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ABSTRACT

Calcium silicate (CaSiO3, CS) ceramics is a promising bioactive material
for bone tissue engineering, particularly for bone repair. However, the brittle nature and
low fracture toughness of CS often result in premature fracture of implants. Hence,
there is a need to improve the fracture toughness of CS without compromising its
biocompatibility. In this project, CS ceramic composites with improved mechanical
strength and comparatively high bioactivity were fabricated for load-bearing
applications in bone tissue engineering.

In the first step, calcium silicate hydrate (CSH), consisting of nanosheets, has
been successfully synthesized assisted by a tip ultrasonic irradiation (Ul) method using
calcium nitrate (Ca (NOg3).4H,0), sodium silicate (Na,SiO3-9H,0) and sodium dodecyl
sulfate (SDS) in water. Systematic studies found that the reaction time of ultrasonic
irradiation and concentrations of surfactant (SDS) in the system were important factors
to control the crystallite size and morphology.

Recent findings indicating the promising biocompatibility of graphene imply
that graphene can be used as an additive to improve the mechanical properties of
composites. Therefore, in the second step, we report a simple method for the synthesis
of calcium silicate/reduced graphene oxide (CS/rGO) composites using a hydrothermal
approach followed by hot isostatic pressing (HIP). Adding rGO to pure CS increased the
hardness of the material by ~40%, the elastic modulus by ~52% and the fracture
toughness by ~123%. Different toughening mechanisms were observed including crack
bridging, crack branching, crack deflection and rGO pull-out, thus increasing the
resistance to crack propagation and leading to a considerable improvement in the
fracture toughness of the composites. The formation of bone-like apatite on a range of

CS/rGO composites with rGO weight percentages ranging from 0 to 1.5 has been



investigated in simulated body fluid (SBF). The cell adhesion results showed that
human osteoblast cells (hFOB) can adhere to and develop on the CS/rGO composites. In
addition, the proliferation rate and alkaline phosphatase (ALP) activity of cells on the
CS/rGO composites were compared with the pure CS ceramics.

In the third step, CS ceramic composites reinforced with graphene nanoplatelets
(GNP) were prepared using hot isostatic pressing (HIP) at 1150°C. Quantitative analysis
suggests that GNP plays a role in microstructure development and is responsible for the
improved densification. A uniform distribution of 1 wt. % GNP in the CS matrix, high
densification and fine CS grain size help to improve the fracture toughness by ~130%,
hardness by ~30% and brittleness index by ~40% as compared to the CS matrix without
GNP. The CS/GNP composites exhibit good apatite-forming ability in the simulated
body fluid (SBF). These results indicate that the addition of GNP decreased the pH
value in SBF. The effect of addition of GNP on early adhesion and proliferation of
human osteoblast cells (hFOB) was measured in vitro. The CS/GNP composites showed
good biocompatibility and promoted cell viability and cell proliferation. The results
indicated that the cell viability and proliferation are affected by time and concentration

of GNP in the CS matrix.



ABSTRAK

Kalsium silikat (CaSiO3, CS) seramik menjanjikan bahan-bahan bioaktif yang
digunakan untuk kejuruteraan tisu tulang, terutamanya pembaikan tulang. Sebaliknya,
sifat rapuh dan keliatan patah yang rendah pada CS sering menyebabkan keretakan
pramatang implan. Oleh hal yang demikian, keliatan patah CS perlu dipertingkatkan
tanpa menjejaskan sifat biocompatibility yang sedia ada. Dalam projek ini, CS komposit
seramik direka dengan kekuatan mekanikal yang lebih baik dan bioaktiviti agak tinggi
untuk aplikasi menanggung beban dalam kejuruteraan tisu tulang.

Dalam langkah pertama, kalsium silikat hidrat (CSH) yang terdiri daripada
nanosheets telah berjaya disintesiskan melalui kaedah penyinaran ultrasonik tip (Ul)
dengan menggunakan kalsium nitrat (Ca (NOs).4H,0), natrium silikat (Na,SiO3-9H,0)
dan natrium dodecyl sulfat (SDS) dalam air. Kajian sistematik mendapati bahawa tindak
balas masa penyinaran ultrasonik dan kepekatan surfaktan (SDS) dalam sistem
merupakan faktor penting untuk mengawal saiz kristal dan morfologi.

Penemuan-penemuan baru menunjukkan biocompatibility graphene menandakan
bahawa graphene boleh digunakan sebagai bahan tambahan untuk meningkatkan sifat-
sifat mekanik komposit. Oleh itu, dalam langkah kedua, kami melaporkan kaedah yang
mudah untuk sintesis kalsium silikat/reduced graphene oksida (CS/rGO) komposit
dengan menggunakan pendekatan hidrotermal diikuti dengan penekanan sestatik panas
(HIP). Penambahan rGO pada CS tulen meningkatkan kekerasan bahan pada ~40%,
modulus elastik pada ~52% dan keliatan patah pada ~123%. Perbezaan kekuatan
mekanisme yang diperhatikan termasuk retak penyambung, retak cawangan, pesongan
retak dan rGO tarik keluar, sekaligus meningkatkan daya tahan untuk perambatan retak
dan membawa kepada peningkatan yang besar dalam keliatan patah bagi komposit.
Pembentukan bone-like apatit dalam pelbagai komposit CS/rGO dengan rGO peratusan

berat antara 0-1,5 telah disiasat melalui simulasi cecair badan (SBF). Keputusan lekatan



sel menunjukkan bahawa sel-sel osteoblast manusia (hFOB) boleh mematuhi dan terjadi
pada komposit CS/rGO. Di samping itu, aktiviti kadar percambahan dan phosphatase
alkali (ALP) sel-sel pada komposit CS / rGO telah bertambah baik berbanding dengan
seramik CS tulen. Keputusan ini menunjukkan bahawa komposit kalsium
silikat/pengurangan graphene oksida adalah bahan yang menjanjikan untuk aplikasi
bioperubatan.

Dalam langkah ketiga, CS komposit seramik diperkuatkan dengan nanoplatelets
graphene (GNP) yang disediakan dengan menggunakan isostatic panas menekan (HIP)
pada 1150°C. Analisis kuantitatif mikrostruktur menunjukkan bahawa GNP memainkan
peranan dalam saiz butiran dan bertanggungjawab untuk pemadatan yang lebih baik.
Taburan seragam 1 wt.% GNP dalam matriks CS, pemadatan yang tinggi dan saiz
butiran CS yang halus membantu untuk meningkatkan keliatan patah pada ~130%,
kekerasan pada ~30% dan indeks kerapuhan pada ~40% berbanding dengan matriks CS
tanpa KNK. Komposit GNP/CS mempamerkan kebolehan apatite-forming yang baik di
dalam simulasi cecair badan (SBF). Keputusan menunjukkan bahawa penambahan GNP
menurunkan nilai pH di SBF. Kesan penambahan GNP pada lekatan awal dan
pembiakan sel-sel osteoblast manusia (hFOB) diukur secara in vitro. Komposit GNP/CS
menunjukkan biocompatibility baik dan menggalakkan daya maju sel dan percambahan
sel. Keputusan menunjukkan bahawa daya maju sel dan perkembangan dipengaruhi

oleh masa dan kepekatan GNP dalam matriks CS.
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CHAPTER 1

INTRODUCTION

1.1 Background

Today, people pay more and more attention to the quality of life, especially to
medical care and rehabilitation, due to the development of society and the improvement
of human's living standards. Hence, the field of biomaterials is a rapidly emerging one,
because of its direct relation to healthcare and impact on human health related issues.

In general, the types of orthopedic biomaterials are classified into two groups. In
the first group are implants and fixing accessories, which are commonly made of
ceramics, hard polymers, metals or their composites. The next category are scaffolds for
bone tissue regeneration, which are based on polymers - preferably the biodegradable
ones and their composites. It is notable that the mechanical properties of each
biomaterial strongly influence how it can be utilized in orthopedics. Implants can also
include genetic or molecular factors that will be released when the biomaterial
dissolves, and these released soluble factors are expected to direct the osteogenic
differentiation of osteoprogenitor cells. Therefore, new biomaterials must be developed
that are biocompatible and mimic the properties of natural bone, such as matching the
functional and mechanical behaviour of the tissue to be replaced, and that form a stable
bond between the implant and the surrounding tissue after implantation.

Traditional hard tissue replacing materials consist of polymers, metals, ceramics
and their composites. Some clinical applications of these materials have been
accomplished. However, there are significant disadvantages of these materials. The
popular metals in clinical application are titanium (Ti), stainless steel and its alloys.
Some hip joints, bone fixing plates and bolts are made of these metals. Studies have

shown that Ti and its alloys are among the most successful metallic biomaterials for



dental and orthopaedic applications because of their good mechanical properties (elastic
modulus, strength, toughness and fatigue), excellent corrosion resistance, and good
biocompatibility. However, Ti and Ti alloys are bioinert and cannot promote tissue
bonding to the implants. Moreover, there is a stress shielding problem when they are
used to replace hard tissues, especially in load bearing conditions. The theory of stress
shielding hypothesizes that bone loss around orthopedic and implants is due to the
removal of normal stress from the bone by an implant (O'Mahony, Williams, &
Spencer, 2001). Polymer materials can be easily shaped and some of them, such as
polyglycolic acid (PGA), poly (lactic-co-glycolic acid (PLGA) and polylactic acid
(PLA) are biocompatible and biodegradable. Nevertheless, their degradation rate does
not match well with the growing speed of new bone (Simitzis & Baciu, 2012).
Bioceramics have been used in many medical, orthopedic, and dental applications.
Bioceramics do not release toxic elements to the human body, even if they are exposed
to body fluid for a long time. Bioceramics are classified mainly into three groups on the
basis of the interactions between the implant material and the tissues. These groups are
called bioinert, bioactive and biodegradable ceramics, respectively. Bioinert ceramics
such as alumina and zirconia have stable structures, and there is no chemical reaction or
biodegradation when they are implanted in human body. Although these ceramics are
famous for thier high chemical stability and mechanical strength, they do not form
biochemical interfacial bonds with the tissues (Yelten, Yilmaz, & Oktar, 2012).
Biodegradable ceramics such as B-tricalcium phosphate (B-TCP) gradually resorb and
are totally replaced by new bone ingrowths. B-tricalcium phosphate is not commonly
used in load-bearing conditions due to their low mechanical strength. Bioactive
ceramics such as hydroxyapatite (HA), glass ceramic A-W, and bioglass are now widely
used as bone-repairing materials (Shanthi, Ashok, Balasubramanian, Riyasdeen, &

Akbarsha, 2009). They bond to and integrate with living bone spontaneously by



forming a biologically active bone-like apatite layer on their surfaces in the body (X.
Liu, Morra, Carpi, & Li, 2008). Calcium silicate (CaSiOsz, CS) is a novel bioactive
ceramic that enables excellent attachment and proliferation of osteoblast cells and
promotes apatite formation, making it an attractive candidate biomaterial for hard tissue
repair (Gandolfi et al., 2010; X. Y. Liu, Ding, & Wang, 2001; Lu, Zhu, Ao, Qi, & Chen,
2012; Magallanes-Perdomo et al., 2010; Ni, Chang, & Chou, 2006; Ni, Chang, Chou, &
Zhai, 2007). Calcium silicate bioceramics has two polymorphs, B-calcium silicate (low-
temperature phase) and a-calcium silicate (high-temperature phase), with a phase-
transition temperature of 1125 °C. Both materials were shown to be bioactive in the
middle of 1990s due to a formation of surface hydroxyapatite (C. Wu & J. Chang,
2013). Moreover, some studies have shown that calcium silicate hydrate (CSH) can
induce the formation of a bone-like apatite layer on its surface after soaking in
simulated body fluid (SBF) (Lin, Chang, & Cheng, 2007). The biocompatibility,
stability, heat-insulating ability, low dielectric loss at high frequency and mechanical
properties of calcium silicates are determined by their morphology, crystal size,
composition and structure. Hence, the control over the morphology of calcium silicate
and CSH is of great importance for biomedical and industrial applications (Lin, Chang,
& Lu, 2006; J. Wu, Y.-J. Zhu, S.-W. Cao, & F. Chen, 2010). However, the insufficient
strength and toughness of this material remain major hurdles that impede its application
in load bearing conditions (Lin et al., 2005; Long, Zhang, Chen, Chen, & Chang, 2008).
One of the possible solutions is reinforcement of CS by a second phase material that can
help improve the fracture toughness of the CS matrix. Thus, toughening of CS with a
second phase such as yttria stabilized zirconia, alumina, Ti3SiC, and titanium has been
explored to overcome the deficiencies of pure CS (Pattanayak, Prasad, Rao, & Mohan,
2006; S. J. Zhao, Wang, Jiang, Zhang, & Chen, 2008). Keeping the biocompatibility of

the composite structure in mind, the ideal reinforcement material is one that can



enhance the fracture toughness remarkably with a low content of reinforcement phase.
The lower content of reinforcement phase ensures introduction of a minimum of foreign
elements into the living body. Hence, it is important that the reinforcement phase
possesses excellent strength and elastic modulus, in order that a minimum content can
improve the fracture toughness of CS significantly. It is notable that the CS is difficult
to densify by an ordinary sintering technique. In order to solve these problems, some
investigators were able to fabricate dense CS ceramics with better properties using other
sintering methods such as hot isostatic pressing and spark plasma sintering, instead of
conventional methods (Zhong et al., 2011). So far, few of the materials such as alumina,
zirconia and Ti3SiC, that have been attempted for CS-based bioceramics have sufficient

mechanical properties and favourable biocompatibility.
1.2 Graphene: Potential reinforcement to calcium silicate

Graphene, a flat monolayer of carbon atoms in a two-dimensional (2D)
honeycomb lattice with a high aspect ratio layer geometry and a very high specific
surface area, has attracted tremendous attention in recent years due to its exceptional
thermal, mechanical and electrical properties (Ferrari & Basko, 2013; M. Mehrali,
Latibari, Mehrali, Metselaar, & Silakhori, 2013; Z. P. Xu & Buehler, 2010). Graphene
sheets have been applied in various biotechnologies such as bacteria inhabitation
(Akhavan & Ghaderi, 2010; Tang et al., 2013), biosensing (Akhavan, Ghaderi, &
Rahighi, 2012), drug delivery (L. M. Zhang, Xia, Zhao, Liu, & Zhang, 2010), cellular
imaging (Peng, Hu, Zhou, Fan, & Huang, 2010), cancer targeting (Robinson et al.,
2011), antiviral materials (Akhavan, Choobtashani, & Ghaderi, 2012), tissue
engineering (Fan et al., 2014; Liao, Lin, Macosko, & Haynes, 2011; K. Zhou et al.,
2012), and many other, due to its extremely large surface area, good biocompatibility,
biostability and ease of chemical functionalization. Much of the work on graphene

composites has focused on polymer matrix composites. The addition of graphene has



resulted in the improvement of electrical and mechanical properties of the polymer
matrix composites (Castelain, Martinez, Marco, Ellis, & Salavagione, 2013;
Ramanathan et al., 2008; K. Zhou et al., 2012). In recent years, there has been great
interest in using graphene-based nanofillers, such as graphene oxide (GO), graphene
nanoplatelets (GNPs), and reduced graphene oxide (rGO), to improve the mechanical
performance of ceramics and bioceramics such as SizsNs (Walker, Marotto, Rafiee,
Koratkar, & Corral, 2011), zirconia/alumina composites (J. Liu, H. X. Yan, M. J. Reece,
& K. Jiang, 2012), Al,O3 (J. Liu, H. Yan, & K. Jiang, 2013), hydroxyapatite (HA) (Y.
Liu, Huang, & Li, 2013; Lv Zhang et al.,, 2013) and biphasic calcium phosphate
composites (Y. Zhao et al.). All graphene-reinforced ceramic matrix composites were
found to exhibit a decreased tendency to fracture, mainly due to crack bridging, crack
deflection, crack tip shielding and crack branching. Li et al. (M. Li et al,
2013) synthesized nano-hydroxyapatite on pristine and chitosan functionalized
graphene oxide (GO), which was densified using spark plasma sintering (SPS), to report
on the effects of functionalized GO enhancing the cytocompatibility of a composite.
Zhang et al. (Lv Zhang et al., 2013) prepared and characterized GNP/HA composites
and reported the improvement of the mechanical properties, in vitro biocompatibility,
good bone bonding ability and promotion of the deposition of plate-like HA in a
simulated body fluid (SBF) solution as compared to pure HA. Moreover, recent studies
have shown that GNP-based composites possess a series of merits, e.g., are non-toxic
for human osteoblasts and mesenchymal stromal cells (Kalbacova, Broz, Kong, &
Kalbac, 2010), suitable for adhesion and proliferation of osteoblasts (W. B. Hu et al.,
2010). In recent years, reduced graphene oxide has emerged as a competitively
alternative material for graphene. Thermal annealing or chemical treatment can
eliminate functional groups on GO to produce reduced graphene oxide (rGO) (He et al.,

2010; Hu et al., 2013) Agarwal et al.(Agarwal et al., 2010) tested the biocompatibility



of rGO with human fetal osteoblast (hFOB) cells, human oligodendroglia (HOG) cells
and rat pheochromocytoma (neuroendocrine cell, PC12) cells and found that rGO is
biocompatible with all the cells tested (Agarwal et al., 2010). Akhavan et al. (Akhavan,
Ghaderi, & Akhavan, 2012) reported that the rGO do not display genotoxicity in the
human mesenchymal stem cells (hnMSCs). However, they found that interaction of rGO
with stem cells and probably other biological systems such as organisms and tissues
strongly depends on the lateral size of the sheets. Very recently, Liu et al. (Y. Liu et al.,
2013) found that the rGO reinforcement in HA for load-bearing orthopedic implants is
compatible with hFOB cells with an increase in fracture toughness compared to pure
HA.

Thus, theoretically, graphene has the capabilities to serve as reinforcement to CS
in orthopedic application.

1.3 Objectives of the current research

The overall objectives of this research are to synthesize of CSH and
CS/graphene composites, and study the biocompatibility and apatite forming ability of
CS/graphene composites.

This research work is broken down into the following specific tasks:

e To develop a facile method to synthesize CSH by employing a tip
ultrasonic irradiation in water solvent.

e To use a simple hydrothermal method to synthesize CS nanowires on
graphene oxide sheets, and investigate the influence of rGO filling
percentages on the mechanical properties of fabricated composites.

e Exploring the potential of GNP as an alternative reinforcement to CS in
terms of mechanical properties improvement and analyzing the role of
graphene sheets (rGO and GNP) reinforcement in fracture toughness

behavior of CS based composites.



e To investigate the apatite-forming ability of the fabricated composites in
simulated body fluid (SBF), to study the effect of rGO and GNP content
on the formation of HA on the fabricated composites.

e In-vitro evaluation of biocompatibility of CS-graphene sheets (rGO and
GNP) composites by using human fetal osteoblast cells (hFOB).

1.4 Structure of thesis

This dissertation is arranged in different chapters. Chapter one highlights the
background of the study, the problems existing in this area which provide the
motivation for this research, and the objective of this research. Chapter two presents a
literature review on this subject. Moreover, this chapter highlights those study areas that
have not received much attention yet. Chapter three provides a detailed account of the
methodology adopted in this project. Explanation of the results and scientific analysis of
the outcomes in context with the objective of this study is discussed in chapter four.
Comprehensive conclusions together with recommendations for further work on CS-
graphene composites that would take this orthopedic implant material to clinical

application stage are presented in chapter five.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview of Bioceramics

Bone is a complex living tissue which has an elegant structure at different
hierarchical scales. It is basically a composite comprising of an organic phase (based on
collagen) in which calcium-containing inorganic crystals are embedded (Driessens,
1980). However, although the skeleton plays a vital role in the mammalian body both in
terms of support and locomotion and also the protection of vital organs, it is susceptible
to fractures as a result of injury and degenerative diseases which are often associated
with ageing. Therefore there has always been a need, since the earliest time, for the
repair of damaged hard tissue. The earliest attempts to replace hard tissue with
biomaterials aimed to restore basic functions by repairing the defects caused by injury
and disease. However, the aim was to elicit minimal biological response from the
physiological environment. These materials are now largely classed as “Bioinert” and
the absence of a toxic response would have been considered to be a successful outcome
(Dinan, Gallego-Perez, Lee, Hansford, & Akbar, 2013). Although bioinert ceramics
have been successfully used as hip prostheses, dental implants and joint prostheses in
clinical applications, the bioactivity of the bioinert ceramics is poor (Hench, 1991). It is
noted that the bioinert ceramics cannot bond with the natural bone directly, and fibrous
tissue is generally generated around bioinert ceramics after implantation. Therefore, the
bonding strength between the bioinert ceramic and the natural bone is weak. The
bioinert ceramic implants were generally fixed through mechanical interlocking with the
natural tissue. As with many biomedical implants, the material used in clinical
application was originally designed for quite different purposes and the development of

bone cement and some of the metallic alloys are prime examples of this. However, more



recently, interest has been directed towards the advantageous properties of ceramics
including their excellent levels of chemical resistance, compressive strength and wear
resistance. In the 1920s De Jong (Best, Porter, Thian, & Huang, 2008) first observed the
similarities between the X-ray diffraction patterns of bone mineral and a calcium
phosphate compound, hydroxyapatite. Later Posner and co-workers identified the
crystallographic structure of bone mineral and hydroxyapatite (Barralet, Best, &
Bonfield, 2000; Bauer, Geesink, Zimmerman, & McMahon, 1991; Bonfield, Grynpas,
Tully, Bowman, & Abram, 1981). A series of studies in the 1960s, revealed that the
presence of carbonate in bone and tooth mineral and hydroxyapatite may be observed
directly, using infrared spectroscopy, in the form of weak peaks between 870 and 880
cm * and a stronger doublet between 1460 and 1530 cm * and also through alterations in
the hydroxyapatite lattice parameters from X-ray diffraction (Zapanta-Legeros, 1965).
The effect of the substitution of electronegative anions, such as fluoride and chloride for
(OH™), were also reported to influence the lattice parameters of the structures (Elliott &
Young, 1967). However, the main thrust of these studies was characterisation and it was
not until later in the 1960s and beyond that the development of bioactive ceramics came
of age.
2.1.1 Bioactive Ceramics

Bioactive materials can elicit a specific biological response at the tissue/material
interface which results in the formation of a bond between the tissue and the material.
When a bioactive material is implanted into the human body, a series of biochemical
and ion-exchange reactions occur between the bioactive implant and the surrounding
body fluids resulting in the formation of a layer of bone-like apatite on the implant that
is chemically and crystallographically equivalent to the mineral phase in bone, which
promotes the bonding between the natural tissues and the material. Similar to other

bioactive materials, bioactive ceramics can directly bond to the living bone tissue.



Typical examples of the conventional bioactive ceramics are synthetic hydroxyapatite
(HA), Apatite-wollastonite glass ceramic (AW-GC) and Bioglass®. In the last 20 years,
novel bioactive ceramics and coatings/films were frequently investigated and explored,
such as CaO-SiO, based ceramics and coatings. Since the discovery of bioglass by
Hench and Anderson (Hench, 1991) in 1969, several glasses and glass ceramics were
found to bond to living bone. All those bioglass and glass-ceramic components include
the components of CaO-SiO,. Kokubo and Ohtsuki et al. (Kokubo, 1990, 1991) pointed
out that the CaO-SiO, components contributed mainly to the bioactivity of those
materials. Therefore, some ceramics and coatings such as calcium silicate (CaSiO3, CS),
dicalcium silicate (Ca,SiO4) and diopside (CaMg-Si,Og), have been regarded as
biomaterials, they may be the potential candidates for artificial bone.
2.1.2 Bioactive calcium silicate ceramics

Calcium silicate is an important compound in the ceramic and cement industries
(X. Liu et al., 2008; Vukovich, 1956). Calcium silicate has three main polymorphs viz.
triclinic wollastonite (TC), parawollastonite and pseudowollastonite. Wollastonite TC
and parawollastonite are both referred to as the low temperature form (B-CaSiOs, B-CS).
The term wollastonite TC means triclinic wollastonite, which is a common mineral in
nature (Henmi, Kawahara, Henmi, Kusachi, & Takeuchi, 1983). Parawollastonite is
monoclinic, and is rarer in nature. Parawollastonite is distinguished from wollastonite
TC by the slight inclination of the optic axial plane. Nevertheless, the properties of
parawollastonite and wollastonite TC are closely related (X. Liu et al., 2008).
Pseudowollastonite, the high temperature form (a-CaSiOs, a-CS), is triclinic, and is
known in nature merely in pyrometamorphosed tertiary rocks. The phase-transition
temperature B-CaSiO3 to a-CaSiOj3 is higher than 1125°C (X. Liu et al., 2008).

Calcium silicate powders and ceramics (B-CS and a-CS) were shown to be

bioactive in the middle of 1990s due to a formation of a bone-like hydroxyapatite (HA)
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surface layer after exposure to a stimulated body fluid (SBF), human saliva, and to form
a bond to living bone in vivo by the formation of a hydroxyapatite layer surface (De
Aza, Luklinska, Anseau, Guitian, & De Aza, 1999; X. Y. Liu, Ding, & Chu, 2004; S.
Xu et al.,, 2008). This type of HA layer plays an essential role in forming a tight
chemical bond between the bioactive material and the surrounding bone tissue (Kokubo
& Takadama, 2006). Since then, numerous other studies further demonstrated that CS
was a promising candidate material for bone replacement. Interestingly, some reports
also indicated that the formation rate of hydroxyapatite on the surface of CS was faster
than on the other biocompatible glasses and glass ceramics in SBF solution
(Siriphannon, Kameshima, Yasumori, Okada, & Hayashi, 2000; S. Xu et al., 2008). Xu
et al. also showed the potential of CS ceramics to become a third generation of
biomaterials for artificial bone, which have enhanced bioactive and bioresorbable
properties (S. Xu et al., 2008). Siriphannon et al. investigated the effect of the structure
of the CS powders on the formation behaviour of HA by soaking various amorphous
and crystalline CS powders (B-CS and o-CS) in a SBF solution for varying periods
(Siriphannon, Kameshima, Yasumori, Okada, & Hayashi, 2002). They found that the
amorphous CS powders showed a faster formation of HA because of the rapid release of
calcium (Ca) ions in SBF solution. In addition, it is reported that dissolution may play
an important role in influencing the apatite mineralization of calcium silicate ceramics.
Moreover, they observed that after prolonged soaking, a denser layer of larger particle
size formed on B-CS and a-CS as compared to amorphous CS powders. Generally,
calcium silicate bioceramics posses improved apatite-forming ability in the SBF.
However, the incorporation of other metal ions, such as magnesium (Mg), zinc (Zn) and

zirconium (Zr) into calcium silicate ceramics will decrease their apatite mineralization.
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2.2 Structure, synthesis, Properties and Fabrication Methods of CS

2.2.1 Calcium silicate hydrate

Calcium silicate hydrates (CSH) have potential applications in biomedical fields
such as drug delivery (S. K. Jain, Awasthi, Jain, & Agrawal, 2005; J. Wu, Y. J. Zhu, S.
W. Cao, & F. Chen, 2010) and bone tissue engineering (Wei, Chen, et al., 2009; S. Xu
et al., 2008) owing to their comparatively good bioactivity, biocompatibility and
biodegradability, and thus have drawn growing attention in recent years. CSH is the
principal hydration product and primary binding phase in portland cement (P. Yu, R. J.
Kirkpatrick, B. Poe, P. F. McMillan, & X. D. Cong, 1999). The calcium silicate
hydrates possess a notable level of structural complexity. In excess of 30 crystalline
CSH phases are known, and preparations made near room temperature have structures
that range from semicrystalline to nearly amorphous (J. J. Chen, Thomas, Taylor, &
Jennings, 2004). The Ca/Si molar ratio of the CSH gel free of hydrous silica and
portlandite (Ca (OH) ,) can range from 0.66 to 1.5 (Bonaccorsi, Merlino, & Taylor,
2004; Nonat, 2004). The CSH is generally similar to those of tobermorite (CasSigO16
(OH) 2 8H,0) and/or jennite (Cag (SisO1g) (OH) ¢ -8H20) (Nonat, 2004). Tobermorite
and jennite are rare natural minerals that also form in autoclaved building and thermal
insulation materials. However, the formation of tobermorite-like CSH is believed to
occur when it has a low Ca/Si molar ratio (usually less than 1) while the Ca/Si ratio of
jennite is 1.5 (J. J. Chen et al., 2004). The primary structural unit of tobermorite is a
layer composed of CaO polyhedral sheets sandwiched between single silicate chains.
The silicate chains that repeat at intervals of three silicate tetrahedra. Two of these
tetrahedra, called paired tetrahedra, share two oxygen atoms with the central CaO sheet,
while the third, called a bridging tetrahedron, shares only one. These calcium silicate
layers have a negative charge and are held together by Ca* ions in the interlayer region,

which also contains H,O molecules. The minimum basal spacing, the c-axis dimension,
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is ~0.98 nm, and additional H,O molecules expand it to ~1.1 and 1.4 nm. Both 1.1 nm
tobermorite and 1.4 nm tobermorite have similar [100] and [010] unit-cell dimensions,
ideally contain single dreierketten silicate chains, and have similar oxygen sites (J. Wu,
Zhu, & Chen, 2013). The idealized structural formula for 1.1 nm tobermorite is Ca, s
(Si3075 (OH) 15).H,O with a C/S ratio of 0.83 but bridging silicate tetrahedra may be
missing or crosslinked, resulting in a variable C/S ratio. The interlayer Ca®* may be
substituted by other cations (P. Yu et al., 1999).

The crystal structure of jennite is generally similar to that of tobermorite of as
with tobermorite, the structure is based on layers in which a central CaO sheet is
flanked on both sides by rows of single dreierketten, together with interlayer Ca** ions
and water molecules (P. Yu et al., 1999). An important difference between tobermorite
and jennite is that every other silicate chain is omitted and substituted by OH™. Gard et
al. suggested that the idealized jennite structural formula is (Cag (SigO1gH;) (OH) g)
Ca.6H,O, which is based on corrugated sheets with a composition
(CagSigO15H2(OH)s.2H,0)* lying parallel to (001), with additional Ca®* cations and
H.O molecules sandwiched between them (Gard, Mohan, Taylor, & Cliff, 1980). Taylor
reported that CSH with a C/S ratio >1.5 (called CSH (Il)) has a structure similar to
jennite, while CSH with a C/S ratio <1.5 (called CSH (l)) has a structure similar to
tobermorite (Taylor, 1986). The other form of CSH structure is xonotlite, which has
been attracting attention in recent years. Xonotlite (CasSigO17 (OH) ) is a fibrous
hydrate silicate of calcium, whose chemical composition is closely related to
tobermorite but has double chains running parallel to the b-axis which form layers in the
ab plane (Burzo, 2006; Shaw, Clark, & Hendersona, 2000). Upon dehydration, xonotlite
is in fact transformed into calcium silicate. Moreover, Thermogravimetric (TGA)
analysis indicated on both synthetic and natural xonotlite show higher water content

than assumed by the above formula (Burzo, 2006).
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Generally, a comprehensive understanding of the CSH and/or CS crystal
structure and ion substitute properties can help to fabricate CS particles based on the
application requirements and understanding of the interaction between bone mineral and

CS.

2.2.2 Synthesis of CS

Synthesis of CS particles is usually the first step to produce CS implants. Many
methods, such as hydrothermal (X. K. Li & Chang, 2006; Lin, Chang, Chen, Ruan, &
Ning, 2007; L. Z. Pei et al., 2010), sol gel (Baciu & Simitzis, 2007; Simitzis & Baciu,
2012), mechanochemical (Shirazi, Mehrali, et al., 2014; Singh & Karmakar, 2011),
solid state reaction (lbanez, Pena, & Sandoval, 1990), sonochemical (M. Zhang &
Chang, 2010), microwave (Vichaphund, Kitiwan, Atong, & Thavorniti, 2011) and the
chemical precipitation have been developed to prepare CS particles. The methods of
chemical precipitation, hydrothermal and sonochemical that have been used in this
research are briefly reviewed in the following paragraphs.
2.2.2.1 Chemical precipitation method

The chemical precipitation is low cost, simple and appropriate for industrial
production CS. In the chemical precipitation method calcium nitrate (Ca (NO3),- 4H,0),
calcium hydroxide Ca (OH), or calcium chloride CaCl, are the possible sources of

calcium (Ca®"), while sodium metasilicate nonahydrate (Na,SiOs* 9H,0) and tetraethyl

orthosilicate (Si (OC,Hs)s (TEOS)) are sources of silicate (Si037). The most typical
procedure involves the dropwise addition of one reagent to another at room temperature
under continuous and gentle stirring, until the ratio of elements (Ca/Si) reaches the
required stoichiometric ratio (1) (Lin et al., 2005). A powder prepared by simple
precipitation is, however, usually poorly crystallized without any regular shape (Wan,

Chang, Mao, Jiang, & Li, 2005). In this method, the particle size can be controlled
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through adjusting synthesizing conditions, such as stirring speed and the concentration
of the starting chemical.
2.2.2.2 Sonochemical method

The sonochemical method shows potential for the synthesis of nanomaterials
due to the acoustic cavitation process in an aqueous medium where the formation,
growth and collapse of microbubbles occur. The reactivity of chemicals is increased
which increases the speed of the heterogeneous reactions between liquid and solid
reactants. The sonochemical method has been used to produce unusual morphologies
such as flower-like of monetite (Baradaran, Basirun, Mahmoudian, Hamdi, & Alias,
2013), nanorods of ZnO (Sadjadi & Eskandari, 2013), nanosheets of SnO, (H. Wang et
al., 2012), hydroxyapatite (Sadat-Shojai, Khorasani, Dinpanah-Khoshdargi, & Jamshidi,
2013) and nanospheres of MnO, (Kim, Huh, Han, Cho, & Kim, 2012). According to
their study, the efficiency of the synthesis process, morphology, particle size and
crystallinity depends on many variables such as ultrasonic irradiation (UI) time, the type
of used ultrasonic device, applied Ul power, temperature, volume and concentration of
ultrasonicated solution. Zhang and Chang prepared CSH microspheres by ultrasonic

precipitation using calcium nitrate (Ca (NO3), 4H,0) as the calcium (Ca®*) source and
sodium metasilicate nonahydrate (Na;SiOs- 9H,0) as the source of silicate(Si03™) in an

aqueous medium with cetyltrimethylammonium bromide (CTAB) acts as a surfactant.
They showed that addition of CTAB favours the formation of hollow CSH
microspheres, which can be used as a bioactive bone implants with drug delivery
properties. When CTAB was absent in the solution, only irregular spheres with varied
sizes and severe agglomeration were observed. In another study, Wu et al. (J. Wu et al.,
2010) proposed a surfactant free sonochemical synthesis of mesoporous spheres of CSH
under ambient conditions with well-defined 3D network structures constructed by

nanosheets as building blocks. They reported that the structural features of CSH is
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desirable for drug delivery due to their large specific surface area, mesopores, and
interconnected microchannels for drug loading and release.
2.2.2.3 Hydrothermal method

Among the wet chemical methods, the hydrothermal process appears to have
attracted much attention for the synthesis of materials at high temperature and high
pressure using super saturated solutions (Sadat-Shojai et al., 2013). In this method, an
autoclave or pressure vessel that can provide a high temperature — typically above the
boiling point of water and high pressure are needed.

Li et al. (X. K. Li & Chang, 2006) synthesized xonotlite [Cag(SigO17)(OH),]
nanowires with a diameter of 50-100 nm using TEOS and calcium nitrate as the
original materials through the hydrothermal method, including CTAB as templates.
CTAB is a cationic surfactant and its critical micelle concentration (CMC) is 0.03%
(0.9-1.0 mM) (Delsanti, Moussaid, & Munch, 1993). They found that the long reaction
time, low reaction temperature and the presence of CTAB favoured the synthesis of
xonotlite nanofibers. Meanwhile, the phase of the powders decomposed from xonotlite
to B-CaSiO3 during calcination. The main disadvantage is the template solvent that was
used in this method is harmful to health and the environment (L. Z. Pei et al., 2010).

Pei et al. (L. Z. Pei et al., 2010) fabricated calcium silicate nanowires from SiO,
and CaO powders as precursors at 220 °C for 12 h. After being calcined at 800 °C for 1
h, the xonotlite nanowires are completely transformed into -CaSiO3 nanowires. They
reported that the diameter of nanowires measured from transmission electron
microscopy (TEM) observations was 30—150 nm. The advantage of this synthesis is that
there were no other templates and that it uses cheap source materials. However, the
diameter of nanowires has a relatively broad size distribution.

Lin et al. (Lin, Chang, Chen, et al., 2007) synthesized CS nanowires with a

diameter of 10-30 nm and a length up to tens of micrometers from Ca(NO3),.4H,0 and
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Na,Si03.9H,0 as the original materials under hydrothermal conditions at 200°C for 24
hours. They reported that Xonotlite nanowires were firstly obtained by hydrothermal
treatment; then the single crystalline p-CaSiO3; nanowires were obtained by calcination
of the xonotlite at 800°C for 2 h. Their results showed that diameter of nanowires were

smaller and well distributed compared to other studies.

2.2.3 Sintering processes

Green or pre-sintered ceramic bodies are densified by the application of heat.
This is known as sintering. Moreover, through a powder sintering process, the
microstructure of ceramics can be controlled (Carty & Senapati, 1998). Green or pre-
sintered ceramic bodies contain pores or voids, which need to be eliminated in order
that the material can be fully densified to achieve appropriate mechanical
properties. Therefore, one common process for doing that is sintering. The evolving
process throughout the sintering process consists of the following steps:

(1) connection of particles;

(2) growth of connection necks;

(3) close of connected pores;

(4) decrease of pores and increase of bulk density;

(5) growth of crystals.

There are several sintering methods for ceramic densification including
pressureless sintering, hot isostatic pressing (HIP), spark plasma sintering (SPS),
microwave sintering and hot-press sintering. The sintering methods of pressureless
sintering and hot isostatic pressing are briefly reviewed in the following paragraphs.
2.2.3.1 Pressureless sintering

Pressureless sintering is the most common method in the fabrication of ceramic
materials. This technique imposes relatively low requirements on the equipment and

yields products with high performance and desired shapes. Ceramic powders are pressed
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in a mold by applying pressure or using other methods such as casting. to obtain shaped
bulk samples. Afterward, the green bodies are sintered in air, vacuum or inert gas
environments. Optimization of the sintering parameters is of crucial importance, such as
compaction pressure, sintering temperature, cooling and heating rate, protection gas and
sintering time, which influence the properties of sintered samples (Castillo-Rodriguez,
Mufioz, & Dominguez-Rodriguez, 2006). However, the mechanical properties of
ceramics sintered by pressureless sintering are comparatively poorer than ceramics
sintered by the HIP and SPS methods due to the residual porosity. Furthermore, the
sintering duration is generally several hours, which makes it a time consuming process.
2.2.3.2 Hot isostatic pressing

Hot isostatic pressing (HIP) plays an important role in the research and
development of different materials, including metals and ceramics. During HIP, high
temperature and high gas pressure are simultaneously applied to sintering powder
(Bocanegra-Bernal, 2004). The pressurizing medium is normally an inert gas such as
pure argon. The HIP method, which subjects a component to elevated temperatures
(over 1000 °C) and pressures (over 98 MPa) to eliminate internal micro porosity, helped
engineers to respond to regulations of aerospace industry (Bocanegra-Bernal, 2004).
High performance ceramics, especially high temperature ceramics such as silicon
carbide, alumina, zirconia and silicon nitride, were the first of these materials to be
produced commercially, and HIP has been considered one the most promising
technologies to fabricate parts with adequate mechanical strength and reliability made
from these materials (Echeberria, Tarazona, He, Butler, & Castro, 2002; Hoffmann,
Geyer, & Oberacker, 1999). The hot isostatic pressing (HIP) utilizes a high pressure
between 100-300 MPa which is applied to an encapsulated chamber so that a high
dynamic force is achieved. Thus, highly densified ceramic materials can be produced

with limited grain growth. Moreover, HIP is a sealed system, therefore oxidation and
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chemical reaction can be limited or prevented. Consequently, HIP is an admirable
technique to produce high density and homogeneous materials (Tjong & Lau, 1999).
With hot isostatic pressing (HIP) the formation of materials can be controlled and
pressure can also be applied to increase the driving force for more densification, even
for objects with complex shaped like turbine wheels. Pressure in HIP has been used to
aid densification and sintering. HIP has been found as a unique method for forming and
densification of ceramics (Bocanegra-Bernal, 2004).

2.2.3.3 CS ceramic composites

CS has a high osteoconductivity, significant biocompatibility and high
bioactivity. But the disadvantage CS is that it is inherently brittle and that its mechanical
properties are poor (Lin et al., 2005). CS has a comparable bending strength and elastic
modulus to human cortical bone in dry test conditions (50-150 MPa) (C. T. Wu & J.
Chang, 2013). However, the fracture toughness (Kic) of CS ceramics is lower than 1
MPa m'?, while the fracture toughness value of human cortical bone ranges from 2-
12MPa m*? depending on the type and age of the bones. The poor static and fracture
strength limits the application of CS to low or non load-bearing conditions.

Long et al. (Long, Chen, Bai, Chang, & Lin, 2006) have used SPS to fabricate
pure CS at different temperatures (900, 950 and 970 °C). They have reported that the
sample sintered at 970 °C changed into the high-temperature phase (a-CS) completely
and fracture toughness was 0.5 MPa mY2. But at 950 °C B-CS was formed with a
fracture toughness of 2 MPa m*?, which is four times more than those reported and
much higher than that of HA ceramics. The fracture toughness was found to decrease
greatly when the sample changed to a-CS ceramics.

Shirazi et al. (Shirazi, Mehrali, et al., 2014) investigated the sintering behaviour
and mechanical properties of a-CS which was prepared by cold isostatic press (CIP) and

then sintered by pressureless sintering at 1150 and 1250 °C. When increasing the
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sintering temperature from 1150 °C to 1250 °C, the density, Young's modulus and
hardness were improved, while the fracture toughness was decreased from 0.7 to below
0.5 MPa m"2. According to these results, various possible methods, such as refining the
microstructure of CS particles and incorporating reinforcing phases, have been applied
to improve the fracture toughness and hardness of CS ceramics. Composite technologies
have been used to improve the mechanical properties of CS, and various types of CS
composites have been produced.

CS-Al,0O3 is a kind of CS-ceramic composite. CS and Al,Oj3 interact with each
other during sintering (Shirazi, Mehrali, et al., 2014). The XRD results indicated that
the third phase formed is calcium aluminum oxide which can be absorbed by the human
body. Moreover, the gehlenite (Ca,Al [AlISiO7]) was also detected in minor amounts
which does not have any inhibitory and toxic effect in vitro (Nath, Kalmodia, & Basu,
2013; Shirazi, Mehrali, et al., 2014). Furthermore, the study has shown the effect of
Al,O3 on increasing dissociation of CS at this temperature. Their results showed that the
hardness and the fracture toughness of the CS- 15 wt. % Al,O3 composite fabricated at
1250°C reached 7.2 GPa and 0.9 MPa m'?, respectively. Nevertheless, even though the
hardness and Young's modulus of CS-Al,O3; composites is increased significantly, the
fracture toughness is still low. Moreover, the absorption of calcium aluminum oxide in
body fluids weakens the mechanical strength of the implants shortly after implantation
(Shirazi, Mehrali, et al., 2014).

Long et al. (Long et al., 2008) studied CS-Zirconia (ZrO,) composites. They
employed spark plasma sintering (SPS) method for a ZrO, content varying from 0 to 60
wt. % and a sintering temperature from 950 to 1080 °C. The addition of the ZrO,
inhibited the phase transition of CS and increased its phase transition temperature from
B-CS to a-CS. However, this study investigated the mechanical properties of B-CS/ZrO,

only. They did not investigate the a-CS/ZrO, composite as the mechanical properties of
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a-CS were very low. They found that 40wt. % ZrO, reinforcement improves the
fracture toughness of p-CS (4.08 MPa m*?) sintered at 1050 °C. It should be noted that
several research demonstrated that o-CS is less degradable than B phase which is more
applicable in high load bearing implants (X. Y. Liu et al., 2004; Shirazi, Mehrali, et al.,
2014).

Zhao et al. (S. J. Zhao et al.,, 2008) have studied TisSiC, reinforced CS
composites with different Ti3SiC, volume fractions, which were fabricated by SPS at
1150 °C. The bending strength and fracture toughness of the TizSiC; reinforced a-CS
composites, especially the a-CS composites with 30 vol% of TizSiC2, were improved,
which can be attributed to the toughening effect on the matrix by the Ti3SiC, phase. The
bending strength and fracture toughness of the composites reached 271 MPa and 2.47
MPa m*? when they were sintered at 1150 °C. However, the hardness value was not
reported in this research. Several studies have reported that Ti3SiC, reinforced ceramic
matrix composites require high temperature sintering to obtain dense and an acceptable
hardness (Shi & Pan, 2007; Shi, Pan, Fang, & Fang, 2006). Moreover, there is one study
that reports bending strength and fracture toughness of HA/Ti3SiC, composites were
increased, while the hardness was reduced with increasing amount of Ti3SiC, (Shi et al.,
2006). In addition, an increasing volume fraction of Ti3SiC, reinforced CS ceramic
matrix has been shown to reduce apatite-forming ability on these composites.

Wu et al. (C. T. Wu, Ramaswamy, Soeparto, & Zreigat, 2008) studied the
incorporation of titanium (Ti) into CS. Their results showed that pure sphene
(CaTiSiOs) powders are produced by the incorporation of Ti into CS using a sol—gel
technique. The compact CaTiSiOs ceramic showed a significantly higher chemical
stability in SBF, compared with CS. Moreover, CaTiSiOs ceramics supported the

attachment of human bone derived cells (HBDC) and spreading and enhanced HBDC
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proliferation and differentiation compared to pure CS ceramic. Nevertheless, the
mechanical properties were not investigated in this study.

Wu et al. (C. T. Wu, Ramaswamy, Kwik, & Zreigat, 2007) have also reported
incorporation of strontium (Sr) into CS ceramic and they investigated the effects on
phase transition, sintering property, apatite-formation ability, ionic dissolution, and
HBDC proliferation. Their results indicated that the incorporation of Sr promoted phase
transition from B-CS to a-CS. Incorporation of low amounts (1 wt.% and 2.5 wt.%) of
Sr into CS resulted in enhanced densification of the ceramics, whereas higher Sr
contents (5 wt.% and 10 wt.%) had no obvious effect on the densification. In addition,
the dissolution of CS ceramics was decreased and pH value of SBF and did not change
the mechanism and apatite-forming ability in SBF. Moreover, the Sr addition to CS
matrix stimulated HBDC proliferation due to the low concentration range of Ca and Si
ions released from material (C. T. Wu et al., 2007). However, the mechanical properties
of CS-Sr composites have not been investigated for using them as a high load bearing
application.

CS-HA composites were studied by some researchers (Beheri, Mohamed, & EI-
Bassyouni, 2013; Lin, Zhang, Zhai, Qu, & Chang, 2011; Sprio, Tampieri, Celotti, &
Landi, 2009). The HA is considered to be a suitable bioceramic for bone replacement,
as it closely mimics the mineral part of the bone tissue (Sprio et al., 2009). The
mechanical properties of dense HA are characterized by a fracture toughness slightly
below the lower limit of cortical bone (Hench, 1991; C. T. Wu & J. Chang, 2013). On
the other hand, the Young’s modulus is typically higher (Sprio et al., 2009) and the
flexure strength is restricted to ~80 MPa (Kothapalli, Wei, Vasiliev, & Shaw, 2004).
Kokubo (Kokubo, 1991) developed apatite/CS bioactive glass—ceramic with high
mechanical strength, which contains apatite and B-CS as reinforcing phase in a MgO-

Ca0-SiO,—P,0s5-CaF; glassy matrix. In the apatite/CS glass—ceramics, the CS phase
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consists of a silica chain structure and acts as reinforcement for the apatite crystals. In
addition, the presence of CS in these composites also plays an important role in the
bioactivity. Lin et al. (Lin et al., 2011) found that when the CS content in the composite
increased to 30 wt. %, the proliferation rate of mesenchymal stem cells (MSCs)
increased. Hence, CS/HA composites with more than 30 wt.% CS content could be
capable of as load bearing, bioactive, and degradable biomaterials for hard tissue repair
applications. Furthermore, they have found that once the weight ratio of CS increased,
the linear shrinkage of the ceramics decreased, although the porosity increased. The
bending strength increased with the increase of the CS component amount and reached
~221 MPa for 90 wt.% CS composite. The elastic modulus of the sintered samples was
14.9 GPa, which is close to that of human cortical bone. However, these mechanical
improvements may be suitable for use in scaffold. Recently, Beheri et al. (Beheri et al.,
2013) have reported nano sized HA and CS powders prepared by both chemical

precipitation and sol-gel methods, respectively. They used pressureless sintering

method for the production CS/HA. The results showed that the hardness and
compressive strength were improved with increasing the CS ratio in the composite. But,
these studies have not specifically mentioned the fracture toughness of CS/HA
composites, which is very important for high load-bearing applications. Additionally, it
is noted that the a-CS is sintered at more than 1125 °C, while HA will be decomposed
to other phase such as B-TCP and a-TCP at high temperature, which they are all
biodegradable materials (Sprio et al., 2009).The high degradation of these bioceramics
in physical environments can weaken the composites significantly. Hence, this type of
composite can be used for non-load bearing applications. Furthermore, the degradation
of B-TCP and a-TCP produced in the sintering procedure must be considered prior to

biomedical application.
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2.3 Properties and composites of graphenes

2.3.1 Graphene oxide

A report in 2004 by Geim and Novoselov et al. of a technique to prepare
individual graphene sheets has initiated enormous scientific activity due to its unique
properties (Geim, 2009). Graphene, one of the allotropes (diamond, carbon nanotube,
fullerene) of elemental carbon, is a planar monolayer of carbon atoms arranged into a

two-dimensional (2D) honeycomb lattice with a carbon-carbon bond length of 0.142

nm (Geim, 2009; Geim & Novoselov, 2007). It has excellent electronic properties, good
thermal stability, optical transparency, large specific surface area and outstanding
mechanical strength. Graphene sheets have been applied in various biotechnologies
such as bacteria inhabitation (Akhavan & Ghaderi, 2010; Tang et al., 2013), biosensing
(Akhavan, Ghaderi, & Rahighi, 2012), drug delivery (L. M. Zhang et al., 2010),
cellular imaging (Peng et al., 2010), cancer targeting (Robinson et al., 2011), antiviral
materials (Akhavan, Choobtashani, et al., 2012) and tissue engineering (Fan et al., 2014;
Liao et al., 2011; K. Zhou et al., 2012). Graphene and its functionalized derivatives can
be employed to improve materials and surfaces for culturing human cells for hard and
soft tissue engineering applications. Recent research has shown that graphene-
incorporated tissue engineering scaffolds exhibit much better mechanical properties.
Unlike the case of carbon nanotubes (CNTSs), they also presented outstanding
mechanical properties with the tissue engineering scaffolds. However, the
biocompatibility of CNTs is still under debate due to their cytotoxic responses in
organic environment, an important issue in biocompatibility tests of CNTs is their
purity. Contaminants, for instance amorphous carbon or residuals of catalytic particles,
may considerably influence the living environment (Kalbacova et al., 2010).

Graphene oxide has a similar layered structure to graphite. In contrast to

graphite, the plane of carbon atoms in graphene oxide is heavily oxygenated bearing

24



hydroxyl and epoxy groups on sp* hybridized carbon on the basal plane, which not only
expand the interlayer distance but also makes the atomic-thick layers hydrophilic.
Therefore, these oxidized layers could be exfoliated after sonication in water. If the
exfoliated sheets have only one or a few layers of carbon atoms like graphene, these
sheets are named graphene oxide (GO) (S. Pei & Cheng, 2012). Graphene oxide is
readily prepared through the oxidation of graphite using oxidants including
concentrated sulfuric acid (H2SO,), nitric acid (HNO3) and potassium permanganate
(KMnOyg) based on Hummers method (Huang, Lim, Chia, Yarmo, & Muhamad, 2011).

The restricted solubility of graphene in biologically relevant media limits its
application in biology. On the contrary, Graphene Oxide, consisting of chemically
exfoliated graphene sheets, is highly dispersible in biological media due to the presence
of oxygenated functional groups (carboxyl, epoxide, and hydroxyl groups) (Das et al.,
2013). However, recent studies have demonstrated concentration-dependent toxicity of
graphene oxide and graphene in human erythrocytes and skin fibroblasts. Involvement
of the reactive oxygen species generated by GO was proposed as one of the main
mechanisms for the cytotoxicity of GO at high concentrations in neural
phaeochromocytoma-derived PC12 and A549 cells, even though some evidences about
cell apoptosis of the former were also reported (Akhavan, Ghaderi, & Akhavan, 2012;
Das et al., 2013). Interestingly, the GO can be reduced to graphene sheets by
eliminating the oxygen-containing groups with the recovery of a conjugated structure
(S. Pei & Cheng, 2012).
2.3.2 Reduced graphene oxide

Reduced graphene oxide (rGO) has attracted considerable interest, which partly
restores the structure and properties of graphene. Different reduction methods result in
different properties of rGO, which in turn affect the final performance of materials or

devices composed of rGO (S. Pei & Cheng, 2012). There are three fundamentally
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different reduction techniques of GO, generally chemical, thermal and electrochemical
reduction (Pumera, 2013). These three techniques can generate rGO with a fairly perfect
structure and good properties (S. Pei & Cheng, 2012). Recently, several researchers
have proposed the use of hydrothermal method for the reduction of GO to rGO
(Pumera, 2013; J. F. Shen et al., 2011). The main advantage of using hydrothermal is
that this is an effective route for the synthesis and crystallization of organic—inorganic
oxide materials and simultaneously GO is reduced to rGO under the hydrothermal
condition (Mo, Lei, Sun, & Rooney, 2014, J. F. Shen et al., 2011). Zhou et al. (S. F.
Pei, Zhao, Du, Ren, & Cheng, 2010) reported GO reduction via a water-only route by
hydrothermal treatment of GO solutions. The results demonstrate that the water not only
partly eliminates the functional groups on GO, but also recovers the aromatic structures
in the carbon lattice. It was found that a basic solution (pH =11) yields a stable rGO
solution while an acidic solution (pH = 3) results in aggregation of rGO sheets, which
cannot be re-dispersed even in a concentrated ammonia solution (S. F. Pei et al., 2010).
Regarding toxicity of rGO and its related materials, Hu et al. (W. Hu et al.,
2010) reported that rGO inhibit bacterial growth with minimal toxicity to human
alveolar epithelial A549 cells. Agarwal et al. tested the biocompatibility of rGO with
human fetal osteoblast (hFOB) cells, human oligodendroglia (HOG) cells and rat
pheochromocytoma (neuroendocrine cell, PC12) cells and found that rGO is
biocompatible with all the cells tested (Agarwal et al., 2010). Akhavan et al. (Akhavan,
Ghaderi, & Akhavan, 2012) proposed that the rGO sheets have no significant effects on
genotoxicity in the human mesenchymal stem cells (hMSCs). However, they found that
interaction of rGO with stem cells and probably other biological systems such as
organisms and tissues strongly depends on the lateral size of the sheets (average

dimension of sheets).
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2.3.3 Graphene nanoplatelets

Graphene nanoplatelets (GNP) are multi-layer particles consisting of 10-30
sheets of graphene with a strong retention of single-layer properties (Basavaraja, Noh,
& Huh, 2013). The use of GNP may become more attractive as they are cheaper and
easier to fabricate than single layer graphene (A. Nieto, Lahiri, & Agarwal, 2012). The
major challenges in composite synthesis are the homogeneous dispersion and efficient
use of the secondary phase. GNP is easier to disperse than single layer graphene in the
matrix of composites (A. Nieto et al., 2012). In addition, single layer graphene has a
tendency to curl during dispersion. Graphene is generally promising for strong
interfacial bonding with the matrix because it has a very high surface energy due to the
high surface area intrinsic to its geometry. In comparison with GO, GNP has a slightly
lower relative specific surface area; nevertheless it is still considerably higher than those
of CNT. There are four techniques for producing GNP in significant quantities:
chemical reduction of graphene oxide in colloidal suspension, epitaxial growth on
silicon carbide, growth on metal substrates and chemical vapor deposition (CVD) of
graphene powder (Suk, Piner, An, & Ruoff, 2010). Recent studies have shown that GNP
and GNP-based composites possess a series of merits, e.g., they are non-toxic for
human osteoblasts and mesenchymal stromal cells (Kalbacova et al., 2010), suitable for
adhesion and proliferation of osteoblasts (W. Hu et al., 2010) and have excellent
antibacterial property (Akhavan & Ghaderi, 2010).
2.3.4 Graphene reinforced ceramic composites

A number of studies have reported on the use of graphene to reinforce the
mechanical properties of metals/alloys, polymer and ceramic matrix composites (W. Hu
et al., 2010; Yadhukulakrishnan et al., 2013). The application of graphene in ceramic
composites has been proposed due to their unique mechanical properties and the

interesting biological properties. Although ceramics have high stiffness and excellent
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thermal stability with low density, their brittleness impedes the use as structural
materials. The introduction of graphene in ceramics was proposed and used to increase
the toughness as well as the elastic strength of ceramic composites. However, a key
reason why processing graphene reinforced free-standing ceramic composites has been
restricted is the thermal stability limitations of graphene at high temperature. Generally,
ceramics have a tendency to densify and sinter at temperature over 1000 °C, hence
making it challenging to incorporate graphene which has low thermal stability at
temperatures in excess of~600 °C (Walker et al., 2011). Therefore, the sintering cannot
be carried out in ambient furnace atmospheres. Nieto et al. used SPS to consolidate pure
GNP as a bulk structure to study the feasibility of its structure retention at extreme
processing conditions (A. Nieto et al., 2012). Their findings indicate that the GNP
survived after SPS sintering at an extreme temperature of 1850 °C and a pressure of 80
MPa with minimal damage to the structure. Recently, Rafiee et al. (Rafiee et al., 2010;
Walker et al., 2011) have shown that graphene reinforcement in ceramic-matrix
composites can provide an excellent toughness, inhibiting the crack propagation and
improving mechanical properties. They were the first to report the use of graphene to
enhance the toughness of bulk silicon nitride (SizN4) ceramics (Walker et al., 2011).
They used CTAB as a surfactant to disperse the GNP into the ceramic matrix. Their
results indicated that the GNP was well dispersed between the SizN, particles. After
sintering at 1650 °C by SPS, GNP still existed in the SizN4 matrix, which showed that
GNP were stable after sintering at 1650 °C in the SizN4 matrix. The fracture toughness
of spark plasma sintered GNP reinforced SizN, composites increased with increasing of
the volume percentage of GNP. Later on, the fabrication of graphene reinforced SisN4
matrix was studied by other researchers (J&n Dusza et al., 2012; Hvizdo§, Dusza, &
Balazsi, 2013; Kvetkova et al., 2012; Ramirez et al., 2014; Ramirez & Osendi; Tapasztd

et al., 2011). Ramirez et al. investigated the effect of the rGO and GNP on the
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toughness, strength, hardness and elastic modulus of SizN4. Their studies showed that
the rGO/SisN, composites had a maximum toughness of 10.4 MPa m*? at 4.3 vol.%
rGO content. This value corresponds to a 135% increase when compared to the SizNg4
matrix, and it was accompanied by a 10% increase in strength. They have reported that
when GNPs were used, the toughening effect was more modest (40% increase) and the
strength did not increase, possibly because of the lower degree of exfoliation and the
occurrence of weak interactions between the GNP and the SizN4 matrix (Ramirez et al.,
2014). Kvetkova et al. have studied different types of GNP with the aim to improve the
fracture toughness of SisN4 (Kvetkova et al., 2012). They have found that multilayer
graphene nanosheets show better fracture toughness in the graphene/ SisN,4 system (9.92
MPa mY?) than other GNP reinforcement into SisN; ceramics. In addition, the
toughening mechanisms were similar in all composites, and were in the form of crack
bridging, crack deflection, and crack branching. One of the main objectives for adding
graphene into SizN4 is to improve its wear resistance. Hvizdo$ et al. tested silicon
nitride with addition of 1 and 3 wt% of various types of GNP by means of the ball-on-
disk method with a Si3N4 ball used as the tribological counterpart at room temperature
in dry sliding (Hvizdos et al., 2013). They found that GNP can be integrated into the
matrix very strongly and did not participate in the lubricating processes. They have
suggested that 3 wt% of larger sized GNP gave the highest wear resistance. Tapasztd et
al. used two different sintering methods (SPS and HIP) for GNP/ SizN4 composites to
prepare dense materials (Tapaszté et al., 2011). Their comparisons show that the
samples sintered by the SPS method are significantly harder and stiffer, whereas the
composites prepared by HIP technique provide tougher composites.

Fan et al. were among the first to prepare fully dense GNP/AIl,O3 composites
from ball milled expanded graphene and Al,O3; by SPS method (Y. Fan et al., 2010).

The GNP after ball milling is 2.5-20 nm in thickness and homogeneously dispersed in
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the Al,O3 ceramic matrix. The percolation threshold of the as-prepared
GNP/AI,O3 composites is around 3 vol. %. Moreover, the electrical conductivity of
spark plasma sintered GNP reinforced Al,O3; composites increased with the increase of
the volume percentage of GNP. Wang et al. used SPS to prepare rGO/Al,0O3 composite
and a 53% increase in fracture toughness was obtained with the addition of 2 wt% of
rGO and also improved the electrical conductivity (K. Wang, Wang, Fan, Yan, & Wei,
2011). They reported that improvement in the dispersing property of rGO and
enhancement of the mechanical properties of Al,O3 ceramic can be obtained by the
electrostatic attraction between GO and Al,O3 powders and subsequent reduction and
sintering. An interesting study about the effect of GNP on the microstructure and
mechanical properties of the Al,O3 based ceramic composites has been carried out by
Liu et al (Jian Liu et al., 2013). Their findings suggest GNP dispersed in
Dimethylformamide (DMF) and then mixed with Al,O3in a ball milling process as a
suitable process for dispersing GNP. The fracture toughness of the GNP/AI,O;
composites increased when the GNP content increased from 0 to 0.78 vol%. The
fracture toughness of GNP/AI,O3; composites with 0.78 vol% of GNP was improved by
27.20% in comparison with monolithic Al,O3 ceramics. A further increase in the
volume fraction of GNP, led to increased porosity, and adversely affected the flexure
strength and fracture toughness because of pores working as fracture initiation sites
(Jian Liu et al., 2013). However, most recently, Porwal et al have shown that well
dispersed suspensions of GNP can form a percolation network in the Al,O; matrix at
very low loadings of graphene (Harshit Porwal et al., 2013). they obtained an
improvement of ~40% in the fracture toughness of the composites prepared with the
addition of only 0.8 vol% GNP. The GNP was anchored in between the grains of
alumina and severed toughening mechanisms were detected including graphene pull

out, crack branching, crack deflection and crack bridging.
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Liu et al. fabricated graphene platelet/zirconia-toughened alumina (GNP/ZTA)
composites sintered by SPS at different temperatures (J. Liu, H. Yan, M. J. Reece, & K.
Jiang, 2012). GNP was first dispersed in DMF and sonicated for 1 h and ZTA powder
was added then and the mixture was further sonicated. Afterwards, GNP/ZTA powder
mixtures were prepared by ball milling using zirconia balls as the milling media. They
have shown that the sintering temperature in SPS processing is also found to have a
direct effect on the fracture toughness of the GNP/ZTA composite. They have reported
that the addition of only 0.81 vol% GNP into ZTA composites resulted in a 40%
increase in fracture toughness after sintering at 1550 °C. Lower sintering temperature
(1450 °C) leaves significant porosity, however, when sintering temperature rises from
1450 to 1550 °C, both the density and the hardness increase significantly. Once the
sintering temperature reaches 1650 °C, a slight decrease in density, hardness and
toughness were observed, which may be attributed to weight loss of GNP at the higher
sintering temperature.

As regards the hydroxyapatite based composites, Liu et al. investigated the in
situ HA/rGO synthesized by a liquid precipitation approach followed by SPS
consolidation (Y. Liu et al., 2013). The hardness, elastic modulus and fracture
toughness of spark plasma sintered HA/rGO composites increased with increasing of
the 1% weight percentage of rGO. The fracture toughness of HA/rGO composites
reached 3.94 MPa m*?, showing a 203% increase compared to pure HA. Improvement
of elastic modulus in HA/rGO system is due to the high elastic modulus of rGO and
good bonding at HA/rGO interface. They have reported that the presence of rGO in HA
is able to improve bone cell proliferation and ALP activity (Fan et al., 2014). In the case
of ALP activity assay, the level on the HA-1.0 wt% rGO composites is about 2 times of
that on the pure HA. The unobvious correlation between the graphene dose and the

changes in ALP activity is claimed to cause better differentiation states of the osteoblast
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cells. Zhang et al. studied the effects of GNP on the properties of HA composites and
reported an 80% increase in fracture toughness over pure HA (L. Zhang et al., 2013).
They also reported that hardness and elastic modulus increased by 30% and 40%,
respectively, using GNP as compared to pure HA. They have investigated a 7 day
incubation period for apatite precipitation on GNP/HA composites when immersed in
standard SBF. This study indicates that the presence of GNP reinforced HA composite
ceramic should not have a negative effect on its apatite formability. Moreover, HA is
reinforced with GNP, the surface of the composite is supposed to not only have more
defects, but also cause a change in nanoscale topography because of the presence of
obvious wrinkled texture surface of GNP. As a result, the added GNP can be perceived
by osteoblasts as extra appropriate locations to adhere, leading to the improved
osteoblast adhesion on the GNP/HA composites (L. Zhang et al., 2013).

These results show that the dispersion of graphene in a ceramic matrix plays an

important role in the fabrication process of graphene-ceramic composites.
2.4 In-vitro Assessment of Biocompatibility

It is known that the implantation of biomaterials into a living organism causes
specific reactions in the biological environment. Therefore, prior to clinical testing, it is
mandatory to perform an appropriate biochemical screening assays at the cellular and
molecular level, to address the issues of biocompatibility and long term performance of
the implants. Furthermore, for in-vitro studies, the selection of cell types representing
the target tissue is important. For example, neuroblastoma cells and Schwann cell lines
can be used to evaluate the in-vitro cytotoxicity of materials used for nerve regeneration
(S. Jain, Sharma, & Basu, 2013). Keratinocytes or fibroblasts can be applied for
determining the cytotoxic potential of wound dressing materials (Wilson, Mills, Prather,
& Dimitrijevich, 2005). For orthopedic implant materials, human fetal osteoblast or

osteosarcoma cell lines can be used to check the cellular compatibility (Tripathi & Basu,
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2012). Over the years, it has been documented that the direct use of cell and colony
counting as an assay end-point is probably the least reliable method (Thrivikraman,
Madras, & Basu, 2014). There are several cytotoxic assays such as MTT 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, MTS 3-(4, 5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4 sulfophenyl)- 2Htetrazolium, XTT (sodium
2,3,-bis (2methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H tetrazolium),
LDH (lactate dehydrogenase), AlamarBlue® and so on. The MTT assay is a
colorimetric assay for assessing cell viability based on the reduction of light absorbing
substrates (Kroll et al., 2011). It is useful in the measurement of cell growth in response
to mitogens, antigenic stimuli, growth factors and other cell growth promoting reagents,
cytotoxicity studies, and in the derivation of cell growth curves. The advantages of this
assay are: (1) gives a precise dose—response curve on small cell numbers; (2)
simultaneous testing of different parameters can be done; (3) simple; and (5) the high
reproducibility.

2.5 Summary

Presently, the implants employed in load-bearing applications are
typically made of titanium, titanium alloy and bioinert ceramics which have higher
mechanical strength than bioactive ceramics, but lower bioactivity. Bioactive ceramics
have been coated on implants made of titanium and its alloys implants in order to
improve bioactivity of the titanium alloy implants. Nevertheless, in many cases, the
adhesion of the coating is not strong enough, and the "drop-off' of the coating causes
detrimental effects (Cheng et al., 2008; X. Liu et al., 2008). Thus, extensive research
has been performed to improve bioactive ceramics for use in load-bearing conditions.
CS has been considered to be the most promising for this application. The significant
disadvantage of CS is its inherent brittleness. For this purpose, various materials such as

bioinert ceramics were reinforced into CS ceramic matrix to improve its mechanical
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properties. Nevertheless, the bioactivity of CS composites would be diminished with
increasing amounts of bioinert reinforcing phases introduced into the CS matrix
(Kokubo, 1991; Simitzis & Baciu, 2012).

In this project, we first intend to synthesize calcium silicate hydrate powders by
employing a tip ultrasonic irradiation in water solvent containing precursor salts.
Initially, the effect of Ul time on morphology, crystallite sizes and lattice strain of the
obtained powders was analysed. The anionic surfactant SDS was then used in order to
investigate the influence on the assembly of the nanosheets and crystallite sizes.

Graphene has recently provided a new inspiration for researchers to fabricate
reinforced composites (Ramirez & Osendi; L. Zhang et al., 2013). In the present work,
we determined the mechanical properties and biological performance for CS composites
containing graphene from two different sources: commercial pristine GNP and rGO. We
first report a simple hydrothermal method to synthesize CS nanowires on reduced
graphene oxide sheets. CS and CS/rGO composites are densified using HIP. The
variation of the mechanical properties of CS/rGO composites with respect to
the amount of rGO in the matrix has been systemically investigated. The effect of rGO
content on the formation of HA on CS/rGO composites during soaking in a biomimetic
system of simulated body fluid (SBF) were also evaluated. In addition, detailed in vitro
experiments were performed such as cell adhesion, cell proliferation (MTT) and bone
cell differentiation (ALP) experiments to explore the ability of such materials to be
successfully used in biomedical applications. In the next investigation, CS and GNP/CS
composites are produced using hot isostatic pressing (HIP), and the mechanical
properties of the sintered samples and apatite formation in a simulated body fluid (SBF)
are evaluated. Moreover, In vitro study was used to investigate the influences of GNP

reinforced CS on bone cell-materials interactions.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Introduction

This section presents the synthesis, fabrication process, characterization, evaluation of
mechanical properties, soaking in simulated body fluid and in-vitro biocompatibility of
composites. The methodology adopted in this research is shown in Figure 3.1.

Development of calcium silicate for biomedical application —

[ —————
Synthesis of CS
Chemical precipitation method Hydrothermal method Sonochemical method
i i '
CS- Graphene nanoplatelets ; CS-Reduced graphene oxide Ch , g\c‘teri_(atij)w 4

e XRD ‘s%_
o FTIR\N Jh ~

HIP sintered composite

Biocompatibility N
o~ " \
In vitro study using osteoblast for y Api\ute-f‘omuhg_;\l)ﬂ]; ":

iz siiulatey Bodfluid 7

o _ Viability
®  Proliferation
o differentiation

Figure 3.1: Methodology flowchart

3.2 Synthesis of calcium silicate hydrate by sonochemical method

The process of synthesizing calcium silicate hydrate by applying the ultrasonic assisted

approach is depicted in Figure 3.2.
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Figure 3.2: Ultrasonic assisted process for synthesis of calcium silicate hydrate

3.2.1 Selection of reagents

Many chemicals can be used as original reactants in the synthesis process of
CSH and CS. Generally, Ca (NO3),- 4H,0, CaCl,, Ca (OH), have been used as the
source of calcium (Ca®"), and Na,SiO3 and Si (OC,Hs)s (TEOS) have been used as the
source of silicate (Si037). The most important step in the whole experimental process is
a suitable choice of reactants. Several factors must be considered: firstly, the spare
anions from the calcium reagent and the cations from silicate should not react with each
other to form precipitates. Secondly, the ions should be easily washed from the CS

precipitate. Thirdly, the anions from the calcium reagent and the cations from the
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silicate should not substitute Ca** and SiO3~ in the CS particles. Finally, all the
elements from the reagents and solutions should not be toxic or hazardous.

In the synthesis process of CS, calcium nitrate calcium nitrate (Ca
(NOs),- 4H,0) (BioReagent) and sodium metasilicate nonahydrate (Na,SiOs 9H,0)
(BioReagent) supplied by Sigma-Aldrich Ltd were used as the original reagents. The
spare ions of NO3 and NHj do not form precipitates, and it is easy to wash them away.
3.2.2 Selection of surfactant

Surfactants, as amphiphilic molecules with a hydrophobic tail and a hydrophilic
head, can self-assemble to form micelles as soon as their concentration exceeds the
critical micelle concentration. At a certain concentration and pH, micelles with a
specific shape are formed and act as nucleation centres for crystal growth (Shanthi et al.,
2009; M. Zhang & Chang, 2010). The anionic surfactant sodium dodecyl sulfate (SDS)
was the used in this experiment, in order to investigate the influence on the particle
growth direction and crystallite sizes. The SDS was procured from Sigma Aldrich
Ltd.

3.2.3 Ultrasonic irradiation synthesis process

The calcium silicate hydrate samples for the present study were synthesized by

the reaction of calcium nitrate (Ca (NO3),- 4H,0) and sodium silicate (Na,SiOz- 9H,0).
15 ml of 0.1 ml Ca (NOs),- 4H,0 with a pH of 11.5 adjusted with NaOH, and 15 ml of
0.1 ml NaySiOs 9H,O were mixed and the solution was stirred to obtain a
homogeneous solution at room temperature for 10 min. The ultrasound apparatus was a

Sonic Vibra Cell Ks-1220 model (20 kHz, 1200 W) using a direct immersion titanium
horn. The sonic horn was dipped into the solution in order to initiate ultrasonic
irradiation at different sonication times (5, 10, 15 min) under ambient conditions.

Finally, the product was separated from the solution by centrifuging at 6000 rpm,
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washed with DI water and ethanol, and dried in a controlled humidity chamber at 80 °C
for 24 h. For comparison, a parallel experiment was also performed by mechanical
stirring at the same condition such as temperature, pH, etc., in the absence of ultrasonic
irradiation.

To study the effect of surfactant micelles, different amounts of SDS (0.1, 0.2 and
0.3 g) were added in 15 ml of 0.1 ml Ca(NOgs),' 4H,0 with a pH of 11.5 adjusted by
sodium hydroxide (NaOH) and stirred for 10 min. Afterwards, 15 ml of 0.1 ml
Na,SiO3 9H,0 was slowly added into the same beaker. The solution was sonicated for
10 min at room temperature. For comparison, detailed information for each prepared

powder is given in Table 3.1.

Table 3.1: Summary of synthesis conditions and the yields obtained.

Sample Ultrasonic Tir_ne Temrierature Concséﬁt?ation Yield

Power (%) | (min) (°C) @ (%)

G1-Group S1 70 5 80 - 73
S2 70 10 85 - 82

S3 70 15 90 - 84

G2-Group S4 70 10 85 0.1 85
S5 70 10 85 0.2 91

S6 70 10 85 0.3 92

3.2.4 Microstructure and phase analysis

As mentioned in the literature review, the critical characteristics of CSH and CS
particles, such as biocompatibility, stability, heat-insulating ability, low dielectric loss at
high frequency and mechanical properties of calcium silicates, depend strongly on their

microstructure mainly their morphology, stoichiometry, crystallographic structure and
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phase purity. Hence, the control over the morphology of CSH is of great importance for
biomedical and industrial applications. However, when one considers the nano or micro
powder, the morphology and dimensions of particles seem to be highlighted more than
other characteristics (Lin et al., 2006; L. Z. Pei et al., 2010; Jin Wu et al., 2010; M.
Zhang & Chang, 2010). In this study, the morphology of the synthesized powders was
studied by means of field emission scanning electron microscopy (FESEM, CARL
ZEISS-AURIGA 60).

In order to assess the phase of the synthesized powder, it was characterized by
X-ray diffactometry (CuK, radiation on an Analytical Empyrean diffractometer) to
confirm the formation of the correct CSH structure. The current generated in the
diffractometer was 30 mA with a voltage of 45 kV. The diffraction range was 20=20 -

60"at 0.17S.

3.2.5 Characterization of crystal size and lattice strain of CSH

An ideal crystal would extend infinitely in all directions; thus, no crystals are
perfect due to their finite size. This deviation from perfect crystallinity leads to a
broadening of the diffraction peaks. The two main properties extracted from peak width
analysis from X-ray diffactometry are the crystallite size and lattice strain. Crystallite
size is a measure of the size of coherently diffracting domains. The crystallite size of the
particles is not generally the same as the particle size due to the formation of
polycrystalline aggregates (Khorsand Zak, Abd. Majid, Abrishami, & Yousefi, 2011).
Lattice strain is the ratio of atomic interplanar distance of a strained (distance between
parallel planes of atoms or ions) to a non-strained specimen.

In this project, the crystallite sizes and lattice strains were determined using the
size strain plot (SSP) method. In cases of isotropic line broadening, the size-strain plot
method (SSP) is one of the methods used for determining average crystallite size and

lattice strain (Khorsand Zak et al., 2011). This method has the advantage of giving less
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weight to data from reflections at high angles, where the precision is generally
lower(Tagliente & Massaro, 2008). The size-strain plot equation that determines crystal

size and lattice strain is:

(A P cos ©)% = % (dfiaBria c0s ©) + (5)° 3.1)
where dy, is the lattice distance between the (hkl) planes, By, is the peak width

in radian. K, D, ¢ and O are the constant (%) for non-spherical particles, crystallite size,

lattice strain, and half diffraction angle, respectively.

When (dyq Bria cos ©)? is plotted versus (dZ S cos ©)for the all orientation
peaks of CSH, the crystallite size is determined from the slope of the linearly fitted data,
and the root of the y-intercept gives the strain.

3.2.6 The yield (S) of the CSH powders

The yields of CSH powders with different periods of times and various
surfactant concentrations after drying was calculated by the following equation (Zou,
Lin, Chen, & Chang, 2012):

s =—x100% (3.2)
mr

where m and mq are the practical and theoretical quantity (g) of the obtained
CSH powders.
3.2.7 Structural analysis using fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was conducted on CSH powders
to identify chemical bonds in the powder by producing an infrared absorption spectrum.
Moreover, FTIR is an effective analytical instrument for detecting functional groups and
characterizing covalent bonding information. The FTIR spectra were obtained using a
Perkin Elmer-spectrum100 model FTIR. Transmittance data for all the samples were

collected within the range of 400 to 4000 cm™ at a resolution of 4 cm™.
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3.3 Calcium silicate-reduced graphene oxide composites

A simple hydrothermal method to synthesize CS nanowires on reduced graphene
oxide sheets. CS and CS/rGO composites are densified using HIP is first described. The
variation of the mechanical properties of CS/rGO composites with respect to
the amount of rGO in the matrix has been systemically investigated. The effect of rGO
content on the formation of HA on CS/rGO composites during soaking in a biomimetic
system of simulated body fluid (SBF) were also evaluated. In addition, detailed in vitro
experiments were performed such as cell adhesion, cell proliferation (MTT) and bone
cell differentiation (ALP) experiments to explore the abilities of such materials to be
successfully used in biomedical applications. The framework for studying the CS/rGO

composites is shown in Figure 3.3.

Synthesis of CS/rGO powders
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Composition
characterization
(AFM,XRD,FESEM,FTIR
and Raman)

HIP consolidation process

Mechanical Testing
(Hardness, young’s
modulus, fracture

toughness)

EEEEE—

Composition
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—»
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Figure 3.3: Framework for studying CS/rGO composites
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3.3.1 Synthesis of graphene oxide

Graphite flakes were purchased from Ashbury Inc. Sulfuric acid (H,SO4, 98%),
phosphoric acid (H3PO4, 98%), potassium permanganate (KMnO,4, 99.9%), hydrogen
peroxide (H,O,, 30%), and hydrochloric acid (HCI, 37%) were purchased from Merck
Company.

Graphene oxide was synthesized from graphite using a simplified version of
Hummers’ method (Lim, Huang, Lim, Harrison, & Chia, 2011). Graphene oxide was
obtained by the oxidation of 1 g of graphite flakes which is punchers (Ashbury Inc) with
120 mL of H,SO,4 and 13 ml H3PO, and the gradual addition of 6 g of KMnO,. The
solution was mixed using a magnetic stirrer, and the reaction took less than 5 minutes to
complete. Nevertheless, to ensure complete oxidation of the graphite, the mixture was
stirred for three days. During oxidation, the color of the mixture changed from dark
purplish-green to dark brown. In the final step, the suspension was cooled and diluted
with 250 mL of ice. Then, H,O, (30%) was added until the gas evolution ceased to
ensure that residual permanganate was reduced to soluble manganese ions. The
graphene oxide was repeatedly washed with dilute 1 M HCI and deionized water until a
pH of 4-5 was achieved. The product was separated from the mixture by centrifugation
at 11000 rpm.

3.3.2 Synthesis of CS-rGO powders

The obtained GO (208.14 mg) was ultrasonically dispersed in 40 ml distilled
water for 2 h. In the first step, the GO solution was added drop-wise to 20 ml of 0.2 M
Calcium nitrate tetrahydrate (Ca (NO3),-4H,0) with stirring for 30 min, and the pH was
adjusted to 11.5 with NaOH. Then, 20 ml of 0.2 M sodium metasilicate nonahydrate
(NaySi03-9H,0) solution was added drop wise into the first solution, and the suspension
was mechanically stirred for 1 h at room temperature to obtain a homogeneous

suspension. In the final step, the suspension was transferred into a 60 ml Teflon-lined
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stainless-steel autoclave and heated to 200 °C for 24 h, and then naturally cooled to
room temperature. Both the reduction of GO to rGO and the in-situ synthesis of CS-
rGO nanocomposites were expected to occur during the hydrothermal process. CS-rGO
composite powders with different rGO contents (0, 0.25, 0.5, 0.75, 1 and 1.5 wt. %)
were typically produced. After the hydrothermal treatment, the suspension was filtered
and washed several times by centrifugation and resuspension with distilled water. The

resulting powders were dried at 100 °C for 24 h.

3.3.3 Free standing CS/rGO composite synthesis: Hot isostatic pressing (HIP)

The resulting powders were ball milled for 1 h at 300 rpm by planetary ball mill
and then uni-axially pressed into disks with diameters of 5 and 10 mm at a pressure of
250 MPa. These compacts were sintered to obtain o-CS by hot isostatic pressing
(American Isostatic Presses, Inc.) for 1 h at 1150 °C in a high-purity argon atmosphere
at 160 MPa. Heating and cooling rates were less than 5°C/min to prevent the
appearance of cracks due to differences in the thermal expansion coefficients of the
phases that could form during sintering. Finally, The CS and CS/rGO composite
compacts were ground using progressively finer silicon carbide papers (up to 1200 grit
size), and then samples were polished to a mirror finish using diamond powders of

various grades from 15 to 0.25 pum in an auto polisher (laboforce-3, Struers).
3.4 Graphene nanoplatelets reinforced calcium silicate composites

In this study, GNPs with nano-scale diameters were chosen to reinforce CS
ceramics. GNPs possess superior mechanical strength. Moreover, they have proven to
be biocompatible materials for the human body. Uniformly networked dispersed GNPs
in the CS matrix act as a reinforcing frame work of the composites.

In general, GNPs agglomerate due to their high surface energy and large aspect
ratio. The distribution of the reinforcing phases in a matrix can greatly influence the

performance of the composites. The reinforcing effect of GNPs decreases greatly if
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GNPs are not dispersed uniformly in the matrix. In order to solve this problem, cetyl
trimethyl ammonium bromide (CTAB) was used as a surfactant to disperse GNPs in the

CS matrix. The framework for studying the CS-GNP composites is shown in Figure 3.4.
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Figure 3.4: Framework for studying GNPs reinforced CS-GNP composites
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3.4.1 CS-GNP composite powder preparation

Synthesis comprises of two stages; the first one, synthesis of CS powder and the
second one is the mixing of the CS powders and GNPs. Calcium silicate (CaSiOs3)
powders were synthesized through a chemical precipitation method using reagent-grade

calcium nitrate (Ca (NO3),.4H,0) and reagent-grade sodium silicate (Na,SiO3z- 9H,0) as

precursors (Sigma-Aldrich, Inc., St. Louis, MO, USA). in this experiment, 1000 ml of
0.4 mol Ca (NOs),.4H,0 solution with a pH 11.5 (adjusted by NaOH) was vigorously

stirred at room temperature, and 1000 ml of 0.4 mol Na,SiO3 9H,O was added

dropwise over one hour to give a white precipitate. The white precipitate was then
stirred for 12 h followed by washing several times with distilled water by centrifugation
to remove Na*tand NO3 ions, and then washed two times with ethanol to improve the
dispersion characteristics. After washing, the remaining liquid was removed by vacuum
filtration, and the precipitate was dried at 100 °C for 24 h, calcined at 800 °C for 2 h.
Finally, the powders were ball milled for 12 h to obtain a finer powder. The ratio of
powder mass to the balls was 1:5. The diameter of balls was 10 mm and the material
was zirconia (ZrO;) (Retch, Germany).

Graphene nanoplatelets were obtained from XG Sciences, USA. The
specification of GNPs is listed in Table 3.2. GNPs were firstly ultrosonicated for one
hour in distilled water with a concentration of about 0.1 mg/ml, in which CTAB was
used as dispersant. CS powder was then added and the mixture was sonicated for
another 30 min. The suspension was then mixed using zirconium oxide balls (Retsch
GmbH, Haan, Germany) in a horizontal ball mill (9VS, Pascall Engineering Co. Ltd,
Suffolk, UK) for 12 h. The milled slurry mixture was dried at 100°C in an oven for 2
days. The chosen composites for the purpose of this study were pure CS and CS/GNP

composites with GNP contents of 0.5, 1.0, 1.5 and 2.0 wt%.
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Table 3.2: Specifications of the graphene nanoplatelets (GNPs).

Specific surface area (m%/g) 500 m/g

Width (um) Less than 2 mm

Thickness (hm) Less than 2 nm

Thermal conductivity (W/m K) Parallel to surface 3000 W/m K
Thermal conductivity (W/m K) Perpendicular to surface 6 W/m K
Electrical conductivity (S/m) Parallel to surface 10° S/m
Electrical conductivity (S/m) Perpendicular to surface 10° S/m
Theoretical density 2.2 g/lem®
Purity 99%

3.4.2 Free standing CS/GNP composite synthesis: Hot isostatic pressing

Green bodies (5 and 10 mm diameter) of cylindrical shape were formed by
uniaxial pressing at 250 MPa. The sintering procedure was completed at 1150 °C and
160 MPa pressure applied for 1 h in high-purity argon gas by hot isostatic pressing
(American Isostatic Presses, Inc., USA). The heating and cooling rates did not exceed 5
°C/min. It is noteworthy that in order to eliminate the CTAB, the compacted samples
were heated to 500 °C for 1h during HIP processing.
The sintered samples were polished with SiC abrasive papers (up to 1200 grit size), and
polished to mirror finish using diamond powder of various grades from 15 to 0.25 pm in
an auto polisher (laboforce-3, Struers). The samples were also thermally etched at 1050

°C for 30 min in a muffle furnace for grain size determination.
3.5 Microstructural characterization

Characterization techniques for evaluating physical properties and

microstructure of CS/rGO and CS/GNP composites are described below.
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3.5.1 Field emission scanning electron microscopy (FESEM)

High-resolution FEI Quanta 200F field emission scanning electron microscopy
(FESEM) was used for the characterization of powders and consolidated composites.
Microscopic characterization of powders was performed by dispersing them on a silicon
wafer. The consolidated samples were mounted and polished to mirror finish using
diamond powder of various grades from 15 to 0.25 um in an auto polisher (laboforce-3,
Struers) for the microstructural observation through cross section. Fracture surfaces of
the sintered pellets were also observed under FESEM to analyse the quality of rGO and
GNP dispersion and its bonding with the CS matrix. Energy dispersive X-ray analysis
(EDAX) using the EDX-System (Hitachi, S-4800) instrument was attached to the FE-
SEM instrument to investigate the elemental compositions of the samples.

3.5.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution type of scanning
probe microscopy, with demonstrated resolution on the order of fractions of
a nanometer. Atomic force microscopy (AFM, Veeco Dimension AFM) in tapping
mode was used to show the size of GO and rGO. Tapping mode AFM operates by
scanning a tip attached to the end of an oscillating cantilever across the sample surface.
The advantages of using of the tapping mode are: higher lateral resolution, lower forces,
less damage to the samples and lateral forces are virtually eliminated, so there is no
scraping. In this experiment, the samples for the AFM imaging were prepared by drop
casting a diluted suspension (0.05 mg/ml) onto a cleaned silicon substrate and drying at
50°C for 1day. The statistical analysis of the average lateral dimensions (ALDs) of GO
and rGO were performed using the SPSS statistical software package version 19 (SPSS

Institute, Chicago, IL), with the assistance of image analysis software.
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3.5.3 High resolution transmission electron microscopy (TEM)

The powder (rGO, CS/rGO, GNP and CS/GNP) interfaces were observed at near
atomic-scale under a transmission electron microscope (TEM, Zeiss Libra 120). The
samples were prepared for TEM characterization by dispersing the powders in ethanol,
placing it onto a micro grid and letting the solvent evaporate.

3.5.4 X-Ray diffraction

X-ray diffraction (XRD) studies were carried out to determine the CS phases
present in powder and consolidated stages. The X-Ray diffraction (XRD) patterns of the
powders and composites were obtained using an automated X-ray powder
diffractometer (XRD, PANalytical’s Empyrean) with monochromated CuK o radiation
(A=1.54056 A), operated at 45 kV and 40 mA with a step size of 0.026 deg and a

scanning rate of 0.1 deg s™ in the 26 range of 20 to 60 deg.

3.5.5 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) analyses were carried out on a Perkin Elmer
System 2000 series spectrophotometer (USA) in the frequency range of 4000-400 cm™
to identify the functional groups of the GO, rGO and CS/rGO powders.

3.5.6 Raman spectra

Raman spectroscopy was carried out to confirm the retention of graphene
structure in the synthesised powders and consolidated structure after exposure to high
temperature and pressure. The Raman spectrum contains a peak for each specific type of
bond present in the sample, which can be correlated with the presence of a chemical
entity or compound. A shift in wave number (peak position) in Raman spectra signifies
a change in the bond length and thus the stress present in material. In addition, the
relative intensity of the signature peaks of graphene (D, G, 2D) denotes the defect in
graphene structure. All these characteristics are taken advantage of for analysing the

composite microstructure in the current research. Raman spectra of powders and
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samples before and after sintering are obtained by using a Renishaw Invia Raman

Microscope with laser excitation at 514 nm.

3.5.7 Density measurements

Density measurements were performed according to the Archimedes technique
in water on sintered bodies. The Archimedes theorem explains that all bodies immersed
in a fluid will be buoyed up by a force equal to the weight of the fluid that these
displace. Green and sintered bodies’ densities were calculated from the following

equation:

P1= 1= o (33)
Were p; is density of solid body, A is the weight of the solid body in air and B is

the weight of solid body when immersed in water and pg is density of water, which is

0.9998 £ at temperature of 25°C. Also, the theoretical density was calculated from

cm3

the rule of mixture (Amada et al., 1996).
3.6 Evaluation of mechanical properties
Elastic modulus, hardness, fracture toughness and brittleness index of
composites were studied. Nanoindentation and microindentation techniques were used
to measure mechanical properties at multiple length scales.
3.6.1 Micro-indentation: Hardness and fracture toughness
Microhardness was measured using a Mitutoyo hardness tester (model AVK-C2,
Mitutoyo, Kawasaki, Japan). The hardness is a parameter of resistance to deformation
of the material. The hardness is calculated with the standard formula:
HV== ~ 1.8544 5, (34)
Where F is the force applied to the diamond, A is the area of the indentation and
d is the average value of the diagonals of the imprint created by the indentations, these

are shown in Figure 3.5.
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The fracture toughness of a material, in the simplest terms, can be described as
the stress required to initiate a crack when a stress is applied. For brittle materials such
as ceramics and bioglass, indentation test is considered as a precise procedure to
evaluate the fracture toughness. The indentation method has the advantages of
simplicity and economy as only a small sample area is required. Thus the technique is
suited for comparative assessment (Saadaldin & Rizkalla, 2014). The fracture toughness
was calculated from the equation suggested by Anstis (Anstis, Chantikul, Lawn, &

Marshall, 1981):

P

E
Kic=0.016(:)"*(57

(3.5)
where Kc is the indentation toughness (MPa m'?), 0.016 is the material-
independent constant for a Vickers radial crack, E is the elastic modulus (GPa)
determined from the nanoindentation experiments, H is the Vickers hardness (GPa), P is
the indentation load (N), and C (m) is the half-length of the radial cracks on the surface
after Vickers indentation.
Moreover, the micro-indents at the surface of the specimens and the radial

cracks generated were observed through high resolution FESEM imaging to understand

the role of graphene in toughening of the composite.

OQuter layer

Gradient layer

Inner layer

Gradient layer

Outer layer

Figure 3.5: Illustration of a crack indentation measures
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3.6.2 Assessment of brittleness index
Quantitative evaluation of the machinability of the GNPs/CS composites was
performed by calculating the brittleness index (Bl). The brittleness index has been

determined by the following equation.(Boccaccini, 1997)
Brittleness index (BI): o (3.6)

In the current study, the average values of HV and K,c were used for

calculation.

3.6.3 Nano-Indentation: Elastic modulus and nano-hardness

Nanoindentation experiments were conducted using a nanomechanical testing
system (Micro materials Ltd., Wrexham, U.K.) with a Berkovich diamond tip with a
radius of 20 nm and a controlled load of 100 mN with a dwell time of 10 s. The
indentation velocity was 3 nms™. At least ten indentations were made to obtain an
average value for each sample. The elastic modulus was calculated through
nanoindentation. The reduced modulus (E;) is taken from the nanoindentation data and
is related to the sample’s elastic modulus (Es). The equations used to calculate the
sample’s elastic modulus (E;) are as follows:

v 1 1 3.7)
E, E E '

The elastic modulus (E;) and Poisson’s ratio (v;) of the indenter are 1140 GPa
and 0.07, respectively, which are taken from data sheet of machine. The Poisson ratio of

the sample (vs) is taken to be 0.25 for the CS (Pattanayak et al., 2006).

3.7 Apatite-forming ability of composites by soaking in simulated body
fluid (SBF)

The bioactivities of the fabricated composites were evaluated by examining the

formation of bone-like apatite on the samples in simulated body fluid (SBF) solution,
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which was prepared according to the well-known Kokubo composition (Kokubo &
Takadama, 2006). The reagents used in the SBF synthesis process include: potassium
chloride (KCI), magnesium chloride hexahydrate (MgCl,. 6H,0), sodium chloride
(NaCl), sodium hydrogen carbonate (NaHCO3), di-potassium hydrogen phosphate
trinydrate (Ko;HPO,S. H,0), calcium chloride (CaCl,), sodium sulfate (Na,SO,),
hydrochloric acid (HCI) and tris hydroxymethyl aminomethane (Tris (HOCH;);CNHy),
(I mol/L). All chemicals were procured from Sigma Aldrich Ltd. and used as received.
750 ml deionized water was putted into a 1000 ml plastic beaker. The deionized water
was stirred and kept at 36.5 °C on a hot plate. All the reagents were dissolved one-by-one in
deionized water in the sequence listed in Table 3.3. The solution was clear, with no

precipitate generated during the mixing of the SBF.

Table 3.3: Reagents for preparation of SBF

Step Reagent Amount
1 NaCl 7.99% g
2 NaHCO; 0.350 ¢
3 KCI 0.224 g
4 K,HPO,S. H,0 0.228 ¢
5 MgCl,. 6H,0 0.305¢g
6 1 kmol/m® HCI 40 cm?
7 CaCl, 0.278 g
8 Na,SO, 0.071¢g
9 (HOCH,);CNH, 6.057 g
Appropriate amount for
10 1 kmol/m3 HCI adjusting pH

After all the reagents were completely dissolved, the pH value of the solution
was about 2.0. Afterward, Tris was added little by little with less than about 1g, in order
to avoid local increase in pH of the solution due to the pH value increased with addition
of Tris. When the pH value was about 7.45, Tris and HCI were alternately used to adjust

the pH value until it settled at 7.40. After the adjustment of the pH, the solution was
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transferred from the beaker to a glass volumetric flask of 1000 mL. The inside of the
beaker was washed with deionized water several times before adding the solution to the
flask. Finally, the total volume of the solution was adjusted to 1000 mL, and the flask
shaken well. The flask was kept at room temperature until its temperature reached
approximately 25 °C. Kokubo (Kokubo & Takadama, 2006) reported that the ion
concentration in SBF prepared by this method would be close to that of human blood

plasma, as listed in Table 3.4.

Table 3.4: lon concentrations of the simulated body fluid and human blood plasma.

lon lon concentration (mol/dm?)
Simulated body fluid (SBF) Human blood plasma

Na* 142.0 142.0
K* 5.0 5.0
Ca*" 2.5 2.5
Mg** 1.5 1.5

Cr 103.0 147.8
HCO; 27.0 4.2
HPO? 1.0 1.0
SoF 0.5 0.5

The as-sintered samples with a thickness of 3 mm and a diameter of 10 mm were
soaked in SBF at 37 °C in a humidified atmosphere containing 5% CO; for 1, 3, 7 and
14 days at a surface area to volume ratio of 0.1 cm?mL. After various soaking periods,
the samples were gently rinsed with deionized water to remove SBF, and then dried in
vacuum at 80 °C. The soaked samples were characterized by XRD. The surfaces of the
soaked samples were observed by FESEM. At each SBF time point, the samples were
removed and the calcium (Ca) and phosphorus (P) ion concentrations in the SBF fluids

were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES;
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Varian, USA). Changes in the solution pH were measured by a pH meter (Eutech pH 6+

pH/ORP meter kit (YO-15940-80)). As the SBF does not contain any Si before soaking,

the dissolution ratio (S) of CS-rGO composites at different time points was calculated

by the following equation:

S = (cgivs5)/ms; X 100 (3.8)
where cs;, vs and mg; are the Si concentration in SBF (mg/ml), the volume of

SBF (ml) and the Si content (mg) of the samples soaked in SBF, respectively.

3.8 In-vitro assessment

In this study, In-vitro biocompatibility of composites were assessed using human
fetal osteoblastic cell line (hFOB) derived from human osteoblasts. Moreover, the
proliferation of the cells cultured on the sterilized pellets was analyzed using the methyl
thiazole tetrazolium (MTT) assay.

3.8.1 Cell culture test

The hFOB 1.19 cell line derived from human osteoblasts was purchased from
American Type Culture Collection (ATCC, Rockville, MD). Cells were maintained and
propagated in DME/F-12 (HyClone, Utah, USA) cell culture medium supplemented
with 10% fetal bovine serum (Gibco, NY, USA), 100 U/ml penicillin and 100 pg/mi
streptomycin at 37 °C in a humidified atmosphere with 5% CO,. The ability of the cells
to attach and proliferate on the sintered composites was examined by culturing the cells
on composite samples. The sintered composite discs, 5 mm in diameter and 2 mm thick,
were sterilized by autoclaving at 121 °C for 30 min under a pressure of 15 atm.
Composites were then washed by sterile phosphate buffered saline (PBS) to remove all
residues. In the next step, the samples were washed with the cell culture medium prior
to placement in a 96-well tissue culture plate (NUNC, Denmark). Cells were seeded at

1x10* cells/well in wells containing composite discs.
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3.8.2 Cell attachment and proliferation assay

The cells were seeded on the sterilized surfaces at 1x10* cells mI™ in 96-well
culture plates with 200 pl media in each well, and cultured for 1, 3 and 5 days. The
proliferation of the cells cultured on the sterilized pellets was analyzed using the methyl
thiazole tetrazolium (MTT) assay. A 5 mg ml™ MTT stock solution (Sigma, St. Louis,
MO, USA) was prepared by dissolving MTT in PBS and filtering with a 0.2 um filter
and was stored at 4 °C. When the 96-well plates were removed from the incubator, 20
pl of MTT stock solution were added to each well. Cells were incubated for 4 h at 37 °C
in an atmosphere of 100% humidity and 5% CO,. After incubation, the MTT solution
was removed and replaced with 100 pl DMSO. At each timepoint (1, 3 and 5 days), the
samples were removed to new 24-well tissue culture plates. After three washes with
PBS solution, the cells were detached with trypsin/EDTA, stained with trypan blue and
the living cells were counted with a hemocytometer (Becton Dickinson, Germany).
Dose-response curves were plotted using GraphPad Prism 5 (GraphPad Software Inc.,
San Diego, CA). Three samples of each composite were tested and each test was carried
out in triplicate.
3.8.3 Cell morphology

The observation of a cell-material interaction on the surface of material is an
effective approach for assessing the performance of a new biomaterial (Thrivikraman et
al., 2014). Cell morphology, spreading and adhesion give clear indication regarding the
growth behavior and suitable cellular response to the tested material (Song, Ju, Song, &
Morita, 2013). The cell-material interaction can be observed by means of a multitude
of microscopic techniques, including confocal microscopy, electron microscopy and
fluorescence microscopy. In this regard, to observe the cells adhering to the sample
surfaces after incubation for 1, 3 and 5 days using FESEM and confocal laser scanning

microscopy, the cells were fixed on the specimen surfaces with 4% glutaraldehyde for 2
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h at room temperature followed by three washes in PBS (0.1 M) and dehydration with a
series of graded ethanol/water solutions (40%, 50%, 60%, 70%, 80%, 90% and
3%100%, respectively). Then, 0.5 ml hexamethyldisilazane (HMDS) was added to each
well to preserve the original cell morphology, and the test plates were kept in a fume

hood to dry at room temperature.

3.8.4 Confocal laser scanning microscopy

The specimens were washed with 1X PBS before staining with 100
pg/ml acridine orange (Sigma Aldrich) for 5 minutes at room temperature. Excess stain
was removed by washing twice with 1X PBS for 10 minutes each. The stained cells
were then analyzed using confocal microscopy (Leica TCS-SP5 11, Leica Microsystem,

Mannheim, Germany) and the images were processed with Leica LAS AF software.

3.8.5 Alkaline phosphatase activity assay

Alkaline phosphatase (ALP) is an ectoenzyme, produced by osteoblasts and is
believed to be involved in the degradation of inorganic pyrophosphate to provide a
sufficient local concentration of phosphate or inorganic pyrophosphate for the
mineralization to proceed. Among various biological tests for determining osteoblastic
activity on a implant, assessment of the secretion of alkaline phosphatase is an
important test (Hosseinkhani, Hosseinkhani, Khademhosseini, & Kobayashi, 2007).

To assess alkaline phosphatase (ALP) activity, hFOB human osteoblast cells
were seeded (3 x10° cells/disc) onto the samples (@ 5 x 2 mm) and incubated for 7
days. Quantitative ALP activity was measured by an assay based on the hydrolysis of p-
nitrophenyl phosphate (p-NPP) to p-nitrophenol (p-NP). Cells were extracted from the
samples and permeabilized using Triton X-100 (1 vol. %) solution (Sigma, USA). The
cell lysate from each sample was then used for the ALP assays. The absorbance was
recorded at 405 nm using a M5 SpectraMax microplate reader (Molecular Devices,

Sunnyvale, CA), and ALP activity was calculated from a standard curve after
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normalization to the total protein content. Data were expressed in nanomoles of p-
nitrophenol produced per minute per microgram of protein. Five replicates were used,
and each test was performed independently three times.
3.8.6 Statistical analysis

All data are expressed as the mean + standard deviation (SD) and were analyzed
using a one-way analysis of variance (ANOVA) and a Tukey-Kramer post hoc

test. P < 0.05 was considered statistically significant.
3.9 Summary

Calcium silicate hydrate (CSH) has been synthesized by a tip ultrasonic
irradiation (Ul) method using calcium nitrate (Ca (NOg3).4H,0), sodium silicate
(Na;Si03.9H20) and sodium dodecyl sulfate (SDS) in water. The products were

characterized by XRD, FESEM and FTIR. The size-strain plot (SSP) method was used

to study the individual contributions of crystallite sizes and lattice strain on the peak
broadening of the CSH.

The hydrothermal method was used to synthesize CS nanowires on graphene
oxide sheets. CS and CS/rGO composites are densified using HIP at 1150 °C.
Moreover, CS ceramic composites reinforced with GNP were prepared using hot
isostatic pressing (HIP) at 1150°C. The mechanical properties of the sintered samples
such as hardness, fracture toughness, young’s modulus and brittleness index were
obtained. The apatite-forming ability of composites in a simulated body fluid (SBF) is
evaluated. In addition, detailed in vitro experiments, such as cell adhesion, ALP and cell
proliferation (MTT) are used in order to explore the capabilities of such materials to be

successfully applicable as biomaterials in tissue engineering applications.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

The objectives of this research are to synthesis CSH and develop a CS based
composite with similar mechanical properties to that of natural bone, and
biocompatibility for use as bone replacement materials in load bearing conditions. This
chapter is the nucleus of the dissertation, which presents a detailed description of the

results obtained through experimentations and scientific analysis of the outcomes.

4.2 Microstructural characterizations of the CSH synthesized by

ultrasonic irradiation

A tip ultrasonic irradiation in water solvent was used to synthesize calcium
silicate hydrate powders. Initially, the effect of Ul time on morphology, crystallite sizes
and lattice strain of the obtained powders was analysed. The anionic surfactant SDS
was then used in order to investigate the influence on the assembly of the nanosheets
and crystallite sizes.

4.2.1 Composition characterization

As described previously, in excess of 30 crystalline CSH phases are known, and
preparations made near room temperature have structures that range from
semicrystalline to nearly amorphous. Moreover, CSH decomposes to  or a-CS after
calcination.

Figure 4.1 shows the X-ray Diffraction (XRD) patterns of G1-Group (Table 3.1)
obtained at different sonication time and in the non-sonicated sample, which coincided
with the calcium silicate hydrate in the JCPDS card 03-0606. No other diffraction peaks
were observed other than the main peaks that corresponded to the CSH structure. The

width of the diffraction peaks becomes narrower with increasing sonication time, which
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means the crystallinity of the CS particles increases with the extending of Ul time. This
result illustrates that ultrasonic irradiation is very effective to obtain CSH as the main

phase and could promote the crystallization of CSH in a short period of time.

+ Calcium silicate hydrate

Intensity (a.u.)

S1

non-sonicated

L] L] L] L] L] | | L]
20 25 30 35 40 45 50 55 60
20 (degree)

Figure 4.1: XRD pattern of synthesized CSH particles with different periods of time

(S1) t =5 mins (S2) t =10 mins (S3) t =15 mins and non-sonicated powders

The experimental results show that CSH cannot be synthesized at the same
conditions of concentration, time and temperature with a mechanical stirrer in the
absence of ultrasonic irradiation. Due to the CSH powders synthesized by chemical

precipitation method, the reaction between Ca (NO3), and Na,SiO3; need to take some
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time until Ca (NOs), powders are completely converted to CSH. Also, the CSH

produced with Ul samples show rapid synthesis and suitable yield. This is surprising,

because apparently most of the Ca®* and Siog' ions present in the solution reacted to
form CSH. In the presence of Ul, the ultrasonic irradiation effect on nucleation is the
reduction in the elapsed time between the establishment of supersaturation and the onset
of nucleation and crystallization. This is caused by the pressure created by bubble
collapse, temperature and the highly spatially concentrated regions of extreme energetic
agitation and following the release of shock waves. An additional, significant factor
associated with Ul is reaction kinetics. Since the collapse of the microbubbles is an
event during which energy is released in the form of a shock wave this is the moment
when the activation energy barrier is surmounted (de Castro & Priego-Capote, 2007).
Simultaneously, since the collapse of the bubble arises over a very short time, the nuclei
created around this event, while numerous, have their growth confined by the short

period of time during which the collapse occurs.

Table 4.1: Crystallite size and lattice strain CSH between G1 and G2 by ultrasonic

irradiation. (+ Standard deviation)

Sample Crystallite size (nm) Lattice strain (%)
G1-Group S1 10 (+ 1.5) 0.0282
S2 9(+1) 0.02
S3 9.2 (x1) 0.0282
G2-Group sS4 15.7 (+ 1) 0.017
S5 13 (£ 1) 0.02
S6 24.7 (£2) 0.010
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Figure 4.2: The SSP plot of CSH samples at different times. The particle size is
achieved from the slope of the linear fitted data and the root of y-intercept gives the

strain.

As shownin Table 3.1, it was found thatthe yield of CSH increased
when the sonication time was extended from 5 to 15 minutes at the same Ul condition.
The Ul wave is not enough to blend the solution and precipitant uniformly within a
short period of time, therefore the yield of CSH powders increased at longer times of

insonation.
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It was found that sonication time also influenced the average crystallite size and
lattice strain. The crystallite size and lattice strain is estimated from the peak broadening
of XRD reflection according to the SSP formula (Eqg. (1)). The results obtained are
listed in Table 4.1.

According to the data presented in Table 4.1, the crystallite size and the lattice
strain initially decrease with time from 5 to 10 min sonication; and later both crystallite
size and lattice strain increases from 10 to 15 min. These results suggested that it is
possible to tailor crystallite size by Ul duration alone. Moreover, the decrease of CSH
crystallite size compared to the increase of sonication time is not linear. The reaction
media of CSH by chemical precipitation method from these sources is an exothermic
reaction (Speiser, Baumann, & Niessner, 2000). The present results show that
temperature increased to 90 °C after 15 min sonication while the changes in pH of our
irradiated samples were negligible. The temperature of the solution rapidly increased
from 32°C to 80 °C within 5 min Ul and then the temperature were rising at a rate of 1
°C/min from 5 to 15 min. This indicates that long irradiation times increased the
temperature of the reaction media. It has been reported that increasing the temperature
in Ul can be effective in the increase of crystallinity (Baradaran et al., 2013; Rouhani,
Taghavinia, & Rouhani, 2010). By comparing the X-ray diffraction (XRD) patterns
presented in Figure 4.1, it can be observed that the crystallinities of the resultant CSH
increased with increasing synthesis temperature and sonication time and that the
improved degree of crystallinity may be due to the raised temperature and irradiation

time in the aqueous solution during UI.
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Figure 4.3: FT-IR spectra of G1-Group prepared using different Ul times.

Figure 4.3 illustrates the FTIR spectra of the CSH samples synthesized with
three different durations 5, 10 and 15 min. The formation of CSH is indicated by a
complex group of bands in the range of 800-1200 cm™ (Bjornstrém, Martinelli, Matic,
Borjesson, & Panas, 2004; P. Yu, R. J. Kirkpatrick, B. Poe, P. F. McMillan, & X. Cong,
1999). The sharp band at 980 cm™ is characteristic for the Si—-OH vibration (Bjérnstrém
et al., 2004; Delgado, Paroli, & Beaudoin, 1996). The band at 1086 cm™ can be
attributed to Si—O stretching vibrations, and the group of bands between 670 and 744

cm™ can be attributed to Si—-O-Si bending vibration. These two groups of bands are
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features of silicate chains (SiOs)(Ping Yu et al., 1999). Moreover, the characteristic

bands for the co§' group occur in the spectrum at 1500 cm™ (v,, asymmetric stretch
vibration) and at 856 (v,, out-of-plane bend vibration). All the experimental conditions
by Ul were carried out in air; therefore it is not possible to prevent incorporation of CO,
if the sample is exposed to air(Ping Yu et al., 1999). The broad band at 2800-3700 cm™
is due to stretching vibrations of O—H groups in H,O or hydroxyls with a wide range of
hydrogen bond strengths. In order to form calcium silicate hydrate, more H,O
molecules become coordinated in the produced CSH structure, participating with Si—-O
groups to form an intricate network of hydrogen bonds. These results are in good
agreement with the X-ray diffraction analysis.

4.2.1.1 Morphological feature

The morphological features of the CSH samples at different times of Ul are given in the
FESEM images (Figure 4.4) by comparing the micrographs of the obtained powders by
Ul, it can be shown that the Ul duration affected morphologic features. The FESEM
micrograph of CSH derived at 5 min shown in Figure 4.4 (S1) suggests that the sample
consists of agglomerated nano particles. When the ultrasonication time was increased to
10 min, the needle-like shape morphology dominated, where diameter and length of the
CSH varies in the range of 20-30 and 300-500 nm, respectively, as measured by
internally supported software (Figure 4.4 (S2)). In addition, when the sonication time
was increased to 15 min, the concentration of the needle-like morphology is further
increased (Figure 4.4(S3)). Prolonged reaction time of 15 min showed the formation of
large number of needle-like shape with well-defined morphology with typical widths of

30 to 50 nm and lengths in the range of 100 to 200 nm.
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Figure 4.4: FESEM micrographs of the G1-Group (S1, S2, S3) and G2-Group (S4, S5,

S6).

There are two regions of sonochemical activity: one is between the cavitation
bubble and the surrounding bulk solution, and the other is inside the collapsing bubbles
(Jevtic et al., 2008). If the reaction takes place inside the bubble, the powders are
amorphous, and if it takes place in the surrounding region, it is supposed to be that the
products are nanocrystalline (R. V. Kumar, Koltypin, Palchik, & Gedanken, 2002). In
this present case, crystalline powders with needle like morphology were obtained, it is
to be expected that the formation of the CSH probably occurs in the interfacial region.

The formation mechanism of the needle-like morphology is based on the electrostatic
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interaction between Ca?* and Siog' ions at first and then followed by their assembly on
the surface of micelles. In the early stage, the examination of intermediate products
shows the coexistence of agglomerated nano particles and then needle like formed with
increasing irradiation time. The formation process of needle-like particles is

schematically illustrated in Figure 4.5.

Mixing of Reagents Nucleation of CSH Growth of Nuclei CSH Needle-Like assemble
by sonication with increasing sonication
time

Figure 4.5: Mechanism proposed to be involved in the sonochemical synthesis needle-

like CSH with increasing sonication time.

The FESEM results demonstrated the deagglomeration abilities of the Ul
process. Use of ultrasound as a reaction aid to promote deagglomeration has been
studied (Prasad, Pinjari, Pandit, & Mhaske, 2011; Raman & Abbas, 2008) and
established and the present results further support the potential use
of sonochemistry in synthesis.

The results above show that CSH with different crystallite sizes and
morphologies have been prepared successfully at different sonication times, and 10 min

of Ul was the optimal time for CSH synthesis by ultrasonication technique.
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4.2.2 Synthesis of CSH using SDS as a surfactant assisted by ultrasonic
irradiation

SDS was used as a surfactant to modify and control the morphology and size of
the CSH. In the absence of SDS, the morphologies of CSH were needle-like and not
uniform. Therefore, the influence of various concentrations of SDS at 10 min Ul on the

structure of the final products and the growth-orientation processes were examined.

* calcium silicate hydrate
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Figure 4.6: XRD patterns of G2-Group (different concentrations of SDS at 10 min) of
samples.
A significant effect of SDS was observed on the yield of CSH (Table 3.1),

where the yield percentage increased when the concentration of SDS was increased.
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Figure 4.6 shows the XRD patterns of samples obtained from varying concentrations of
SDS. The resulting diffractogram demonstrates that the sonochemically synthesized
product at different amounts of SDS is CSH (JCPDS 03-0606). It was found that sample
G2 (added SDS) has higher XRD diffraction intensity and sharper XRD peaks than that
of sample G1 (no SDS). This intensification of XRD peaks indicates an increase of
crystallinity. In addition, the peak intensity decreases when the concentration of SDS is
increased.

Figure 4.7 and Table 4.1 present the crystallite size and lattice strain of the CSH
synthesis powders at various SDS concentrations as calculated using the SSP formula
(Eqg. (3.1)) from the profile of the main peaks of the XRD pattern. It is evident that the
crystallite size and lattice strain between different surfactant concentrations is not linear.
The crystallite size of CSH powders without the addition of SDS was 9 nm at 10 min by
Ul, while the sizes in the presence of SDS ranged between 13-24.7 nm as the SDS
content rises from 0.1 to 0.3g at 10 min by UIl. The rise of crystallite size and reduction
of lattice strain with the addition of SDS suggests that SDS may encourage particle
growth.

The smallest crystallite size (13 nm) with maximum lattice strain (0.02) was
obtained with 0.2 g SDS. Furthermore, the change of the lattice strain of CSH
demonstrated that SDS anionic surfactant was structurally incorporated, and did not just

cover the surface of the crystals.
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Figure 4.7: The SSP plot of CSH samples G2-Group
with different concentrations of SDS at 10 min Ul. The particle size is achieved from

the slope of the line fitted data, and the root of y-intercept gives the strain.

Figure 4.8 illustrates the FTIR spectra of the CSH samples in the G2-group
synthesized with various concentrations of SDS at 10 min Ul. FTIR analysis reveals the
presence of SDS on the surface of the CSH. The characteristic peaks for SDS (C-H)
stretching and bending bands in 2853-2965 cm™* and —~OSO3™ bending band at 720 cm™

were found, identifying that the precipitated CSH was covered with template SDS (P.

Zhang et al., 2012) and is very weak. The FTIR also identifies the functional groups of
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CSH samples that are comparable with G1-group (no SDS) as explained above. On the
basis of XRD and FTIR results, one concludes that samples obtained in the different

SDS concentrations are CSH.
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Figure 4.8: FT-IR spectra of G2-Group prepared using different concentrations of SDS

at 10 min UL.
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4.2.2.1 Effect of SDS surfactant on morphology of CSH

The SDS is an anionic surfactant with a hydrophobic tail and a negatively
charged head that dissolves in water to form a colourless solution. Figure 4.4 (G2-
group) presents the effect of different concentrations of SDS on the morphology of the
CSH powder synthesized with 10 minutes of ultrasonic irradiation time. In the absence
of SDS, the morphologies of CSH were needle-like and not uniform. No nanosheet
morphology was obtained. However, the uniform needle like and nanosheet
morphologies were formed in the presence of SDS. As shown in Figure 4.4 (S4), by
comparing the micrographs of the obtained powders with 0.1g SDS (S4) and without
SDS (S2), both ultrasonicated for 10 minutes, it can be seen that SDS changed the
morphology by increasing the diameter and length of the CSH needle-like particles
variably in the range 100-200 nm and 1-2 um, respectively. When the amount of SDS
is increased to 0.2 g, micelles can be formed more easily. As a result, highly oriented
needle-like particles were assembled to form bundles with nanosheet morphology. As
shown in Figure 4.4 (S5), a smooth surface is observed on the solid nanosheets of CSH.
The width and length of the nanosheets are 300- 500 nm and 2-3 um, respectively.
When the amount of SDS in the solution increased to 0.3g (Figure 4.4 (S6)), it had a
direct destructive effect on the morphology and irregular morphologies without bundles
of nanosheets and needle-like particles were observed (Figure 4.4 (S6)). Therefore, the
higher concentration of SDS possibly interfered with the synthesis mechanism, which
restricts the formation of the nanosheets or needle-like particles in the present reaction.

Considering all factors, as also schematically illustrated in Figure 4.9. The
assembled process of CSH nanosheets under the effects of SDS and ultrasound is
proposed as follows: First, due to the electrostatic interaction and stereochemical
matching with Ca®* ions, the negatively charged SDS polar groups acted as active sites

for nucleation of CSH. Then, Ca?* ions strongly absorbed on the micellar surface of the

71



opposite charge, leading to a much faster nucleation rate on the surface of the SDS

micelles and calcium ions can then react with the Siog' groups. However, with the work
done by ultrasonic radiation, the CSH nanosheets arranged and formed an orderly
assembled structure along the direction of flow with low energy. Consequently, both
SDS and ultrasound had an impact on the orderly layered assembly of CSH nanosheets:
SDS as a template ensured the formation and stability of CSH nanosheets, and the
ultrasound provided the necessary work and driving force for assembly of CSH
nanosheets.

These results confirm that different amounts of SDS are favorable for the
synthesis of CSH with various types of morphologies. Moreover, the results indicate
that the optimum crystallite size is about 13 nm after 10 minutes of sonication time with
0.2 g SDS and demonstrates bundles of nanosheets morphology with an average

diameter and nanosheets length 300- 500 nm and 2-3 pm, respectively.
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4.3 Calcium silicate—reduced graphene oxide composites

In this part of the research, a simple hydrothermal method was used to
synthesize CS nanowires on reduced graphene oxide sheets. CS and CS/rGO
composites were densified using HIP. The variation of the mechanical properties of
CS/rGO composites with respect to the amount of rGO in the matrix has been
systemically investigated. The effect of rGO content on the formation of HA on
CS/rGO composites during soaking in a biomimetic system of simulated body fluid
(SBF) were also evaluated. In addition, detailed in vitro experiments were performed
such as cell adhesion, cell proliferation (MTT) and bone cell differentiation (ALP)
experiments to explore the abilities of such materials to be successfully used in

biomedical applications.

4.3.1 Characterizations of rGO, CS and CS/rGO composite powders synthesized
by hydrothermal method

The hydrothermal process used in this study has a number of advantages over
other synthesis techniques and chemical reduction methods: (1) the method uses a very
simple setup, that is, essentially an autoclave; (2) the process is facile, rapid, and
efficient and is industrially more feasible, as compared to batch processing; (3) the
relatively high temperature and internal pressure promotes the recovery of m-
conjugation after dehydration, which is favourable for minimizing defects; (4) it is
inherently pure since it employs only water, compared to the hydrazine chemical
reduction method which inevitably introduces non-carbon impurities into the treated
GO (Stankovich et al., 2007); and (5) engineering the parameters of temperature and
pressure affords a facile method to organize the degree of reduction of the GO (Y.

Zhou, Bao, Tang, Zhong, & Loh, 2009).
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Figure 4.10: (a) XRD patterns of GO and rGO. (b) XRD patterns of pure xonotlite and
xonotlite-1wt. %rGO composite.

The XRD spectrum of the GO in Figure 4.10a is similar to those in other reports
(Marlinda et al., 2012; Mohammad Mehrali, Latibari, Mehrali, Indra Mahlia, & Cornelis
Metselaar). The XRD pattern of GO shows an intense and sharp diffraction peak at 26
= 9.85°, attributed to the (001) lattice plane corresponding to a d-spacing of 0.83 nm.
This is consistent with the lamellar structure of GO. GO sheets can be reduced under
hydrothermal conditions, resulting in the disappearance of this strong peak and the
appearance of a broad (002) peak and a weak (100) peak at 20 values of 24.53° and
43.45°, respectively, corresponding to d-spacings of 0.36 nm and 0.20 nm, respectively.
This implies that the GO was reduced to rGO sheets due to the removal of functional
groups from the GO after the hydrothermal process (Muruganandham, Amutha, &
Sillanpaa, 2010; Sookhakian, Amin, & Basirun).

Figure 4.10b presents the XRD spectra of the products obtained after
hydrothermal processing at 200 °C for 24 h in the absence and presence of rGO, which
are dominated by the xonotlite phase reflection peaks (JCPDS card No. 23-0125).
However, both in terms of d-spacings and positions (20) of the peaks, indicating that the
synthesized products are pure xonotlite nanowires. The xonotlite crystal is a calcium

silicate-type hydrated calcium silicate.
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Figure 4.11: FESEM micrographs of pure xonotlite (a), xonotlite-1wt. % rGO

composites (b) and TEM images of GO (c) and xonotlite -rGO composites (d)

synthesized via the hydrothermal technique.

The XRD analysis further indicates that the main diffraction peaks of the
xonotlite phase with GO are similar to those of the pure xonotlite phase. No other
reflection peaks are observed, including (001) GO reflections, indicating the formation
of a high purity xonotlite phase and hydrothermal reduction of the GO to rGO.
Moreover, no typical diffraction peaks of rGO are detected in the composites, which can

be explained by the low diffraction intensity of the peaks and the low amount of rGO.
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In the absence of rGO, the xonotlite phase appears as nanowires with
approximate diameters of 10-30 nm and lengths of up to several micrometers, similar to
the results reported by Kaili Lin et al. (Lin, Chang, Chen, et al., 2007). As depicted in
Figure 4.11, no other morphologies are observed in the FESEM images. Figure 4.11b
shows similar morphological features in the xonotlite-rGO composites. The TEM
observation presented in Figure 4.11c and d show that the rGO sheet is very thin, with
few wrinkles and folds. Moreover, the rGO nanosheets are efficiently decorated with
xonotlite nanowires on both sides of the translucent sheets as shown in Figure 4.11b and
d. This validates that the nanowires are formed via the growth of xonotlite crystals
through an Ostwald ripening mechanism, that is, a highly supersaturated solution was
adopted and irregular nanoneedles acted as the precursor for the synthesis of crystallized
xonotlite nanowires. In the hydrothermal reaction, crystallization process is a
transformation process that amorphous fine nanoparticles act as the precursor. The
formation of tiny crystalline nuclei in a supersaturated medium occurred at first, and
then followed by crystal growth. The large particles will grow at the expense of the
small ones because of a superior solubility of the small particles than that of large
particles.

AFM was used to analyze the lateral dimensions of the graphene oxide and
reduced graphene oxide sheets, as shown in Figure 4.12. The as-prepared GO sheets
with average lateral dimensions (ALDs) of 3.88+0.99 um are presented in Figure 4.12a
and c. The pure rGO prepared by hydrothermal technique at 200 °C for 24 h resulted in
partial fragmentation of the sheets and consequently smaller ALDs (2.37+0.65 pum) as
shown in Figure 4.12b and d for the hydrothermal rGO sheets.

To verify the formation of graphene oxide, reduced graphene and xonotlite
nanowires in the absence and presence of rGO, the infrared spectra of the samples were

measured and are compared in Figure 4.13.
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Figure 4.12: AFM images of the as prepared GO sheets (a),
pure rGO prepared by hydrothermal technique at 200 °C for 24 h (b), size distribution
diagram of GO (c) and rGO (d).

The FTIR spectrum presents all the characteristic bands for GO including the
appearance of the broad peak from 900 to 1200 cm™* attributed to C—O stretching and
the peak at 1370 cm™ representing tertiary alcoholic C—OH bending. Other features
include the stretching vibration of the sp? hybridized C=C bond at 1625 cm*, the C=0
stretching vibration at 1720 cm ™ and common hydroxyl stretching around ~3430 cm™
(Lim et al., 2011; Sookhakian et al.). Figure 4.13 presents the FTIR spectrum of the
rGO following hydrothermal reduction, including absorption peaks representing the
C-O stretching vibrations of epoxy groups at 1050 cm™ and the deformation of C—OH

at ~1430 cm™. Moreover, the characteristic peaks of rGO nanosheets are usually
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recognized as the asymmetric stretching of CH, at 2920 cm™ and the symmetric

stretching of CH, at 2850 cm™ at the edges/defects (D. W. Wang, Wu, Gentle, & Lu,

2012).
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Figure 4.13: FTIR spectra of the GO, rGO, pure xonotlite and xonotlite -1wt. % rGO
composites.
The FTIR spectrum of the pure xonotlite sample shows a sharp spike at 3610

cm ! due to the CaO—H stretching vibration, and its bending mode is observed at 630

cm . The characteristic bands for the CO32' group occur in the spectrum at 1470 cm™

(v2, asymmetric stretch vibration) and at 875 (v,, out-of-plane bend vibration). Note that

no carbonates are detected by XRD analysis, while CO32' bands appear in the powder
spectra. This may be due to contamination with CO, during powder preparations and
drying. Generally, xonotlite has a characteristic band at approximately 1200 cm™*; this

band is due to the Si-O stretching of vibrations in Q° sites (silicate tetrahedra linking
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two silicate chains) (Mostafa, Shaltout, Omar, & Abo-El-Enein, 2009). The bands at

1065 and 970 cm™ can be attributed to the symmetric stretching modes of Si-O-Si and

Si-0, respectively. The bands observed at 670 cm™ and 607 cm™ are related to the Si—

O-Si bending vibrations. The CS/rGO composite exhibits clear absorption bands

resulting from the asymmetric stretching of CH, at 2920 cm™ and the symmetric

stretching of CH, at 2850 cm™, which are inherent to reduced graphene oxide. The peak

at approximately 1430 cm™ was attributed to the deformation of CO-H, and this band

has been observed in pure rGO. The other absorption bands are attributed to the

xonotlite.
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Figure 4.14: Raman spectra of GO and CS-1wt. % rGO composites before and after

HIP.
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The structure, defect levels and crystallinity of the reduced graphene oxide
sheets in the composites were studied by further structural characterization using Raman
spectroscopy. For comparison purposes, the Raman spectrum of graphene oxide is also
shown in Table 4.2 and Figure 4.14. The Raman spectrum of GO displayed a band at
1595 cm™ named the “G band” and another band at 1360 cm™ named the “D band”. The
G-band represents the planar configuration sp? bonded carbon that makes up graphene,
and the D-band is due to the breathing modes of six-atom rings and requires a defect for
activation (Ferrari & Basko, 2013).

The Raman spectrum of the xonotlite/rGO composite exhibits significant
changes compared to the spectrum of GO. Both the G-band and D-band are shifted
towards lower wave numbers of 1346 cm™ and 1593 cm™, respectively, and a 2D peak
at approximately 2688 cm™ indicates an increase in the number of layers in rGO
compared to GO. The intensity ratio of the D to G-bands (Ip/lg) is a measure of the
degree of disorder and the average size of the sp? domains in graphene materials (Geim
& Novoselov, 2007). The Ip/lg ratios for GO and xonotlite/rGO composites were found
to be 0.79 and 0.83, respectively, as shown in Figure 4.14. The increase in the Ip/lg ratio
after the hydrothermal reaction suggests that there the graphene lattice contains
structural defects and that the reaction decreases the average size of the sp? domains
(Zeng et al., 2013). This result is in agreement with that of the AFM observation
mentioned above (Figure 4.12). As seen in Figure 4.14, the spectrum of the
xonotlite/rGO composite before sintering exhibits a single peak representing the
xonotlite phase at 1088 cm™, which can be attributed to the Si-O-Si asymmetric

stretching mode (v,5(Si—O-Si)) (Garbev et al., 2007).
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Table 4.2: Peak position of the D, G and 2D bands and intensity ratios

of ID/IG and |2D/|G-

Sample D band G band Raman 2D band 11 Lol
P Raman shift shift Raman shift piiG | T2plie
Graphene Oxide (GO) 1360 1595 - 0.79 -
Unsintered
(Xonotlite/rGO) 1346 1593 2688 0.83 0.43
Sintered (CS/rGO) 1355 1598 2690 1.24 0.12

4.3.2 Raman and XRD characterization of CS/rGO composite sintered by hot
isostatic pressing

Exposure to high temperature during sintering makes it necessary to test for the
survival of the rGO structure in the final samples. The presence of G and 2D peaks in
the CS/rGO composites indicates the survival of rGO after HIP processing. As shown in
Figure 4.14 and Table 4.2, the Ip/lg ratio of the bulk xonotlite /rGO composite increased
from 0.83 to 1.24 after HIP, demonstrating that the HIP process introduces structural
defects into rGO. The intensity ratio of I,p/lg decreased and the 2D peak became
narrower, sharper and shifted to higher wavenumbers compared with before sintering,
indicating that rGO bonding may also occur during the HIP of the CS/rGO composites
and that the number and thickness of layers may be increasing (Ferrari & Basko, 2013;
A. Nieto et al., 2012). The broad peak at approximately 2940 cm™ was assigned to the
combination of the D and D’ bands (D + D) (D. W. Wang et al., 2012). Thus, Raman
spectroscopy demonstrates that the rGO structure is retained after HIP consolidation.
Furthermore, two characteristic Raman peaks for the CS at 635 and 970 cm ™ were
detected in CS /rGO composites after the HIP process and are attributed to the Si—O-Si
bending vibration and the Si—O stretching vibration, respectively (Garbev et al., 2007;

Osticioli et al., 2009).
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To verify the phase after HIP, the samples were investigated by XRD as shown in
Figure 4.15. The peaks in all six patterns are indexed as CaSiOj (standard card no.
JCPD 31-0300), which illustrates that the xonotlite transformed to a-CaSiO3z phase
during HIP. XRD analysis confirmed that rGO and HIP processing did not induce the
formation of any other phase. In the CS/rGO composites, it is difficult to detect the rGO

by XRD due to its small content.
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Figure 4.15: XRD patterns of CS-rGO composites sintered at 1150 °C by HIP.
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4.3.3 Microstructural and mechanical properties of CS/rGO composites

High densification of the composites is necessary to obtain enhanced toughness,
hardness and elastic modulus. As shown in Table 4.3, CS and CS/rGO have densities
greater than 94% up to 1 wt. % rGO in the CS matrix, as determined using the
Archimedes method. In addition, the density decreases with increasing rGO content in

the composites because rGO separates the grains of the matrix, preventing pore closure.

Figure 4.16: FESEM micrographs of CS/rGO composites after HIP consolidation. (a)

and (b) Fracture surface of rGO-reinforced CS composites at 1150 °C by HIP. (c) and

(d) Pores in the polished surface of CS-1.5 wt. %rGO, with visible graphene sheets.
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Table 4.3: Mechanical properties of pure CS and GNP/CS composites

Fracture

Relative Elastic Micro- Nano- toughness Brittleness
Sample density modulus hardness hardness (E/IPa index
(%) (GPa) (GPa) (GPa) ') (Lm~1/2)
CS 98+0.3 76.2+3.4 3.24+0.17 3.55+0.2 1.24+0.09 2.61
CS- 97+05 | 81.3842.8 | 3.84+0.11 | 4.07+025 |1.46:007| 2.63
0.25wt.%rGO - I e I T '
CS-
0.5Wt.%rGO 96.5+0.8 | 97.14+3.7 3.91+0.06 4.2+0.33 1.70+0.02 2.3
CS-
0.75Wt.%rGO 96+0.5 98.6+3.9 4.57+0.10 4.76%0.15 2.29+0.08 1.99
CS-
1.0Wt.%rGO 94+0.7 | 115.72+4.6 | 4.54+0.16 4.83+0.11 2.76%0.07 1.65
CS-
1 5Wt.%rGO 85+0.8 | 74.55+2.45 2.97+0.11 2.95+0.3 1.83+0.11 1.62

Figure 4.16c and d illustrate that the pores on the surface of the CS-1.5 wt. %
rGO composite are open. The relative density is the lowest at 1.5 wt. % rGO, at
approximately 85%. This is probably because the rGO tends to be distributed in the
grain boundaries of the CS matrix, which hampers the densification process. Moreover,
at a high concentration of rGO, pores are likely to be formed when a good bond
between rGO and CS matrix is not formed, which makes it difficult to accommodate
different shrinkages in the interface between rGO and CS matrix during cooling proces.
In addition, overlapping of rGO exists in the sample containing 1.5 wt. %rGO as is
observed in Figure 4.16¢ and d, which indicate agglomeration of rGO occurs. The
agglomeration of rGO significantly affects the sintered body, reducing the density and
mechanical properties (Lv Zhang et al., 2013). Although increasing the porosity of the
CS/rGO composite might decrease its mechanical properties, these pores contribute to
osteoblast ingrowth into the composite. Figure 4.16a and b show the fracture surfaces of

sintered CS/rGO pellets at 1150 °C. These highly magnified images show that many
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rGO pellets are well distributed in the composite matrix, indicating good dispersion of
rGO.

Table 4.3 reports the variations in mechanical properties with the amount of
rGO. Microhardness is an important mechanical property for ceramics and is critical
when abrasive or grinding action is required.

The Vickers hardness and nano-scale hardness for the composites containing
0.75 wt. % and 1 wt. % rGO were ~40% and ~35% higher than those of pure CS. The
absolute hardness values differ between nanoindentation and Vickers experiments due
to the vast differences in applied load, tip geometry and measurement length scale
(Lahiri, Singh, et al., 2011). The advantage of the microindetation test is that a much
larger volume is being indenter and a higher volume fraction of rGO is encountered as
compared to nanoindentation. The addition of rGO improves the hardness of CS up to 1
wt. % rGO. The hardness is reduced at 1.5 wt. % rGO because of increased porosity of
the composite. As shown in Figure 4.16a and b, rGO is observed to wrap around CS
grains. The high specific surface area of rGO can result in an increased contact area
with the matrix. This could significantly increase the bonding strength between rGO and
CS grains, requiring more energy to pull the nanofiller out from the CS matrix. The
elastic modulus values of the HIPed pellets increased from 76.2+3.4 GPa for the pure
CS to 115.72+4.6 GPa for the CS-1 wt% rGO, but decreased again to 74.55+2.45 GPa
for CS-1.5 wt% rGO pellets. The increase in the elastic modulus of CS-rGO pellets is
due to the high elastic modulus of graphene, the appropriate relative density of CS-rGO
composites, homogeneous distribution of rGO in CS matrix and good bonding at the
CS-rGO interface. Porosity has been reported to be a major factor governing the elastic
modulus for some ceramic materials, with greater porosity correlated with a lower
elastic modulus (X. J. Zhao, Chen, Ru, & Zhang, 2011). This explains the reduction of

the elastic modulus in CS-1.5 wt. % rGO pellets. It is notable that the elastic modulus of
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human cortical bone is reported to be in the range of 15-25 GPa, while the modulus is
much higher for consolidated pure CS and our composites. A mismatch of the elastic
modulus at the bone—implant interface might pose a risk of fracture or delamination of
the implant (Shirazi, Mehrali, et al., 2014). Nevertheless, the osseointegration ability of
CS creates strong bonding at the CS—bone interface, decreasing the chance of fracture
and delamination. Likewise, an increase in the elastic modulus directly influences the
improvement in the fracture toughness in ceramic based composite systems (Labhiri,

Ghosh, & Agarwal, 2012).

HTI-Lab 2.0kV 3.4mm x50.0k SE(U)

HTI-Lab 2.0kV 3.5mm x25.0k SE(U)

Figure 4.17: Toughening mechanisms in CS-rGO composites: (a) and, (b) crack

bridging and rGO pull-out, (c) crack deflection and (d) rGO crack branching.

The addition of rGO to CS results in an improvement in the indentation fracture

toughness as shown in Table 4.3. The fracture toughness is increased by 123% in the
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CS-1wt. %rGO composite. The increase in toughness correlates with increasing rGO
content, but this trend does not continue for CS-1.5 wt. %rGO due to the lower fracture
toughness of the composite caused by the increasing porosity (Lahiri, Ghosh, et al.,
2012). Four distinct rGO toughening mechanisms have been observed in CS-rGO
composites as shown Figure 4.17. These mechanisms are (a) crack bridging, (b) rGO
pull-out, (c) crack deflection and (d) rGO crack branching. Crack bridging is a
frequently observed toughening mechanism in the CS-rGO composites. As seen in
Figure 4.17a and b, rGO sheets can act as bridges and restrict the widening of the
cracks. The rGO bridges increase the energy required to open the cracks and toughen
the material. Other studies have also shown evidence of graphene bridging as an
effective mechanism for the toughening of composite structures (J. Liu et al., 2012;
Andy Nieto, Lahiri, & Agarwal, 2013; Lv Zhang et al., 2013). Pulling rGO out of the
composite matrix can dissipate energy because of binding and friction, leading to
toughening. Figure 4.17b presents FESEM images of rGO pull-out from the fracture
surfaces of CS-rGO composites. Recent studies have shown that the highest fracture
toughness could be obtained composites containing graphene with a small average
lateral size, as graphene with larger lateral size are connected causes porosity, which
probably results in a weak adhesion bond of graphene/matrix and low energy
dissipation during the pull-out (Kvetkova et al., 2012; Ramirez et al., 2014). As shown
in Figure 4.17c, the resistance of rGO can be so strong that the crack seeks a lower
energy path, resulting in crack deflection and energy absorption, resulting in the
toughening of the matrix. Crack branching of rGO can be observed in Figure 4.17d,
which consumes more energy and leads to an increase in the resistance to crack
propagation. Crack branching is a very frequently observed toughening mechanism in
all studied composites containing graphene (J. Dusza et al., 2012; J. Liu et al., 2012; Y.

Zhao et al.). Dusza et al.(J. Dusza et al., 2012) investigated the influence of the addition
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of graphene with different lateral size on the fracture toughness of graphene reinforced
SizN4 composites. They found that the origin of the branching mechanism is the
interaction of the propagating crack and graphene with smaller size which was between
0.5 and 3um. As mentioned earlier, in our case, the average lateral size for the rGO
sheets is 2.37+£0.65 um. Thus, crack branching can cause an increase in the fracture
toughness of CS-rGO composites. Based on these observations and analysis, we can
infer that rGO pull-out, crack deflection, crack branching and crack bridging by rGO are
responsible for the improved fracture toughness of CS-rGO composites.

Brittleness index (BI) can be used to quantitatively assess the machinability of
ceramics. Boccaccini reported that the good machinability occurs when the brittleness
index of the ceramic is lower than 4.3 pm~1/2 (Boccaccini, 1997). Meanwhile, the
lower the brittleness index, the higher the machinability of the ceramics. As regarding
the hardness and fracture toughness values in the present study, our results show that the
rGO are effective in the Bl of CS. In the case of CS-1wt. %rGO composite the Bl value
decreased from 2.61 to 1.65 um~'/2, corresponding to a ~37% decrease compared to
pure CS. Another interesting observation is that the plot shows a systematic decrease in
Bl with increasing rGO concentration. Porwal et al.(H. Porwal et al., 2013) reported
that graphene oxide nanoplatelets (GONP) have a significant influence to reduce the Bl
and consequently improve the machinability performance in silicaylGONP composites in
comparison with pure silica. Overall, our results are in good agreement with results of

Porwal et al (H. Porwal et al., 2013).

89



4.3.4 In vitro HA forming ability of CS/rGO composites

Figure 4.18 presents the XRD patterns of CS/rGO composites after soaking in

SBF for 14 days. The intensity of the CS diffraction peaks decreased, and

hydroxyapatite peaks (Standard Card No: JCPD 24-0033) were obvious after soaking in

SBF. When the rGO content in the composite increased, most diffraction peaks of CS

disappeared and broad peaks at 20= 31.7°, 26= 49.5°, and 26=53.2° and a strong peak

20= 26° corresponding to the (2 1 1), (2 1 3), (0 0 4) and (0 0 2) planes of

hydroxyapatite (HA), respectively, became more obvious. These results suggest that

more HA is formed on the surface of composites with more rGO content, and the peak

shapes indicate that this HA should be nanocrystalline. Furthermore, no cristobalite or

other peaks were observed in any samples soaked in SBF.
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Figure 4.18: XRD patterns of CS-rGO composites after soaking in SBF for 14 days.
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Figure 4.19: Low and high magnification FESEM images of apatite formation on CS-

rGO composites immersed in SBF for 7 days.
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FESEM micrographs of CS/rGO composites soaked in SBF for 7 and 14 days
are presented in Figure 4.19 and Figure 4.20, respectively, at both high and low
magnification. The high magnification images in Figure 4.19 demonstrate that after
soaking in SBF for 7 days, the surface microstructure varied with rGO concentration.
Increasing concentrations of rGO promote the growth of nanosheet-like apatite, while
pure CS ceramic exhibited worm-like crystals with the typical HA morphology. After
14 days of soaking, a densely packed HA layer covered the whole surface of the rGO
containing samples, while some micro-cracks could also be observed on the composite
surfaces due to the shrinkage and desiccation of the soaked samples in air, suggesting
the formation of a thick deposit (Ni, Chang, & Chou, 2008; Zhong et al., 2011).

A higher magnification examination of the samples after 14 days of soaking
showed that the morphologies of the specimens were similar to those of the samples
soaked for 7 days. According to the EDX spectra shown in Figure 4.20, the elements
detected were mainly Ca, P and no Si peaks were detected. The Ca/P molar ratio was
analyzed for all the samples. The Ca/P molar ratio of the apatite formed on the pure CS
and CS/rGO composites is in range of 1.72 and 1.58, close to that of HA, which is 1.67,
suggesting that apatite formed on the CS-rGO composites. These results are consistent
with the results of XRD analysis and FESEM observation. Altogether, the ability to
form apatite on calcium silicate ceramics has not been negatively influenced by the

incorporation of reduced graphene oxide.
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Figure 4.20: Low and high magnification FESEM images of apatite formation on CS-

rGO composites immersed in SBF for 14 days.
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The concentrations of Si, Ca and P in SBF and the pH of the immersion
solutions as a function of soaking time are presented in Figure 4.21. The concentration
of Si ions increased slightly with an increasing amount of rGO in the ceramic (Figure
4.21b), while no significant differences were observed in Ca concentration between
pure CS and CS/rGO composites as the rGO content was increased (Figure 4.21a). The
P concentration continuously decreased during the soaking of the samples in SBF. As
shown in Figure 4.21c, the P ion concentration decreases with increasing rGO content.
The reduced phosphate concentration can be attributed to the formation of amorphous
calcium phosphate and the subsequent formation of HA by incorporating OH™ ions
from the SBF, providing an indirect indication that a precipitation reaction occurred
(Wei, Heo, et al., 2009). Figure 4.21d shows that the pH of the immersion solution
increased for all samples. Previous studies have shown that the release of Ca and Si ions
from CS can lead to increased pH of the SBF solution (Y. H. Shen et al., 2011; Shirazi,
Moghaddam, et al., 2014; C. T. Wu et al., 2007). In this study, it is observed that the pH
of the SBF used to soak rGO-containing CS was lower than that used to soak pure CS
ceramic, especially for CS/rGO composites with higher amounts of rGO. This indicates
that some acidic by-products were produced during the soaking.
As discussed in FTIR results, for the rGO, the bands associated with the oxygen
functional groups decrease in relation to those of GO. Nevertheless, the elimination of
these bands is not complete. Furthermore, The FTIR analysis indicated that
carboxyl groups and a small fraction of hydroxyl functionalities still remain in the rGO,
which can react with atmospheric humidity to form acids. These functional groups may
have been the cause for the lower pH upon exposure of rGO to SBF.

CS has been recommended as a material to promote bone tissue regeneration, as
it could facilitate the formation of HA layers between living tissue and the implant

material (Pan, Zhao, Darvell, & Lu, 2010; C. T. Wu et al., 2007). The bone-like HA
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plays a vital role in forming a chemical bond between the bioactive material and the
living tissue, and the in vitro formation of bone-like HA in SBF predicts a useful bone

bonding ability (Gandolfi et al., 2010; Kaur et al., 2014; Pan et al., 2010).
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Figure 4.21: The effect of rGO content in CS composites on the Ca (a), Si (b), P (c) ion
release, and the change in the pH value (d) in the SBF solution after soaking for various
durations.

A number of groups have reported the mechanisms of HA formation on CS
surfaces through in vitro incubation in SBF solution. Some reports state that an ionic
interchange of Ca®* for 2H* occurs at the surface, resulting in the formation of an
amorphous silica layer on the surface of CS, which provides favorable sites for apatite
nucleation (X. Y. Liu et al., 2004; X. Y. Liu et al., 2001). Additionally, the degree of
supersaturation of the solution with respect to apatite increases with ion dissolution.

Therefore, apatite nuclei are rapidly created on the sample surface, and they
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spontaneously grow by consuming calcium and phosphate ions from the surrounding
fluid (X. Y. Liu et al., 2004).

In the present study, while the increase in rGO content from 0 wt% to 1.5 wt%
did not increase the Ca*" ion concentration in the SBF, a slightly higher Si** ion
concentration was observed in SBF for the composites compared to pure CS. When
bone forms, the crosslinking of the collagen chain and the subsequent precipitation of
HA are pH-dependent and require an optimal pH at the site of bone formation.(C. T. Wu
et al., 2007) Solution pH is also a key factor affecting cell vitality (Pan et al., 2010).
These results showed that greater amounts of rGO in CS/rGO ceramics decreased the
pH of the SBF due to the exposure of rGO to the SBF. Interestingly, the HA
morphology varied among different rGO-containing CS ceramics. This morphological
difference of HA grown in SBF-based solutions can be attributed to changes in the ion
concentrations and pH in SBF after the soaking of different rGO-containing CS
ceramics. These results indicated that CS/rGO composites sintered by HIP also
possessed excellent bioactivity and could develop a bone-like HA layer on their surface
when soaked in SBF. Moreover, the ability to form apatite on CS ceramics was not
influenced by increases in rGO content up to 1.5 wt%, as illustrated by the intensity of
the HA peaks on XRD and FESEM. In addition, these results suggest that CS/rGO

ceramics have potential applications for in vitro bone cell culture.

4.3.5 In vitro biocompatibility of CS/rGO composites with osteoblasts

The CS/rGO composite is intended for use in orthopedic implant applications.
Therefore, the orthopedic implant should promote cellular adhesion, proliferation, and
differentiation. Osteoblasts are able to attach to the orthopedic implant surface. They
actively participate in new bone formation by first forming a collagen matrix and then
assisting in the deposition of apatite crystal on that matrix. Thus, the growth and

proliferation of osteoblast cells on an implant surface plays a crucial role in
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osseointegration and in determining the life-time of an implant (Lahiri, Singh, et al.,
2011). Thus, the effect of rGO on the growth and proliferation of human osteoblast cells
(hFOB) was assessed qualitatively by observing the population of osteoblast cells on the

surface after 1, 3 and 5 days of culture.

Figure 4.22: Confocal images of adherent hFOB cells on pure CS for 1 (a), 3 (b) and 5
(c) days and CS- 1 wt. %rGO composites for 1 (d), 3 (e) and 5 (f) days incubation. The
scale bar represents 50 pm.

Figure 4.22 presents confocal laser scanning microscopy (CLSM) images of
hFOB cells cultured on the surface of pure CS and CS-1.0 wt% rGO pellets. The cells
exhibit a typical lens shape suggesting normal cell growth. The osteoblast population
clearly increases from 1 to 5 days on both surfaces. This observation indicates that CS
and CS/rGO surfaces are suitable for osteoblast cell proliferation. Interestingly, more
osteoblast cells are attached to the CS/rGO surface than the pure CS surface after 3 and
5 days of culture. Figure 4.23 shows the osteoblast cell morphology on pure CS and
CS/rGO composites after 24 hours of culture. In general, the hFOB cells on all the

CS/rGO composites are observed to be globular, flat and actively spreading with a
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number of filopodia protrusions, an indication of a normal cell attachment and growth

process (A. Kumar, Webster, Biswas, & Basu, 2013).

CS-0.25wt. %rGO

Figure 4.23: FESEM illustrating the morphology of hFOB cells seeded on pure CS and
CS-rGO composites after 24 hours.

Extracellular matrix (ECM) was secreted by the seeded hFOB cells, and the cells
merged on the surface of CS/rGO composites to form cell layers. Merging induced the
formation of a rich ECM, indicative of high cell activity on the CS/rGO composites.
Bone is produced by the mineralization of an organic matrix (largely collagen) through
the nucleation and growth of a mineral similar to HA (Gandolfi et al., 2010). Thus, the
presence of calcium phosphate in the ECM acts as a key factor in the regulation of bone

remodelling and cartilage (A. Kumar et al., 2013). Mineralization of hFOB cultured on
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CS-1wt. %rGO composite after 3 days cell culture was observed by FESEM, as shown
in Figure 4.24b. In the present study, the EDX pattern of hFOB cells on the CS-1wt.
%rGO indicated the formation of a calcium phosphate based on the preponderance of
Ca and P elements as presented in Figure 4.24c. In addition, the Ca/P molar ratio on the
surface of merging cell layers was 1.64 and was approximately equal to the 1.67 ratio of
HA, suggesting that the calcium phosphate formed in the ECM mainly consisted of
apatite, which is the major inorganic composition of bones and cartilages. Therefore, it
is plausible to suggest that the CS/rGO composite is expected to be suitable for bone
regeneration.

Cell viability was studied with an MTT assay by seeding osteoblasts onto the
rGO- containing CS for 1, 3 and 5 days, and the results are summarized in Figure 4.25.
The MTT activity increased with incubation time, indicating that proliferation
proceeded on all specimens. In other words, rGO addition did not exhibit any obvious
effects on cell proliferation. Interestingly, the number of cultured cells increased
significantly with increasing rGO concentration. As an increase in cell number is
preferred over an increase in osteoblast activity, the initial proliferation and recruitment
of cells to the implant surface is important. This finding is consistent with recent reports
by other researchers that incorporation of graphene or rGO into silica, HA and chitosan
leads to better adherence and stimulated proliferation of human osteoblasts and
mesenchymal stromal cells than on pure silica, HA and chitosan (H. L. Fan et al., 2010;

Kalbacova et al., 2010; M. Li et al., 2013).
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Figure 4.24: (a) CS-1 wt% rGO composite without cells. (b) hFOB cells grown on CS-1
wt% rGO composite after 3days. (c) EDX spectra of the hFOB cells in the boxed region
that is showing a significant presence of P and Ca on the CS-1 wt% rGO composite

after 3days seeding.
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Figure 4.25: Cell culture results for the CS-rGO pellets. The hFOB cells cultured on the
sample surfaces exhibit enhanced proliferation with an increased content of rGO in the
composites.

To better understand the effect of rGO on the behavior of the hFOB cells,
osteoblast differentiation is one of the most important steps in overall cellular activity
and thus bone formation ability. Thus, the effects of rGO on osteoblast differentiation
were evaluated using an alkaline phosphate activity (ALP) assay, which is an early
marker of osteoblast differentiation. Figure 4.26 shows the proliferation and ALP
activity of the hFOB cells cultured on pure CS for 7 days. The cells cultured for 7 days
on the pure CS and CS/rGO composites exhibited significantly higher ALP activity than
the blank well plate. The ALP activity of the cells on the composites markedly
increased with increasing rGO content in the composites. The ALP expression level on
the CS-1 wt. % rGO composite was approximately 1.5 times higher than that on the

pure CS ceramic.
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Figure 4.26: The ALP acftivity of hFOB cells after cultivation on different CS-rGO
composites for 7 days.

The cell attachment, proliferation and differentiation data for pure CS and
CS/rGO composites demonstrate a high degree of CS/rGO composite—osteoblast
interaction and indicate that this is a successful in vitro model to study bone cell-
biomaterial interactions. Previous studies found that the Ca and Si ions released from
materials stimulate osteoblast differentiation, gene expression and proliferation, which
can be regarded as one of the evaluation criteria for bioactivity (Gandolfi et al., 2010;
Xynos, Edgar, Buttery, Hench, & Polak, 2000). Furthermore, the ALP activity and
osteocalcin levels increased when Si was exposed to human osteoblasts (C. T. Wu et al.,
2008). These results showed that Si concentrations in SBF increased with increasing
rGO content, while the amount of Ca ion released was approximately equal to that of
pure CS. Note that the pH value has multiple effects on osteoblast metabolism and
function, with a pH value of 7.6 increasing osteoblastic collagen synthesis (Silver, Deas,
& Erecinska, 2001; C. T. Wu et al., 2008). These results indicated a smaller increase in

the pH of SBF due to increased rGO content in the CS ceramic, which can be desirable
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for cell growth. Moreover, recent reports indicate other influences of graphene on the
cell viability, proliferation and gene expression of osteoblasts. Chen et al. (G. Y. Chen,
Pang, Hwang, Tuan, & Hu, 2012) reported that graphene can support induced
pluripotent stem cell (iPSC) culture and allow for spontaneous differentiation. The
graphene surface led to distinct cell proliferation and differentiation characteristics.

Their data demonstrated that the surface properties of graphene governed the
IPSC behavior and indicated the potential of graphene-based materials as a platform for
IPSC culture and other applications. Kalbacova et al. (Kalbacova et al., 2010) indicated
that the electrical conductivity of graphene is particularly important because electricity,
cocktails of growth factors, and substrate properties are able to stimulate cell growth
and differentiation. Additionally, a very recent study suggested that the cell viability of
rGO depended on the lateral size of the sheets (Akhavan, Ghaderi, & Akhavan, 2012; H.
Zhang et al., 2013).

Taken together, the results of the present work demonstrate that rGO possesses
sufficient biocompatibility for use as a biomaterial and that the addition of rGO into the

CS matrix is remarkably effective in improving the cellular response to the CS ceramic.
4.4 Calcium silicate— graphene nanoplatelets composites

In this part of the research, GNP-reinforced calcium silicate composites are
studied to understand the role of GNP in microstructural evolution of CS-based
composite during HIP process. This is carried out by studying the grain size and
porosity and correlating with the physical properties of GNPs. The effect of GNP
modified microstructure and CS/GNP interface on elastic modulus, hardness and
fracture toughness of the composite is also elucidated.

The effect of GNP content on the formation of HA on CS/GNP composites
during soaking in a biomimetic system of simulated body fluid (SBF) were also

assessed. Moreover, the effect of addition of GNP on cytotoxicity, cell attachment,
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morphology of cells and proliferation of human osteoblast cells (nFOB) was measured

in vitro by an MTT assay.

4.4.1 Selection of surfactant and mixed powders

The pristine GNP and CS /1wt. % GNP composite powders were analysed prior
to sintering in order to evaluate the effectiveness of the mixing and processing. As
revealed by TEM analysis, GNP exhibits a flake structure with various in-plane sizes
and indicated well-ordered graphene layers. Moreover, the thickness of GNP is less than
several nanometres. Figure 4.27b shows the dispersion of GNPs, which were distributed
homogeneously in the CS powder. In this experiment, CS powder without any
surfactant does not show a good dispersion with GNP. Therefore, we employed 1.0 wt
% CTAB as a dispersant to disperse GNP in the CS powder. CTAB is a cationic
surfactant. It can completely ionize in solution. Walker et al. (Walker et al., 2011)
reported that the dispersion of GNP using CTAB occurs because the hydrophobic GNP
is attracted to the hydrophobic tails of the surfactant. As a result, GNP is covered in
positively charged surfactant molecules. On the other hand, CS generally has a negative
charge due to a deficiency of calcium ions, resulting in CS powders that are attracted to
the GNP surface owing to electrostatic interaction once the GNP suspension was mixed,
hence avoiding the agglomeration of the graphene nanoplatelets and leading to uniform

dispersion of GNP in the CS powders.
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Figure 4.27: (a) FESEM micrograph of wrinkled top surface of GNPs, (b) TEM of

CS/GNP powder mixture showing the CS particles are well-dispersed throughout the

surface area of the graphene sheets.

4.4.2 XRD and Raman characterization of CS/GNP composites

The XRD patterns of the CS/GNPs composites sintered at 1150 °C by HIP with
different amounts of GNP are shown in Figure 4.28. These diffraction patterns
demonstrate that only a-CaSiOs; phase existed (Standard cards no JCPD 31-0300) in
pure CS and CS /GNPs. The patterns are similar, indicating that the incorporation of
GNP has no effect on the crystal phase composition of CS. Meanwhile, GNPs are

present in minor quantities and are difficult to detect by XRD.
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Figure 4.28: XRD results of pure CS and CS/GNP composites with different amounts of

GNP after sintering at 1150 °C by HIP.

The pristine GNPs and CS/1 wt %.GNPs before and after HIP consolidation
were analysed using Raman spectroscopy to verify the existence, and evaluate the
structure of GNP in the consolidated structure after exposure to high temperature and
pressure. Figure 4.29 and Table 4.4 display the presence of D, G and 2D peaks. The D
peak was associated with the presence of disorder in the aromatic structure or the edge
effect of graphene, the G peak is from in-plane C-C bond stretching in graphene, and
the 2D peak is related to the thickness and also used to determine the number of

graphene layers (Ferrari & Basko, 2013; Lv Zhang et al., 2013).
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Figure 4.29: Raman spectra of pristine GNP, CS/GNP composite (1 wt. % GNP) before

HIP and CS/GNP composite (1 wt. % GNP) after HIP.

The presence of G and 2D peaks in the GNP/CS composite confirms the
retention of GNP after HIP consolidation. The pristine GNP showed a D-band around
1347 cm™, G-band around 1570 cm™ and 2D peak ~2690 cm™. After mixing of GNP
and CS powders by ball milling, D and 2D peaks have shifted to higher wave numbers
of 1580 cm™ and 2700 cm™, respectively. Moreover, It can be seen that the D, G, 2D
peaks in the CS/1wt.% GNP composite after sintering have shifted to higher energies,
especially the G band exhibited a blue-shift from 1570 to 1595 cm™ after HIP . The
spectral blue-shifts could be ascribed to the disturbing of the graphene structure caused
by the compressive stresses acting on GNP, incurred during thermal contraction of CS
matrix (Tsoukleri et al., 2009). The intensity ratio of the D to G-bands (Ip/lg) is a
measure of the degree of disorder, the larger the ratio the more defects present (Geim &

Novoselov, 2007).

Table 4.4: Peak position of the D and G bands and intensity ratios of Ip/lg and Iop/lc.
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D band ( G band 2D band
Samples Rman shift) | (Rmanshif) | (Ramanshify | '®/lc | leo/le
GNP 1347 1570 2690 026 | 048
CS/1wt% GNP
before HIP 1347 1580 2700 059 | 0.34
Cs/ 1""% I%NP after 1350 1595 2700 1 0.3

As shown in Figure 4.29 and Table 4.4, the Ip/lg ratio of pristine GNP,
CS/1wt.% GNP powder and CS/1wt.% GNP composite after HIP were 0.26, 0.59 and
~1, respectively, implying that the ball milling and HIP process introduces structural
defects into GNPs. The ball milling of GNP/CS powders leads to strong interactions
between GNP and CS particles. These interactions appear to have adverse effects on the
GNP resulting in a higher Ip/lg ratio indicating partial loss of the graphene-like
structure. Nevertheless, the presence of G and 2D peaks in the CS/GNP powder
exhibited the existence of a graphene-like structure. Also, the I,p/lg intensity ratio of
1wt. % GNP/CS powder before HIP processing decreased from 0.48 to 0.34 compared
to pristine GNP, indicating an increase in the number of graphene layers due to mixing
process (Baradaran et al., 2014). Furthermore, our results indicate that the I,p/lg values
of CS/1wt.% GNP powders and CS/GNP slightly decreased from 0.34 to 0.3,
illustrating a further increase of the number of graphene layers after HIP process (A.
Nieto et al., 2012). Thus, Raman spectroscopy demonstrates that the GNP structure is
retained after HIP consolidation. The spectrum of the CS/GNP powder before sintering

exhibits peak representing the B-CS phase at 1088 cm ™, which can be attributed to the
Si—O-Si asymmetric stretching mode (vas(Si—O-Si)) and 985 cm ™ is attributed to Si-O

stretching vibration (Garbev et al., 2007). In addition, two characteristic Raman peaks
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for the 0-CS at 580 and 985 cm * were detected in CS/1wt.% GNP composites after the
HIP process and are attributed to Si-O-Si bending vibration and at the Si-O stretching

vibration, respectively (Colomban, 2004).

4.4.3 Physical and mechanical properties of CS/GNP composites
Pure CS and CS/GNP achieved high degrees of densification after HIP, with
relative densities ranging from ~90% to 98.5%. Figure 4.30b is a plot of the relative

density of the CS/GNP composites, shown as a function of the GNP concentration.

1200 - 1

(@

0

o) 1
B I
o I

92

%0 I
0 82 = = S
0 05 1 15 2 :

0
9
9

-
=]
=]
=]

o=
=1
[=]

@
E=1
L=

1
)

Grain Size (nm)

=
=1
=]

Relative Density (%)
o

ra

[=1

[=]
o
@

Weight % GNP Weight % GNP

Figure 4.30: The effect of the GNP on the grain size and densification. (a) Grain Size

vs. GNP content. (b) Densification (relative to theoretical density) vs. GNP content.

The addition of GNP influences the density of the composite; the pure CS
sample reached a density of ~97 % whereas 1 wt% GNP containing CS has a density of
~98.5 %, however when the content GNP increases further (1.5 and 2 wt %) the relative
density of the composite decreases. GNP has a much higher thermal conductivity (5300
W/mK) (A. Nieto et al., 2012) than CS, which makes it possible for the composite to
have a more uniform distribution of the temperature during sintering. The consistent
heating of the powders leads to improved densification. However, these results indicate

that the incorporation of 1 wt% GNP into CS achieved the highest density.
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Figure 4.31: FESEM images of thermally etched surfaces for pure CS and CS/GNP *

composites.

Figure 4.31 shows the polished and thermally etched surfaces of CS/GNP
composites. In addition, the mean grain size with varying GNP content is plotted in
Figure 4.30a. As can be seen from the FESEM images and the grain size analysis, the
different amounts of GNP have an effect on the grain size. Significant grain refinement
occurred for 0.5 and 1 wt% GNP composites, where the grain sizes were reduced by

over 40% relative to the pure CS. Similarity, a recent study by Nieto et al. (Andy Nieto
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et al., 2013) has shown that the GNP can influence and reduce the grain size of tantalum
carbide.

This is attractive for ceramics, as grain size refinement could simultaneously
increase fracture toughness and hardness of the ceramic due to the change of cracking
mode from transgranular to intergranular and the deflection of propagating cracks
(Lahiri, Ghosh, et al., 2012). The concentration of GNP in CS/1 wt% GNP is
satisfactory for grain refinement and to hinder grain growth throughout the structure.
The generated fine-grained structure is due to the grain boundary pinning action of
GNP. Moreover, the high thermal conductivity and high surface area of GNP allow for
strong interfacial bonding between CS grains and GNP, which minimizes porosity
formation. On the other hand, at high amounts of GNP (1.5 and 2 wt %), the grain size
increased. Further increase in GNP content causes agglomeration, which may lead
to increasing thermal conductivity but not necessarily of providing effective grain

pinning and wrapping.

Table 4.5: Mechanical properties of pure CS and CS/GNP composites

Elastic Micro- Nano- Fracture Br!ttleness
Sample modulus hardness hardness toughness (MPa index
(GPa) (GPa) (GPa) m1/2) (um~1/2)
cs 11049 5.75+0.06 6£0.6 0.78+0.18 7.37
0,
CS’%E’I;NV" 11248 6.38£0.03 | 6.88+0.15 1.08£0.07 5.9
0,
CsélN"‘Fﬁt/" 12148 7.45+0.11 7.71+0.19 1.71+0.05 421
0,
cs/ é‘,‘i’lg"’t/" 10448 5.58+0.19 5.7+0.5 1.3540.07 4.13
0,
CSéZN“Fﬁt/" 94+5 46203 4.9+08 1.30£0.13 3.54
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The mechanical properties of pure CS and the GNP reinforced CS composites
are compiled into Table 4.5. The modulus of elasticity of pure CS (110£9) in the high-
temperature phase (0-CS) is at the higher end of values reported in the literature (Long
et al., 2006; Long et al., 2008; Shirazi, Mehrali, et al., 2014). The modulus of elasticity
increased slightly for 0.5 and 1 wt. % GNP composites, but decreased for 1.5 and 2 wt.
% GNP content. The increase in the modulus of elasticity of 0.5 and 1 wt. % GNP
samples is due to the high modulus of elasticity of graphene, the high relative density,
and smaller grain sizes. On the other hand, porosity has been reported to be a major
factor governing the modulus of elasticity for some ceramic materials, with greater
porosity correlated with a lower modulus of elasticity (X. J. Zhao et al., 2011). This
explains the reduction of the modulus of elasticity in 1.5 and 2 wt. % GNP/CS samples.
The modulus of elasticity of human cortical bone is reported to be in the range of 15-25
GPa , while the modulus is much higher for consolidated pure CS and our composites.
A mismatch of the modulus of elasticity at the bone—implant interface might pose a risk
of fracture or delamination of the implant (Shirazi, Mehrali, et al., 2014). Nevertheless,
the osseointegration ability of CS creates strong bonding at the CS—bone interface, thus
decreasing the chance of fracture and delamination. Likewise, an increase in the
modulus of elasticity directly influences the improvement in the fracture toughness in
ceramic-based composite materials (Lahiri, Ghosh, et al., 2012).The hardness was
assessed using Vickers indentation method at load 1 Kg and nanoindentation
experiments, and illustrated in Table 4.5. It is clearly seen that the hardness for CS/1 wit.
% GNP composite shows an improvement of ~30%, as compared to pure CS. Our
results indicate that addition of up to 1 wt. % GNP improves the hardness of CS due to
strengthening of the matrix and grain size refinement, both of which prevented plastic
deformation. It is noteworthy that the hardness is reduced at 1.5 and 2 wt. % GNP/CS

composites due to increased porosity and growing average grain size (Figure 4.31).
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In this study, the addition of GNP to CS results in an improvement in the
indentation fracture toughness as shown in Table 4.5. The fracture toughness is
increased by ~130% in the CS/1 wt. % GNP composite. The increase in toughness
correlates with increasing GNP content, but this trend does not continue for 1.5 and 2
wt. % GNP due to the high porosity, which is believed to provide nucleation sites for
fracture and to weaken the strength of the ceramic composites. This may explain the
fact that the addition of more than the optimum amount of GNP led to less strong

composites (J. Liu, H. X. Yan, & K. Jiang, 2013).
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Figure 4.32: GNP toughening mechanisms in CS, (a) Micro hardness indent resulting in
the creation of radial cracks (inset image). Closer examination of the radial cracks

revealed GNP bridging, (b) sheet pull-out, (c) crack branching, (d) crack deflection.
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The surfaces of the CS/GNP composites were analysed using FESEM in order to
develop a comprehensive understanding of the contribution of the added GNP to the
improved fracture toughness. As depicted in Figure 4.32a illustrates the indentation-
induced crack propagation on the polished surface of GNP/CS composite, when a crack
propagates and meets with GNP, which acts as a bridge and restricts the widening of the
crack. GNP bridges need more energy for opening up of the cracks and this caused
toughening. Hence, the crack propagating through CS gets restricted when it comes in
the proximity of GNP, and consequently a higher energy is required for GNP
debonding. Other studies have also observed that graphene bridging is an effective
mechanism for the toughening of ceramics—graphene composite structure (J. Liu et al.,
2012; Walker et al., 2011; Lv Zhang et al., 2013). Figure 4.32b shows that once a crack
propagates through the CS matrix and finds a GNP across its path, the ridges on the
GNP surface may be the first to experience pull-out resulting in energy dissipation,
because of binding and friction which, subsequently, leads to toughening. Moreover,
probing within the cracks (inset image), one can observe direct evidence of GNP pull-
out and GNP sheets that are bridging the cracks. Figure 4.32c and d show the intrinsic
GNP branching and deflection mechanisms. It is believed that when a crack propagates
through the matrix and reaches a GNP across its path, the crack gets deflected and
absorbs some energy by creating a more tortuous path to release stress, resulting in
toughening of the matrix. Moreover, Deflection of crack and transition of cracking
mode from transgranular to intergranular are the reasons for the improvement in fracture
toughness of CS with refined grain size.

The brittleness index can be used to quantitatively assess the machinability of
ceramics. Boccaccini reported that the good machinability occurs when the brittleness
index of the ceramic is lower than 4.3 pm~/2 (Boccaccini, 1997). Meanwhile, the

lower the brittleness index, the better the machinability of the ceramics. Our results
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show that the GNPs are very effective in lowering the Bl of CS. In the case of 1 wt. %
GNP/CS composite the Bl value decreased from 7.37 to 4.21 pm~'/2, corresponding to
a ~40% decrease compared to pure CS. Another interesting observation is that the plot
shows a systematic decreased in Bl with increasing GNP concentration. Porwal et al.(H.
Porwal et al., 2013) reported that the graphene oxide nanoplatelets (GONP) has
significant influence to reduce the Bl and consequently improve the machinability
performance in silica/GONP composites in comparison with pure silica. Overall, our

results are in good agreement with results of Porwal et al (H. Porwal et al., 2013).

4.4.4 In vitro HA forming ability of CS/GNP composites

The principal consideration for a biomaterial to be used for hard tissue
replacement implants depends on two factors: good osseointegration of the implant in
pristine bone, and admirable biocompatibility of the implant material for the growth
promotion of osteoblast cells (Kaur et al., 2014). A homogeneous distribution and fast
apatite formation rate implies a strong bone-bonding ability between the implant and
surrounding tissues. Figure 4.33 shows the XRD patterns of pure CS and GNP/CS
composites after soaking in the SBF solution for 14 days. Only the characteristic peaks
of hydroxyapatite (Standard Card No: JCPD 24-0033) were obvious and there was no
difference in the intensity of peaks with different GNP contents in CS matrix after a
prolonged soaking time of 14 days. All diffraction peaks of CS disappeared and broad
peaks were detected at 20=31.7°, 20=49.5°, 26=53.2°, with a strong peak at 20=26°,
corresponding to the (21 1), (21 3), (00 4) and (0 0 2) planes of hydroxyapatite (HA),
respectively. This suggests that more HA is formed on the surface of composites; and
based on the shape of the peaks, this HA should be nanocrystalline in nature.

Furthermore, no cristobalite or other peaks were detected in any samples soaked in SBF.
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Figure 4.33: XRD patterns of pure CS and CS/GNP composites after soaking in the SBF

solution for 14 days.

Figure 4.34 demonstrates the representative surface morphologies of pure CS
and the CS/GNP composites after being soaked in SBF for 14 days. At low
magnification, the apatite deposits on all samples showed typical spherical granules in
density packed HA layers and the surfaces were fully covered by apatite. The higher
magnification FESEM micrographs revealed that the morphology of mineralization
product varies with addition of GNP into the CS matrix. Worm-shaped-like HA was
formed on pure CS sample, whereas nano-sheet-like apatite forms on CS/GNP
composites. Liu et al. (X. Y. Liu et al., 2004) demonstrated that the mechanism of
apatite formation on the CS surface involves dissolution of Ca®* ions from the CS

surface and leaving a Si-OH layer, which provided favourable sites for HA nucleation.
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On the other hand, the degree of supersaturation of the solution with respect to apatite
increased with the dissolution of ions. Thus, the apatite nuclei were formed on the
sample surface, and they spontaneously grew by consuming Ca** and HPO3~ ions from
the surrounding fluid. Figure 4.35 shows that the incorporation of GNP into CS
decreases the pH value in SBF solution compared to pure CS.
Several research groups reported that the pH value has multiple effect on HBDC
metabolism and function, where a pH value of 7.6 increased osteoblastic collagen
synthesis, which is also critical factor for osteoporotic bone regeneration (Y. H. Shen et
al., 2011; Silver et al., 2001). The most significant and interesting finding is that when
bone forms, the cross linking of the collagen chains and the subsequent precipitation of
HA are pH dependent and require an optimally alkaline pH at the bone formation site
(Silver et al., 2001). Liu et al. (X. Y. Liu et al., 2004) believed that the pH value of the
resultant SBF solution increased, due to the ionic exchange between calcium ions in CS
and H* in SBF. The results showed that, the value of pH of the SBF is higher over pure
CS than over CS/GNP composites. For instance, the addition of 0.5 or 2 wt. % GNP
into CS reduces the pH value of SBF from 8.75 to 8.40 and 7.65, respectively. This is
because the graphene nanoplatelets have naturally occurring functional groups like
ethers, carboxyls, or hydroxyls that can form acids and reduce the pH when the exposed
GNPs are in contact with the SBF. On the other hand, the morphology of apatite
formation depended drastically on the pH of the SBF solution (Kobayashi, Ono,
Hirakura, Oaki, & Imai, 2012). Therefore, the difference in obtained morphologies
between pure CS and GNP/CS composites is likely due to different pH values. This
finding indicates that the incorporation of GNP in CS decreased the pH value in SBF,
suggesting a potential preferable material for in vitro bone cell culture. These results
also showed that GNP/CS ceramics sintered by HIP possessed good bioactivity and

could develop a bone-like HA layer on their surface when soaked in SBF.
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Figure 4.34: Low and high magnification FESEM images of apatite formation on pure

CS and CS/GNP composites after soaking in the SBF for 14 days.
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Figure 4.35: The change of pH value in SBF solution after soaking for various time

periods.

4.4.5 Osteocompatibility characterization of CS/GNP composites by in vitro
osteoblast culture

An orthopedic implant is expected to promote cellular adhesion, proliferation,
and differentiation. Once the osteoblasts cover the implant surface by proliferation and
growth, they deposit collagen in the intercellular region, known as osteoids. Moreover,
osteoblasts collect salt ions from the blood to release them on the osteoid matrix for
mineralization and bone formation (Bruinink et al., 2014; Lahiri, Benaduce, et al.,
2011). This plays an essential role in osseointegration to determine the life-time of the
implants (Lahiri, Ghosh, et al., 2012). Figure 4.36 shows the cellular morphology of
human fetal osteoblastic cell line (hFOB) cells grown on pure CS and CS/GNP

composites matrices after 1 day of culture. The cells adhered and spread on the pure CS
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ceramic surface by means of thin cytoplasmic digitations as illustrated by the flattened

morphology, and presented a close contact with the ceramic surface.

HTILab 1.0kV 16.3mm x1.00k SE(L) S HTILab 1.0k 16.2mm x1.00k SE(L)
2 wt% GNP/CS

HTILab 1.0kY 16.3mm x1.00k SE{L)
Figure 4.36: FESEM observations on cell morphology of hFOB osteoblasts cultured on
pure CS and different CS/GNP composites after 24 hours. The scale bar in all the

images is 50 pm.
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Figure 4.37: Comparison of the cell adhesion and proliferation on pure CS and CS/1 wit.

% GNP composite surfaces at different time points: (a) blank of pure CS, (b-d) 1, 3 and
5 days on pure CS discs, () blank of CS/1 wt. % GNP, (f-h) 1, 3 and 5 days on CS/1

wt. % GNP composite. The scale bar represents 50 pum.

Fibroblast-like shape and filopodia of the cells are observed on CS/GNP
composites. Since an increased number of filopodia enables the cells to tightly bind to
CS/GNP surface; this composite is therefore considered more favorable to cellular
integration than pure CS. Figure 4.37 presents confocal laser scanning microscopy
(CLSM) images of hFOB cells cultured on the surface of pure CS and CS/1.0 wt. %
GNP pellets. The osteoblast population clearly increases from 1 to 5 days on both
surfaces. This observation indicates that CS and CS/GNP surfaces are suitable for
osteoblast cell proliferation. Interestingly, the osteoblast population was visibly larger
on CS/GNP surface than on pure CS after 3 and 5 days of culture as shown in Figure

4.37.
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Figure 4.38: (a) CS/1 wt. % GNP composite without cells, (b) Pure CS with hFOB cells,
(c) FESEM micrographs and the EDS spectrum of the hFOB cells, indicating a
significant presence of P and CS on the CS/1 wt. % GNP composite following 3 days of

seeding.

Merging of the cells promoted the formation of a rich ECM, showing high cell
activity in the GNP/CS composites. The apatite formation on the ECM is important for
mineralization and the generation of bone, as bone is formed by the mineralization of an
organic matrix (largely collagen), through the nucleation and growth of a mineral
closely similar to HA (Pan et al., 2010). As shown in Figure 4.38c, the mineral deposits
present vivid apatite-like morphology and comprise fused globular aggregates of the
minerals; and those granular minerals were illustrated in varying sizes on the CS/1 wt.
% GNP composite. While, as indicated in Figure 4.38a and b, apatite like granules were
not observed on the cell surface of pure CS and blank control surface of pure CS

without hFOB cells after 3 day of cell culture. It is known that mineralization refers to
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cell-mediated deposition of extracellular calcium and phosphorus salts where anionic
matrix molecules take up the Ca**, phosphate ions and serve as nucleation and growth
sites leading to calcification (Boskey, 1998). Hence, the incorporation of GNP into CS
Is expected to have higher negative charge than pure CS in culture medium and leads to
more rapid mineral deposition on the surface of osteoblasts. In addition, the EDS pattern
of hFOB cells on the CS/1 wt. % GNP composite indicated some presence of calcium
and phosphate after 3 days of seeding.

It is also of interest to note that the Ca/P molar ratio of the mineral deposit on
the cells was 1.65, which is approximately equal to that of HA (1.67), suggesting that
the apatite formed in the ECM primarily consisted of HA, which is also the major
inorganic component of bone. On the other hand, since osteoblast cells are entirely
responsible for creating bone tissue by producing osteoid (composed mainly of Type |
collagen) before commencing the mineralization of the osteoid matrix , this observation
would propose a clear relevance to the mechanism of collagen-based apatite mineral
formation (Y. Z. Zhang et al., 2008). These results provide the first evidence of growth
of the osteoblasts on CS/GNP composites and corroborated those quantitative results
obtained shown in Figure 4.39.

The cytotoxicity effects and cell proliferation of osteoblast cells on the various
samples are shown in Figure 4.39 for comparison. There was no cytotoxicity of
CS/GNP composites found in the hFOB cell line through the MTT assay. The cell
proliferation of hFOB cells on each sample increased with the extension of culture time.
The highest amount of cells could be observed on the CS/1 wt.% GNP composite. Many
reports (X. Y. Liu et al., 2004; C. T. Wu et al., 2007; Xue, Liu, Zheng, & Ding, 2005; S.
J. Zhao et al., 2008) have already shown that ionic dissolution products from CS are key
factors in the metabolism, proliferation, cell-cell and matrix-cell adhesion of

osteoblasts. Shen et al. (Y. H. Shen et al., 2011) found that the pH value of strontium-
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containing CS is a critical factor for the proliferation and alkaline phosphatase (ALP)
activity of osteoblasts. These results indicated a decrease in the pH of SBF due to
increased GNP content in the CS ceramic, which can be desirable for cell growth.
Furthermore, smaller grain size generally results in a higher specific surface area of the
sample, which ultimately increases dissolution of calcium ions, and therefore it can be
promoted better osteoblast interactions (Bose, Dasgupta, Tarafder, & Bandyopadhyay,

2010; Dasgupta, Tarafder, Bandyopadhyay, & Bose, 2013; Lv Zhang et al., 2013).
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Figure 4.39: Proliferation of hFOB osteoblasts on different GNP/CS composites in

comparison with pure CS and blank assessed using MTT assay (P < 0.05,n = 5).

The MTT result after 1,3 and 5 days shows that, the number of cells on CS/1
wt.% GNP composite with finer grain size was significantly higher than that on pure CS
and 0.5, 1.5 and 2 Wt. % GNP. On the other hand, researchers have studied the effect
of concentration of graphene on cell viability as well as cell cytotoxicity. They have

concluded that cell viability can be affected by the concentration of graphene (Akhavan,
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Ghaderi, & Akhavan, 2012; Gurunathan, Han, Eppakayala, & Kim, 2013). Previous
studies have also indicated that graphene incorporation into hydroxyapatite stimulated
osteoblast proliferation (Ming Li et al., 2014; Y. Liu, Dang, Wang, Huang, & Li, 2014),
and that cytotoxicity of graphene to osteoblast is concentration-dependent with lowering
the concentration of the graphene fillers resulting in improved biocompatibility to bone
cells (Lahiri, Dua, et al., 2012; Siddique et al., 2013; X. Zhang et al., 2013). The present
results show that GNP incorporation into CS has a positive effect on the proliferation of
hFOB cells, while the degree of proliferation is related to the different GNP contenets in
the CS ceramics. These results are a good indication that the CS/GNP composites are
suitable to support the biocompatibility in terms of cell proliferation. However, it should
be noted that the in vitro results we report here are very preliminary and further
comprehensive understanding about the biocompatibility of the novel CS/GNP
composites is required. Particularly, implantation in bone tissue and for longer period is
required for absolute assessment of in-vivo biocompatibility, in order to establish the
feasibility of employing CS/GNP in orthopedic implants and other tissue engineering

applications.
4.5 Comparison of CS/rGO and CS/GNP composites

In this research project, graphene was proposed as reinforcement of CS for
orthopaedic application. Due to the concerns related to cytotoxicity of rGO, GNP has
been proposed as an alternative. The research plan thus includes processing of both
CS/rGO and CS/GNP composites, their characterization for mechanical and evaluation
of biocompatibility. However, two different synthesis methods were used to reinforce
the CS matrix with graphene. The trends for both composite types are similar, with a
steady increment in toughness with filler content up to 1 wt.%, and then decreasing for
higher filler weight percentage. The toughening mechanisms were similar for all

composites such as crack bridging, sheet pull-out, crack branching and crack deflection.
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But, the fracture toughness of rGO composites is higher than that of GNP composites
which may be due to the lower degree of exfoliation and weak interactions between the
platelets and the CS matrix. The hardness of both composites increased with the
graphene content up to 1 wt.% and then decreased due to porosity and agglomeration of
graphene. Moreover, this trend also occurred for elastic modulus and brittleness index
for both composites. Both rGO and GNP do not negatively influence the apatite forming
ability and the viability of osteoblast on CS based surfaces. However, it is notable that
the degree of proliferation was related to different GNP contents in the CS ceramics
while this observation is not made for rGO. It should be noted that the in vitro results
that reported here are very preliminary and further comprehensive understanding about
the biocompatibility of the novel CS/rGO and CS/GNP composites is required.
Particularly, implantation in bone tissue and for longer period is required for absolute
assessment of in-vivo biocompatibility, in order to establish the feasibility of employing

graphene/CS in orthopedic implants and other tissue engineering applications.
4.6 Summary

In this study, Calcium silicate hydrate (CSH) consisting of nanosheets has been
successfully synthesized assisted by a tip ultrasonic irradiation (Ul) method using

calcium nitrate (Ca (NO3).4H0), sodium silicate (Na,SiO3- 9H,0) and sodium dodecyl

sulfate (SDS) in water. Systematic studies found that reaction time of ultrasonic
irradiation and concentrations of surfactant (SDS) in the system were important factors
to control the crystallite size and morphologies. The results indicate that the optimum
crystallite size is about 13 nm after 10 minutes of sonication time with 0.2 g SDS in
mixed solvent and demonstrates bundles of nanosheets morphology with an average
diameter and nanosheets length 300- 500 nm and 2-3 pm, respectively.

In the next part of this research work, a hydrothermal processing method were

used to synthesize calcium silicate hydrate (xonotlite phase)-reduced graphene oxide
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composite powders. This method produced CSH nanowires in the xonotlite phase with
approximate diameters of 10-30 nm and lengths up to several micrometers that nucleate
on and grow along graphene sheets. After densification at 1150 °C by HIP, the results
indicated that the CS-1.0 wt. % rGO composite displays improved hardness, elastic
modulus and fracture toughness compared to pure CS. The main toughening
mechanisms are crack deflection, crack branching, crack bridging and graphene sheet
pullout on the fracture surface. Moreover, the addition of rGO did not affect the ability
to form apatite on CS ceramics. Interestingly, the introduction of rGO into the CS
matrix stimulated hFOB proliferation and significantly increased the ALP activity of
hFOB cells compared with pure CS ceramics in 7-day experiments.

GNS-reinforced calcium silicate composites have been fabricated by HIP and
the influence of the different amounts of GNP (0.5, 1, 1.5 and 2 wt.%) on the
microstructure development and mechanical properties were investigated. The
incorporation of GNP into CS has a significant effect on grain size. Grain size is
reduced in 0.5 and 1 wt.% GNP as GNP might tend to wrap around grains and inhibit
grain growth. Compared to pure CS, the 1 wt.% GNP/CS composite displayed an
increased hardness and ~130% and ~40% improvement in fracture toughness and
brittleness index. The SBF soaking results revealed that the CS/GNP composites have
apatite-forming ability. These results indicate that the incorporation of 1 wt.% GNP into
CS stimulated hFOB cells, compared to cell seeding onto pure CS ceramics. The results
in this study demonstrate promising in vitro cell compatibility and bioactivity of
CS/GNP biocomposites. However, it must be noted that the degree of proliferation was

related to the different GNP content in the CS ceramics.
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CHAPTER 5

CONCLUSION

5.1 Conclusion

In this research, CSH and CS were fabricated and used to develop new
composite materials for load bearing conditions. The CSH and CS particles were
synthesized by the precipitation, hydrothermal and ultrasonic irradiation method.

Composite technology was applied to enhance the mechanical properties of CS
ceramics and CS/rGO and CS/GNP composites were produced. Investigations on free
standing CS-graphene composite reveal significant improvement in the fracture
toughness with graphene reinforcement. The following conclusions may be drawn from
the study:

(1) The synthesis of calcium silicate hydrate with appropriate quality and
different morphologies is successfully performed via ultrasonic irradiation method. The
following conclusions are drawn : (i) The output data from XRD and FESEM indicated
that needle like morphology with average crystallite size of 9 nm have been
successfully obtained by using calcium nitrate (Ca(NO3)-4H,0) and sodium silicate
(Na,SiO3-9H,0) in distilled water via Ul. Moreover, the reaction time has a significant
effect on the size and morphology of CSH. (ii) The results show that the
SDS anionic surfactant has a significant effect on the assembly of CSH with the
assistance of ultrasonication. SDS molecules can help the formation and stabilization of
CSH bundles into nanosheets because of the charge and stereochemistry matching. (iii)
The results indicate that the optimum crystallite size is about 13 nm after 10 minutes of
sonication time with 0.2 g SDS in mixed solvent and demonstrates bundles of
nanosheets morphology with an average diameter and nanosheets length 300- 500 nm

and 2-3 um, respectively. (iv) The results confirm that this CSH production method is
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simple, reduces the preparation time, and low-cost witha range of different
morphologies and size.

(2) Hydrothermal processing method was used to synthesize calcium silicate
hydrate (xonotlite phase)-reduced graphene oxide composite powders. This method
produced CS nanowires in the xonotlite phase with approximate diameters of 10-30 nm
and lengths up to several micrometers that nucleate on and grow along the graphene
sheets. After densification at 1150 °C by HIP, the samples obtained direct evidence of
rGO in the composites using Raman spectroscopy, FTIR and FESEM. Most
interestingly, the CS-1.0 wt. % rGO composite displays improved hardness, elastic
modulus and fracture toughness compared to pure CS. The main toughening
mechanisms are crack deflection, crack branching, crack bridging and graphene sheet
pullout on the fracture surface. Moreover, the addition of rGO did not negatively affect
the ability to form apatite on CS ceramics. Interestingly, the introduction of rGO into
the CS matrix stimulated hFOB proliferation and significantly increased the ALP
activity of hFOB cells compared with pure CS ceramics in 7-day experiments.

(3) GNS-reinforced calcium silicate composites have been fabricated by HIP and
the influence of the different amounts of GNP (0.5, 1, 1.5 and 2 wt.%) on the
microstructure development and mechanical properties were investigated. The
incorporation of GNP into CS has a significant effect on grain size. Grain size is
reduced in 0.5 and 1 wt.% GNP as GNP might tend to wrap around grains and inhibit
grain growth. Compared to pure CS, the 1 wt.% GNP/CS composite displayed an
increased hardness and ~130% and ~40% improvement in fracture toughness and
brittleness index. Crack bridging, pull-out GNP, crack branching and crack deflection
have been observed and are believed to be the causes of increased toughness. The SBF
soaking results revealed that the CS/GNP composites have apatite-forming ability.

These results indicate that the incorporation of 1 wt.% GNP into CS stimulated hFOB
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cells, as opposed to cell seeding onto pure CS ceramics. However, it must be noted that

the degree of proliferation was related to different GNP-containing CS ceramics.
5.2 Recommendations for future research

The aim of the current research was to explore the improvement of CS for
orthopaedic application. The criteria for judgment were the effect of graphene
reinforcement on mechanical and biological behaviour of the CS matrix. The findings of
this study establish CS-graphene composites to be a potential alternative for clinically
used CS. Nevertheless, some of the topics need further investigations to progress
towards the clinical translation of CS-graphene. Following are recommendations for
advancing the research towards the final accomplishment.

(1) The present research is the first report on CS-graphene composite. A
parametric study is required to optimize the HIP parameters for consolidation of CS-
graphene composite with varying graphene concentration, to achieve the optimum
mechanical properties. Moreover, the spark plasma sintering (SPS) method is
recommended over other methods for sintering CS-graphene composites due to prepare
fully densified composites at lower temperatures and substantially shorter holding
times.

(2) The apatite-forming ability test results show that the fabricated CS-graphene
composites can be bioactive materials. The degradation and bonding process of CS
composite implant with neighbouring natural bone are required to be studied through in-
vivo experiments in which samples are implanted in animal hard tissues for longer
exposure periods (3 months, 6 months and 1 year) followed by histocompatibility
studies. The rehabilitation process of bone defects rehabilitated by CS composite
implants can be further investigated. Additionally, the mechanical properties of

implants after implantation for different periods should be tested to ensure that the
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mechanical properties of implants are high enough to sustain general load during the
whole rehabilitation process.

(3) The in-vitro results reported here are very preliminary and further
comprehensive understanding about the biocompatibility of the novel CS-graphene
composites is required. Particularly, implantation in bone tissue and for longer period is
required for absolute assessment of in-vivo biocompatibility, in order to establish the
feasibility of employing CS-graphene in orthopedic implants and other tissue

engineering applications.
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