TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
45/2020

Additive Manufacturing of Novel
Ceramic-Based Composite Scaffolds
for Bone Tissue Engineering

NIKHIL KUMAR KAMBOJ



TALLINN UNIVERSITY OF TECHNOLOGY

School of Engineering

Department of Mechanical and Industrial Engineering
This dissertation was accepted for the defence of the degree 12/10/2020

Supervisor:

Opponents:

Professor Irina Hussainova

School of Engineering

Department of Mechanical and Industrial Engineering
Tallinn University of Technology

Tallinn, Estonia

Professor Michael Gasik
Aalto University Foundation
Helsinki, Finland

Professor Enrico Bernardo
Department of Industrial Engineering
University of Padova

Padova, Italy

Defence of the thesis: 04/12/2020, Tallinn

Declaration:

Hereby | declare that this doctoral thesis represents my original investigation and
achievements and is submitted for doctoral degree at Tallinn University of Technology. It has
not been submitted elsewhere for a doctoral or equivalent academic degree.

Nikhil Kumar Kamboj

* X x
* *
* *
* *
* 5 Kk
European Union Investing
European Regional in your future

Development Fund

signature

This work has been partially supported by ASTRA “TUT
Institutional Development Programme for 2016-2022",
Graduate School of Functional Materials and Technologies
(2014-2020.4.01.16-0032).

Copyright: Nikhil Kumar Kamboj, 2020

ISSN 2585-6898 (publication)

ISBN 978-9949-83-611-6 (publication)

ISSN 2585-6901 (PDF)
ISBN 978-9949-83-612-3 (PDF)
Printed by Koopia Niini & Rauam



TALLINNA TEHNIKAULIKOOL
DOKTORITOO
45/2020

Uudsete keraamikal pohinevate
komposiitkarkasside
kihtlisandustehnoloogia luukoetehnikas

NIKHIL KUMAR KAMBOJ






Contents

[T fo] U1 o] [Tor= Y To] o - TR PP 7
Author’s contribution to the publications..........ccecccvii i 8
INEFOAUCTION .. 9
List Of @bBreviations ........coeeiieiienie e 11
1. Overview of the lIterature ..o 12
1.1 BONE SCAffOlAS . 12
1.1.1 Synthetic scaffolds for bone tissue engineering (BTE).........cccccceevveenneee. 13

1.2 Additive manufacturing of ceramic-based scaffolds for BTE ...........ccccuveeee... 14
1.2.1 StereolithOgraphy ... e 15

1.2.2 Binder jetting or 3D Printing......ccceeeeciieieeeee e 16

1.2.3 Material @XtrUSION ..cc.ccoierreeierie e 16

1.2.4 Powder bed fUSiON PrOCESS .....cccuiieeeiiiieeccieeeereeeeetree e ere e s e e e seaee e e 17

1.3 Requirements for ceramic scaffolds for BTE .........cccceeeeeeeeiciiieeeeececciiieeeeee, 19
1.3.1 GeomMEtry and POIE SIZE ...cceieeeiuiiiiieeeeeeeciiiteee e e e et e e e e e e e rarrer e e e e e e eeanees 19

1.3.2 Mechanical complianCe ......ccooeueiiiiiiei i 20

1.3.3 Bioactivity, biocompatibility, and biodegradability .........cccccecvveeercinnenns 21

1.4 Crystalline and porous silicon for BTE .......c.ueviieiiieiciiee e eivee s 22
BT 0] o =T 4 1RSSR 23

B (oY= o o =] ol = PSSR 25
2.1 Powder feedStOCK. .....c.uiiiiiiiiiiieeee e 25
2.2 SCAffOld dESIGN ...t e e e e e e e e e nees 26
2.3 Fabrication of scaffolds by SLM...........uuiiiiiiiieee e 26
2.4 Characterisation of the scaffolds.......c..ccooveviriiriinene 27

3. Results and diSCUSSION ......ccueerriiiiiiiieierieeee e e 30
3.1 Macro-porous Silicon DY SLIM .....couiiiiciee e 30
3.2 Silicon-wollastonite scaffolds for drug delivery .......cccoooeveviieeeeciee e, 31
3.2.1 Processing and characterisation ..........ccccceveciiiieieiee e 31

3.2.2 Vancomycin drug deliVery .........ccociiieei ettt 34

3.3 Cytocompatibility of silicon-wollastonite scaffolds and gene induction
STUTIES ettt ettt e e st e e st a e e s ate e e sareee s 35



3.3.1 Processing and characterisation ..........ccccceeeciiiiieei e 35

3.3.2 Assessment of scaffolds for osteo-lineages and cytocompatibility......... 38

3.4 Silicon-62 W glass sCaffolds........ciuiiiiiiiiiiiccccieee e 39
3.4.1 Processing and characterisation .......cccccueeeeecivieiecieee s e 39

3.4.2 Bioactivity of silicon-62 W glass scaffolds.........cccocceevviieeencieiccieeecie, 42
CONCIUSIONS ..ttt st sttt et e sr e r e e neene e 43
REFEIENCES ...ttt ettt s st et n et esreen 45
ACKNOWIEAZEMENTS oot e e e et e e e e e e e e e abbaaeeaeeeenanens 53
ADSEIACT ettt e 54
LUNIKOKKUVBEE ...ttt 56
Y oY T<T oo [ S 57
PAPBE L et e e et et e e e e sttt b e s e e saeeeaennees 57

LT o 1< o | N 71

LT o 1= o || N 79
PP IV e aaan 93
CUTTICUIUM VITAE ettt sttt st et e e 104
(8] FoTo) (T g = [o LU PRSP 106



List of publications

The following is a list of publications by the author, on the basis of which, this thesis has
been prepared:

Nikhil Kamboj, Aghayan, M., Rodrigo-Vazquez, C.S., Rodriguez, M.A., and
Hussainova, |., 2019. Novel silicon-wollastonite based scaffolds for bone tissue
engineering produced by selective laser melting. Ceramics International, 45(18),
24691-24701, doi.org/10.1016/j.ceramint.2019.08.208.

Nikhil Kamboj, Rodriguez, M.A., Rahmani, R., Prashanth, K.G., and Hussainova, I.,
2019. Bioceramic scaffolds by additive manufacturing for controlled delivery of the
antibiotic vancomycin. Proceedings of the Estonian Academy of Sciences, 68(1),
185-190, doi.org/10.3176/proc.2019.2.10.

Nikhil Kamboj, Kazantseva, J., Rahmani, R., Rodriguez, M.A., and Hussainova, I,
2020. Selective laser sintered bio-inspired silicon-wollastonite scaffolds for
bone tissue engineering. Materials Science and Engineering: C, p.111223,
doi.org/10.1016/j.msec.2020.111223.

Rodrigo-Vazquez, C.S., Nikhil Kamboj, Aghayan, M., Sdez, A., Antonio, H., Rodriguez,
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.

Manuscripts are included in the Appendix.



Author’s contribution to the publications

The contributions of the author to the papers included in this thesis are as follows:

The author conducted a major portion of the experimental work on the optimisation
of the printing parameters of the scaffolds and subsequent biological analyses;
methodology; data curation; and preparation of the initial draft of the manuscript.
The results were presented at the 2" Global Forum on Advanced Materials and
Technologies for Sustainable Development (GFMAT-2), and the 4% International
Conference on Innovations in Biomaterials, Biomanufacturing and Biotechnologies
(Bio-4), July 21-26, 2019, Toronto, Canada.

The author conducted a major portion of the experimental work; formal analysis;
methodology; interpretation of the results; and preparation of the initial draft of the
manuscript. The results were presented at the 43™ International Conference and
Exposition on Advanced Ceramics and Composites (ICACC-2019), Jan-Feb 1, 2019,
Florida, USA.

The author conducted a major portion of the experimental work; optimisation of the
printing parameters of the scaffolds; formal analysis; data curation; methodology;
in-vitro experiments; creation of the initial draft with the help of co-authors; and
answering the reviewers’ questions. The results were presented at the 44"
International Conference and Exposition on Advanced Ceramics and Composites
(ICACC-2020), Jan 26-31, 2020, Florida, USA.

The author conducted a portion of the experimental work; optimisation of the
printing parameters of the scaffolds; mechanical characterisation; and writing of
some sections of the initial draft.



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). Si** 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).



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
CaSi03-MgCa(SiO3)2-Caz(P0a4)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.

Mesenchymal stem cells
Pre-osteoclasts

ko
Lining cells EEE *

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 BTCP 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
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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.

Synthetic bone grafts Synthetic bone grafts

porosity =

Synthetic bone (ceramic carrier + (ceramic carrier + stem
grafts bioactive molecules) cells)
0 3D Scaffolds Collagen and bioceramic Bioceramic granules and
T
5 scaffolds scaffolds
©
U e e
" " il I o | Peatena
2| Surface roughness, Growth factors, genes, Stem cells, MSCs, and
'¢—; pore size, and and small molecules PDSCs
c
L
=
7]
c
3%
T

.

Fracture sites >4 cm

\

“
LY

1
- Ié‘a
e \ o P

Fracture
site length

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

R Disadvantages
technique g

Inability to form complex shapes, as only flat sheets and tubes

Solvent casting can be fabricated (Aboudzadeh et al., 2010; Subia et al., 2010).

Usually, structures deteriorate faster, offering inferior

Sol-gel
o-ee mechanical properties (Q.-Z. Chen et al., 2010).

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

Time-consuming; strenuous energy utilisation; usage of noxious
Freeze drying solvents; and production of random pores of 15 to 30 um size
(Matassi et al., 2011; Roseti et al., 2017).

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).

Gas foaming

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).

An Ncer—n,

o e 2 (1)

Ncer represents refractive index of the ceramic phase in the suspension whereas no
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), B-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.

Laser beam  Scanner (b)
(a) -7v Chamber Solidified zone

Powder depth

bed

IMeIt pool

Powder delivery
system

-

Preceding layer Melt pool width

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 um 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.
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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 um), and macro-pores (> 50 um)
(Vagaska et al., 2010). Micro-pores in the range of (10-50 um) are essential for the
diffusion of nutrients and oxygen for cell survivability. On the other hand, macro-pores
ranging from 250-450 um 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; Vagaska et al., 2010).
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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 um; (e) cell migration in and out of the scaffold through
pores of size 300-800 um for bone tissue regeneration; adapted from (BruZauskaité 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 [midfemorall],
trabecular [proximal tibia or axial femoral]), it is very difficult to design an ideal scaffold
for bones.
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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 B-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

21



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 um to 10 um), 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.

Metal- Polymer- Silicon—
bioceramic bioceramic bioceramic
~—— — 1
Existing Newly designed

bioceramic composites bioceramic composites

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;

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
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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.

24



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 um (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 um (shown in Fig 2.1(b). The 62 W glass composition was prepared,
using the ternary phase diagram of CaSiO3-MgCa(SiOs)2-Caz(P0Oa4)2 (Sara Rodrigo-Vazquez
et al., 2020), and by blending a mixture of SiO2 (> 99.7% purity) (Strem Chemicals), CaCOs
(> 98.5% purity) (Merck KGaA), MgO (> 97% purity) (MERCK, KGaA), and Cas(POa)2
(Pharma grade; PanReac AppliChem). The experimental weight compositions (in wt.%)
were Ca0 (47), SiO2 (39), P20s (10.2), and P20s (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 um. The final particle size distribution was
analysed using a Mastersizer S (Malvern, England), with a medium particle size of
approximately 2.5 um (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 um. 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.

(a) (b)
400 pm 50 - 350 pym
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 um. 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

. Optimised parameters
Equipment parameters . .
Parameter . for (silicon-ceramic)
(maximum)
scaffolds
Laser power (W) 120 18-35
Scanning speed (mm/s) 1000 80
Point distance (um) 50 10
Layer thickness (um) 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 CuKal radiation (A = 1.5406 A) with a step of 0.02° (26)
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~! by servo-hydraulic model 8500 universal testing machine (Instron
Itd., 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!
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 p-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™t 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. lon 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®. 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 °Cin 5% CO.. 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 x 10* 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 ug/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 Kkit.
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-AACt formula (double difference of Ct).
The final values were exhibited as ACt = Ct(considered gene) — Ct(house-keeping gene),
and AACt = ACt(treated) — ACt(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 um, hatch distance of 60 um, and energy
density of 283 J/mm? were adequate to consolidate pure silicon. Therefore, some of the
parameters were replicated with the implemented CAD design of 400 um to obtain the
macro-porous silicon as shown in Figs. 3.1(a, b). The layer thickness of 25 um 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 Ill. 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 um.

Table 3.1. Process parameter optimisation

Laser power Energy
Specimen P density Peculiarity of the scaffold
(W) 3
(J/mm3)
S 45 375 More cracks
S2 35 291 Decreased pore size of the scaffold
S3 30 250 Designed pore size with no cracks
Y 22 183 Brittle constructs

Layer thickness and point distance of 25 um and 10 um 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/mm?> was optimised for reliable product development for 50-50 wt.% composite.
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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 PO4>~ tetrahedral frequency at 965 cm™, followed by the bending mode of
0-P-O bonds at 432cm™, 587 cm™ which authenticated the presence of HAP.
Additionally, peak at 965 cm™ 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™ (assigned to the
bending mode of Si-O) which appears only as a faint shoulder joined with the peak at 587
cm™. Furthermore, an overlapping of the Raman peak of the PO4* and Si-O can be
occurring at 965 cm™, but this Raman peak cannot corresponds only to wollastonite since
Raman peak at 635 cm™ 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 14" day (more detailed in Paper 1) 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™.

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 Ca?* ions from
125 mg/L on the third day to approximately 200 mg/L on the 14" day. However, on the
other hand, the concentration of Si** ions concentration increased from 70 to 112 mg/L
after the passage of the same number of days as in the case of Ca?*ions. These findings
suggest and can be correlated with the early nascent bone formation in the fractures of
critical size defects, as Ca?*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).
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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 14 day; d) Raman spectrum on the 14t 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.
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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 I
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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 | and |l
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/mm? 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 lIl.

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) u-CT image. Gradient scaffold: c) SEM
photograph; d) u-CT image; adapted from Paper Il

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 Ill.

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 Ill

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 llI.

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 Il

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 TGFB (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)
gPCR 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 Il

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
CaSi03-MgCa(SiO3)2-Cas(P0a4)2 system was discussed in detail in (Sara Rodrigo-Vazquez
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; lbafiez 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 um. 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 Mg?* ions was also detected, which could be
attributed to the diffusion of magnesium ions into the HAP nanostructures, as Mg?* 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.

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.

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.

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 TGFp, anti-inflammatory factors also
designated the potential immunomodulation effect of the scaffolds.

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

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.

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

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-B).
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Liihikokkuvote

Uudsete keraamikal pohinevate komposiitkarkasside
kihtlisandustehnloogia luukoetehnikas

Luustunud kude koos lahutamatu omadusega genereerida iseenesest viikeseid
kahjustusi ja mikropragusid ei parane iseenesest kriitiliste luudefektide médtmetega lile
2 cm (s6ltub anatoomilisest kohast) korral kui neid ei toddelda. Lisaks p&hjustab
purunenud luustunud koe paranemine margatavaid probleeme, mis halvendavad
tulevikus elukvaliteeti pika paranemisaja t6ttu.

Uus ldhenemine luukoetehnikas (bone tissue engineering) on koondunud luukoe
moodustumisele ldbi 3D karkassi. 3D tehnoloogia kasutus tagab tapse kontrolli 3D
karkassi geomeetria lle, mis potentsiaalselt vGimaldab jaljendada luu morfoloogia
isedrasusi ja ka psuhholoogiliselt. Siit tulenevalt on suur ndudlus 3D
kihtlisandustehnoloogia jirele. Uks selline prominentne 3D karkass koosneb
bioaktiivsetest keraamilistest materjalidest, mis vGivad esile kutsuda vaadrasetusega voi
ontoloogiliste luude formeerumist. Osteoinduktiivset luu moodustumist esile kutsuvad
materjalid on eelistatud osteokonduktiivsete materjalide ees, kuna esimesed sisaldavad
lahustuvaid Ca-ioone, mis vdivad kleepuda karkassi pinnale saavutamaks paremaid
kasvutegureid ja sellega paremaid kliinilisi valjundeid. Luuintegratsioon on {heks
pakiliseks omaduseks luukoetehnikas, mis on oluline materjali stabiilsuse seisukohalt
koormustkandvate lahenduste korral-oluline on tugev side materjali ja luupindade vahel.

Kdesolevas t60s disainiti uudsed unikaalsed bioaktiivsed materjalid unikaalsete
elementide, nt rdni kaasamisega karkass-struktuurides. Uudne rdni-wollastoniit- ja
rani62-wollastoniitklaasi baasil keraamiline komposiitkarkass valmistati selektiivse
lasersulatuse (selective laser melting, SLM) teel. SLM biovalmistustehnoloogia on
eelistatud teiste kihtlisandustehnoloogiate ees, eelkdige tulenevalt vGimalusest saada
laiema pooride suuruse vahemikuga materjale luukarkasside tarvis. Rani vdimega
absorbeerida laseri energiat kaasneb luuteket stimuleeriv efekt, mis teeb need materjalid
potentsiaalseteks luukoetehnikas. Ranifaasiga sulamites absorbeerunud energia tagab
bioaktiivsete keraamiliste osakeste kleepumist. SLM tehnoloogia vdimaldab printida
karkassstruktuure ihe etapi kdigus ilma sideainete lisamiseta ja piiranduteta geomeetria
ja pooride suhtes, mis pole realiseeritav kirjanduses toodud karkass-struktuuride korral.

Uudsete karkass-struktuuriga komposiitmaterjale vajalike valmistusparameetrite
vdljaselgitamiseks viidi [dbi uuringud. Taheldati tdiendava pseudo-wollastoniitfaasi teke
karkassi materjalis esinevalt |dhtepulbri koostises esinevaist faasidest. Saavutati
komposiitmaterjalist karkass-struktuuri survetugevus 8-110 MPa, pakkudes véimaluse
nende potentsiaalseks kasutamiseks kdsn- kui ka kéhrluudes. Selgitati valja, et saadud
karkass-struktuuride survetugevus on mdjutatud nende biomeetrilisest disainist sama
Iahtepulbri koostise korral. Veelgi enam, karkasside omadusi uuriti ka maéargades
tingimustes. Taheldati suurepdraseid survetugevuse vaartusi peale 14 pdeva. Karkass-
struktuure iseloomustas ka hiidroapatiitide moodustumise vdime selle pindadel, mida
kinnitasid ka Raman spektroskoopia uuringud. Lisaks valjapakutud karkass-struktuurid
kditusid toetava maatriksina osteoblastide invasioonil. Rani-wollastoniidi biomeetrilise
disaini modulleerimine naitas erinevaid transkriptsioonfaktorite valjundeid (RUNX2 ja
0OSX). Karkass-struktuuridele oli omane ka nt immuunsusmodulatsiooni efekt labi
poletikuvastaste faktorite (IL-8 ja TGF-B) ilmnemise.
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ARTICLE INFO ABSTRACT

Keywords: Engineered bone tissue or scaffold is a potential alternative to the common use of bone grafts due to limitless
Bioceramic supply and no disease transmission. We present a novel way to manufacture the highly efficient bioceramics
Scaffold combining osteoinductive and bioactive elements using additive manufacturing through selective laser melting
Bioactivity

without polymer based binder addition and post-processing sintering steps. A formulation of powder feedstock
for the production of the scaffolds with an optimized geometry and a high strength is proposed. The structure
with circular pores of 400 um in diameter and porosity level of 35% exhibits density of around 1.4 g/cm® and a
compressive strength of 110 MPa, which is only slightly decreased after the immersion into Tris buffer for two
weeks being of 90 MPa. The scaffolds demonstrate a high bioactivity and a controlled growth of the hydro-
xyapatite-like layer on the surface of the structures. The results of this work illustrate the ability for fabrication
of complex-shaped ceramic based structures to be used as novel bone scaffolds and implants by SLM, and the

Additive manufacturing
Selective laser melting

promise for development of other ceramic - based materials using the proper precursor powders feedstock.

1. Introduction

The appropriateness of additive manufacturing (AM) to tissue en-
gineering is evidenced by the increasing number of research works
related to the production of porous scaffolds with custom-tailored ar-
chitectures. The continuously growing number of surgeries due to in-
juries, incidence of orthopedic disorders and fractures is a strong driver
for the development of bone grafts and/or scaffolds. Moreover, the
congenital and acquired pathologies including trauma, infection, neo-
plasm and failed arthroplasty may result in bone defects being beyond a
critical-size; therefore, an invasive surgical intervention to aid healing
is often needed [1]. To meet the requirements for synthetic bone sub-
stitution materials, the orthopedic devices should represent porous,
biocompatible structures with controllable geometry, high surface area,
and suitable mechanical characteristics.

Traditionally, the autologous and allogeneic clinical treatments
have been used to repair or replace the diseased, infected or lost bone
[2]. The auto-grafts are considered as the gold standard in orthopaedic;
however, the grafts are restricted in harvested size and represent the
further risk of donor site morbidity including infection and ongoing
pain following surgery [3,4]. Allograft tissue harvested from cadaveric
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and living sources (such as femoral heads removed during hip re-
placements) is currently widely used. However, allografts carry the
potential risk of disease transmission and immune response, whilst
lacking a cellular component to aid tissue regeneration. Metalwork and
bone substitutes can also be inserted to aid bone regeneration with
limitations associated with their use include bone thinning due to stress
shielding, wear and failure over time [5]. Non-invasive therapies in-
cluding ultrasound treatment also demonstrates a promise in aiding
bone healing, although their use is often restricted to stable, well-
aligned and well-reduced fracture non-unions in adult patients [1,6].

To overcome these drawbacks, the scaffolds made of highly porous
and mechanically reliable customized biomaterials with flexibility in
design, which can be implanted directly into the injured site, are highly
required. For an enhanced therapeutic effectiveness, the scaffolds
should be mesoporous structured and have mechanical properties mi-
micking the natural bone. Table 1 lists the composition, mechanical and
physical properties of both cortical and cancellous bones as a guideline
for scaffold design.

The bioactive and bio-reabsorbable materials, which are capable of
interacting with body tissues, forming chemical or biological bonds and
favouring colonisation and tissue regeneration, allow facilitation of the
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Table 1
Properties of cortical and cancellous bone.

Property Cortical bone Cancellous bone
Composition Cay(PO4)s(OH),), type I collagen, Blood vessels and
lipids, non-collagenous proteins, and ~ bone marrow
water
Compressive 100-230 MPa [1,3] 2-12MPa [4]
strength

Young's modulus
Tensile strength
Flexural strength
Strain to failure %
Porosity %

Pore size

7-30 MPa [1,3]
50-151 MPa [1]
50-150 MPa [4]
1-3 [3]

2-10 [3]
10-500 um [3]

0.05-1 MPa [4]
1.5-38 MPa [4]
10-20 MPa [4]
57 [7]

30-95 [7]
200-400 pm [8]

natural bone growth through the implant, host cells deposition in the
matrix without function deviation and degradation being replaced by a
new tissue in vivo. The biodegradation rate should be compatible with
the natural bone growth rate. The materials should be degradable by
host enzymatic or biological processes and allow invading host cells to
produce their own extracellular matrix. The bone growth rate is pecu-
liar in different individuals and depends on the age of the patient [4].
Therefore, the scaffolds composition also should be easy adaptable to
the patient needs.

The pore structure of the scaffolds is one of the most important
parameters for biological performance [6]. To succeed in functionality,
the scaffolds should have interconnected pores to enable the cells mi-
gration and invasion of vasculature; and should possess a large enough
surface area for the active interaction with cells. The incorrect design of
porosity can result in necrosis, long healing time and infection [9]. A
three-dimensional porous scaffold with an appropriate modulus can
provide longevity by reducing stress shielding, which has an influence
on the processes of osseointegration and bone healing [10]. In general,
the mechanical properties of the bone depends on its type and shape.
The mechanical properties of cancellous bone can vary from bone to
bone up to 5 times. The cortical bone has a narrower range of difference
[7]. Therefore, it is essential to explore the mechanical and biological
effects of scaffolds aiming at the optimal design of implants.

In general, silicon and silicon containing bioglasses and bioceramics
are considered to have a positive influence on bone mineralization and
gene activation. The current trend is equally poised among CaP,
bioactive glass, doped and silicates bioceramics, which are used for
either trabecular bone or cortical bone as depicted in Fig. 1.
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Wollastonite is another widely used bioceramic material due to its good
osteoconductivity and bioresorbability, which has been elucidated in
the form of coatings, granules and sintered porous body of a pre-defined
shape [11]. Considering the vital role of silicon in the development,
repair and maintenance of various tissues, silicon has been widely used
as a key element in the design of biomaterials. Silicon exerts a genetic
control regulation over the osteoblast cycle and rapid expression of
genes [1,12]. Additionally, it facilitates the osteogenic differentiation of
mesenchymal stem cells and upregulates osteo-related proteins and
production of bone-like apatite [13,14].

There are many methods for the production of bioceramic scaffolds,
which includes freeze drying [19], spin coating [29], bioreactors [15],
fused deposition modelling [30], hydration method [31], direct ceramic
writing [32], stereo-lithography [33] and selective laser sintering [21].
However, most of the production methods encompasses a multi-step
technology resulting in highly stressed scaffolds. Furthermore, removal
of binder, sintering and other additional post-processing steps are not
only time consuming, but also affects the degradation of physical-che-
mical characteristics of the scaffolds. Using SLM, the 3D complex ar-
chitectural structures with required pore sizes and porosity level can be
generated by computer-controlled design, layer-by-layer printing and
sintering process.

Third generation biomaterials are designed to be both osteo-
conductive and osteoinductive, i.e. to stimulate regeneration of host
tissues by combining tissue engineering and in situ tissue regeneration
methods [4]. The objective of this study is manufacturing of the highly
efficient bioceramic scaffolds by additive manufacturing through se-
lective laser melting (SLM) avoiding any additional post-treatment
steps for fabrication of the targeted product. The scaffolds are based on
a material that combine both osteoinductive and bioactive elements in
their composition.

2. Experimental
2.1. Powder feedstock

The starting powder materials were wollastonite of > 99.9% purity
(NYCD® M1250) provided by NYCO with a particle size in the range
2-10 um and silicon of > 99.9% purity (Silgrain-Elkem) with a particle
size ranged from 10 to 44 pm. The powder feedstock for SLM was
prepared by mixing 50 wt% of silicon and 50 wt% of wollastonite in the
Turbula® shaker mixer for 3h with ethanol using ZrO, balls. The ob-
tained mixture was dried in an oven heated to 120°C for 24h.

100
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Fig. 1. Graphical summary of compressive strength and porosity of some bioceramic and bioactive glass composite scaffolds, CaP [15-18], bioactive glass [19-22],

doped ceramics [23-26] and silicates [27,28].
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Table 2
Parameters and conditions of SLM processing.

Parameters Equipment parameters Optimized production parameter

(Maximum) of scaffolds
Laser power 120W 20-50 W
Scanning speed 1000 mm/s 80 mm/s
Point distance 50 um 10 um
Layer thickness 50 um 25 um

Additionally, different silicon ratios starting from 5% to 45% with
wollastonite composite were produced and were not used as the starting
material since our goal was to maximize silicon in the composite to
support osteoblast cell invivo.

2.2. Selective laser melting of Si-wollastonite scaffolds

Metal 3D printer (ReaLizer GmbH SLM-50, Germany) was used for
SLM processing of the scaffolds. The YAG: Nd®* laser spot size of
15-80um and a computer-controlled laser beam scan velocity up to
1000 mm/s was used to produce the designed structures. Table 2 lists
the optimized parameters of operation.

To avoid oxidation and degradation of the powder, the process was
carried out in a chamber filled with a high purity argon (99.999 vol%).
Fig. 2 schematically shows the process in which a laser beam of 1.06 um
wavelength is focused on the powder bed to develop a pattern ac-
cording to CAD design. The designed structures represented the rec-
tangular-shaped samples with dimensions of 10x20x5 mm® and the
disks with height of 10 mm and diameter of 6 mm with pore sizes of
400 um. A rubber wiper spreads the composite powder over the surface
of a stainless steel cylindrical platform.

2.3. Characterization of the scaffolds

Microstructure, elemental mapping distribution, and morphology of
the scaffolds were studied by scanning electron microscopy (SEM Zeiss
EVO MA 15, Germany) equipped with EDS of voltage up to 20 kV and
magnifications up to 50 kX before and after the test on bioactivity and
degradation. Additionally, the front and cross section details of the
scaffolds were investigated using MEDIX technology MXT 225 HU-CT
machine. A rotational step of 0.9° over an angle of 180° was im-
plemented to obtain the images of the scaffolds. Phase composition of
the samples was analyzed by X-ray diffraction (XRD; D5005, Bruker,
USA) operating at CuKal radiation (A = 1.5406 A) with a step of 0.02°

—

Laser
beam

Thermal

Bioscaffolds —»

Thermal
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(20) with the assessment and optimization of the relative counts by
Rietveld refinement method. Mercury intrusion porosimetry (MIP) was
used to calculate the porosity of the scaffolds.

To measure the compressive strength, the cylindrical samples of
6mm ( + 0.1 mm) in diameter and 5mm ( + 0.1 mm) in height were
loaded at ambient humidity and temperature with crosshead speed of
0.5 mm/min until crushing failure using servo-hydraulic model 8500
universal testing machine (Instron Itd., UK). The compressive load and
displacement were recorded at 0.1s intervals during testing.
Compressive modulus and maximum compressive strength of scaffolds
were determined using software associated with the universal testing
machine. All measurements were performed three times per sample, the
values were presented as mean = SD and analyzed with Student's t-
test, which differences were considered statistically significant when
p < 0.05. The commercial finite element package ANSYS 17.2 was
exploited for the evaluation of a local stress distribution and compared
with the experimental results. Additionally, the compression tests were
conducted on Tris buffer treated samples to provide realistic data on the
degradation of the scaffolds.

The bioactivity of the scaffolds was evaluated in vitro using the
biomimetic method, based on ISO 10993, in which the specimens were
immersed in a synthetic body fluid (SBF) solution. The rectangular
scaffolds of 5x10x5 mm® with mass of 1 gm were immersed in 50 ml of
SBF clean conical flasks, which were rinsed by HCl and deionised water
before using. The conical flasks were placed inside an incubator at
controlled temperature of 37 °C. The pH of the solution remained
constant at 7.3. The bioactivity of the scaffolds was evaluated for 3, 7
and 14 days, then the analysis of the chemical composition of the
surface and its morphology was carried out.

The hydroxyapatite layer on the scaffolds was characterized by
RAMAN  spectroscopy (Ramanscope 1000, Renishaw Plc) using
514.5 nm laser line. The Raman spectra were collected over the range of
1500-200 cm ™!

To study the ion release from the scaffolds and their weight loss, the
scaffolds were soaked in a Tris buffer solution for 3, 7 and 14 days
(solution volume to scaffold mass: 1L/g), dried at 120 °C and weighed
via an analytical balance. The concentrations of calcium and silicon
ions were measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES, Vista AX, Varian, Palo Alto, USA).

-ﬁeatlng

Feedstock powder
(Si-wollastonite)

Substrate

Fig. 2. The scheme of selective laser melting process of Si-wollastonite scaffolds.
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6 Kev 8

Fig. 3. SEM of the precursor powder: a) silicon; b) wollastonite; ¢) mixture of silicon (50 wt%) and wollastonite powder (50 wt%); d) Energy dispersive spectroscopy
(EDS) of the mixture. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3. Results and discussion
3.1. Powder characterization

The SEM images of the precursor powders are shown in Fig. 3a, b.
Silicon particles are of irregular shape, while wollastonite particles are
of needle-like elongated morphology (acicular). Fig. 3c depicts the SEM
micrograph of the resultant composite powder after mixing. The coarse
silicon particles act as a substrate coated by acicular wollastonite par-
ticles. The needle-shaped wollastonite particles may contribute into an
increase in thermal shock resistance and strength of matrix by capti-
vating the force against fracture by hampering and altering crack pro-
pagation [34].

3.2. Processing

Fig. 4 (a,b) represents the front and isometric view of the CAD
model design. The pore size of biomaterial plays a critical role in bone
formation in vitro and in vivo. The minimum requirement for pore size
is considered~100 pm conditioned by the cell size, migration require-
ments of osteocytes and nutrients transport. However, the pore
sizes > 300 pm are recommended due to the boosted formation of a
new bone and capillaries. Because of vascularization, the pore size has
been shown to affect the progression of osteogenesis [35].

Henceforth, we selected spherical pores of 400um for the

(a)

production of bioceramic-based scaffold by the selective laser melting.

Both the laser energy and energy density have a key influence key
influence on the process for the production of the scaffolds. With a
relatively high laser current of 50W and 45W, the scaffolds developed a
large number of cracks, which can be attributed to unstable and
sometimes overheated formation of the exposed powder melt by the
laser. Table 3 lists the process parameters for materials sintering.

The powder mixture consists of two types of particles; therefore,
there is a unsubstantial temperature gradient in the molten pool, a steep
surface tension gradient, and resultant Marangoni flow, which induces
capillary forces for the liquid flow [36]. Differently orientated needle-
like wollastonite particles are subjected to a significant torque resulting
in crack formation. The S3 and S4 samples have reduced pore diameters
as the high thermal energy provided by the laser decreases the viscosity
of the molten powder allowing formation of the large droplets occu-
pying the pore volume. With relatively low laser current results in
brittle and easily breakable S7, S8 and S9 samples. Hereafter, the laser
power of 30 W was considered as the optimal power for reliable product
development.

3.3. XRD analysis and microstructure of as-fabricated scaffolds
The XRD spectrum of the feedstock powder and crushed scaffold

materials after processing of the scaffolds are represented in Fig. 5 (a,b)
illustrating presence of silicon, wollastonite and pseudowollastonite

(b)

Fig. 4. CAD model of the silicon-wollastonite scaffolds: a) front view; b) isometric view. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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Table 3
Process parameters and structural features of the scaffolds.

Samples  Laser power Energy density Characteristic features of the
w) (J/mm®) structures

S1 50 416 A lot of cracks

S2 45 375 Considerable amount of cracks

S3 40 333 Decreased pore size

S4 35 291 Decreased pore size

S5 32 266 Designed pore size and a low
number of cracks

S6 30 250 Designed pore size with proper
structural integrity

S7 25 208 Brittle

S8 22 183 Brittle

S9 20 167 Non-sintered

25 30 35 40 45 50 55 60 65 70
L | N N L /R NI FRL I
oSilicon ]
v Wollastonite
oPseudowollastoniteT

Intensity [A.U.]

25 30 35 40 45 50 55 60 65 70

20 [Degrees]

Fig. 5. XRD pattern of a) feedstock powder; b) Si-wollastonite scaffold obtained
at 30 W.

based on ICSD 00-027-1402, ICSD 04-016-5334 and ICSD 04-012-1776
reference patterns. It is obvious that melting of the powder in the ex-
posure of the laser has led to increase in the intensity of the peaks for
silicon and wollastonite meaning the increasing of the crystallinity of
the structure after SLM process. Additionally, pseudowollastonite phase
is also observed after the SLM process, which can be attributed to the
fact of transition of wollastonite 2 M phase to pseudowollastonite (a-
wollastonite) at the temperature above 1150 °C due to the laser inter-
action [37].

Fig. 6 (a,b) shows the SEM images of as-fabricated scaffold and
Fig. 6 (gh) the p-CT images of the scaffolds which are well com-
plemented to the CAD model in Fig. 4 (a,b). It is worthy to emphasize
that no organic binder materials are used to synthesize porous structure

Ceramics International 45 (2019) 24691-24701

eradicating completely the problem of volumetric shrinkage in the
product. In Refs. [38,39] a complex 3D ceramics architecture was found
to be far unfeasible due to shrinkage and under-sintered parts, which
can be attributed to a lack of binder material, some geometric limita-
tions, and a complicated technology. On the contrary, the scaffolds
produced in this work keep the CAD designed shape and size, Fig. 6
(a,g,h).

Additionally, a flaky-like surface morphology around the pores is
observed on the as-fabricated scaffolds, Fig. 6b, due to significant
thermal accumulation occurred in the molten pool induced by the laser.

The rough surfaces of the scaffolds exhibit a better bone healing
response as compared to the smooth surfaces due to enhanced osteo-
blast differentiation [40]. Therefore, the rough flaky-like surface mor-
phology would be conducive to bone cell adhesion and migration as
well as an improved osteogenesis. Fig. 6d depicts the EDS analysis of
the product with silicon in pink background and calcium in green
background. From the analysis, it is evident that silicon from the pre-
cursor powder makes the matrix containing well-dispersed calcium
from wollastonite.

The residual porosity observed in Fig. 6 (e,f) should not be seen as
an issue (micropores size is of 15-40 um) but instead is favourable for
cell adherence and penetration of body fluids. The development of the
hierarchical porosity (designed macro-porosity coupled with micro-
pores around the macro-pores) can contribute to a higher bone-indu-
cing protein adsorption and bone-like apatite formation by dissolution
and re-precipitation. Furthermore, recent studies have indicated that
multi-scale porous scaffolds involving both micro- and macro-porosity
have advantages over only macro-porous structures. Moreover, the
presence of residual pores provides an appropriate surface area for the
osteoblast adhesion and proliferation, and is expected to successfully
serve for active bonding with the bone tissue [38].

3.4. Porosity and mechanical properties

Skeletal bone structure is characterized by open-cellular porous
structure, where the bone stiffness depends not only on the intrinsic
modulus of elasticity, but also on the porosity or pore size. The actual
porosity of the scaffold evaluated by mercury intrusion porosimetery is
of 35%. The bulk and apparent (skeletal) density of the scaffold is 1.4 g/
cm® and 1.8 g/cm?, respectively. The laser machined titanium scaffolds
with porosity of 35% and pore size of 250 um have already been used in
femoral defects in rabbits [35].

One of a drawback in using the bioceramic scaffolds is their low
mechanical strength limiting their application in the load-bearing si-
tuations. One of the distinctive characteristics of the prepared scaffolds
is their relatively high mechanical strength allowing for load bearing
applications. Compression tests were stoped at the start of structure
brittle failure, corresponding to the maximum compression strength.
The measured compressive strength was determined to be linear till
110 MPa with a compressive strain of 6.4% at breakage followed by
non-linear behaviour (saw-tooth) as depicted in Fig. 7a. Modulus of
elasticity was found to be of around 2.9 GPa which is in vicinity to most
of the metallic scaffolds for load bearing applications [10]. The com-
pressive strength of the wollastonite is 14.9 MPa [39]. The compressive
strength of the composite bioceramic-based scaffolds might have been
inscreased beacuse of incorporating wollastonite with a needle-like
morphology.

The CAD modelled scaffold was considered to have the designed
porosity, Fig. 7b. The porous scaffold was fixed on the surface as illu-
strated in Fig. 7c, while the load was applied from the top to maintain
the uniformity with the experimental stress strain measurements. The
boundary conditions shown in the arrows illustrates the direction of the
constant deformation (0.5 mm/min) in Fig. 7c. The scaffold was con-
tinuously deformed in subsequent twenty-five sub steps until the
compact structure was obtained in Fig. 7d. The stress was homo-
genously disturbed onto the porous scaffold starting from the range of
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Fig. 6. a) SEM micrograph of the scaffolds as-obtained by SLM with pore size of 400 um; b) detailed pore morphology; c) cross-sectional details of the scaffold with
interconnected pore; d) EDS element mapping of the scaffold with silicon in pink and calcium in green color; e) and f) show the residual porosity around the pores of
the scaffolds indicated by red arrows; g) and h) p-CT images of the front and cross section details of the scaffolds. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. a) Compressive stress-strain response of the as-produced scaffolds; b) CAD design of Si-wollastonite scaffold; c) Finite element simulation analysis of the
porous composite scaffolds and the boundary conditions; d) Normal stress plot under compressive deformation.

68 MPa-273 MPa. Red dots depicted in Fig. 7d represent the separated
particles after the compression test indicating that a local stress has
even reached up to 293 MPa. Full analysis video documented in the
Supplementary material S1 illustrates that FE models (ANSYS software)
accounts for the increased volume fraction and thus proves the aptness
of FE models to compute scaffold compressive strength prior to in-vivo
experiments [41].
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Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ceramint.2019.08.208

Additionally, the analysis of the compressive strength (strength
decay) of the scaffolds was performed on the samples immersed into
Tris for 3, 7 and 14 days with the results listed in Fig. 8. The mechanical
strength of the scaffolds decreased down to 90 MPa when immersed for
two weeks. Additionally, it can be also observed in the microstructure

3 days

7 days

14 days

Fig. 8. Represents the bar graph of the compressive strength of the scaffolds after immersing in Tris buffer solution with the successive days and corresponding colour
boundaries with the microstructure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 9. Scanning electron microscopy (SEM) pictures of hydroxyapatite grown onto the scaffolds immersed in the SBF solution for (a) 3; (b) 7; (c) 14; (d) magnified

hydroxyapatite granules from Fig. 8c.

that attack by the Tris buffer is clearly visible. The rugged surface of the
scaffolds is clearly visible in Fig. 9 (a,b,c) which leads to the decrease in
the strength of the scaffolds as compared to as-produced scaffolds in
Fig. 12a.

3.5. Bioactivity

In vitro incubation in SBF solution is performed to access the ability
of the composite scaffolds for the nucleation and controlled growth of
the hydroxyapatite-like bioceramics. The specimens were immersed in
SBF solution and placed in an culture oven at 37 °C for 3, 7 and 14 days;
then the analysis of the chemical composition of the surface and its
morphology were carried out. The microstructural features of the
scaffolds after different time of immersion are shown in Fig. 9(a-d).

Hydroxyapatite (HA) crystals are well recognized by their globular
shape as illustrated in Fig. 9a. Increase in a soaking time results in the
development of a large surface area of the bioactive substrate to be
exposed to SBF, and therefore, may be considered as a foam-like mor-
phology, Fig. 9b. After 14 days of the test, the typical “cauliflower”
morphologies of HA formed on a scaffold were developed as illustrated
in Fig. 9 (c,d). The apatite-like granules were observed around the pores
produced by dissolution and re-precipitation mechanism and thus fa-
cilities the strong bonding of the bioceramics scaffold and the host bone
tissue [42].

Mechanism of deposition of HA granules can be explained based on
the supersaturated solution of SBF. A supersaturated solution of ions
provides nucleation sites to form HA layer onto the scaffolds. This nu-
cleation is delivered by the silanol ions (Si—-OH), which overcome the
activation energy and give nucleus for the HA precipitation [43]. The
dissolution of ions on the bioceramic surface locally increases their
concentration leading to the heterogeneous precipitation of the biolo-
gical apatite.

The hydroxyapatite profile is used as a standard for comparing the
deposition of the HA onto the scaffold in Fig. 10. The vibrational bands
at 432 cm ™! and 587 cm ™! are attributed to the O-P-O bending modes
[44]. The internal modes of the PO4>~ tetrahedral frequency 960 cm ~*
corresponds to the symmetric stretching of P-O bonds. The three high
intensities vibrational bands, as seen at the standard HA profile, are also
profoundly found. An intensive sharp peak at ~520 cm ™" is attributed
to the crystalline silicon presented in the material of scaffold.
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Fig. 12. a) The scaffold before immersion in Tris-HCl; b) scaffold after immersion in Tris-HCI on the 14th day.

3.6. Biodegradation of Si-wollastonite scaffolds

Fig. 11 shows the amounts of Si and Ca ions lixiviated to the solu-
tion and pH values in Tris solution after soaking scaffolds for different
periods. A gradual increase in the concentration of Ca and Si ions re-
leased from scaffold material is observed as a function of the soaking
time. Tris does not contain silicon ions and the concentration of silicon
species in Tris increased to 70 mg/L during the first 3 days and to
112 mg/L after 14 days. With time, the scaffolds lost their weight from
5.5% of its original weight during 3 days followed by 6.6% and 7.9%
lost on the 7th and 14th day, respectively.

On the other hand, the pH values of the scaffold-soaked Tris solution
slowly increased with the soaking time probably due to the chelation
effect of silicate group (Si0,4* ) with H* during material dissolution. It
has been reported that a weak alkaline microenvironment could en-
hance osteoblast viability and proliferation [45]. Thus, the limited in-
crease in pH value is thought to be favourable for osteogenic cell
growth in the porous constructs.

The microstructure of the scaffolds are analyzed to investigate the
effect of dissolution onto the surface of the scaffolds. The changes in the
microstructure of the scaffolds on the 3rd and 7th day is not that sub-
stantial as compared to the 14th day. Fig. 12b shows the surface of the
scaffolds designating the dissolution mechanism that leads to the for-
mation of the rugged surface after immersion of the scaffolds on the
14th day. The dissolution have been preferably taken on the specific
crystallographic planes leaving behind the ripples or rugged surface,
which have been attacked [46]. EDS analysis of area depicted in
Fig. 12a with the ratio of Ca/Si was 1.60 and after the dissolution on the
14th day was 0.65.

4. Discussion

It is worth to mention that a complex 3D bioceramics architecture
was found to be far unfeasible due to shrinkage and under-sintered
parts, which are inevitable outcomes in the porous constructs and can
be attributed to a lack of binder material, geometric limitations and a
complicated technology. Herein, we propose a novel strategy in order to
fulfil these loopholes by choosing a novel feedstock for the SLM process.
The novel feedstock allows to directly print the scaffolds which com-
prises of silicon (osteoinductive) and wollastonite (bioactive) elements
without involving binders and post-processing stages, which are gen-
erally expensive and time-consuming.

The SLM parameters optimization was done based on the energy
density parameter. Laser current was modulated from 20W to 50W
keeping the point distance of 10 um and exposure time of 125 us was
constant for all the scaffolds. The pore size and porosity plays a crucial
role in bone tissue engineering both in vitro and in vivo. The large pore
size (macro-porosity) designed to be 400 pm is relevant to the enhanced
osteogenesis since it favours angiogenesis and higher oxygenation of
the osteoblasts. Additionally, the residual pores (micro-porosity) can be
attributed to the powder morphology of the feedstock and mismatch of

the thermal expansion coefficients of silicon and wollastonite in the
composite. These residual pores can enhance the transport of the nu-
trients, oxygen to the tissues, removal of metabolic wastes of the cells
and infiltration of the simulating body fluid.

The compressive strength of the as-produced scaffolds is 110 MPa,
which is much higher as compared to the compressive strength of the
cancellous bone (1.5-7 MPa) and a little lower as compared to the
cortical bone (120-150 MPa) [14,15,24,26,27]. The non-linear zone of
the stress-strain curve (saw-tooth nature) in Fig. 7a is attributed to the
non-linear stress distribution onto the scaffold and reaching the ulti-
mate stress by some volume elements, which undergoes failure with a
compressive strain of 6.4%. The finite element simulation analysis
suggests that the red dots and the contours represent local stress up to
273 MPa (Fig. 7d), while the regions indicated in blue and light blue
shows the stress of 101 MPa henceforth indicating that the compressive
strength obtained from the finite element analysis well corroborated
with the experimentally recorded values.

5. Conclusions

In this study, Si-wollastonite scaffolds were obtained by selective
laser melting (SLM) with no addition of any binder material and
without geometric constraints. For this purpose a novel powders feed-
stock was designed. The following are the key observations:

1. A novel powder feedstock for SLM, which comprises of silicon (os-
teoinductive) and wollastonite (bioactive) elements, was developed
for fabrication of bio-active ceramic-based scaffolds.

2. Energy density was used to optimize the process of scaffolds fabri-
cation. Applying a high energy density up to 416 J/mm? results in
the development of cracked/defected scaffolds. On the contrary, a
low energy density of 167 J/mm? leads to the un-sintered and brittle
constructs. The energy density of 250J/mm® was selected as an
optimal one for the fabrication of silicon-wollastonite scaffolds with
pre-designed spherical pore size of 400 um in diameter.

3. The constructs exhibit the porosity of 35%, the compressive strength
of 110 MPa and modulus of elasticity of 2.9 GPa, which are accep-
table parameters for bone tissue engineering. The finite element
simulation results of the compressive strength of the scaffolds are in
a good agreement with the experimental values showing a local
stress reaching up to 293 MPa.

4. The compressive strength decreases from 110 MPa down to 90 MPa
after immersion of the scaffolds into Tris solution for 14 days.

5. The pore size, enhanced bioactivity and compressive strength of
110 MPa elucidated in this study for the scaffolds demonstrate the
potential use of Si-wollastonite scaffolds fabricated using the SLM
process in bone repair applications, especially for replacement of the
bone defects by designing and producing scaffolds with a similar
internal architecture or with required changes in the pore mor-
phology.
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In our previous study, we demonstrated that as-produced silicon-
wollastonite scaffolds with a pre-defined pore structure can also be used
as drug delivery vehicles with sustained delivery of antibiotic vanco-
mycin [47], with sudden burst of the antibiotic release (almost 40%) in
the first 40 h followed by sustain release of the almost next 30% of the
antibiotic in the passage of 160 h. Henceforth, combining the ability of
the additively manufactured novel scaffolds with the appropriate me-
chanical properties can extend applications of the developed structures
not only in bone tissue engineering but also for in-situ thin-wall skull
(maxillofacial) and dental applications.
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Abstract. Silicon—calcium silicate scaffolds were fabricated by selective laser melting (SLM). Rectangular composite scaffolds
with a pore size of 400 um were designed with dimensions of 10 x 20 x 5 mm’. For imparting controlled drug release capability,
scaffolds were covered with polycaprolactone (PCL) coatings for the sustained delivery of vancomycin. The drug release profile
of the coated scaffolds was studied by UV-visible spectroscopy. The encapsulated drug within the PCL coated scaffold exhibited
a controlled release of vancomycin. Nearly 50% of the vancomycin release from the scaffolds was observed during the first 40 h
followed by the sustained release of vancomycin of nearly 20% of the actual loaded drug for the next six days. These findings
suggest that SLM synthesized scaffolds with PCL coating can expand their applicability to be used as a target for Staphylococci
aureus bacteria, which often cause chronic infections such as chronic osteomyelitis in bone.

Key words: selective laser melting, 3D printing, bioceramic scaffolds, drug delivery.
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1. INTRODUCTION

Vancomycin is a peptide drug needed for the treatment
of serious, life-threatening infections by Gram-positive
bacteria, particularly for the treatment of chronic
osteomyelitis [1]. ‘Small colony variants’, a subpopu-
lation of Staphylococci aureus, have been described
as emerging pathogens and as another mechanism by
which S. aureus can evade the immune response and
antimicrobial therapy [2]. These bacteria often cause
antibiotic-refractory recurrent and chronic infections such
as chronic osteomyelitis [3].

Various studies have suggested that the local
application of antimicrobials clearly provides higher
local antibiotic concentrations than those achieved with
intravenous application [4,5]. The most frequently studied
material is polymethylmethacrylate (PMMA) serving
as a carrier for the local delivery of antibiotics [6].
However, PMMA beads are associated with some
drawbacks including an antibiotic delivery, as the carrier
material is not degradable, and induction of foreign
body reaction of the immune system [7]. The emerging
3D printing technologies, 3D scaffolds, are nowadays
used as carriers for a better and controllable local delivery
of antibiotics.

The composite scaffolds manufactured by 3D printing
are used for drug loading to study the sustained release
properties for bone tissue engineering [8]. Du et al. [9]
recently printed macro/meso-porous composite scaffolds,
which are loaded with high dosages of isoniazid/rifampin
against anti-osteoarticular tuberculosis. These scaffolds
show a greatly prolonged drug release time as compared
to the commercial calcium phosphate scaffolds both
in vitro and in vivo, with the combined merits of
osseous regeneration and local multi-drug therapy.
In the study by Zhang et al. [10] magnetic Fe;O,4
nanoparticles incorporated onto mesoporous bioactive
glass/polycaprolactone (PCL) composite scaffolds were
fabricated by 3D printing. Incorporation of magnetic
Fe;0,4 nanoparticles into bioactive glass/PCL scaffolds
not only influenced the apatite mineralization (bioactivity)
ability, but also resulted in an excellent magnetic heating
ability and significantly stimulated cell proliferation and
differentiation. Moreover, when doxorubicin was used
as a model anticancer drug, Fe;O4/bioactive glass/PCL
scaffolds exhibited a sustained drug release for use in
local drug delivery therapy. Zhou et al. [11] tested and
designed a novel composite scaffold with antibacterial
efficacy for treating bone infections using a 3D printed
poly(e-caprolactone) (PCL) scaffold coated with poly-
dopamine (PDA) for the adsorption of polylactic
acid—glycolic acid (PLGA) microspheres loaded with
vancomycin.

The innovative concept of surgical implantation
of high osteogenic scaffolds with tailored hierarchical
meso-macroporosity followed by local drug delivery
could provide a new synergistic strategy for treating
bone repair and infection. Herein, we synthesized novel
Si—CaSiO; composite scaffolds with the single-step
technology and without addition of binders by selective
laser melting (SLM) for local delivery of vancomycin.
The high surface area, large pore volume, and meso-
porous structure of Si—CaSiO; scaffolds printed by
SLM is beneficial for the enhancement of local
delivery of vancomycin. At the same time, the 3D
printing technique allows controlling the level of
porosity of the as-synthesized scaffolds. The aim of
the study was to use bioceramic scaffolds synthesized
by 3D printing and to investigate the local sustained
delivery of vancomycin for treating chronic osteomyelitis
infection.

2. EXPERIMENTAL

2.1. Synthesis of the bioceramic scaffolds

The starting powder materials were >99.9% purity
wollastonite (CaSiOs) (Aldrich) with a particle size of
1-5 um and >99.5% purity silicon (Silgrain-Elkem)
with a mean particle size ranging from 10 to 44 um.
The powders were mixed in 50/50 wt% in ethanol with
50 rpm for 3 h, and later the powder mixture was kept
for drying in a furnace.

The melting of the mixed powder was performed by
the SLM technique using a Metal 3D printer (ReaLizer
GmbH SLM-50, Germany) equipped with a YAG: Nd**
laser with a maximum output power of 120 W, laser
spot size of 15-80 um, and computer-controlled laser
beam scan velocity of up to 1000 mm/s. The process
was performed in a chamber sealed with high-purity
argon (99.999 vol%) to avoid oxidation and degradation
of the powder.

2.2. Procedures of loading vancomycin onto PCL-
coated bioceramic scaffolds

The coating of the as-fabricated bioceramic scaffolds
(Si—CaSi0O;) was prepared by dissolving 7.5 wt% of
polycaprolactone (PCL) solution in dichloromethane
(DMC), both from Sigma Aldrich, for 10 min at 37 °C
using a magnetic stirrer. Vancomycin hydrochloride
(Fig. 1) with a concentration of 19.2 mg/mL was added
to the coating solution and stirred additionally for 5 min.
Then, the as-fabricated scaffolds with a weight of 1 gm
were dipped into the coating solution for 10 min in
vacuum. Under vacuum the coating solution containing
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Fig. 1. Vancomycin hydrochloride molecule (a) and PCL molecule (b).

vancomycin promotes the penetration of the vancomycin
inside the porous network of the bioceramic scaffolds.
In fact, under normal pressure, the surface tension of the
liquid prevents the infiltration of vancomysin into the
pores of the scaffold. Allowing displacement of the
air within the pores of the scaffolds with vancomycin
solution by lowering the pressure can enhance the
amount of vancomycin adsorbed and/or the rate of its
penetration.

The scaffolds were placed in 60 mL vials containing
simulating body fluid (SBF) into a shaking incubator at
a constant speed of 240 rpm at 37 °C for some days.
The vancomycin release measurements were carried
out by using UV/vis spectroscopy at a wavelength of
280 nm with the correlation coefficient of R*=0.9999
for the calibration curve between the absorbance and
vancomycin concentration.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the bioceramic scaffolds by
selective laser melting

Figure 2(a) illustrates the as-synthesized bioceramic
scaffold (Si—CaSiOs) printed by SLM, and Fig. 2(b)
depicts the microstructure of the scaffolds. Both of the
figures show that scaffolds can be fabricated by layer-
by-layer melting despite the fact that the ceramics have
a low absorption of laser beam energy and poor thermal
shock resistance [12].

The macroporosity (pore size 400 =20 um) achieved
was in accordance with the design of the model.
Additionally, mesoporosity (pore size 15-50 um), indi-
cated by a blue circle on the image presented in Fig. 2(b),
is observed and can be attributed to the interconnectivity
of the macropores for the infiltration of SBF.

Fig. 2. As-synthesized Si—CaSiOs scaffolds printed by selective laser melting (a) and the microstructure of the scaffolds with
macropores (~400 um) and mesopores (blue circles, pore size ~15-50 pm) (b).
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The capability of 3D printing techniques of pro-
ducing scaffolds with structural anisotropy is well
documented [13]. Macroporosity is required for large
drug loading capacity, osteoid growth, which facilitates
the proliferation of cells, vascular growth, and internal
mineralized bone formation (osseous regeneration) [14].
The mesoporosity obtained can serve for cell attachment
and for the infiltration of the SBF [15]. Hence, the
fabricated bioceramic scaffold with hierarchical porosity
(designed macroporosity with mesoporosity around the
pores) can mimic the structure of the native tissues with
concurrent drug delivering ability and simultaneously
mimic the biological requirements.

3.2. PCL coatings onto bioceramic scaffolds

The SEM images of the bioceramic scaffolds with PCL
coating are represented in Fig. 3. The porosity of the

Fig. 3. PCL-coated bioceramic scaffold: (a) the whole scaffold
after PCL addition and (b) the interconnective stem.
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Fig. 4. Vancomycin release profiles from bioceramic scaffolds
as a function of release time of vancomycin immersed in
simulating body fluids SBF indicating typical drug release
kinetics: 1 — fast/burst release, 2 — slow release of vancomycin.

Si—CaSiO; scaffolds measured by mercury intrusion
porosimetry was approximately 35%. When PCL was
coated onto the scaffolds, the morphology of the scaffolds
changed slightly. The interconnective stem connecting
the pores became thicker (Fig. 3b) and some mesopores
were partially closed (Fig. 3a). As they possess good bio-
resorbability and biocompatibility and show a shielding
behaviour for the controlled drug release applications,
PCL coatings are widely used in bone tissue engineering
[16]. The incorporation of PCL coatings onto bioceramic
has yielded a class of biomaterials with remarkably
improved mechanical properties, controllable degradation
rates, and enhanced bioactivity, which makes these
materials suitable for bone tissue engineering. Henceforth,
scaffolds are coated with PCL to achieve controlled
vancomycin delivery as illustrated in Fig. 4. The morpho-
logical features of the coating layer are similar to the
reported scaffolds with exactly similar pore size [17].

3.3. Drug release profiles of scaffolds

The fabricated bioceramic scaffolds with porosity
may have noteworthy applications for the release
of vancomycin. The results demonstrated that the
vancomycin loading efficiency (Miaded drug/Mcarrier, ME/8)
reached up to 16.73 + 0.82 mg/g. Figure 4 shows the
release profiles of vancomycin drug from the scaffolds
in SBF at 37 °C. It is clear that vancomycin loaded onto
the scaffolds had an obvious two-step release behaviour
with an initial fast release and a subsequent relatively
slow release stage. The scaffolds exhibited sustained
release behaviour throughout the whole study period.
More than 50% of the cumulative loaded vancomycin
was released from the scaffolds during the first 40 h,
followed by a sustained release of nearly 20% of the
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vancomycin during the next six days. The subsequent
release rate significantly decreased with time, but the
cumulative release kept slowly increasing during the
next six days, reaching the maximum release of 70% of
the loaded vancomycin. The fast drug release can be
attributed to the macropores (open porosity) of the
scaffolds [18,19]. On the contrary, a slow and sustained
drug release can be ascribed to the microporosity of the
scaffolds and the release of the vancomycin molecule
on the external macropore walls bound by the PCL
molecule. To put it in a nutshell, the macro/mesoporous
structures of bioactive materials have a sustained release
behaviour of vancomycin delivery.

4. CONCLUSIONS

Selective laser melting allows fabrication of 3D porous
bioceramic (Si—CaSiOs) scaffolds. The results showed
that bioceramic scaffolds had a regular circular macro-
pore structure with pore size and porosity of ~400 pm and
35%, respectively. Additionally, mesopores were obtained
with pore size from 15 to 50 um. The controllable
porosity at both macro- and mesolevels combined
with a biocompatible polymer (PCL) coating made it
possible to fabricate scaffolds for bone regeneration and
to sustain the release of vancomycin. Release of nearly
50% of the vancomycin from the scaffolds was observed
during the first 40 h followed by sustained release of
nearly 20% of the actually loaded vancomycin for the
next six days.
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Biokeraamiliste nanovdrgustike aditiivne valmistamine vankomiitsiini kontrollitud
vabanemiseks

Nikhil Kamboj, Miguel A. Rodriguez, Ramin Rahmani, Konda Gokuldoss Prashanth
ja Irina Hussainova

Selektiivset lasersulamit on kdesolevas tods kasutatud 3D struktureeritud poorsete biokeraamiliste (Si—CaSiO;)
struktuursete nanovorgustike valmistamiseks. Valmistati ristkiilikukujulised komposiidist nanovorgustikud mdotme-
tega 10 x 20 x 5 mm®, mille pooride suurus on 400 pm. Tulemused niitasid, et biokeraamilised struktuurid olid
regulaarsed ja timara kujuga makropoorsusega, kusjuures pooride suurus ja poorsuse vaartus olid vastavalt ~400 pm
ning 35%. Lisaks sellele saadi ka mesopoorid poori suurusega 15-50 pm. Kaetud nanovdrgustike puhul uuriti ravimi
vabanemise profiili UV-ndhtava spektroskoopia abil. Ligikaudu 50% vankomiitsiini vabanes nanovorgustikust esimese
40 tunni jooksul, millele jérgnes iihtlane vankomiitsiini vabanemine jargmise kuue pdeva jooksul peaaegu 20% ulatuses
algsest ravimi kogusest.
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ARTICLE INFO ABSTRACT

Keywords: The scaffolds, which morphologically and physiologically mimic natural features of the bone, are of high de-
Additive manufacturing mand for regenerative medicine. To address this challenge, we have developed innovative bioactive porous
Scaffolds

silicon- wollastonite substrates for bone tissue engineering. Additive manufacturing through selective laser
melting approach has been exploited to fabricate scaffolds of different architecture. Unique material combining
osteoinductivity, osteoconductivity and bioactive elements allows flexibility in design. As the porous structure is
required for the ingrowth of the bone tissue, the CAD designed scaffolds with pore size of 400 pm and hier-

Biomimetic design
Porous silicon
Wollastonite

Bone
Finite element analysis archical gradient of pore size from 50 pm to 350 pm have been 3D printed and tested in vitro. The scaffolds have
Ossification demonstrated not only the enhanced viability and differential patterning of human mesenchymal cells (hMSC)

guided by the biomimetic design onto extra and intra scaffold space but also promoted the osteogenic differ-
entiation in vitro. Both homogeneous and gradient scaffolds have shown the differential expression of primary
transcription factors (RUNX2, OSX), anti-inflammatory factors and cytokines, which are important for the
regulation of ossification. The effective elastic modulus and compressive strength of scaffolds have been cal-
culated as 1.1 * 0.9 GPa and 37 =+ 13.5 MPa with progressive failure for homogeneous structured scaffold;
and 1.8 * 0.9 GPa and 71 * 9.5 MPa for gradient-structured scaffold with saw-tooth fracture mode and
sudden incognito failure zones. The finite element analysis reveals more bulk stress onto the gradient scaffolds
when compared to the homogeneous counterpart. The findings demonstrate that as-produced composite ceramic
scaffolds can pave the way for treating specific orthopaedic defects by tailoring the design through additive
manufacturing.

1. Introduction performance.

Bone performance can be characterized in terms of geometry,

The fusion of additive manufacturing (AM) with tissue engineering
has revolutionized the production of novel customized scaffolds. A
biomimetic approach to design a substrate inspired by a bone structure
combined with capability of the AM to create complex architectures
allow fabrication of constructs applicable for tissue engineering and
regenerative medicine. With AM as a manufacturing tool and advanced
methods of synthesis, the novel composite materials of tailored geo-
metry and properties can be successfully produced to overcome lim-
itations in medicine, renewable energy, and many other fields. In par-
ticular, the expansion of AM technology to bone tissue engineering has
resulted in production of free-form porous scaffolds of well-controlled
pore size, shape and volume without sacrificing the mechanical

* Corresponding author.
E-mail address: mar@icv.csic.es (M.A. Rodriguez).
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stiffness and toughness due to the hierarchical organization of the
structure, which has been perfectly elaborated by nature. Therefore,
there are certain requirements for the scaffold to be ideally applied for
bone tissue engineering. The predominant objective of the scaffold is to
mimic the natural features of the bone; the substrate should be bio-
compatible, bioactive and biodegradable, osteconductive and os-
teoinductive, providing open porosity, while possessing suitable
strength and toughness to facilitate bone repair through remodelling
and regeneration [1]. Consequently, an impeccable scaffold or bioma-
terial should not only act as a matrix promoting the osteoblast adhesion
but also regulate the biochemical signalling pathways simulating the
osteoblast behaviour for bone tissue engineering [2]. Moreover, a
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versatile scaffold shaped by additive manufacturing techniques can
closely fit into the patient's body to heal either long size or critical sized
defects.

A wide variety of biomaterials for bone tissue engineering has re-
cently been developed. Amongst them, there are metallic, ceramics,
polymeric and composite scaffolds. The most commonly used metallic
scaffolds encircled around stainless steel and titanium-based and metal
matrix based biomaterials. However, their low degradability and re-
sorption, relatively high stiffness and stress-shielding phenomenon
impede a native tissue from mechanical stimulation [3]. On the coun-
terpart various natural and synthetic clustering ceramics and polymers,
have been extensively used. The ceramics and polymers attempt to
fulfill the gap left by metallic scaffolds by exhibiting good degrad-
ability, biocompatibility, controlled resorption for consecutive neo-
formation of the bone, and untroublesome tampering in the degrada-
tion through copolymerisation and changes in hydrophobicity and
crystalline structure [3]. Nonetheless, the single phase scaffold com-
prising either ceramic or polymer material limits the applications to
non-loading bearing applications and non-critical sized defects.

In order to unravel the problem, various bio-composites have been
tested. The primary objective of the composite scaffold is to coalesce
two or more materials to improve the printability of the constructs with
tailored architecture and required mechanical performance [4]. Wol-
lastonite, a naturally occurring calcium silicate mineral, has been ex-
tensively used as an active filler in both ceramic-ceramic and ceramic-
polymer composites due to the mechanical properties, which can be
accredited to its acicular structure, and its ability to hamper the fracture
by impeding the crack pathway [5]. The hydrophilic nature of the
wollastonite facilitates the formation of the apatite layer promoting
wollastonite usage for bone tissue regeneration. Moreover, the early
stage lixiviated calcium ions from wollastonite regulate the osteoblast
proliferation and differentiation [6] and have the potential to upregu-
late several bone markers genes expression of the stem cells such as
BMP-2, RUNX2 gene, transforming growth factor (TGF-f), ALP and
osteocalcin in-vitro. Ions of silicon are not only involved into secretion
of extracellular matrix, but also play a crucial role in activation or de-
activation of mitogen-activated protein kinase (MAPK) MAPK/ERK and
MAPK/p38 signalling pathway [7]. Additionally, wollastonite based
silicate materials may influence the regulation of immunomodulation
causing the downregulation of the inflammatory MAPK and NF- kB
signalling pathways and the upregulation of the apoptosis of macro-
phages by a caspase-dependent pathway [8].

Wollastonite added ceramic-polymer composites, which were ex-
plored as the potential orthopaedic implants, are mostly fabricated with
the help of physicochemical and thermomechanical methods, which are
constrained in freedom of design. Over the past few years, additive
manufacturing has been used as a tool to fabricate the wollastonite-
based composites for bone tissue engineering. Recently, the “diamond
cell” architectured wollastonite-diopside glass-ceramics biocomposites
were produced by digital light processing (DLP) with [9] apatite-wol-
lastonite reinforced PLLA matrix scaffolds was fabricated using a fused
filament approach [10]. The new dilute Mg-doping f phase of wollas-
tonite scaffolds was prepared by direct ink writing [11]. The apatite-
wollastonite-poly (lactic acid) scaffolds was fabricated by two step
technology comprising 3D printing of PLA matrix which was subse-
quently followed by thermal treatment to form hybrid material [12].
The bioactive wollastonite and wollastonite-based composites have the
property of osteoconduction and bonding with the living bone tissue by
the so-called process of “bonding osteogenesis”. However, the bioac-
tivity is not only the important key factor to determine the ideal scaf-
fold but also it should possess good degradability and osteoinductive
properties too. The scaffolds for the bone repair should degrade over
the passage of time; and the degradation should be neither too fast [13]
nor too slow [14].

One of the osteoinductive and biodegradable materials, which is
used over the past two decade, is porous silicon, as silicon plays a

Materials Science & Engineering C 116 (2020) 111223

crucial rule in the development and nourishment of the bone. Silicon
matrix is well sustained in the human body with neither inflammatory
nor infectious reactions of the host. Additionally, the porous silicon
matrix, when hydrolysed by body fluids, is converted to non-toxic silicic
acid - the major form of silicon in the human body [15] and may be
beneficial for creation of a cell interface to support osteoblast and
collagen fibrils [16] and inhibition of osteoclasts development and bone
resorption activities [17]. Porous silicon is also proven to play a vital
role in assisting and promoting the formation of the actin microfila-
ments from the stem cells [18]. Pairing of porous silicon and human
mesenchymal cells (hMSC) has led to various therapeutic effects for the
regenerative medicine and personalized medicine, which can be at-
tributed to the ability of MSC to differentiate and self-renew to multiple
tissues [16,19,20].

Tailoring the pore morphology, porosity and size can affect the
physiological fluid rate; particle size distribution can hamper extra-
cellular enzyme activity, divergent gene expression; and crystallinity
can alter intercellular activity. For instance, tuning of the pore size of
porous silicon has resulted in differential expression of bone marker
genes and neuronal associated genes [21]. The micropores of 10-50 pm
are required for physiological fluid infiltration, cell adhesion, rapid
exchange and diffusion of oxygen and nutrients and waste clearance
[22]. The macropores sizes from 100 to 400 um are needed for the cell
infiltration and building of new bone tissue layers [22,23]. The porous
silicon matrix has been usually fabricated by conventional anodization
and stain etching methods for porosification. The laser-assisted ap-
proaches combined with precise bioinspired design have never been
reported in the literature.

In this work, the approach of additive manufacturing through a
selective laser melting (SLM) as an effective technique to fabricate a
novel metalloid/ceramic composite scaffold is used for the first time.
Unique material combining osteoinductivity with osteoconductivity
and bioactivity is developed allowing flexibility in design and lack of
volumetric shrinkage. The material of macro-porous silicon reinforced
by bioactive acicular wollastonite, which is produced with customized
complex geometry and porosity, is an effective solution for bone tissue
engineering. Homogeneous and gradient scaffolds of distinct geome-
tries, which previously could not be easily engineered, were designed to
mimic the microenvironment of the bone. For instance, structural gra-
dient of the radially distributed pores can facilitate a long bone for-
mation; whereas the axially distributed pores can enhance a flat bone
formation [22]. The gradient scaffold not only improve the cell-seeding
efficiency, but also assist the osteogeneic differentiation due to avail-
ability of nutrients and subsequent tissue development [24].This kind
of fabrication technology with biomimetic design for homogeneous and
gradient scaffolds can further guide the stem cells behaviour to the
differential expression of the biological signalling molecules.

2. Experimental
2.1. Scaffolds design

To fabricate three-dimensional scaffolds of 6 mm in height and
5 mm in diameter, a computer aided design was sketched with the pore
diameters for the homogeneous(H) scaffolds to be 400 pm and the
gradient scaffolds(G) from 50 pym to 350 pm using SOLIDWORKS®
(Dassault Systems, USA) as shown in Table 1.

2.2. Powder feedstock

The material used was a mixture of 30 wt% silicon and 70 wt%
wollastonite. The powders of silicon (> 99.9% purity, particle size
range 10-44 pm, Silgrain-Elkem, Fig. 1a) and wollastonite (> 99.9%
purity, particle size range 1-10 pm, NYCD® M1250, Fig. 1b) were mixed
in the Turbula® shaker for 3 h with ethanol using ZrO, balls. The ob-
tained mixture was dried in an oven heated to 120 °C for 24 h.
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Table 1
Morphology and CAD 3D design of the scaffolds.
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Table 2
Process parameters.

Type of scaffold Pore size ~ Designed pores CAD 3D design Samples Laser power (W) Energy density (J/mm®)
Homogenous (H) 400 pm Macroporous silicon 34 283

Bulk composite 32 267

(H) and (G) scaffolds 26 217

Gradient (G)

50 pm
o - .

2.3. Processing

Scaffolds were fabricated by metal 3D printer using a commercial
ReaLizer GmbH SLM-50, Germany, SLM system. The optimized process
parameters were applied for production of the porous substrates with
layer thickness of 25 um, hatch distance of 60 pm, and point distance of
10 um at a scanning speed of 80 mm/s. Additionally, the macroporous
silicon scaffolds of the same CAD design were manufactured exploiting
the process parameters as specified in Table 2. The procedure was
performed under the high purity argon (99.999 vol%) in order to avoid
undesirable oxidation. During SLM, a rubber wiper spreads the com-
posite powder feedstock over the surface of a stainless steel cylindrical
platform. No post-treatment of the sintered materials was required after
SLM, which ultimately reduces the cost of the whole process. The loose
powder adhered to the scaffolds was removed by a sonicator kept in
ethanol for 15 min.

2.4. Microstructural analysis

Phase composition of the crushed scaffolds was evaluated by X-ray
diffraction (XRD; D5005, Bruker, USA) operating at CuKal radiation
(A = 1.5406 A) with a step of 0.02° (20) in the range of 20° - 70° with
the assessment and optimization of the relative counts by Rietveld re-
finement method. Scanning electron microscopy (SEM Zeiss EVO MA
15, Germany) equipped with EDS with a voltage of up to 20 kV and
magnifications up to 50 kX was used for examination of the as-produced
products. The gold-coated samples were studied under secondary and
backscattered electrons modes. The front and cross section details of the
scaffolds were examined using MEDIX technology MXT 225 HU-CT
machine. A rotational step of 0.9° over an angle of 180° was imposed to
obtain the images of the scaffolds. The images of the (H) and (G)
scaffolds were taken from three different samples of each type. The
visualization and 3D representation of the scaffold were performed
through p-CT analyser. The scaffolds were reconstructed comprising

120 slices using a circular region of interest (ROI). Subsequently, the
identical threshold values were defined for the same region of (H) and
(G) scaffolds in all three different samples of each type in-order to
minimize the image noise and differentiate between the dense materials
from pores. The threshold values were reformulated and inverted to
obtain the porosity of the scaffolds.

2.5. Compression tests

The cylindrical porous samples of 6 mm ( = 0.1 mm) in diameter
and 5 mm ( = 0.1 mm) in height were tested under compression at
room temperature at an applied strain rate of 0.5 mm min ~' using the
servo-hydraulic model 8500 universal testing machine (Instron Itd.,
UK). The compressive load and displacement were recorded at each
0.1 s intervals during testing. Elastic modulus and maximum com-
pressive strength were determined using software associated with the
testing machine. The compressive strength of the scaffolds were also
measured after immersing in Tris buffer solution at pH 7.4 and 37 °C for
3, 7 and 14 days (solution volume to scaffold mass: 1 L/g), which later
were dried at 120 °C. All the compressive strength measurements on the
scaffolds were performed at room temperature.

The mechanical performance of the structures was also evaluated
computationally using a finite element (FE) analysis. Modelling was
carried out on the scaffolds with a constant deformation rate of
0.5 mm min~"' in order to be consistent with the experimental com-
pression uniaxial deformation. The commercial FE ANSYS® 17.2
package was used for the estimation of a local stress distribution. The
10 noded tetrahedral elements were introduced in order to achieve the
fine mesh structure.

2.6. Cell cultures and cell staining

Human MSCs were obtained from a freshly isolated subcutaneous
adipose tissue as detailed in [25]. Cells were grown in DMEM with 10%
FBS, 1 mg/mL penicillin and 0.1 mg/mL streptomycin at 37 °C in 5%
CO,. UV-C treatment was imparted to the scaffolds to prevent any
contamination to the cell culture. The scaffolds were infiltrated with
nutrients from DMEM consecutively three times in the passage of 24 h
prior to cell seeding in order to saturate the scaffolds with the active
components from the medium.

The hMSCs were seeded on the surface of the scaffolds in 12-well
plate at 4 x 10* per well, correspondently. On the counterpart, similar

Fig. 1. Microstructure of the precursor powders: a) silicon; b) acicular wollastonite; ¢) mixed powder.
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cells were grown on the flat glass with the same culture condition to be
used as the control and reference. The visualization of the cells adhered
onto the scaffolds was performed using a specific to filamentous actin
(F-actin) phalloidin tagged by FITC (Sigma). The cells were fixed by 4%
PFA at 48 h after seeding, washed by PBS and permeabilized by 0.3%
TRITON X-100 in PBS for 5 min. The scaffolds were kept for 18 h at
4 °C, which allows Phalloidin-FITC (1:100) staining, and 2 h at RT for
cells cultured on the flat glass (control). For nucleus staining, cells were
incubated with Hoechst 33342 (Invitrogen, 1 pg/mL) for 10 min. After
a final PBS wash, the phalloidin-stained cells were analysed by Nikon
Eclipse 80i microscope

2.7. RNA extraction, cDNA synthesis and RT-qPCR of osteogenic genes

4 x 10* cells were seeded per each scaffold or cell culture well.
RNAs were extracted directly from cells grown on the scaffolds by in-
vitrogen kit according to the manufacturer's recommendations. Equal
amount of RNA concentrations were used for (H) and (G) scaffold with
the concentration of 30 ng/ul. The cDNAs were synthesized from
9.75 pl of DNase-treated (Ambion) RNA with 22.75 pl RevertAid
Reverse Transcriptase (Thermo Fisher Scientific). The quality of the
cDNA was affirmed by RT-PCR using GAPDH primers and HOT
FIREpol® Master Mix (Solis Biodyne, Estonia). To evaluate the level of
osteogenic differentiation, such kind of genes were analysed after
21 days: OCN, OPN, COLlal, RUNX2, OSAD, ALP, MSX2, TFGp, IL8
and TSG6. The experiments were performed in triplicates using
EvaGreen gPCR mix plus no Rox (Solis Biodyne, Estonia) and the
StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). The
fold change of the gene taken into consideration was calculated rela-
tively to the control (cells grown without scaffolds) after normalisation
to GAPDH expression, using 2-AACt method (double difference of Ct).
The values were respectively calculated as ACt = Ct(gene of
interest) — Ct(GAPDH), and AACt = ACt(treated) — ACt(control) [26].
Henceforth the illustrated data represents the two different and in-
dependent analyses normalized to the level of expression of hMSC [cells
grown excluding porous silicon-wollastonite scaffolds] and further
converted to log scale.

2.8. Statistical analysis

The values were presented as the mean = SD and analysed with
Student's t-test, in which differences were considered statistically sig-
nificant when p < 0.05.
3. Results

3.1. Silicon scaffolds

Fig. 2(a, b) shows the SLM fabricated porous silicon scaffold. The
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CAD designed pores of 400 um are well recognized in the SEM images.

The morphology of the scaffolds depends on the process parameters
(laser power and energy density) to a great degree. Recent study [27]
has demonstrated that the laser power of 34 W with the energy density
of 283 J/mm® is suitable for complete densification of the silicon
powder by SLM. Herein, the laser current of 32 W with the energy
density of 266 J/mm® was applied for fabrication of the silicon scaffolds
with the pore size of 400 pm (Table 2) conditioned by the fact that a
high laser energy can significantly reduce the viscosity of the molten
silicon, which can readily flow to join the large droplets in the melt
pool, and decrease the pore size in the construct. Furthermore, the
Nd>*: YAG laser contributes to the sintering of silicon particles and
formation of a porous silicon matrix as shown in Fig. 2(a, b). The dif-
ferential pattern of the silicon particles adhesion after the SLM pro-
cessing and the intrinsic feature of the SLM technique imparts surface
roughness on the scale of several micrometres [28].

The next step was to fabricate the silicon-wollastonite composite
scaffold with a different geometrical design (H or G, Table 2) compa-
tible for bone tissue engineering and taking into consideration the
process parameters window working for SLM of the pure silicon.

3.2. Analysis of composition

After SLM processing, the main phases detected in the scaffolds
were silicon [ICSD, 00-027-1402, cubic], wollastonite [ICSD, 04-016-
5334, Triclinic] and pseudo-wollastonite [ICSD, 04-012-1776,
Monoclinic]. In the previous study [29], the silicon-wollastonite based
scaffolds with 50-wt% of each component have shown an evidently
pronounced increase in the crystallinity of the phases after SLM as
compared to the powder feedstock.

As it can be observed from Fig. 3(a, b) there is no noticeable dif-
ference in the phases presented in homogenous and gradient scaffolds
suggesting the homogeneous mixtures of the powders, as well as re-
peatability and reproducibility of the process. The acicular wollastonite
interaction with the Nd®** YAG laser had led to a higher temperature
polymorph of wollastonite or pseudo-wollastonite. The upper tem-
perature stability of wollastonite is 1150 °C, and beyond that, there is a
transition to pseudo-wollastonite phase. The pseudo-wollastonite can
also be recognized in Fig. 3(a, b), which confirms the co-existence of
wollastonite and pseudo-wollastonite. This can be attributed to the fact
that the melt pool formed was not uniform, which was conditioned by
irregular shaped powder particles. The wollastonite and pseudo-wol-
lastonite phases were detected in both (H) and (G) scaffolds. In prin-
cipal, the pseudo-wollastonite is considered as a promising material for
bone generation and can enhance cell activity and osteoblast differ-
entiation [30]. The difference between the phases is the crystal struc-
ture: a “three-ring silicate” crystal structure of a stable wollastonite as
compared to a “chain-silicate” structure of unstable wollastonite, i.e.
pseudo-wollastonite [31].

Fig. 2. SEM micrographs of macroporous silicon scaffolds.
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Fig. 3. XRD of the SLM processed crushed scaffolds; a) (H); b) (G) scaffolds.

3.3. SLM fabricated composite scaffolds

Fig. 4 represents the scaffolds design depicting its pore morphology
and 3D models. The (H) scaffolds with pore size of 400 um and (G)
scaffolds with gradient pore size from 50 to 350 pum clearly replicated
the scaffolds microstructure given in Fig. 4(a, d). The (G) scaffold was
designed to have both radial and longitudinal gradient in pore size
required for both long bones and flat bones, as small pores allow high
vascularization and large pores facilitate direct osteogenesis and for-
mation of the multiple tissues and tissue interfaces [22].

The gradient in (G) scaffold longitudinal pore size is demonstrated
in Fig. 4(d). The pores connectivity is slightly different in (G) and (H)
scaffolds. Representative SEM images of (H) scaffolds in Fig. 4(a, c)
shows the continuous connectivity of at least four macropores with the
interconnected strut as observed in the porous silicon scaffolds in
Fig. 2b. On the counterpart, the pores of the gradient scaffolds are not
connected being separated in longitudinal and radial direction
(Fig. 4(d)).

Wollastonite is quite homogeneously dispersed throughout silicon
as depicted by the EDS elemental mapping, which displays Si in green
and calcium in red, Fig. 4(b, e).

Fig. 4(c, f) show the p-CT images of the (H) and (G) scaffolds with
the macropores, respectively. The composition of silicon and wollas-
tonite was opted since silicon being osteoconductive and osteoinductive
and wollastonite imparts bioactivity to the scaffold. For (H) and (G)
scaffolds, the p-CT of the five samples was taken into consideration and
a total porosity of 41 vol% and 30 vol% was measured, correspond-
ingly. The pores gradient from the small to larger ones is demonstrated
with the help of a red arrow in p-CT image of the (G) scaffold, Fig. 4(f).
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The supremacy of the SLM technique as compared to other AM ap-
proaches can be accredited to the fabrication of substrates with dif-
ferent porosity, controllable pore size, no binder addition and no post-
processing stages. Furthermore, removal of binder, geometric con-
straints, sintering and other additional treatment steps are not only time
consuming, but also affects the degradation of physical-chemical
characteristics of the as-produced porous scaffolds.

3.4. Silicon matrix containing acicular wollastonite

Fig. 5 demonstrates the localization of silicon and wollastonite
particles throughout the (H) scaffold and a bulk comprising the same
composition. Relatively large areas of Si can be attributed to much
more likely laser interaction with the large particles (silicon) than with
smaller acicular particles (wollastonite).

The wollastonite particles are clearly recognizable being embedded
onto the silicon matrix as indicated by arrows in Fig. 5(b). The bioactive
particles of wollastonite are supposed to leach in the body fluids first.
The authors' study [29] has indicated the degradation of as-fabricated
scaffolds with 50 wt% of each component and revealed that the Ca/Si
ratio was 1.60 after the first day of the test, and decreased to 0.65 after
the 14th day. Such kind of behaviour suggests the release of wollasto-
nite in Tris buffer, which evidences the attachment of wollastonite to
the particles onto the silicon matrix. The high magnification image in
Fig. 5(b) displays the relatively homogenous distribution of wollasto-
nite particles on the matrix’ silicon, which may be accredited to robust
convention muster by rapid heating and solidification. It is worth
mentioning that the top layer of the SLM printed bulk exposed the
microstructure with heterogeneous grain boundaries of the silicon
particles rich with acicular wollastonite.

3.5. Compression test

In Fig. 6, the stress — strain curves of the structures developed are
demonstrated. The stress-strain curves begin with a linear elastic re-
sponse followed by nonlinear behaviour with the applied stress. The
plot depicted for (H) scaffold reveals a linear response until about
40 MPa followed by a multi-peaks profile, which is typical for cellular
structures, Fig. 6a. The curve has a positive slope up to the highest
stress of 37 MPa, and then gradually proceeds with a negative slope
pointing at the cracks system development. The gradient scaffold (G)
withstands twofold higher stress level linearly reaching 72 MPa, Fig. 6c.
The effective elastic modulus and the compressive strength are calcu-
lated to be 1.1 * 0.9 GPa and 37 =+ 14 MPa for (H) scaffold; and
1.8 £ 0.9 GPaand 71 * 10 MPa for (G) scaffold, respectively. The
stress-strain response of the (H) scaffolds shows continuous progressive
failure of the construct owing to its uniform and homogenously dis-
tributed pores. Correspondingly, the (G) scaffolds demonstrates the
sudden “incognito” failure zone, which can be attributed to the fact of
non-homogeneous stress distribution towards differently sized pores.
Such kind of behaviour may have real implications when scaffolds are
implanted for long or flat bones restitution since the gradient in por-
osity can support the interphase separating the dense from the porous
part in the long bones axially and in the flat bones longitudinally.

The compressive strength of the as-fabricated scaffolds is greater
than the strength of a trabecular bone (1-10 MPa) but less than the
stress of a cortical bone (110-230 MPa). One of the remarkable features
of the powder feedstock for the scaffolds of the developed composition
is a flexibility in production of powders of the specified ratio of the
components, which can be tailored for custom needs. For instance, the
effective elastic modulus and compressive strength of 2.9 + 0.3 GPa
and 110 = 5 MPa was measured for the material comprising 50 wt% of
each component; therefore, such kind of materials may be considered as
a promising candidate for treating the cortical bone defects [29].

Furthermore, the stress distribution was assessed by finite element
analysis. The compressive force was uniaxial applied onto the top
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Fig. 4. (H) a) SEM micrographs of the (H) scaffolds; b) EDS element mapping of the (H) scaffold; ¢) u-CT image of the (H) scaffold; (G) d) SEM micrographs of the (G)
scaffold; e) EDS element mapping of the (G) scaffold; f) pu-CT image of the (G) scaffold.

surface of the CAD model keeping the bottom fixed. The response of the
structures were modelled in the linear portion of the stress-strain curve.
The non-linear stress-strain section of the curve was not modelled since
it leads to the reduction in the overall stress with the constant increase
in the deformation. The non-linear stress - strain section of the curve
evoked from 8% and 6% strain in (H) and (G) scaffold, respectively. The
Fig. 6(b, d) illustrate the patterns of the stress distribution onto the (H)
and (G) scaffolds under the constant deformation. The red spots or
patches denote the most stressed areas; and the greenish yellow ones
points to the stress concentration around the pores. The greenish blue
contour corresponds to stress of ~47 MPa and ~ 77 MPa for homo-
geneous and gradient scaffolds, respectively. For both constructs, the
least stress was observed at the middle region and at the point of
scaffold fixation to the support. The highest stress was concentrated at
the surface of both scaffolds in a close proximity with the mesh.

The changes in the compressive strength of the (H) and (G) scaffolds
in the after be in contact with Tris buffer solution is depicted in Fig.7(a,
c) with the passage of days. It was observed that the compressive
strength of the (H) and (G) scaffolds decreased with the immersion time
by 16% and 12% during the passage of two weeks respectively when
compared with the original scaffolds (dry conditions). In-order to de-
duce the effect of the dissolution, the morphologies of the scaffolds
were studied by SEM as shown in Fig. 7(b, d). The red arrows indicated
in Fig. 7(b, d) shows the ramifications of the dissolution behaviour in

Tris buffer which leads to the loosing of the grains. The dissolution may
have taken onto preferred crystallographic planes, which consequently
depends on the orientation of the grains. The orientation of the grains
relies on the melting/sintering phenomenon and thus can have several
repercussions on the patterning of loosening of the grains [32].

3.6. Cytocompatibility assessment of the scaffolds

The most essential requisite for the scaffolds to be used in bone
tissue engineering is a relevant biomaterial with a desired pore size.
Both of the porous silicon wollastonite and pseudo-wollastonite scaf-
folds are considered as excellent substrates for the cell attachment and
proliferation [16,30,31]. Fig. 8(c-f) shows that hMSCs are capable to
grow on the silicon-wollastonite composite (H) scaffold, Fig. 8(c, d),
and on the (G) scaffold, Fig. 8(e, f). Additionally, migration of the cells
are vital that can change the cell density, oxygen and nutrient avail-
ability. These factors are seemed to be associated with the pore size
[33]. The distinguishing feature of the hMSCs grown on the scaffolds
and on the reference glass is the presence of pores and the complex 3D
geometry affecting the stem cells morphology after 48 h. The hMSC
appeared to be well anchored to the (H) scaffolds, Fig.8(c, d).

The spindle shaped cells with more than usually extended cyto-
plasmic lamellopodia extensions were well-connected indicating a
better initial cell attachment onto the 3D printed (H) scaffold. The
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Fig. 5. Schematic representation and mechanism of the produced silicon-wollastonite scaffolds by SLM; a) and b) (H) scaffold; ¢) and d) bulk composite.

40 80
3 (@) n | (c)
E 30 f 60
s 5 g 50
~ =
" OFf < 40
] L ®» 30
0 15 @
010 | 9 2
()]
e
5t 0 10
o " I " " i " 0
0 4 6 8 10 12 14 0 2 4 6 8 10
% Strain % Strain

oo a0 8000 (mm)
)

000 a0 80006mmy

200 600 200 6o

Fig. 6. a) and b) Experimental stress-strain response and finite element analysis of (H) scaffolds; ¢) and d) (G) scaffolds.
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Tris buffer solution; ¢) and d) (G) scaffold.

extended morphology of the hMSC can be attributed to a suitable
connectivity, which is one of the major pre-requisites for favoured
osteo-lineage differentiation to extracellular matrix needed by osteo-
blasts to proliferate. It was observed that hMSCs were well-adhered
onto the (G) scaffold surface (extra scaffold space) encircling and
guided by the biomimetic design of the pores, Fig. 8e. The hMSC were

seen communicating each other in the intra-scaffold space provided by
the largest pores, Fig. 8f. Cell migration in and out (from extra-scaffold
space to intra-scaffold space) in the (G) scaffold through the pores sized
from 100 pm to 350 pum can be beneficial for the bone tissue re-
generation. The arrangement of the cells can facilitate the cell-surface
interaction by promoting direct bonding and, therefore, enhance the

Fig. 8. The fluorescence microscopy images of hMSCs grown on glass (a, b), (H) scaffolds (c, d) and (G) scaffolds (e, f).
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Fig. 9. RT-qPCR shows the dynamic potential of MSC differentiation to osteo lineages by (H) and (G) scaffolds. * symbol indicates statistical significance (P < 0.05).

bone tissue formation with profound media flow of nutrients allowing
the differentiation of hMSC to osteoblast cells [33]. Additionally, it
could affect cell behaviour in regard to extracellular matrix deposition
and differentiation [34].

3.7. Osteo-lineages studies

The induction of the osteogenic features by (H) and (G) scaffolds
were evaluated by mRNA levels of RUNX2, OSX, osteocalcin, OSAD,
BMP-2, Coll, ALP, MSX2, TSG6, TGP1 and IL8 through MSC seeded
onto the scaffolds microenvironment, Fig. 9. Analysis of the MSC was
performed in the absence of either chemical or biological stimulus.
Induction of the RUNX2 and OSX, the primary transcription factors for
osteogenic differentiation, was found in both scaffolds. The expression
of both transcription factors were expressed nearly twice in (G) scaf-
folds as compared to (H) scaffolds. The induction of the RUNX2 plays a
pivotal and stimulatory role in the osteoblast differentiation. ALP, type I
collagen (Collal) genes clearly shows the up-regulation of the relative
expression in gradient scaffolds. Although the cell number seeded and
the calcium production per volume onto the (H) and (G) scaffolds were
not evaluated, the elevation of the certain early osteogenic transcrip-
tion factors like RUNX2 and OSX can be observed in the gradient
scaffold. This can be attributed to re-distribution of the hMSC along the
differential pores with a higher nutrient and oxygen availability as
compared to (H) scaffolds.

The ossification is controlled not only by the transcription and mi-
neralization factors, but also by certain cytokines such as TGFp, IL8 and
TSG6, which were also evaluated in this study. The relative expression
of the cytokines was relatively similar in (H) and (G) scaffolds. The up-
regulation of IL-8 and TGFf, which are anti-inflammatory factors, de-
monstrates the possible immunomodulation effect. The induction of
TSG6 in both scaffolds was considered advantageous as TSG-6 regulates
the bone remodelling by maintaining the stasis between osteoblasts and
osteoclasts.

4. Discussion

Large bone defects as the result of various injuries results in non-
unions and non-healing of bone [35]. The autologous, allogenic and
xenografts had been used in the past and were regarded as the gold
standard for bone repair [36]. However, these grafts were exposed to
several limitations like donor-site infection etc. [36]. Therefore, syn-
thetic grafts including have been promising approach for repairing bone
tissue [37]. Synthetic bone grafts especially bioceramics based scaffolds

comply with the requirements for bone tissue engineering.

Silicon plays a prominent role in osteogenesis and essentially as an
ion, it has proven its potential with enhanced osteogenic activity for the
last 50 years [38]. Silicon is crucial for calcification of the bone tissue
and boosting of the bone density [39]. Pure silicon passes to the solu-
tions through the dissolution of the SiO, or silicon hydroxide layers that
eventually forms on its surface because of high enthalpies of formation
(—915 kJmol ") of silicon oxide [40]. Particles of the silicon can be
easily excreted out by the human kidneys through silicic acid [41].
Orthosilicic acid, major dietary form of silicon has also proven the COL-
1 synthesis by stabilising the glycosaminoglycan network via silanolate
bonds and elevated osteoblastic differentiation [42]. Sun et al. [43]
observed higher amount of bone tissue on macroporous silicon
(MacPSi) than bulk silicon to heal cortical bone defects for bone tissue
engineering [44]. Pure silicon coatings were also used to control cor-
rosion and bioactivity of some alloys based implants [44]. However,
pure silicon for bone tissue engineering can experience several pro-
blems due to its lower solubility and since, physiological fluid is a dy-
namic system, which could result in degradation problem. Henceforth,
in order to unravel the problem of slow degradation of the silicon, new
composites were designed using wollastonite and pure silicon, since
wollastonite have relatively higher rate of dissolution in the simulating
body fluids [45]. These composites can be the potential solution for the
fractures where immediate support is needed as the early dissolution of
wollastonite could trigger the formation of nascent bone due to the
bioactivity and induction of the early osteoblastic genes. Simulta-
neously, silicon particles still holding the fracture and can provide the
crucial support with matched biodegradation rate, which is vital to
achieve an ideal repair outcome.

In our work, a comparative analysis was made between (H) scaffolds
of pore size (400 pm) and (G) scaffolds of pore size (50-350 pm). The
scaffolds were fabricated using silicon and wollastonite as the starting
material by selective laser melting. The (G) scaffold of the pores
(50-350 um) were designed having the gradient in the pore sizes both
radially and axially since radially distributed pores can facilitate a long
bone formation; whereas the axially distributed pores can enhance a
flat bone formation [22]. Differential pore sizes in the (H) and (G)
scaffolds has affected the differentiation of hMSC towards osteo-
lineages genes.

Very few studies in the literature were devoted to annihilate the role
of the pore size and porosity onto the osteo-lineages in-vitro and cell
migration. One study demonstrated the cell migration in the pore size
ranging from 40 to 100 pm [46,47]. The rat osteoblasts were seeded
onto the scaffolds with pore size ranging from 40 to 100 pm and more
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cells were found clustering the small pore of 40 pm. Additionally, they
also observed that more cells were migrated onto intra and extra scaf-
folds space through pore size of 100 pm, which consequently can en-
hance the nutrients transfer ability of the pores [47]. The similar pat-
terning of the MSC clustering was observed around pore size < 50 um
[48]. Pore diameter ranging from 20 to 30 um have simulated more
activity of ostecalcin and alkaline phosphatase than the pore size >
50 um [48]. In the same study, higher porosity (scaffolds) did not
contribute to the cell attachment but conclusively facilitated cell
movement with nutrients transfer [48,49]. On the contrary, scaffolds
with lower porosity demonstrated higher cell differentiation with more
alkaline phosphatase activity and substantially higher level of osteo-
calcin than higher porosity scaffolds with the same composition [48].
Henceforth, in summary it was proposed by Kalpan and Abassi et al.
[23,50], that osteogenic activity is not driven by the pore size but
eventually depends on the porosity. The lower the porosity, the more
prone will be MSC cells towards osteogenic differentiation and vice
versa. This hypothesis can only be true if the scaffolds pore size is in the
magnitude of 50-450 pm [23,50]. Our data clearly supports the state-
ment completely since (G) scaffolds with porosity of 30% vol, which is
lower than (H) scaffolds with porosity of 41% vol shows more ALP
activity and other crucial transcription factors related to osteo-marker
genes like RUNX2 and OSX with other genes. However, in deep analyses
is needed to study differential expression of IL-8 and TGFf (anti-in-
flammatory factors) onto the pore size and porosity of the scaffolds.

5. Conclusions

For the first time, the novel powder feedstock combining osteo-
conductive, osteoinductive and bioactive elements was developed for
3D printing of the bio-mimetically designed scaffolds for bone en-
gineering. The innovative metalloid/ceramic porous silicon-wollasto-
nite substrates were additively manufactured exploiting the approach
of the selective laser melting (SLM). The addition of silicon provided
various advantages including (a) good absorptivity for the Nd:YAG
laser; (b) osteoinductivity of the scaffold; (c) mechanical strength; (d)
printability in single step technology; (e) bio-interface to support os-
teoblasts.

The parameters of SLM 3D printing were optimized in terms of laser
power and energy density. The CAD designed scaffolds with pore size of
400 pm (H) possesses effective elastic modulus and compressive
strength of 1.1 * 0.9 GPa and 37 = 13.5 MPa, respectively. The
scaffolds with the hierarchical gradient of pore size from 50 um to
350 pm (G) exhibit the effective elastic modulus and compressive
strength of 1.8 + 0.9 GPaand 71 * 9.5 MPa, respectively. The total
porosity exhibited by (H) and (G) scaffolds was 41 vol% and 30 vol%
respectively. The compressive strength of the (H) and (G) scaffolds
decreased with the immersion time by 16% and 12% during the passage
of two weeks respectively The computational analysis through ANSYS
revealed the least stress region at the middle region and at the point of
scaffold fixation to the support. The highest stress was concentrated at
the surface of both scaffolds in a close proximity with the mesh. The
hMSC were well-anchoraged onto the (H) and (G) scaffolds. Induction
of the RUNX2 and OSX, the primary transcription factors for osteogenic
differentiation, was expressed nearly twofold in (G) scaffolds as com-
pared to the (H) scaffolds. Induction of the IL-8 and TGF anti-in-
flammatory factors demonstrated the possible immunomodulation ef-
fect of the scaffolds.
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ARTICLE INFO ABSTRACT

Keywords: The irruption of additive manufacturing techniques opens the possibility to develop three-dimensional structures
Selective laser melting with complex geometries and high precision. In the current investigation a newly designed composite combining
B?omaFerials silicon (30, 40 and 50 wt%) with a bioactive glass and printed into scaffolds was obtained, using a direct
Bioactive selective laser melting (SLM) approach for the first time. Samples were computer-aided designed (CAD) to have
Scl:;fsol ds cylindrical pores of 400 um in diameter in order to be used as biomaterials for bone replacement. X — Ray
Bone diffraction was used to characterize the appearance of a new phase of pseudowollastonite precipitated by the

partial devitrification of the glassy phase after the incidence of laser radiation. The mechanical behaviour of each
composition was studied trough stress-strain curves, obtaining higher values of compressive strength as the
silicon content increases. Scanning electron microscopy coupled to energy dispersive X — Ray spectroscopy (SEM-
EDS) and Raman spectroscopy were used to study the bioactivity of each composite after soaking in the simu-
lated body fluid (SBF) for 7 days, confirming this behaviour.

1. Introduction

Designed in 1967, the glass composition of SiO,-CaO-P205-Na,O
is capable to develop a continuous chemical bonding in the implant/
bone interface through the formation of a hydroxyapatite phase [1];
and, therefore, is considered as being bioactive. However, biomaterials
are dependent on other equally important factors. The total bio-
compatibility of the materials, as well as the possible reaction products,
is a fundamental question [2]. It should not be the source of chemical
species that can trigger an immune rejection response or release toxic or
harmful substances for the tissue environment or for the body itself. In
addition, the chemical compounds used should favor osteoconductivity
and act as a suitable substrate for cellular activity.

To induce cellular responses contributing into acceleration of bone
repair and remodeling, the porous structures mimicking in vivo mi-
croenvironment are of crucial importance the for the formation of
tissue. The scaffold has to contain an interconnected network of hier-
archically structured porosity for the complete osteointegration of the
synthetic scaffold into the bone environment [3,4], and is essential for
osteoblastic cells colonization, as well as enzymes and proteins ab-
sorption. Moreover, pore size of 300-500 um [5] is found to be critical

* Corresponding author.

for the process of angiogenesis and complete vascularization of the
area. Furthermore, the scaffold’” components are preferred to be bio-
resorbable for prevention of any problems associated with the interface
between implant and surrounding tissue such as chronic pain or un-
dergoing a new surgery to proceed with an orthopedic replacement.
The use of synthetic materials also avoids the use of autografts and
allografts [6]. Thus, risks associated with these procedures are dodged
with infection and ongoing pain following additional surgeries [7] or
disease transmission and immune response [8-10], respectively.
Silicon and bioactive glass (along with other ceramic and polymeric
biomaterials) have been historically used in bone repair medicine. They
showed an adequate stimulus for the phenomena of gene activation and
bone mineralization [11]. The high bioactivity of Bioglass® and the
huge variety of bioactive glasses tailored in the SiO,-CaO-P,05-MgO
system, including the 62W glass [12], has been widely confirmed. On
the other hand, silicon is an excellent osteoinductive material, upre-
gulating osteo-related proteins and favors osteoblastic cell differentia-
tion [13,14]. Combining these two materials allows designing a
bioactive, osteoconductive and bioresorbable composite. The develop-
ment of previous in vitro studies of bioactivity and biodegradation
before proceeding to clinical trials is a fundamental step. The material
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must be capable to promote hydroxyapatite precipitation to confirm its
bioactive nature [15]. It is also important the ability of the material to
partially degradation in a controlled environment establishing the basis
for considering its reabsorption capacity in the physiological environ-
ment.

There are many techniques for obtaining composite based scaffolds.
However, the appearance of Additive Manufacturing techniques (AM)
in the 1980’s meant a great change. The possibility of obtaining 3D
prototypes using Computer-Aided Design (CAD) was an advance in the
design and processing of complex structures. Some of the most com-
monly used techniques are Stereolithography (SLA) [16,17], Fused
Deposition Modeling (FDM) [18-20], Electron Beam Additive Manu-
facturing (EBAM) [21] and powder bed fusion techniques, i.e. Selective
Laser Sintering (SLS) [22-25] and Selective Laser Melting (SLM)
[26-29].

Selective Laser Melting (SLM) is an additive manufacturing tech-
nique based on the selective melting of an initial powder deposited in
successive layers by the action of laser radiation in a controlled atmo-
sphere [30]. The use of SLM to manufacture metal parts is widespread
and so far, metal powders of different nature have been the almost
exclusive feedstock [31-33]. However, the use of this technology for
obtaining 3D structures without using metallic elements has recently
been studied [34]. Kamboj et al. successfully obtained porous scaffolds
composed of Silicon/CaSiO3 (wollastonite) with the controlled delivery
of vancomycin [35]. The present work develops the process by which
Silicon/62W glass (bioactive glass) porous scaffolds have been ob-
tained. The use of SLM over other 3D printing techniques offers the
inherent advantages (capable of geometric accuracy at macro- and
microscale, direct production from 3D CAD models, digital files implies
simple modifications or the ability to reuse waste material), but also is
an one-step technique due to time effectiveness and structural stability
of the final scaffold. Likewise, it is not necessary to use a polymeric
binder when the starting powder is capable of melting by the action of
the laser, avoiding the subsequent removal step.

In this work, we have engineered a novel metalloid silicon —
bioactive glass porous scaffolds to be produced by AM through SLM
without any metallic phase. Silicon' ability to absorb energy together
with its osteostimulation properties makes it an ideal candidate for a
structural matrix. The addition of bioactive vitreous phase provides the
material with ability to establish chemical bonding with the sur-
rounding tissue by precipitating a layer of hydroxyapatite. Mechanical
behavior, microstructural features and bioactivity response of three
compositions were thoroughly analyzed and compared. Design of 3D
scaffolds, favorably modulating bio-processes for tissue healing, com-
bined with tailorable material, can make a vital step in regenerative
medicine.

2. Experimental
2.1. Materials

Commercially available silicon (Silgrain < 20 um, > 99.8% purity;
Elkem, Norway) of a medium particle size ~ 4.0 um was used. The 62W
glass composition was prepared from a mixture of reagent grade CaCO3
(98.5-100 wt% Merck KGaA, Darmstadt, Germany, Ref: 1.02066), SiO2
(99.7 wt%, Strem Chemicals, Inc. Ref: 93-1435), MgO (97 wt% MERCK
KGaA, Darmstadt, Germany, Ref: 1.05865) and Ca3(PO,4), (Pharma
grade, PanReac AppliChem, Darmstadt, Germany, Ref: 141228). The
mixture was melted in a double melting process using a Pt-Rh 10%
crucible at 1500 °C in an electric furnace for 2 h in total (1 h for each
melt) and poured over cold water obtaining a fritted glass. To obtain
glass powder, the glass was milled using a tungsten-carbide vibrating
cup mill. The powder was sieved below 63 pm and re-milled by attrition
milling in isopropyl alcohol medium using 1 mm yttria stabilized zir-
conia balls at a rotation speed of 880 rpm. Zirconia balls were removed
and the milled powder was dried in a stove heated to 65 °C for 24 h and
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sieved below 45 pum. The final size distribution was analyzed in a
Mastersizer S (Malvern, England) obtaining a medium particle
size ~ 2.5 pm.

The powder feedstock for SLM was prepared by dry mixing of 50, 40
and 30 wt % silicon powder with 62W glass to complete 100% com-
position in a horizontal ball milling. The mixing process was carried out
during 8 h with the addition of a 15 wt % of zirconia balls (3 mm
diameter) to facilitate mixing performance. After the mixing, zirconia
balls were removed. Formulations were named as: 62W50Si, 62W40Si
and 62W30Si materials, respectively.

2.2. Selective laser melting (SLM)

A Metal 3D printer (ReaLizer GmbH SLM-50, Germany) equipped
with a YAG: Nd®* laser (IPQ Laser GmbH, YLM-120-AC, 120 W and
1.06 um wavelength, in quasi-continuous-wave mode) with a laser spot
size of 15-80 um was used. The process was performed in the closed
chamber purged with a high purity argon (99.999 vol %). Fixed para-
meters of the process were as following: point distance —10 pm, layer
thickness - 25 pm, exposure time - 125 p s; and scanning speed -
80 mm/s. These parameters were based on the previous studies on Si-
wollastonite based scaffolds [25] and were applied to the Si-62 W
glasses.

Fig. 1 shows the CAD model used for the manufactured scaffolds.
The pores of 400 pm are well-connected by a crest or interconnection
joint (between 600 and 800 pm) as depicted in Fig. la. The inter-
connection points should facilitate the adherence of the scaffold with
the fractured or the mangled bone forming a tight junction.

Selected printing conditions were selected in order to obtain the
desired scaffolds with the different compositions and they are listed in
Table 1. However, the great versatility of this technique has allowed the
formation of different scaffolds, varying pore size or interconnection
joint size. Differences in these parameters for different compositions
will be discussed later, in Results and Discussion. Cylindrical samples
with dimensions of 5 x 5 mm? with pore size of 400 um were prepared.

2.3. Characterization

Chemical composition of powders was determined using X-ray
Fluorescence spectrometry (XRF) (PANalytical, MagicX (PW-2424)
with a RX tube (anode Rh SUPER SHARP) and a generator of 2.4 KW.
The FRX analysis of the majority elements was performed on the
samples prepared in the form of a pearl using a Philips Perl'X3 pearlizer
and a Pt-Au crucible.

The three compositions were characterized before and after the SLM
processing by XRD. The samples were grinded to < 63 pm and XRD
patterns were recorder on a diffractometer Bruker D8 Advance
(Germany) with a monochromator using Cu ko, radiation. Data were
collected in the Bragg-Brentano vertical geometry (6/26) between 20
and 80° (260) in 0.05° counting for 153 s per step. The EVA-version 6.0
Diffract Plus software (Bruker AXS GmbH, Karksruhe, Germany) was
used to analyze the patterns obtained.

Microstructural analysis of the scaffolds was performed using a
scanning electron microscopy system (SEM, Hitachi TM-1000, Tokyo,
Japan) with a backscattered electron detector (BSE). In addition, a Field
Emission Electron Microscopy (FE-SEM, Hitachi-S4700, Tokyo, Japan)
equipped with Energy Dispersive X-Ray Spectroscopy (EDS) was also
used.

Compressive strength was measured using a universal testing ma-
chine (EM2/200/FR, MicroTest, Spain) using 5 cylindrical samples of
each composition of 5 X 5 mm ( = 0.1 mm) with crosshead speed of
0.4 mm/min. The compressive load and displacement were recorder at
0.1 s intervals.

Analysis of the hydroxyapatite layer formed on the surface was
carried out by RAMAN spectroscopy. The spectrum was obtained using
a confocal Raman microscope (inVia Raman Microscope, Renishaw,



C.S. Rodrigo-Vdzquez, et al.

OTC __._&g},

Oy

| R0 )

Ceramics International xxx (XxXxXx) XXX-XXX

Connection
points

|

Fig. 1. CAD model of silicon — 62W glass scaffolds a) isometric view; b), ¢) top view and d) surface morphology. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Table 1
Variable printing parameters used for each composition.
Laser current (mA) 62W50Si 62W40Si 62W30Si
675 675 450
Energy Density (J/mm®) 140.6 140.6 93.8

UK) equipped with a red laser working at 785 nm and a 10% of power,
and a microscope's objective 50x. The measuring conditions were 10 s
of exposure time and were collected over the range of 300-1100 nm.

Bioactivity was evaluated in vitro using the international standard
ISO/FDIS 23317 [28] by preparing a simulated body fluid solution
(SBF), fixed in a pH value of 7.4. Cylindrical scaffolds of 5 x 5 mm®
were immersed in 30 ml of SBF solution at 37 °C for 7 days using clean
conical flasks.

3. Results and Discussion
3.1. Characterization

The composition of the 62W glass is shown in Table 2, jointly with
the designed theoretical composition. A good agreement is observed
between the designed and the obtained composition. It must be con-
sidered that in obtaining glasses it is very difficult to obtain exactly the
desired composition when working in small quantities (hundreds of
grams).

Fig. 2 shows the XRD pattern of the three feedstock powders. 62W
vitreous state was confirmed showing a broad band without any

Table 2
Experimental and designed compositions of 62W Glass.
CaO SiO, P,0s MgO
wt. % 47 = 1 39 =1 10.1 = 0.5 3.0 £ 0.5

(designed) (46)_ (40) (10.6) (2-.8)

crystallization peak between 20 and 40° (20). The crystalline state of
pure silicon was authenticated by observing five characteristic peaks in
the 20 range between 25-80° (JCPDS Silicon 00-027-1402). Fig. 3 il-
lustrate the XRD spectrum of the 62W50Si, 62W40Si and 62W30Si
composites after the SLM process.

It can be seen the appearance of a new crystalline phase corre-
sponding to pseudowollastonite (psW or a-wollastonite, Caz(SizOo);
JCPDS Card No. 074-0874). It is the high-temperature wollastonite
polymorph. This glass composition (62W glass) tends to form this
pseudowollastonite phase by a devitrification process. Rodrigo-Vazquez
et al. [12] detected the crystallization of this phase in the range 700 °C
(8 h of treatment) and 900 °C (1 h of treatment) for this glass compo-
sition. However, the exposure time used during the SLM processing was
125 ps. The detection of this crystalline phase indicates that, probably,
the vitreous particles have reached temperatures higher than 900 °C.

Morphology of the manufactured scaffolds is shown in Fig. 4. It is
possible to perceive the established interaction between silicon parti-
cles after the SLM printing. The globular surface as depicted in Fig. 4
shows that the YAG:Nd®* laser energy used was enough to melt the
particles, allowing its coalescence and forming the continuous silicon
matrix of the final structure. The layer-by-layer pattern is observed in
all cases because of the 3D printing processing. On the other side, most
of the glassy particles remain in the bulk of this matrix as dispersed
phase (Fig. 5). Also some of them are present on the surface with
rounded shapes (Fig. 4c, showed by arrows), indicating that viscosity of
these particles were relatively low because the high temperature that
they reach.

Fig. 5 shows the bulk microstructure of a 62W508Si polished scaffold.
Silicon appears to form a continuous phase with some residual porosity
(A mapping corresponding to Si), while vitreous phase (B mapping
corresponding to Ca) presents cracks probably due to thermal stresses
suffered during the processing. It can also be observed a good inter-
action between silicon and glass phases, making difficult to distinguish
the interfaces without the aid of EDS mapping. Due to the presence of Si
in both phases the presence of Ca peaks helped us to identify each
phase. Therefore, there is a good integration between both materials by
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Fig. 2. X — Ray Diffraction patterns of feed stock powders before SLM process with crystalline peaks of silicon (o). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. X — Ray Diffraction patterns of scaffolds powders after SLM process with
silicon (0) and pseudowollastonite (*). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this
article.)

the action of radiation. Even though silicon melting point is 1414 °C
and 62W glass present a liquid flow range between 1300-1350 °C.
Nevertheless, silicon shows a better interaction with this wavelength
laser. The ability of silicon to absorb the energy provided by incident

laser radiation causes the complete fusion of the silicon particles al-
lowing its coalescence. Therefore, the silicon phase is directly re-
sponsible for the shaping of the three-dimensional structure, having a
fundamental role in the processing of this family of materials. More-
over, the fused silicon particles in contact to glass give energy enough
to decrease the viscosity of the vitreous network and, consequently,
some of the vitreous particles are joined by a coalescence process
forming glass blocks. In addition the temperature increase also allows
an increase in the mobility of atoms in the glass structure. It triggers the
appearance of a pseudowollastonite phase due to a partial devitrifica-
tion process. However, the composition with higher amount of glass
(62W308Si) shows the lower amount of pseudowollastonite, qualita-
tively speaking (Fig. 3). This situation is related to the lower amount of
energy used for its processing (see Table 2). The amount of energy
suitable for a satisfactory interaction depends on the silicon/62W glass
ratio. The higher amount of glass makes processes such as “balling” and
“showering”, more relevant due to the high temperature difference
between the melting powder (silicon) and the adjacent powder (glass)
[29]. This phenomenon is common when the thermal expansion coef-
ficients (CTE) of two phases are quite different (CTE Silicon: 2.6
10~° K~ ! [36]; CTE Bioactive glasses: 14-15 10~ K~! [37] at room
temperature). As a result, obtaining satisfactory scaffolds implies using
a low energy density. This establishes an energetic limitation for the
devitrification process (governed by thermodynamic control) and fi-
nally, less presence of pseudowollastonite. On one hand, 62W50Si and
62W40Si powders have a greater amount of silicon phase in their
composition. A decrease in the contact ratio between the melting

*800 100 um

62W50S10011
Scaffold

Fig. 4. SEM micrographs of 62W30Si (a), 62W40Si (b) and 62W508Si (c) particle interaction.
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Fig. 5. FE-SEM micrograph of 62W50Si polished surface and EDS + mapping analysis.
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Fig. 6. Pseudowollastonite X — Ray Diffraction main peak (1 3 2) intensity vs.
silicon content (wt. %). (Line is drawn as guide).

powder and the adjacent powder decreases adverse effects related to
the offset between CTE values and allows the use of a higher energy
density level of 140.6 J/mm? (see Table 2). On the other hand, Fig. 6
shows that 62W50Si scaffolds has lower pseudowollastonite phase

crystallized than 62W40Si. This result can be explained considering two
different theories: the amount of glass is lower in the 62W50Si for-
mulation (it is the phase susceptible to suffer a devitrification process),
and the energetic density applied is the same even when composition
changes. Sensing this, the composition with lower amount of silicon
(62W40Si) will reach higher temperatures due to a more effective en-
ergetic absorption process carried out by the silicon phase. Therefore,
the intermediate composition (62W408Si) presents a Si/pg relation that
favors the highest rate of pseudowollastonite crystallization.

Fig. 7 shows SEM micrographs of the scaffolds surfaces. It can be
seen the general porous morphology, showing a regular shape and
obtaining a final 3D structure according to the designed model (see
Fig. 1). Macroporous size (around 400 um) and interconnection joints
dimensions (between 600 and 800 pum) are in good agreement with the
model designed. A high degree of surface roughness can also be ob-
served for the three compositions. It is well know that a high surface
roughness is an important variable for new bone formation processes,
both to promote the precipitation of hydroxyapatite and to facilitate the
attaching of osteoblast-like cells [38,39]. The surface roughness can
control through the particle size of the feedstock powder. Smaller the
particle size, the less surface roughness.

However, it can be also observed the microstructural differences
depending on the starting composition. Fig. 7 (a) corresponds to the
sample with the lowest amount of silicon (62W30Si). The surface has
many pores and cracks outside the preliminary design. This residual
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Fig. 7. SEM micrograph of 62W308Si (a), 62W40Si (b) and 62W50Si (c).
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Fig. 8. Compressive stress-strain response of the as-produced scaffolds.

porosity can help in the infiltration of physiological fluids and facil-
itates biodegradation. In addition, the connection points are not com-
pletely dense and present big porous in the center (Fig. 7 (a) pointed by
arrows). Samples 62W40Si (Figs. 7 b) and 62W508Si (Fig. 7 ¢) shown a
silicon matrix more continuous with less presence of pores.

Mechanical behavior of the three compositions was tested mea-
suring the compressive strength. Fig. 8 shows the representative com-
pressive stress - strain curve for the tested scaffolds. They present a non-
completely brittle behavior that frequently is shown this kind of 3D
structures. This non-completely brittle behavior is due to the sequential
collapse of the bridges from the most resistant to the weakest.

The values obtained for each composition were 8 + 1 MPa,
16 += 2 MPa and 21 * 4 MPa for 62W30Si, 62W40Si and 62W50Si
respectively. An improvement related with the increase of silicon phase
amount in the composition is observed. This increase is related to an
improvement in the mechanical behavior of the composite with the
highest amount of silicon in its composition (Fig. 8, continuous blue
line). It means the structure is able to withstand higher compressive
loads.

Fig. 9 shows a magnification of the walls for the three scaffolds:
62W30Si scaffold (Fig. 9 a) expected to be the weakest, showing major
flaws in the wall structure (it can also observe in Fig. 7 a). Furthermore,
62W40Si (Fig. 9 b) and 62W508Si (Fig. 9 ¢) have a similar look, although
the sample with more silicon presents even a better degree of interac-
tion of the particles. The mechanical behavior is consistent with the
microstructural differences and the amount and size of observed de-
fects.

3.2. Bioactivity

The most widely used indicator to study the bioactive response of a
material and its suitability to bond the surrounding bone tissue is the
ability to form an apatite layer when the sample is submerged in a SBF
solution for a certain time. In this simulated environment at 36.5 °C and
pH of 7.4, an ions exchange is established resulting in the apatite layer
formation [1,40]. Fig. 10 (a, b and c) shows the surfaces of the studied
scaffolds after 7 days of soaking. The surfaces present a globular mi-
crostructure, similar to the hydroxyapatite typical organization. How-
ever, comparing the micrographs taken from the surface before the
immersion on SBF (Fig. 8), it can be seen a similar microstructure, with
a very rough and globular surface. Therefore, different analysis tech-
niques were used to confirm the presence of this new layer in the sur-
faces of the scaffolds. Fig. 10 (d, e and f) shown FE-SEM micrographs
and EDS analysis of the granulated phase that appeared after 7 days of
immersion in SBF. The two main elements detected by EDS (without
including Si) was Ca and P, confirming the precipitation of a calcium
phosphate phase in all the three compositions. A faint signal related to
magnesium was also observed which indicated a migration and sub-
stitution of Mg®* in this structure.

Fig. 11 shows Raman spectrum of the three samples after 7 days
immersed in SBF and a pattern of pure HA. The results reveal the
presence of this phase, signifying the characteristics bands for this
phase in the spectrum (cm ™ !): 961(vs) (v; of the P-O bond); 620 (vw),
610 (w), 594 (m), 582 (w) (v4 of the O-P-0) and 447 (m), 433 (w) (vo
of the P-O-P bond) [41]. The most intense band of the HA is observed
in all the three samples. It appears like a broad band instead of a sharp
peak due to its lower crystallinity and, similarly, in the case of the other
two sets of characteristics peaks of HA. In addition, the high crystal-
linity silicon matrix, which is acting as a substrate, can also affect to the
spectra. Depending on the zone were the laser is projected and the
thickness of the HA layer, the silicon signal can be huge. This situation
causes that the HA signal to be out of scale and appears with a low
intensity and broader (Fig. 11 red line from 62W40Si sample). How-
ever, the presence of this signals confirms the precipitation of the HA
phase and the bioactivity of this material in a very short period.

This system presents a combined bioactive response, where the
glassy phase is mainly responsible for the high bioactivity of the com-
posite scaffolds.

In addition, the biodegradation studies are ongoing in a tris/HCl
buffer 0.05 M with pH fixed at 7.4 and 36.5 °C for these materials. Some
initial results show a release capacity of the cations with a function of
network modifiers (Ca®>* and Mg**) around 50 wt% during the first 7
days. As for the cations with a network former function, both P>* and
Si** release as much lower rate, not exceeding 5 wt% of the total
during the same period. The results are consistent with the role played
by each of the cations involved.
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Fig. 9. SEM micrograph of 62W30Si (a), 62W40Si (b) and 62W50Si (c) connection walls microstructure.

4. Conclusions - Measurements of compressive strength shown an improvement with

the increasing of silicon phase in the composition. Mechanical re-

The compositions studied present the capability to produce a new sponse of the materials was determined by silicon phase, improving

biocomposite scaffolds processed by Selective Laser Melting (SLM) for by ~60% between the composition with least amount of silicon
its application in bone tissue regeneration. Two phases in different (62W308Si) and the one with highest amount (62W508Si).

proportions, crystalline silicon and a new designed bioactive glass (62W - All scaffolds present bioactivity after 7 days immersed in Simulated

glass) was used as the feed stock material. Body Fluid solution (SBF). Bioactive response was due to the pre-

sence of a 62W glass phase (bioactive glass). Scanning Electron

- Silicon phase was responsible to establish a direct interaction with Microscope (SEM) and Raman Spectroscopy confirmed the forma-

used YAG: Nd®>* laser radiation by absorption. This interaction tion of hydroxyapatite on the surface.

caused the melting of silicon particles, allowing their coalescence
and forming a continuous matrix.

- X Ray Diffraction analysis shows the three compositions studied Declaration of competing interest
displayed partial devitrification of the vitreous particles, which
leads to the appearance of a pseudowollastonite phase after the The authors declare that they have no known competing financial
Selective Laser Melting. The crystallization rate of each composition interests or personal relationships that could have appeared to influ-
showed dependence on the level of energy density used during the ence the work reported in this paper.

process. The devitrification process was favored by the increase of
temperature of the surrounding silicon particles.
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Fig. 10. SEM micrograph of 62W30Si (a), 62W40Si (b) and 62W50Si (c) surfaces after 7 days immersed in SBF. FE-SEM micrographs of 62W30Si (d), 62W40Si (e)
and 62W50Si (f) surfaces after 7 days immersed in SBF with EDS analysis.
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