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ABSTRACT

3D POROUS COMPOSITE SCAFFOLD OF PCL-PEG-PCL/Sr** AND Mg?*
IONS CO-DOPED BORATE HYDROXYAPATITE FOR BONE TISSUE
ENGINEERING

Yedekei, Busra
Doctor of Philosophy, Engineering Sciences
Supervisor : Prof. Dr. Zafer Evis
Co-Supervisor: Prof. Dr. Aysen Tezcaner

September 2021, 126 pages

Bioceramic/polymer composite systems have gained importance in treating hard
tissue damages using bone tissue engineering (BTE). In this context, it was aimed to
develop 3D porous composite PCL-PEG-PCL scaffolds containing different
amounts of B, Sr and Mg multi-doped hydroxyapatite (HA) that can provide bone
regeneration in the bone defect area and to investigate the effect of both the amount
of inorganic phase and the porosity on the mechanical and the biological properties.
B-Sr-Mg multi-doped HAs were synthesized by microwave irradiation method and
samples were sintered at 700, 900 and 1100°C. Microstructural, mechanical and
biological characterization results were evaluated and 4 different groups sintered at
1100°C were selected for scaffold construction. Then, PCL-PEG-PCL copolymer
was successfully synthesized with ring opening polymerization method and
characterized by FTIR, 'H NMR and GPC analyses. PCL-PEG-PCL composite
scaffolds containing different amounts of hydroxyapatite (HA) (10% and 20 wt%)
were produced with the desired porosity (50% and 60%) by compression-

molding/particulate leaching method. Presence of HA in the scaffolds improved the



mechanical properties. Compressive strength of the scaffolds was between 9.32-
24.27 MPa and 20% 2Sr0.5BHA scaffolds were found to have the maximum
compressive strength. In the relative cell viability (%) test, the highest viability was
observed on the scaffolds with HA and 2Sr0.5BHA. The specific ALP activity level
of the cells on the scaffolds containing 2Sr0.5BHA was significantly higher (2.6
times) than that of the control group. It was concluded that PCL-PEG-PCL
composite scaffolds with 2Sr0.5BHA have the potential to be used in BTE.

Keywords: B-Sr-Mg multi-doped hydroxyapatite, PCL-PEG-PCL, Composite

scaffolds, Bone tissue engineering
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KEMIiK DOKU MUHENDISLIiGi iCiN PCL-PEG-PCL/STRONSiYUM VE
MAGNEZYUM IYONLARI ILAVE EDILMIiS BOR KATKILI
HIDROKSIAPATIT ILE 3 BOYUTLU GOZENEKLI KOMPOSIT iISKELE
URETIMI

Yedekei, Busra
Doktora, Mithendislik Bilimleri
Tez Yoneticisi: Prof. Dr. Zafer Evis
Ortak Tez Yoneticisi: Prof. Dr. Aysen Tezcaner

Eyliil 2021, 126 sayfa

Biyoseramik/polimer kompozit sistemler, kemik doku miihendisligi (BTE) alaninda
sert doku hasarlarinin tedavisinde dnem kazanmistir. Bu kapsamda, kemik hasar
alaninda kemik rejenerasyonunu saglayabilen, farkli miktarlarda B, Sr ve Mg ¢oklu
katkili hidroksiapatit (HA) igceren 3 boyutlu goézenekli kompozit PCL-PEG-PCL
iskelelerinin  gelistirilmesi, ayrica hem inorganik faz miktarinin hem de
gozenekliligin mekanik ve biyolojik Ozellikler tizerindeki etkisinin aragtirilmasi
amaclanmigtir. B-Sr-Mg ¢oklu katkili HA'lar mikrodalga 1smimi yontemiyle
sentezlenmis ve ornekler 700, 900 ve 1100°C'de sinterlenmistir. Mikroyapisal,
mekanik ve biyolojik karakterizasyon sonuglar1 degerlendirilmis ve iskele yapimi
icin 1100°C'de sinterlenmis 4 farkli grup secilmistir. Daha sonra PCL-PEG-PCL
kopolimeri halka agma polimerizasyon yontemi ile basarili bir sekilde sentezlenmis
ve FTIR, '"H NMR ve GPC analizleri ile karakterize edilmistir. Farkli miktarlarda
hidroksiapatit (HA) (agirlik¢a %10 ve %?20) iceren PCL-PEG-PCL kompozit
iskeleler, basma-kaliplama ve partikiil uzaklastirma yontemi kullanilarak istenen

gozeneklilik (%50 ve %60) seviyesinde iiretilmistir. Iskelelerde HA varligi mekanik

vii



ozellikleri iyilestirmistir. Iskelelerin basma dayanimi 9,32-24,27 MPa arasinda olup,
%20 2Sr0.5BHA igeren iskelerlerde maksimum basma dayanimi tespit edilmistir.
Goreceli hiicre canlilig1 (%) testinde en yiiksek canlilik HA ve 2Sr0.5BHA igeren
iskelelerde gozlenmistir. 2Sr0.5BHA igeren iskeleler iizerindeki hiicrelerin spesifik
ALP aktivite seviyesi, kontrol grubuna goére énemli dl¢tide (2,6 kat) daha ytiksektir.
2Sr0.5BHA iceren PCL-PEG-PCL kompozit iskelelerin BTE'de kullanilma

potansiyeli oldugu sonucuna varilmstir.

Anahtar Kelimeler: B-Sr-Mg ¢oklu-katkili  hidroksiapatit, PCL-PEG-PCL,

Kompozit iskeleler, Kemik doku miihendisligi
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CHAPTER 1

INTRODUCTION

1.1 Biomaterials

Biomaterials science is a field that has been developing rapidly since the 1940s and
raises people's living standards by playing an important role in the treatment of some
previously incurable diseases. It is an interdisciplinary science that covers
engineering, medicine and basic sciences such as biology, chemistry, physics. The
definition of biomaterial term was first defined in 1987 (Williams, 1987), then it was
redefined multiple times. The latest definition was done at 2005 by the European
Society for Biomaterials Consensus Conference II as “Material intended to interface
with biological systems to evaluate, treat, augment, or replace any tissue, organ or

function of the body”.

Biomaterials can be classified as metals, ceramics, polymers, naturally derived
materials and composites. Also, they can be categorized as inert, bioactive and

biomimetic materials according to the response they elicit from living tissues.

1.1.1 Bioceramics

In biomedical applications, bioceramics are frequently used for the repair and
replacement of damaged hard tissues (Bohner, 2000; Dorozhkin, 2009; Jodati et al.,
2020) as surface coating of metallic implants for increasing cellular adhesion and
initial bone formation (Avci et al., 2017; Ke et al., 2019) and as scaffolds for BTE
(Feng et al., 2020; Shuai et al., 2021; Swetha et al., 2010). Considering that

approximately 2.9 million joint replacement surgeries which include 1.4 million hip,



1.1 million knee, and over 100,000 shoulder replacements are performed annually
(Vetalice, 2012), the high demand for orthopaedic implants can be easily understood.
Bone grafts are needed for bone defects including tumour resection, congenital
malformation, trauma, fractures, surgery, osteoporosis and arthritis and more than
2.2 million bone graft operations are carried out worldwide per year (Jimi et al.,
2012; Kashte et al., 2017). Therefore, the development of bone substitutes having
similar or superior features as of biological bone has gained importance for efficient

treatment.

1.1.1.1 Hydroxyapatite

Among the bioceramics, hydroxyapatite (HA) is one of the most remarkable because
its elemental composition has a great resemblance to minerals found in bone and
teeth (Lusvardi et al., 2002). HA which is also known as bone mineral, has a
hexagonal structure with chemical formula of Caio(PO4)s(OH)2. Under physiological
condition, it is thermodynamically the most stable calcium phosphate (CaP) (Kalita

et al., 2007).

Synthetic HA differs from biological HA in mechanical properties and thermal
stability. Magnesium (Mg), sodium (Na), strontium (Sr), zinc (Zn), potassium (K),
fluorine (F) and carbonate (CaCOs3) are present in the structure of biological HA
(Aaseth et al., 2012). The concentrations of these ions vary with the age of hard
tissue. Even in small quantities, their presence is of vital importance in the bone
formation process and they play an active role against diseases that can affect the

bone.

1.1.1.2 Ton-doping into Hydroxyapatite

To mimic the chemical composition of biological apatite containing trace ions, many
ions can be doped into synthetic HA. Some of them are silver (Ag), copper (Cu),

boron (B), selenium (Se) and Sr due to their antibacterial effects (Grubova et al.,



2015; Radovanovi¢ et al., 2014; Ravi et al., 2012; Rodriguez-Valencia et al., 2013;
Yilmaz and Evis, 2016), chlorine (Cl), F, Zn, Sr, Mg, CaCOs and silicate (Si) for
improving HA’s bioactivity, biocompatibility and/or mechanical properties (Sun et

al., 2010; Surmeneva et al., 2013; Uysal et al., 2013; Zhu et al., 2015).

The methods mainly used to dope ions into the HA structure are the chemical
precipitation, sol-gel, mechanochemical and hydrothermal synthesis methods. The
synthesis of HA by microwave irradiation in hydrothermal synthesis is frequently
preferred in recent years due to the fact that the process is very fast and simple. The
crystallinity of the HA powders obtained with this method is also very high
(Alshemary et al., 2018; Ipekoglu and Altintas, 2009).

1.1.1.3 Boron doped HA

The deficiency of boron (B), which is considered to be an essential nutrient for
humans, is associated with osteoporosis (Price et al., 2012). B has also a regulatory
effect on the in vitro activity of osteoblastic cells depending on the concentration
(Y1lmaz and Evis, 2016). B incorporation into HA during synthesis has a beneficial
effect on apatite formation (Barheine et al., 2011; Hakk: et al., 2010). When B is
introduced into HA lattice, it mostly replaces PO4> groups. Sintering has also great
importance in the synthesis of B-doped HAs. When HA is sintered above 900 °C,
chemical reactions that result in the formation of B-tricalcium phosphate (3-TCP)
phase transformation to a-tricalcium phosphate (a-TCP) at 1200 °C along with the
formation of B-doped HA particles occur (Hayakawa et al., 2007). In addition to
sintering temperature, the amount of B to be doped to HA's structure is also very
important. When the ratio of P/B is 7.22, borate groups could enter the lattice
structure of HA. Secondary phases were observed when the B ratio was increased.
(Ternane et al., 2002). Mechanical, optical and dielectric properties and morphology
of B-doped HA depend on the amount of B in its structure. 5 wt% B0 addition

improved the bending strength and fracture toughness while it reduced the



degradation rate. More than 5 wt% doping decreased the bending strength and

fracture toughness and increased degradation rate (Yang et al., 2010).

While HA polarization is important for drug release systems, its UV protection effect
is also important to prevent damage of hazardous UV rays. It was shown that B-
doped HAs synthesized for the improvement of these properties exhibited good
protection in the 200-400 nm UV region and exhibited ferroelectric properties, hence
it was reported that B-doped HAs can be used in drug release systems and bioceramic
applications (AlHammad, 2016). Parameters of B doped HA in literature are
provided in Table 1.
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1.1.1.4 Strontium doped HA

The trace amount of Sr in the human body improves bone strength, bone healing and
bone microarchitecture (Bose et al., 2013). It increases bone collagen synthesis and
preosteoblastic proliferation, while prevents osteoclast differentiation. For this
reason, Sr is a promising candidate for osseointegration. Most of the Sr, physically
and chemically very similar to Ca, is located in the bone tissue (Guo et al., 2005).
Under normal conditions, it has been reported that 99.1% of the body-absorbed Sr is
stored in bones and the ratio in the Sr/ Ca bone changes from 1:1000 to 1:2000, just
as it is in the blood serum (Cabrera et al., 1999). In addition, many studies have
shown that Sr increases bone formation and reduces bone resorption (Marie et al.,
2001; Meunier, 2002). Sr takes the place of Ca in the structure of HA to reduce the
degradation or to improve the mechanical, biological and antibacterial properties of
bioceramic (Bigi et al., 2007). Sr, which can participate in the HA structure with

more than one element, has positive effects on hard tissues (Gao et al., 2017).

It was found that Sr can be added to the structure of HA up to 4 mol%. Even when
the amount of Sr was 4 mol%, it was revealed that the main phase was HA. Although
the thermal stability of Sr-added HA was slightly lower than that of pure HA, it was
shown that it can be used for medical applications due to its ability to increase bone
formation (Ozbek et al., 2016). In the study by Kaygili et al. (2015) a low amount of
Sr-added HA was synthesized and it was found that the synthesized HA was in 95%
pure phase. In the same study, when Sr was added to the HA structure, the average
crystallite size calculated from XRD was found in the range of 21-27 nm (Kaygil1 et
al., 2015). Sr doped HAs in literature are presented in Table 2.
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1.1.1.5 Magnesium doped HA

Enamel, dentin, and bone contain 0.44 wt%, 1.23 wt% and 0.72 wt% Mg,
respectively (Cacciotti et al., 2009; Suchanek et al., 2004). Accordingly, Mg-
substituted HA materials (Mg-HA) were expected to have excellent
biocompatibility. Mg plays a key role in bone metabolism by stimulating osteoblasts
in early stages of osteogenesis (Rude and Gruber, 2004). The presence of Mg>" ions
in the HA structure affects the crystallization of HA in solution and its thermal
stability and accelerates the formation of B-TCP as a result of sintering, thus biphasic
calcium phosphates (BCP) formation (Cacciotti et al., 2009). Therefore, when it is
desired to obtain a pure HA phase, it is important that the amount of Mg in the HA

should not be above a certain value.

According to the literature, the replacement of Mg with Ca is limited in HA. This is
related to the large size difference between the Mg?* and Ca?* ions, which causes
degradation in the HA lattice and reduction of the crystal structure (Laurencin et al.,
2011). The maximum amount of Mg ions replacement for the Ca ions varies from
0.3 to 29 wt%. However, the amount of Mg in the structure of synthetic HA is about
0.4 wt% (Suchanek et al., 2004). However, under hydrothermal conditions, HA
containing up to 7.5 wt% of Mg can be synthesized (Bigi et al., 1993). When more
than this amount of Mg is doped, the material became completely amorphous and it
was observed that the maximum amount of 1.7 wt% Mg** ion could be added to the
HA structure. Substitution of Mg for Ca in apatite lattice resulted in a slight increase
in ‘a’ lattice and a decrease in ‘c’ lattice parameters (Farzadi et al., 2014). Mg doped

HAs in literature are presented in Table 3.
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1.1.1.6 Co-doping of different ions into HA

Over the past decade, considerable amount of experimental and theoretical studies
have been carried out on the co-doping of more than one ion to HA structure. The
ability to use the unique properties of different ions which has become an important
strategy, provides great contributions in the field of tissue engineering. Besides the
improved biological and mechanical properties, the magnetic and electronic
properties can be enhanced, and it is also possible to gain advantages in stability and

antibacterial properties of HA by co-doping of various ions.

In many in vitro studies, it was reported that implants coated with Ag”, Cu*" and
Zn*" ions play an important role in preventing or reducing bacterial adhesion (Chen
et al., 2006; Heidenau et al., 2005). The results showed that HA with Cu and Zn
added has antibacterial effects on bone repair or coating of implants (Stani¢ et al.,

2010).

Europium and gadolinium co-doped HA nanorods were shown to have potential to
be used as model imaging material for in vitro and in vivo magnetic resonance (MR)
imaging, photoluminescence imaging, and computed tomography (CT) imaging
(Chen et al., 2011). This feature has also been shown to be useful in biomedical field

drug delivery systems (Chen et al., 2011).

Mg?* and Sr** ions can be added one by one or co-doped to the HA structure. It was
observed that when Mg-Sr is co-added, the crystallinity of HA decreased and that it
contained HA and B-TCP phases together. As a result, by making changes in the
amount of ions to be added it is possible to produce materials with the desired
properties like crystallinity and phases (Aina et al., 2012). Sr and Mg containing
calcium phosphates were shown to enhance the antimicrobial efficacy of antibiotics
in vitro, and are biocompatible. They were reported to be useful in controlled drug

delivery systems (Marques et al., 2016).
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1.1.2 Polymers

Polymeric materials attract a lot of attention in BTE applications since they have a
lot of useful features. These materials have biodegradability, biocompatibility,
custom form and size, degradation rate that matches bone tissue regeneration rate,
high surface to volume ratio for adsorption of bone related biological molecules, and

so on (Makadia and Siegel, 2011).

Polymeric materials can be obtained synthetically or derived from natural sources.
Despite the fact that natural polymers are biocompatible, they nonetheless present
problems in in vivo systems. Xenogeneic or allogeneic biological molecules cause a
large inflammatory response and disease transmission since they are derived from a
natural source (Badylak and Gilbert, 2008). Natural polymers, on the other hand,
lack the desired processability and are prohibitively expensive, even in small
quantities (Sabir et al., 2009). Synthetic polymers, on the other hand, can be designed
to be biodegradable and biocompatible on demand, with no inflammatory response
(Nair and Laurencin, 2007). The polymerization reactions can also be tracked and
regulated. As a result, the intrinsic features of the synthesized molecules can be
changed, making them extremely processable. As a result, hydrophilicity or
hydrophobicity, chain length, functional groups on chains, and the addition of
biological molecules to synthetic polymers may all be easily handled (Kohane and

Langer, 2008).

Because of their biocompatibility, non-cytotoxic degradation products, easily
controlled degradation rates, and porosity, biocompatible synthetic polymers such as
poly (caprolactone) (PCL) and poly (ethylene glycol) (PEG) have been commonly
employed as scaffold materials in BTE studies (Bose et al., 2012; Kutikov and Song,
2013; Lin et al., 2013; Yang and Pierstorft, 2012).

12



1.1.2.1 Poly (e-caprolactone)

PCL is a type of aliphatic polyester made from the monomer g-caprolactone. PCL
appears as one of the most commonly used FDA approved synthetic polymers in
BTE scaffolds due to its biocompatibility (Chang et al., 2009; Erdemli et al., 2010).
PCL has a high degree of crystallinity and hydrophobicity, hence it takes a long time
to degrade in vivo, nearly three or four years (Woodruff and Hutmacher, 2010). Pure
PCL scaffolds' slow in vivo degradation kinetics may limit its use as a versatile
matrix material, and natural bone tissue regrowth may be inefficient within pure PCL
scaffolds. PCL blended with hydrophilic and rapidly degrading functional polymers,
as well as PCL composite scaffolds with bioactive molecules, have been widely used
in BTE to solve this inconveniency. PCL, for example, can be used with natural
polymers like gelatin, alginate, and collagen in composite scaffolds to increase
cellular adhesion, wettability, and biodegradation (Chong et al., 2007; Gautam et al.,
2013; Kim and Kim, 2015). The preparation of composite scaffolds using inorganic
bioactive ceramics like HA and PCL has also been researched in the literature, and
these scaffolds showed improved bioactivity and hydrophilicity (Heo et al., 2009;
Zhao et al., 2008).

1.1.2.2 Poly (ethylene glycol)

PEG is a biocompatible polymer with a high hydrophilicity that makes it easy to
hydrolyze. PEG has also been certified by the United States. Internal usage in
biomedical research and applications approved by the FDA (Knop et al., 2010).
Although unmodified PEG is a non-biodegradable polymer, smaller PEG units of 30
to 50 kDa can be easily extracted from kidneys and used efficiently in the creation
of synthetic composite polymers without compromising biocompatibility (Veronese

and Pasut, 2005).

PEG has been employed in bone tissue constructs in recent years to increase the

hydrophilicity and degradability of scaffolds by combining it with other polymers
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and bioactive compounds (Niu et al., 2014; Serra et al., 2014). PEG can be used
safely to increase cellular adhesion, cellular guidance, and biocompatibility in bone

tissue applications (Dahlin et al., 2014).

Bone morphogenic proteins (BMPs) are biologically active molecules that cause new
bone formation and show potential for clinical use in bone defect repair. However,
an ideal system for delivering BMPs that can strengthen bone stimulating ability and
provide initial mechanical strength and scaffolding for bone development has not yet
been developed. Interconnected porous HA and synthetic biodegradable PLA-PEG
copolymers were used to create a 3D carrier / scaffold system for BMPs. Using this
scaffold, the amount of BMP required was reduced by about one-tenth of the amount
needed in the previous studies, thanks to HA's superior osteoconduction ability and

PLA-based optimal drug delivery system (Kaito et al., 2005).

1.1.2.3 Poly (e-caprolactone) - poly (ethylene glycol) - poly (¢-caprolactone)

In some cases, it is not possible to achieve the desired properties of a single polymer.
For this reason, the copolymerization of more than one polymer is required. PCL-
PEG-PCL (PCEC), produced to optimize the properties of hydrophobic PCL and
hydrophilic PEG polymers, has attracted interest in recent years. In general, PCL is
highly hydrophobic and degrades very slowly by simple hydrolysis in human body
conditions. If PCL is copolymerized with PEG to obtain copolymers, the
hydrophilicity and biodegradability can be improved and thus be included in a much
wider range of applications (Piao et al., 2003). It was shown that the addition of
nano-HA to PCL-PEG-PCL polymer changed the shape and size of the micropores
of the composite membranes and increased the tensile strength of the membranes.
Moreover, cytotoxicity studies had shown that nano-HA / PCEC membranes had
positive effects on cell proliferation and growth. In vivo performance of this material
yielded very good results. It showed that the new bone initially began to form at the
edge of the host bone and then grew towards the center of the defect region. At the

end of the 20" week, the defect area was completely covered with cortical bone. As
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a result, use of this material for composite scaffolding has been found to have

positive effect on bone regeneration and can be used in BTE (Fu et al., 2010).

1.1.3 Composite Materials

A composite material is defined as a specific combination of multiple elements into
a new composition or structure in order to acquire the combined materials' best
features (Gloria et al., 2010; Nicolais et al., 2010). Composite materials allow for the
creation of a new material that combines the properties of the separate materials
(Callister Jr, 2000). Various material combinations, such as bioceramics and
synthetic polymers, are mixed to overcome the restrictions during the manufacturing

of BTE scaffolds for this purpose.

The combination of synthetic polymers with bioceramics offers up a new area of
design not just for bioceramics with superior degradation and ion release capabilities,
but also for the porous scaffolds with good overall mechanical qualities (Rezwan et
al., 2006). The resulting impact of combining these materials can be used to create a

successful BTE scaffold.

Scaffolds with biocompatibility, biodegradation, osteoconduction and/or
osteoinduction properties and pore size between 1 and 300 um are used in tissue
engineering applications. They are easily formable, and their appropriate mechanical
and physical properties make biopolymers suitable candidates for drug delivery
systems. PCL and PEG are among the commonly used polymers in drug delivery
systems. Drug delivery systems are preferred to conventional drug delivery methods

because lower doses are sufficient for treatment, thereby reducing drug side effects.

PCL/HA tissue scaffolds are frequently used for BTE in terms of mechanical and
biological properties which provide successful results. The elastic modulus of
PCL/HA scaffolds containing 0 wt%, 5 wt%, 10 wt% and 20 wt% HA increased
considerably from 0.12 MPa to 2.65 MPa with increasing HA content, while the pore
size decreased from 9.2 pum to 4.2 um. In addition, PCL/HA scaffolds have been
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shown to significantly increase in vitro cellular responses assessed in terms of cell
adhesion, proliferation and osteoblastic differentiation (Choi et al., 2013). The
PCL/HA scaffolds with macrochannel had excellent ductility and high compressive
strength. Moreover, good cellular responses were observed due to osteoconductivity
due to the presence of HA particles (Koh et al., 2006). However, PCL, a highly
hydrophobic polymer, degrades slowly in the body because it is insoluble in water
and allows the drug to remain trapped in microspheres for a long period (Gaucher et
al., 2005). These features can be advantageous as well as being disadvantageous in

SOme Cascs.

1.2 Aim of the Study

The objective of this study was to synthesize B, Sr and Mg ions multi-doped HAs
and to obtain porous composite scaffolds by combining multi-doped HAs with
biocompatible and biodegradable PCL-PEG-PCL copolymer for having beneficial
effects on bone formation, osteoconduction and bioactivity for BTE. The effect of
multi-doping of B, Sr and Mg ions on the crystal structure, mechanical and biological
properties of HA sintered at different temperatures was investigated. Then,
composite scaffolds were prepared at two different porosity ratios (50% and 60%).
The effect of inorganic phase content (10% and 20%) and porosity on the mechanical
and the biological features of scaffolds was investigated. It was hypothesized that
porous PCL-PEG-PCL/B-Sr-Mg multi-doped HA composite scaffolds with high
mechanical strength promote cell proliferation and osteogenic activity so that it can

be used in BTE applications.
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CHAPTER 2

MATERIALS AND METHODS

2.1 MATERIALS

Calcium nitrate tetrahydrate (Ca(NO3)24H20) (Merck, Germany) and diammonium
hydrogen phosphate ((NH4)2HPO4) (Merck, Germany) were used to synthesize pure
HA. For the samples with doping, additional compounds were required besides these
chemicals. For BO3*, Sr**, Mg*" doped samples, boric acid (H3BO3s) (Merck,
Germany), strontium nitrate (Sr(NO3)2) (Merck, Germany) and magnesium nitrate
(Mg(NOs3)2) were used (Merck, Germany) respectively. pH adjustment was made
with ammonia solution (NH40OH) (Merck, Germany).

g-caprolactone (pure, 97%, Sigma-Aldrich, USA), PEG (Mn: 4000 kDa, Sigma-
Aldrich, USA), sodium chloride (NaCl, Biorad USA), calcium chloride dehydrate
(CaCl2.2H20, Sigma-Aldrich, USA), and 2-amino- 2-methyl 1,3-propanediol
(Sigma-Aldrich, USA), Dibutyltin dilaurate (Merck, USA), o-cresophthalein
(Merck, USA), 8-hydroxyquinone-5-sulfonic acid (Merck, USA), Sodium dodecyl
sulfate (Biorad, USA), Picogreen (Invitrogen, USA), Alamar Blue (Invitrogen,
USA), pNPP (Sigma-Aldrich, USA) and other chemicals were all of high purity, and

used as received.

17



2.2 METHODS

2.2.1 Synthesis and Characterization of B, Sr and Mg Multi-Doped
Hydroxyapatite

2.2.1.1 Synthesis of B, Sr and Mg Multi-Doped Hydroxyapatite

B, Sr and Mg doped HAs were produced by microwave irradiation method
(Alshemary et al., 2018). The precursors for this method were calcium nitrate
(Ca(NOs3)2.4H20) and diammonium hydrogen phosphate ((NH4)2HPO4). Calcium
nitrate (Ca(NO3)2.4H20) and diammonium hydrogen phosphate ((NH4)2HPO4) were
dissolved separately in distilled water. Strontium nitrate (Sr(NO3)2 and magnesium
nitrate (Mg(NOs3)2) were added to the calcium nitrate solution, while boric acid
(H3BOs3) was added to the ammonium phosphate solution. The pH of both solutions
was brought to 10 by adding ammonia solution (NH4OH). The ammonium phosphate
solution was added dropwise to the continuously stirred calcium nitrate solution. The
pH of the solution was kept constant at 10 by adding ammonia solution. The resulting
mixture was stirred at room temperature for 30 minutes. The mixture was then kept
in a microwave oven for 15 minutes at 800W. The mixture removed from the
microwave was filtered and washed with distilled water until the pH was 7. The
resulting precipitate was dried overnight at 200°C to remove excess water and
ammonia. The dried samples were sintered either at 700, 900 or 1100°C for 2h. The

experimental setup of HA synthesis is given in Figure 1.
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Figure 1. Synthesis procedure of HA. A) Chemical reaction of the precursors, B)
Microwave irradiation, C) Washing and filtering operation.

Design of experiment was used to select the doping amount of each ion and sintering
temperatures. Amounts of the elements used to prepare the B, Sr and Mg multi-doped
HA at different ratios are shown in Table 4. BO3*, Sr** and Mg*" ions are abbreviated

as B, Sr and Mg, respectively.

Table 4. Molar concentrations of the elements used in the preparation of pure and

doped HAs.

Sample Ca P B Sr Mg
HA 10 6 0 0 0
0.5BHA 10 5.5 0.5 0 0
2Sr0.5BHA 8 55 0.5 2 0
1Sr0.25Mg0.5BHA 8.75 5.5 0.5 1 0.25
0.75Sr0.5Mg0.5BHA 8.75 5.5 0.5 0.75 0.5
0.5Sr0.75Mg0.5BHA 8.75 55 0.5 0.5 0.75
0.25Sr1Mg0.5BHA 8.75 5.5 0.5 0.25 1
IMg0.5BHA 9 5.5 0.5 0 1
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2.2.1.2 Structural Characterization

2.2.1.2.1 X-Ray Diffraction Analysis

XRD analysis of the powders was used to identify the phases present after synthesis.
A Rigaku Ultima IV X-ray diffractometer utilizing Cu-Ka radiation at 40 kV and 30
mA was used. The step size and scan rate were fixed at 0.02° and 2°/min,
respectively. To compare the positions of diffracted planes, Joint Committee on

Powder Diffraction Standards (JCPDS) files were used.

The percentages of B-TCP and HA phases found in the samples were calculated by
the relative intensity ratio (RIR) (Equation 1). In Equation 1, Ig-rcp and Ina represent
the normalized intensities of B-TCP and HA (2 0 1 0) and (2 1 1) peaks, respectively
(Farzadi et al., 2011).

RIR = Ig_1cp/Ug—1cp + Ina) (D

The degree of crystallinity of crystalline phase available in the analyzed volume from

XRD spectra was calculated by

Xe=1- (V112/300/I300) 2

where X is the degree of crystallinity, I3, is the intensity of (3 0 0) reflection and
Vi12/300 18 the intensity of the hollow between (1 1 2) and (3 0 0) reflection. Lattice

parameters (a and c¢) were analysed by using the software (MDI Jade 6 and UnitCell).

2.2.1.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were used to identify the bonds formed in the HA structure. The
spectrum was recorded from 4000 cm™ to 400 cm™! by performing 100 scans on a

spectrometer (Perkin Elmer, Norwalk, Conn., USA).
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2.2.1.2.3 Thermogravimetric Analysis (TGA)

Thermal behaviour of pure and doped HAs was investigated by heating the sample
from 10°C to 1100°C at a heating rate of 20°C/min under air atmosphere

(PerkinElmer Pyris 1, PerkinElmer Inc., UK).

2.2.1.2.4 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Inductively coupled plasma-mass spectrometry (ICP-MS, Perkin Elmer Plasma 400)
was used to determine the elements in the sample and the Ca/P ratios were also
determined using inductively coupled plasma (ICP) analysis results. A total of 1.0 g
of the powdered samples were dissolved in 5.0 ml HNOs then the evaluation was

done by ICP-MS.

2.2.1.2.5 Density Measurements

Using Equation 3, the density of the disc-shaped samples after sintering was
calculated using the mass and volume values according to the Archimede’s principle,

where d represents the density, m the mass and V the volume of the sample.
d=m/V (3)

Dry weight and the wet weight of the samples immersed in dH20 were measured.
The volume of the samples (V) was calculated using the following formula (Equation

4) (Fuh et al., 2017; Hing et al., 1999):

Volume (V) = Dry weight — Wet weight @

Then the density is calculated as follows (Equation 5);

Density = [Dry weight / (Dry weight — Wet weight)] X py,o  (5)
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The relative densities of pure and doped HAs were calculated according to the
theoretical density of pure HA which is 3.156 g/cm’. Density measurements were

done by using 3 identical disc-shaped samples of each group.

2.2.1.2.6 Vicker’s Microhardness Measurements

The Vicker’s microhardness tester (HMV-2, Shimadzu, Japan) was used to detect
the microhardness of the samples. Samples were sintered at 700, 900 and 1100°C
after disc shaping. After the samples were prepared, 1.962 N (200 g) force was
applied to the surface of the samples for 10 seconds with a diamond indent. Diagonal
lengths of the indentation were measured to determine the microhardness of the
samples. Vicker’s microhardness values of 3 different samples from each
composition were determined by taking 10 different measurements from each

sample. The following formula was used for calculation (Equation 6):
HV = 1.854 P/d? (6)

Here, HV refers to the Vicker’s microhardness (MPa), P is the applied load (N) and

d is the average of the diagonal distance of the recess (mm).

2.2.1.2.7 Scanning Electron Microscopy (SEM)

SEM analysis was performed to determine the morphology and grain size of pure
and doped HA particles. SEM analysis was performed with QUANTA 400F Field
Emission SEM, USA device with a resolution of 1.2 nm. Samples were mounted
onto metal stubs using carbon tape, vacuum-coated with gold by using Hummle VII

sputter coating device (Anatech, USA) for SEM analysis.
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2.2.1.3 Mechanical Properties

2.2.1.3.1 Compression Test

A universal tester with 5 kN load cell (Instron 5944, USA, TOBB-ETU) at a
crosshead speed of 0.1 mm/min was used to determine the compressive strength of
the samples and the data were recorded using the instrument's own computer
software. The compression test was continued until fracture was obtained. 3 samples
were used for each group. Samples were made into cylinders having 12.5 mm
diameter, ~1 cm thickness, 2 g mass by applying 22.241 kN (=5000 lbs) force with
uniaxial cold press (Carver, USA). They were then sintered at 700, 900 and 1100°C

for 2 h and made ready for testing.

2.2.1.3.2 Diametral Test

Diametral test, which is an alternative to bending test, is frequently preferred
especially for biomaterials used in dentistry because the stresses created in vivo for
dental implants are similar to those produced by diametral test (Speirs et al., 2005;
Xu et al., 2007; Zandinejad et al., 2006). For the diametral test, a universal tester
(Instron 5944, USA, TOBB-ETU) with a 2 kN load cell was used to perform the
diametral test of the samples and the data were recorded using the instrument's
computer software. The diametral test was continued until fracture. 5 samples were
used for each group. Samples were made with 12.5 mm diameter, 1 mm thickness,
300 mg discs and applied a force of 22.241 kN (=5000 Ibs) with uniaxial cold press
(Carver, USA). They were then sintered at 700, 900 and 1100°C for 2 h and made
ready for testing.

The diametral strength of discs was calculated by Equation 7 (Evis and Oztiirk,
2008). S in the equation represents diametral strength, while F represents the
breaking force, D is the sample diameter and t represents the sample thickness. 5

identical discs from each group were tested for determining diametral strength.
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2.2.1.4 Biological Characterization

2.2.1.4.1 Alamar Blue™ Cell Viability Test

Cell compatibility of synthesized pure and multi-ion-doped HA’s was investigated
by in vitro cytotoxicity test. Human osteosarcoma cell line (Saos-2, ATCC) was used
for in vitro cell culture studies. Saos-2 bone cells were cultured in Dulbecco's
Modified Eagle's medium (DMEM) supplemented with 10% (v/v) FBS and 100
units/mL penicillin/streptomycin. Cell proliferation on samples was performed by
AlamarBlue™ assay (Invitrogen, USA. 4 samples for each group were used for the
AlamarBlue™ test. Synthesized HA powders were used to prepare 300 mg-discs
(12.5 mm-diameter, 1 mm-thickness) by applying a force of 22.241 kN (~5000 Ibs)
with a uniaxial cold press (Carver, USA). HA discs were then sintered at 700, 900
or 1100°C for 2 h. All discs were heated at 200°C for 2 h for sterilization prior to
cell culture experiments. Cells were seeded to HA discs at an initial seeding density
of 2x10* cells/disc and kept in an incubator containing 5% CO> at 37°C for 7 days.
The culture medium was renewed every three days. Cell viability on discs was
measured at different incubation periods (1, 4 and 7 days) by AlamarBlue™ cell
viability test. After removal of the culture medium, phosphate buffered saline (PBS)
was used to wash cells once and AlamarBlue™ (Invitrogen, USA) solution (10%
AlamarBlue™ reagent in phenol red-free DMEM) was added. At the end of 4h-
incubation, the medium in each well was collected. The optical densities were
obtained at 570 nm and 600 nm via microplate spectrophotometer (LOuantTM,
Biotek Instruments Inc., USA) and recorded (Ternane et al., 2002) using the ELISA
software program (Atlanta, USA). Pure HA was used as the control group and cell
viability of Saos-2 cells on HA discs was considered as 100% and the relative cell

viability of the groups was calculated by normalizing the absorbance readings with
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that of pure HA. Relative cell viability calculations were done for each time point (1,

4 and 7 days) and shown graphically. Cytotoxicity test was repeated for 3 times.

2.2.1.4.2 Alkaline Phosphatase (ALP) Activity Test

Alkaline phosphatase (ALP) assay was applied for determining the effect of
synthesized materials on the osteogenic activity of cells. Saos-2 cells were seeded on
discs at a density of 4x10* cells/disc and incubated in osteogenic differentiation
medium (DMEM supplemented with 10% FBS, 1% penicillin streptomycin, 50
ng/ml ascorbic acid, 10 mM B-glycerophosphate and 10 M dexamethasone), for 7
and 14 days. At the end of each time point, discs were collected and washed with
sterile PBS. Then, discs were incubated in fresh 0.6 ml lysis buffer solution (0.1%
Triton X-100 having 0.1 % w/v sodium azide and 1% protease inhibitor in sterile
PBS, pH 7.4). Three cycles of freezing/thawing were applied and obtained lysates
were diluted using osteogenic differentiation medium. 75 pl p-nitrophenyl phosphate
(pNPP) substrate solution was mixed with 75 ul of each lysate-medium solution.
Then, 25 pl MgClz solution was added and incubated at 37°C for 60 minutes in an
orbital shaker. During incubation, pNPP is converted into p-nitrophenol as shown

below:
p-nitrophenyl —» phosphate p-nitrophenol + phosphate

At the end of incubation period, the absorbance of the mixture was read at 405 nm
by a spectrophotometer (uOuantTM, Biotek Instruments Inc., USA). A calibration
curve was constructed with different concentrations of p-nitrophenol in the range of
25-250 pM and used for determining the amount of nitrophenol produced by the
cells. ALP activity of the cells was normalized to its protein content and expressed

as specific ALP activity (nmol/pg protein/min) and the test was repeated 3 times.

Bicinchoninic acid (BCA) assay was used to determine the protein contents of the
lysates. For this procedure, by mixing 500 pl of copper sulfate solution with 50 ml
of BCA reagent the substrate solution was prepared. 25 ul of the cell lysate was
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added into 175 pl of copper sulphate-BCA mixture and following 15 minutes of
incubation at 60°C and cooling, the absorbance was read at 562 nm with a uOuantTM
microplate spectrophotometer. The total protein amount of the lysate on each disc
was determined according to the calibration curve obtained with bovine serum
albumin (BSA) in the range of 0-1 mg/mL. Pure and ion-doped HAs without cells

served as negative controls.

2.2.2 Synthesis and Characterization of PCL-PEG-PCL

2.2.2.1 Synthesis of PCL-PEG-PCL

PCL-PEG-PCL was synthesized according to the protocol by Pazargeviren et al., and
the experimental setup is shown in Figure 2. Shortly, 0.75 g of poly (ethyl glycol)
(PEG) was put in a 3-necked round bottom flask placed in liquid petroleum jelly,
and the temperature was brought to 100°C with the help of a heater. The polymer
was allowed to melt for 30 minutes. During this process, nitrogen gas was given from
a neck of the flask. Then, the temperature was brought to 140°C and 18 g of e-
caprolactone (e-PCL) polymer and 5 drops of dibutyltin dialurate catalyst were added
and it was kept for 24 h. The mixture was then brought to room temperature and then
placed in the refrigerator (4°C). After the solid mixture was dissolved with
dichloromethane (CH2Cl2), it was dropped into cold technical alcohol with a syringe
pump. Later, alcohol was evaporated from the mixture in an oven set at 40°C to
obtain PCL-PEG-PCL copolymer (Pazargeviren et al., 2017), stored in a desiccator

until use.
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Figure 2. Experimental setup of PCL-PEG-PCL synthesis
2.2.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded with a spectrometer (Perkin Elmer 400, Norwalk, CT,
USA) from 4000 cm! to 400 cm™ by carrying out 16 scans to characterize chemical
composition of the synthesized PCL-PEG-PCL triblock copolymer.

2.2.2.3 Proton Nuclear Magnetic Resonance ("H NMR) Spectroscopy

The number average molecular weight (Mn) of the synthesized PCL-PEG-PCL
triblock copolymer was determined by Nuclear Magnetic Resonance (NMR). The
spectrum was obtained with the aid of a liquid spectrometer (Bruker Avance 300
MHz (~7 Tesla)) by dissolving the synthesized PCL-PEG-PCL copolymer with
chloroform-d (d-CDCl3). Using the integrity ratio of NMR peaks of methylene
protons belonging to PCL and PEG segments at 4.07 ppm and 3.65 ppm,
respectively, Mn value, PCL/PEG ratio and the degree of polymerization of the
synthesized triblock copolymer were calculated. Equations 8, 9 and 10 were used in

calculations (Huang et al., 2003):
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PDpgg = 8
PEG 4_4 ( )
_ Mnpge ) [CL]
PD 9
PCL ( 44 [EG] ©)
Mn = MnPEG + 114 X PDPCL (10)

In these equations, the molecular weight of ethylene glycol (EG) is 44 (g/mol) while
the molecular weight of linearized caprolactone (CL) is 114 (g/mol). PD indicates
the degree of polymerization, and it is used to determine Mn of the PCL-PEG-PCL

copolymer.

2.2.2.4 Gel Permeation Chromatography (GPC)

Weight average molecular weight of the PCL-PEG-PCL copolymer was determined
by using GPC (Agilent 110 HPLC, USA). After dissolving in spectroscopically pure
tetrahydrofuran (THF, eluted at a rate of 1.0 mL/min), the sample was stirred on
magnetic stirrer for 15h. Both the outside and column temperature were kept at 35°C.
Then it was filtered through a 0.2 um filter and analysed. The results were evaluated

using the Triple Detection Method (Manyjili et al., 2016).

2.2.3 Production and Characterization of PCL-PEG-PCL/B, Sr, Mg Multi-
Doped Hydroxyapatite Composite Scaffolds

2.2.3.1 Production of Composite Scaffolds

Composite and porous scaffolds with PCL-PEG-PCL/B-Sr-Mg doped HA were
produced by compression-molding/particulate leaching method (Pazarceviren et al.,

2017). The general look of the scaffolds before leaching is shown in Figure 3.
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Figure 3. The general outlook of scaffolds before leaching

Briefly, a predetermined amount (Table 5) of PCL-PEG-PCL was pulverized in pure
ethanol by stirring at 2000 rpm for 1h (T25 Ultra-Turrax, IKA, China), dried and
sieved using a 112 pum sieve together with B-Sr-Mg doped HA and porogen (NaCl).
The ingredients were mixed in pure ethanol at 1000 rpm for 10 minutes to obtain a
homogeneous mixture. The mixture was dried in an atmospheric oven for 24h to
remove ethanol. Then, the powder mixture was compressed unidirectionally under a
pressure of 250 MPa for 3 minutes in a steel mold (Carver AutoPellet Press, USA)
to obtain scaffolds. Prepared scaffolds were kept in distilled water at 37°C for 2 days
in a water bath and porosity was obtained by removing NaCl. As an indicator of
NaCl removal from the scaffolds, pH of 7.00 was accepted. dH20 was renewed at
certain time intervals until the pH of dH20 reached to 7.00.
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Table 5. Amount of components used for the preparation of B-Sr-Mg doped HA

composite scaffolds

Desired PCL-PEG- Pure/doped | Porogen

porosity | geaffolds*® PCL HA (NaCl)

(%) (mg) (mg) (mg)
1:1 100 0 190

50 1:1+10% HA 100 10 190
1:1+20% HA 100 20 190
1:1.45 100 0 270

60 1:1.45+10% HA 100 10 270
1:1.45+20% HA 100 20 270

* Scaffolds are grouped according to their porosities and amount of HA inside. While
the ratio of PCL-PEG-PCL: NaCl is 1: 1 by volume for 50% porosity, this ratio is 1:
1.45 for 60% porosity. In scaffolds containing HA; 10% by weight and 20% HA of
the PCL-PEG-PCL content was used.

2.2.3.2 Determination of Porosity of Scaffolds

Archimedes' Principle was used to measure the experimental porosity of the
scaffolds. Simply, it was determined using the dry weight (W), and the weight
suspended in water (W) and wet weight of the scaffold removed from water (W,,,).
The weight of the samples was measured with a precision scale and porosity ratios

were calculated by Equation 11 (Mazén and De Aza, 2018).

W, — Wy
Porosity (%) = (W—) x 100 (11)
WW - WS

30



2.2.3.3 Thermogravimetric (TGA) Analysis of Scaffolds

By heating the samples from 30°C to 1100°C at a heating rate of 10 °C/min, the pure
and ion-doped HA content of the scaffolds was determined under air atmosphere
using TGA (NETZSCH STA 449F3). Pure porous PCL-PEG-PCL scaffolds were

used as the control group in all tests.

2.2.3.4 In Vitro Degradation and Water Uptake Test

Degradation analysis of pure PCL-PEG-PCL and PCL-PEG-PCL/B-Sr-Mg doped
HA scaffolds was carried out, in 14 mL PBS solution (pH 7.4, 0.01 M) at 37°C for
3 weeks (n=4) by using a shaking water bath. After each incubation period, the
weight change (%) of the scaffolds was calculated using Equation 12:

_ M; — M;
Weight loss (%) = (T) x 100 (12)
i

In the equation, initial and final weight of the scaffolds at different incubation periods

are presented with M; and Mg, respectively.

The water uptake behaviour of the scaffolds at certain time periods was studied by
incubating them in 15 mL of PBS solution (n=3). By using a filter paper excess water
on the scaffolds was removed before weighing the wet scaffolds, then wet weights
of the scaffolds were determined for each incubation period. Water uptake (%) of the
scaffolds was calculated with Equation 13 where W; represents the initial dry weight

and W, represents the wet weight of the scaffold at the given incubation period:

W, — W;
Water uptake (%) = (T) x 100 (13)
i
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2.2.3.5 In Vitro Bioactivity Analysis

The scaffolds were incubated in simulated body fluid (SBF, pH 7.4) which was
prepared by the Kokubo's method (Kokubo and Takadama, 2006) to perform
bioactivity analysis. The scaffolds were placed in smooth polypropylene containers
containing SBF and kept at 37°C (n=5) for 3, 7 and 14 days. SBF solution was
renewed every 2 days. For each incubation period, after immediate rinsing with
dH:0, the scaffolds were dried for 24h until there was no moisture left in. SEM
analysis was used to examine the mineralization on the scaffolds. Ca and P peak
intensities obtained from EDS spectra was used to determine Ca/P ratio. The pH of
the solution at each incubation period was measured using a pH meter (S20

SevenEasy ™ pH).

2.2.3.6 Compression Test

The compressive strength of PCL-PEG-PCL/B-Sr-Mg doped HA scaffolds was
determined with a universal tester (Instron 5944, USA, TOBB-ETU). Using a static
compression load of 5000-N and a head speed of 0.1mm/sec, scaffolds of 7 x 3 mm?
were compressed by placing between two parallel plates until 10% strain was
obtained. The data were recorded using the test device's own software. The
compressive strength and compressive moduli of the samples were obtained from

the peak point of the stress-strain curve.

2.2.3.7 Cell Culture Studies

Human bone osteosarcoma (Saos-2) cells were grown in DMEM enriched with 10%
FBS and 100 units/mL penicillin/streptomycin at 37°C in a carbon dioxide incubator
(5% CO2, 5215 Shel Lab., Cornelius, OR, USA) for cell culture studies. Cells were
subcultured when they reached 80% confluency using 0.1% Trypsin/EDTA solution.

In the experiments, cells at 4™ passage was used. To sterilize the scaffolds, incubation
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in 70% ethanol for 2h followed by irradiation with UV for 30 minutes on each side

was applied.

2.2.3.7.1 Alamar Blue™ Cell Viability Test

Saos-2 cells were seeded on the surface of pure PCL-PEG-PCL and PCL-PEG-
PCL/B-Sr-Mg doped HA scaffolds at a density of 2x10* cells/scaffold and incubated
at 37°C for 7 days in a carbon dioxide incubator (Shell Lab, USA). Cell viability on
scaffolds at different incubation periods (days 1, 4 and 7) was measured by the
AlamarBlue™ viability test. The culture media were renewed every 3 days. After
withdrawal of the culture medium, the scaffolds with cells were washed with PBS
and AlamarBlue™ solution (10% Alamar Blue™ reagent in DMEM without phenol
red) was added. Media in each well were collected after 4h of incubation, and
absorbance measurements at 570 and 600 nm were made with a microplate reader
(Module 9200, Turner Biosystem, USA). After media removal, the cells were
washed once with PBS and fresh media were added to continue cultivation. Cell
viability (%) was calculated by Equation 14.

(0, xAy) — (04 X Ayp)
(0, X P)(0; XP,)

X 100 (14)

In this equation, O; and O, represent the molar extinction coefficient (E) of the
oxidized Alamar Blue at 570 and 600 nm; A; and A, are the absorbance of the test
wells at 570 and 600 nm; P; and P, refer to the absorbance of the control wells at
570 and 600 nm, respectively. Relative cell viability at each time point was
calculated using Equation 15 in which the viability of the control group was

considered to be 100%.

Viabilit
Relative cell viability (%) = ——— YTest 100 (15)
Viability coneror
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2.2.3.7.2 Osteogenic Activity of Cells

To study the osteogenic activity of Saos-2 cells on scaffolds, specific ALP activity
(n=4) and intracellular calcium amount (n = 4) of the cells were measured. Scaffolds
without cells served as the negative control. 4x10* cells were seeded on each scaffold
and osteogenic differentiation medium (DMEM containing 10% FBS, 1% penicillin-
streptomycin, 50 pg/mL ascorbic acid, 10 mM B-glycerophosphate, and 10° M
dexamethasone) was used for incubation of the scaffolds for 14 days. The cells were
lysed with cycles of freezing and thawing in 300 pL PBS containing 0.1% Triton X-
100, 0.1% v/w sodium azide and 1% protease inhibitor, and cell lysates were
obtained on days 7 and 14. Freeze and thaw cycles were repeated 3 times. Lysate (75
uL) and p-nitrophenylphosphate (pNPP, 75 uL) substrate solution were mixed and
25 pL MgCl2 was added. The mixture was then incubated at 37°C for 60 minutes.
Subsequently, the absorbance was read at 405 nm with a microplate
spectrophotometer (uQuant MQX200, Biotek, USA). Using different concentrations
(0-250 uM) of p-nitrophenol, a calibration curve was constructed and used to
determine the amount of p-nitrophenol produced. The ALP activity was normalized
by the protein content to determine specific ALP activity of cells. The total amount
of protein in the lysates was measured by the BCA method (Lozzi et al., 2008).
Briefly, working reagent solution was prepared by mixing 1 mL of Cu2SO4 solution
(2 g of cupric sulphate in 50 mL of water) and 50 mL of bicinchoninic acid solution.
Then, 25 pL of cell lysate and 175 pL of working solution were incubated at 60°C
for 15 minutes. The absorbance of the samples was measured with a microplate
spectrophotometer at 562 nm (uQuant MQX200, Biotek, USA). Using a calibration
curve with known concentrations of bovine serum albumin (BSA) (0 - 1.2 mg/mL)

total protein amount was determined.

The amount of intracellular calcium was determined by the o-cresoptalein test using
cell lysates (Nuttelman et al., 2005). 10 puL of the cell lysates was incubated overnight
in 0.1 M HCI. 200 pL of o- cresoptalein and 8-hydroxyquinone-5-sulfonic acid in 2-

amino-2-methyl-1,3 propanediol was mixed with the resulting solution to complex
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with intracellular calcium. The absorbance was measured at 560 nm with a
microplate reader. The calibration curve was obtained with different concentrations
of CaClz solution (0-200 p/mL) and the amount of intracellular calcium was
determined and normalized by protein content (BCA) of the cell lysates, as described

above.

2.2.4 Statistical Analysis

SPSS software (ver. 26.0; IBM Corporation, NY, USA) was used for statistical
analysis of the data. Multiple comparisons were done with one-way analysis of
variance (ANOVA) with Tukey Post Hoc test. Results are shown as mean + standard
deviation (SD).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Characterization of B, Sr and Mg Multi-Doped Hydroxyapatite

3.1.1 Structural Characterization

3.1.1.1 X-Ray Diffraction Analysis

XRD patterns of the samples sintered at 700, 900 and 1100°C for 2h are shown in
Figure 4. According to these patterns, HA, 0.5BHA and 2Sr0.5BHA groups sintered
at 700 and 900°C showed pure HA pattern, while the other groups showed both f3-
TCP and HA patterns when compared to standard HA (JCPDS#: 9-432) and B-TCP
(JCPDS#: 9-0169). It was also found that an increase in dopant amount caused
biphasic structure. Phases in the samples calculated by XRD patterns according to

Farzadi et al. (2011) are listed in Table 6.
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Figure 4. XRD patterns of the samples sintered at A) 700°C, B) 900°C and C)
1100°C. Vertical solid lines indicate the peaks of standard HA (PDF#09-0432) and
dash lines B-TCP (PDF#09-0169).
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As shown in Table 6, the B-TCP phase gradually increased as the Mg amount was
increased. Mg was reported to have an inhibitory effect on the crystallization of HA
and its presence increases the formation of B-TCP phase (Tampieri et al., 2004;
Yilmaz and Evis, 2016). Veljovic et al. reported that the concentration limit of Mg
ions in the precursor solution is 15 mol% for the apatite phase to disappear
completely and the formation of monophasic -TCP in unsintered samples (Veljovic
et al., 2019). Previous studies reported that Sr can also cause biphasic structures to
form (Kaygili et al., 2015). HA was previously reported to remain as the main phase
when 5 mol% Sr was substituted and sintering temperature was 1000°C, but when
the Sr content was increased to 15 mol%, the mass fraction of -TCP was higher
than 80% (He et al., 2016). In a study on Sr and Mg co-doped into HA, the
characteristic peaks of HA and B-TCP phases were observed in XRD patterns with
the combined effect of Mg?" and Sr** ions (Aina et al., 2012). In this thesis, according
to XRD patterns, the effect on HA structure was mostly affected by the presence of
Mg. Hayakawa et al. reported that thermal decomposition of HA to B-TCP was
obtained for the B-doped HAs sintered above 700°C. Above 900°C, both HA and -
TCP phases were obtained with the formation of BHA particles (Hayakawa et al.,
2007). B substitution was previously shown to result in the formation of B-TCP phase
whose ratio ranges between 30.3% to 37.8% after being sintered between 1000-
1200°C when the amount of B was 2 wt.% in the synthesis solution (Albayrak, 2016).
In this thesis, no other phases or impurities were detected in the samples of B
introduced HAs, there was only HA phase. Only reduction in the peak intensities

was observed with the B doping.
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Table 6. Amount of phases in the multi doped HAs after the XRD analysis calculated
by the relative intensity ratio (RIR).

Phase Percent (%)
Sample
700°C 900°C 1100°C
HA | B-TCP HA B-TCP HA B-TCP
HA 100 0 100 0 95.6 4.4
0.5BHA 100 0 100 0 96.5 3.5
2Sr0.5BHA 100 0 100 0 95 5

1Sr0.25Mg0.5BHA 96.2 3.8 76.6 234 75.2 24.8
0.75Sr0.5Mg0.5BHA | 88.2 11.8 65.3 34.7 65.2 34.8

0.55r0.75Mg0.5BHA | 65 35 47 53 48.5 51.5
0.25Sr1Mg0.5BHA 63.3 36.7 37.5 62.5 42 58
1Mg0.5BHA 45.5 54.5 36.1 63.9 36.4 63.6

Amount of phases in the samples changed along with different sintering
temperatures. When HA, 0.5BHA and 2Sr0.5BHA samples were sintered at 700 and
900°C, they had pure HA phase, biphasic (B-TCP and HA) phase was formed when
sintered at 1100°C. As sintering temperature was increased from 700°C to 900°C, a
considerable increase was observed in the amount of B-TCP phase for the Mg-
containing samples. There was no major difference in phase quantities between the

Mg-containing samples sintered at 900°C and 1100°C.

In XRD patterns of pure and doped HAs, as the sintering temperature was increased,
the XRD peaks became narrower. This showed that the crystallinity of the samples
gradually increased with increasing sintering temperature (Toledano-Osorio et al.,
2020). The degree of crystallinity of the samples is presented in Table 7. The highest
crystallinity for all specimens was obtained in specimens sintered at 1100°C as the
XRD pattern was dense and narrow. In a study of Mg-doped HA, owing to the
reduction in the crystallite size and increase in the lattice disorder peak broadening

was found with the Mg?* doping in the HA lattice (Ziani et al., 2014). In this thesis,
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similar results were obtained for the Mg?" doped samples which were sintered at
700°C and as the amount of Mg doping became higher (from 0.25% to 1% mole)
peak broadening increased. On the other hand, for Mg-doped groups sintered at
900°C and 1100°C peak broadening was lower when compared to doped-HAs
sintered at 700°C. When 2Sr0.5BHA was compared to pure HA, for the sintering
temperatures of 700 and 900°C a small drop in the crystallinity was ascertained with
the Sr doping. However, a small increase was obtained for the 2Sr0.5BHA group
sintered at 1100°C. In the study of Kavitha et al., Sr doping caused peak broadening
(Kavitha et al., 2014). B doping also decreased the degree of crystallinity and caused
peak broadening when compared to pure HA. These results were in agreement with

the literature (Geng et al., 2016; Kolmas et al., 2017).

XRD patterns of pure and multi-doped HAs exhibited well-defined peaks. However,
the peak corresponding to the (211) plane of B-Sr and Mg multi-doped HA samples
sintered at 700 and 1100°C shifted to slightly lower 20 values compared to the
standard HA. This shift may be due to the ionic radius differences between Sr*>* and
Mg?* which are replaced with Ca®" (ionic radii of Ca?>"=1.00A, Mg?*=0.72A and
Sr**=1.18A) and BOs* with PO4* (ionic radii of PO4+*=2.38A and BO3*=1.91A)
(Barheine et al., 2011; Bigi et al., 2007; Hakk et al., 2010; Suchanek et al., 2004).
The replacement of larger sized Ca®" ions with smaller sized ions like Mg?* and Zn?*
line resulted in shifting to the higher 26 values (Dasgupta et al., 2010; Evis and
Webster, 2011). However, the doping of Sr** and Ag" -ions having higher ionic radii
than Ca?*- can cause an increase in the lattice parameters, which resulted in line
shifting to lower 20 values (Geng et al., 2016). Lattice parameters of the samples are
provided in Table 8. With B doping into HA, the lattice parameter a decreased, while
¢ increased with the increasing B amount (Barheine et al., 2011). As expected from
the literature that lattice parameters increased with the doping of Sr and decreased
with the doping of Mg due to ionic radius differences between Ca*" and Sr?* or Mg?*,

respectively. (Kheradmandfard and Fathi, 2013; O’Donnell et al., 2008).
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Table 7. Degree of crystallinity of the multi doped HAs calculated from the XRD
analysis.

Degree of Crystallinity (%)
Sample
700°C 900°C 1100°C
HA 70.5 94.0 97.0
0.5SBHA 67.0 89.0 96.2
2Sr0.5BHA 65.8 91.3 98.2
1Sr0.25Mg0.5BHA 48.4 84.4 87.5
0.755r0.5Mg0.5BHA 44.6 75.9 87.0
0.5Sr0.75Mg0.5BHA 49.2 73.2 84.3
0.25Sr1Mg0.5BHA 47.2 76.1 83.5
1Mg0.5BHA 18.7 73.6 85.3

In Mg, Sr and B multi-doped samples, a leftward shift was observed, especially in
samples where the amount of doped Sr was more than that of Mg and B. This left
shifting in Mg, Sr and B multi-doped samples could be attributed to the lattice
expansion due to doping compared to pure HA. Sr may push the Ca atoms away at
a slightly longer distance, which may lead to local distortions (Terra et al., 2009).
Consequently, larger lattice parameters of the Sr-doped HA were obtained. The

shifting also means that substitution of the ions was successful.

There are mainly two factors that determine the likelihood of a lattice structure to
accommodate different ions; (1) the size of the substituent ion (2) the ability of the
structure to tolerate a certain degree of distortion (Bigi et al., 2016). According to
Goldschmidt Rules, replacement of an ion in a crystal is expected when there is an
ionic radius difference of less than 15%. When the ions have similar radii but
different valence charges, substitution of one element for another preferably occurs
where charges vary by no more than £1. If there is charge imbalance due to the ionic
substitution, a charge compensating ion is required, for example CO3%*~ for PO4>~
coupled to Na* for Ca?" in HA. When the above criteria are met, the substitution can
still be limited by the poor flexibility of the structure and electronegativity difference

of the competing ions forming bonds of different ionic character (Giacovazzo et al.,
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2013). HA’s flexible structure is open to great variety of cationic and anionic

substitutions that can be controlled by ionic radii differences and charge factors.

Table 8. Lattice parameters of the samples.

Sintering Temperature
Sample 700°C 900°C 1100°C
a-Axis | c-Axis | a-Axis | c-Axis | a-Axis | c-Axis
(A) A) (A) (A) (A) A)

HA 9.411 6.878 9.433 6.888 9.410 6.871
0.5SBHA 9.399 6.884 9.420 6.891 9.405 6.874
2Sr0.5BHA 9.436 6.887 9.435 6.894 9.425 6.876
1Sr0.25Mg0.5BHA 9.431 6.882 9.429 6.893 9.422 6.875
0.75Sr0.5Mg0.5BHA 9.428 6.881 9.424 6.891 9.420 6.874
0.5Sr0.75Mg0.5BHA 9.423 6.882 9.421 6.892 9.419 6.873
0.25Sr1Mg0.5BHA 9.420 6.880 9.419 6.891 9.418 6.874
1Mg0.5SBHA 9.409 6.879 9.414 6.892 9.404 6.874

The ionic radii difference between Ca** or PO4* and dopants was calculated as -
28%, +18% and -19.75% for Mg?*, Sr** and BOs*" ions, respectively. Even if Mg**
has higher electronegativity (1.31 by Pauling scale) than Sr**, due to having less
ionic radii difference, Sr*" can be expected to have more chance of doping into the
HA structure. It was previously reported that larger ions than Ca** can be completely
doped for calcium sites in HA (Famery et al., 1994). Moreover, Mg** ions are mainly
adsorbed onto the HA crystalline surface. Therefore, there are much more Mg** ions
on the surface of HA than in the structure of HA (Kalita and Bhatt, 2007; Kim, 2003).
When it comes to comparing Ca®" dopants and BO3*, although B has higher

electronegativity (2.051 by Pauling scale) than the others, ionic radius difference is
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between the two. Therefore, it is expected to have chance of doping more than Mg**

and less than Sr*" into HA structure.

3.1.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the samples sintered at 700, 900 and 1100°C for 2h taken in 4000—
400 cm™! region are presented in Figure 5. In FTIR spectra, the stretching band at
3572 cm! originating from the OH" stretching mode in HA phase was observed in
all samples. The characteristic vibration band at 630 cm™ of OH" ions which proves
the presence of HA, began to disappear as the ratio of the additive ion in HA
increased as x+z or y+z being greater than or equal to 1 for Cai0-x-yMgxSry(PO4)s-
2(BO3)(OH)2. It can therefore be assumed that the transition to the B-TCP phase has

begun as also seen in XRD analysis.

The weak peak at 1251cm™ was assigned to v: (BOs) (Ternane et al., 2002), and
observed in all B-doped groups. The intensity of this peak was higher for 0.5BHA
group, when Sr and Mg were introduced while the intensity of the band decreased.
Ion-doped HA powders exhibited wider bands compared to pure HA. The obtained
FTIR spectra confirmed the formation of the doped HA particles (Alshemary et al.,
2013). Intensities of the bands observed at 3572 cm™! and 633 cm™! were higher for
HA. However, when the doping amount was increased above where x+z or y+z was
greater than 1 for Ca10-x-yMgxSry(PO4)s-2(BO3)OH)2, intensities at 3572 cm ™! and
633 cm’! bands started to decrease (Tdnsuaadu et al., 2012). Frasnelli et al. reported
that at higher Sr content (5mol% and 7.5mol%), stretching band at 3572 cm™ ! and
633 cm! gradually vanished (Frasnelli et al., 2017). Likewise, in a study that
investigated the ion concentration and calcination temperature on the phase behavior
of Sr doped HAs, OH" bands at 550 cm™'-650 cm™ disappeared gradually as Sr
concentration was increased (Mardziah et al., 2009). Since Sr** has a higher ionic
radius than Ca®*, the deformation in the cell was also increased as the amount of Sr**

was increased. Therefore, a reduction in the intensity of these peaks occurred.
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Figure 5. FTIR spectra of the samples sintered at A) 700°C, B) 900°C and C)
1100°C.
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Five bands located at 562 (v4), 600 (v4), 1023 (v3), 1088 (v3), 960 cm™ (v1) were
attributed to the PO4> group (Berzina-Cimdina and Borodajenko, 2012). The
intensity and sharpness of the bands at 562, 600, 1023, 1088, 960 cm™' increased as
the amount of Sr**ion was increased. In other studies, the peak attributed to
phosphate group in the FTIR spectra of the co-doped samples shifted to lower
wavenumbers as the amount of Sr** ion was increased (Bigi et al., 2007). Similarly,
in this thesis, this peak (at 562 cm™) shifted towards a lower wavenumber due to

substitutional strain in the lattice (Ehret et al., 2017).

3.1.1.3 Thermogravimetric Analysis (TGA)

TGA analysis of the samples was performed by heating samples from 10°C to
1100°C with a rate of 20°C/min in a nitrogen atmosphere (Figure 6). A small amount
of weight loss observed between 40 and 200°C might be due to the evaporation of
adsorbed and structurally incorporated water (Gopi et al., 2014a). There was no
sudden weight loss and steep slope that could be attributed to the decomposition of
HA in the thermogram (Popa et al., 2015). No peaks referring to the transformation
of HA to TCP were present as reported in other studies using air since there was no
water in the pure nitrogen atmosphere (Liao et al., 1999). For the B-doped HA, a
small amount of weight loss (almost 1%) occurred. However, in the study of Atila et
al. (2019), the thermal stability of B-doped HA was found higher than that of HA,
and the weight loss of BHA samples was also 0.81% while for HA loss was 1.89%
(Atila et al., 2019). The maximum weight loss was obtained in IMg0.5BHA group
probably due to having higher water-absorbing capacity (Kulanthaivel et al., 2015).
Also, for the other groups, when the Mg amount was higher than x=0.5 (Caio-x-
yMgxSry(PO4)6-2(BO3).(OH)2), the slope was higher for 100°C-400°C. It can be said
that the presence of Sr, reduces the weight loss of the samples. For all samples there
was no significant weight loss between 550°C and 1100°C, indicating that only the
mineral phase (CaP) was left above 550°C.
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Figure 6. Thermal gravimetric analysis (TGA) curves displaying the mass loss of
pure and doped HA samples.

3.1.1.4 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

The chemical composition of B, Sr and Mg multi-doped HA powders was obtained
from ICP-MS analysis (Table 9). ICP analysis confirmed the presence of Sr, Mg and
B in the powders. Ca/P ratio is an important parameter that determines the properties
of calcium phosphates. HA sintered between 1000°C and 1150°C with a
stoichiometric Ca/P ratio of 1.67 had higher mechanical properties than non-
stoichiometric HA (Ramesh et al., 2007). Phase stability of HA was conserved
during the sintering regime of samples with a Ca/P ratio of 1.67. However, secondary
phases were observed in the samples sintered at higher temperatures and Ca/P ratio
was higher than 1.67 (calcium-rich) (Ramesh et al., 2007). For all multi-doped HA
samples synthesized in this thesis except 1Mg0.5BHA, the molar ratio
(Cat+Sr+Mg)/(P+B) ranged between 1.76 and 1.91 while Ca/P ratio was higher than
the theoretical one: 1.73 < Ca/P < 1.91 confirming that they were Ca-rich HA. In a
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study, CaO phase was detected in calcium-rich HA (Ca/P = 1.87) which were
sintered at 1300°C (Tan et al., 2015). In this thesis, only for the samples containing
0.5-1 mol% Mg sintered at 900 and 1100°C, there were small peaks matching with
CaO in XRD patterns due to decomposition of HA phase.

Sintering is another parameter that affects the structure of ion-doped HA. It is stated
in the literature that there may be a deviation in Ca/P ratio of stoichiometric HA with
an increase in sintering temperature (Evis and Webster, 2011). Although
stoichiometric HA could not be obtained in this thesis and fluctuations in Ca/P ratio
occurred with the different sintering temperatures. For Sr, Mg, B multi doped-HAs,
Ca/P ratio increased when the sintering temperature was increased from 700 to
900°C. Both the amounts of Ca and P increased with an increase in sintering
temperature while oxygen amounts decreased. The increase in Ca was much greater
than that of P (Pattanayak et al., 2007) when the sintering temperature was elevated.
Therefore, it might have resulted an increase in Ca/P ratio. Loss of oxygen in the
form of hydroxyl group and moisture could be the reason for that. However, there
was a decrease when the temperature was increased from 900 to 1100°C for the same

groups.

48



"sosopuared oy} Ul USAIS 919M SIN[BA [BO1)OIOY [ 4

(0) 000 (D01 ($°0) 8T0 ($°9)00°TT (6) 0071 VHAS 03N T
(sT0) v1°0 (1) ss0 (s'0) 00 (s9)18°¢ (sL'8) 6L9 VHAS 03NTISST 0
(s0) €20 (§L'0)s€0 ($°0) LT0 (9 v6T (5L°8) 60°S VHEAS 03NS L 01SS 0
($L0) 6£°0 ($'0)8T0 ($°0) 8T0 (s9)ss¢ (SL8) 119 5,001 VHES 03NS 01SSL 0

(D Lgo (sz0)01°0 (s'0) T 0 (s9)cee (sLg)cey ° VHAS 03INST 0IST

() 560 (0) 000 ($°0) 820 (s9) 18T (®)6Ly VHES 01ST

(0) 0070 (0) 000 ($°0) 920 ($9) 6v'C oni1rs VHES 0

(0) 000 (0) 000 (0) 000 )RV (o) 10°L VH

(0) 000 (1) L80 ($°0) 020 ($9) 656 (6) 00Tl VHAS 03N T
(ST0)ST1°0 (1 Ls0 ($°0) 620 (s9)L6€ (SL'8)¥I'L VHAS 03N TISST 0
(s°0) €00 (sL°0) 6t°0 (s'0) 0£°0 ($9) 00t (SL8)vi'L VHAS 03NS L 01SS 0
(SL0) S¥°0 (s0)€c0 ($0) €0 ($°9) 00'¥ (5L'8)91°L 5,006 VHES 03NS 01SSL 0

(D190 (ST0)LT0 ($°0) ¥€°0 (9 16¢ (5L'8) 189 ¢ VHAS 03INST 0IST

(@zcri (0) 000 ($°0) 620 (s9)oce (8) ¥S°S VHES 01ST

(0) 000 (0) 000 (0110 (s9)6ce oD ¥69 VHES 0

(0) 000 (0) 000 (0) 000 (9) €Ty (01)81'8 VH

(0) 000 (D180 ($0)61°0 (56)86'8 (6 or11 VHAS 03N T
(ST 9ro (1) 650 (s0) 1€°0 ($9) 9Ty (sL8)€sL VHEAS 0SINTISST0
($°0) L¥0 (SL°0)¥€0 ($°0) €€°0 ($°9) 9Ty (SL'8) 1¥L VHES 03INSL 01SS 0
(SL0) €0 (s0)Tso (s0) €0 (s9)9cy (sL'8) €s°L 3001 VHAS 03NS 04SSL 0

(1)$9°0 (sT0)61°0 ($°0) s€0 ($°9) v0'¥ (sL8)6TL ° VHEAS 0SINST O3S

@911 (0) 000 ($°0) 0€°0 (s9)ere (8) 6L VHAS 01ST

(0) 000 (0) 000 ($°0) s€0 (s9)iee (oD 18L VHES0

(0) 000 (0) 000 (0) 000 (9) 0¥ (oD 1¥'8 VH

(1/,01 X 1ow) 38 |(7/.01 X [ow) SN | (T/.01 X 1ow) & | (T/.01 X [ow) d | (/.01 X [ow) ) awﬁaeﬁ ojdweg
uLuIg

‘soanyeradwd) JUSISJIp Je parojuls sojdwes yH padop-nnuw oy Jo sisAjeue SIN-dOI "6 2[qeL

49



3.1.1.5 Density Measurements

Densities of the samples sintered at 700, 900 and 1100°C for 2h were measured using
5 identical discs for each group to determine the effects of the ion content and
sintering temperature. Average and relative densities are given in Table 10. Relative
densities of sintered HAs at 700°C were higher than 82%. Although there was
biphasic structure in some samples (Table 6), obtaining relative density higher than
82% can be interpreted as a successful densification. A significant difference was
observed between the densities of control group (HA) and the groups of 2Sr0.5BHA,
1Sr0.25Mg0.5BHA, 0.75Sr0.5Mg0.5BHA, 0.25Sr1Mg0.5BHA, 1Mg0.5BHA
which were sintered at 700°C. The densest sample was 2Sr0.5BHA sintered at
700°C, while pure HA sintered at 700°C had the lowest sample density with a
relative density of 82.1%. However, having 82.1% relative density can still be

accepted as a high density.

Average densities of HA, 0.5BHA, 2Sr0.5BHA and 1Mg0.5BHA were statistically
different (p<0.01) when they were sintered either 700 or 900°C. A significant
increase was ascertained between BHAs sintered at 900°C and 1100°C (p<0.01),
0.75S5r0.5Mg0.5BHAs sintered at 700-1100°C (p<0.05), 0.5Sr0.75Mg0.5BHAs
sintered at 700-900°C (p<0.05) and 0.25Sr1Mg0.5BHAs sintered at 700-900°C
(p<0.05) and 900-1100°C (p<0.05). This confirmed previous findings that as
sintering temperature increased, the density of the sample also increased

(Herliansyah et al., 2009; Muralithran and Ramesh, 2000; Wang and Chaki, 1993).
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The density of the samples sintered at 900°C increased up to 90% of the theoretical
density of HA. However, no significant difference was observed between the
densities of pure and doped HAs sintered at 900°C. The relative densities of HAs
sintered at 1100°C were above 92.5%. After this sintering temperature (at 1100°C),
the highest densities among all HAs were obtained. lon contributions to pure HA did
not cause significant fluctuations in relative densities. Only for 0.25Sr1Mg0.5BHA,
density was significantly different than pure HA (control). In this thesis, the use of
microwave irradiation method in the synthesis of HAs was important in obtaining
high relative densities. In literature, 95% condensed samples were obtained by
exposure to microwave irradiation for 5 minutes, and when the duration was
increased to 15 minutes 98% relative density was obtained (Vijayan and Varma,

2002).

In a study, the density increased with the increase in sintering temperature and
decreased with the increase in the amount of B used in the synthesis step. For B
doped HAs, when the sintering temperature was increased from 1000°C to 1200°C,
very high increase was observed in the density (Albayrak and Ugurlu, 2016). In
another study, the densities of B-doped HA obtained using 0%, 1.25%, 2.5%, 3.75%
and 5 mol% B203 were found to be between 2.8 g/cm® and 2.9 g/cm?, and as the
amount of B20Os3 increased, the density of HA increased (Massera et al., 2015). In this
thesis, relative densities of B-doped HAs ranged from 83% to 96% which was in

agreement with the literature.

In a study, the density of HA containing different amounts of Sr, sintered at 1200°C
with both conventional and microwave sintering was investigated. 5% Sr-doped HA,
sintered by microwave sintering reached a relative density of 96%. In HA with 10%
Sr, the relative density reached approximately 98%. Relative densities of the samples
sintered with conventional sintering increased from 90% to 96% in HAs with 5%
and 10% Sr, respectively. Microwave sintering has a positive effect on the density
of samples (Curran et al., 2011). In this thesis, HAs were synthesized by microwave
irradiation method and density values of the Sr doped samples were between 2.66

g/cm?® and 3.08 g/cm’. Relative densities ranged from 84% to 100%.
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The density of 0.7%, 1.8%, 3.1% and 3.2% wt. Mg-doped HA powders were found
to be between 2.7-2.9 g/cm’. These densities were lower than the density of the
stoichiometric HA (3.16 g/cm®). This was the result of the process of ionic
substitution in the apatite structure, which was due to the increase in the number of
structural defects (Landi et al., 2008). The density values obtained in this thesis are
also consistent with the literature. The density values of Mg-doped samples were

between 2.66 g/cm? and 3.14 g/cm®.

The density of the samples increased with the sintering temperature as expected. The
density values of the pure HA samples increased from 2.59 to 3.07 g/cm® with
increasing sintering temperatures as seen in Table 10. Therefore, as the sintering
temperature increased, the density of pure HA, which was closer to the theoretical
density of 3.156 g/cm’, was obtained. While there was no significant difference in
the density of the HAs sintered at 900 and 1100°C except 0.5SBHA, the relative
densities of sintered pure and ion-doped HAs at 1100°C reached at least 92.5% of
the theoretical density.

3.1.1.6 Vicker’s Microhardness Measurements

The Vicker’s microhardness of the sintered samples was measured to examine the
effect of the addition of B, Sr and Mg ions to the structure of HA in terms of
mechanical properties. The effect of temperature and ion doping on microhardness
of the samples are shown in Table 11. According to the results, the lowest
microhardness was obtained with 499.55 + 33.31 MPa for 1Mg0.5BHA sample
sintered at 700°C while the highest microhardness value (5067.52 + 306.78 MPa)
was obtained for 0.25Sr1Mg0.5BHA sintered at 1100°C.

The effects of sintering temperature on the mechanical properties of HA has been
extensively studied. Vickers microhardness of pure HA ranged from 1.17 GPa to
6.86 GPa for various sintering temperatures (Muralithran and Ramesh, 2000;

Ramesh et al., 2007). All HAs had the highest microhardness after sintering at
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1300°C depending on the high relative densities of HAs, regardless of the amount of
doping (Muralithran and Ramesh, 2000; Ramesh et al., 2007). These results showed
that the sintering temperature had a significant effect on the microhardness of the
HAs as it increased the density of the samples. Similar results were obtained in this
thesis. As presented in Table 10, the densification of HAs with elevated sintering
temperature was obtained. Accordingly, the microhardness of samples tended to
increase. As seen in Table 11, the microhardness of almost all HAs significantly
increased (p<0.01) with elevated sintering temperature which was in agreement with

the literature.

Ion doping also had effects on the microhardness of the samples. In the study of
Curran et al., an increase in microhardness was observed with the increase in Sr
amount (Curran et al., 2011). In this thesis, the microhardness of the samples
containing Sr sintered at 900°C was lower than the pure HA, but the microhardness
of the samples containing Sr which were sintered at 700 and 1100°C was quite high

compared to pure HA.

The microhardness values obtained in the study with Mg-doped HAs showed that
the surface hardness of the nanocrystalline HA ceramics was affected by the presence
of Mg during powder synthesis (Kalita and Bhatt, 2007). Accordingly, pure nano-
HA exhibited a hardness of 323.6 + 10.0 HV, while 1.0% wt. Mg-doped nano-HA
had 387.5 + 6.2 HV. This means a 20% increase for Mg-doped HA. Additionally,
the relationship between density and microhardness was also examined and the
density of sintered ceramics increased as the density increased. However, a
significant decrease (p<0.01) in the microhardness of 1Mg0.5BHA samples was
observed in this thesis. The hardness of the 0.5SBHA sample sintered at 700°C was
higher than that of pure HA, while the microhardness decreased by 50% when Mg
was added to this sample. In this case, it can be said that in the light of the literature,
doping of B and Mg together had a negative effect on the microhardness of the
samples. However, it is explained in the following sections that this negative effect

did not influence the biological and mechanical properties of materials.
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Table 11. Vicker's microhardness of the samples (n=5, mean + standard deviation).

Vicker's Microhardness (MPa)

Sample Sintering Temperature
700°C 900°C 1100°C
HA 641.58 + 125.47 | 2028.75 +186.19 | 2789 +296.24
0.5BHA 917.54 +£166.87 | 1157.29 £167.04 | 2722.22 +£319.87*
2Sr0.5BHA 1010.46 £ 160.22 | 786.12 £ 152.43 | 4025.16 + 190.65

1Sr0.25Mg0.5BHA | 927.04 + 120.92% | 1018.15 + 156.89% | 3890.45 + 292.86
0.75Sr0.5Mg0.5BHA | 941.384 £ 57.11 | 1319.78 £81.24 | 4253.04 +322.95
0.5Sr0.75Mg0.5BHA | 1148.5 + 189.46% | 1046.65 + 83.09°% | 3930.43 +310.59

0.25Sr1Mg0.5BHA | 1132.7 +137.92% | 1060.19 £ 98.92% | 5067.52 + 306.78

1Mg0.5BHA 499.55 + 33.31 771.43 £52.04 |2921.39 +306.05*

$ indicates that there was no statistically significant difference (p>0.05) for the same
group which were sintered at 700 and 900°C.

£ indicates that there was no statistically significant difference (p>0.05) between the
sample and pure HA for that sintering temperature.

There was a significant difference between the control group and other groups at that
particular sintering temperature.

3.1.1.7 Scanning Electron Microscopy (SEM)

A general view of the HA particles sintered at different temperatures are shown in
Figure 7 and their average grain sizes measured from SEM images are presented at
Table 12. The morphology of synthesized HA particles in the SEM images was
similar. Different phases (HA and B-TCP) of the materials could not be distinguished
from each other just by investigating their morphology by means of SEM images.
As the sintering temperature was elevated, the growth and coarsening of crystallites
were confirmed by the SEM micrographs. Average grain sizes were in the range of
48-82 nm, 99-116 nm and 231-427 nm for the sintering temperatures of 700, 900 and
1100°C, respectively. In a study, the grain size of nHA particles sintered at 700°C
remained at about 100 nm while for 900°C the grain size of the particles was tripled
(Meejoo et al., 2006). HA-TCP composite powders sintered over a temperature range

of 1000°-1300°C were reported to have an average grain size of 0.6—0.7 pm (Kivrak
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and Tas, 2005). In this thesis, smaller grain sizes were obtained for all sintering
temperatures. Doping of different ions also affected the morphology of HA. In the
samples involving B-Sr and Mg multi-doped, coarsening of the particles with
elevated sintering temperature was much evident. Also, in pure HA, grain sizes upon
sintering at 1100°C were higher compared to other samples. However, grain sizes of
single or co-doped samples (2Sr0.5BHA, 0.5SBHA and 1Mg0.5BHA) remained
smaller than pure and multi-doped HAs. Even if the particle size of Mg and B co-
doped sample was high for 700°C, as the sintering temperature was increased this
doping hindered increase of the particle size. This effect was also reported for 1 wt-
%Mg*" doped HA (Kalita and Bhatt, 2007). The group reported that grain size of 1
wt-%Mg*" doped HA was smaller than that of pure HA. In addition, since the Sr-
hydroxyl distance is greater than the Ca-hydroxyl distance, the grains were expected
to become more irregular as the hexagonal structure of HA was disrupted. Previous
studies also showed that a fraction of Mg?" ions incorporated into the HA structure
leads to irregular grains and the remaining fraction adsorbed on the surface of HA
inhibits grain growth (yields smaller grains) when the content of Mg?* ions was low
(~10%) (Geng et al., 2015). On the other hand, B incorporation was reported to result
in a smaller, fine and ordered grain structure up to a certain dopant concentration
(5%) (Pazargeviren et al., 2021). In this thesis, a synergistic effect of three different
dopant ions on grain size and morphology was observed. Among the samples
sintered at 700°C while the average grain size of three ions multi-doped HAs was
higher than observed in pure HA except 0.755r0.5Mg0.5BHA, it decreased for the
samples sintered at 900°C and 1100°C. However, the changes between the groups at

these sintering temperatures, were not statistically significant.
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Figure 7. General view of HA particles sintered at A)700°C, B)900°C and C)1100°C;
a) HA, b) 0.5BHA, c¢) 2Sr0.5BHA, d) 1Sr0.25Mg0.5BHA, ¢) 0.75Sr0.5Mg0.5BHA,
) 0.5Sr0.75Mg0.5BHA, g) 0.25Sr1Mg0.5BHA, h) 1Mg0.5BHA. Images provided
evidence of increased grain size with increasing sintering temperatures.
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Table 12. Average grain size of samples sintered at different temperatures.

Sample Tesril?l;tzgzﬁre Average Grain Size (nm)
HA 50.62 = 13.03%"
0.5BHA 47.50 + 13.62%"
2Sr0.5BHA 4831 + 14.37%"
1Sr0.25Mg0.5BHA 00°C 53.54 + 13.60%"
0.75Sr0.5Mg0.5BHA 49.23 + 13.80%"
0.5Sr0.75Mg0.5BHA 72.54 +24.01"
0.25Sr1Mg0.5BHA 63.81 + 18.36%"
1Mg0.5BHA 82.34+27.91"
HA 11437 +31.13"%
0.5BHA 115.57 +34.11"%
2Sr 0.5BHA 98.80 + 27.56°
1Sr 0.25Mg 0.5BHA ol 103.75 + 32.80™%
0.75Sr 0.5Mg 0.5BHA 103.76 + 31.47"%
0.5Sr 0.75Mg 0.5BHA 100.71 + 30.97°
0.25Sr 1Mg 0.5BHA 116.32 + 35.58"%
1Mg 0.5BHA 106.68 + 36.59
HA 427.13 £ 120.49%*
0.5BHA 287.34 £122.05%"
2Sr 0.5BHA 231.45+136.35"
1Sr 0.25Mg 0.5BHA 1100°C 359.19 £ 136.60""
0.75Sr 0.5Mg 0.5BHA 319.96 + 149.15""
0.5Sr 0.75Mg 0.5BHA 397.45 £136.34""
0.25Sr IMg 0.5BHA 418.14 £ 152.43"%*
1Mg 0.5BHA 300.24 £ 191.60"

$ indicates that there is statistically significant difference (p<0.05) for the same
group sintered at 700 and 900°C, while + and * represents statistical difference
(p<0.05) for the same group sintered at 900-1100°C and 700-1100°C, respectively.

There is no significant difference between the groups at the particular sintering
temperature.

58



3.1.2 Mechanical Properties

3.1.2.1 Compression Test

Pure and doped HAs sintered at 700, 900 and 1100°C were mechanically tested until
facture was obtained. The maximum compressive strengths of the samples are given

in Table 13.

Table 13. Compressive strength of samples sintered at 700, 900 and 1100°C (n=10).

or (MPa)
Sample
700°C 900°C 1100°C
HA 8.67+2.11%" 897.0+86.84* | 3289.0+196.63"*
0.5SBHA 10.7942.06>" | 3027.84162.52>% | 2939.6+182.44"
2Sr 0.5BHA 21.7743.63%" | 846.1+76.95** | 5346.9+346.88"*

1Sr 0.25Mg 0.5BHA 16.23+3.27>" | 915.2484.61** |1503.2+104.57"**

0.75Sr 0.5Mg 0.5BHA | 21.11+4.03%" | 1065.4+89.97*° |6862.6+283.49"**

0.5Sr 0.75Mg 0.5BHA | 25.04+2.79%" | 1071.7+90.32*% | 5243.44293.31"*

0.25Sr 1Mg 0.5BHA 21.89+3.66>" | 739.8466.92*° | 3040.9+179.68"*

1Mg 0.5BHA 32.2444.85>" | 998.3+91.07*° |1924.9+124.73"+#

$ indicates that there is statistically significant difference (p<0.05) for the same
group sintered at 700 and 900°C, while + and * represents statistical difference
(p<0.05) for the same group sintered at 900-1100°C and 700-1100°C, respectively.

# shows there is significant difference (p<0.05) between the marked group and all
the groups at the particular sintering temperature.

The strength of brittle polycrystalline materials is highly dependent on porosity and
grain size (Knudsen, 1959). Rao and Boehm (1974) reported that the compressive
strength of apatite is exponentially dependent on porosity (Rao and Boehm, 1974).

Both the modulus of elasticity and Poisson's ratio were found to be linearly

proportional to the density of sintered hydroxyapatite with a theoretical density
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above 75%. As the porosity increased from about 8% to about 70%, compressive

strength decreased logarithmically (Watts, 1993).

Aoki (1991) reported that the mechanical properties of sintered synthetic HA varied
depending on the sintering temperature. According to this study, as the sintering
temperature was varied between 1150 to 1300 °C, compressive strength of the
samples increased from 308 + 46 MPa to 509 &+ 57 MPa while the elastic modulus of
the samples increased from 42.2 + 3.8 GPa to 81.4 + 4.6 GPa (Aoki, 1991).

It was observed that the sample having the highest compressive strength was
0.75S8r0.5Mg0.5BHA  (p<0.05) sintered at 1100°C, then 2Sr0.5BHA,
0.5Sr0.75Mg0.5BHA, HA, 0.25Sr1Mg0.5BHA, 0.5BHA, 1Mg0.5SBHA and
1Sr0.25Mg 0.5BHA (p<0.05) groups were observed. Among the samples sintered at
900°C, the compressive strength of all groups increased with respect to the
compressive strength of pure HA, except for the 2Sr0.5BHA and 0.25Sr1Mg0.5BHA
groups. Accordingly, the groups having the highest compressive strength were as
follows; 0.5BHA  (p<0.05), 0.75Sr0.5Mg0.5BHA, 0.5Sr0.75Mg0.5BHA,
1Mg0.5BHA, 1Sr0.25Mg0.5BHA, HA, 2Sr0.5BHA and 0.25Sr1Mg0.5BHA. The
compressive strength of all synthesized and sintered groups was found to be higher
than the studies in literature (Akao et al., 1981; Aoki, 1991; Ascenzi and Bonucci,
1967; LeGeros, 1988).

Compared to the literature, the compressive strength of HA with different amounts
of ion doped and sintered at different temperatures was approximately 10 times
higher than that of cortical bone and approximately 3 times higher than dentine and

dental enamel.

3.1.2.2 Diametral Test

Diametral tests of pure and doped HAs sintered at 700, 900 and 1100°C were
performed until fracture (Table 14). The diametral strength of the samples ranged
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from 3.87 to 18.04 MPa. The samples subjected to diametral testing had a density of
82.1-100.0% of the theoretical density of HA (Table 10).

Table 14. Diametral strength of the samples (n=10, mean + standard deviation).

oD (MPa)
Sample Sintering Temperature
700°C 900°C 1100°C

HA 425+0.34%" | 559+0.75%" | 1429+ 1.07%"
0.5BHA 49+1.18" 4.18 +2.3% 17.38 +2.35™®
2Sr0.5BHA 486+047% | 5.86+3.16"" | 14.59 £2.25%™
1Sr0.25Mg0.5BHA 3.87+0.95" | 441+0.78%¥ | 13.92+2.17+*
0.75Sr0.5Mg0.5BHA 6.01 £2.51"" 5.87+2.1% 9.78 + 2.34%+4
0.5Sr0.75Mg0.5BHA 5.48 +3.429 7.27 + 1.9¢ 18.04 + 3.04%¢
0.25Sr1Mg0.5BHA 5.05+1.78" | 7.74+1.35% 7.69 +2.19*
1Mg0.5BHA 3.69+1.17%" | 6.73£2.17%" | 10.42+2.06%*¢

Number sign (#) indicates p<0.01, dollar sign ($) indicates (p<0.05) between the
sample and pure HA (control) for that sintering temperature. ¥, +, *, ** @, Q, ***,
ALY 4+ 10, £,0, 0 7 ¢ show significant difference for the same group sintered at
different temperatures at p<0.05.

Diametral strength of HAs may vary with various parameters. Some of these
parameters can be listed as the contact area during the test, the diameter and thickness
of the disc, the amount of porosity in the sample, the distribution of the pores, and
the Poisson ratio of the material (Chau and Wei, 2001; Evis and Oztiirk, 2008). The
diametral strength of HA varies between 1-35 MPa (Bigi et al., 1993; Evis and
Oztiirk, 2008; Komlev et al., 2003) which is a fairly wide range. Diametral strength
of the samples in this thesis increased with an increase in the density and sintering
temperatures as reported in previous studies (Evis and Oztiirk, 2008). For only
0.755r0.5Mg0.5BHA; the diametral strength of the sample sintered at 900°C was
numerically less than that of the sample sintered at 700°C, however there was no
significant difference. Additionally, ion addition affected the diametral strength of

the materials. For example, while the diametral strength of pure HA sintered at
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1100°C was 14.29+1.07 MPa, the highest diametral strength (18.04+3.04 MPa) was
obtained in a sample of 0.5Sr0.75Mg0.5BHA sintered at 1100°C. However, the
lowest diametral strength (3.69+1.17 MPa) was obtained from a sample of
1Mg0.5BHA sintered at 700°C, which was significantly different than all groups
(p<0.05). The addition of Mg?* ion to HA reduces the strength of ceramics (Zyman
et al., 20006).

The maximum diametral strength of HA was affected predominantly by the amount
of porosity of the material (Bigi et al., 1993; Chau and Wei, 2001; Evis and Oztiirk,
2008). However, other factors such as particle size, presence of impurities,
distribution of pores, and the presence of second phases may also affect the diametral
strength of HA. The presence of multiple phases such as B-TCP and HA may lead to
a reduction in the diametral strength of the HA/B-TCP biphasic ceramics. This may
be due to stress formation in samples due to differences in thermal expansion
coefficients of co-existing phases (Slésarczyk et al., 1997). However, biphasic
ceramics had higher biological reactivity and osteointegration than pure HA (Kannan
and Ferreira, 2006; Slosarczyk et al., 1997). B-TCP phase in biphasic ceramics
promotes bone growth due to its relatively higher biodegradation rate and bone-
bonding ability (Yang and Wang, 1998). Interestingly, the highest diametral strength
(18.0 MPa) was obtained in the 0.5S5r0.75Mg0.5BHA sample sintered at 1100°C
with 51.5% B-TCP phase. It was previously proposed that due to the combination of
compressive strengths of porous TCP and porous HA networks, the interpenetrating

TCP/HA composite would have a sufficient compressive strength (Miao et al., 2005).

3.1.3 Biological Characterization

3.1.3.1 Alamar Blue™ Cell Viability Test

To mimic the ionic environment of natural bone, B, Mg or Sr doping to HA have
been reported to improve osteogenic properties and biocompatibility of HA

(Capuccini et al., 2009; Kulanthaivel et al., 2015; Tuncay et al., 2017). The viability
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of Saos-2 cells on the pure and multi-doped HA sintered at 700, 900 and 1100°C was
determined by the AlamarBlue™ cell viability assay for 7 days (Figure 8). Pure HA
was used as a control group because HAs are biocompatible and have positive effect
on cell proliferation (Bose et al., 2010; Lee et al., 2013; Zhang et al., 2015). Relative
cell viability on all the samples sintered at 700°C (Figure 8A) was higher than pure
HA (control) except 0.75S5r0.5Mg0.5BHA which was also close to pure HA on the
first day. The viability of cells in 0.5BHA group significantly increased (p<0.05).
Cell viability on 1Sr0.25Mg0.5BHA increased two-fold with respect to pure HA
(p<0.05). At the 4™ day, cell viability almost doubled in 1Sr0.25Mg0.5BHA,
0.5Sr0.75Mg0.5BHA and 1Mg0.5BHA groups, while cell viability increase in
0.25Sr1Mg0.5BHA groups was 3.5-fold, demonstrating active bone cell
proliferation. On the 7" day, the viability of cells in all groups, except 0.5BHA,
significantly increased 2.5-3 times compared to the results of their first day, while
the increase for 0.25Sr1Mg0.5BHA was 13%. For pure HA, this increase was about
0.5-fold. Even though the number of viable cells on 0.5BHA was less than the other
groups, it was still higher than pure HA. Cell viability on 0.25Sr1Mg0.5BHA group
decreased at day 7, but it was still higher than that of day 1.

Among the samples sintered at 900°C, results of the first day of incubation (Figure
8B) revealed that cell viability in all groups was 1.5-2.2 times higher than observed
in pure HA (p<0.05 for 0.75Sr0.5Mg0.5BHA, p<0.01 for others). However, on the
4™ day, cell viability in pure HA increased 2.5-fold, while cell viability in 0.5BHA
group slightly decreased when compared to first day. Similarly to pure HA, the cell
viability of the other groups was almost 3-fold. Nevertheless, on day 7, cell viability
in 1Sr0.25Mg0.5BHA and 1Mg0.5BHA groups was lower than observed in pure HA
group (p<0.05 for 1Sr0.25Mg0.5BHA, p<0.01 for 1Mg0.5BHA), while cells on
0.5BHA, 2Sr0.5BHA, 0.75Sr0.5Mg0.5BHA,  0.5Sr0.75Mg0.5BHA  and
0.25Sr1Mg0.5BHA continued to proliferate. Ciftci et al. (2015) studied the adhesion,
proliferation and osteogenic differentiation of human bone marrow-derived

mesenchymal stem cells (MSCs) on B-doped nano HA. They reported that the
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adhesion and proliferation rates of MSCs were higher on B-doped nano-HA than on

those of pure HA (control) (Ciftci et al., 2014).

Relative cell viability on the samples sintered at 1100°C is presented in Figure 8C.
Among all groups 2Sr0.5BHA had higher cell proliferation. The viability of
2Sr0.5BHA was 4 times higher (p<0.01) than that of control on day 7. The highest
cell proliferation was observed in this group on all days. The doping of Sr into the
structure of CaPs was reported to be beneficial on the response of various hard tissue-
related cells in vitro (Avci et al., 2017; Ravi et al.,, 2012). In this thesis,
AlamarBlue™ assay results clearly showed that the Sr-doped HA was non-cytotoxic,
and it also promoted cell proliferation. In another study, Sr-doped HA increased
adhesion and proliferation of OPCI1 cells and showed no negative effect on
extracellular matrix formation and mineralization compared to pure HA (Xue et al.,

2006).

Magnesium is one of the most important divalent ions associated with biological
apatite. In a study by Qi et al., Ti6Al4V was coated with Mg doped HA
((Ca10-xMgx)(PO4)s(OH)2) and magnesium added up to x = 2 had no inhibitory effect
on the growth of MG63 cells. The study of Landi et al., also showed that Mg-doped
HA was a favorable biomaterial in terms of adhesion and proliferation of osteoblast-
like cells (MG-63) as well as for osteoblast precursors (MSCs) compared to
stoichiometric HA (Landi et al., 2008). In this thesis, B, Sr and Mg co-doped HA
promoted cell proliferation which was in agreement with the literature (Gopi et al.,

2014b; Qi et al., 2008).
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Figure 8. Viability of Saos-2 cells on pure and doped HA sintered at A) 700°C, B)

4). The error bars

represent the standard error of means. For Figures A and B at day 1 there was

temperature, except the groups indicated with # (p>0.05). a and B denote statistical

significant difference (p<0.05) between pure HA and all groups sintered at the same
difference between the group and pure HA group, at day 1 (a: p<0.01, B: p<0.05).

900°C and C) 1100° C and incubated for 1, 4 and 7 days (n

the rate of proliferation of the

There was no toxic effect of the ion addition or the sintering temperature on Saos-2

cells. However, as the sintering temperature increased,

, and highest increase was observed on the

cells was slower between 1° and 4™ days

7% day.

surface energy of the implanted

Many factors such as surface area, topography,

material affect the cell response (Ratner et al., 1987; Zreigat et al., 2005).
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Accordingly, they all depend on the grain size of the material (Webster, 2001). Most
of the studies suggested that better cell proliferation rate was obtained on HA with
smaller grain size. Due to the lower contact angle obtained with the reduction in the
grain size, higher cell media interact with HA surface which is the reason for better
cell proliferation rate (Bose et al., 2010). However, some studies showed that higher
grain sized HA was obtained with higher sintering temperatures and the proliferation
rate of cells on these HAs was higher than the others. For example, in a study of
Wang et al., HA sintered with three different temperatures was seeded with Saos-2
cells. The highest proliferation rate of Saos-2 cells was obtained on HA sintered at
high temperature (1200°C) (Wang et al., 2004). In the present study, when the
sintering temperature increased from 700 to 900°C, cell proliferation rates were
generally increased. With increasing the sintering temperature to 1100°C, a small
decrease in the cell proliferation rate was observed. However, cell viability on the
groups of 0.5BHA and 2Sr0.5BHA sintered at 1100°C remained as high as those on
900°C. Owing to higher diametral strength and crystallinity values, it can be thought
that samples sintered at 1100°C have potential to be used in BTE.

3.1.3.2 Alkaline Phosphatase (ALP) Activity Test

During active bone deposition osteoblast cells produce ALP, therefore ALP is one
of the early markers of osteogenic differentiation (Watts, 1999). ALP activity was
determined to investigate the effect of B, Sr and Mg ions in the structure of HA, on
the osteogenic activity of Saos-2 cells. Specific ALP activities of Saos-2 cells on

pure and doped HAs after 7 and 14 days of incubation are presented in Figure 9.
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Figure 9. Specific ALP activity of Saos-2 cells seeded on pure and doped HA
sintered at A) 700°C, B) 900°C and C) 1100°C and incubated in osteogenic
differentiation medium at 37°C for 7 and 14 days (n=4). The error bars represent the
standard error of means. For Figures A and B there was significant difference
(p<0.05) between pure HA and all groups_sintered at the same temperature at day 7,
except the groups indicated with # (p>0.05). B implies the difference between pure
HA and the given group at day 7 (p<0.05).

Among samples sintered at 700°C (Figure 9A), ALP activity of cells on 0.5BHA
discs was quite close to that of pure HA. For the group 2Sr0.5BHA, ALP activity
was higher than observed in pure HA on days 7 and 14. On day 7, 4-fold higher ALP
activity was observed for 1Sr0.25Mg0.5BHA and 3-3.5-fold higher ALP activity for
0.755r0.5Mg0.5BHA and 0.5Sr0.75Mg0.5BHA groups compared to the control
group. These results were also in agreement with the viability results (Figure 8).

Compared to the control group, almost 2-fold increase in the osteogenic activity of
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the cells on 0.25Sr1Mg0.5BHA and 1Mg0.5BHA groups was observed. On day 14,
a slight decrease for 1Sr0.25Mg0.5SBHA group was found while on the other group
ALP activity continued to increase (p<0.01). ALP activity of cells on
1Sr0.25Mg0.5BHA reached its maximum value on day 7, while for
0.755r0.5Mg0.5BHA, 0.55r0.75Mg0.5BHA, 0.25SrI1Mg0.5BHA and 1Mg0.5BHA
cells reached their maximum ALP activities on day 14. Moderate levels of Sr and
Mg doping gave the highest ALP activity result for the samples sintered at 700°C.
Proliferation of bone cell and bone formation in vitro were enhanced with Sr salts
(Canalis, 1996), in a dose dependent manner, when they were both directly added
into cell culture (Verberckmoes et al., 2003), and when they were associated to
calcium-phosphate scaffolds (Qiu et al., 2006). Osteoblastic differentiation of MSC
and osteogenic activity of MG63 cells were promoted with the presence of Sr in the
samples (Capuccini et al., 2009; Coulombe et al., 2004; Curran et al., 2011). Other
studies showed that Mg doping to HA structure leads to an increase in ALP
production (Webster et al., 2004).

ALP activities of the Saos-2 cells on all doped HAs sintered at 900°C (Figure 9B)
significantly increased (p<0.05 for 0.5BHA, p<0.01 for others) compared to pure
HA. On day 7, the highest ALP activity was observed in 0.75Sr0.5Mg0.5BHA group.
There was also 2.5-fold increase in 1Mg0.5BHA group compared to pure HA. On
the 14" day, among samples 0.75Sr0.5Mg0.5BHA and 0.5Sr0.75Mg0.5BHA gave
the highest ALP activity result. Almost 5-fold increase was observed for these groups
compared to pure HA. Again, 0.75Sr0.5Mg0.5BHA and 0.5Sr0.75Mg0.5BHA
groups sintered at 900°C contributed the most to osteoblastic activity which was

consistent with cell viability results (Figure 8B).

The osteogenic activity of cells on samples sintered at 1100°C (Figure 9C) was found
to be quite high compared to samples sintered at 700 and 900°C. At day 7, ALP
activity of the cells on 0.5SBHA was significantly higher (p<0.05) than pure HA,
while there was a slight decrease in the 1Sr0.25Mg0.5BHA and
0.5Sr0.75Mg0.5BHA groups (p<0.05). Moreover, even though no significant

difference was found, lower ALP activity of cells was observed in other groups at
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day 7 compared to pure HA. On the 14™ day, among HA, 0.5SBHA, 2Sr0.5BHA and
1Sr0.25Mg0.5BHA groups, for the groups having greater than or equal to 0.5 mol %
Mg addition (x>0.5, Caio-x-yMgxSry(PO4)s-zB(OH)2), ALP activity of cells decreased
or remained the same. Having higher osteoblastic activity on the samples sintered at
1100°C may be due to reaching confluency faster on these discs and transition from
proliferation to differentiation state as reported by other researchers (Basar et al.,

2010; Ratisoontorn et al., 2005).

3.2 Characterization of PCL-PEG-PCL

3.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

PCL-PEG-PCL copolymer synthesized was characterized by FTIR analysis and its
absorption peaks are presented in Figure 10A. Characteristic peaks of both PEG and
PCL fragments were detected in the FTIR spectrum of the synthesized PCL-PEG-
PCL triblock copolymer (Feng et al., 2012). Characteristic band of PCL, which is
originating from C=0 vibrations in the ester carbonyl group of the repeating PCL
units, was detected at 1721 cm™'. Another characteristic band of the PCL, which was
assigned to -COO- vibrations was observed at 1238 cm™!. Absorption bands resulted
from symmetric and asymmetric -CHz- stretching vibrations of homogeneous order
of PCL units, were detected at 2945 cm™ and 2866 cm!, respectively (Mishra et al.,
2011). The tensile vibration for ether bonding of the PEG units in the PCL-PEG-
PCL copolymer appeared at 1108 cm’. Peaks at 963 and 842 cm™' were the
characteristic bands of the crystal phase of PEG.
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Figure 10. A) FTIR spectrum of synthesized PCL-PEG-PCL copolymer, B) 'H NMR
spectrum of synthesized PCL-PEG-PCL copolymer

3.2.2 Proton Nuclear Magnetic Resonance ('H NMR) Spectroscopy

Synthesized PCL-PEG-PCL copolymer was characterized by '"H NMR analysis and
absorption peaks are presented in Figure 10B. The 'H NMR spectrum of the PCL-
PEG-PCL triblock copolymer displayed characteristic 'H bands in accordance with
the literature (Yuan et al., 2008). The peaks at 1.30, 1.65, 2.32 and 4.06 ppm define
the methylene protons of -(CH2)3-, -OCCH2- and -CH200C- in PCL units,
respectively. The peak at 3.65 ppm was due to -CH2CH20- methylene protons in the
PEG units in the block copolymer. Triblock copolymer formation was confirmed by
very weak peaks at 4.23 and 3.82 ppm, resulting from -O-CH2-CH2- methylene
protons in the PEG terminal associated with PCL blocks (Ma et al., 2010). 'H NMR
analysis showed that the synthesized polymer was a triblock copolymer and that the

PEG blocks and PCL blocks were linked by ester bond.

The experimental and theoretical monomer ratios (¢-CL/EG) and average molecular
weight (Mn) of the synthesized copolymer are given in Table 15. Mn value of the

copolymer was determined using the initial concentration ratios and the integrity
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ratio of the "H NMR peaks of the methylene protons (-CHz-) belonging to the PCL
and PEG segments at 4.07 ppm and 3.65 ppm, respectively (Liu et al., 2008).

Table 15. Average molecular weights of synthesized PCL-PEG-PCL triblock
copolymer according to 'H NMR and GPC analyses

[e- [e- Mn™* Mn& Mw&
Polymer . . Mw/Mn¥
CLV[EG] | CLV[EG]" | (g/mol) | (g/mol) | (g/mol)

PCL-
PEG-PCL

9.25:1 3.96:1 45165.56 | 30486 | 47467 | 1.557

* Initial concentration ratio for polymerization reaction

** TH NMR peaks were used to calculate e-PCL/PEG ratio.

** The Mn value was determined based on the integrity ratio of 'TH NMR peaks at
4.07 ppm and 3.65 ppm.

& The Mn, Mw and Mw/Mn values were calculated from GPC analysis.

3.2.3 Gel Permeation Chromatography (GPC)

The number-average molecular weight (Mn), weight-average molecular weight
(Mw) and polydispersity index (PDI, Mw/Mn) of the synthesized PCL-PEG-PCL
triblock copolymer were obtained with GPC and the data obtained are presented in

Table 15.

PDI is a measure of the molecular mass distribution in the polymer sample, and the
PDI value for a homogeneous molecular weight polymer is 1. This value increases
as the polymer dispersion becomes less homogeneous. Typical commercial polymers
have PDI values in the range of 1.5-5. The PDI value of the synthesized PCL-PEG-
PCL (1.557) was found to be very close to 1.5. This indicates that the triblock

copolymer had a homogeneous molecular mass distribution.
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3.3 Characterization of PCL-PEG-PCL/B, Sr, Mg Multi-Doped
Hydroxyapatite Composite Scaffolds

3.3.1 Production of Composite Scaffolds

3.3.2 Determination of Porosity of Scaffolds

Macropores offer larger surface area for tissue growth in the implanted area, and
having micropores inside macropores presents better cellular infiltration inside the
scaffold (Gentile et al., 2012). It is known that the presence of different pore sizes
in the scaffold structure causes faster and better bone healing (Roy et al., 2003). In-
Vvivo studies have shown that a pore size less than 100 pm inhibits the bone growth
(Lee et al., 2013). For this reason, the size of the porogen should be at least 100 um
in size. In order to obtain a homogeneous pore size, the porogen sizes must be
homogeneous (Siddiq and Kennedy, 2015). For this reason, NaCl has been used in
scaffolding after it is ground and sieved. After NaCl removal form the scaffolds,
weight loss corresponded to the weight of NaCl added to the scaffolds very close to
the theoretical ones (Table 16). The porosity of the scaffolds is also presented in
Table 16. The porosity of each scaffold, in 1:1 PCL-PEG-PCL: NaCl 1:1.45 and
PCL-PEG-PCL:NaCl ratios were about 50% and almost 60%, respectively, which

were close to the theoretical values (p<0.05).
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Table 16. Theoretical and experimental weight changes in scaffolds by removal of
NaCl and experimental porosity of the scaffolds (n = 5)

Theoretical

Experimental

Sample Z\lfleight Weight Exlgzir;i;ltal
ange Change %)
(%) (o)

1:1 -65.52 -64.27+0.94 | 49.04+0.72"
1:1.45 -64.29 -63.08+£1.02 | 58.87+0.95%
1:1+10% HA -63.34 -61.23+1.35 | 48.33+1.07
1:1+20% HA -71.05 -70.3+0.96 49.49+0.68"
1:1.45+10% HA -61.29 -59.88+1.67 | 58.61+1.64"
1:1.45+20% HA -69.23 -68.25£0.98 | 59.15+0.85%
1:1+10% 0.5SBHA -63.34 -60.39+1.36 | 47.67£1.07"
1:1+20% 0.5BHA -71.05 -70.86+1.54 | 49.87+1.08"
1:1.45+10% 0.5BHA -61.29 -60.54+1.23 | 59.26+1.207
1:1.45+20% 0.5BHA -69.23 -68.88+1.92 | 59.69+1.66"
1:1+10% 2Sr 0.5SBHA -63.34 -63.06+1.78 | 49.77+£1.41
1:1+20% 2Sr 0.5BHA -71.05 -69.92£0.96 | 49.21+0.67"
1:1.45+10% 2Sr 0.5BHA -61.29 -59.86£1.20 | 58.60+1.17%
1:1.45+20% 2Sr 0.5SBHA -69.23 -68.41£1.52 | 59.29+1.32"
1:1+10% 0.5Sr 0.75Mg 0.5SBHA -63.34 -62.72+1.63 | 49.51+£1.29"
1:1+20% 0.5Sr 0.75Mg 0.5BHA -71.05 -69.07+1.21 | 48.61+0.85"
1:1.45+10% 0.5Sr 0.75Mg 0.5BHA | -61.29 -61.02£1.09 | 59.74+1.07%
1:1.45+20% 0.5Sr 0.75Mg 0.5BHA | -69.23 -68.78+1.47 | 59.61+1.27%

* and # indicate significant difference (p<0.05) between 50% and 60% porosity,
however there is no significant difference among the groups having the same
porosity.
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3.3.3 Thermogravimetric (TGA) Analysis of Scaffolds

After the compression molding process, scaffolds were incubated in a water bath for
2 days to make scaffolds free of porogen salt particles. Then, by heating the porous
samples from 30°C to 1100°C, all contents except HA were removed. The results
showed that the amount of HA in the scaffolds was very close to the theoretical

values (Table 17).

Table 17. The amount of HA in the scaffolds

Theoretical Experimental

Sample Amount of HA Amount of HA

(%) (%)
1:1 0 0
1:1.45 0 0
1:1+10% HA 10 8.6
1:1+20% HA 20 16.4
1:1.45+10% HA 10 10.2
1:1.45+20% HA 20 17.4
1:1+10% 0.5BHA 10 8.2
1:1+20% 0.5BHA 20 16.8
1:1.45+10% 0.5BHA 10 9.3
1:1.45+20% 0.5BHA 20 17.1
1:1+10% 2Sr0.5BHA 10 8.5
1:1+20% 2Sr0.5BHA 20 18.2
1:1.45+10% 2Sr0.5BHA 10 8.8
1:1.45+20% 2Sr0.5BHA 20 16.9
1:1+10% 0.5Sr0.75Mg0.5BHA 10 9.1
1:1+20% 0.5Sr0.75Mg0.5BHA 20 17.2
1:1.45+10% 0.5Sr0.75Mg0.5SBHA 10 8.9
1:1.45+20% 0.5Sr0.75Mg0.5BHA 20 17.3

74



3.3.4 In Vitro Degradation and Water Uptake Test

Degradation of polymers is affected by many factors, such as the molecular weight,
molecular structure and composition of polymer, its crystallinity, and the presence
of cross-links etc.(Gopferich, 1996). However, no significant change was observed
in the structural unity and weights of pure PCL-PEG-PCL and PCL-PEG-PCL/B-Sr-
Mg doped HA scaffolds during 3 weeks of incubation in PBS at 37°C. Moreover,
the porosity of the scaffolds had no notable effect on the degradation of the scaffolds.

The water uptake of the scaffolds can propose the capacity to transport proteins and
other body soluble substances from outside into and from inside to out of the
scaffold, and can promote cellular invasion (Long et al., 2015). Water uptake
capacity of the scaffolds containing 10% and 20% inorganic phase is presented in
Figure 11A and 11B, respectively. This analysis showed that pure PCL-PEG-PCL
and PCL-PEG-PCL/B-Sr-Mg doped HA scaffolds can keep a significant amount of
water in their structure and water uptake continued to increase (Pazargeviren et al.,
2017; Turkkan et al., 2017). Higher water uptake (p <0.05) was observed in 60%
porous scaffolds with different amounts of pure/doped HA compared to their 50%
porous counterparts. In addition, cationic ions like Ca®>" Sr** and Mg?* in HA present
strong water adsorption sites (Shimabayashi et al., 1981). Therefore, as the amount
of inorganic phase increased, the water uptake percentage slightly increased, but
there was no significant difference between the water uptake amounts of samples
containing 20% inorganic phase and 10% inorganic phase. Similarly, no significant
difference was found between the water uptake capacities of silk fibroin-PCL-PEG-
PCL/PCL-based double-layered membranes containing different amounts (0%, 10%
and 20% w/w to polymer) of Nano-CaP (Tiirkkan et al., 2017). However, in another
study, ~65% porous PCL-PEG-PCL (PCEC) scaffolds containing different amounts
of CLN were found to have higher water holding capacity than ~50% porous groups,
and a significant difference was found between all groups (Pazargeviren et al., 2017).
This significant difference may have been due to non-homogeneous pore size

distribution in the structure of the scaffolds. Water uptake capacity of materials is
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highly influenced by the porosity. Therefore, higher porosity of the scaffolds
provides large surface area and this could be the reason of higher water uptake (Park
et al., 2015). In this thesis, porogen materials which were used for scaffolding were

sieved to obtain homogeneous pore size distribution.
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Figure 11. Water uptake capacity of the composite scaffolds containing A) 10% and
B) 20% inorganic phase (n = 3). The water uptake capacity of the groups marked
with * is significantly different from the 50% porous groups (p<0.05) at each
incubation period. A significant difference is found between the water uptake
capacity in the group marked with # and the other groups (p<0.05).
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3.3.5 In Vitro Bioactivity Analysis

The bioactivity of the scaffolds was determined by placing scaffolds in SBF solution
for different incubation periods (Figure 12 and Figure 13). CaP mineralization
occurred on all scaffolds incubated in SBF solution. CaP precipitation was observed
on scaffolds with 10% and 20% inorganic phases after 1 day of incubation, while in
pure PCL-PEG-PCL scaffolds, a small amount of CaP precipitation was observed at
the end of first week. Phosphate ions in SBF solution interact with positively charged
calcium in pure HA, and positively charged calcium, magnesium and strontium ions
in doped HA and transformed into amorphous CaP, which acts as a template for the
formation of crystal apatite (Goh et al., 2014). Micro-sized spherical apatites formed
on the surface of the scaffolds (Figure 12 and Figure 13). These apatites were
observed without a regular orientation on the surface of the scaffolds and even in the
inner regions of the pores. Faster CaP precipitation occurred on the scaffolds

containing HA (especially pure HA and 2Sr0.5BHA) compared to the control group.

SEM analysis showed that apatite accumulation in 50% porous scaffolds was higher
in the groups containing 20% 0.5BHA and 2Sr0.5BHA, among those with 60%
porosity, the highest accumulation occurred in the scaffolds containing 10% HA and
20% 0.5BHA. This suggests that doping the B ion alone or with Sr increases
bioactivity. Randomly distributed cauliflower-like apatite formations were observed
in silk fibroin-PCL-PEG-PCL/PCL-based double-layer membranes containing 10%
and 20% nano-CaP (Tiirkkan et al., 2017). In another study, more apatite was formed
on the surface of Mg or Sr doped nano-HA/chitosan (nHA/CS) scaffolds than in pure
nHA/CS scaffolds (Heshmatpour et al., 2018). In another study, SEM analysis
showed that the addition of Sr ion to the structure of HA increases bioactivity
(Suganthi et al., 2011). In the EDX elemental analysis, calcium, phosphate and
oxygen ions present in the structure of CaPs were determined. In this analysis, the
carbon ion originating from the polymer structure was also detected. At the end of 7
days of incubation, the Ca/P ratios of the apatite layer formed in the groups

containing 50% porous pure HA and Sr and B doped HA (1.662 and 1.654,
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respectively) were very close to the Ca/P ratio of stoichiometric HA (1.67). Ca/P
ratios of sediments observed in other groups were in the range of 1.72-1.91, which

belong to other CaP phases in the body (Paiva et al., 2006).
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Figure 12. CaP accumulation on 50% porous scaffolds after 1, 7 and 14 days of
incubation in SBF at 37°C.
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Figure 13. CaP accumulation on 60% porous scaffolds after 1, 7 and 14 days of
incubation in SBF at 37°C.
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Change in pH of SBF in which pure PCL-PEG-PCL and PCL-PEG-PCL/B-Sr-Mg
doped HA scaffolds were immersed for 14 days is shown in Figure 14. In the first
24h, there was a gradual increase in the pH value from 7.4 to 9.5 due to the ionic
exchange between H' ions from SBF and Ca?* ions on the surface (Alshemary et al.,
2018). After 24h, pH of SBF in all samples decreased due to the use of OH- ions
released by the SBF solution to form the apatite layer (Gu et al., 2004). After 7 days
of incubation, the pH of the solution stabilized by the balance established between

the dissolution/precipitation processes.
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Figure 14. Change in the pH of SBF in which PCL-PEG-PCL/B-Sr-Mg doped HA
scaffolds are incubated (n =5)
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3.3.6 Compression Test

In literature, the required mechanical strength of a scaffold has been specified as a
minimum of 100 kPa depending on the target tissue (Zhang et al., 2006). Pure PCL-
PEG-PCL and PCL-PEG-PCL / B-Sr-Mg doped HA composite scaffolds were
mechanically tested and until 10% strain was obtained in the samples the test was
continued. The compressive strength and modulus of the samples were obtained from
the maximum point of the stress-strain curve (Table 18). Compressive strengths of
all scaffolds were similar. Compressive strength decreases with increased porosity
(Karageorgiou and Kaplan, 2005). Therefore, as expected, scaffold groups with 1:1
PCL-PEG-PCL: NaCl ratio (50% porosity) showed higher compressive strength than
the other groups (60% porosity). Scaffolds containing 2Sr0.5BHA with 50%
porosity (1:1+10% 2Sr0.5BHA and 1:1 +20% 2Sr0.5BHA) had higher compressive
strength than all other scaffolds (p <0.05). The effect of HA content in composite
scaffolds on the compressive strength of the scaffolds was clearly seen. Scaffolds
with higher HA content provided better compressive strength than scaffolds
containing less HA (p <0.01). In addition, the highest compressive strength after
2Sr0.5BHA scaffolds was obtained in groups containing pure HA, 0.5BHA and
0.5Sr0.75Mg0.5BHA, respectively (p <0.05). An average of 32%, 52%, 93% and
129% increase for scaffolds containing 0.5Sr0.75Mg0.5BHA, 0.5BHA, pure HA,
and 2Sr0.5BHA was observed respectively, compared to the maximum compressive
stresses of the control groups (50% and 60% porous pure PCL-PEG-PCL). Increase
in porosity of scaffolds causes a decrease in the mechanical properties (Saghebasl
et al., 2018). As stated in literature, as the volume of pores in the structure increases,
stress concentration points increases around the perimeter of the pores (Rice, 1997).
Therefore, the lower porosity of 50% porous scaffolds provided significantly higher
compressive strength than the 60% porous scaffolds. Although not statistically
significant, the compressive strength and compressive modulus were found higher
in the 50% porous groups with the same ions than the 60% porous groups. In the

study of Pazargeviren et al., higher compressive strength and compressive modulus
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were obtained in groups with low porosity (1:1 PCEC:NaHCO3) than groups with
high porosity (1: 2, PCEC: NaHCO3). In addition, scaffolds with 20% inorganic
phase (CLN) content offered better mechanical properties under compression
compared to scaffolds containing 10% inorganic phases. Compressive modulus was
also found lower in 1:2 (PCEC: NaHCO3) groups with higher porosit