed to a temperature range between 25oC and 400oC at the rate of 10oC/min and the 

thermal profiles were analyzed. 

 

3.2.5. Analysis of the Thermal Decomposition of the 3D Bioprinted Scaffold 

 

A thermogravimetric analyzer (TGA 400, PerkinElmer Inc., MA) was used to analyze the 

thermal decomposition of the newly formed scaffolds and the native materials. Samples (10-

20mg) were placed in a ceramic pan under nitrogen gas atmosphere. Thermograms were 

recorded in a range of 30oC to 900oC and revealed the thermal decomposition of the 

materials. 

 

3.2.6. Characterization of the 3D Bioprinted Scaffold Swelling and Structural Integrity 

Transitions  

 

The swelling and structural integrity behavior of the 3D bioprinted scaffold matrices was 

imaged using a 0.5T open configuration Magnetic Resonance Imaging (MRI) system (Signa 

SP, General Electric Medical Systems, Milwaukee, WI). The dried scaffold was placed in a 

prepared phosphate buffered saline (pH 7.4) and positioned within the flow equipped with 

0.5T permanent magnet system, stabilized at 37oC. After duly configuring, optimizing the 

shims and probe tuning, the cone-like lower part of the cell was filled with glass beads to 

provide laminar flow at 16mL/min of the solvents employed. The scaffold was placed in 
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position and magnetic resonance images were taken at set time intervals with MARAN-I 

version 1.0 software. The image was acquired after setting the frequency offset and testing 

gain employing RINMR version 5.7 under continuous solvent conditions. MARAN-I software 

comprises image acquisition software and image analysis software. MR images were 

acquired over 24 hours. 

 

3.2.7. Surface Morphology Analysis of the 3D Bioprinted Scaffold 

 

Surface morphology of the fabricated scaffold was examined utilizing scanning electron 

microscopy (SEM) FEI Nova NanoLab SEM (FEI Company, Hillsboro, Oregon). Gold isotope 

was used to sputter coat the samples while the sample was mounted on the aluminium spud 

with an EPI coater (SPI Model sputter-coater and control unit, Hester, PA). After coating the 

samples for 60s, under constant nitrogen gas conditions, the samples were analysed using a 

FEI Nova NanoLab SEM (FEI Company, Hillsboro, Oregon). 

 

3.2.8. Porositometric Determination of the 3D Bioprinted Scaffolds 

 

The 3D plotted scaffold porosity was calculated from the microscopic images of the scaffold 

using (Equation 3.1), in accordance with the theoretical approach of (Landers et al., 2002): 

 

𝑷 = 𝟏 − 
𝑽𝒔𝒄𝒂𝒇𝒇𝒐𝒍𝒅𝒔

𝑽𝒄𝒖𝒃𝒆
=  𝟏 −

𝝅

𝟒
 .

(𝒅)𝟐

𝒅𝟏𝒅𝟐 
                                                                                          (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟏)

     

Where; 

 P = scaffold porosity, 

 d = scaffold fiber diameter,  

d1 = scaffold fiber spacing and d2 = layer thickness within each different structure(Pan et al., 

2016). 

 

3.2.9. Comparative Degradation Rate Analysis of the 3D Bioprinted Scaffolds 

 

The degradation rates of the bioprinted Alg/Si and Alg-PEI/Si scaffolds were compared. UV-

light was used to sterilize the pre-weighed dry scaffolds, which were subsequently soaked in 

Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovin serum 

(FBS), and incubated in an atmosphere of 5% CO2 at 37oC (pH 7.4) to simulate the 
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environment in a living organism. Scaffolds were removed at various time intervals and 

weighed after being dried. The medium was replaced every second day since the degraded 

residues may contaminate the scaffold because in a living organism degraded residues are 

eliminated through different processes such as urinating amongst others and the study was 

performed for a period of 28 days (Pan et al., 2016). The degradation rate was calculated 

according to Equation 3.2 as follow: 

 

𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐𝒏 𝒓𝒂𝒕𝒆 (%) =  
𝑾𝟎 − 𝑾′

𝑾𝟎
𝑿 𝟏𝟎𝟎                                                                   (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟑. 𝟐 ) 

Where; 

 W’ = final weight of the scaffold 

 W0 = initial weight of the scaffold 

 

3.2.10.  Determination of the Biomechanical Properties of the 3D Bioprinted Scaffold 

 

The scaffold mechanical properties were measured utilizing a BioTester 5000. This enabled 

Biaxial testing of the scaffold which is critical for investigating the mechanical properties of 

biomaterials due to their directionally oriented microstructures. The BioRankes system 

permits the mounting of samples tissue into the BioTester. The fabricated scaffold was 

equilibrated by first soaking it in Dulbecco’s modified Eagle’s medium (DMEM), 

supplemented with 10% fetal bovin serum (FBS) and incubated at an atmosphere of 5% CO2 

at 37oC (pH 7.4) for 24 hours. The sharp BioRankes pierces the most delicate and tough 

samples as to afford a constant dispersing site of attachment across the shape of the 

samples. Following positioning of the samples, a manually-functioning crown press exerted 

pressure onto the sample.  

 

3.3. RESULTS AND DISCUSSION 

 

3.3.1. Preliminary Evaluation of the 3D Bioprinted Scaffold 

 

As depicted in Figure 3.1, a novel polyelectrolyte complex (PEC) scaffold was designed and 

printed using a 3D Bioplotter® (EnvisionTEC, GmBH). PEI was the cationic polymer of 

choice in this investigation, owing to its potential to interact with anionic functional groups to 

form complexes. Sodium alginate was a favorable anionic polymer selection, since it 

contains very reactive anionic functional groups (COO-), rendering ionic bonding through 
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electrostatic interaction between the positively charged amino groups of PEI with the 

negatively charged COO- of sodium alginate possible.  

 

The 3D bioprinting highlights a novel application for the Alg-PEI PEC incorporating silica. 

The challenge was to investigate a biologically nontoxic solvent that would dissolve PEI, 

which upon contact with NaAlg/Si bio-ink, would cause it to undergo solifdification while 

enabling the interaction of NaAlg with PEI. Stable solidification is required to enable the next 

layer to be printed on top of the previous layer, implicit to this layer-by-layer fabrication 

approach. Ethanol was found to be the solvent of choice because it is nontoxic as well as 

enabling in situ co-fabrication of the PEC with solidification of the bioplotted strands. When 

water, however, was employed as solvent it did not effectively form or maintain a solid 

structure for the subsequent layer to be printed upon.  

 

 

Figure 3.1: Schematic and photographic depiction of formation of the 3D bioprinted and in 
situ conjugated-co-fabricated scaffold. 
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3.3.2. Chemical Transition Evaluation of the Bioprinted Scaffold 

 

The 3D bioprinted scaffolds composed of sodium alginate; PEI and silica gel were 

successfully fabricated using 3D Bioplotter® (EnvisionTEC, GmBH). Its fabrication was 

validated through various techniques as discussed below. 

 

The FTIR spectrum in Figure 3.2a depicted a significant band at 1054cm-1 which is indicative 

of Si-O-Si in the spectrum of pristine silica gel. This band is overlapped by other vibrational 

modes in the FTIR spectrum of the bioprinted scaffold (Figure 3.2d). Figure 3.2b represents 

the spectrum of pristine sodium alginate, which displayed a broad stretch at 3500cm-1 to 

3000cm-1 associated with O-H stretching and two distinct peaks at 1595cm-1 and 1397cm-1 

which are attributed to the asymmetrical and symmetrical vibration of COO- functional 

groups, respectively. The vibration stretch peak at 1021cm-1 is associated with C-O-C 

functional groups (Konwar et al., 2015).  

 

Figure 3.2c represents the pristine PEI FTIR spectrum, which possessed the following 

significant bands: the two peaks at 3348 and 3287cm-1 arise from NH2 stretching vibration; 

the strong peaks at 2944 and 2844 cm-1 are associated with asymmetrical and symmetrical 

vibrations of CH2 groups, respectively; and the peaks at 1599cm-1 and 1645cm-1 are 

associated with N-H bending. The peak at 1465cm-1 is associated with CH2 bending and the 

peak from 1311cm-1 to 1000cm-1 is associated with C-N stretching (Li et al., 2014).  

 

Figure 3.2d depicts the spectrum of the bioprinted polymeric scaffold (Alg-PEI/Si). There are 

still two bands at 2948cm-1 and 2811cm-1 that are associated with CH2 stretching vibrations, 

originating from the presence of PEI; in addition there is a peak at 1465cm-1 associated with 

the CH2 bending vibration of PEI. Further interpretation highlighted bands at 3262cm-1 to 

3350cm-1 associated with an NH2 stretching vibration, as well as a new broad peak at 

1562cm-1 which is due to the newly formed ionic bond between COO- and NH3
+, of NaAlg 

and PEI, respectively, which resulted in the absence of the peak at 1645cm-1 observed in 

Figure 3.2c. This partially confirms the formation of the polyelectrolyte complex (PEC), 

however further physicochemical analyses were undertaken to support this finding. 
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Figure 3.2: FTIR spectra of (a) Pristine Si, (b) Pristine NaAlg, (c) Pristine PEI, and (d) Alg-
PEI/Si scaffold 
 

Figure 3.3 represents the XRD diffractograms of pristine Si, pristine NaAlg and the Alg-

PEI/Si scaffold for ascertaining the scaffold physicochemical state. The observed XRD 

patterns of pristine Si (Figure 3.3a) displayed a broad band centred at 22o as an indication of 

its amorphous nature (Antony et al., 2014). Figure 3.3b represents pristine NaAlg displaying 

characteristic peaks at 14o, 22o and 38o confirming its semi-crystalline nature (Qi et al., 

2015). Figure 3.3c depicts the XRD for the bioplotted scaffold which had bands at 14o, 23o 

and at 38o, reminiscent of pristine NaAlg, but with a more amorphous nature. 
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Figure 3.3: XRD spectra of the (a) Pristine Si, (b) Pristine NaAlg, and (c) Scaffold 
 

3.3.3.  Assessment of Thermal Transitions and Stability of the Bioprinted Scaffold 

 

The thermal stability of the pristine Si, pristine NaAlg and Alg-PEI/Si scaffold was assessed 

using TGA. Figure 3.4a depicts the thermal degradation of pristine Si; there is a gradual loss 

of mass toward 100oC due to the evaporation of water and it proved to be stable up to 

400oC. With regard to the TGA of pristine PEI, (Wang et al., 2012) highlighted that the 

weight loss is first observed between 106oC and 162oC corresponding to the evaporation of 

water from PEI, and between 253oC and 298oC corresponding to the endothermic peak 

ascribed to the decomposition of PEI (Wang et al., 2012). Figure 3.4b shows the TGA curve 

for pristine NaAlg where the loss of moisture was distinctly observed at temperatures below 

100oC. The major degradation of NaAlg occurred at 242oC. Figure 3.4c represents the TGA 

curve of the Alg-PEI/Si scaffold, where the evaporation of water was observed at 

temperatures below 100oC. There are two major degradations which occurred at 242oC 

corresponding to Alg and the other at 298oC which may correspond to the ionically cross-

linked PEI confirming the presence of both polymers in the product. 

 

The DSC curves of pristine NaAlg, pristine Si and the Alg-PEI/Si scaffold under N2 are 

shown in Figure 3.5. The dehydration was evidenced by an endothermic peak at ~100oC in 

all the thermal curves and the pristine Si is stable up to 400oC as evidence in Figure 3.5a. 

The decomposition of pristine NaAlg in Figure 3.5b is represented by an exothermic peak at 

240-250°C. Finally, the decomposition of the carbonaceous material occurred at 375oC 

(Soares et al., 2004). Figure 3.5c represents the thermogram of the bioprinted scaffold, 

which also exhibits an exothermic decomposition at 240-250oC corresponding to initial 

NaAlg decomposition and a small endothermic peak close to 400oC, but lack of a second 
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decomposition peak. There is delay in eventual decomposition of the scaffold compared to 

the individual components due to the ionic interaction (Shen et al., 2013). These results are 

consistent with the thermal stability findings of the TGA spectra above. 

 

 
 
Figure 3.4: The TGA spectra for, a) Pristine Si, b) Pristine NaAlg, and c) Alg-PEI/Si 
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Figure 3.5: DSC thermal behaviour of a) Pristine Si, b) Pristine NaAlg, and c) Alg-PEI/Si  
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3.3.4. Evaluation of the Morphology, Porosity, Pore Size, Swelling and Structural 

Integrity of the Bioprinted Scaffold 

 

Figure 3.6 depicted the scaffold dimensions and morphology for printing. Figure 3.6a 

highlighted the thickness of each printed bio-ink strand, which was observed to be 0.4mm, 

and the length of the space between the strands was visualized to be 0.2mm. The final dried 

Alg-PEI/Si bioprinted scaffold possessed dimensions of 3.6mmx4.5mmx1mm. Figure 3.6c 

provides the SEM of the dried printed scaffold which highlighted the roughness and porous 

nature of the bioprinted scaffold with consistent channelling of pores which are favorable for 

nutrient flow and material transfer, as well as providing a large surface area for attachment 

and proliferation of cells. The porosity of the scaffold was calculated to be 60% while the 

pore size was found to be 360±20µm, highlighting shrinkage of the scaffold strands on 

complex formation and drying. In general the acceptable pore size is in a range of 50 to 

1000µm (Li et al., 2014) for bone tissue engineering applications.  

 

 
Figure 3.6: (a) Surface schematic of the proposed design of the bioprinted scaffold, (b) 
Cross-section schematic of the proposed design of the bioprinted scaffold, (c) SEM image of 
the surface section of the bioprinted Alg-PEI/Si scaffold. 
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Figure 3.7: Magnetic resonance imaging of the bioprinted scaffold 
 

This study utilized magnetic resonance imaging (MRI) to observe the swelling and structural 

integrity behavior of the bioprinted polymeric scaffold in phosphate buffered saline (pH 7.4). 

The observed images were captured at various time intervals. The light grey area that 

surrounds the scaffold matrix is the dissolution medium (buffer), while the contrasting black 

area within the scaffold matrix is the non-gelled non-hydrated region of the polymeric 

scaffold matrix. It is observed from Figure 3.7 that, as the scaffold matrix hydrated, it 

progressively gelled and swelled represented by the white region of the scaffold matrix with 

each printed strand becoming thicker. Initially there was increased erosion, with loss of some 

of the incorporated silica gel; thereafter that the scaffold maintained its 3D network (shape) 

over the 24 hour period of investigation.  

 

3.3.5. Evaluation of Degradation of the Various Bioprinted Scaffolds 

 

The degradation behavior of Alg/Si and Alg-PEI/Si scaffolds are depicted in Figure 3.8. The 

NaAlg/Si scaffold displayed complete erosion in the medium (pH 7.4) within a day (24 hours) 

as shown in the Figure 3.8 and this can be attributed to the solubility of NaAlg in water and 

the fact that the pristine silica gel is not chemically bonded to the pristine NaAlg; the silica 

gel primarily acts as a bioactive and support structure. The Alg-PEI/Si scaffold demonstrated 

an initial mass loss of 50% within a day due to the high silica gel content incorporated within 

the scaffold, but subsequently the scaffold maintained a near constant mass up to day 28. 

The fact that scaffold maintained it 3D network structure for the 28 day period of 

investigation highlights that the degradation of the scaffold has the potential to occur over 
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time at a controlled resorption rate correlating with the bone tissue reformation rate (~3-6 

months). 

 

 
 
Figure 3.8: In vitro degradation (mass loss, %) of the bioprinted scaffolds 
 

3.3.6. Evaluation of the Physicomechanical Strength of the Bioprinted Scaffold 

 

Matrix hardness is the force required to deform scaffold matrices in the presence of an 

external pressure, while deformation energy is the energy required to withstand the forces 

within the matrices. Analysis of the physicomechanical strength is employed to indicate the 

stability of the matrices and their ability to withstand applied pressure, which a bone scaffold 

would ultimately encounter in vivo. A harder and more resilient matrix indicates a more 

compact matrix which is likely to have higher Young’s modulus. The hardness of the scaffold 

is also influenced by the inherent properties of the polymers employed in the formulation of 

the scaffold.  
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Figure 3.9: BioTester images and corresponding real-time image analysis and force-
displacement graphs representing scaffold strength (a) before application of force and (b) 
during maximum stretch. 
 

Alginate was investigated as a preferred material for bone tissue engineering compared to 

other materials because it can be easily modified, it can be introduced into the body in a less 

invasive manner due to its biocompatibility, and it enables controlled release of tissue 

induction factors (e.g., MBP). However, due to their less sufficient mechanical properties 

they cannot bear loads at the initial stages of regeneration without fixation (Lee and Mooney, 

2012). Thus formation of a PEC with 3D printing was applied. In this study, a BioTester was 

employed for biaxial determination of the stiffness or the ability of the bioprinted scaffolds to 

resist deformation under an applied tensile load. Figure 3.9(a) depicts the scaffold while it 

was at rest (before force was applied, indicated by the green dot on the force-displacement 

curve). Figure 3.9(b) shows the maximum stretching of the scaffold with biaxial testing 

before breakage (indicated by the green dot on the force-displacement curve). The stress-
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strain curve generated highlighted the elastic behaviour of the scaffold. The Young’s 

modulus (representative of material stiffness) of the bioprinted scaffold was calculated from 

the linear elastic portion of the stress-strain curve generated from the average forces and 

displacements in both x and y-directions, and was determined to be 18.37MPa (Figure 3.10). 

The bioprinted scaffold exhibited the linear elastic behavior recommended for bone tissue 

engineering (Hollister, 2009), and the Young’s modulus attained is within values reported for 

hybrid and nanobiocomposite alginate scaffolds for bone tissue engineering (~1-30MPa) 

(Bharatham et al., 2014; Lee et al., 2012) highlighting that the scaffold in its current form 

possesses the mechanical capabilities for certain bone tissue engineering applications (e.g. 

cancellous bone repair). Further strengthening of the bioprinted scaffold by enhanced 

incorporation of silica or addition of alternative inorganic or biomineral components may be 

considered for enhancement of the scaffold’ biomechanical properties. 

 

 
Figure 3.10: Stress-strain curve depicting Young’s modulus of the bioprinted scaffold. 

 
3.4. CONCLUDING REMARKS 

 

The applications of autografts or allografts have shown limitations in repair or replacement of 

bone injuries. The 3D bioprinting technology was introduced as a promising approach for 

scaffold fabrication; however, limitations exist in terms of available printable biomaterials. 

Hence, a novel alternative method of scaffold fabrication via in situ conjugation-co-
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fabrication for formation of a PEC-based 3D bioprinted scaffold for bone tissue engineering 

was employed. This single-step fabrication approach resulted in a scaffold based on an 

innovative Alg-PEI/Si biomaterial with appropriate pore size and porosity and maintenance of 

its 3D architecture over the 28 day period of investigation. The biomechanical properties of 

the 3D bioprinted scaffold highlighted the linear elastic behavior and a Young’s modulus 

which was favorable for certain bone tissue engineering applications. The application of the 

3D printing enable construction of scaffold layer-by-layer via low temperature processing for 

enhancing control over pore orientation, pore size distribution, pore volume and pore 

interconnectivity of the scaffold. This technique thus promotes customization of the spatial 

organization of the scaffold via variation of printing parameters for optimization of scaffold 

strength, nutrient transfer, and cellular infiltration for the required bone tissue engineering 

application. Further studies will focus on enhancement of the mechanical properties of the 

scaffold with evaluation of osteoblast attachment-, proliferation- and differentiation-promoting 

capabilities of the scaffold.  
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CHAPTER FOUR 
BIOCOMPATIBILITY AND BIOMINERALIZATION STUDY OF A NOVEL REINFORCED 

3D PRINTED BIOMATERIAL SCAFFOLD 
 

 

4.1. INTRODUCTION  

 

There is a global clinical need for progressive approaches in bone tissue engineering to 

repair and regenerate bone defects resulting from trauma or disease. Bone tissue 

engineering in orthopaedics is aimed at regenerating/restoring/repairing bone defects or 

critical-sized defects from various pathological conditions (Amini et al., 2012; Bankoff, 2012). 

The combination of biomaterial scaffolds with host cells or isolated cells and/ or bioactive 

molecules is the current approach in tissue engineering application. This methodology seeks 

to restore or enhance the natural processes of tissue development and regeneration. 

Furthermore, one of the significant aspects of bone tissue engineering is the introduction of 

osteoblast-like cells and cytokines (such as bone morphogenic proteins) into the biomaterial 

scaffold to generate ex vivo tissue construct for biocompatibility investigation (Karageorgiou 

and Kaplan, 2005; O’Brien, 2011; Orciani et al., 2017; Rahyussalim et al., 2017; Teixeira et 

al., 2008). The nature of the interactions that occur at the biomaterial scaffold interface, such 

as cell proliferation, cell mobility, cell adhesion, and cell spreading is affected by the surface 

topography and the material type utilized in fabricating the biomaterial scaffold. It is 

significant to fabricate a controlled microtopographical surface that can be easily 

reproduced. The surface microtopography, microchemistry, and microtexture are associated 

with biocompatibility (Teixeira et al., 2007). Cells isolated from human tissue/organs are 

normally used in investigating biocompatibility and cellular responses and believed to be 

anchorage dependent. Hence, supporting structures such as biomaterial scaffolds are 

important to act as a template for the cells to grow and proliferate among others. Therefore, 

the biomaterial scaffold should have good surface chemistry allowing the conjugation of Ca-

P (biomineralization), cell proliferation and attachment. It should not only be biocompatible, 

but must be porous with interconnectivity allowing the transfer of nutrients amongst other 

things to take place when necessary (Salgado et al., 2004). 

 

The basic principle in tissue engineering is to combine osteoinduction and osteoconductive 

substances, biodegradable scaffold, and the matrix to mediate cell growth and proliferation 

in generating/regenerating tissue/organ (Bankoff, 2012). For safe implantation of biomaterial 

scaffolds to any living organism such as a human body, it must first undergo 

quantification/qualitative analyses of various cellular responses such as cell viability, cell 

proliferation, and cell adhesion investigations in vitro. Hence, cell viability needs to be carried 
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out before evaluating the facilitation of cell adhesion and cell proliferation amongst others in 

the biomaterial scaffold (Rubin and Rubin, 2006; Wang et al., 2007; Wei et al., 2013). 

 

Osteoblast-like MG63 cells from human osteosarcoma derived from the malignant bone 

tumour were used in this study. Osteoblast-like MG63 cells were chosen because they have 

osteoblast features (Declercq et al., 2004) which are necessary for the evaluation of various 

cellular responses in the novel 3D printed biomaterial scaffold. Sithole et al., (2018) 

fabricated a novel 3D biomaterial scaffold through in situ 3D printing synthetic method using 

3D Bioplotter® (EnvisionTEC, GmBH) and performed in vitro degradation studies amongst 

other characterization investigations. Proceeding from that study, this research chapter is 

aimed at evaluating various cellular responses (cell adhesion, cell viability, and cell 

proliferation) of the osteoblast-like MG63 cells seeded onto the novel 3D printed biomaterial 

scaffold. Therefore, the chapter verifies the effectiveness and feasibility of the novel 3D 

printed biomaterial scaffold’s potential to be implanted into the bone defects of a living 

organism. 

 

Therefore, this research chapter presents the generation of an ex vivo tissue construct 

through the combination of novel 3D printed biomaterial scaffold and osteoblast-like MG63 

cells, aiming at critically evaluating the cell viability, cell proliferation and cell adhesion within 

the novel 3D printed porous biomaterial scaffold. Hence, this study highlighted the seeding 

of osteoblast-like MG63 cells onto the 3D printed novel biomaterial scaffold and evaluated 

cells behaviour in relation to the 3D printed biomaterial scaffold. The in vitro evaluation 

characteristic techniques such as light microscopy, scanning electron microscopy (SEM), 

energy-dispersive X-ray (EDX) analysis and fourier-transform infrared spectroscopy (FT-IR) 

were used to characterize the 3D printed biomaterial scaffold and methylene blue analysis 

was also used in this investigation for cell adhesion confirmation. 

 

4.2. MATERIALS AND METHODS  

 

4.2.1 Materials 

 

Osteoblast-like MG63 cells were purchased from PromoLab (Pty) T/A separations and MTS 

cell Proliferation Colorimetric Assay Kit was purchased from Whitehead Scientific (Pty) Ltd. 

Fetal bovine serum (FBS; Biochrom, Berlin, Germany), alpha minimum essential medium (α-

MEM) (Gibco), DAPI, methylene blue, amphotericin B solution, gentamicin solution, trypsin-

EDTA solution, RNAse, triton X-100, silica gel (Si), Hydroxyapatite (HA), Nanoclay (surface 
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modified containing 05-5wt.% aminopropyl-triethoxysilane, 15-35wt.% octadecylamine), 

formaldehyde, phosphate buffer saline, vectashield®, glutaraldehyde solution, ethanol, 

Alexafluor-conjugate (Anti-Actin Antibody, clone C4, Alexa Fluor® 488 conjugated) were 

purchased from Sigma-Aldrich (Cleveland, OH). Chemicals were used without further 

purification unless stated. 

 

4.2.2. Determination of the Biomaterials Complexation and Gelation Kinetics 

 

The ElastoSensTM Bio2 was used to investigate the complexation and gelation kinetics of 

Alg-PEI/Si, Alg-PEI/HAP, and Alg-PEI/nanoclay composite hydrogel compared to procures 

Alg/Si, Alg/HAP, Alg/nanoclay, and Alg hydrogels. The ElastoSensTM Bio2 instrument 

enables contactless mechanical monitoring of composites hydrogel complexation and 

gelation. The measurements were made in seconds until a pre-defined time interval was 

achieved. Briefly, small amounts of the prepared hydrogels were poured in their initial state 

(using printing needles) into a cylindrical disposal cuvette, having a flexible bottom 

membrane. A vibration of few micrometres was gently applied to the sample, which triggered 

a slight perturbation in the sample creating a response signal. A laser probe was used to 

measure the response signal without any contact. Specialized models were used to process 

the samples response and the process continued repetitively depending on the number of 

measurements and time selected by the user. 

 

4.2.3. Preparation of the Novel in situ 3D Printed Biomaterial Scaffolds 

 

The 3D printed biomaterial scaffolds were fabricated using sodium alginate (NaAlg) 

impregnated/reinforced with bioceramics [silica gel (Si), Nanoclay and hydroxyapatite (HAP)] 

and printed onto PEI solution as previously reported by Sithole et al., (2018). Briefly, 

AlgPEI/Si, Alg-PEI/HAP and Alg-PEI/Nanoclay 3D printed biomaterial scaffolds were 

engineered as follows: Ultra-filtrated purified deionized water (Millipore, France) was used in 

the preparation of the bio-ink, by hydrating sodium alginate (200mg/mL). A prepared 

bioceramic inorganic [Si or HAP or Nanoclay (200mg/mL)] solution was combined with 

sodium alginate hydrogel. Separately, poly (ethyleneimine) solution (PEI) was prepared by 

adding 40mL of PEI into 100mL of ethanol. The 3D porous biomaterial scaffolds were 

engineered using 3D Bioplotter® (EnvisionTEC, GmBH). To create the desired structure to 

be printed, the 3D Bioprinter uses a computer-aided design (CAD). Two moduli are 

contained in the software of STL and the control of the 3D Bioplotter® such as i) the 

visualMachine software for material parameters and machine control, and ii) the 
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3DBioplotter® software for STL data importation and structure (e.g. scaffold) fabrication. The 

biodegradable 3D porous biomaterial scaffolds were printed at a temperature of 37oC and 

the 30cc cartridge was used to feed the bio-inks. Plastic needle (nozzle diameter 0.41mm) 

was used to dispense the bio-inks, under deposition speed of 10.1mm/s and pressure of 

0.8Bar into a petri dish containing the solidifying solution of PEI dissolved in ethanol. The 

layers were deposited at 0 and 90-degree angle per double layer to the underlying layer in 

PEI solution. Layers were successively printed with the average solidification time per layer 

noted. The scaffolds were printed using parameters as modified and described in Table 4.1. 

The bioprinted scaffolds were subsequently washed thrice with ethanol/double deionized 

water and dried to constant weight at room temperature (25oC). 

 

Table 4.1: Modified parameters used for the 3D printing of the porous biodegradable 
scaffolds. 

Parameters Values 

Temperature 37oC 
Pressure 0.8Bar 
Speed 10.1mm.s-1 

Layers 15 layer 
Platform temperature 20oC 
Pre-flow delay 0.15 
Waiting time between layers 30s 

 

4.2.4. Evaluation of the Biomechanical Properties of 3D Printed Biomaterial Scaffolds 

 

Biomechanical properties of the three 3D printed porous biomaterial scaffolds were 

measured using BioTester 5000. The BioTester 5000 allows for biaxial testing of the 3D 

printed porous biomaterial scaffolds, this is significant for the evaluation of biomaterials 

mechanical properties due to their directionally oriented microstructure. Briefly as previously 

described by Sithole et al., 2018, the 3D printed porous biomaterial scaffold samples were 

mounted into the BioTester utilizing BioRankers system. Before mounting, the 3D printed 

porous biomaterial scaffolds were equilibrated by soaking it in Dulbecco’s Modified Eagle’s 

Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and incubated at an 

atmosphere of 5% CO2 at 37oC (pH 7.4) for 24 h to allow equilibration. Sharp BioRankers 

pierces the most delicate and tough tissue samples or biomaterial scaffolds, to afford 

constant dispersing site of attachment across the shape of the samples. Following 

positioning of the samples, a manually-functioning crown press exerted pressure onto the 

sample. 
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4.2.5. Preliminary Mechanical Evaluation of the Different 3D Printed Biomaterial 

Scaffolds 

 

Preliminary mechanical investigation was conducted, and the Bar Chart in Figure 4.1, 

provides the determined results of the preliminary investigations for Young’s modulus of 

three different impregnated bioceramics inorganic materials (Si, HAP and Nanoclay) into the 

3D printed porous biomaterial scaffolds. The Alg-PEI/Si 3D porous biomaterial scaffold, 

AlgPEI/HAP 3D porous biomaterial scaffold and Alg-PEI/Nanoclay 3D porous biomaterial 

scaffold were evaluated in order to determine the Young’s modulus that’s mostly preferable 

for bone tissue engineering application. Hence, the preferred 3D porous biomaterial scaffold 

composite was identified and subjected to further characterization. Therefore, the biomaterial 

scaffold impregnated with silica gel (Si) (Alg-PEI/Si) was identified (depicted in the Bar Chart 

Figure 4.1) as the preferred potential bone tissue engineering application scaffold, since it 

showed higher Young’s modulus of 60MPa compared to nanoclay with Young’s modulus of 

30MPa and HAP with Young’s modulus of 10MPa. The attained Young’s modulus of 60MPa 

shown an improved alginate hybrid scaffolds strength for bone tissue engineering application 

which is within acceptable values reported for cancellous bone repair (∼20-500 MPa) 

(Velasco et al., 2015). This highlighted that the 3D printed porous biomaterial scaffold in its 

current form possesses mechanical capabilities for certain bone tissue engineering 

applications (e.g., cancellous bone repair). 

 

Scaffold porosity and pore size do not only have an effect on the cell behaviour and its 

potential to differentiate, but it also has an effect on the scaffolds mechanical properties (Loh 

and Choong, 2013). Therefore, the current 3D printed porous biomaterial scaffold has a 

higher Young’s modulus of 60MPa compared to the previously 3D printed porous biomaterial 

scaffold by Sithole et al., (2018), which was 18MPa. This difference is not just only because 

of the type of biomaterials used but it also furthered by the pore size of the current scaffold, 

since it is smaller (210±10µm) compared to the previous 3D printed porous biomaterial 

scaffold pore size of 360± 20µm. Therefore, it was observed that as the pore size decrease, 

Young’s modulus of the 3D printed porous biomaterial scaffold increase vice versa. 
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Figure 4.1: Bar Chart depicting Young’s modulus of the three 3D printed biomaterial 
scaffolds. 
 

4.2.6. Morphological Evaluation of the 3D Printed Porous Biomaterial Scaffold  

 

Porosity morphology (pore size and pore interconnectivity) of the 3D printed porous 

biomaterial scaffold was examined using scanning electron microscopy (SEM) FEI Noval 

NanoLab SEM (FEI Company, Hillsboro, Oregon, USA). Briefly, gold isotope was used to 

sputter coat the 3D printed porous biomaterial scaffold samples. Aluminium spud with an EPI 

coater (SPI Model sputter-coater and control unit, Hester, PA, USA) was utilized to mount 

the 3D printed porous biomaterial scaffold samples. The coating of the samples took the 60s 

under constant nitrogen gas conditions, then the printed biomaterial scaffold samples were 

analyzed using an FEI Nova NanoLab SEM (FEI Company, Hillsboro, Oregon, USA) (Sithole 
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et al., 2018). An alternative method of calculating porosity is as follows; accordance to 

(Landers et al., 2002) using Equation 4.1: 

𝑷 =
𝑽𝒔𝒄𝒂𝒇𝒇𝒐𝒍𝒅𝒔

𝑽𝒄𝒖𝒃𝒆
= 𝟏 − 

𝝅

𝟒
.

(𝒅)𝟐

𝒅𝟏𝒅𝟐
                                                                                                (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒. 𝟏) 

Where; 

P = scaffold porosity; 

d = scaffold fiber diameter; 

d1 = scaffold fiber spacing and d2 = layer thickness within each different structure (Pan et al., 

2016). 

 

4.2.7. Biomineralization Evaluation of the 3D Printed Biomaterial Scaffold  

 

The biomineralization investigation of the 3D printed porous biomaterial scaffold was 

performed using simulated body fluid (SBF). The analysis employed in vitro simulated body 

fluid (SBF). The immersion solution was prepared by dissolving reagents such as, NaHCO3 

(4.2mmol/L), CaCl2 (2.6mmol/L), NaCl (14mmol/L), MgCl2.6H2O (1.6mmol/L), Na2SO4 

(0.5mmol/L), K2HPO4.3H2O (1mmol/L) and KCl (3.0mmol/L) in deionized water. The solution 

was adjusted to a pH 7.4 using tris (hydroxymethyl) aminomethane ((CH2OH)3CNH2) and 1M 

HCl at 37oC. The samples were immersed in a plastic bottle containing simulated body fluid 

(SBF) and placed in an orbital shaker (Thermo Forma, USA) (120rpm) at 37oC. After 3 and 7 

days of immersion, the samples were taken out of the solution and dried completely for 24 

hours (Chen et al., 2009). The dried samples were taken for FTIR and SEM analysis to do 

the XDE elementary analysis.  

 

4.2.8. The in vitro Assessment using Osteoblast-like Cells 

 

Cell viability of the developed novel 3D printed porous biomaterial scaffold was evaluated 

using MTS assay. The standard culture medium was used as a control medium in this 

investigation. The MTS assay aimed at evaluating cell viability of the novel 3D printed 

porous biomaterial scaffold in relation to osteoblast-like cells before implanting the scaffold in 

a living organism. Therefore, the objective of the MTS assay test was to determine whether 

the cells are metabolic active (Salgado et al., 2004) on the 3D printed porous biomaterial 

scaffolds. 

 

 



72 
 

 

 

4.2.8.1.  Cell culturing method for the osteoblast-like cell line 

 

Osteoblast-like MG63 cells were used in this research study, which was derived from a 

human osteosarcoma. The osteoblast-like MG63 cells were chosen because they express a 

number of characteristic features of osteoblast and they have been found to be a great 

candidate for evaluation of cell viability, cell adhesion and cell proliferation in bone tissue 

engineering. Briefly, osteoblast-like MG63 cells were grown as a monolayer in a prepared 

cell culturing medium made of alpha minimum essential medium (α-MEM) (Gibco) 

supplemented with 20% fetal bovine serum (FBS; Biochrom, Berlin, Germany) and, 1mL of 

amphotericin B solution and 1mL of gentamicin. A 75cm2 adhesive flask containing 15mL of 

prepared cell culturing medium was used to culture the osteoblast-like MG63 cells, at 37oC, 

in a humidified atmosphere, containing 5%CO2 in the air. The cell culturing medium was 

changed every second day (Linh et al., 2013; Teixeira et al., 2008).  

 

4.2.8.2.  Seeding osteoblast-like cells onto the 3D printed biomaterial scaffold 

 

Novel 3D printed porous biomaterial scaffolds were sterilized prior placing them in 96-well 

plates (pre-cut 14mg/well scaffold, ca. 1cm2 surface area). Briefly, as described above, the 

osteoblast-like MG63 cells were allowed to grow as a monolayer until they reach 60% to 

90% confluence. The cells were harvested using trypsin-EDTA solution in accordance to the 

cells supplier’s protocol. Then cells were centrifuged and re-suspended in a prepared cell 

culture medium and counted using haemocytometer. Aliquots (100µL) containing 3x105 cells 

were seeded on top of the novel printed scaffold which was prior placed in 96-well plates. 

The culture medium of 100µL was added in each well after two hours of seeding and then 

incubated in a humidified atmosphere at 37oC, containing 5%CO2, with medium changed 

every second day.  

 

4.2.8.3. Cell viability assay assessment for the novel 3D printed biomaterial 

scaffold 

 

The widely used cell viability testing method, the MTT assay, was substituted with an 

alternative MTS assay (Cell Titer 96 Ag Non-Radioactive Cell Assay, Promega) in this 

research study, to evaluate the cultured osteoblast-like MG63 cells on the 3D printed porous 

scaffold. The reason for not using the MTT cytotoxicity assay in this research study was 
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because the reaction product of MTT assay is water-insoluble formazan, which strongly 

attach to the surface of the 3D printed porous scaffolds and make it impossible to obtain a 

correct measurement. Hence, the MTS cytotoxicity assay was used because the formed 

reaction product is soluble in the culture medium, which makes it possible to get precise 

measurements. Briefly, in the different cell-scaffold cultured time interval, the medium was 

removed and replace with 10%v/v of MTS solution in culture medium to each well and 

incubated for 3 hours. All absorbance were measured at the wavelength of 490nm in a 96 

multilabel reader VictorTM X3 and the backgrounds of the well plates were measured at 

690nm. The results were presented as percentage relative cell viability (mean±standard 

deviation) (Salgado et al., 2004). Percentage relative cell viability was calculated using 

Equation 4.2 below: 

 

%𝐑𝐞𝐥𝐚𝐭𝐢𝐯𝐞 𝐜𝐞𝐥𝐥 𝐯𝐢𝐚𝐛𝐢𝐥𝐢𝐭𝐲 =
𝐎𝐃(𝐬𝐚𝐦𝐩𝐥𝐞) − 𝐎𝐃(𝐛𝐥𝐚𝐧𝐤)

𝐎𝐃(𝐜𝐨𝐧𝐭𝐫𝐨𝐥) − 𝐎𝐃(𝐛𝐥𝐚𝐧𝐤)
  𝐗 𝟏𝟎𝟎                             ( 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟒. 𝟐) 

 

4.2.9. Osteoblast-like Cells Behaviour onto the 3D Printed Biomaterial Scaffold 

 

Proliferation and adhesion of osteoblast-like MG63 cells that are seeded onto the novel 3D 

printed porous biomaterial scaffold were assessed using techniques such as light 

microscopy, methylene blue staining, scanning electron microscopy (SEM).  

4.2.9.1. Visualization of cell adhesion onto the 3D printed biomaterial scaffold 

 

After culturing for three or seven days, cell adhesion onto the 3D printed porous biomaterial 

scaffold was evaluated using light microscopy and scanning electron microscope (SEM). 

Briefly, the 3D printed porous biomaterial scaffolds were cut into portions of equal size in 

order to determine if the cells were attached in the scaffolds. Phosphate buffer saline (PBS) 

solution was used to wash the scaffold and then fixed in 1.5%v/v glutaraldehyde in PBS for 

30minutes. The 3D printed porous biomaterial scaffolds were dehydrated by sequentially 

immersed to 50, 60, 70, 90 and 100%v/v ethanol series (15 minutes each) and dried in air. 

Finally, the samples were sputter coated with gold and analysed using SEM (Salgado et al., 

2004; Teixeira et al., 2008; Yoo et al., 2016). 

 

4.2.9.2. Osteoblast-like cell staining using methylene blue  

 

The 3D printed porous biomaterial scaffolds were cultured for three or seven days and 

removed from the culture medium to be washed with phosphate buffer saline (PBS) solution. 
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The 3D printed porous biomaterial scaffolds samples were then fixed with 1.5%v/v 

glutaraldehyde in PBS for 30 minutes. The 3D printed biomaterial scaffolds samples were 

washed with PBS twice and then immersed in methylene blue solution for five minutes. 

Finally, the samples were washed with PBS, the cell adhesion and cell proliferations were 

evaluated using light microscopy (Teixeira et al., 2008). 

 

4.3. RESULTS AND DISCUSSION 

 

4.3.1. Complexation and Gelation Kinetics Evaluation of the Bio-Inks  

 

Biomaterials inks (bio-inks) complexation and gelation kinetics are significant parameters to 

be investigation prior 3D bioprinting application. This is to have an idea of the approximate 

estimated time for the next layer to be printed and the confirmation of ionic interaction 

between the two ionic biomaterials inks (bio-inks). The complexation modulus and gelation 

time of the biomaterials inks used for 3D printing scaffolds for bone tissue application were 

evaluated using ElastoSensTM Bio2. The three biomaterial hydrogels samples of the same 

concentrations were prepared and poured in the sample holder to initiate complexation and 

gelation characterization process. The measurements were conducted at the constant 

temperature 37oC over the entire period of investigation. Figure 4.2, depicture the three 

figures of the gelation kinetics (e.g. the speed of hardening and complexation) of a) 

AlgPEI/Si, b) Alg-PEI/HAP and c) Alg-PEI/Nanoclay. The result shows that all procured 

hydrogels (Alg, Alg/Si, Alg/HAP and Alg/Nanoclay) never changed their mechanical 

properties (includes, gelation, mechanical properties etc.). But there is an ionic interaction 

during the formation of complexes such as a) Alg-PEI/Si, b) Alg-PEI/HAP and c) 

AlgPEI/Nanoclay, evident by the increased shear complex modulus (Pa) leading to increase 

gelation time. These are good properties for the appropriate gelation time necessary for 3D 

bioprinting of the three biomaterial scaffolds. 
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Figure 4.2: Complexation and gelation kinetics of the three biomaterial scaffolds, a) Alg-
PEI/Si, b) Alg-PEI/HAP and c) Alg-PEI/Nanoclay. 
 

4.3.2. Preliminary Mechanical Evaluation of the 3D Printed Biomaterial Scaffolds  

 

Three-dimensional (3D) porous biomaterial scaffolds were successfully printed and 

impregnated with three different bioceramics inorganic materials (such as Si, HAP and 

Nanoclay) in order to investigate the appropriate complementary bioceramic inorganic 

component that will led to an acceptable Young’s modulus for bone therapy. The Bar Chart 

in Figure 4.1 (section 4.2.5.), shown the resultant mechanical properties from the BioTester 

5000 for the three impregnated inorganic components in our investigation. Hence, it was 

then found that the Young’s modulus of Alg-PEI/Si is 60MPa and for Alg-PEI/HAP is 10MPa, 

whiles the Young’s modulus for Alg-PEI/Nanoclay is 30MPa. The Alg-PEI/Si 3D porous 

biomaterial scaffold was the preferred scaffold, because the attained Young’s modulus was 

higher than the other impregnated inorganic materials in the 3D printed porous biomaterial 

scaffolds. The Young’s modulus of the preferred scaffold (Alg-PEI/Si) is within values 

reported for bone tissue regeneration (∼20-500 MPa) such as cancellous bone repair. These 
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results highlighted that the 3D printed porous biomaterial scaffold in its current form 

possesses the mechanical capabilities for bone tissue engineering application. Therefore, 

due to the acceptable range of the Young’s modulus, Alg-PEI/Si 3D porous scaffold was 

considered for further evaluation and cellular investigation. 

4.3.3. Surface Biomineralization Evaluation of the 3D Printed Biomaterial Scaffold 

 

There are many essential trace elements present in biological bone, that’s includes, sodium 

(Na), chlorine (Cl), potassium (K), silicon (Si), calcium (Ca) etc., which play a significant role 

in bone growth or can have an effect on bone tissue metabolism. For instance, studies have 

revealed that silicon ions can induce angiogenesis and osteogenesis (Zhang et al., 2018). 

The surface biomineralization analysis of the 3D printed porous biomaterial scaffold was 

evaluated using EDX and FT-IR characterization techniques after immersion in SBF (pH 7.4; 

37oC) for 7 days. The investigation shows that the 3D printed biomaterial scaffolds possess 

exceptional biomineralization abilities when immersed in SBF (Figure 4.3 and Figure 4.4). 

Figure 4.3, depictures a pictorial of the 3D printed biomaterial scaffold before immersed 

(elements; Cl, Na and Si) in SBF (Figure 4.3a) and the 3D printed biomaterial scaffold after 

immersed in SBF (Figure 4.3b). Hence, Figure 4.3b shown the EDX of the biomineralized 

scaffold containing elements such as Cl, Ca, Na, Si and P peaks which are essential for 

bone regeneration/healing while Figure 4.3a shown a control scaffold with only Cl, Na and Si 

elements. 

 

Additionally, the FTIR, in Figure 4.4b, showed the gradual disappearance or gradual 

intensity decreasing from certain spectrum absorption of the scaffold after immersion in SBF 

(pH 7.4, 37oC) compared to the control scaffold (Figure 4.4a) due to the interaction of 

additional ions (such as Ca and P) that hide certain functional groups. Despite, the visually 

noticeable changes in the two spectra, Figure 4.4 (spectrum b) had shown a characteristic 

band that may in part contribute to the biomineralization of the scaffold. Hence, the 

vibrational bands at 1590cm-1, 1407cm-1 are partially assigned to CO2
3- and furthermore, a 

vibration band observed at 1028cm-1 and 785cm-1 are in part attributing to PO4
3- groups. 

These support that there may be a gradual precipitation of calcium phosphate layer on the 

surface of the scaffolds indicative of biomineralization of our scaffold. Hence, the EDX and 

FTIR analysis further confirmed the exceptional biominerals on the surface of the 3D printed 

biomaterial scaffold that is excellent for bone tissue engineering applications. 
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Figure 4.3: The EDX surface elements analysis of a) the scaffolds before immersion and b) 
scaffold after immerse in SBF (pH 7.4, 37oC). 
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Figure 4.4: The FTIR spectra of a) scaffold before immersion as a control and b) scaffold 
after immerse in SBF (pH 7.4, 37oC). 
 

4.3.4. Evaluation of the Scaffold Pore Size, Pore Interconnectivity and Morphology  

 

The advantage of using the 3D printer as a 3D porous biomaterial scaffold fabricating tool is 

due to its potential to control scaffold’s pore size amongst others. The pore size of the 

current fabricated 3D porous biomaterial scaffold was found to be 210µm, as observed in 

Figure 4.5 (a and b), which in general fall in an acceptable range of 50-1000µm (Li et al., 

2014) pore size for bone tissue engineering application. Figure 4.5 (c and d), depicted the 

cross-section part of the novel 3D printed porous biomaterial scaffold; highlighting the pore 

interconnectivity of the scaffold, for the transportation of nutrients and minerals amongst 

others. Pore interconnectivity within the 3D printed porous biomaterial scaffold is of a great 

significant parameter, measuring or influencing cell seeding, cell adhesion, cell migration 

and tissue ingrowth necessary for promoting tissue regeneration in three dimensions.  

  

Figure 4.5, also depicted the surface roughness of the novel 3D printed porous biomaterial 

scaffold. The scaffolds surface roughness is also one of the significant facts or parameter 

that influences cell behaviour and cell adhesion. The surface roughness of materials 

modulates the biological response of the tissues that are in contact with it. It also directly 

influence in vitro, as well as in vivo cellular morphology, proliferation and phenotype 

expression (Chang and Wang, 2011). Literature has been reported that cells that grow on 

rough surfaces were stimulated towards differentiation, shown by their gene expression in 

comparison with cells growing on a smooth surface (Guptai et al., 2015; Hatano et al., 1999).  
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Figure 4.5: Scanning electron microscopy (SEM) pictures of the 3D printed porous scaffold 
(Alg-PEI/Si porous scaffold). 
 

4.3.5. Evaluation of Cells Growth and Confluence before Seeding the Cells on the 

Scaffolds  

 

Osteoblast-like MG63 cells were cultured successfully as depicted in Figure 4.6 in this 

research study. The initial culturing stage (day 0) of osteoblast-like MG63 cells is shown in 

Figure 4.6a, where the osteoblast-like MG63 cells appeared to be having a round-like shape. 

Figure 4.6b, depicted day 2 of the osteoblast-like MG63 cells growth, it is observed that the 

cells changed from their round-like shape and adapted a flat-like shape as they differentiate. 

The osteoblast-like MG63 cells were allowed to differentiate until they reached 

approximately 60 to 90% confluences as depicted in Figure 4.6c. Furthermore, cells were 

subcultured and stored (-80oC) for future use and also cell seeding of scaffolds were 

conducted. 
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Proceeding from cells subculture, the osteoblast-like MG63 cells were successfully seeded 

onto the novel 3D printed porous biomaterial scaffolds after reaching approximately 60 to 

90% confluence in day 3 or 7 (Figure 4.6c). Then cell-scaffold investigations were carried 

out; such as cell viability, cell proliferation, and cell adhesion. 

  

 

Figure 4.6: Assessment of osteoblast-like MG63 cells differentiation a) day zero, b) day 2 
and c) day 3. 
 

4.3.6. Cell Viability and Cell Proliferation Evaluation on the Printed Scaffold 

 

The novel 3D printed porous biomaterial scaffold’s cell viability was assessed using MTS 

cytotoxicity assay and the results are depicted in Figure 4.7. From the obtained analysed 

results, it was observed that the novel 3D printed porous biomaterial scaffolds were 

biocompatible in relation to osteoblast-like MG63 cells. Hence, Figure 4.7, is the 

investigation of the osteoblast-like MG63 cells on the 3D printed porous biomaterial scaffolds 

using MTS assay, it revealed that the growth rate of the osteoblast-like MG63 cells in the two 

groups (the control and cell-scaffolds) was not significantly different (p>0.05). Therefore, this 

result validated the biocompatibility of the 3D printed porous biomaterial scaffold, showing 

that the osteoblast-like MG63 cells are viable in the printed biomaterial scaffold over a period 

of seven days. It was also observed in both groups (control and cell-scaffolds) that in each 

day the cells are increasing in numbers compared to the previous days. This 

reveals/confirmed that the cells proliferate within the scaffold and differentiate over time. 
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Figure 4.7: Cell viability performed on the 3D cell-scaffold within seven days  
 

4.3.7.  Evaluation of Cell Adhesion and Cells Confluence on the 3D Printed Porous 

Scaffold  

 

Osteoblast-like MG63 cells were cultured on the 3D printed porous biomaterial scaffold for 

seven days. The 3D printed porous biomaterial scaffold surface was imaged using light 

microscopy to determine cell adhesion, cell confluence and cell proliferation on the 3D 

printed porous biomaterial scaffold, results are depicted in Figure 4.8. 
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Figure 4.8: Light microscopy images of the cell-scaffolds (Alg-PEI/Si scaffolds) at different 
time intervals 
 

Figure 4.8(i), depicted day zero; this is the 3D printed porous biomaterial scaffold without 

osteoblast-like MG63 cells. Figure 4.8(ii), depicted day 1 (24 hours) of the 3D printed porous 

biomaterial scaffold seeded with osteoblast-like MG63 cells and it appeared to show 5-10% 

confluence of osteoblast-like MG63 cells on the 3D printed porous biomaterial scaffold 

surface compared with the surface of the 3D printed porous biomaterial scaffold in day zero 

(Figure 4.8(i)). Figure 4.8(iii), depicted day 3 of the 3D printed porous biomaterial scaffold 

seeded with osteoblast-like MG63 cells and it appeared to show 60-70% confluence of 

osteoblast-like MG63 cells on the 3D printed porous biomaterial scaffold, while Figure 

4.8(iv), which depicted day 7 shown approximately 90-100% confluence with near complete 

surface coverage of the 3D printed porous biomaterial scaffold.  

  

Complementing these results, it was also observed that after day one, cells had adhered and 

grown onto the 3D printed porous biomaterial scaffold (Figure 4.8(ii)). Figure 4.8(iii) shows 

the osteoblast-like MG63 cells’ starting to form colonies in day 3, and it was also observed 

that the colonies were larger and denser in day 7 (Figure 4.8(iv)) confirming cell growth, 

proliferation, and differentiation onto the 3D printed porous biomaterial scaffold. 
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Figure 4.9: SEM images of osteoblast-like MG63 cells adhered to the 3D printed biomaterial 
scaffold at day seven. 
 

Furthermore, supporting the above results, a scanning electron microscopic (SEM) image, 

Figure 4.9, was used to confirm cell attachment/cell adhesion onto the 3D printed porous 

biomaterial scaffold. However, observing cell adhesion/cell attachment is a complex process 

which is affected by a number of aspects such as materials surface properties, 

environmental factors and cell behaviour (Lee et al., 2004). One problem that was 
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encountered during sample preparation is the issue of marking the samples. Hence, during 

sample preparation, it was observed that a sample marking is difficult to achieve. This lead 

to difficulties in identifying the cells seeded on the scaffold. Complications in determining the 

correct side to perform the SEM analysis where raised, but through trial and error, the cells 

were identified as observed in Figure 4.9. The registered SEM images on the 3D printed 

porous biomaterial scaffolds seeded with osteoblast-like MG63 cells and the 3D printed 

porous biomaterial scaffold without cells (control) are depicted in Figure 4.9. Where Figure 

4.9a, depicted 3D printed porous biomaterial scaffold without cells (Control) subjected to 

similar conditions as the 3D printed porous biomaterial scaffold seeded with the osteoblast-

like cells (Figure 4.9b and c). Hence, Figure 4.9b showed cell adhesion or cells attached on 

the surface of the 3D printed porous biomaterial scaffold compared to the control scaffold 

(Figure 4.9a). Therefore, cells adhesion on the rough surface could be highly advantageous 

for the development of ex vivo construct, since rough surface scaffold help cells to 

differentiate better.  

 

 
Figure 4.10: Images from light microscopy, a) the scaffold without cells (control) and b) the 
scaffold with cells both treated with methylene blue  
 

Light microscopy was used to confirm cell proliferation, cell distribution along the surface and 

inner pores of the 3D printed porous biomaterial scaffold treated with methylene blue. This 

approach solves the need for marking the sample side to the scaffolds in order to identify 

osteoblast-like cells. With the Olympus software, it was possible to edit the images and 

observe the more detailed distribution of cells along the scaffold surface. The nuclei 

appeared stained red and the matric appeared yellowish allowing a more clearly accurate 

observation. Figure 10b represents day 7 of the scaffold seeded with cells corroborating the 

previous data presentation, showing cells spreading along the scaffold, while Figure 10a 



85 
 

represent the scaffold without cells (the control) subjected to similar condition as the scaffold 

seeded with the cells.  

 

4.4. CONCLUDING REMARKS 

 

Biocompatibility investigation for the 3D printed porous biomaterial scaffold is of great 

necessity in tissue engineering application. In our research, it was validated that the 

fabricated novel 3D printed porous biomaterial scaffold is biocompatible while using 

osteoblast-like MG63 cells. This study also proved that the fabricated novel 3D porous 

biomaterial scaffold gives positive results or shown great potential in their mechanical 

strength (e.g.bone tissue application), cell attachment, cell proliferation and 

biominaralization. Hence, these findings suggest that the current state of this novel 3D 

printed porous biomaterial scaffold have great potential in bone tissue engineering 

application and can be safely implanted in a living organism. 
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CHAPTER FIVE 
IN VIVO ASSESSMENT OF THE NOVEL IN SITU 3D PRINTED BIOMATERIAL 

SCAFFOLD FOR BONE REGENERATION IN NEW ZEALAND WHITE RABBITS 
 

 

5.1. INTRODUCTION  

 

Bone defects/fractures are amongst the main cause of morbidity and disability in most 

elderly patients (Wang et al., 2014). Therapy for damaged (defects) bone tissue remains a 

major challenge, and is the focus of bone tissue engineering research (Liu et al., 2017). 

Bone tissue has the natural ability to self-regenerate or heal, but critical-sized (large-sized) 

bone defects do not heal to completion without external intervention (Kim et al., 2017; Seitz 

et al., 2005). The development of methods and 3D biomaterial scaffolds that can 

permanently and perfectly repair/regenerate damaged bone tissue is of great significance for 

clinical interest in patients with critical-sized bone defects (Liu et al., 2017). Hence, the 

previously developed 3D biomaterial scaffolds showed great potential as a solution in 

repairing/regenerating bone tissue defects. The selection of biomaterials to be used for the 

fabrication of 3D biomaterial scaffolds must be such that, they reduce tissue rejection by the 

body since they have to be non-toxic and biodegradable (Seitz et al., 2005). Nonetheless, 

fabricating a “perfect” defect-filling and extracellular matrix (ECM) mimicking biodegradable 

3D biomaterial scaffolds is a challenge, since most conventional methods of 3D biomaterial 

scaffolds fabrication lack’s tailor-made fabrication capabilities (Tang et al., 2016). However, 

the 3D printing fabrication method is been used as a solution and an alternative fabrication 

technique compared to the conventional methods of fabrication, to fabricate novel 3D printed 

biomaterial scaffolds through novel printing methods (Bandyopadhyay et al., 2015). In the 

previous chapters (Chapter 3 and 4), Sithole et al., (2018) successfully 3D printed a novel 

3D Alg-PEI/Si scaffold and investigated the in vitro cell responses (cell adhesion, cell 

proliferation, and cell cytotoxicity analysis). The results of the fabricated novel 3D printed 

biomaterial scaffold showed potential to be a bone regeneration therapy. Therefore, 

attainment of research objectives at an in vivo level will aid in accentuating the clinical 

translational potential of the proposed novel 3D biomaterial scaffold for the treatment of bone 

tissue defects. 

 

The in vitro analysis of novel 3D printed biomaterial scaffold therapy is expected to differ 

from the in vivo analysis studies. This difference is due to the fact that the in vitro 

assessment is not the exact replication of realistic biological conditions, as the 

analysis/assessments are not done in a living organism where there are multiple 

physiological and biomechanical interactions. However, the in vivo assessments allows for   
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the clinical translation of the novel 3D printed biomaterial scaffold intervention to be 

subjected to realistic conditions (Jurga et al., 2011). Experimental animal models have been 

developed and used as an effective platform to explore the therapeutic potential of different 

developed novel therapeutic systems. This is in part because animals share both 

physiological and genetic similarities to humans, and this aids in assessing the clinical 

translation potential of the therapeutic agent being investigated for later clinical studies in 

humans (Marklund, 2016; Nyanzu et al., 2017).   

  

Numerous studies have used rabbits as the animal model of choice for inducing critical-sized 

nasal bone defects and for the study of bone regeneration. Rabbits were found to be an 

effective platform in progressing the understanding of the pathophysiology of the developed 

novel intervention for bone tissue application (Alam et al., 2009; Higuchi et al., 2016; 

Ishihara et al., 2014; Mukozawa et al., 2011). Therefore, the current study aimed at 

determining the therapeutic efficiency of the previously fabricated novel one step in situ 3D 

printed biomaterial scaffold using New Zealand White Rabbits. Critical-sized nasal bone 

defects were induced in rabbits. Therefore, this chapter investigate two types of novel 

printed biomaterial scaffolds: the scaffold supplemented with growth factor (Bone 

Morphogenetic Protein 7 human also known as osteogenic protein 1) and the scaffold 

without growth factors. Bone morphogenetic proteins (BMPs) are active bone-inducing 

growth factors that act on immature mesenchymal cells, including osteoblasts, resulting in 

osteogenesis (Wozney et al., 1988). Hence, one of the novel 3D printed biomaterial scaffold 

was seeded with growth factor (osteogenic protein 1) to enhance the hybrid system 

functional properties to augment its performance in vivo. The 3D printed biomaterial 

scaffolds were positioned at the critical-sized defect site, and then the healing process was 

monitored. 

 

 The novelty of the 3D printed biomaterial scaffold (Alg-PEI/Si) in chapter 3, leads to new 

information from this chapter investigation, therefore, contributing toward the advancement 

in bone repair/regeneration tissue engineering research. Therefore, this chapter reports on 

an in vivo assay to verify that the novel 3D printed biomaterial scaffold properties can be 

engineered to match the bone regeneration cascade using rabbit’s critical-sized nasal bone 

defect model. The objective of the rabbit critical-sized nasal bone defect model study was 

also to confirm the biocompatibility and bone regeneration of the 3D printed biomaterial 

scaffold supplemented with bone morphogenic protein 7 in a living organism. Therefore, the 

final hybrid 3D printed biomaterial scaffold is anticipated to provide a pro-regenerative 

platform, rich in mechanical, topographical and biological cues to guide cells towards 

functional regeneration. 
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5.2.  MATERIALS AND METHODS 

 

5.2.1. Materials 

 

Ketamine HCL (a dissociative anesthetic) and lignocaine were purchased from Bayer (Pty) 

Ltd Animal Health Div (Wrench, Isando, SA). Xylazine HCl (sedation, anesthesia, muscle 

relaxation, and analgesia) was purchased from in vervet S.A. (Pty) Ltd. (Isando, SA), sodium 

pentobarbitone, antisedan, meloxican were purchased from Dechra Veterinary Products 

Limited (Hadnall, Shrewsbury, UK) and temgesic® was purchased from Mundipharma (Pty) 

Ltd. (Claremont, Cape Town, SA). Fetal bovine serum (FBS; Biochrom, Berlin, Germany), 

dulbecco’s modified eagle’s medium (DMEM), bone morphogenic protein 7 (Osteogenic 

protein 1) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were 

of standard analytical grade and were used as procured. 

5.2.2. Animal Welfare, Housing and Habituation Prior to Scaffold Study Experiment  

 

New Zealand White Rabbits were bred at the University of the Witwatersrand Central Animal 

Service (CAS) unit. Seventeen male New Zealand White Rabbits (12-16 weeks, 2.5 – 3.0Kg) 

were used for this study. Figure 5.1(a – b) depicted the digital photograph of the rabbits, 

housed individual in cages. Daily habituation process at Wits CAS under the care of trained 

CAS staff and the researcher was carried out for seven days. The cages were under a 12 

hours light/12 hours dark cycle. Habituation is a significant process prior to the surgical 

experimental method so as to improve animal handling during the actual procedures and 

reduce the challenges that could delay the implantation of the scaffolds. The process of 

habituation included visitation of the animals twice per day for a routine check-up, ensuring 

their water and food were intact, and the animals were weighted before the surgical 

procedure and during the experimental study period (Figure 5.1c). Environmental 

enrichments for the rabbits were provided as per CAS SOPs for rabbits. Ethics approval for 

the use of the New Zealand White Rabbits for this study was obtained from the Animal 

Ethics Screening Committee of the University of the Witwatersrand (Clearance Certificate 

No. 2017/10/64/D). 
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Figure 5.1: Photographic representation of (a – b) housing of the New Zealand White 
Rabbits, (c) measurement of rabbit’s weight at Wits CAS unit. 
 

5.2.3. The 3D Printed Biomaterial Scaffolds Preparation Prior Implantation 

 

The 3D printed biomaterial scaffolds were sterilized using ethanol followed by exposure to 

UV light for 24 hours. After the sterilization process, the 3D printed biomaterial scaffolds 

were soaked in Dulbecco‟s modified Eagle‟s medium (DMEM), supplemented with 10% fetal 

bovine serum (FBS) and incubated at an atmosphere of 5% CO2 at 37oC (pH 7.4) for 24 

hours to equilibrate prior implantation to the rabbit’s induced critical-sized nasal bone 

defects. 

 

5.2.4. Design and Surgical Procedure for the Main Intervention 

 

The study was designed to comprise of four experimental groups (1, 2, 3, and 4), each with 

a sample size n = 3. The 3D printed biomaterial scaffolds were evaluated in each group at 
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different time intervals (1, 2, 4 and 8 weeks) after each rabbit’s termination. In the 

experimental groups, 3D printed biomaterial scaffolds were utilized for the 

healing/regeneration of the induced critical-sized bone defects. Ex vivo toxicity studies of the 

3D printed biomaterial scaffolds were performed prior in vivo experimental animal study. 

Furthermore, cell proliferation and cell adhesion were investigated as presented in previous 

chapters.  

 

The study used seventeen New Zealand White Rabbits which were randomly assigned into 

groups, where 5 rabbits were assigned for a pilot study. The main study was conducted 

using 12 rabbits to observe bone healing over time. 

 

5.2.4.1. The procedure for the pilot study  

 

To perfect the surgical technique method for the induction of the critical-sized bone defects 

(5mm diameter), control rabbit’s cadavers from previous study which were destined for 

incineration were used. There was no need for ethical committee approval, given that the 

procedure was performed on sacrificed rabbits which were previously been used in another 

rabbits testing project. Hence, following the perfection for the induction of the critical-sized 

bone defect technique, living rabbits were used to create the defects and implanted with the 

3D printed biomaterial scaffolds (the rabbits from the approved ethics). 

  

Therefore, the pilot study validated the feasibility of the experimental (surgical) procedures. 

The results revealed that the rabbits are a great model for the study and they survived for 

the whole period of this study. Therefore, the surgical procedures did not have noticeable 

side effect and the rabbit behaviour was usual. Hence, the results suggested that we can 

move on with the main study using 12 rabbits within a period of 1,2, 4 and 8 weeks as 

proposed in the approved ethics application 

 

5.2.4.2. The design of the main study 

 

Group 1 (Week 1, experimental group 1, n = 3): 3D printed biomaterial scaffolds containing 

growth factors (Bone Morphogenic Protein 7) and 3D printed biomaterial scaffolds without 

growth factors were implanted in an induced nasal critical-sized bone defect (please see 

section 5.2.4.3, Figure 5.3e). Two defects were empty (without any scaffolds as a control for 

the purpose of observing the bone self-healing ability in relation to the created defect size 

and also for comparison with scaffolds). The implantation of the 3D printed biomaterial 
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scaffolds was expected to demonstrate the regenerative potential of bone tissue by the 

scaffolds. These groups were used to obtain the effectiveness of the scaffolds in the healing 

process of the induced bone critical-sized defects compared with the control group. Group 1 

was terminated in week 1.  

  

Group 2 (Week 2, experimental group 2, n = 3): The implantation is the same as for group 1, 

but group 2 was terminated in week 2. 

 

Group 3 (Week 4, experimental group 3, n = 3): The implantation is the same as for group 1, 

but group 3 was terminated in week 4.  

  

Group 4 (Week 8, experimental group 4, n = 3): The implantation is the same as for group 1, 

but group 4 was terminated in week 8.  

  

Therefore, each rabbit was induced with four bone defects as depicted in Figure 5.3d below 

(section 5.2.4.3); Where two bone defects were implanted with the novel 3D printed 

biomaterial scaffolds (e.g. one defect with scaffold contained growth factors and the other 

defect with scaffold without growth factors), the remaining two bone defects were empty for 

control, depictured in Figure 5.3e below (section 5.2.4.3). 
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Figure 5.2: Schematic showing the in vivo studies model for the implanted scaffold 
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5.2.4.3. Surgical procedure for the intervention 

 

The surgical procedures were performed in sterile conditions at all time. Briefly, the New 

Zealand White Rabbits were anaesthetized using an intramuscular combination of ketamine 

hydrochloride (40mg/Kg) and xylazine (10mg/Kg). The anaesthesia was maintained with 

isoflurane plus oxygen. The hair above the nasal bone was shaved and the skin was 

surgically prepared using F10 skin prep solution. Thereafter, 1.8mL of 2% lidocaine 

containing 1:80,000 epinephrine was administered subcutaneously. Both the nasoincisinal 

suture line and nasal bone via perpendicular incision were exposed. A critical-sized nasal 

bone defect (5mm in diameter) approximately 2mm thickness was induced (while preserving 

the nasal membrane) using a fissure bur with continuous saline irrigation. The 3D printed 

biomaterial scaffolds were then implanted into the defects. Following the creation of the 

critical-sized nasal bone defects and the implantation of the 3D biomaterial scaffolds, the 

surgical site was sutured closed. Great care was provided to avoid nasal bone infections and 

antibiotics were administered. The pain was managed with meloxicam (Alam et al., 2009; 

Ishihara et al., 2014). Therefore, Figure 5.3(a-f) depicts photos taken at each stage of the 

surgical procedure, from the preparation of the surgical site to the closing of the surgical site. 

Figure 5.3(a), the shaved rabbit forehead and muzzle; (b) the incision to expose the site for 

creation of the defect; (c), the first 5mm defect; (d), the four critical-sized nasal bone defects; 

(e), the scaffolds in place in two of the defects and an additional two open empty defects 

(control) and (f) the surgical site after closure of the wound. The surgical procedure was 

undertaken as previously described by Alam et al., (2009). 
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Figure 5.3: Schematic representation of the surgical procedure for induction of nasal critical-
sized bone defects in the New Zealand White Rabbit. 
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5.2.5.  Post-operative Care of the New Zealand White Rabbits 

 

Post-surgery, the rabbits were under strict observation immediately after any surgical 

procedures, ensuring they recovered well. Rabbits were still kept individually in separate 

cages at ±25oC and were maintained under 12 hours light: 12 hours dark cycle. The rabbits 

were fed in accordance to Wits CAS feeding SOPs throughout the duration of the study. 

There was no advance sign of lack of food and water intake by the rabbits noted for the 

duration of the study. The rabbits were weighed twice weekly during the period of the study. 

The rabbits were cared for according to the CAS protocol and observed by the researcher 

and veterinarian until the end of the study. There was no necessity for supportive orthotic 

devices and no need for postoperative restriction on the rabbit’s activity. The rabbits were 

inspected twice daily for their welfare and other parameters for systemic complications such 

as animal behaviour, posture, weight, feeding and drinking pattern and then recorded for 

future references. 

5.2.6.  Procedure for Euthanasia and Sample Collection 

 

The rabbits were euthanized using IV sodium pentobarbitone (2mL/Kg) in their ear vein with 

minimal damage to the anatomic and physiological structure and minimal discomfort. The 

euthanization happened at 1, 2, 4, and 8 weeks after the scaffolds implantation. The 

implanted scaffolds and the empty defects samples specimens were immediately removed 

from the nasal bone defects of the rabbits. The removed specimens were temporarily stored 

in 10% buffered formalin until the performance of the histological procedure as described in 

section 5.2.7 below.  

5.2.7. Samples Preparation for Histological Examination 

 

The specimens were fixed with 10% buffered formalin and following the fixation, the 

specimens were demineralized with 14%EDTA for 4 weeks. Representative samples from 

the induced defects were cut down according to Idexx standard operative procedure 

(IdexxSA-AP-26) and processed according to routine histological tissue processing in an 

automated tissue processor with standard operating procedures (IdexxSA-AP-SOP-27). 

Following tissue processing, embedded transverse sections were cut at a thickness of 5µm 

(IdexxSA-AP-SOP-30), mounted onto slides and were stained in an automated 

Haematoxylin and Eosin tissue stainer (IdexxSA-AP-SOP-205) before histological 

evaluation. 
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5.3. RESULTS AND DISCUSSION 

 

5.3.1. Pilot Study Assessment 

 

The pilot study validated the feasibility of the experimental (surgical) procedures. The results 

confirmed the previous studies (Alam et al., 2009; Higuchi et al., 2016; Ishihara et al., 2014; 

Mukozawa et al., 2011), that rabbits are feasible experimental model for the proposed study 

and these rabbits tolerated the intervention without any observable ill-effects within the two 

weeks of the pilot study. The rabbits survived the entire period of 2 weeks of the pilot study. 

Following the success and satisfactory results of the methodological surgical procedures and 

upon the approval of the reviewed report of the pilot study by the ethics committee of the 

University of the Witwatersrand, we proceeded with the proposed main study and its 

intervention. 

 

5.3.2. Clinical and Histological Analysis 

 

5.3.2.1. Clinical examination 

 

There was no post-operative complication or adverse reaction such as abnormal bleeding 

during the healing of all surgical sites. There was a minimal sign of inflammation (e.g. 

swelling) and after resting for 3-6 days post-operation, the rabbits could move and leap 

without any notable pain or limitation. The 3D biomaterial scaffolds confirmed to be intact 

within the defects at the time of termination and sample collection. Healing progressed 

without major incident in all the rabbits during the 8 weeks observation period. 

 

5.3.2.2. Histological analysis 

 

5.3.2.2.1. Histological examination for group 1 (week 1)  

Figure 5.4, depicts photographic images of an embedded transverse section of 3D printed 

biomaterial scaffold with growth factors, 3D printed biomaterial scaffold without growth 

factors and the defect without any scaffold (control) respectively (Figure 5.4a, b, and c), at 

week one post-operative histology. Reported histological results for Figure 5.4a (3D printed 

biomaterial scaffold with growth factors), revealed a visible large induced nasal defect and is 

filled with mixed eosinophilic and basophilic material (the 3D printed biomaterial scaffold) 

which is surrounded by inflammation reaction and granulation tissue. The inflammation is 
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mixed with macrophages and heterophils (Inflammation is a crucial biological process for 

eradication of pathogens and maintenance of tissue homeostasis (Loi et al., 2016) 

predominating and a few of macrophages contain granular basophilic material. Necrotic 

bone fragments are present in the granulation tissue with surrounding macrophages 

(necrotic bone fragments could have resulted from the pieces of bones remains during the 

induction of the nasal bone defect (Fondi and Franchi, 2007)). Figure 5.4b (scaffold without 

growth factors), a large defect in the nasal bone is noted which is filled with granulation 

tissue as well as specular to amorphous, mixed eosinophilic and basophilic material (the 

scaffold). Necrotic bone is prominent and there is a marked inflammatory reaction with 

numerous degenerate heterophils. Figure 5.4c (an empty defect without any scaffold), there 

is a largely visible defect in the nasal bone which is filled with hemorrhage and fibrin, but 

there are areas with necrotic bone fragments and surrounding inflammation which includes 

macrophages and multinucleated giant cells. Early granulation tissue formation is noted as 

well. Therefore, all the defects in week 1 indicated no osteoblastic activities and a negligible 

amount of bone tissue formation were observed 
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Figure 5.4: Histological images, a) scaffold with growth factors, b) scaffold without growth 
factors, c) an empty nasal defect at week one post-operation, H&E staining (x10 
magnification): GT = granulation tissue; SD = scaffold mostly represent by the empty space; 
yellow arrows = blood vessels within the scaffold. There was negligible osteoblastic activity 
observed in all the defects.  
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5.3.2.2.2. Histological examination for group 2 (week 2) 

Figure 5.5, depicts photographic images of the embedded transverse section of the 3D 

printed biomaterial scaffold with growth factors, 3D printed biomaterial scaffold without 

growth factors and the empty defect (control) respectively (Figure 5.5a, b, and c) at week 

two postoperatively. Reported histological results for Figure 5.5a (3D printed biomaterial 

scaffold with growth factors), a focal defect in the nasal bone is noted, which is filled 

primarily by similar amorphous to spicular, mixed eosinophilic and basophilic material (the 

scaffold). There is surrounding inflammation consisting of mixed macrophages and 

heterophils with surrounding fibrosis and granulation tissue development. Early new bone 

development with osteoblast activity is noted as well. Figure 5.5b (3D printed biomaterial 

scaffold without growth factors), the defect in the nasal bone is still visible which is filled with 

mixed eosinophilic and basophilic material (the scaffold) with inflammation consisting of 

macrophages, some of which contain phagocytosed basophilic granular material. There is 

mild early surrounding fibroplasia, but spicules of necrotic bone with surrounding 

macrophages are noted as well. A few heterophils and scattered lymphocyte and plasma 

cells are noted as well. Moderate periosteal reactions with active osteoblasts are noted on 

the edge of the bone defect. Figure 5.5c (an empty defect), a visible defect which is filled 

granulation tissue and clusters of lymphocytes and plasma cells with few interspersed 

adipocytes. Moderate haemorrhages and fibrin deposition is noted. The edge of defect 

shows mild osteoblastic activity and there is a marked periosteal reaction. Focally, there is a 

fragment of necrotic bone with surrounding macrophages and multinucleated cells. 

Therefore, the defects in week 2 indicated osteoblastic activities, though in Figure 5.5a 

(scaffold with growth factors) early bone formation was thought to more prominent compared 

the other defects. 
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Figure 5.5: Histological images of the, a) scaffold with growth factors, b) scaffold without 
growth factors, c) an empty nasal defect at week 2 post-operation, H&E staining (x10 
magnification): GT = granulation tissue; SD = scaffold mostly represent by the empty space; 
Yellow arrows = blood vessels within the scaffold, ENB = early new bone development, 
Black arrows = osteoblast, PR = periosteal reactions. Osteoblastic activity was observed in 
all the defects.  
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5.3.2.2.3. Histological examination for group 3 (week 4) 

Figure 5.6, depicts photographic images of the embedded transverse sections of the 3D 

printed biomaterial scaffold with growth factors, 3D printed biomaterial scaffold without 

growth factors and the empty defect (control) respectively (Figure 5.6a, b, and c) at week 4 

post-operatively. A reported histological result for Figure 5.6a (3D printed biomaterial 

scaffold with growth factors), a defect is visible in the nasal bone which is filled by 

granulation tissue and mixed, eosinophilic and basophilic material (the scaffold). There is 

surrounding inflammation lesion consisting of heterophils and macrophages. A few of the 

macrophages contain granular basophilic material. New bone formation with prominent 

osteoblastic activity is noted between the edge of the defect and the foreign material (The 

scaffold). Figure 5.6b (3D printed biomaterial scaffold without growth factors), a segment of 

the nasal bone is interrupted and filled with large quantities of granulation tissue and 

inflammation. New bone formation is prominently visible between the defect and the 

granulation tissue with marked osteoblastic activity. Figure 5.6c (an empty defect), the lesion 

is visible but this one is very subtle and consists of a focal segment of bone thinning and 

new bone formation. This new bone shows increased osteocytes density and there is 

osteoblastic activity on the periosteal surface with the production of thin bone spicules. 
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Figure 5.6: Histological images of the, a) scaffold with growth factors, b) scaffold without 
growth factors, c) an empty nasal defect at week 4 post-operation, H&E staining (x10 
magnification): GT = granulation tissue; SD = scaffold mostly represent by the empty space; 
Yellow arrows = blood vessels within the scaffold, NB = new bone development, Black 
arrows = osteoblast, PR = periosteal reactions, Green arrows = osteocytes. There was a 
major osteoblastic activity accompanied by new bone formation observed in all the defects. 
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5.3.2.2.4. Histological examination for group 4 (week 8) 

Figure 5.7, depicts photographic images of the embedded transverse sections of the 3D 

printed biomaterial scaffold with growth factors, 3D printed biomaterial scaffold without 

growth factors and the empty defect (control) respectively (Figure 5.7a, b, and c) at week 8 

post-operatively. A reported histological result for Figure 5.7a (3D printed biomaterial 

scaffold with growth factors), the nasal bone is complete (with bone formation) but there is 

an area showing thinning and depression into the sinus space. This is associated with a 

focus of inflammation in the adjacent subcutis consisting primarily of macrophages 

heterophils and this is associated with foreign material of mixed basophilic and eosinophilic 

type. There is marked surrounding fibrosis. The adjacent thin bone segment is new with 

increased number of osteocytes as well as osteoblast activity. Figure 5.7b (3D printed 

biomaterial scaffold without growth factors), there marked thickening of the bone with the 

production of mature bony spicules and medullary cavities containing adipocytes and this 

bordered by a thinner segment but there is prominent new bone formation an increased 

osteocyte density. This section is associated with a moderate periosteal reaction and there 

are small medullary cavities containing prominent lining osteoblasts. A small defect is visible 

but this is filled with fibrous connective tissue and fibroblasts however osteoblastic activity is 

still present on the edges. Figure 5.7c (an empty defect), a small segment with thin, new 

bone formation was noted showing increased osteocyte density and osteoblastic activity on 

the periosteal surfaces and perivascular. 
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Figure 5.7: Histological images of the, a) scaffold with growth factors, b) scaffold without 
growth factors, c) an empty nasal defect at week 8 post-operation, H&E staining (x10 
magnification): GT = granulation tissue; SD = scaffold mostly represent by the empty space; 
NB = new bone development, Black arrows = osteoblast, PR = periosteal reactions, Green 
arrows = osteocytes,. There was major osteoblastic activity observed in all the defects. 
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5.4. DISCUSSION  

 

The previously 3D printed Alg-PEI/Si scaffold have the characteristics required for bone 

tissue engineering application, because of its tested biocompatibility, porous architecture 

and excellent mechanical strength acting as an artificial extracellular matrix. The purposes of 

this study was to evaluate the 3D printed Alg-PEI/Si construct’s efficacy for bone defects 

regeneration and in vivo determining the effect of the added growth factors component. The 

experimental animal (rabbits) model that is been current used in this study chapter have 

previously shown the potential and suitability for bone substitutes, for the evaluation of early 

stage of healing. Furthermore, 5mm diameter in the rabbits nasal bone defects was 

previously suggested as an adequate size to observe the bone regeneration investigation. It 

was considered that the rabbits animal model and location and the dimension of the defects 

were valid (Mukozawa et al., 2011). Biomaterial scaffolds were used as implants of 

approximately the same size in all groups excluding the control group so that the same 

amount of space would be available for bone regeneration. 

 

Bone defects/fractures are the most usual body injury, and their repair/healing is typically 

controlled and organized by a process involving signalling molecules and specialized cells 

that are precisely coordinated in space and time (Liu et al., 2018). The success in bone 

healing/repair depends on complex interaction between immune cells and the bone tissue. 

Bone healing is a physiological complex process, involving both mechanical and biological 

aspect (Sandberg et al., 2017; Ghiasi et al., 2017). Hence, after the defect/fracture on the 

body, cell migration, cell/tissue differentiation, tissue synthesis, and cytokine and growth 

factor release occur, controlled by the mechanical and the surrounding environment (Ghiasi 

et al., 2017). Infiltration of inflammatory cells to the defect/fracture site, which combat 

infection and clear debris and dead cells initiate defect/fracture healing (Street et al., 2002). 

 

Inflammation is amongst the most significant biological process during defect/fracture 

healing/repair for maintenance of tissue homeostasis and eradication of pathogens (Loi et 

al., 2016). Furthermore, the inflammatory cells also secrete various growth factors and 

cytokines significant for guiding neovascularization (Street et al., 2002) and cell recruitment 

(Bourque et al., 1993; Einhorn, 1998; Gerstenfeld et al., 2003). Inflammatory macrophages 

are positioned anatomically to support significant events in early anabolic phases (Kaur et 

al., 2017) and were required for maintenance of mature osteoblast in vivo (Raggatt et al., 

2014). Macrophages have a great role also in host defence and inflammatory and they are 

present in all phases of defect/fracture repair/healing and associated with significant 

repair/healing event in human tissue and animal model (Gu et al., 2017; Kaur et al., 2017). 
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Therefore, macrophages are present during the inflammatory phase of fracture healing in 

humans (Andrew et al., 1994; Oni, 1997) and animals (Alexander et al., 2011; Hankemeier 

et al., 2001; Xing et al., 2010). Macrophages are located within the defects/fractures 

associated tissue and the required molecular repertoire can be express to influence, initiate 

and coordinate both bone anabolic outcome and inflammatory processes (Wu and Zeng, 

2013). Osteoblast differentiation in vivo can be induced by macrophages (Chang et al., 

2008; Vi et al., 2015). Osteoblast yielding osteocytes are common cells in bone and bone 

development (O’Brien et al., 2013). Osteocytes are on the surface of bone and distributed in 

the mineralized bone matrix, and form an interconnected network with osteoblasts, and the 

bone marrow, as result, osteocytes possess the most potent ability to regulate bone 

metabolism through direct cell-cell contacts and the release of soluble molecules (O’Brien et 

al., 2013). Osteocyte, immune cells, and endocrine system tightly controlled the balance 

between bone resorption and bone formation (Gu et al., 2017).   

 

Briefly, the histological results revealed that in group one, almost all of the defects showed 

no signs of osteoblastic activities, these are the rabbits terminated in week one. Healing and 

osteoblastic activities have started unevenly in different defects in forming new bone growth 

in the margins of the defect in animals terminated in week two. As the weeks' progress, 

there was more bony island observed compared with the histological results observed from 

previous weeks. Parts of this newly formed bone had an appearance of the lamellar 

structure. The fibroconnective tissue filled the porous structure of the scaffold, and 

occasionally observe the ingrowth of the maturing bone to the scaffold. Dense fibrous 

connective tissue surrounds these bony islands. The connective tissue ingrowth into the 

pores of the scaffold was also noted. The formation of bone seemed to progress gradually 

inside the scaffolds from the dense fibroconnective tissue to the newly formed bone through 

the mineralization of the tissue. There was an observed inflammation reaction with foreign 

body giant cells, and macrophages. Inflammation response was strong in the side of the 

scaffold facing the periosteum and skin. Therefore, foreign-body-type inflammation reactions 

composed of giant cells, macrophages, granulocytes, and lymphocytes as well as plasma 

cells were mostly found inside the upper part of the scaffold. Despite the presence of the 

inflammatory reaction, fibrous connective tissues were formed and also bone tissue was 

formed.  

  

In this study, a subjective visual assessment of bone regeneration process was carried out; 

using two different implants (the scaffold with growth factors and scaffold without growth 

factors) and compared the bone regenerative capacity of these materials histological in a 

rabbit animal model. The defects appeared to be becoming progressively smaller with time.  
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 In week 8, it was observed that, the defect implanted with the scaffold that contains growth 

factors healed completely as compared to the defect implanted with the scaffold without 

growth factor and an empty defect. This support the reported histological results for week 8 

and the report also highlighted an evidence of scaffold being resorbed, hence, the scaffold 

appeared to make a significant difference in healing time required. 

 

5.5. CONCLUDING REMARKS  

 

Animal models have played an indispensable role over the years, for the evaluation of 

biomaterial scaffolds for bone tissue engineering application, in understanding their 

regenerative potential and interaction with host bone tissue. In our study, the composite 3D 

printed Alg-PEI/Si porous scaffold incorporated with growth factors, was found to be an 

acceptable candidate bone tissue regenerative implant. It induced no adverse tissue reaction 

and effectively supported and acted as a platform for the host cell to adhere, proliferate, 

differentiate and form new bone tissue in vivo. This indicates that the composite 3D printed 

biomaterial scaffold with growth factors can be a useful and beneficial implant for bone 

tissue regeneration to be introduced for clinical tests. Therefore, our study confirmed the 

healing potential of the implant through the 5mm diameter induced critical-sized nasal bone 

defects in rabbits. 
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CHAPTER SIX 
CONCLUSIONS, RECOMMENDATIONS AND FUTURE OUTLOOK 

 

 

6.1. CONCLUSIONS 

 

The advancement in the design and fabrication of novel composite 3D printed biomaterial 

scaffolds for bone tissue engineering application is an on-going research in confronting the 

limited treatment in critical-sized bone defects. The combined effort of the interdisciplinary 

field which includes applying the principles of life science, material science and engineering 

aids in the fabrication of the scaffolds that maintain, restore and improve the functioning of 

the biological tissue. Moreover, in this study, the integration of multi-biomaterial 

reinforcement and the use of 3D print technology as an innovative fabrication tool, serves as 

an ideal outcome to solve the challenge of ideal 3D biomaterial scaffold with appropriate 

mechanical and biological properties for bone tissue engineering application The composite 

3D biomaterial scaffold was prepared using novel in situ co-fabrication by employing 3D 

bioprinted technology as an innovative fabrication tool.  

  

A number of breakthroughs for critical-sized bone defects treatment strategies have been 

designed to surpass the current models, however, the common limitation (e.g. poor 

mechanical strength for bone tissue engineering) continue to exist and no system is fully 

proven to be efficient yet. Therefore, the design and development of the 3D printed 

biomaterials scaffold for the enhancement of bone repairing or regeneration with appropriate 

mechanical properties that match bone tissue regenerations is currently a significant 

research area. Hence, novel composite 3D printed biomaterial scaffolds were designed, 

developed, and fabricated through novel synthetic methods for bone tissue engineering 

application. During synthesis, sodium alginate (NaAlg), silica gel (Si), Nanoclay, 

hydroxyapatite (HAP) and poly(ethyleneimine) (PEI) and growth factor (OP-1) were identified 

as suitable components for the formation of the three novel composite 3D printed biomaterial 

scaffolds (Alg-PEI/HAP, Alg-PEI/Si and Alg-PEI/Nanoclay). But Alg-PEI/Si was identified as 

the scaffold with appropriate mechanical properties and biological properties for bone tissue 

engineering for further investigation. The growth factor (OP-1) was used as a model growth 

factor for forming the final composite through blending and coupling techniques. Therefore, 

the composite 3D printed biomaterial scaffold was successfully fabricated and characterized.  

  

The composite 3D printed biomaterial scaffold was in vitro, ex vivo analysed, that which 

includes, the investigation of cell viability, cell adhesion and cell proliferation using 
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osteoblast-like MG63 cells. The difference in toxicity between the printed scaffold and the 

control allows for biocompatibility validation of the printed scaffold. Therefore, the osteoblast 

like MG63 cells were found to be biocompatible to the fabricated scaffold. In addition, cell 

proliferation and cell adhesion were confirmed by SEM and light microscopy   

  

Furthermore, the novel composite 3D printed biomaterial scaffold was evaluated in vivo 

using a New Zealand White Rabbits model. The composite 3D printed biomaterial scaffold 

displayed significant results, which substantiate and surpassed the control bone defects, 

thereby demonstrating the major enhancement in new bone regeneration in the induced 

critical-sized bone defects. 

 

6.2. RECOMMENDATIONS AND FUTURE OUTLOOK 

 

The fabricated novel composite 3D printed biomaterial scaffold resulted to be a biomaterial 

system that fulfilled the aims and objectives of this study. The in vitro, ex vivo and in vivo 

analysis showed that the fabricated biomaterial system gave impressive outcome, however, 

additions to the study may have enhanced the data output. 

 

 The developed composite 3D printed biomaterial scaffold is proposed to be not 

entirely limited to bone tissue engineering application. This implant can be 

investigated for other hard tissue defects such as cartilage amongst others using 

cartilage growth factors. 

 

 There is also a requirement to investigate other types of bone or hard tissue growth 

factors effects on the regenerative potential of this novel scaffold. 

 

 The in vivo study provides significant results concerning the progression of the new 

bone formation in the induced critical-sized bone nasal defects. These results could 

be enhanced if proper diet and antibiotics were provided to these animals, which in 

this instance may have possible accelerated enzymatic alteration of the composite 

biomaterial scaffolds. 

 

 Pilot human bio-studies are recommended and depending on the results, Wits 

enterprise will market the product to pharmaceutical companies leading to 

commercializing the product. 

 

 Quantitative histology results may also help enhancing data output. 
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Reinforced, Composite Biomaterial 3D Printed Scaffolds for Bone Tissue Engineering: 

Tuning Mechanical Properties and Cellular Affinity 
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Abstract 

Three dimensional (3D) printing technology have emerge with great potential in designing 

and fabricating novel biomaterial scaffolds for bone tissue engineering application. Most of 

the biomaterials (e.g. polymers, bioceramics, metals and composites) used for scaffold 

fabrication have been discussed in detail over the years in relation to bone tissue 

regeneration/repair/development. Consequently, this leads to an increase number of 

developed novel 3D biomaterial scaffolds for bone tissue engineering application. However, 

there is still an existing challenge in developing novel 3D biomaterial scaffolds with 

appropriate mechanical and biological properties that match native bone tissue. A number of 

reinforced multi-biomaterial 3D printed scaffolds have been developed and investigated as a 

key solution for the mechanical and biological properties challenge. But there is still a huge 

research gap to attempt new combination of biomaterials that will yield novel 3D printed 

biomaterial scaffolds with acceptable mechanical and biological properties for bone tissue 

engineering application. Biomaterials that are mostly investigated for bone tissue 

engineering application includes: alginate, silica, collagen amongst others, due to their 

partially/whole similar properties with bone tissue extracellular matrix (ECM). This review 

discusses the challenges faced by pure biomaterials (single-component) in their 3D 

printability and unsatisfactory properties for bone tissue engineering application, with 

selected examples to highlight their properties limitations. The review is aimed at describing 

the reinforced multi-biomaterial 3D printed scaffolds for bone tissue engineering application, 

and the rationality of 3D printing technology and the advantages of reinforced multi-

biomaterial in tuning mechanical and biological properties of the printed scaffold. 

 

Keywords: Bone tissue engineering, biomaterials, reinforced multi-biomaterial, 3D printed 

biomaterial scaffolds 
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3D bioprinted biomaterial scaffold for bone tissue engineering: in vitro cell 

assessment and in vivo animal studies  

Mduduzi N. Sithole1, Pradeep Kumar1, Yahya E. Choonara1, Lisa C. du Toit1, Kennedy H. 

Erlwanger2, Viness Pillay1*  

 

1Wits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and 

Pharmacology, School of Therapeutic Sciences, Faculty of Health Sciences, University of 

the Witwatersrand, Johannesburg, 7 York Road, Parktown, 2193, South Africa 

2School of Physiology, Faculty of Health Sciences, University of the Witwatersrand, 

Johannesburg, 7 York Road, Parktown, 2193, South Africa 
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Abstract 

This research article aimed at substantiating the feasibility of using novel 3D printed 

biomaterial scaffold as a matrix platform to guide and enhance bone tissue regeneration. 

The scaffolds were cultured with osteoblast-like MG63 cells for 1, 3, and 7 days, thereafter, 

optical microscopy and electron scanning microscopy (SEM) were used to examine cell 

adhesion and surface morphology; MTS assay was used to determine cell viability, and cell 

proliferation was qualitatively evaluated using Olympus microscopy. The scaffold exhibited 

biomineralization (Ca-P) confirmed through the SEM-EDX and FTIR analysis. Optical 

microscopy and SEM revealed that the osteoblast-like MG63 cells attached to the surface of 

the scaffold. Viability of cells cultured on the scaffold and on control increased over time (P < 

0.05), however, at respective time point, cell viability was not significantly different between 

the two groups (P > 0.05). The results suggested that the scaffold is biocompatible (non-

toxic materials). The study was also conducted to verify that the scaffold properties were 

engineered to match bone regeneration cascade using rabbit’s critical-sized nasal bone 

defect model. The final scaffold provided a pro-regenerative platform, rich in mechanical, 

topographical and biological cues to guided cells towards functional regeneration. Histology 

revealed that there was significant progress of new bone formation especially in week 8 of 

the study, in all induced bone defects. Therefore, scaffold containing growth factors showed 

high visual bone formation regenerative (week 8 complete) compared to the scaffold without 

growth factors and the empty defect (the control).  

 

Keywords: Osteoblast-like MG63 cells, cell adhesion, cell proliferation, cell viability, bone 

regeneration 
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Purpose:  
There is a global clinical need for progressive approaches in bone tissue engineering to repair and regenerate bone defects 

resulting from trauma or disease. The combination of biodegradable scaffolds, with either host cells, isolated cells and or 

bioactive molecules is the current approach in tissue engineering. This methodology seeks to restore or enhance the natural 

processes of tissue development and regeneration. The fabrication of novel 3D biodegradable scaffolds for application 

towards bone tissue engineering has recently generated intensive research. These novel 3D biodegradable scaffolds need to 

fulfil certain biological parameters (such as cell adhesion, cell proliferation and cell viability amongst others) before 

implanted to the human body/ living animal for further investigation. This research article sought to engineer a single-step in 

situ conjugated polymeric 3D biodegradable scaffold employing 3D printing technology as an innovative fabricating tool, 

depicted in Figure 1. The aim of this study was to substantiate the feasibility of using the novel printed 3D biodegradable 

scaffold as a potential matrix platform to guide and enhance bone regeneration  

 

Methods:  
A polymeric 3D biodegradable scaffold was engineered in situ employing sodium alginate as a bio-ink which interacted with 

poly(ethyleneimine) solution on bioprinting to form a polyelectrolyte complex through ionic bond formation. Silica gel was 

included in the bio-ink as temporal inorganic support component and for ultimate enhancement of osteoinduction. The 

quantification of various cellular responses (e.g. cell proliferation, cell attachment and viability) of osteoblast-like MG63 

cells, cultured on the novel printed scaffold was carried out. The printed scaffolds were cultured with osteoblast-like MG63 

cells for 1, 3, and 7 days. Characterization of the biorelevant properties of the scaffold was undertaken via Fourier Transform 

Infrared Spectroscopy, Differential Scanning Calorimetry and Thermogravimentric Analysis, X-Ray Diffraction, Scanning 

Electron Microscopy, and biomechanical testing. Optical microscopy and electron scanning microscopy (SEM) were also 

used to examine cell adhesion and surface morphology. The MTS assay was used to determine cell viability and cell 

proliferation.  

 

 

Results:  
The scaffold maintained its 3D architecture for the duration of the 28-day degradation investigation, while potentially 

permitting the infiltration of nutrients, growth factor, and cells evident by the increased solvent penetration into the scaffold 

observed via Magnetic Resonance Imaging studies. The scaffold porosity and pore size were found to be 60% and 360 µm, 

respectively. Biomechanical evaluation revealed a Young’s modulus of 18.37 MPa highlighting that the scaffold in its 

current form possesses the mechanical capabilities for certain bone tissue engineering applications. Scanning electron 

microscopy revealed that the osteoblast-like MG63 cells cultured on the printed scaffold were clearly attached to the surface 

of the printed scaffold. The viability of cells cultured on the printed scaffold and on control increased over time (P < 0.05), 

however, at respective time points, cell viability was not significantly different between the two groups (P > 0.05).  

 

Conclusion: 
Therefore, a novel alginate-poly (ethyeneimine)/silica 3D bioprinted scaffold was fabricated, characterized and showed great 

potential for application in bone reconstruction in the future. These results suggest that the novel printed scaffold contain 

biocompatible material that could be used as a suitable bone application. 
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Figure 1: Schematic and photographic depiction of formation of the 3D bioprinted and in situ conjugated-co-fabricated 

scaffold 


