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Introduction 
The next-generation manufacturing technologies for biomaterials present exciting 
opportunities for doctors, engineers, and professionals to design implants with specific 
designs and functionalities using novel materials and geometries, aimed at mitigating 
orthopaedic ailments, such as donor site morbidity, non-unions, bone tumour,  
and clinical constraints (El-Rashidy et al., 2017). Bone tissue engineering (BTE) has 
evolved into a multifaceted field, combining holistic approaches from biology,  
advanced manufacturing, and therapeutic medicine (Qu, 2020). Lately, the fabrication  
of customised scaffolds by additive manufacturing (AM) for bone fractures is emerging 
as a key research hotspot in the field of BTE. 

The concept of “scaffold” in BTE encompasses several aspects, such as like 
osteoinduction, osteoconduction, mechanical stability, and vascularisation (Koc et al., 
2019). The AM technologies has paved the way for personalised orthopaedic 
regenerative medicine (X. Wang et al., 2016). The timeline of some of the successfully 
fabricated 3D-printed customised bone implants includes the world’s first additively 
manufactured lower jaw mandible implant by Dr. Jules Poukens and his research team in 
Belgium in 2011 (Jules Poukens, 2011); the customised implant for a substantial cranial 
defect, designed and fabricated by researchers in Brazil through AM in 2014 (Jardini  
et al., 2014); and the world’s first 3D-printed titanium heel, triumphantly implanted by 
orthopaedic surgeons in Australia in 2014 (CSIRO, 2014). 

However, the choice of materials (metals, polymers, ceramics, or composites) for 
scaffolds is regarded as the primary and exclusive factor in determining the prospects  
of the scaffold at the site of implantation. The scaffold is ideally expected to bio-mimic 
the natural features (both organic and inorganic) of the bone. The metallic scaffolds  
are subjected to several constraints, such as curbed degradation and stress shielding 
phenomenon, which can have several ramifications on the growth of osseous tissue  
at the site of implantation (Koons et al., 2020). Some of the polymeric scaffolds, 
implanted at the defect sites, commonly experience foreign body and immunological 
reactions owing to the lixiviation of the micro-particles, and possibly languish 
immunomodulation effects (Koons et al., 2020; Lichte et al., 2011). Bioceramics, such as 
calcium phosphate-based biomaterials are frequently used in BTE. The most frequently 
and popularly used are the Hydroxyapatite (HAP) scaffolds featuring calcium phosphate; 
it effectively replicates the bio-inorganics of the bone, as two-thirds of the dry weight of 
the bone typically comprises inorganic matter, of which HAP constitutes 85%. However, 
the slackened decaying rate of the stoichiometric HAP with restricted use in in-vivo 
applications (Kato et al., 2014) has resulted in a shifting of the spotlight to silicate-based 
bioceramics, including bioactive glasses. The silicate-based bioceramics can be ameliorative 
substitutes for calcium phosphate-based ceramics by benefitting from silicon. Pure 
macro-porous silicon scaffolds, synthesised by conventional anodisation methods were 
used in the past for repairing cortical defects in-vivo by facilitating COL-1 synthesis and 
alleviating osteoblastic differentiation (Sun, 2007). Si4+ ion is also regraded as an 
osteostimulatory ion, as it can stimulate bone marrow stromal cells (BMC) differentiation 
towards osteolineages without any external stimuli or ingredients (S.-C. Huang et al., 
2015). The ion also possess the potential to boost the proliferation of the endothelial 
cells of the human umbilical vein by co-relating with the up-regulation of the vascular 
endothelial growth factor (VEGF) (Wang et al., 2013). 
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In this work, novel silicon-wollastonite and silicon-62 wollastonite glass-based ceramic 
composite scaffolds were fabricated by selective laser melting (SLM). For the first  
time, the bioactive macro-porous silicon scaffolds were produced using a  
laser-assisted technique, and a well-defined biomimetic design. Novel bioactive 62 
wollastonite glass ceramic powder was developed using the ternary phase diagram of 
CaSiO3-MgCa(SiO3)2 -Ca3(PO4)2 system. The fabricated composite scaffolds were obtained 
in single step, without the addition of a binder or geometric constraints, unlike most of 
the other ceramic-based scaffolds, which are commonly confronted with these 
limitations. Promising results were obtained, as revealed by cytocompatibility and 
osteolineage studies; furthermore, the modulation of the biomimetic design showed 
differential regulation of the primary transcription factors These metalloid-based 
scaffolds demonstrated an intermediate level of strength i.e., lesser than that of  
metal-based composite scaffolds, but greater than that of ceramic- or polymer-based 
composite scaffolds. However, the strength of this metalloid-based composite scaffold 
can be further altered by increasing or decreasing the ceramic content in the composite 
scaffold. The “as-fabricated” scaffolds also demonstrated the potential of sustained 
delivery of the biological moieties. For an ongoing study, these novel scaffolds have  
been implanted on Wistar albino adult rats with calvaria bone defects of 20 mm in 
diameter. The findings from the research embodied in this thesis clearly demonstrate the 
capability of the novel metalloid-ceramic composite scaffolds to medicate peculiar 
orthopaedic defects, by altering the biomimetic design through AM. 
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1. Overview of the literature 
This chapter provides insights into the principles of scaffolds for bone tissue engineering 
(BTE). Commonly used orthopaedic materials with their microstructure, mechanical 
properties, and methods of manufacturing; and various biomimetic approaches for bone 
tissue repair are discussed. 

1.1 Bone scaffolds 
Osseous tissue, commonly known as bone provides a framework to the body of a living 
being and plays a crucial role in its mechanical movement, shielding the organs, and 
hosting numerous blood cells (Liao et al., 2011). Bone tissue is constantly remodelled and 
can dynamically heal itself owing to the constant activity of the osteoblasts, osteocytes, 
and osteoclasts, as depicted in Fig. 1.1.  

 
Figure 1.1 Bone regeneration process, depicting the constant remodelling of bone by  osteoclasts 
and osteoblasts; adapted from (Maradze et al., 2018)  

Usually, under normal circumstances bones can regenerate themselves and have the 
capacity to heal micro-level damages, without inducing a scar formation. On the other 
hand, complex or compromised bone fractures, which are generally larger than critical-
sized defects, usually suffer from non-unions and non-healing of the bones (Ho-Shui-Ling 
et al., 2018). Additionally, co-morbidities, combined with sedentary lifestyles, genetic 
factors, and diabetes can delay the healing process and pose the risk of non-unions  
(D. Holmes, 2017). 

There are various types of bone fractures, depending on the impact and the way bone 
is shattered (partial or complete), which in turn, can lead to various complications, such 
as osteogenesis imperfecta, osteopenia, and osteoporosis. The disjunction of the bone 
may lead to serious complications, such as avascular necrosis, hypovolaemic shock, 
pulmonary syndrome, Volkmann’s contracture, osteomyelitis, and osteoarthritis. 
Eventually, if the bone is left untreated, the infected organ may have to be amputated. 

The bones at numerous locations in a human body can be fractured. The most 
prominent or common fracture sites include the hip, wrist, femur shoulder, ankle, tibia, 
and maxillofacial and cranial fractures (Ho-Shui-Ling et al., 2018). 

Natural bone scaffolds involving autologous bone grafts (osseous graft from one 
anatomical site, transferred to a different site in the same individual), allogenic bone 
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grafts (osseous graft transplanted within genetically different individuals of the same 
species), and xenografts (osseous graft within genetically different individuals of the 
different species) have been used to heal various fracture sites (Roberts et al., 2012). 
These natural bone scaffolds were commonly used, before the advent of AM, to facilitate 
osseointegration or bone regeneration to heal the fracture sites. They were considered 
as one of the prime precedent in treating osseous tissues with defects and for bone 
regeneration (Goldberg et al., 2005). However, natural bone scaffolds suffer from several 
disadvantages, such as donor site infection, increased blood loss, heterotrophic 
ossification, the elevation of histocompatibility complex antigens, immunogenicity, 
limited availability of transplanted material, vulnerability to the risk of viral 
contamination, deprived mechanical properties, and inefficiency to completely bio-
resorb after the transplantation (Burchard, 1983; Dimitriou et al., 2011; Flynn, 2011; 
Goldberg et al., 2005; Roberts et al., 2012; Stevenson et al., 1992; W. Wang et al., 2017). 

Therefore, considering the serious complications posed by natural bone scaffolds, 
coupled with the patient discomfort and the continuous necessity of bone grafts in an 
ageing population has led to the emergence of synthetic bone scaffolds as an alternative 
to osseous tissues. 

1.1.1  Synthetic scaffolds for BTE 
Critical-sized bone defects, commonly in the range of 1-4.5 cm are generally repaired by 
synthetic grafts known as scaffolds (Schemitsch, 2017). To overcome the shortcomings 
of natural bone scaffolds, a permanent, reliable, sustainable, and holistic solution is 
required to heal and repair critical-sized bone defects. Synthetic bone scaffolds play an 
imperative role in BTE and can mimic the natural bone ECM by facilitating and providing 
a 3D network for regenerating the bone for critical defects. The synthetic bone scaffolds 
can be classified into three broad categories. This classification primarily depends on the 
fracture sites, as illustrated in Fig. 1.2. 

Of late, 3D printing has emerged as an efficient solution to the fabrication of scaffolds 
for BTE, as it allows custom-designed scaffolds suitable to the defect. Various fabrication 
techniques allow superior control of parameters, such as pore size, porosity, surface 
roughness, and mechanical properties of the scaffolds to better suit the anatomy of the 
patient’s defective bone. 

Synthetic bone grafts manufactured by AM technologies can also be integrated with 
active biomolecules. They can influence bone growth by acting on the  antagonist of bone 
marker genes and enhancing its proliferation. Most synthetic grafts are natural bone 
matrix (ECM) or βTCP scaffolds infused with bioactive molecules. Some of these products 
include rh-BMP-2 [Infuse® bone graft] (Ho-Shui-Ling et al., 2018), rh-BMP-7 [Osigraft] 
(Ho-Shui-Ling et al., 2018), rh-PDGF [Augment® bone graft] (Krell et al., 2016), rhBMP-6 
+ whole blood coagulum [Osteogrow] (Genera Research Ltd, 2014), and allograft-derived 
growth factor [Osteoamp] (Ho-Shui-Ling et al., 2018). These bone grafts are mainly used 
for cervical and lumbar spine, wrist, ankle, and grim fractures of femur and tibia, where 
the fracture size is between 2 to 4 cm. 

The last category of scaffolds relies on the delivery of cells encapsulated on cell-based 
scaffolds (Bolander et al., 2017). The commonly used stem cells are PDSCs, BMSCs, and 
ASCs. The “as-prepared” construct can be further nourished and developed in a 
bioreactor system to reach a more advanced stage (Ho-Shui-Ling et al., 2018), in which a 
3D network is established that stimulates the entrapped stem cells to develop into new 
tissue or heal the defect site (Ingber et al., 2006). Stem cell therapies, combined with an 
allogenic graft matrix or HAP matrix usually heal critical size defects greater than 4 cm by 



14 

intermediate avascular cartilaginous callus (Schindeler et al., 2008). These bone grafts 
are primarily used for femoral neck fractures and to support fracture sites of defects 
more than 4 cm in size. 

Figure 1.2 Three major categories of synthetic scaffolds used for bone repair 

Three dimensional (3D) printed synthetic ceramic scaffolds with enhanced 
functionality, achieved by precisely controlling the pore size, porosity, and 3D shapes 
using AM allow flexibility in design through CAD; this is the motivation for the present 
study. The unification of bone tissue engineering and synthetic bone scaffolds using AM 
has become a synergistic approach, nowadays, for repairing bone defects. Furthermore, 
3D customised synthetic bone ceramic scaffolds are a current trend, as they are 
biocompatible, osteoconductive, and can precisely fit into a defect in a patient’s cranial, 
maxillofacial, femur, and tibia bones. 

1.2 Additive manufacturing of ceramic-based scaffolds for BTE 
The advent of AM has resulted in an advancement of customised scaffolds of BTE. 
The shortcomings faced by the conventional techniques, for example, inability to 
fabricate scaffolds with desired porosities, pore sizes, and controlled geometries, as well 
as a non-adaptability towards in-vivo microenvironment and subtractive methods, has 
resulted in the emergence of rapid manufacturing or AM techniques. 

Presently, 3D printing techniques are commonly used for ceramic-based scaffolds. 
These techniques rely on CAD to have precise control over the microstructure of the 
scaffolds. 
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Table 1.1 Commonly used conventional techniques to fabricate bioactive ceramic composite scaffolds 

Conventional 
technique Disadvantages 

Solvent casting Inability to form complex shapes, as only flat sheets and tubes 
can be fabricated (Aboudzadeh et al., 2010; Subia et al., 2010). 

Sol-gel Usually, structures deteriorate faster, offering inferior 
mechanical properties (Q.-Z. Chen et al., 2010). 

Electrospinning Use of organic solvents, which can be toxic to the body. 

Freeze drying 
Time-consuming; strenuous energy utilisation; usage of noxious 
solvents; and production of random pores of 15 to 30 µm size 

(Matassi et al., 2011; Roseti et al., 2017). 

Gas foaming 

Excessive heat generation during the process of compressive 
moulding, which can alter the composition and ultimately lead 

to the formation of additional phases in synthetic matrices; close 
and non-interconnected porous structures with the formation of 

an additional nano-porous layer on the surface of the matrix 
(Roseti et al., 2017). 

Henceforth, the restrictions and shortcomings posed by the conventional techniques 
has led to the rapid exploitation of the AM techniques for the fabrication of customised 
ceramic-based scaffolds. The rapid manufacturing techniques include the following:  
1) stereolithography, 2) binder jetting, 3) material extrusion, and 4) powder-bed fusion 
process (SLM/S). Bioceramic scaffolds are more amenable to BTE than their metallic and 
polymer counterparts owing to their osteoconductivity and potential osteoinductivity. 
Some commonly used bioceramics for BTE include calcium silicates, calcium phosphates, 
bioactive glasses, and polymer-bioceramic composites. In the following sections, AM of 
calcium silicates, calcium phosphates, bioactive glasses, and polymer-bioceramic 
composites are discussed in detail. 

1.2.1 Stereolithography  
Stereolithography uses a photopolymer liquid, which is disclosed to a focused UV laser. 
The photopolymer is scanned by the laser, which eventually results in a phenomenon 
called photo-polymerisation (Van Bochove et al., 2016). The photo-polymerised material 
hardens to become a solid part, layer-by-layer. The ceramic phase incorporated in the 
ceramic stereolithography can impede or alter the ceramic printing which can be 
attributed to differential light scattering effects in the UV range (Gentry et al., 2013; Hwa 
et al., 2017). Differential light scattering phenomena can be due to scattering dominant 
behaviour of the particle sizes and concentration of the ceramic in the suspension and 
refractive index which can be annihilated by the Mie model (Equation 1). 

∆𝒏𝒏
𝒏𝒏𝟎𝟎

 =
𝒏𝒏𝒄𝒄𝒄𝒄𝒄𝒄− 𝒏𝒏𝟎𝟎

𝒏𝒏𝟎𝟎
                                                             (1) 

ncer represents refractive index of the ceramic phase in the suspension whereas n0 

denotes refractive index of suspension (medium). Smaller the refractive index difference 
between the suspension or monomer and ceramic powder, higher the energy propagates 
in the forward with very negligible amount of energy scattered and vice versa. 
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However, ceramic stereolithography allows to fabricate polymer-ceramic composite 
leveraging onto the photo-polymerised resin and hence as a result requires the debinding 
of the polymer phase in the composite through pyrolysis. This can have several 
ramifications in the ultimate fate on the final finished product (ceramic phase) as it can 
deteriorate and pose several geometrical constraints with compromised mechanical 
properties on the final sample. 

1.2.2 Binder jetting or 3D printing 
Binder jetting offers several advantages in BTE, as assorted binders can solidify the 
powder to fabricate customised scaffolds (Hwa et al., 2017; Ziaee et al., 2019).  
The selection of the binder is vital for the binder jetting process, as it plays a pivotal role 
in the printability of the powder feedstock. The binder must endure the shear stress-strain 
induced during the printing process. Additionally, the binder should have a low viscosity, 
good powder interaction, long shelf life, and potential to burn-out during firing (J. Liu  
et al., 2003). 

One of the predicaments associated with the binder jetting technique is the deposition 
of biological moieties on the bioceramic scaffold matrix (Nooeaid et al., 2014). The heat 
treatment during de-binding and sintering can lead to the production of unwanted  
by-products from the biological moieties, and thermally degrade them; these by-
products can be toxic for the human body. The bioceramic scaffolds produced by binder 
jetting usually are impeded with several other constraints, such as deteriorated 
mechanical properties, geometric constraints, and formation of undesired phases. 

1.2.3 Material extrusion 
Material extrusion technique involves the extrusion of a single material or a mixture of 
materials, using a nozzle to form a 3D scaffold. Material extrusion can be divided into two 
broad categories, FDM and Robocasting.  

The materials fabricated through FDM generally include polymers, such as PCL, PLA, 
and other biocompatible polymers (B. Holmes et al., 2016; Hutmacher et al., 2001; 
Steffens et al., 2016). For these materials, heat treatment at low temperatures is 
sufficient to melt the polymer. Because of a process limitation, the FDM method cannot 
print osteoconductive ceramics properly, as it can lead to unwanted phases and several 
geometric constraints in the polymeric matrix. Therefore, researchers have attempted to 
add lesser bioactive ceramic content to the polymer matrix to mitigate the issues with 
the FDM process for polymer scaffolds. 

Robocasting, which is an extrusion-based method, mainly relies on the rheological 
properties of the bioactive ceramic slurries (HAP, TCP, calcium silicate, and bioglasses 
such as 45S5 Bioglass® are usually mixed with water and an anionic dispersant to prepare 
the slurries). The flowable slurry is then passed through an extrusion head for the scaffold 
fabrication (Eqtesadi et al., 2014). Water-based robocast scaffolds, incorporated with 
bioceramic components with superior mechanical properties were fabricated. These 
encompass HAP (Miranda et al., 2008), β-TCP (Miranda et al., 2006), wollastonite (A. Liu 
et al., 2016) and 45S5 Bioglass® (Eqtesadi et al., 2014). In summary, the material 
extrusion-based process has been predominately used in BTE depending on the type of 
composite used. Polymer-ceramic composites have been mostly fabricated by FDM; 
while, most pure bioceramic scaffolds have been fabricated through direct ink writing or 
robocasting. 
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1.2.4 Powder bed fusion process 
SLS/M (i.e. SLS or SLM) is a powder bed fusion process, in which a laser source either 
fuses (in SLS) or melts (in SLM) the powder bed as depicted in Fig. 1.3(a-b). 
The fundamental difference between SLM and SLS is in the energy of the laser source. In 
SLS, the laser expedites the sintering process, while SLM facilitates the melting of the 
powder bed. The primary advantages associated with the powder bed fusion process 
include large build volume and relatively large production speed.  

Figure 1.3 (a) General illustration of the SLS/M process; (b) schematic representation of the 
interaction between the laser beam and powder bed; adapted from (Frazier, 2014; Sola et al., 2019) 

In the SLS process, the laser introduces just enough energy to the powder bed that is 
sufficient to exceed the point of phase transition (Mazzoli, 2013). A roller evenly 
distributes the powder over the platform so that successive layers can selectively sinter 
the powder. In the powder region, scanned by the laser a coalescence of the particles 
takes place, and this results in a significant reduction in the surface energy. This reduction 
in surface energy causes the sintering process (Mazzoli, 2013). The absence of the 
melting process here is responsible in retaining the voids or gaps (micro-spaces) between 
the adjacent particles (N Kamboj et al., 2019; Wubneh et al., 2018). These micro-spaces 
can play a key role in mimicking an ECM-like porous structure inside the scaffold (Mazzoli, 
2013) and can be used for drug delivery systems (N Kamboj et al., 2019). This sintering 
process is repeated layer-by-layer to fabricate the final 3D structure. 

SLM can be regarded as SLS performed at a higher temperature to completely melt 
the powder (Traini et al., 2008). The powder material feedstock undergoes a rapid 
solidification at a rate of 105-108 K/s (Calignano et al., 2014). The melt pool is highly 
dynamic, which can be attributed to the rapid scan speed or scanning by a Gaussian laser 
beam, which results in various defects, such as balling, splashing, and denudation of a 
single track (Simchi, 2006). SLM is also accompanied by several physical phenomena 
unfolding in the process, such as curing shrinkage, recoil pressure, diffusion, and heat 
conduction and radiation, as shown in Fig. 1.4. 
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Figure 1.4 Physical phenomenon unfolding during the SLM process; adapted from (Chen et al., 2018)  

SLM/S presents several advantages and is capable of producing porous scaffolds with 
100 - 1000 µm pore sizes, which are generally required in BTE (Sears et al., 2016), as 
described in detail in Section 1.3. Figure 1.5 shows the superiority of the SLS/M 
techniques to the other techniques mentioned in Section 1.2, which can be attributed to 
a wider window of pore sizes possible with these two techniques through CAD modelling 
for BTE. 

Figure 1.5 Superiority of SLM/S techniques over the other techniques; adapted from (Moreno 
Madrid et al., 2019)  

The process parameters that usually define the magnitude of the laser energy or 
energy density applied depend on several parameters, such as laser spot size, laser 
power, scanning speed and layer thickness. In the present study, all these parameters 
were taken into consideration while fabricating porous ceramics composites for BTE.  

The selection of laser power solely depends on the amount of energy absorbed by the 
powder bed. If the laser power is low, it can significantly influence the final product; 
it can lead to un-melted powder between successive layers and hence, ultimately cause 
the final product to fail. Henceforth, a decisive operating window is essential for the final 
product, which revolves around the laser power, scanning speed and laser spot size (Chen 
et al., 2018). In the present work, the working operational window was optimised for a 
novel ceramic-based feedstock powder, which was used to rapidly shape bioactive and 
osteoconductive biomimetic scaffolds. 
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1.3 Requirements for ceramic scaffolds for BTE 
A brief overview of the scaffolds for BTE is presented in this section. An ideal scaffold 
should allow cell attachment onto the matrix, suitable mechanical properties, cell 
differentiation to osteoblasts, and vascularisation; furthermore, it should be commercially 
available (Amini et al., 2012). 

1.3.1 Geometry and pore size 
The geometry is considered as one of the most crucial parameters for the scaffolds.  
The design should be inspired by the biological aspects of the bone, eventually guide the 
cells to regenerate the bone tissue (Baino et al., 2015), enable the formation of the 
fibrous tissue, and act as a medium to support the stem cells (Shao et al., 2015).  
The geometry is also determined by the shapes of the pores and the pore size, which 
have a significant bearing on the mechanical strength, infiltration of the biological fluids, 
and formation of the blood capillaries to regenerate the bone tissue as shown in  
Figs. 1.6(a-c). 

The optimum pore size and porosity for the scaffolds is a mandatory requirement in 
BTE. The porous scaffolds enhance the mechanical interlocking between the scaffold and 
the mangled or fractured bone mustering mechanical stability at the critical interface 
(Story et al., 1998). The pore sizes can be broadly classified into three categories,  
nano-pores (< 100 nm), micro-pores (100 nm-50 µm), and macro-pores (> 50 µm) 
(Vagaská et al., 2010). Micro-pores in the range of (10-50 µm) are essential for the 
diffusion of nutrients and oxygen for cell survivability. On the other hand, macro-pores 
ranging from 250-450 µm are optimal for bone growth and vascularisation through cell 
migration, as shown in Fig. 1.6(e) (Murphy et al., 2010). Because of the wide gap in the 
sized of micro- and macro-pores, numerous studies have been dedicated to the optimum 
pore sizes for both in vivo and in vitro microenvironments (Murphy et al., 2010; Shao 
 et al., 2015; Story et al., 1998; Vagaská et al., 2010). 

 
Figure 1.6 Schematic representation showing vascularisation and cell migration through pores in a 
3D scaffold: (a) vascular network facilitated by the 3D scaffold; (b) distance between the blood 
capillaries; (c) bone formation facilitated by an ideal scaffold; (d) indirect cell-cell or cell-ECM 
communication through pores of size < 10 μm; (e) cell migration in and out of the scaffold through 
pores of size 300-800 μm for bone tissue regeneration; adapted from (Bružauskaitė et al., 2016; 
Kumar et al., 2016; Muschler et al., 2004) 
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1.3.2 Mechanical compliance 
The mechanical properties of scaffolds should comply with the natural bone (either 
cortical or trabecular) to provide the necessary support and facilitate bone regeneration. 
The compressive strength and elastic modulus are the crucial parameters in determining 
the location of the implant. The compressive strength and elastic modulus of the cortical 
bone are in the range of 170-193 MPa and 10-20 GPa, respectively and those of the 
trabecular bone are in the range of 7-10 MPa and 0.5-1.5 GPa, respectively (Murugan  
et al., 2005). A well-designed scaffold should have a fine balance between the elastic 
modulus and compressive strength to avoid the so-called “stress shielding” phenomenon, 
and other complications, such as implant-related osteopenia or revision of surgery 
(Sumner et al., 1998). However, owing to the anisotropic compressive strength and 
elastic modulus properties of the bones, as shown in Fig. 1.7 (cortical [midfemoral], 
trabecular [proximal tibia or axial femoral]), it is very difficult to design an ideal scaffold 
for bones. 

 
Figure 1.7 Elastic modulus vs compressive strength of porous bioceramic and polymer scaffolds for 
BTE (adapted from (Rezwan et al., 2006)), depicting bone morphologies of compact bone human 
femora and trabeculae in human bone (S. Wu et al., 2014) 

The stiffness of the scaffold is regarded as an effective parameter that enhances 
osteogenesis. The cells adhering to the scaffold can differentiate in the presence of a 
mechanical stimulus. Chen et al fabricated 3D composite scaffolds (collagen-HAP) with a 
differential stiffness values and similar microstructures, which resulted in a wide range 
of expression levels of osteoproteins in vitro (Chen et al., 2015). Cells customarily receive 
mechanical feedback from the scaffold to which they adhere, and the chosen stiffness of 
the biomimetic matrix for a pre-mineralised bone regeneration should be > 30 kPa (Breuls 
et al., 2008). 
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Figure 1.8 Elasticity of the bone tissue with blood as the fluid tissue; adapted from (Rehfeldt et al., 
2007) 

1.3.3 Bioactivity, biocompatibility, and biodegradability  
The other common prerequisites for the scaffolds are bioactivity, biocompatibility, and 
biodegradability. The bioactivity and biomineralisation can be defined as the formation 
of HAP crystals, CaP like compounds, and apatite on the surface of a biomaterial.  
The materials that usually display the phenomenon of biomineralisation are called 
osteoconductive. Usually, deposition of the biomimetic-like compounds on the scaffolds 
favours cell attachment, proliferation, differentiation and enhanced hydrophilicity  
(Tang et al., 2013). Tailoring the surface chemistry (Lee et al., 2009) by increasing the 
partial pressure of carbon dioxide in the SBF (Cai et al., 2011) and hydrothermal synthesis 
to coat apatite nanostructures at 150 °C in the SBF (Abdal-hay et al., 2013) can expedite 
the bioactivity of the scaffolds. 

Bioactivity is generally accompanied by cytocompatibility or biocompatibility.  
The scaffold should not be toxic and should aid cell attachment, proliferation, 
differentiation, and finally ossification (Anselme, 2000). The scaffold should act as an 
ideal matrix to support the cells adhering to its surface. Additionally, over time 
(incubation time in days), cells should exhibit a higher density of cultured cells (Ni et al., 
2006). The aforementioned behaviour was observed in silicate-based scaffolds, where 
the cell culture in vitro after seven days maintained physical contact with the 
neighbouring cells through cytoplasmic extensions (Ni et al., 2006). The silicate-based 
scaffolds for BTE have shown a preferential attachment of the osteoblasts, usually on the 
pore walls (Wu et al., 2010). A comparison of the biocompatibility between silicate-based 
ceramics (akermanite) and β-TCP revealed an upregulated expression of osteogenic 
marker genes, such as OCN, OSP, and BSP in the scaffolds made of the former (Huang  
et al., 2009). 

Resorption or biodegradability is the dissolution or degradation of the biomaterials in 
an in vivo or in vitro microenvironment. The dissolution of the biomaterial is an essential 
pre-requisite for BTE scaffold so that there is an equilibrium between the resorption of 
the scaffold by the neighbouring tissue and the immediate mechanical support to the 
fractured bone. 

The degradation of bioceramic-based scaffolds can be understood in the following 
sequence. Firstly, the dissolution of the degraded products from the scaffold leads to an 
alteration of the local pH. Secondly, some newly formed biomimetic phases, such as HAP 
are accumulated on the surface of the scaffold. The aforementioned degradation of the 
products from the scaffolds occurs at specific crystallographic planes, inducing grain 
boundaries (Kamboj et al., 2019). Thus, the degradation of the scaffolds is governed by 
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the grain size, crystallinity, scaffold pore size, porosity, and particle size distribution 
(LeGeros, 1993). Thirdly, the activation of the phagocytosis, macrophages, osteoclasts, 
and osteoblasts decreases the pH of the local microenvironment. Lastly, the dissolution 
of the grains and the particles from the scaffold is slowly reconstituted by the growth of 
the bone (LeGeros, 1993). 

1.4 Crystalline and porous silicon for BTE 
Silicon, a commonly used semiconductor material, possesses all the required properties 
needed for BTE. In addition, porous and/or polycrystalline silicon has a significantly 
higher mechanical strength compared to the relatively available resorbable polymers 
(PCL, PLLA) used in orthopaedic implant materials; hence, the former is more suitable  
for load-bearing applications (Aston & Canham, 2007). The use of silicon is also 
advantageous, as the degradation or the corrosion of the silicon particles leads to the 
formation of silicic acid, a chemical well known for simulating the bone growth, and that 
can be passed down by the body easily (Aston & Canham, 2007). J.D Birchall proved that 
the deficiency of the silicon was responsible for the defective collagenous connective 
tissue and defects in the proper growth of the bone at the fractured area (Birchall, 1995). 
Sun et al were the first to investigate the potential of porous silicon as a novel cell 
interface for BTE (Sun et al.,2007). They manufactured three different porous silicon 
architecture varieties, namely nano-architecture (<20 nm), meso-architecture 
(approximately 50 nm), and macro-architecture (1 µm to 10 µm), using the anodisation 
technique. Interestingly, when a comparative analysis was performed, they observed 
that the macro-porous silicon performed better than the meso-porous and nano-porous 
varieties in supporting the attachment of the osteoblasts and their proliferation  
(Sun et al., 2007). This is shown in Fig. 1.9. 

 
Figure 1.9 (a) SEM images of the osteoblast attachment; (b) type I collagen fibre bundle onto macro-
porous silicon; adapted from (Sun, 2007) 

Macro-porous silicon also possesses the property of integrating adenovirus coated 
with BMP (Sun, 2007). The feasibility of the direct coating method to incorporate the 
virus coated BMP onto the macro-porous silicon exhibited the potential to infect cells 
and foster osteoinduction (Sun, 2007). At the same time, macro-porous silicon can 
support bone regeneration. The potential of the macro-porous silicon to repair the bone 
in vivo in mouse tibia is also significant (Sun, 2007). The large surface to volume ratio and 
adjustable surface chemistry of the porous silicon make it an interesting candidate for 
drug delivery and scaffolding (Sun et al., 2007). 
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1.5 Objectives  
This research was motivated by a critical need for reliable and repeatable processing of 
controllable and customised scaffolds for BTE, as most of the existing bioceramic 
composites (metal-bioceramic and polymer-bioceramic composites), which are specified 
in Fig. 1.10, experience many inherent processing difficulties attributed to the removal 
of the binder, geometric constraints, and subsequent sintering. They also entail other 
excessive post-processing steps, which not only are tedious but also leads to the 
deterioration of characteristics features (physical-chemical) of the scaffolds. To plug 
these loopholes, the overall objective of the work was to design new silicon-bioceramic 
formulations, employing AM through SLM, to obtain scaffolds for BTE with 
uncompromising mechanical properties, and without the need of subsequent binder 
addition and/or thermal treatment.  

Thus, this work aimed to use SLM as a 3D tool to shape novel pseudo-metal-ceramic 
composites using acicular wollastonite and 62 W glass ceramics. It must be emphasised 
that the unique and novel 62 W glass ceramic was designed to have 70 vol.% of ceramic 
and 30 vol.% of glass. 

 
Figure 1.10 Primary objective of this work  

The scientific goals of the present research described in this thesis were to: 

1. reveal the phases formed after the interaction of the newly designed  
silicon-bioceramic feedstock powder with a YAG laser;  

2. disclose important aspects of the microstructural features of the scaffolds, 
associated with their mechanical properties and enhancing the mechanical 
properties of the scaffolds by tuning the biomimetic CAD design; 

3. access the bioactivity and cytocompatibility of the scaffolds; 

4. study the in-vitro osteoblastic differentiation potential of hMSC onto the 
scaffolds with a different biomimetic design; 

5. study the ability of the scaffolds to deliver biological moieties; and 

 The technological goals of the present study were to: 

1. optimise the laser power and co-relating them with the characteristic features 
of the scaffolds; 

2. develop process parameters for the fabrication of the silicon-bioceramic 
composites using SLM; and 



24 

3. study the transition in the compressive strength of the scaffolds (towards the 
load-bearing component of the bone) by altering the amount of ceramic content 
(in wt.%) in silicon-bioceramic metalloid composites. 

 

A major part of the work was concentrated on (i) optimisation of the SLM process 
parameters (ii) characterisation and functionalisation of the silicon-acicular 
wollastonite/62 W glass composite scaffolds, and (iii) evaluation of the biological 
response of the composites.  
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2. Experimental

2.1 Powder feedstock 
The powders for the feedstock for the SLM used were silicon of > 99.9% purity (Silgrain-
Elkem), with a particle size ranging from 10 to 44 μm (shown in Fig 2.1(a)) and acicular 
wollastonite of > 99.9% purity (NYCD® M1250), provided by NYCO with particle sizes 
ranging from 2 to 10 μm (shown in Fig 2.1(b). The 62 W glass composition was prepared, 
using the ternary phase diagram of CaSiO3-MgCa(SiO3)2-Ca3(PO4)2 (Sara Rodrigo-Vázquez 
et al., 2020), and by blending a mixture of SiO2 (> 99.7% purity) (Strem Chemicals), CaCO3 
(> 98.5% purity) (Merck KGaA), MgO (> 97% purity) (MERCK, KGaA), and Ca3(PO4)2 
(Pharma grade; PanReac AppliChem). The experimental weight compositions (in wt.%) 
were CaO (47), SiO2 (39), P2O5 (10.2), and P2O5 (3). The mixture was melted at 1500 °C in 
an electric furnace for 2 h. Then, the melted glass was converted to the fritted glass by 
pouring cold water on the melted glass. Subsequently, the fritted glass was milled in a 
vibrating cup mill, and sieved below 45 µm. The final particle size distribution was 
analysed using a Mastersizer S (Malvern, England), with a medium particle size of 
approximately 2.5 µm (shown in Fig. 2.1(c)).  

Figure 2.1 SEM images of the powder precursors: (a) silicon; (b) acicular wollastonite; (c) 62 W glass  

Different formulations of silicon-wollastonite and silicon-62 W glass were prepared. 
The initial composition was started with 50 wt.% silicon and 50 wt.% of the ceramic phase 
for the powder feedstock for SLM (shown in Fig. 2.2(a-b)). Consequently, with aim of 
increasing bioactive ceramic phase in the scaffolds and expediting the degradation rate, 
wollastonite and 62 W glass phase was increased upto 70wt.% in the silicon-wollastonite 
and silicon-62 W glass composite scaffolds respectively. The powders were homogeneously 
mixed in a Turbula® shaker mixer for 3 h using ZrO2 balls. The composite powder mixture 
was parched in an oven heated to 120 °C for 24 hours.  
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Figure 2.2 SEM images of the mixed powders: (a) silicon-acicular wollastonite; (b) silicon-62 W glass 

2.2 Scaffold design 

Three-dimensional scaffolds (diameter and height of 5 and 6 mm, respectively) were 
fabricated based on a CAD software (SOLIDWORKS®; Dassault Systemes, USA), with a 
pore diameter ranging from 50 to 400 µm. Two types of scaffolds, homogenous and 
gradient were designed, taking into consideration the importance of the pore sizes for 
the bone ingrowth, proper infiltration of the body fluids, and vascularisation, as 
discussed, in detail, in Section 1.31. The gradient scaffolds were designed to have a 
gradient in the pores in both radial and axial directions. This could have several 
implications, as a gradient is radially exhibited by the long bones and axially by the flat 
bones. In addition, solid cylindrical structures were also designed to have the same 
dimensions as of the porous scaffolds to study and compare the mechanical properties. 

 

Figure 2.3 CAD model depicting pore sizes of (a) homogeneous; (b) gradient scaffolds 

2.3 Fabrication of scaffolds by SLM 

A Realizer SLM50 (Realizer GmbH, Germany) machine, whose schematic is shown in Fig. 
2.4, was used to fabricate the scaffolds for BTE by using the powder precursor, shown in 
Fig. 2.2(a-b) equipped with continuous-wave laser. The machine was supplied with a 
gaussian laser beam and a maximum power of 120 W and a wavelength of 1.07 µm. High 
purity argon (99.999 vol.%) filled in the working chamber obstructs oxidation of the 
powder. A rubber wiper outspread the composite (silicon-ceramic) powder feedstock on 
top of the cylindrical stainless steel platform. During the scaffold fabrication, pure silicon 
base plate was printed on the bottom followed by scaffold printing and consequently 
base plate was removed after the scaffold printing. 
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Figure 2.4 Schematic representation of the SLM chamber 

Process parameters, such as laser power, layer thickness, scanning speed, and energy 
density, were carefully monitored for macro-porous silicon, silicon-wollastonite and 
silicon-62 W glass scaffolds (Table 2.1). Deeper analyses correlating the energy density 
parameters with characteristic features of the scaffolds will be presented in section 3. 

Table 2.1 Parameters of the SLM machine and optimised parameters for the scaffolds 

Parameter Equipment parameters 
(maximum) 

Optimised parameters 
for (silicon-ceramic) 

scaffolds 

Laser power (W) 120 18-35 

Scanning speed (mm/s) 1000 80 

Point distance (µm) 50 10 

Layer thickness (µm) 50 25 

 2.4 Characterisation of the scaffolds 
Scanning electron microscopy (SEM Zeiss EVO MA 15, Germany) was used to study the 
microstructure equipped with EDS of voltage up to 20 kV and magnifications up to 
50,000x.  

Phase composition of the squashed scaffolds was accessed by X-ray diffraction (XRD; 
D5005, Bruker, USA) operating at CuKα1 radiation (λ = 1.5406 Å) with a step of 0.02° (2θ) 
in the range of 20-80°. The EVA-version 6.0 Diffract Plus software (Bruker AXS GmbH, 
Karlsruhe, Germany) was used to examine the peaks in the diffractogram. 

Cylindrical porous samples of the dimensions 5 mm and 6 mm (diameter and height) 
were examined under compression at the ambient temperature and an applied strain 
rate of 0.5 mm min−1 by servo-hydraulic model 8500 universal testing machine (Instron 
ltd., UK) and universal testing machine (EM2/200/FR, MicroTest, Spain). The compressive 
strengths of the scaffolds were also evaluated after drenching them in a Tris buffer 
solution at a pH of 7.4 and a temperature of 37 °C for three, seven, and 14 days, and later 
parched them at 120 °C. 

The local and global stress distribution on the scaffolds were also analysed 
computationally using the FE method with a persistent deformation rate of 0.5 mm min-1 
to be in congruent with the experimental deformation under uniaxial compression.  
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The computation of the local stress distribution was carried through commercial FE 
software ANSYS® 17.2. 

The porosity of the scaffolds were accessed by utilising MXT 225 HU-CT machine 
(Medix Technology). The visualisation and 3D representation of the scaffold were 
performed through a µ-CT analyser. Subsequently, identical threshold values were 
defined to reduce the image noise and differentiate the dense material from the pores. 
The porosities of some of the scaffolds were also measured by mercury intrusion 
porosimetry.  

The biomimetic method, based on ISO 10993 was used to examine the bioactivity of 
the scaffolds. The scaffolds were soaked in an SBF solution. The flasks were continuously 
monitored with the passage of days which were placed inside an incubator at a controlled 
temperature of 37 °C. The bioactivity of the scaffolds was assessed after 3, 7, and 14 days, 
followed by an analysis of the biomimetic HAP formation. 

The deposited HAP layer or the globules on the scaffolds was characterised by  
confocal RAMAN spectroscopy (Ramanscope 1000, Renishaw Plc) using a 514.5 nm (for  
silicon-wollastonite) and 785 nm (silicon-bioactive glass) laser line with 10% of the laser 
power with the microscope objective of 50x. The Raman spectra were collected over a 
range of 1500-200 cm−1 with the measuring conditions of 10 s exposure time.  
The weight reduction of the constructs immersed in the Tris buffer solution after three, 
seven, and 14 days (ratio of the solution volume to construct mass: 1 L/g), and parched 
at 120 °C were evaluated using a precision balance. Ion dissolution from the scaffolds  
was carried out by inductively coupled plasma atomic emission spectrometry (ICP-AES,  
Vista AX, Varian, Palo Alto, USA). 

The scaffolds were coated with PCL by dissolving 7.5 wt%/v and 10 wt%/v solutions in 
dichloromethane for 10 min at 37 °C using a magnetic stirrer. Vancomycin hydrochloride 
with a concentration of 19.2 mg/mL was added to the coating solution. The constructs 
with a weight of 5 gm were dipped into the coating solution for 10 min in the vacuum. 
The weight fluctuations before coating, after coating with PCL was determined with very 
sensitive analytical balance with the accuracy of 4 X 10-6. The coated samples with 
vancomycin entrapped were then placed in 60 mL vials containing the SBF, and revolved 
in a shaking incubator at a constant speed of 240 rpm and 37 °C for a specific number of 
days. The dissolution of the vancomycin from the pores of the constructs were measured 
by UV/vis spectroscopy at a wavelength of 280 nm. 

Subcutaneous adipose tissue was used to acquire human MSCs. MSCs were nourished 
and grown using DMEM with 10% FBS, 1 mg/ml penicillin, and 0.1 mg/ml streptomycin 
at 37 °C in 5% CO2. To exclude any contamination to the cell culture the constructs were 
undergone UV-C treatment. The MSCs were seeded on the surface of the constructs in 
12-well plate at a density of 4 × 104 cells per well. The visualisation of the cells adhering 
on the surface of the constructs was conducted using a filamentous actin (F-actin) 
phalloidin, tagged by FITC (Sigma). The cells were anchored by 4% paraformaldehyde at 
48 h after seeding, cleansed by PBS, and permeabilised by 0.3% TRITON X-100 in PBS for 
5 min. Then, the constructs were left in Phalloidin-FITC stain for 18 h at 4 °C, in-order to 
permeate Phalloidin-FITC staining. On the counterpart, the cells cultured on the flat glass 
which act as a control (i.e., cells grown without constructs) were kept for 2 h at the 
ambient temperature. The cells were incubated with Hoechst 33342 (Invitrogen, 1 μg/ml) 
for 10 min in-order to the stain the nucleus of the cells. The phalloidin-stained cells were 
examined by Nikon Eclipse 80i microscope (Nikon) by performing PBS cleansing 
procedures. 
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RNAs were obtained from the cells grown on the constructs by an Invitrogen kit.  
The cDNAs were synthesised by taking appropriate amount of DNase-treated (Ambion) 
RNA accompanied with RevertAid reverse transcriptase (Thermo Fisher Scientific).  
The quality aspect of the cDNA was attested by RT-PCR using house-keeping genes 
primers (GAPDH) and HOT FIREpol® Master Mix (Solis Biodyne, Estonia). The fold change 
of the considered gene was computed in accordance to the control after normalisation 
to the house-keeping gene, utilising the 2-ΔΔCt formula (double difference of Ct).  
The final values were exhibited as ΔCt = Ct(considered gene) − Ct(house-keeping gene), 
and ΔΔCt = ΔCt(treated) − ΔCt(control). 

The relative gene expression of the considered gene was illustrated as a mean ± SD 
and investigated with Student's t-test, through which differences to be statistically 
significant when p < 0.05. 
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3. Results and discussion 
The novel metalloid-based composite scaffolds i.e., silicon-acicular wollastonite and 
silicon-62 W glass were fabricated by SLM. However, to elucidate the process parameters 
of the scaffolds, it was essential to perform a parametric study on pure macro-porous 
silicon. These parameters would provide key information and insights on important 
parameters, such as laser power and energy density. 

3.1 Macro-porous silicon by SLM 
Figure 3.1(a-b) shows the SEM images of the SLM fabricated macro-porous silicon 
scaffolds. The designed pores through the CAD model in Fig. 2.3(a) were well replicated 
in the 3D printed silicon macro-porous scaffold.  

 
Figure 3.1 (a, b) SEM images of the silicon macro-porous scaffold 

The process parameters had numerous effects on the quality of the fabricated 
scaffolds. A recent study has demonstrated the possibility of the consolidation of the 
silicon powder by SLM (Minasyan et al., 2018). The study revealed the potential for 
densification of the silicon powder to a bulk sample with nearly full Archimedes density, 
and a compressive strength ranging from 337-432 MPa. The findings also suggested that 
the optimised parameters, namely a laser power of 34 W, scanning speed of 80 mm/s 
with the single scan track, layer thickness of 25 µm, hatch distance of 60 µm, and energy 
density of 283 J/mm3 were adequate to consolidate pure silicon. Therefore, some of the 
parameters were replicated with the implemented CAD design of 400 µm to obtain the 
macro-porous silicon as shown in Figs. 3.1(a, b). The layer thickness of 25 µm is selected 
since the particle size have several repercussions on the regulation of the immune 
response  by modulating the ionic microenvironment between the scaffolds and the site 
of implantation (Y. Huang et al., 2018).The continuous-mode laser facilitated the 
sintering of the silicon powder and contributed to the formation of the silicon matrix. 
More detailed information is presented in Paper III. Therefore, considering the 
parametric study of porous silicon, novel composites of silicon-acicular wollastonite and 
silicon-62 W glass were fabricated. 
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3.2 Silicon-wollastonite scaffolds for drug delivery 

3.2.1 Processing and characterisation 
The 50-50 wt.% of silicon-wollastonite scaffolds were investigated for their ability of drug 
delivery. However, it is very important to first evaluate the processing parameters, 
mechanical properties, bioactivity, and biodegradation studies of the scaffolds. 

3.2.1.1 Processing and characterisation 
As explained briefly in section 3.1, a laser power of 34 W was adequate to consolidate 
pure silicon. The addition of wollastonite to the silicon powder required optimisation of 
the parameters for porous silicon-wollastonite scaffolds with a pore size of 400 µm. 

Table 3.1. Process parameter optimisation 

Specimen Laser power 
(W) 

Energy 
density 
(J/mm3) 

Peculiarity of the scaffold 

S1 45 375 More cracks 

S2 35 291 Decreased pore size of the scaffold 

S3 30 250 Designed pore size with no cracks 

S4 22 183 Brittle constructs 

Layer thickness and point distance of 25 µm and 10 µm respectively were kept 
constant throughout the experiments for the fabrication of the scaffolds since it was 
optimised for the pure silicon powder which eventually facilitates the printing process. 
The lowest laser power of 22 W led to the formation of brittle constructs. However, on the 
other hand, higher laser energy ranging from 45-32 W led to more cracks in the scaffolds 
and decreased the pore size. More detailed information on the specimen and peculiarity 
of the scaffolds can be found in Paper I. A laser power of 30 W with an energy density of 
250 J/mm3 was optimised for reliable product development for 50-50 wt.% composite. 

Figure 3.2 XRD patterns of a) powder feedstock; b) silicon-wollastonite crushed scaffold; SEM 
micrographs of the scaffold with (c) desired pore size; d) cracks around the pores on the scaffolds depicting 
residual porosity; e) EDS elemental mapping conducted around the pore; f) CT image of the scaffold  
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The XRD pattern of the crushed SLM fabricated scaffolds revealed an additional phase 
of pseudo-wollastonite in Fig. 3.2(b), apart from the silicon and wollastonite phases 
present in the powder feedstock, shown in Fig. 3.2(a). The propensity of the silicon phase 
to absorb the YAG laser in Figs. 3.1(a-b) provided sufficient energy to the acicular 
wollastonite particles to coalesce together with the silicon particles. The interaction 
between the silicon and wollastonite particles (melt pool) led to the formation of the 
additional phase of pseudo-wollastonite that can be co-related with the melt pool 
temperature, as the transition of wollastonite to a higher temperature polymorph  
i.e. pseudo-wollastonite occurred above 1150°C. Both the wollastonite and 
pseudowollastonite are regarded as the excellent bioactive, biocompatible materials and 
simentensously, promoting osteoblasts adhesion and differentiation (Zhang et al., 2013). 
Figs. 3.2(c-d) represent the SEM images of the scaffolds, which clearly replicated the CAD 
model shown in Fig. 2.3(a). In addition, the surface depicts some holes indicated with red 
arrows on the scaffold, which can be regarded as the residual porosity shown in  
Fig. 3.2(d). The residual porosity could expedite the process of the infiltration of the body 
fluids and biomolecule impregnation, and ramp-up the degradation process. Fig. 3.2(e) 
shows the EDS elemental mapping of the scaffolds, illustrating silicon in pink and calcium 
in green around one pore of the scaffold. This signifies that silicon was formed as a matrix 
with well-dispersed calcium on the scaffold. Figure 3.2(f) depicts the micro-CT 3D image 
of the composite scaffold that had a porosity of approximately 35%. 

The compressive strength of the macro-porous silicon scaffolds shown in Fig. 3.1(a) 
was 152 MPa, while that of the scaffold with 50-50 wt.% of each component was found 
to be 110 MPa under the uniaxial compression. The elastic modulus of the scaffold was 
2.9 GPa, which was close to that of metal-based scaffolds for the load-bearing part 
(cortical-bone) (Tan et al., 2017). In addition, the scaffold immersed in Tris buffer  
(wet-condition) after 14 days experienced a deterioration in its compressive strength of 
nearly 18% when compared to the scaffold in the dry condition, as shown in Fig. 3.3(a). 
More detailed information with regard to the SEM images after 3, 7, and 14 days of 
immersion of the scaffolds in Tris buffer can be found in paper I. 

HAP globules were well recognised and precipitated onto the scaffolds. Fig. 3.3(b) 
shows a typical cauliflower-like morphology of HAP structures deposited on the scaffolds. 
The increased magnification at a specific location in Fig. 3.3(b) shows rod-like 
nanostructures of HAP, as shown in Fig. 3.3(c). The Ca/P was found to be 1.57, which 
implied the formation of a non-stoichiometric HAP on the as-fabricated silicon-wollastonite 
scaffolds. The HAP formation was also confirmed with Raman spectroscopy and the HAP 
profile was used as a standard to compare the HAP deposited on the scaffold. The intense 
band of symmetric stretching of the P-O bonds, which corresponded to the internal 
modes of the PO43− tetrahedral frequency at 965 cm−1, followed by the bending mode of 
O-P-O bonds at 432 cm−1, 587 cm−1 which authenticated the presence of HAP. 
Additionally, peak at 965 cm-1 can also be assigned to the Si-O stretching mode of the 
wollastonite (Colomban, 2004), but the main contribution can be attributed to the HAP 
due to the second Raman peak of wollastonite located at 635 cm-1 (assigned to the 
bending mode of Si-O) which appears only as a faint shoulder joined with the peak at 587 
cm−1. Furthermore, an overlapping of the Raman peak of the PO43− and Si-O can be 
occurring at 965 cm-1, but this Raman peak cannot corresponds only to wollastonite since 
Raman peak at 635 cm-1 was a faint shoulder in the spectrum. It can be further supported 
by the evidence that, the Ca/Si ratio decreased from 1.65 from the fabricated scaffold to 
the Ca/Si ratio of 0.65 on the 14th day (more detailed in Paper I) of the immersion in Tris 
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buffer clearly suggesting the dispersion of the wollastonite phase first as compared to 
the silicon phase in the scanned region. In addition, a sharp signal corresponding to 
silicon was also seen in the spectrum at approximately 520 cm−1. 

Figure 3.3(e) indicates the lixiviation of the Ca and Si ions into the Tris buffer.  
A progressive increase in two ions was observed in the Tris buffer as a function of the 
number of days spent. There was an increase in the concentration of Ca2+ ions from  
125 mg/L on the third day to approximately 200 mg/L on the 14th day. However, on the 
other hand, the concentration of Si4+ ions concentration increased from 70 to 112 mg/L 
after the passage of the same number of days as in the case of Ca2+ ions. These findings 
suggest and can be correlated with the early nascent bone formation in the fractures of 
critical size defects, as Ca2+ ions (early lixiviation) could induce early osteoblastic genes, 
with the silicon matrix from the scaffolds still holding the fracture site. It was optimised 
by Huang et al. that separate release of calcium and silicon ions apart from the lixiviation 
from the silicate based materials can also impede the inflammatory responses by 
inhibiting several inflammatory signalling pathways  (Y. Huang et al., 2018). 

 
Figure 3.3 a) Comparative analysis of the compressive strength between the dry and wet (Tris 
buffer) conditions with the passage of days; b, c) HAP globules formation on the scaffolds immersed 
in the SBF on the 14th day; d) Raman spectrum on the 14th day of the scaffold being immersed in the 
SBF; e) concentration of ions (Ca and Si) with respective soaking time in days 
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3.2.2 Vancomycin drug delivery 
The as-fabricated scaffolds were also investigated for their potential to deliver 
vancomycin for wound healing and treating chronic osteomyelitis infections. The scaffolds 
were coated with differential PCL in wt.% dissolved in dichloromethane as shown in the 
SEM micrographs in Figs. 3.4(a, b). When the coating concentration increased i.e., PCL 
increased in wt.% from 7.5% to 10% in dichloromethane, some of the pores of the 
scaffolds were fully clogged as shown in Fig. 3.4(b). The surface of the composite scaffold 
was entirely covered or surrounded by the PCL coating. Vancomycin was also loaded with 
a PCL coating. The drug loading capacity of the scaffolds (loaded drug/carrier) reached 
up to 16.73 ± 0.82 and 17.92 ± 0.5 mg/g for PCL with 7.5 and 10 wt%/v, respectively.  
The drug release profiles exhibited a two-step process, with an initial burst nearly 50% of 
the drug-loaded in the first 40 h. This was followed by a sustained release of nearly 20% 
and 34 % after six days for the PCL coatings with 7.5 and 10 wt%/v respectively. 
Therefore, the initial coating conditions were decisive for the drug release. The release 
kinetics of the coated PCL scaffolds could provide the drug to the infected site, and 
consequently, the antibacterial effects with a sustained release for long-term healing. 

 
Figure 3.4 a) SEM morphology of silicon–wollastonite scaffolds, coated with a) 7.5 wt%/v of PCL 
and b) 10 wt%/v of PCL dissolved in dicholoromethane; c) Vancomycin release profiles from the 
scaffolds in blue line curve with 7.5wt%/v and red with 10wt%/v of PCL content signifying 1-fast 
release and 2-slow release of vancomycin; adapted from Paper II 
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3.3 Cytocompatibility of silicon-wollastonite scaffolds and gene 
induction studies 
3.3.1 Processing and characterisation 
With the aim of having higher bioactive and degradable phase in the scaffolds coupled 
with more source of calcium in the scaffolds, wollastonite phase in the scaffolds was 
further increased by 70wt.% as compared to the scaffolds mentioned in Paper I and II  
with the wollastonite phase of 50wt.% to study osteo-lineage potential. The 70 wt.% 
acicular wollastonite-30wt.% silicon was evaluated for cytocompatibility and gene 
induction. The processing parameters and mechanical properties were divergent when 
compared to their counterparts mentioned in section 3.2.1. Laser power and energy 
density of 26 W and 217 J/mm3 were provided to the scaffolds; these were lesser than 
those of the scaffolds mentioned in section 3.2.1 (30 W and 250 J/mm3). This difference 
could be attributed to the fact that the scaffolds were now involved with a more brittle 
phase (wollastonite) and therefore, the laser power had to be decreased to obtain a 
better quality scaffold. More detailed information on the process parameters can be 
found in Paper III.  

Homogeneous and gradient scaffolds were engineered based on the CAD design 
shown in Figs 2.3(a-b). The gradient scaffolds were designed for definitive bone types, as 
the long bones present a structural gradient in the radial direction and flat bones present 
a gradient axially (Di Luca et al., 2016). As a result, varied bone densities of the cortical 
and cancellous bones were observed in long and flat bones. Considering this fact as the 
main research ground, a comparative analysis was conducted between homogeneous 
and gradient scaffolds in terms of their mechanical properties, cytocompatibility and 
gene induction studies. 

Figs. 3.5(a-b) shows the as-fabricated scaffolds by SLM showing differential pore 
morphology. The gradient scaffold presents a gradient in the pores both radially and 
axially. The smaller pores could aid in the infiltration of the body fluids, while the larger 
pores could expedite the bone tissue regeneration process. The homogeneous scaffold 
displayed four macro-pores connected by an interconnected stem, as shown in Fig. 
3.5(a). The porosities of the homogeneous and gradient scaffolds were found to be 41% 
and 30%, respectively. 
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Figure 3.5 Homogeneous scaffold: a) SEM micrograph; b) µ-CT image. Gradient scaffold: c) SEM 
photograph; d) µ-CT image; adapted from Paper III 

The phase analysis showed evidence of an additional phase of pseudo-wollastonite in 
the crushed SLM fabricated scaffolds apart from the silicon and wollastonite phases 
present in the powder feedstock. A detailed analysis is presented in Section 3.2.1.  
In addition, an in-depth analysis can also be obtained in Paper III. 

The uniaxial compressive strength and effective elastic modulus of the homogeneous 
and gradient scaffolds were measured to be 37 MPa and 1.1 ± 0.9 GPa, and 72 MPa and 
1.8 ± 0.9 GPa, respectively. Additionally, a difference in the behaviour of the stress-strain 
curve was noticed between the scaffolds. The homogeneous scaffold exhibited a 
progressive failure, as shown in Fig 3.6 (a); however, on the other hand, the gradient 
scaffold demonstrated sudden “incognito” failure zones, as shown in Fig. 3.6(b).  
The saw-tooth behaviour with the “incognito” failure zones (kinks) can be attributed to 
the differential stress on the pores of the gradient scaffold. The compressive strength of 
the scaffolds was greater than that of the cancellous bone (3-11 MPa) but lesser than 
that of the cortical bone (110-220 MPa) (Barui et al., 2017). However, the strength of the 
metalloid-based composite scaffold could be further enhanced by increasing the silicon 
wt.% in the scaffolds meant for the load-bearing component (cortical bone), for example, 
to 50-50 wt.%, as discussed in section 3.2.1. 
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Figure 3.6 Results of the homogenous scaffold: a) comparison of experimental and FEA stress versus 
strain plot; b) FE stress contours. Results of the gradient scaffold: c) comparison of experimental 
and FEA stress versus strain plot; d) FE stress contours. e) Compressive strength of the scaffold after 
soaking in Tris versus number of days. SEM micrographs on the 14th day of immersion: f) 
homogenous scaffold; g) gradient scaffold; adapted from Paper III 

The stress distribution was also evaluated by FE analysis, which was performed only 
on the linear pattern of the stress-strain curves as shown in Figs 3.6 (a,c); the non-linear 
part was omitted owing to the rationale of the abatement of the global stress under a 
constant deformation. The non-linear stress strain part of the curve in FEA as shown in 
Figs 3.6 (a,c) elicited from 8% and 6% of the strain (%) in the homogeneous and gradient 
scaffold respectively. Finally, it was concluded down that the estimated deviation from 
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the experimental compressive strength value for the homogeneous and gradient 
scaffolds was 21% and 6% respectively. Figs. 3.6(b-d) depict the stress distribution 
patterns on the homogeneous and gradient scaffolds. The red spots or patches exhibited 
the majority of the stressed areas, and the greenish-blue areas depict the regions around 
the pores. The greenish-blue contours correspond to stresses of approximately 77 and 
47 MPa for the gradient and homogeneous scaffolds, respectively. In addition, for the 
scaffold immersed in the Tris buffer (wet-condition) after 14 days, there was a 
deterioration in the compressive strength of nearly 16% and 12%, respectively for the 
homogenous and gradient scaffolds as shown in Fig. 3.6 (e). The red arrows indicated in 
Figs. 3.6 (f-g) show the influence of immersing the scaffolds in the Tris buffer, which 
resulted in the loosening of the grains. More information is detailed in Paper III. 

3.3.2 Assessment of scaffolds for osteo-lineages and cytocompatibility 
The spindle-shaped hMSC adhered to the homogeneous and gradient scaffolds 
considerably. The cells appeared to have extended cytoplasmic lamellopodia, as shown 
in Figs. 3.7(b-c) depicting proper and suitable interconnectivity, which could be attributed 
to the 3D micro-environment of the scaffold. More detailed information on the 
cytocompatibility studies can be obtained from Paper III. 

The induction of the osteoblastic genes shows the differential expression on both 
homogenous and gradient scaffolds. The primary transcription factors RUNX2 and OSX 
were expressed almost double in the gradient scaffolds when equated to the 
homogeneous scaffold. Similar trend was observed in the expression of ALP gene 
(mineralisation). The nascent bone formation (ossification) was also governed by the 
cytokines, apart from the transcription and mineralisation factors. The expression of the 
IL-8 and TGFβ (anti-inflammatory) factors in as-fabricated constructs depicts the 
potential immunomodulation effect. The differential expression of the genes could be 
attributed to different pH values of the culture medium for the MSC culture, different 
dissolution of ions from the scaffolds into the DMEM medium, and different porosities 
and pore sizes. However, further deeper analyses are needed for a better understanding. 
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Figure 3.7 hMSC grown on a) glass (control), b) homogeneous scaffold, and c) gradient scaffold; d) 
qPCR performed on homogeneous and gradient scaffolds showing the dynamic potential of MSC 
differentiation to osteoblast genes with statistical significance (*p < 0.05); adapted from Paper III 

3.4 Silicon-62 W glass scaffolds 
The other category of scaffolds fabricated was of silicon-62 W glass. The method for the 
preparation of the novel 62 W glass powder by using ternary phase diagram of  
CaSiO3-MgCa(SiO3)2-Ca3(PO4)2 system was discussed in detail in (Sara Rodrigo-Vázquez  
et al., 2020). The scaffolds were shaped based on varying the 62 W glass wt.% content 
against that of silicon. 

3.4.1 Processing and characterisation 
Figure 3.8(a) shows the XRD pattern of the powder feedstocks of 50Si62W, 40Si62W,  
and 30Si62W. The evidence of the vitreous state of the 62 W glass powder was shown in  
Fig. 3.8(b), which depicts a broad band between 20 and 40°.  
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Figure 3.8 a) XRD pattern of the powder feedstock of 50Si62W, 40Si62W, and 30Si62W before the 
SLM process; b) broad band depicting 62 W vitreous state between 20 and 40°; c) XRD pattern of 
the squashed constructs after the SLM process; d) pseudo-wollastonite main peak of (1 3 2) intensity 
signifying highest rate of crystallization when compared with silicon in wt.% of silicon-62 W 
scaffolds; adapted from Paper IV 

The scaffolds were fabricated based on the process parameters described in detail,  
in Paper IV. The appearance of the pseudo-wollastonite peaks in all scaffolds could be 
attributed to the partial devitrification process. The polymorphic transformation of the 
wollastonite to a higher temperature polymorph (pseudo-wollastonite) for the pure 
system usually occurs above 1150 °C (Eitel, 1951; Ibañez et al., 1993). However, 
depending on the annealing time, the presence of this phase could also be detected at 
lower temperatures (900-1000 °C) (Barbieri et al., 2008; Maeda et al., 2013). Therefore, 
in our case, during the SLM process, the presence of the pseudo-wollastonite phase 
suggests that the temperature definitely increased to more than 900 °C of the vitreous 
glassy particles in all the compositions. The zenithal rate of the pseudo-wollastonite 
crystallisation was encountered in the 40Si62W construct, which was correlated with the 
energy density parameter of the SLM process and potent energy absorption by the silicon 
phase in three different compositions of the silicon-62 W glass scaffolds. This aspect is 
greatly discussed, in detail, in Paper IV. 
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Figure 3.9 SEM micrograph and interconnected wall: a, b) 30Si62W; c, d) 40Si62W; e, f) 50Si62W 

Figs. 3.9(a,c,e) show the SEM micrographs of 30Si62W, 40Si62W, and 50Si62W 
scaffolds, clearly depicting a pore size of 400 µm. It was also noticed that the 
interconnected stem of the 30Si62W had more residual pores, as indicated by the red 
arrows in Fig. 3.9(a), as compared to the scaffolds in Figs. 3.9(c-e). This could be ascribed 
to the addition of extra ceramic component (62 W glass) to the powder feedstock.  

The interconnected wall of the scaffolds also had a direct influence on the amount of 
the ceramic component in the powder feedstock. Figs. 3.9(b,d,f) show the SEM 
micrographs of the interconnected wall of the as-fabricated constructs. 30Si62W 
presented the weakest interaction between the sintered particles (Fig. 3.9(b)), followed 
by 40Si62W and 50Si62W with improved interaction between the sintered particles by 
the SLM process. The results related to the mechanical properties (compression uniaxial 
deformation) were also in compliance with the SEM micrographs, with compressive 
strengths in the order of 50Si62W > 40Si62W > 30Si62W, as shown in Fig. 3.10 with nearly 
60% improvement in the compressive strength from the weakest (30Si62W with 8 MPa) 
to the strongest (50Si62W with 21 MPa) constructs. The maximum strength of the 
50Si62W composition could be attributed to the higher silicon (in wt.%) in the composite 
scaffolds and stronger interaction of the particles at the walls of the scaffolds facilitated 
by the SLM process.  
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Figure 3.10 Compressive strength versus strain plot of Si-62 W glass scaffolds; adapted from paper IV 

3.4.2 Bioactivity of silicon-62 W glass scaffolds 
Silicon-62 W glass scaffolds exhibited a relatively good bioactivity response after seven 
days of immersion in the SBF solution. The rough globular surface and cauliflower-like 
morphology of the typical HAP was evident from Figs. 3.11(a-c). The EDS signal establishing 
the calcium and phosphorous implies precipitation of HAP on the surfaces of the 
scaffolds. In addition, a very dim signal of Mg2+ ions was also detected, which could be 
attributed to the diffusion of magnesium ions into the HAP nanostructures, as Mg2+ ions 
were also added to the powder mixture in the form of MgO. Magnesium substituted or 
incorporated into HAP was believed to expedite the osteogenesis process (Tao et al., 
2016). Raman spectrum on the surface of the scaffolds on the seventh day of all the 
constructs was done to confirm the HAP formation, discussed, in detail, paper IV. 

 
Figure 3.11 FE-SEM images of surfaces after the seven days of immersion in the SBF solution:  
a) 30Si62W; b) 40Si62W; c) 50Si62W; adapted from Paper IV  
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Conclusions 
In this work, a novel silicon-bioceramic formulation was developed for the fabrication of 
silicon-ceramic-based composite scaffolds for BTE, using an AM technique, namely 
selective laser melting. The metalloid-based scaffolds were shaped without any binder 
addition or geometric constraints, in a single-step and with minor or no post-processing 
stages. This was accomplished by directly combining osteoconductive elements 
(wollastonite and 62 W glass). Two types of scaffolds, namely silicon-acicular wollastonite 
and silicon-62 W glass were fabricated. These scaffolds, fabricated using SLM, yielded 
promising results with regard to the mechanical properties, delivery of biological moieties, 
and bioactivity, and as a matrix for cell attachment for bone-tissue regeneration.  
The following conclusions can be drawn from this study: 

1. Analysis of the phases demonstrated an additional pseudo-wollastonite phase 
in both the scaffolds after the interaction of the YAG laser with the powder 
feedstocks. The pseudo-wollastonite detected in the Si-62 W glass scaffolds can 
be attributed to the partial devitrification process induced by the laser. 

2. A microstructural assessment of the scaffolds revealed that the addition of 
ceramic phase into the scaffolds led to a higher porosity and cracking of the 
final product and, as a consequence, led to a decrease in the compressive 
strength. Furthermore, altering the biomimetic design by changing the pore size 
in concurrence with the BTE resulted in a different mechanical strength of the 
silicon-wollastonite scaffolds, by keeping the same composition of the powder 
feedstock. 

3. The scaffolds were bioactive and resulted in a different morphology of the HAP 
structures onto the scaffolds, based on the immersion time in the SBF. 
Additionally, hMSC were well-anchored onto the silicon-wollastonite scaffolds, 
serving as a potential matrix for supporting the cells. 

4. Modulating the bio-inspired CAD of the silicon-wollastonite scaffolds in 
accordance to the assorted types of bones like long and flat bones eventuated 
in the differential expression of the primary transcription factors, such as 
RUNX2 and OSX. Activation of the IL-8 and TGFβ, anti-inflammatory factors also 
designated the potential immunomodulation effect of the scaffolds. 

5. The silicon-wollastonite scaffolds also exhibited a potential for sustained 
delivery of vancomycin. 

6. Maximum laser current of 34 W was required to sinter/melt the silicon  
powder. On the other hand, lesser laser power was needed to shape the  
silicon-wollastonite (26-32 W) and silicon-62 W glass ceramic (16-22 W) 
scaffolds. 

7. Process parameters with layer thickness of 25 µm, point distance of 10 µm, and 
scanning speed of 80 mm/s were optimised for the silicon-bioceramic 
composite scaffolds. 

8. The silicon-wollastonite scaffolds displayed a compressive strength in the range 
of 37-110 MPa and the silicon-62 W glass scaffolds, in the range of 8-22 MPa. 
Therefore, based on the orthopaedic defect site, the scaffolds could be 
introduced onto a load bearing site (cortical bone) or a non-load bearing site 
(cancellous bone), by adjusting the ceramic wt.% in the scaffolds. 
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Scientific novelty and practical importance: 

In this work, we have fabricated, for the first time, innovative bioactive porous  
silicon-wollastonite and silicon-62 W glass substrates for BTE. Unique materials-silicon, 
with an ability to absorb laser energy and with effective osteostimulation properties, 
combined with wollastonite and 62 wollastonite glassy ceramic particles with inherent 
osteoconductive properties were readily shaped by SLM. These metalloid-based 
composites could be a potential solution for the critical-sized defects ranging from 1.5 to 
2.5 cm for the immediate support of the cranial bones or at the metaphysis region of the 
long bones. The early dissolution of wollastonite or 62 W glass ceramic phase from the 
composite scaffolds will lead to a nascent bone formation because of the early induction 
of the osteoblastic genes. However, in-vivo studies are also being conducted on the 
cranial bone of albino adult rats with calvaria bone defects of 20 mm in diameter to study 
the degradation of the silicon particles in a real application environment.  
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Abstract 
Additive manufacturing of novel ceramic-based composite 
scaffolds for bone tissue engineering  
Even though osseous tissue is endowed with the inherent property of regenerating itself 
from small micro-damages and micro-cracks, bone defects greater than 2 cm in size and 
outstripping critical-sized defects (depending on the anatomical site) do not heal, if left 
untreated. Additionally, the healing of the osseous tissue fractures poses significant 
problems, which are further exacerbated by the long-healing time required owing to a 
lack of knowledge of the precise geometry at the defect site, when conventional bone 
grafts, such as autografts are used. This can result in a failure of the healing process at 
the defected site.  

New treatment approaches have converged onto bone tissue engineering (BTE) by 
facilitating the bone tissue formation through 3D scaffolds. The advent of additive 
manufacturing (AM) allows a precise control of the geometry of the 3D scaffolds,  
which can potentially mimic the natural features of the bone morphologically and 
physiologically. Therefore, these 3D scaffolds made by AM are in great demand.  
The patient’s health, age, and the defect site on the bone are the decisive factors for the 
choice of the materials to be used for the 3D scaffolds. Moreover, assorted biomaterials 
usually require different AM technologies to be used for biomanufacturing, which is 
currently a research hotspot for BTE. 

One such prominent 3D scaffolds includes bioactive ceramic materials, which can 
induce either ectopic or orthotopic bone formation. Osteoinductive materials are mostly 
preferred over osteoconductive materials, as the former contain dissolvable calcium 
ions, which can be lixiviated to the surface of the scaffolds or growth factors, such as  
rh-BMP, and rh-PDGF to achieve better clinical outcomes. Osteointegration is another 
imperative property for BTE, which can be attributed to the material stability for load 
bearing applications, resulting from the formation of a sturdy bond at the material 
interphase and bone. 

In this work, we have designed a unique combination of novel composite porous 
bioactive materials by integrating a unique element i.e., silicon into the scaffolds. Novel 
silicon-wollastonite and silicon-62 wollastonite glass based ceramic composite scaffolds 
were fabricated by selective laser melting (SLM). The SLM biomanufacturing technique is 
preferred over the other additive manufacturing techniques because of its ability to 
present a wider range of the pore size of the scaffolds required for BTE. Silicon, with its 
ability to absorb laser energy, accompanied by the osteostimulatory effect makes it a 
potential candidate for BTE. The energy absorbed by the silicon phase allows coalescing 
of the bioactive ceramic particles. The SLM technique allows printing of the scaffolds in 
a single-step, without the addition of a binder or the geometric constraints or loopholes, 
mostly faced by the ceramic-based scaffolds reported in the literature. 

A parametric study was also performed onto the novel scaffolds to unravel the printing 
parameters required to fabricate the scaffolds with proper integrity. An additional 
pseudo-wollastonite phase was detected in both the scaffolds, apart from the phases 
present in the constituent powder feedstock. The obtained compressive strength of both 
the scaffolds encompasses between 8-110 MPa, suggesting their potential to be used 
both in the spongy bone and cortical bone. It was also inferred that compressive strength 
of the scaffolds could be modulated by changing the biomimetic design of the scaffolds 
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and keeping the same composition of the powder feedstock. Furthermore, the scaffolds 
were also examined in wet conditions (Tris buffer), which indicated plummeting 
compressive strength values after 14 days. The scaffolds also demonstrated an ability to 
form HAP onto the scaffolds, illustrating the bioactivity of the scaffolds, which was 
further confirmed by Raman Spectroscopy. 

Lastly, the scaffolds also showed a potential to serve as a supporting matrix for the 
osteoblasts invasion. The modulation of the biomimetic design of the silicon-wollastonite 
scaffolds also showed differential transcription factors expression data (RUNX2 and OSX). 
The scaffolds also stipulated the likely immunomodulation effect by expressing  
anti-inflammatory factors (IL-8 and TGF-β). 
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Lühikokkuvõte 
Uudsete keraamikal põhinevate komposiitkarkasside 
kihtlisandustehnloogia luukoetehnikas
Luustunud kude koos lahutamatu omadusega genereerida iseenesest väikeseid 
kahjustusi ja mikropragusid ei parane iseenesest kriitiliste luudefektide mõõtmetega üle 
2 cm (sõltub anatoomilisest kohast) korral kui neid ei töödelda. Lisaks põhjustab 
purunenud luustunud koe paranemine märgatavaid probleeme, mis halvendavad 
tulevikus elukvaliteeti pika paranemisaja tõttu. 

Uus lähenemine luukoetehnikas (bone tissue engineering) on koondunud luukoe 
moodustumisele läbi 3D karkassi. 3D tehnoloogia kasutus tagab täpse kontrolli 3D 
karkassi geomeetria üle, mis potentsiaalselt võimaldab jäljendada luu morfoloogia 
iseärasusi ja ka psühholoogiliselt. Siit tulenevalt on suur nõudlus 3D 
kihtlisandustehnoloogia järele. Üks selline prominentne 3D karkass koosneb 
bioaktiivsetest keraamilistest materjalidest, mis võivad esile kutsuda väärasetusega või 
ontoloogiliste luude formeerumist. Osteoinduktiivset luu moodustumist esile kutsuvad 
materjalid on eelistatud osteokonduktiivsete materjalide ees, kuna esimesed sisaldavad 
lahustuvaid Ca-ioone, mis võivad kleepuda karkassi pinnale saavutamaks paremaid 
kasvutegureid ja sellega paremaid kliinilisi väljundeid. Luuintegratsioon on üheks 
pakiliseks omaduseks luukoetehnikas, mis on oluline materjali stabiilsuse seisukohalt 
koormustkandvate lahenduste korral-oluline on tugev side materjali ja luupindade vahel. 

Käesolevas töös disainiti uudsed unikaalsed bioaktiivsed materjalid unikaalsete 
elementide, nt räni kaasamisega karkass-struktuurides. Uudne räni-wollastoniit- ja 
räni62-wollastoniitklaasi baasil keraamiline komposiitkarkass valmistati selektiivse 
lasersulatuse (selective laser melting, SLM) teel. SLM biovalmistustehnoloogia on 
eelistatud teiste kihtlisandustehnoloogiate ees, eelkõige tulenevalt võimalusest saada 
laiema pooride suuruse vahemikuga materjale luukarkasside tarvis. Räni võimega 
absorbeerida laseri energiat kaasneb luuteket stimuleeriv efekt, mis teeb need materjalid 
potentsiaalseteks luukoetehnikas. Ränifaasiga sulamites absorbeerunud energia tagab 
bioaktiivsete keraamiliste osakeste kleepumist. SLM tehnoloogia võimaldab printida 
karkassstruktuure ühe etapi käigus ilma sideainete lisamiseta ja piiranduteta geomeetria 
ja pooride suhtes, mis pole realiseeritav kirjanduses toodud karkass-struktuuride korral. 

Uudsete karkass-struktuuriga komposiitmaterjale vajalike valmistusparameetrite 
väljaselgitamiseks viidi läbi uuringud. Täheldati täiendava pseudo-wollastoniitfaasi teke 
karkassi materjalis esinevalt lähtepulbri koostises esinevaist faasidest. Saavutati 
komposiitmaterjalist karkass-struktuuri survetugevus 8-110 MPa, pakkudes võimaluse 
nende potentsiaalseks kasutamiseks käsn- kui ka kõhrluudes. Selgitati välja, et saadud 
karkass-struktuuride survetugevus on mõjutatud nende biomeetrilisest disainist sama 
lähtepulbri koostise korral. Veelgi enam, karkasside omadusi uuriti ka märgades 
tingimustes. Täheldati suurepäraseid survetugevuse väärtusi peale 14 päeva. Karkass-
struktuure iseloomustas ka hüdroapatiitide moodustumise võime selle pindadel, mida 
kinnitasid ka Raman spektroskoopia uuringud. Lisaks väljapakutud karkass-struktuurid 
käitusid toetava maatriksina osteoblastide invasioonil. Räni-wollastoniidi biomeetrilise 
disaini modulleerimine näitas erinevaid transkriptsioonfaktorite väljundeid (RUNX2 ja 
OSX). Karkass-struktuuridele oli omane ka nt immuunsusmodulatsiooni efekt läbi 
põletikuvastaste faktorite (IL-8 ja TGF-β) ilmnemise. 
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Bioceramic scaffolds by additive manufacturing for controlled delivery of the antibiotic 
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Paper IV 
Rodrigo-Vázquez, C.S., Nikhil Kamboj, Aghayan, M., Sáez, A., Antonio, H., Rodríguez, M.A. 
and Hussainova, I., 2020. Manufacturing of silicon-Bioactive glass scaffolds by selective 
laser melting for bone tissue engineering. Ceramics International, 
doi.org/10.1016/j.ceramint.2020.07.171.  
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Curriculum vitae 
Personal data 

Name:  Nikhil Kumar Kamboj 
Date of birth:  11.05.1990 
Place of birth: Moga, Punjab, India 
Citizenship:  India 

Contact data 

E-mail:  nikhil.kamboj@ttu.ee 

Education 

2014–2016 Tallinn University of Technology, MSc in Engineering 
2011–2013 IBAB (Institute of Bioinformatics and applied Biotechnology), MSc in 

Biotechnology and bioinformatics 
2008–2011 Lovely Professional University, BSc in Biotechnology 
1993–2008 High school, Sacred Heart School Moga, Punjab, India 

Language competence 

Punjabi Mother tongue 
Hindi  Native speaker 
English Fluent 
German Intermediate 

Professional employment 

2013  Strand Life Sciences, Bangalore, India 
2016–2018   Tallinn University of Technology, Department of Mechanical and 

Industrial Engineering, Early Stage Researcher 

Defended thesis 

Master’s Degree The template-assisted wet-combustion synthesis of mesoporous 
core-shell structured materials. 2016, Supervisors: Prof. Irina Hussainova, Marina 
Aghayan 

Involvement in research projects 

IUT19-29  Multi-scale structured ceramic-based composites for extreme 
applications  

      PRG643        Bio-replicating Engineering Structures for Tribo-applications 
      PUT1063      Nanonet of ceramic fibers with targeted functionalities 
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Research visits 

(1.01.2016−26.05.2016)  Erasmus+ Higher Education Student Mobility student at the 
Institute of Ceramics and Glass, Madrid, Spain 
(16.07.2018−14.08.2018) Institute of Ceramics and Glass, Madrid, Spain 

Awards and honours 

2018,  Funding by EPMA to attend AM Motion Summer School from 4th-7th September, 
Gijon Asturias, Spain 
2019,  Speaker travel stipend by ECerS to attend Workshop for Young Researchers in 
Ceramics and Glasses for Medical Applications, Madrid, Spain, 10-11 October 
2019, Speaker travel stipend by ACerS for oral presentation at 43rd international 
conference and exposition of advanced ceramics and composites (ICACC 2019), Jan 27-
Feb 1, Florida, USA 
2020, Member of the reviewer committee of 2020 Young Ceramists Additive 
Manufacturing Forum (yCAM) conference, Toulouse, France 
2020,  Awarded by ECerS with the financial support of the JECS Trust with a grant to 
attend Winter Workshop to Daytona beach, Jan 24-28, Florida, USA 
2020, Chair of the session of symposium: Next generation Bioceramics and 
biocomposites at 44th International Conference and Expo on Advanced Ceramics and 
Composites (ICACC 2020), Jan 26-31, Florida, USA 
2020, Reviewer of the Journal “Open Ceramics” 

Patent 
Method for synthesizing rhombohedral FeAlO3 nanofibers and product comprising said 
nanofibers thereof; Owners: Tallinn University of Technology; Authors: Marina Aghayan, 
Nikhil Kumar Kamboj, Irina Hussainova; Priority number: P201600017; Priority date: 
15.08.2016 
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Elulookirjeldus 
Isikuandmed 

Nimi:   Nikhil Kumar Kamboj 
Sünniaeg:  11.05.1990 
Sünnikoht:  Moga, India 
Kodakondsus: India 

Kontaktandmed 

E-mail:  nikhil.kamboj@taltech.ee 

Hariduskäik 

2014–2016   Tallinna Tehnikaülikool, Materjalid ja protsessid jätkusuutlikus     
energeetikas magistrikraad 

2011–2013   Bioinformaatika ja biotehnoloogia instituut, biotehnoloogia ja    
bioinformaatika magistrikraad 

2008–2011   Lovely Professional ülikool, biotehnoloogia bakalaureusekraad 
1993–2008   Sacred Heart School, keskharidus 

Keelteoskus 

      Pandžabi keel  emakeel 
Hindi keel emakeel 
Inglise keel  kõrgtase 
Saksa keel       vahepealne 

Teenistuskäik 

2013                Strand life Sciences, Bangalore, India, Biokuraator 
2016–2018   Tallinna Tehnikaülikool, Mehaanika ja tööstustehnika instituut, 

doktorant-nooremteadur 

Kaitstud lõputööd 

Mudel-abistatud märg-põlemise meetodil mesopoorsete kärgmaterjalide süntees, 
Tallinna Tehnikaülikool, Materjali- ja keskkonnatehnoloogia instituut, 2016, 
juhendajad: Prof. Irina Hussainova, Marina Aghayan 
 

Osalemine uurimisprojektides 

IUT19-29    Mitmeastmeliselt struktureeritud keraamika-baasil komposiitmaterjalid 
kasutamiseks ekstreemtingimustes 

        PRG643      Biojäljendatud tehnostruktuurid triboloogilisteks rakendusteks 
        PUT1063    Keraamika kiudude nanovõrgustik sihitute funktsioonidega 
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Teadusränne 

(1.01.2016−26.05.2016)  Erasmus+ üliõpilaste õpirände projekti üliõpilane Keraamika ja 
Klaasi Instituudis, Madrid, Hispaania 
(16.07.2018−14.08.2018) Keraamika ja Klaasi Instituut, Madrid, Hispaania 

Tunnustused 

2018, EPMA stipendium osalemiseks AM Motion suveülikoolis 4.-7. september, Gijon 
Asturias, Hispaania  
2019,  ECerS stipendium osalemiseks üritusel “Workshop for Young Researchers in 
Ceramics and Glasses for Medical Applications”, 10.-11. oktoober, Madrid, Hispaania 
2019, ACerS stipendium suuliseks ettekandeks konverentsil “43rd international 
conference and exposition of advanced ceramics and composites (ICACC 2019)”, 27. 
jaanuar- 1. veebruar, Florida, USA 
2020, Retsensentide komisjoni liige konverentsil “of 2020 Young Ceramists Additive 
Manufacturing Forum (yCAM)”, Toulouse, Prantsusmaa 
2020, ECerS stipendium osalemiseks töötoas “Winter Workshop”, 24.-28. jaanuar, 
Florida, USA 
2020, Sessiooni juhataja sümboosiumil “Next generation Bioceramics and biocomposites 
at 44th International Conference and Expo on Advanced Ceramics and Composites (ICACC 
2020), 26-31. jaanuar, Florida, USA 
2020, Teadusartiklite retsensendi ajakiri “Open Ceramics” 

Tööstusomand 

Patentne leiutis: Meetod romboeedrilise FeAlO3 nanokiudude sünteesimiseks ja 
nanokiudusid sisaldav toode; Omanikud: Tallinna Tehnikaülikool; Autorid: Marina 
Aghayan, Nikhil Kumar Kamboj, Irina Hussainova; Prioriteedi number: P201600017; 
Prioriteedi kuupäev: 15.08.2016 
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