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ABSTRACT

SYNTHESIS CHARACTERIZATION AND MODIFICATION OF
a-TRICALCIM PHOSPHATE BASED BONE SUPPORTING SYSTEMS

Cicek, Giilgin
M.Sc., Department of Biomedical Engineering
Supervisor: Prof. Dr. Nesrin Hasirct

Co-Supervisor: Dr. Eda Ayse Aksoy

February 2012\99 pages

The constitutive studies of this thesis were achieved and presented in three parts. In
the first part, the effects of solid state synthesis process parameters and the impurity
content of primary calcium precursor on the cement-type hydration efficiency for the
conversion of a-tricalcium phosphate (Cas(PO4), or a-TCP) into hydroxyapatite
(Cago-xHPO4(PO4)s-x(OH)2x X = 0—1, or HAp) have been investigated (at 37°C). a-
TCP was synthesized by thermal processing of stoichiometric amounts of calcium
carbonate (CaCOs3) and monetite (CaHPO,) at 1150-1350°C for 2 h. Three
commercial grade CaCOj3 powders of different purity were used as starting materials
for the synthesis process and the resultant o-TCP products for all synthesis routes

were compared in terms of the material properties and their reactivities.

In the second part of the studies, a-TCP and chitosan fiber (CF) composites were
prepared as injectable bone cement systems which have a potential to degrade in time
to be replaced by the natural bone tissue. a-TCP/CF composites were prepared in
different compositions and the effect of CF addition on cement properties were



examined by mechanical and injectability tests as well as microstructural and phase

analysis studies.

In the third part of the studies, metal chelating property of CFs was used on
development of controlled zinc release systems that can be applied in local zinc
deficiency therapies of bone tissue. For this purpose, CF scaffolds were prepared by
wet-spinning technique and appropriate amount of zinc was loaded to these scaffolds
in regard to the zinc content of a healthy human bone tissue. Zinc release studies
were performed on calcium phosphate (CaP) covered and non-covered CF scaffolds
and zinc ion concentrations of the release solutions were determined by ICP-MS.

Keywords: Calcium Phosphate, a-Tricalcium Phosphate, Chitosan, Composite,

Zinc Chelating.
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a-TRIKALSIYUM FOSFAT BAZLI KEMIK DESTEK SISTEMLERININ
SENTEZLENMESI, KARAKTERIZASYONU VE MODIFIKASYONU

Cigek, Giilgin
Yiiksek Lisans, Biyomedikal Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Nesrin Hasirci

Ortak Tez Yoneticisi: Dr. Eda Ayse Aksoy

Subat 2012\99 sayfa

Bu tezi olusturan calismalar ii¢ asamada gergeklestirilmis ve ii¢c boliimde
sunulmustur. 1k boliimde, o-trikalsium fosfatin (Cas(POs)2, a-TCP) hidroksiapatite
(CazpxHPO4(PO4)sx(OH)2.x X = 0-1, HAp) doniismesindeki hidrasyon etkinligi
tizerine kati hal sentez parametreleri ve baslangic kalsiyum kaynagindaki safsizlik
miktarilarinin etkisi (37°C’de) incelenmistir. a-TCP, sitokiyometrik miktarlarda
kalsiyum karbonat (CaCO3) ve monetitin (CaHPO,), 1150-1350°C’de 2 saat 1sil
isleme tabi tutulmasiyla sentezlenmistir. Sentez isleminde baslangi¢c maddesi olarak
farkl safliklardaki {ig ticari CaCOj3 tozu kullanilmig ve tiim Sentez yontemleriyle elde

edilen a-TCP iirtinleri, malzeme 6zellikleri ve reaktivite acisindan karsilastirilmistir.

Calismalarin ikinci bolimiinde, zamanla bozunarak dogal kemik dokusuyla yer
degistirme potansiyeline sahip olan, enjekte edilebilir kemik ¢imento sistemleri
olarak o-TCP ve kitosan fiber (CF) kompozitleri hazirlanmistir. o-TCP/CF

kompozitleri farkli kompozisyonlarda hazirlanmis ve CF ilavesinin ¢imento

Vi



oOzellikleri iizerindeki etkisi, mekanik ve enjekte edilebilirlik testlerinin yanisira

mikroyapisal ve faz analizi ¢alismalariyla incelenmistir.

Calismalarin dglincli bolimiinde, kemik dokusundaki bdlgesel c¢inko eksikligi
tedavilerinde uygulanabilir olan kontrollii ¢inko salim sistemleri gelistirmek
amaciyla CF’lerin metal selatlama 6zelligi kullanilmistir. Bu amagla, yas egirme
teknigi ile CF iskeleleri hazirlanmis ve bu iskelelere, saglikli insan kemik dokusunun
¢inko igerigi goz Oniine alinarak ¢inko yiiklemesi yapilmistir. Kalsiyum fosfat (CaP)
kaplanmis ve kaplanmamis CF iskeleleri ile ¢inko salim ¢alismalar1 gergeklestirilmis

ve salim ¢ozeltilerindeki ¢inko iyon konsantrasyonlari ICP-MS ile belirlenmistir.

Anahtar Kelimeler: Kalsiyum Fosfat, a-Trikalsiyum Fosfat, Kitosan, Kompozit,
Cinko Selatlama.
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CHAPTER 1

INTRODUCTION

1.1  Biological, Chemical and Structural Properties of Bone

Bone is calcified and semi-rigid type of connective tissue forming the skeleton of the
human body. The hierarchical complex structure of bone comprise of calcium
phosphate mineral (69 wt%), collagen (20 wt%), water (9 wt%) and cellular elements
such as proteins, polysaccharides and lipids (2 wt%) [1]. The variation of proportions
of these components results in creation of different bone types with diverse porosity

and mechanical strength.

The organic matrix of bone is made up of a dense fibrillar structure of type-1 collagen
as illustrated in Figure 1.1. Each fibril consists of 1000 amino acids long three
polypeptide chains. The chains come together to create a triple helix structure called
tropocollagen, which is cylindrically shaped with the dimensions of 300/1.5 nm
(length/diameter) [2]. These helical structures are parallelly organized with respect to
each other but their ends are separated by 40 nm hole regions which behave like a
matrix for accumulation of hydroxyapatite (HAp) crystals [3]. HAp crystals act as a
crosslinking agent and the crosslinking between two individual fibers leads to an
increase in resistance to deformation of collagen [4]. This is the basic phenomena
behind the strong mechanical characteristic of bone. The parallelly aligned associated

fibers form a bundle structure called collagen fiber.

The mineral phase of bone, poorly crystalline carbonated apatite, is predominantly

existing as embedded in collagen fibrils [5, 6]. The average dimentions of plate-like



crystals are about 50 nm x 25 nm (length/widths) [2]. Carbonate ions can incorporate
into the HAp structure via two different sites: The substitution can take place in OH"
ion position or PO,* position in the lattice structure [7]. Crystal size, chemical
composition and stability of biological apatites display an important role on normal

and pathological characteristic of calcified tissues [8].

amino acid chain ~— TN

l

tropocollagen S IEFSSCOEIIC T ¢1.5 nm

N
L4
300 nm

A4

I—) HAp bridging

L
~

collagen fibril

collagen fiber

Figure 1.1 Systemic illustration of the structural organization of collagen fiber.

The major function of mineral constituent is converting organic soft tissues into a
rigid material to provide resistance against internal and external forces applied on
bone to protect vital organs and preserve the shape of the organism [9]. As a minor

function, the mineral phase acts as an ion reservoir which can rapidly maintain



appropriate concentrations of calcium, sodium, carbonate, phosphate and magnesium

ions in extracellular fluid.

Another important major component, water, has a primary importance on maintaining
the mechanical properties of natural bone structure. It is demonstrated that, water loss
results in a remarkable decrease in toughness and elasticity of bone [10]. Different
types of water are present in bone structure such as free water (existing in the gaps of
micropores), crystal water (bonded to apatite surfaces) and the structural water which

Is in charge of forming hydrogen bonds within triple helix of collagen molecules [11].

At the macrostructural hierarchical organization level, human bone is classified into
two groups as cortical (compact) and cancellous (trabecular) bone. The significant
distinction between these two structures is mainly arising from their degree of
porosity. Cancellous bone has a highly porous structure, i.e. 50 - 90 vol%, while
cortical bone is much denser with porosity between 5 - 10 vol%. The mechanical
properties of these two types of bone differ due to variation in porosity, the amount of
mineralization and organization of collagen fibers. Generally, bone macrostructure is
a heterogeneous combination of strong cortical bone with a functional, low modulus

cancellous core.

Three groups of bone cells named osteoblasts, osteoclasts and osteocytes have
specific roles on bone regulation processes. Osteoblasts secrete bone matrix proteins
and they are responsible for formation of new bone tissue while the other group,
osteoclasts are in charge of absorption and removal of bone. The other type of cells
entrapped within the bone matrix, osteocytes, which have a function on secreting
osseous growth factors promote osteoblastic differentiation [12].

Bone formation is mainly performed by a two step mechanism [13]. Firstly, bone
marker genes are expressed (mainly by bone-specific transcription factor Runx2) and

induce osteoprogenitor cells to differentiate into osteoblasts that are in charge of



encoding bone-spesific extracellular matrix (ECM) proteins like collagen type-I,
alkaline phosphatase (ALP), bone sialoprotein, osteocalcin and ostepontin.
Subsequently, the synthesized matrix proteins are secreted from osteoblast cells and
accumulate in the ECM to build mature bone matrix. The accumulated protein layer in
the ECM lead to Ca®" and PO4* deposition in the matrix and eventually, bone

minerilization occurs.

1.2 Biomaterials to Fill Bone Defects: Bone Grafts

When bone is subjected to an extensive damage and if the damaged area is too large
for self repair, the defective gap must be supported by using alternative materials such
as autografts, allografts or synthetic materials. Autografts, which are transferred from
healthy bones from a different part of the body, are still the first choice on account of
superior osteogenic, osteoconductive and osteoinductive properties. However, there
are problems related to limited supply of tissue due to lack of availability and there is
additional damage to the body since the bone tissue is extracted from the patient.
Although allografts (tissue from other people) and xenogafts (tissue from other
species) are also used, they have some disadvantages like limited availability or
problems related probable foreign body reactions and infections. Therefore, ideal
synthetic materials which are free from these limitations are needed to achieve

riskless and more effective treatment of bone defects.

There are some main characteristics that an ideal bone graft material should exhibit,

and these can be given as follows;

) The ability to chemically bond to the surface of bone tissue without causing
fibrous tissue formation (osteointegration)

i) The potential to act as a scaffold for new bone tissue formation and support
adhesion and proliferation of osteoblasts (osteoconduction)



i) The ability to induce differentiation of stem cells present in surrounding tissues
to osteoblastic cell types (osteoinduction)

iv)  Similar mechanical characteristics with the target bone tissue

V) Adequate porosity for cell penetration and tissue ingrowth

vi)  Capability of perfectly fit into irregular defects in bone

Many synthetic materials including ceramics, polymers and metals are used to repair
the bone defects. Among them, ceramics and ceramic-composite materials remarkably

offer a great clinical potential as bone graft substitutes.

1.3 Bioceramics as Bone Graft Materials

Bioceramics are ceramic products especially developed for medical and dental
applications as implant materials. They are needed particularly to restore the function
and to diminish pain of diseased or damaged calcified tissues in the body. These
ceramics might be prepared from elements such as alumina, zirconia, carbon, silica or
calcium phosphate containing compounds and as composites of other chemicals [14,
15]. All of them might be produced in block forms with certain geometry or as
powders according to the desired medical application [16]. Additionally, there are
injectable forms of bioceramics which spontaneously solidify and take the
geometrical shape of the bone defect area during a surgical operation [17]. At present,
bioceramics are commonly used in bone defect treatments for non-load bearing areas,
periodontal applications, total joint replacement, cranio maxillofacial reconstruction

and spinal surgeries [17-20].

In the design of bioceramic based implant systems, surface reactivity is an important
property. Surface has the leading role on bone bonding ability of bioceramics hence it
determines the characteristic of the bone-tissue interface [21, 22]. After implantation,
time-dependent changes on the surface of the implanted materials are observed due to

interactions at the tissue-implant interface [23]. Clinical success requires the



achievement of a stable implant-bone tissue interface. Preferably, a synthetic bone
graft substitute should lead to a minimal fibrotic reaction and the material itself should

undergo remodeling and induce new bone tissue formation.

Bioresorbable ceramics are ideally designed to degrade gradually in time to be
replaced by the natural bone tissue. Calcium phosphate/calcium sulphate ceramics,
resorbable bioactive glasses have been successfully used as resorbable bone graft
materials [24, 25]. However, ceramics inherently have sub-micron size pores and lack
of macro porosity is a limiting factor on biodegradation of ceramic materials. This
slow degradation characteristic of ceramic implants might lead to impair bone
healing. Therefore, introducing meso/macro pores into ceramic structures is a key
point in order to shorten the degradation time, enhance the bone tissue in growth and
accelerate the bone replacement process [26, 27]. However, increasing the porosity of
the material also results in a decrease on the mechanical strength of the ceramic [28].
The ideal ceramic material should balance these two features by preserving optimal
biointegration with strength maintenance over a convenient time for bone tissue

healing.

Bone substitutes should have a similar mechanical strength and modulus of elasticity
to that of the target bone tissue in order to prevent stress shielding. In addition, a bone
graft is expected to provide appropriate toughness and prevent fatique failure of the
implant in the case of cyclic loading. From a mechanical point of view, the brittle
characteristic of ceramics is the major concern for hard tissue applications. For this
reason, there have been many studies with the object of increasing the mechanical
strength of bioceramic systems. Common methods that are used in these studies are
addition of other ceramic phases [29, 30], introducing metallic dopants to the crystal

structure [31, 32] and composite preparation with biocompatible polymers [33-35].



1.3.1 Calcium Phosphate (CaP) Materials as Bone Grafts

The main driving force behind the use of CaPs as bone substitute materials is their
chemical similarity to the mineral component of human bone [36]. Because of this
chemical structure match, they are unrecognized by immune system and treated like a
native hard tissue member by the body in the case of implantation. As a result, they
are non-toxic, biocompatible materials and they can integrate into living tissue by the
natural active process in bone resorption and remodeling [37, 38]. By this way, a
direct physicochemical bond between implant and bone is created (osteointegration)
and a thin layer of HAp is formed shortly after implantation [38]. Calcium phosphate
materials act as a scaffold for new bone tissue formation and support adhesion and
proliferation of osteoblasts (osteoconductivity) [39]. Besides, they provide additional
Ca and PO, ions for bone mineralization and induce new bone formation in
surrounding tissues. However, their brittleness, insufficient mechanical strength,
fracture prone on shock loading, low degradation potential of sintered phases and the
difficulty in predicting the resorption time for highly porous CaPs in vivo conditions

are limiting factors in their clinical usage.

There are various CaPs such as hydroxyapatite, octacalcium phosphate, tetracalcium
phosphate, tricalcium phosphates, mono and dicalcium phosphates as shown in Table
1.1 The major distinguishing parameters for these compounds are their solubility and
the molar Ca/P ratio. Depending on Ca/P ratio, as a function of pH value and calcium
concentration, the solubility of each compound differs in aqueous environment [40].
These different characteristics determine the medical significance of calcium

phosphate compounds [36].



Table 1.1 CaP-compounds with corresponding Ca/P ratio.

Name Abbreviation Formula Ca/P ratio
Amorphous calcium phosphate ACP - 1.25-1.55
Hydroxyapatite HAp Ca4(PO,)s(OH), 1.67
Dicalcium phosphate anhydrous, Monetite DCPA CaHPO, 1.00
Dicalcium phosphate dehydrate, Brushite DCPD CaHPO,H,0 100
Monocalcium phosphate monohydrate MCPM Ca({H,P0O,),.H,0 0.50
Octacalcium phosphate ocp CagH,(PO,}5H,0 133
a-Tricalcium phosphate a-TCP a-Cas(PO,), 150
B-Tricalcium phosphate, Whitlockite B-TCP B—Ca;(PO,}, 150
Tetracalcium phosphate, Hilgenstockite TICP Ca, (PO}, 200

1.3.1.1 Hydroxyapatite (HAp)

HAp has chemical formula of Ca;o(PO4)s(OH), and known as bone mineral since it
constitutes the mineral component of bone tissue. As a synthetic bone graft material, it
has a wide range of applications and a significant place in medical research area for
more than 60 years. In 1951 Ray and Ward revealed the medical efficacy of synthetic
HAp on bone healing by the placement of synthetic granular HAp into the surgically

created defects on cats and dogs [41]. It was concluded that, HAp can be partially

resorbed and replaced by the new bone tissue.




Although, HAp is a highly osteointegrative material, sintered ceramic HAp products
are resistant to resorption in vivo environment (1-2% per year) [42]. Since the
degradation time of non-porous and highly crystalline HAp products is evaluated in
decades, they might be regarded as non degradable. In consequence, attempts have
been done to increase biointegration capability of HAp by introducing porosity to the
implant material [43-45].

HAp, which is the most stable calcium phosphate phase at room temperature at pH
between 4 and 12, can be obtained by solid state synthesis, wet chemical precipitation
methods, hydrothermal synthesis and cement-type formation from other CaP phases
[46-49]. Hydration of calcium phosphate cements (CPCs) is a common technique to
obtain HAp in vivo conditions. The capability of CPCs to set and turn into monolithic
HAp via a cementitious reaction with water was first discovered in 1980°’s [50]. CPC
systems are injectable paste-like materials which are formed by mixing a powder of
CaP phase with a liquid (water or appropriate aqueous solutions). After the injection
of this paste into the body, hardening and formation of HAp occurs in physiological
environment. When considered from this point of view, the formation of HAp through
a cement-type reaction is a biomimetic process and indeed, the formed HAp is much
more similar to biologic apatites than sintered ceramic ones [51]. Moreover, it has a
lower crystallinity and higher specific surface than sintered HAps which enables its

biodegradation and osteoconductive properties [52].



1.3.1.2 Beta-Tricalcium Phosphate (B-TCP)

Tricalcium phosphate ceramics [Ca3(PO,)2, TCP] have four polymorphs as a, B, y and
super a. The y and super o polymorphs are obtained at extreme pressure and
temperature conditions and they do not survive quenching to room temperature [53,
54]. Therefore, the most frequently used calcium phosphate forms are a-TCP and -
TCP in medical area. Although, a and B-TCP have the same chemical composition,
the difference in their crystallographic structure bring forth distinctive physiochemical

characteristics.

Beta tricalcium phosphate (B-TCP) is the earliest CaP form which is used as bone
graft material. According to available literature, in 1920’s, Albee and Morrison used
B-TCP as a bone graft substitute to repair surgically created defects in rabbits [55]. In
the study, the B-TCP termed ‘triple calcium phosphate’ was used to stimulate bone
growth. The results revealed more rapid bone growth in the fracture areas which are
filled with B-TCP than the control groups.

B-TCP is commonly used as porous granules or blocks. From a mechanical point of
view, B-TCP has a compressive strength comparable to cancellous bone although, like
other CaP phases, it is brittle and weak under tension and shear forces [56]. B-TCP
undergoes resorption and replacement by bone tissue over a 6-18 month period, the
extent of this time depends on the porosity of the implant material and the metabolic

activity of the host tissue environment.
Although there are various probable routes to obtain B-TCP, it is generally

synthesized in a solid state process by the calcination of stochiometric amount of Ca
and P sources at temperatures in the range of 650°C and 1125°C [57].
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1.3.1.3 a-Tricalcium Phosphate (a-TCP)

The main advantage of o-TCP is its ability to hydrate and set into monolithic calcium
deficient hydroxyapatite (CDHAp, Cajox(HPO)x(PO4)ex(OH),.x, X=0-1) at near
physiological pH and temperature from a single solid reactant. Majority of the other
CaP systems require mixing of various calcium phosphate salts, such as tetracalcium
phosphate (TTCP, Ca4(PO,),0) and dicalcium phosphate dihydrate (DCPD,
CaHPO42H,0) [58] or TTCP and dicalcium phosphate anhydrous (DCPA or
monetite, CaHPQO,) [59] at fixed molar proportions to achieve stoichiometry for the
HAp products. Bioactivity of a-TCP, as well as the microstructural and chemical
resemblance of its hydration product to the mineral component of natural bone, makes
it a good candidate for hard tissue applications [60-63]. Moreover, the setting reaction
is potentially not destructive for the surrounding tissue due to minimal heat release
and pH change, which stays almost constant at neutral values during the hydration
[49]. However, there are still some limitations for the use of cement-type HAp
products obtained from a-TCP due to their poor strength and lack of interconnected

macroporosity.

The cement-type setting reaction of a-TCP upon reaction with aqueous solutions
initially proceeds by surface area controlled dissolution which generates
supersaturation of Ca** and PO, ions in the reactant solution. Then, the nucleation of
HAp occurs followed by growth of entangled plate-like crystal precipitates of fully
calcium deficient hydroxyapatite (CDHAp) [64, 65]. The kinetics and the control of
the setting reaction of a-TCP are critical for the efficiency of the cement in clinical
applications. There are many researches reporting the effect of different factors on the
setting reaction of a-TCP. The effects of morphology [66], crystallinity [67, 68] and
particle size of a-TCP [65, 68-70] on the kinetics of setting reaction have been
reported. A number of researchers investigated the optimization of the injectability
and setting time of a-TCP cements by forming hybrids with the addition of organic

components such as gelatin [71], chitosan [72, 73], polylactic acid and glycerol [73].
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Among all of these factors, it is well known that chemical composition of a-TCP
dominantly affects its cement-type setting as well as its final physical properties.
Since the natural bone mineral contains trace amount of cation/anion substitutions,
synthetic analogs such as bone cements should be also chemically adaptable for
substitution of ions of elements such as Mg, Na, Sr, Ba, Al, Cd, Pb, Cr, and Si for
bone regeneration. In this respect, many researchers have investigated the effect ionic
doping on the structural, physical, and chemical properties of HAp products of
cement-type reactions. In recent years Sr-substituted [74-76], Ba-doped [77], Fe-
modified a-TCPs [78] as well as Mg- [79-82] and Na-doped CaPs [83, 84] have been

reported.

The synthesis of a-TCP is generally realized by solid state reactions. This is achieved
by open air firing of homogenously mixed stoichiometric amount of calcium and
phosphorus precursors at temperatures higher than 1125°C. This is followed by
quenching to avoid formation of equilibrium polymorph of TCP, i.e. B-TCP. By this
way, phase pure a-TCP can be obtained as shown by many studies [49, 67, 85].
However, direct assessment on the hydraulic reactivity of the a-TCP products of these
studies is not possible, as the precursors and firing temperatures usually differ. In
addition, despite the large body of previous work, due to inadequate information on
chemical composition and physical properties of the starting materials, synthesis of
reactive a-TCP becomes a problematic task for those trying to reproduce an available
synthesis protocol. Similar to intentional ionic substitutions, a variety of intrinsic
impurities present in the starting materials can affect the cement-type hydraulic

reactivity, i.e. conversion of a-TCP to HAp accompanied by hardening.
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1.3.1.3.1 a-TCP/Polymer Composite Systems

Polymers are incorporated into a-TCP structures in an effort to decrease the cement
setting time, enhance the injectability and anti-wash out property of the cement paste
and to increase the mechanical strength of the hardened form of the ceramic. In 2000,
Durucan et al. prepared a-TCP based composite structures containing various
copolymers of polylactic-co-glycolic acid (PLGA) [86]. In the study, the effect of the
polymers on the hydration behaviour of a-TCP was investigated in accordance with
TCP-CDHAp transformation amount. The results indicated that, copolymer with
L-lactic acid:glycolic acid ratio of 85:15 exhibited the highest degree of CDHAp
formation due to improvement of the interaction between TCP and water molecules
with the help of PGA as an hydrophilic component. The study demonstrated the
importance of the hydrophilic nature of the polymeric component on setting of a self-
hardening a-TCP bone cement composite. In the following year, the group
investigated the mechanical properties of the same composite system and reported an
enhancement on tensile strength in the presence of PLGA [87].

A considerable amount of literature has been published on composite systems
consisting of CPC and gelatin. The main reason of gelatin to gain such an attention on
bone cement research area relies on its chemical relation with main organic
constituent of natural bone; it is the thermal denaturation product of the collagen. Bigi
et al. (2004) have developed an a-TCP/gelatin composite cement powder [88]. The
results suggested that addition of gelatin accelerated the setting reaction of a-TCP and
the presence of gelatin improved the compressive strength of cement material with
regard to reduced total porosity and the more compact structure of the end product. In
addition, the group investigated the biologic properties of the same system and
pointed out the favorable effect of gelatin enriched a-TCP on osteoblast proliferation
and differentiation [89]. Touny et al. investigated the effect of cross-linked gelatin
fibers on CDHAp formation and mechanical strength of a-TCP cement based

composites [90]. It was found that, gelatin fibers act as nucleation sites for CODHAp
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crystallization and speed up CDHAp formation whereas mechanical strength of the

composites decreases with fiber addition.

The injection of a-TCP offers a great advantage of using minimal invasive operation
techniques for orthopedists but still, there are some limitations such as filter-pressing
effect (the separation between solid and liquid phases). Besides, the disintegration of
CPC upon early contact with blood and other body fluids could also be a risk for
implantation of a-TCP as a single phasic paste. To overcome these problems, Khairon
and coworkers (1999) introduced 1 wt% sodium alginate into the mixing liquid of a-
TCP to prepare a cement with enhanced cohesion and injectability [91]. A good
cohesion and injectability is reported when 1 wt% aqueous solution of sodium
alginate was used as the cement liquid with a ratio of liquid to powder (L/P) 0.4,
however, a decrease in compressive strength is also observed. Dos Santos et.al. (1999)
repeated the use of sodium alginate as an additive in the cement liquid of a-TCP with
a higher concentration (3.12 wt%) and demonstrated that addition of sodium alginate
prolongs the initial cement setting time from 22 min to 1 h [33]. Alves et al. (2008)
incorporated sodium alginate into the a-TCP in different concentrations and
concluded 0.8 wt% alginate addition was the optimum concentration regarding

homogeneity and injectability [92].

1.4 A Natural Biodegradable Polymer: Chitosan

Chitosan is a polysaccharide consisting of glucosamine and N-acetylglucosamine
units linked by 1-4 glucosidic bonds (Figure 1.2). It is obtained by partial
deacetylation of the second most naturally abundant polysaccharide, chitin, which can
be derived from crab and shrimp shells, some fungis and microorganisms. It is worth
to emphasize that, there are various series of chitosan polymers with different
viscosity, crystallinity, molecular weight (50 kDa - 2000 kDa), degree of
deacetylation (40 - 98%) and all these parameters have appreciable influence on

physico-chemical properties of chitosan [93].
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Figure 1.2 Chemical structure of chitosan.

Chitosans with high degree of deacetylation are not soluble in neutral and alkaline pH
values. Since, chitosan have a number of amino groups that are available for chemical
reaction, in dilute acid environments (pH<6), amine groups are protonated by turning
the chitosan into a positively charged soluble polysaccharide form and dissolution of
the polymer occurs [93, 94]. In vivo degradation of chitosan is performed by
lysosyme enzyme and the degradation time is inversely proportional to degree of
deacetylation and crystallinity. The final degradation products are biocompatible

chitosan oligosaccharides of variable length [94].

Chitosan is chemically similar to glycosaminoglycan analogs that are present in
cartilage and bone, hence, the same biodegradability and biocompatibility is observed
in tissue substitutes made of chitosan [95]. Besides, owing to its cationic nature,
chitosan attracts the negatively charged species like glycosaminoglycans,
proteoglycans in body environment and accumulation of these molecules within a
chitosan scaffold occurs [96]. As a result of this electrostatic interaction, a large group
of growth factors and cytokines from surrounding tissue fluids, which are known to be

bound and modulated by glycosaminoglycans, retain and concentrate around chitosan
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implant [96]. This bioactive nature of chitosan have a stimulatory effect on colonizing
cells and accelerates the tissue healing process [94]. Consequently, chitosan is a good
candidate for various potential medical applications and products such as burn
dressing materials [97], artificial skin grafts [98], bandages [99], medical sponges
[100] and graft materials for hard tissues [35] are being developed.

Additionally, bone tissue studies on chitosan as a biomaterial, revealed its
osteoconductive [101, 102] and osteoinductive [103, 104] characteristics. Seol et al,
seeded freeze-dried chitosan scaffolds with rat osteoblasts and observed enhanced
histological results compare to the control group in vitro [105]. An interesting study
by Fakhry et al. displayed the preferential support of chitosan for initial attachment
and spreading of osteoblasts over fibroblasts on tissue culture experiments. The study
confirmed that, chitosan has a favorable affect in repairing bone deficiencies by
promoting the early attachment and proliferation of osteoblasts over fibroblasts, which
is important for the elimination fibrous encapsulation risk when using chitosan as a
bone implant material [104]. In this context, chitosan has been found a very good

candidate as a bone implant material.

From all of reasons above, one can conclude that chitosan is an excellent biomaterial
for bone tissue applications however, there are some limitations of this polymer like
its brittleness and low degradation rate (highly deacetylated forms may last several
months in vivo). To overcome these restrictions, chitosan is generally used as a
constituent of composite systems with ceramics [106] or it is blended with other
polymers like gelatin [107] and collagen [108]. To adjust cell seeding efficiency,
tissue ingrowth, degradation properties and mechanical strength of the implant system
it is also possible to prepare and use chitosan in gel [109], sponge [110] and fiber

[111] form by regeneration of chitosan or its derivatives from solutions.
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1.4.1 Chitosan Fibers and Hard Tissue Applications

After the entire understanding of the collagen fiber-CaP composite nature of the bone
structure, in order to mimic the natural architecture of the bone, CaP-fiber composite
materials have gained a great attention in hard tissue applications. In addition, the
capability of providing sufficient porosity for cell penetration, tissue ingrowth and
nutrient exchange makes biodegradable fiber containing implant materials
advantageous. Moreover, a composite structure of CaP and chitosan fiber (CF) is
expected to enhance the biocompatibility and adequate biodegradation together with

mechanical strength.

Different preparation methods have been reported to process chitosan in fiber form.
Melt spinning, dry spinning and wet spinning are three basic techniques that are used.
Among them, wet spinning is the most practical and common procedure which is
successfully used in producing fibrous scaffolds from many natural and synthetic
polymers [112-114]. To prepare CFs by wet spinning method, a solution named
‘dope’ is prepared by dissolving of the polymer in a solvent such as acetic acid and
afterwards, the dope is pumped by an injection syringe into a high pH solution known
as coagulation bath [114]. In this high pH bath, chitosan precipitates and forms fibers.
Later on the coagulation, the resulting CFs might be washed to remove excess
coagulant molecules and dried [115]. It is worthy of note that, in this method, fiber
thickness depends on the needle diameter of the syringe and the radius of fiber is

directly depend on the radius of the discharge end.

Wet-spinned CFs are started to attract attention to be used in hard tissue applications
with the research of Tuzlakoglu et al. [111]. The team produced high tensile strength
CFs by a wet spinning technique and demonstrated the bioactive behavior of the fiber
scaffolds. In vitro studies were carried out with osteoblast cells and good osteoblast
proliferation with appropriate cell morphology was observed over chitosan scaffold

surfaces.
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In 2004, Matsuda et al. prepared core-shell type chitosan/CaP composite fibers with
shell of CaP and core of chitosan and observed an increase in mechanical strength of
the fibers in direct proportion to the chitosan concentration in the composite [116]. In
a number of following studies, CFs are incorporated into CPCs with intent to increase
the early strength of the system and to prevent disintegration or fail of the cement in
the early postoperative period of time. In 2007, Lian et al. prepared a CF reinforced
CPC system with a 3D scaffolding method [117]. As a result of mechanical
characterizations, it was concluded that, although the fiber structures made of pure
chitosan did not cause a significant difference in compressive strength of the cement
system, the existence of fibers markedly prevented the disintegration of CPC even if
the CPC matrix had cracked. Zhaohui et al. covered CFs with gelatin and investigated
the influence of these fiber structures as reinforcement agents on of the TTCP/DCPA
cement [118]. The results exhibited the flexural strength of the composite can be
enhanced by increasing the amount of chitosan fibers up to a certain limit.

It is well known that, as a result of submicron pore size of the CPCs, new bone tissue
formation towards the material is very slow and restricted. It is possible to accelerate
the resorption and induce new bone tissue replacement of the CPC materials by
providing sufficient porosity for cell penetration, tissue ingrowth and nutrient
exchange. In some studies CFs were used to create macropores in CPC structures. In
vivo studies by Lian et al. demonstrated the advanced new bone tissue growth towards
inside the CPC-fiber implant with the help of macrochannel formation in CPC
material [117]. After the fiber resorption, the cylindrical pores are left behind which
enable osteoblast generation towards the inside of the CPC and promote bone
ingrowth. In another study, CF/CPC scaffolds were prepared and the results from in
vitro studies revealed the rapid formation of patterned macropore structures related to
morphology of fibers inside the CF/CPC system [119].
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1.4.2 The Chelating Capacity of Chitosan

Chitosan has been demonstrated to be an effective chelating agent through its amino (-
NH2) and hydroxyl (-OH) groups which act as coordination sites to form complexes
with metal ions [120, 121]. A number of studies on chitosan have been reported on its
absorption and complex formation capacity with heavy metal ions such as Cu®*, Zn?",
Ni?*, Cd**, Hg®*, Pb®* and Cr** [120]. Chitosan could take the proper configuration for
complexation with each metal ion through its flexible chains. Metal ion absorption is
a solid state action of chitosan and a large specific surface area is advantageous due to
higher metal ion interaction capability. A previous study indicated that wet-spun CFs
can efficiently used in metal chelating and fibers are able to chelate up to 6.2% zinc of
their own weight [122].

Owing to this metal-complexation potential, chitosan and its derivatives are now
widely used in removal of metal ions from waste waters, absorption of
anionic/cationic dyes, and some other industrial applications [123-125]. However, far
too little attention has been paid to chitosan-metal complexes in biomedical area.
There are just a few studies focused on this subject; The chelating ability of chitosan
was suggested to apply in the treatment of thalassemia or iron overload therapies
[126, 127], metal-chitosan complexes were used to serve as contrast agents for
magnetic resonance imaging purposes [128] and metal containing chitosan magnetic
nanoparticles were developed to be used in targeted delivery for tumor therapies
[129].

Despite of being an important and conventional biopolymer, non-usage of chitosan in
essential trace metal delivery for tissue healing purposes is a gap in the field of
biomaterial research. It is quite apparent that the metal chelating property of chitosan
could potentially be used on the development of controlled metal release systems and
applied in local metal deficiency therapies of different tissues to avoid systemic side

effects.
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1.5  The Physiological Role of Zinc on Bone Tissue

Metal ions have vital importance on preserving homeostasis and they participate in
most of the biochemical processes in the body. For instance, metals play crucial roles
on the specific structure and function of nucleic acids and take part in the catalytic

activity of many proteins.

As the second most abundant essential trace metal ion after iron, zinc is in charge of
determining tertiary or quaternary structure of as many as 3000 proteins in the human
body [130]. In addition to be a functional trace metal on gene expression process, it

acts in enzymatic reactions as cofactors [131].

The physiological role of zinc on bone homeostasis and growth was discovered more
than 70 years ago and this subject is still widely studied [132, 133]. It is previously
reported that zinc deficiency result in bone growth retardation on rats and the zinc can

stimulate bone mineralization process [134-136].

Several studies demonstrated the essential effects of zinc on regulation of the bone
metabolism. A report published in 1986 revealed that nutritional zinc supplementation
led to an increase in total number of DNA and accordingly stimulate bone growth in
femoral diaphysis of rats [137]. In following years, the stimulatory effect of zinc was
reported by zinc administration on rat calvaria tissue culture system [138]. The results
revealed the elevation of calcium and collagen amount as a result of zinc uptake by
bone tissues. Moreover, in the presence of zinc, an enhancement in alkaline
phosphatase activity was detected which is an indicator of osteoblastic cell function

and new bone tissue formation [138].

Zinc specifically effects anabolic metabolism of osteoblasts by inducing bone protein
synthesis at the translational level and a remarkable increase on protein content was

observed in osteoblastic cells [139, 140]. Bone endogenous zinc has a stimulative
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effect on proliferation and differentiation of osteoblasts [140, 141]. In 2007, the effect
of zinc on the differentiation of human osteoblast-like cells (Saos-2) and the
formation of mineralized bone nodules in tissue culture were investigated [142]. Cells
were treated with tissue culture mediums involving varius concentrations of zinc (0, 1,
10, 25, and 50 uM) for 9 days. The effect of zinc on human osteoblast-like cells was
shown to be concentration dependent, zinc significantly increased the number and
area of mineralized bone nodules at low concentrations (1 and 10 uM) where as at
higher concentrations (25 and 50 uM), the presence of zinc decreased both bone
mineralization and alkaline phosphatase activity. This study demonstrated the
inductive effect of zinc on osteoblast differentiation and bone mineralization is only
possible in a certain concentration range. On this basis, it is required to have site
specific administration and controlled release of zinc for bone treatment to observe a

positive effect on bone mineralization and to avoid toxic effects in surrounding tissues

Despite the large body of previous works on the effect of zinc on animal and human
bone studies, there is still very limited information about zinc regulation on bone
formation at a biomoleculer level, and cellular mechanisms of zinc action in
osteoblastic cells has not been fully clarified. In 1994, the effect of a zinc compound
(B-alanyl-histidinato-zinc) on protein content of MC3T3-E1 osteoblastic cells were
investigated in tissue culture and an increase was detected in concentrations of
osteocalcin, insulin like growth factor-l1 and transforming growth factor f in cell
culture medium [143]. The results indicated the enhancer effect of zinc on the
synthesis of proteins which are responsible for the stimulation of bone formation in
osteoblastic cells. Yamaguchi et al. (2008) demonstrated the role of zinc sulphate in
the regulation of gene expression in osteoblastic cells; the presence of zinc improved
Runx-2, osteoprotegerin and regucalcin mRNA expressions in vitro [144]. In 2010,
Kwun and colleagues suggested that, zinc deficiency caused an attenuated ECM
mineralization and new bone tissue formation due to inhibited or delayed expression

of Runx-2 and bone marker gene transcription in osteoblasts [13].
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In addition to all of these positive effects on new bone tissue formation, zinc has an
repressive role on bone resorption by inhibiting osteoclast proliferation and
osteoclastic activity [145-147]. In 1994, the inhibitory effect of zinc on mause marrow
cell differentiation and osteoclast formation was reported [148]. Following that,
Moonga and co workers investigated the effect of zinc on isolated rat osteoclasts and
observed a noteworthy reduction in bone resorption because of the osteoclast activity
inhibition [146]. Besides, zinc has been demonstrated to have a negative effect on
osteoclast proliferaton by suppressing the expression of regucalcin, a stimulator
protein of osteoclastogenesis in bone [144]. Recently, Yamaguchi et al. (2010)
published a review including the cellular mechanisms of zinc action in osteoclastic

cells and bone resorption [133].

1.6  Objective of the Study

There are various CPCs which have different Ca/P ratios and demonstrate different
bioactivity and bioresorbability characteristics. Among other calcium phosphate
phases, a-TCP based bone cements are getting increasing attention to be used in bone
repair and reconstruction due to their capability to set into monolithic calcium
deficient hydroxyapatite (CDHAp, Caip-x(HPO)4(PO4)sx(OH)2.x, X=0-1) from a single
solid reactant at conditions near to physiological pH and temperature. In addition, the
injectability of a-TCP has a crucial importance on the placement of the cement into a
bone defect area with limited accessibility and the injection of a-TCP offers a great
advantage of using minimal invasive operation techniques for orthopedists. However,
the relatively long degradation time of the hydration product (CDHAp) in vivo
conditions and the drawbacks in the injection of the cement are limiting factors in

clinical usage of a-TCP.

Despite the large amount of literature on characterization and possible applications of

a-TCP, there is no detailed information on the optimum solid-state synthesis

22



parameters to produce a highly reactive o-TCP. Besides, due to inadequate
information on chemical composition of the starting materials, synthesis of reactive a-
TCP becomes a problematic task for those trying to reproduce an available synthesis

protocol.

The first main objective of this thesis was to investigate the effects of a-TCP synthesis
parameters, such as firing temperature and time, and the impurity content of the
starting calcium sources on hydration reactivity of the end product. For this purpose,
the samples of a-TCPs were synthesized by using different firing temperatures
between 1150-1350°C for 2 h or 24 h. In order to investigate the effect of the metallic
impurity content to the reactivity of o-TCP, three commercial calcium carbonate
(CaCO3) sources were used as primary calcium precursors and their impurity contents
were determined by inductively coupled plasma mass spectrometry. The resultant

a-TCP products for all synthesis routes were compared in terms of the material

properties and the hydration reactivity.

The second main objective of this study is to prepare an injectable a-TCP and CF
composite bone cement system which is designed to degrade gradually in time to be
replaced by the natural bone tissue. It is well known that, CDHAp is the hydration
product of a-TCP and as a result of its submicron pore size, new bone tissue
formation towards the material is very slow and restricted in comparison with bone
healing process. Providing porosity to CDHAp structure, which enables cell
penetration and tissue ingrowth towards the material, is necessary to accelerate the
resorption and induce bone tissue replacement of the implant. Therefore, a
biocompatible and biodegradable natural polymer, chitosan, was chosen and blended
with o-TCP to prepare novel cement composites. The main driving force behind the
selection of chitosan is osteoinductive characteristics of the polymer that is known to
promote osteogenesis. Fiber form of the polymer was preferred to be used in order to
provide sufficient porosity to CDHAp structure and enable tissue in growth towards

the composite graft while preventing the hampering effect of free chitosan molecules
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on o-TCP hydration. After the fiber degradation, macropores are expected to be
formed and filled by natural bone tissue that potentially accelerates the bone
replacement process by increasing the surface area of tissue implant interface. As a
minor objective, the injectability of the cement paste is intended to be increased by the
fiber addition. With these objects, a-TCP/CF composites were prepared in different
compositions and the effect of CF addition on cement properties were examined by
mechanical and injectability tests as well as microstructural and phase analysis

studies.

The third main objective of this thesis is to prepare a biodegradable bone supporting
material to achieve site specific administration and controlled release of zinc. For this
purpose, zinc containing chitosan scaffolds were prepared and treated with a-TCP.
Zinc release studies were performed on CaP covered and non-covered CF scaffolds
and zinc concentrations of the release solutions were analyzed by Inductively Coupled
Plasma Mass Spectrometer (ICP-MS).
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CHAPTER 2

ALPHA-TRICALCIUM PHOSPHATE (a-TCP): SOLID STATE
SYNTHESIS FROM DIFFERENT CALCIUM PRECURSORS
AND THE HYDRAULIC REACTIVITY

The synthesis of a-TCP is generally realized by solid state reactions. This is achieved
by open air firing of homogenously mixed stoichiometric amount of calcium and
phosphorus precursors at temperatures between than 1125°C-1430°C. By this way,
phase pure a-TCP can be obtained as shown by many studies [49, 67, 85]. However,
direct assessment on the hydraulic reactivity of the a-TCP products of these studies is
not possible, as the precursors and firing temperatures usually differ. It is well known
that chemical composition of the precursors (CaCO3) and the firing procedure
dominantly affects the cement-type setting as well as the final physical properties of
a-TCP. In order to provide a reproducible and well-detailed a-TCP powder synthesis
protocol, a-TCP production was attempted using three commercially available CaCO3
sources with different chemical grades, i.e. different amounts of impurities. The
chemical phases and hydraulic properties of the resultant products are examined and
compared. Other critical synthesis parameters related with the reactivity and setting
behavior of a-TCP are the firing time and temperature, which was also optimized
systematically by employing different firing temperature of 1150°C, 1200°C and
1350°C for 2 h and 24 h. The resultant a-TCP products for all synthesis routes were
compared in terms of the material properties and the hydration reactivity. The findings

of the present work are a useful guideline for synthesis of highly reactive a-TCP.
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2.1 Experimental

2.1.1 Materials for Synthesis and Hydration of a-TCP

Three different CaCO3; precursors were used to prepare a-TCP. They were the
commercial-grade products of Merck (Germany, Catalog no. 102066), Sigma Aldrich
(Germany, Catalog no. C4830) and Carlo Erba (Italy, Catalog no. 327059), which will
be referred as CC-M, CC-S and CC-C, respectively hereafter. HsPO, (85 wt%) was
received from Merck (Germany, Catalog no.100573). The hydration solution was
obtained from Na,HPO,4-2H,O (Germany, Riedel-de Haen, Catalog no. 04272) and
used as setting medium in cement-type reactions, i.e. in hydraulic property

assessments.

2.1.2 Procedure for a-TCP Synthesis

a-TCP was synthesized by solid state reaction between CaCO3 and pre-synthesized

CaHPO, according to the following reaction.

CaCOg (s) + 2CaHPO4 (s) — Caz(P0O4), (s) + CO; (g) + H20 ()

In the preparation of CaHPQ,, first Ca(OH), was produced by a two-step process;
calcination (1150°C for 3 h) of CaCO3 to obtain CaO, followed by hydrolysis of CaO
with deionized (DI) water. In these steps the same CaCO3; source employed in the
above given reaction, was used. Then, the resultant Ca(OH), slurry was used in the
production of CaHPO,. For this purpose, Ca(OH), was mixed with HzPO, solution at
1:1 molar ratio in presence of excess DI-water at 60-65°C for 30 min. The final slurry
was vacuum filtered and dried at 80°C for overnight to obtain CaHPO, powder. For
the preparation of a-TCP, this pre-synthesized CaHPO,4 was mixed with CaCOj3 in 2:1
molar ratio using Turbula T2F mixer (WAB, Switzerland). After 1 h mixing, the solid
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powder blend was fired in an alumina crucible in an open atmosphere furnace at
1200°C for 2 h (or 24 h). At the end of the firing period, the chunky product was
discharged on a borosilicate glass plate and air quenched to room temperature. After
hand grinding with an agate mortar and pestle, and sieving through —200 mesh, the
obtained powder products were stored in a vacuum desiccator until further use. This
synthesis protocol was repeated for all CaCO3 sources of CC-M, CC-S, CC-C. In
addition, for the experiments with CC-M, 2 h firing operations of CaHPO,:CC-M
blends were also performed at 1150°C and 1350°C to examine the effect of firing

temperature, and then the same quenching treatment was applied.

2.1.3 Cement-type Setting of a-TCP

The cement-type setting of a-TCP products was performed by exposing the a-TCP
powders to 2 wt% aqueous solution of Na;HPO4-2H,0. The hydration was achieved
at 37°C for 24 h, at a solid to liquid weight ratio of 1:2. At the end of 24 h, the solid
reaction products were washed with acetone and dried by air blowing to finalize

hydration.

2.1.4 Material Characterization

The chemical composition of CaCOj; sources were investigated by Inductively
Coupled Plasma — Mass Spectrometer (ICP-MS, Perkin Elmer DRC 11 model). X-Ray
diffraction (XRD) analyses were performed for phase analysis of the a-TCP products
and their hydration products. XRD analyses were performed using Rigaku X-ray
diffractometer (Ultima D/MAX 2200/PC). CuKa radiation was used at 40 kV voltage
and 40 mA current. The scanning range of the samples was 20-40° and the scanning
speed was 2°/min. The morphologies of all CaCOg3 precursors, a-TCP products and
resultant HAp were examined with a FEI Quanta 400F Scanning Electron Microscope
(SEM). The samples were coated by Au-Pd thin film by a Hummle VII sputter prior
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to SEM investigations. The surface area of selected a-TCP powders were determined
by nitrogen gas adsorption using Autosorb-1-C/Ms analyzer. The powders used in the
analyses were approximately 0.40 g and were degassed using high purity N, at 80°C

for 16 h prior to measurements.

2.2 Results and Discussion

Effects of solid state synthesis parameters (temperature and time) on cement-type
hydration efficiency of a-TCP were investigated. a-TCP powders synthesized from
three different sources of CaCO3 and their hydration products were examined and
compared. The obtained results and discussions are given in different sections below:

2.2.1 Temperature Effect on Hydraulic Reactivity

XRD diffractograms of the o-TCP powders synthesized from CC-M by firing at
1150°C, 1200°C and 1350°C, and the hydration products of these a-TCP powders are
given in Figure 2.1a and 2.1b, respectively. The XRD patterns of the samples fired at
1200°C and 1350°C exhibited the characteristic peaks of a-TCP (JCPDS card no. 9-
348). These products contained negligible amount of HAp as evidenced by very low
intensity set of peaks at around 26~31-33° matching with the characteristic peak
positions of HAp (JCPDS card no. 9-432), and for practical purpose they were
considered as phase pure a-TCP. No other crystalline phase was observed. So, after
firing at these relatively high temperatures, a-TCP was obtained by the solid state
reaction between CaCO3; and CaHPO,. The XRD pattern of the sample fired at
1150°C, on the other hand, reveals formation of some -TCP (JCPDS card no. 9-169)
as a second phase besides the main a-TCP product. The B—polymorph, the room
temperature equilibrium phase of TCP, does not illustrate any cement-type setting as

observed for a-polymorph. For TCP B-polymorph is the stable phase up to 1125°C

28



and at this critical temperature transformation of B to a-phase occurs [57, 149].
However, regardless of firing temperature, conservation of the metastable a-TCP
phase at room temperature requires effective quenching. So, for the sample fired at
1150°C, the presence of B-polymorph is a combined result of various factors. A firing
temperature around 1150°C is at close proximity of the equilibrium phase
transformation temperature for f-to-o transition (1125°C), and this is
thermodynamically more tolerant condition for the presence of p-TCP compared to its
existence during firing at relatively higher temperatures. In addition, this situation also
requires much more aggressive supercooling to avoid formation of the equilibrium
phase (B-polymorph) upon cooling down to room temperature, which was most likely
not accomplished by moderately effective air quenching for the samples fired at

1150°C. Therefore, some B-TCP together with a-TCP was formed in the end product.

The XRD pattern of the hydration products of the a-TCP powders synthesized from
CC-M and fired at 1150°C suggests almost a complete transformation of a-TCP to
HAp and small amount of B-TCP remained in the end product (Figure 2.1b).
Similarly, for the sample fired at 1350°C, again formation of HAp was observed, but
some o-TCP remained unreacted. On the other hand, the a-TCP synthesized at
1200°C showed the best hydraulic property and was almost completely transformed to
HAp. Firing at higher temperatures leads to dead-burning associated with
microstructural coarsening, which is known to occur in high temperature solid-state
reactions [150, 151].
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Figure 2.1 XRD diffractograms of a-TCP powders and their hydration products.
(a) a-TCP powders synthesized from CC-M by firing at 1150, 1200 and 1350°C for
2 h, and (b) hydration products of the respective a-TCPs.
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It is worth to emphasize that the surface area of a-TCP powders synthesized from CC-
M fired at 1150, 1200 and 1350°C was determined as 1.47, 0.99 and 0.69 m?/g,
respectively. These results were also supported by SEM micrographs of the same
powders which reveal an increase in the average particle size at higher firing
temperatures (Figure 2.2); the average sizes of the a-TCP’s fired at 1150, 1200 and
1350°C were at around 2, 5, and 8 um, respectively.

A decrease in the surface area for the powders fired at 1350°C due to coarsening
hampers the initial dissolution of a-TCP, therefore limiting the overall hydraulic
reactivity and transformation to HAp. Thus, the XRD analyses and preliminary
hydraulic reactivity evaluations illustrated that the firing temperature of 1200°C to be
high enough to avoid the formation of B-TCP, while producing highly reactive o-TCP
powder. Therefore, this temperature was chosen as the optimum firing condition and
all other firing operations for the remainder of the experimental work were carried out
at 1200°C.
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Figure 2.2 SEM micrographs of a-TCP powders synthesized from CC-M by firing for
2 h at different temperatures. (a) 1150°C, (b) 1200°C and (c) 1350°C.
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2.2.2 a-TCP Synthesis from Different Calcium Precursors

XRD diffractograms for the a-TCP powders synthesized from three different CaCO3
sources; CC-M, CC-S and CC-C; all fired at 1200°C for 2 h, and for the hydration
products obtained from these o-TCP powders are given in Figure 2.3a and 2.3b,
respectively. All the a-TCP products were almost identical in terms of the phase
identity and crystallinity. They were all phase pure a-TCP (Figure 2.3a), except the
one obtained from CC-C which had negligible amount of B-TCP. The possible reason
for the formation of this additional phase might be the impurities present in the
structure, and this effect will be discussed later (in section 2.2.4). Despite the similar
chemical and phase characteristic of the three o-TCP products, their hydraulic
reactivities were distinctly different as revealed by the XRD data shown in Figure
2.3b. Upon 24 h hydration with sodium phosphate solution, they all converted to HAp
to some extent, but at different completion efficiencies. The a-TCP synthesized from
CC-M source exhibited the highest reactivity among three products and was
completely set to HAp after hydration. The a-TCP of CC-S again hydrated to HAp,
however, the hydraulic reactivity was relatively poor compared to the a-TCP obtained
from CC-M and some o-TCP remained as it is. On the other hand, a-TCP obtained
from CC-C source showed almost no hydraulic reactivity and the majority of a-TCP
stayed unreacted after hydration. The observations in regard to hydraulic reactivity are
promising for the a-TCP of CC-M source, compared with o-TCPs of other CaCOs
sources. It is considered that the observed differences in hydraulic reactivities are
arising from the different quantities of impurities in CaCOj3 sources, therefore this

point was searched in detail.
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Figure 2.3 XRD diffractograms of a-TCP powders synthesized from different CaCOj3
sources (CC-M, CC-S and CC-C) by firing at 1200°C for 2 h. (a) a-TCP powders and
(b) their hydration products.
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In order to have more definite conclusion about the effect of firing operation on
reactivity of a-TCP powders, longer firing treatments extending to 24 h were
performed on all samples which were obtained from different sources and the
hydraulic reactivities of their products were evaluated. The results are summarized by
the XRD data shown in Figure 2.4. This figure illustrates the XRD diffractograms of
the a-TCP powders (obtained from different CaCOj3 sources)-as synthesized (Figure
2.4a) and after hydration (Figure 2.4b). Extending the firing operation does not lead to
any apparent change in the chemical nature and phase identity of o-TCP in as-
synthesized condition. The 24 h-fired and 2 h-fired a-TCPs were almost identical, as
revealed by the similarity of the XRD data presented in Figure 2.4a and Figure 2.3a.
Meanwhile, similar trends in hydraulic reactivity were observed for the a-TCPs
obtained after prolonged firing operations. Again, a-TCP of CC-M exhibited the
highest reactivity while o-TCP of CC-C had the least. Besides these general
observations one important finding associated with the prolonged firing is the
recognition of a marginal decrease in the overall hydraulic reactivities of all a-TCP
products. In all cases relatively more a-TCP remained in the hydrated product as
shown by the XRD data in Figure 2.4b. This change is valid both for a-TCP of CC-M
and of CC-S, however more obvious for the latter. This observation is related with the
microstructural coarsening simply due to excessively long firing operation, as also
discussed earlier in firing temperature studies. In this case, time factor becomes
dominant instead of temperature leading to coarsening. This microstructural change
impedes dissolution of a-TCP, which is essential for the cement-type hydraulic

reactivity.
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Figure 2.4 XRD diffractograms of a-TCP powders synthesized from different CaCOs
sources (CC-M, CC-S and CC-C) by firing at 1200°C for 24 h. (a) a-TCP powders
and (b) their hydration products.
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2.2.3 Microstructural Investigations

The SEM micrographs of the CaCOj3 sources, a-TCP powders synthesized from these
sources (fired at 1200°C for 2 h) and the cement-type products obtained by hydration
of respective a-TCPs are given in Figure 2.5. The CaCOj3 sources of CC-M and CC-S
exhibit prismatic/cubic crystal morphology typical to highly crystalline CaCOs;
mineral, as shown by the micrographs in Figure 2.5 (a-b). The average particle sizes
were determined as approximately 5 um and 8 um, for CC-M and CC-S, respectively.
The morphological appearance of CC-C is distinctly different, exhibiting irregularly

shaped submicron-crystals (Figure 2.5c).

The morphologies of the a-TCP powders, as shown in Figure 2.5 (d-f), are identical
with slightly distorted and equiaxed-like shape without any sharp discontinuities or
features. This morphology is common for the ceramic powders obtained by high
temperature solid state reactions at conditions approaching to sintering temperatures.
The average particle size of the a-TCP powders produced from CC-M, CC-S and CC-
C sources had comparable particle sizes at around 2-3 um. This data revealing that the
particle size does not directly correlate with the observed overall hydraulic activity, as
all a-TCPs were almost identical particle size but still, the hydraulic reactivities of
CC-S and CC-M were obviously different from CC-C.

SEM micrographs showing the morphologies of the cement-type products, i.e. the
HAp crystals, obtained by hydration of respective a-TCP samples are given in Figure
2.5 (g-i). For the hydration products of a-TCP obtained from CC-M and CC-S (which
were shown to be completely converted to HAp by the XRD analyses) the
morphologies resemble the typical equiaxed-like shape of a-TCP powders. However,

the surfaces of the a-TCP particles are completely covered with newly formed small
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Figure 2.5 SEM micrographs of CaCOg3 precursors (a) CC-M, (b) CC-S, (c) CC-C;
a-TCP powders synthesized at 1200°C for 2 h from (d) CC-M, (e) CC-S, (f) CC-C;
and HAp products obtained by hydration of these a-TCP powders (g—i).

sub-micron size reticulated needle-like HAp crystals. On the other hand, the
morphology of the a-TCP of CC-C seems to be relatively unchanged upon hydration.
There are some very small need-like HAp crystals partially covering the a-TCP
particle surfaces, but distinctly at a much smaller extent compared to those of a-TCP
of CC-M and of CC-S. The SEM findings in general correlate with the XRD analyses,
suggesting relatively poor hydraulic reactivity for o-TCP of CC-C. It is worth to
emphasize that, no significant morphology and particle size differences were observed
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for the a-TCPs synthesized from different CaCO3 sources (CC-M, CC-S and CC-C).
Therefore, it is reasonable to suggest that the differences in the hydraulic reactivities
of a-TCPs are not directly related with physical factors, but most likely with chemical
characteristics, initiating from the differences in impurity content of starting mineral
precursor of CaCOs.

2.2.4 The Impurity Effect on Hydraulic Reactivity of a-TCP

The amounts of some impurities for the CaCOj3 precursors obtained by ICP-MS
analyses are given in Table 2.1. The total amounts of the impurities are different for
each CaCOg source. The highest amount of impurity was detected for CC-C, which
turned out to a-TCP product with the poorest hydraulic reactivity. In fact, the
morphological investigations of the CaCO3 precursors with SEM provided some
foresee for such chemical differences. The crystals of CC-C were submicron in size,
much smaller compared to crystals of the other CaCO3. On the other hand, CC-M and
CC-S crystals were in the form of large planar facets with cubical resemblance as
shown in Figure 2.5a and 2.5b. This difference is most likely due to the ionic
impurities, which can effectively change the crystal growth mechanism during
mineral formation, leading to differences in the shape and size of the CaCO3 crystal

deposits.

As shown in Table 2.1, the contents of sodium (Na), potassium (K), strontium (Sr),
barium (Ba), lead (Pb) and cadmium (Cd) impurity are different, however are at
comparable levels for all three CaCO3 sources. Meanwhile, magnesium (Mg) content
is significantly different in all CaCOj3 sources. For CC-C, Mg content was detected as
1054.8 pg g™, order of magnitude higher than Mg content of CC-M (30.4 ug g™*) and
CC-S (93.5 pg g). Most probably this is the main reason for the poor reactivity of
CC-C, since it is known that Mg doping changes the crystal structure of TCP [79].
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Table 2.1 ICP-MS analysis results for the CaCOj3 sources; CC-M, CC-S and CC-C

Element CC-M* CC-8* CC-C*

Na 330+28 20337 387+23

K <03 51.7+34 250+38
Mg 304+05 935+14 10548+120
Sr 921+11 874+19 736+06

Ba 08+003 161+0.12 151101

Fe <<55 <<5.5 75.1+12

Al <<3.0 <<3.0 733+49

Pb <0075 <<0.075 1+01

Cd <<0.075 <<0.075 1+0.1

*The values are in pg g™

The substitution of Ca** by smaller sized Mg?* ions in the TCP crystal, leads to a more
relaxed geometry for the crystal lattice. Due to the higher electronegativity of Mg?*
compared to Ca®* a stronger interaction forms between Mg and O weakening the Ca-
O bonding [79]. Therefore, presence of Mg?* results in an enhancement in the
chemical stability and consequently decreases the solubility of TCP [80, 82, 152]
limiting its cement-type conversion by hydration. This was the case for the a-TCP
synthesized from CC-C source containing high level Mg which exhibited no hydraulic
reactivity and poor setting characteristic. In addition, high Mg content of CC-C also
becomes a determining factor for the crystal nature of fired a-TCP product thereof
synthesized by high temperature solid state reaction. It has been shown that the Mg
ion doping stabilizes the low temperature B-polymorph of TCP and increases the B to
a-TCP phase transformation temperature (1125°C) to higher values [80, 81, 84, 153,
154]. In this respect, the formation of B-TCP phase from CC-C reactant after firing at
1200°C is quite reasonable, again attributed to its considerable high Mg impurity

content.
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Another compositional difference between CaCO3 sources (CC-M and CC-S) leading
to highly reactive a-TCP, and CC-C source that yields to poorly reactive a-TCP, is in
the amount of Fe impurity. The amount of Fe was found much less than 5 pg g™ both
for CC-M and CC-S, and at around 75 pg g™ for CC-C. Fernandez et al. investigated
the effect of iron citrate modification on setting characteristics of a-TCP and they
reported shorter initial and final setting times with Fe modification [78]. In this
regard, the poorest reactivity of a-TCP of CC-C suggests that the inhibitory effect of

Mg seems to be more dominant than synergetic effect of Fe.

The amount of Al was also much higher for CC-C (73.3 ug g™*) compared to that for
CC-M and CC-S which was much less than 3.0 pug g™*. It is not possible to propose an
educated guess about the direct effect of Al on hydraulic reactivity from the data of
the present study. However, if Al had an effect on reactivity this should be inhibitory,
as it is the highest in CC-C. However, this conclusion is just vague, as there is no data
for the effect of Al on reactivity of a-TCP in the literature for the best of our

knowledge.

The effect of Sr, which is a common impurity for the all calcium precursors employed
in this study, on hydraulic reactivity of a-TCP has been also reported in literature. It is
given that, a decrease in hydraulic reactivity was observed for a-TCP samples
containing more than 1 mol% Sr substitution [76]. Similarly, decrease in a-TCP
reactivity was observed when Sr ion was present in the hydration media [75]. The Sr
impurity content of the CaCOj3 precursors used in present study was found to be
almost identical; in the order of 70-90 ug g™*. This Sr amount is much lower than the
amount of Sr-substitution (1 to 10 mol %) achieved in the previous reports [76]. The
sufficiently high reactivity of a-TCPs, obtained from CC-M and CC-S containing
trace amounts of Sr impurity suggest that there at least a critical content of Sr is
required to cause an obvious decrease in the reactivity and at this concentration, Sr

does not have a negative effect on the reactivity of a-TCP.
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As a summary, in this part of the study, the effects of a-TCP synthesis parameters
such as firing temperature and firing time, and the impurity content of the starting
calcium sources on hydration reactivity were investigated. For this purpose, the
samples of a-TCPs were synthesized by using different firing temperatures between
1150-1350°C by applying firing time of 2 h or 24 h. Three commercial CaCOj3;
sources with different impurity contents (CC-M, CC-S, CC-C) were used as primary
calcium precursors. It is concluded that, the phase pure a-TCP powder synthesized
from CC-M by firing at 1200°C for 2 h exhibited the highest reactivity among most of
other a-TCP products and was completely set to HAp after hydration process. The
main difference behind this is the differences in trace amount of impurities that are
present in CaCQOj3 sources. The results indicated that presence of magnesium impurity

leads to a significant and adverse effect on the hydraulic reactivity of a-TCP.

It is worthy of note that, the first step of this thesis was to obtain a pure a-TCP
powder with high hydraulic reactivity. In order to reach this goal, a number of
different synthesis routes were tried with two different phosphate precursors as
monetite and pyrophosphate. In an attempt to contribute to the fund of knowledge on
CaP synthesis, the main body of a-TCP synthesis experiments and their results were
given in Appendix A.
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CHAPTER 3

INJECTABLE CALCIUM DEFICIENT HYDROXYAPATITE-
CHITOSAN FIBER COMPOSITES

It is well known that, new bone tissue formation towards the CDHAp is very slow
and restricted in comparison with bone healing process. Therefore, providing
porosity to CDHAp structure to enable cell penetration and tissue ingrowth towards
the material is necessary to accelerate the resorption and induce bone tissue
replacement of the implant. Chitosan is a natural originated biodegradable and
osteoinductive polymer that commonly used in hard tissue applications. In this study,
a-TCP and chitosan were combined to prepare injectable bone cement systems which
are designed to degrade gradually in time to be replaced by the natural bone tissue.
For this purpose, composites were prepared from chitosan fibers (CFs) and a-TCP as
bone graft materials which may accelerate the bone healing process. a-TCP/CF
composites were prepared in different compositions and the effect of CF addition on
cement properties were examined by mechanical and injectability tests as well as

microstructural and phase analysis studies.
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3.1 Experimental

3.1.1 Materials

Low-viscous chitosan (>78% deacetylation degree, Fluka, catalog no. 50494,
Switzerland), glacial acetic acid (99-100% J.T. Baker, Netherlands), sodium sulphate
(NapSO4, Merck, catalog no.106643, Germany) and sodium hydroxide (NaOH, J.T.
Baker, catalog no. 0402, Netherlands) and methanol (CH3OH, Sigma-Aldrich,
catalog no. 24229, Germany) were used to prepare chitosan fibers. Sodium alginate
(Sigma-Aldrich, catalog no. 2033, Germany), Ringer’s tablets (Merck, catalog no.
115525, Germany) were used for composite studies.

3.1.2 Methods

3.1.2.1 Preparation of the Stock a-TCP Powder

The optimum synthesis procedure of a-TCP was determined in the light of the
previous studies given in Chapter 1. Depending on the prior results, CC-M was used
as the calcium precursor and the 1200°C — 2 h of firing operation was chosen as the
optimum solid state parameters in terms of hydration reactivity of the end product, a-
TCP. The powder synthesis procedure was described in detail in Chapter 1. Briefly,
the solid state synthesis of a-TCP was achieved by firing of pre-synthesized CaHPO,
and CaCOj3; mixture (2:1 molar ratio) at 1200°C for 2 h. The powder product was ball
milled and sieved through -200 mesh. The produced oa-TCP stock was stored in a

vacuum desiccator to be used in the rest of the study.
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3.1.2.2 Preparation of Chitosan Fibers by Wet Spinning

Wet-spun CFs were produced according to the procedure used by Tuzlakoglu et al. in
2004 [111]. In order to obtain a chitosan dope, 4% (wt/v) chitosan was dissolved in
2% (v/v) aqueous solution of acetic acid. In the mean time, the coagulation bath was
prepared as an aqueous mixture (v/v) of 10% NaOH solution (1M), 30% Na,SO,4
solution (0.5 M) and 60% distilled (DI) water. Following this, the chitosan dope was
placed in a plastic syringe with a needle diameter of 0.5 mm and injected into a
beaker containing the coagulation bath (100 mL) at a rate of 5 mL/h by using a
syringe pump (New, Era Inc. model no. NE-300, USA). After CFs were formed, they
were kept in coagulation bath overnight and then washed five times with DI water.
For the purpose of dehydration, fibers were suspended in 50% methanol (1 h) and
100% methanol (3 h). Finally, fibers were cut into filaments at an average length of 3

mm with the help of scalpel and dried at room temperature.

3.1.2.3 Composite Formation

Totally, four groups of cement specimens were studied and a-TCP cement without
fiber defined as the control group. The other three groups were prepared as a-
TCP/CF composites with 1.5%, 3% and 6% (w/w) fiber content. The liquid phase
was an aqueous solution of sodium alginate 1% (w/v) for all specimens. For all four
formulations, the cement liquid was added dropwise to the a-TCP at a liquid to
powder ratio of 0.6 (v/w) and manually mixed with spatula to obtain a cement paste
of workable consistency. Previously prepared CFs were introduced subsequently and
the total system was mixed for 1 min. The compositions of these composites are

given in Table 3.1.
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Table 3.1 Compositions of a-TCP/CF composites

Composite o-TCP (g) Sodium alginate 1 wt% (mL) | CF (g)
C-0 (control) 2 12 -
C-15 2 1.2 0.03
C-3 2 1.2 0.06
C-6 2 1.2 0.12

In order to perform mechanical tests, microstructural investigations and phase
analysis studies, each paste was placed into a cylindrical teflon mold of 6 mm
diameter and 12 mm height. Molds were immersed into Ringer solution (simulated
body fluid, the composition is given in Appendix C) at 37°C for 24 h to actualize the

cement-type setting of a-TCP based products. Afterwards, set cement samples were

removed from molds and tests were carried out.

3.1.2.4 Composite Characterization Methods

3.1.2.4.1 Injectability Tests

Injectability characteristics were evaluated by using a Lloyd LRX 5K Mechanical
Tester and an apparatus designed in our laboratory. The system consists of a stainless

steel syringe with 11.3 mL-volume and a hole diameter of 2 mm and the syringe is

vertically fixed on top of a table-like holder (Figure 3.1).
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Figure 3.1 The injectability apparatus and the injectability test system.

Each cement paste (~3 g) was filled into the syringe by means of a metallic spatula.
In order to perform the test, the syringe system was placed between the compression
plates of the mechanical tester. The maximum load that can be applied manually on
an injection device is in the range of 250 - 300 N [155, 156]. For this reason, 250 N
was selected as the maximum load and this load was exerted on the syringe at a
constant crosshead speed of 10 mm/min to extrude the cement paste. The extrusions
were initiated 3 min after mixing of cement composition and continued until a
maximum load of 250 N was reached.
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The injectability was calculated according to Equation 1, where M1 is the initial
weight of the paste inside the syringe and M2 is the weight of the cement paste

extruded from the syringe.
. s M2
Injectability (%) = -~ x 100 1)

Injectability tests were repeated four times for each specimen and the average values

were calculated.

3.1.2.4.2 Contact Angle Measurements

Water contact angle measurements were carried out with the object of clarifying the
possible interactions between CFs, a-TCP particles and water during the injection

process.

A chitosan film was prepared by adaptation of the wet spinning procedure. One side
of a lamella was covered with a 1 mL of chitosan dope solution, the system was
immersed into the coagulation bath and incubated over a night at room temperature.
The following washing and drying steps as described in the wet spinning procedure

were applied to the chitosan films formed on lamellas.

For the purpose of evaluating the water interactions of the a-TCP cement phase
during the injection process, a film consisting of a-TCP and cement liquid was
prepared. The cement mixture was pressed in between two lamellas and dried for 1 h

at 50°C in an open atmosphere furnace.

Contact angle measurements were performed by a goniometer (CAM 200, Finland)
at room temperature. In order to determine the contact angle, at least five DI water
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drops (5 pL) were placed on the chitosan and a-TCP cement films and the average

values were calculated for each.

3.1.2.4.3 Mechanical Tests

Mechanical properties of wet a-TCP/CF composite samples were examined by a
mechanical testing machine (Lloyd LRX 5K Mechanical Tester). The specimens
(cylindrical, r = 6 mm, h = 12 mm) were removed from Ringer solution, demoulded
and urgently submitted to compression tests. Each self-hardened and wet cylindrical
sample was vertically placed into the mechanical tester. Load application was
performed at a speed of 10 mm/min. The maximum load applied before the failure of
the sample was recorded and put in the Equation 2 to calculate the compressive

strength value.
op = P/TIF? (2)

where o, is the compressive strength (MPa), P is the maximum load applied (N)

before failure, IT is pi constant and r is the radius of the cylindrical sample (mm).

At least six samples were tested for each subgroup and the average values of

compressive strengths were calculated.

3.1.2.4.4 Phase Conversion Analysis

The qualitative phase analysis of hydration products of the control group and
composites of 3 wt% and 6 wt% fiber content were performed by XRD
(Rigaku/Ultima-1V). CuKa radiation was used at 40 kV voltage and 40 mA current.
The scanning range of the samples was 20—40° with a speed of 2°/min.
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3.1.2.4.5 Morphological Investigations

The microstructure and morphology of all hydration products of 3 wt% and 6 wt%
fiber containing a-TCP/CF composites were examined with a FEl QUANTA 400F
SEM. The samples were coated with Au—Pd thin films by a Hummle VII sputter prior
to SEM investigations.

3.2 Results and Discussions

3.2.1 Injectability Test Results

The filter-pressing (phase separation of liquid and solid phase) is one of the major
limiting factor on the injectability of the CPCs. Incorporation of cohesion promoters
such as sodium alginate into the cement liquid is a well accepted common technique
to decrease the filter pressing effect which is also used in the present study [91, 92,
157]. In a few words, the presence of alginate increases the water retention capacity
of the system and the adsorption of alginate on to the CaP particles reduces the
friction between solid granules while decreasing the flow shear stress [111].

A number of methods have been introduced to improve the poor injectability of the
CaP phases such as changing the liquid/powder ratio, decreasing the particle size and
modification of liquid phase viscosity by using various additives. Nevertheless, to
date no approaches have focused on the effect of polymeric fiber addition on the

cement injectability.

The influence of CF content on the injectability of a-TCP cement is illustrated in
Figure 3.2. The graph shows a clear trend of increase in the amount of cement
extrusion with the increase in fiber content. The injectability of the cement without
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fiber (82%) was remarkably lower than the composite systems containing 1.5 wt%, 3
wt% and 6 wt% CF, which were exhibited an injectability of 88%, 90% and 93%,

respectively.
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Figure 3.2 The influence of CF content on the injectability of a-TCP cement.

This significant positive correlation between cement injectability and CF amount
could be attributed to the chemical nature of the fiber-cement interfaces. In order to
understand the possible interactions between cement particles and fiber surfaces
during the injection process, water contact angle measurements were performed. The
apparent difference between the contact angle value of CF surface (64°) and the CaP
system (13°) indicates the distinction in water interaction tendency of each
component. Water molecules are strongly attracted and adsorbed onto hydrophilic
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alginate-CaP particle system whereas the attraction between water and CFs were not
as stronger as CaP. In the overall perspective, when the total system is moving
towards the direction of the applied load, CFs act as slippage layers for water-
adsorbed calcium phosphate particles during the injection process. This is the basic
phenomena behind the injectability promoter capacity of CFs.

Despite the known advantages of chitosan on bone tissue healing, the usage of
polymer in the injectable CaP based systems is restricted. In the previous studies,
chitosan was directly added into the cement liquid and the destructive effect on
injectability was reported in consequence of chitosan adsorption on crystal surface
and agglomeration of cement particles [73]. At this point, the superiority of the CFs
for the improvement of the injectability of CPC comes into play since; there is a
minimized charge attraction between CaP particles and chitosan in fibrillar form.
During the fiber formation, interaction between individual chitosan macromolecules
leads to a reduction in the number of free charged groups on chitosan. Therefore, the
total number of charged groups on CF surface is much lower than the dissolved form

of chitosan as mentioned in literature [73].

3.2.2 Compressive Properties

Figure 3.3 is related to the average compressive strength of four specimens with
different fiber weight fractions of 0, 1.5, 3 and 6%. Compressive strength of the
control group (9.54 MPa) was slightly changed to the values of 9.65 MPa and 9.77
MPa with the 1.5 and 3 wt% fiber addition, respectively. These negligible differences
reveal that incorporation of CFs up to a certain amount (3 wt%) has almost no
influence on compressive strength of the composite structures. The incorporation of
6 wt% fiber caused a significant decrease on mechanical properties; the strength of
this group of samples was found as 6.95 MPa. (Representative load-deformation and

stress-strain curves of composites are given in Appendix B)
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Figure 3.3 Influence of CF content on the compressive strength of the cylindrical

composites.

Generally, the presence of fibers reduces the stress concentration and helps to
suppress crack propagation in composites. The existence of fibers introduces
interfacial layers to the cement matrix which can absorb some energy from crack tips
and relieve stress zones to prevent crack growth. Besides, the elastic wet fibers have
a potential to deflect the direction of applied load which also cause to relieve the
systemic stress. In this regard, the higher CF content could be expected to show
higher efficiency to prevent crack propagation and improve the strength of the
system. However, another important factor should also be considered; fiber/cement

interfaces have a very low bonding strength and tend to nucleation of voids during
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the composite formation. The number of voids which is effective on reducing the
strength of the composite reverses the reinforcement effect of fibers.
Consequentially, on account of these contrary influences, addition of CFs up to a
certain limit did not cause a change in mechanical properties of the CPC systems in
the present study. A similar result was reported by a previous work showed that the
incorporation of non-modified CFs had no influence on compressive characteristics
of a CPC system [117]. On the other hand, a further increase in CF content (up to 6
wt%) caused a negative effect on compressive strength. At a fiber amount of 6 wt%,
the well distribution of fibers are disrupted and small fibrillar flogs are started to
form which constitute weak regions in the system and causing a decrease in

mechanical properties of the composite.

It is also worth to mention that, fibers provide noteworthy crack bridging property
which is also important on reinforcement mechanism and failure behavior of the
cement systems. In this study, macro images of failed cement specimens just after the
compressive tests indicated the remarkable difference in physical appearance of fiber
involving and fiber-free composites (Figure 3.4). Despite of the excessive vertical
crack formation and failure, the pieces of 3 wt% (Figure 3.4b) and 6 wt% (Figure
3.4c) fiber containing composites was still intact, whereas the specimens without CF
are broken into pieces (Figure 3.4a) upon application of 250 N load. This extensive
crack bridging potential of fibers allows composites to undergo numerous
microcracks instead of one large detrimental crack and prevents the catastrophic

failure of the cement structure.
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Figure 3.4 Macro images of failed CPC samples after the compression test. (a) Fiber-
free, (b) 3 wt% and (c) 6 wt% CF containing CPCs.

55



3.2.3 Phase Analysis Results

XRD diffractograms of 24 h hydrated CPC composites with different CF contents are
given in Figure 3.5. The XRD spectra of all samples displayed the characteristic
peaks of HAp (JCPDS card no. 9-432) which is an indicator of a full phase
transformation by means of completed setting reaction. These results reveal that CFs
do not have a destructive influence on the setting characteristics of the CaP system
and the full hydration was achieved regardless of the fiber weight fractions. Although
dissolved chitosan is known to hamper a-TCP hydration efficiency, fiber form of the
polymer demonstrated to have no negative effect on cement setting due to the

decreased surface charge and suppressed ionic interaction with a-TCP particles.

Intensity (arb. units)
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Figure 3.5 XRD diffractograms of 24 h hydration products of CPC composite
specimens. (a) 0 wt%, (b) 3 wt% and (c) 6 wt% CF containing CPCs.
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3.2.4 Morphological Analyses Results

SEM images of CPC composites with the fiber weight fractions of 3 wt% and 6 wt%
are shown in Figures 3.6a and 3.6b, respectively. As apparently seen from the figure,
CFs created channel-like pores with a diameter about 150 pm which is higher than
the minimum necessary pore size (100 um) to achieve bone tissue in growth [158].
Therefore, it is easy to suggest that after the degradation of CFs, the incorporation of
bone tissue into CPC implants potentially occur. The major disadvantage of using
short fibers is the lack of interconnectivity between the pores but still, the presence of
these pores introduces extra domains for newly generated bone tissue to move along
and accelerate the degradation process of CPC in comparison with fiber-free

cements.

Figure 3.6 SEM micrographs of CF/CaP composite cement specimens. (a) 3 wt%

and (b) 6 wt% fiber containing composites.
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The micrographs (Figure 3.6) indicated that the composites with the fiber weight
fraction of 3 wt% (a) exhibited relatively more homogenous structure than 6 wt%
fiber containing composites (b). The spots of fiber agglomerates can be clearly seen
in CPC specimens of 6wt% fibers which were previously reported as the main reason
of the decrease in mechanical properties of the system. The isotropy of the composite
systems is established by the observed random orientation of CFs (Figure 3.6). This
nondirectional behavior of short fibers result in a uniform mechanical performance of
the composites in all directions which is an important phenomena for bone implant

materials.

As a summary, in this part of the study, an injectable a-TCP/CF composite bone
cement system which has a potential to enhance bone regeneration and replacement
was developed. a-TCP/CF composites were prepared by using different amounts of
CFs and the effect of CF addition on cement properties was investigated. CFs
promoted the injectability of the system by introducing interface layers for CaP
particles to slip. Existence of CFs was shown not to be effective on compressive
strength up to a certain limit (3 wt%) whereas at a fiber amount of 6 wt%, a
significant decrease was observed in mechanical properties. In addition, presence of
CFs enhanced the failure behavior of cement samples by providing a noteworthy
crack bridging property and preventing the catastrophic failure. Presence of CFs in
the cement composition demonstrated to have no influence on hydration reactivity of
a-TCP.
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CHAPTER 4

ZINC CONTAINING CHITOSAN FIBER SCAFFOLDS FOR
HARD TISSUE APPLICATIONS

Zinc is an essential mineral having several critical functions on osteogenesis and
increased amounts of zinc are found at the sites of bone repair. Adequate levels of
zinc are needed on the elevation of calcium and collagen levels, osteoblastic cell
function and new bone tissue formation where as zinc deficiency results in bone loss
that is closely related to osteoporosis and impair bone healing. However, the
inductive effect of zinc on osteogenesis was shown to be concentration dependent;
above a certain level, presence of zinc lead to side effects on bone metabolism. On
this basis, it is required to have site specific administration and controlled release of
zinc for bone treatment to observe a positive effect on bone mineralization and to
avoid toxic effects in surrounding tissues. Despite of being a biocompatible,
biodegradable and conventional biopolymer, non-usage of chitosan in essential trace
metal delivery for tissue healing purposes is a gap in the field of biomaterial
research. It is reported that wet-spun CFs have been efficiently used in metal
chelating and these fibers were able to chelate up to 6.2% zinc of their own weight
[122]. It is quite apparent that the metal chelating property of CFs could potentially
be used on development of controlled zinc release systems and can be applied in
local zinc deficiency therapies of bone tissue to avoid systemic side effects. For this
purpose, wet spun CF scaffolds were prepared and appropriate amount of zinc was
loaded on these scaffolds in regard to the zinc content of healthy human bone tissue.
Zinc release studies were performed on CaP covered (CF+CaP) and uncovered (CF)
scaffolds and zinc ion concentrations of the release solutions were determined by
ICP-MS analysis.
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4.1 Experimental

4.1.1 Materials

Low-viscous chitosan (>78% deacetylation degree, Fluka, catalog no. 50494,
Switzerland), glacial acetic acid (99-100% J.T. Baker, Netherlands), sodium sulphate
(Na;SO4, Merck, catalog no.106643, Germany), sodium hydroxide (NaOH, J.T.
Baker, catalog no. 0402, Netherlands) and methanol (CH3OH, Sigma-Aldrich,
catalog no. 24229, Germany) were used to prepare chitosan fibers. Zinc absorption
was performed by using zinc sulphate (ZnSQO,4-7H,0, Fischer, catalog no. 287558,
USA) compound. 10 mM, pH 7.4 phosphate buffered saline (PBS) solution which
was prepared by dissolving 0.05 mole K,;HPOy, 0.045 mole KH,PO, in deionized

water was used in zinc release studies.

4.1.2 Methods

4.1.2.1 Absorption of Zinc into Chitosan Scaffolds

Chitosan fibers in the form of fibrous scaffolds were prepared according to the
method described in Chapter 3. Wet-spun fibers were placed in cylindrical teflon
molds (r =1 cm, h = 1 cm) and dried at 50°C after the methanol treatment. Zinc
absorption was carried out by using an aqueous stock solution of zinc sulphate in a
concentration of 656 mg/L for all samples (confirmed by ICP-MS). Under vacuum
pressure cycle, 35 pL stock solution was imposed on each 45 mg scaffold which are
placed in tissue culture well plates. The dose of zinc to be loaded for a certain weight
of chitosan scaffold was defined in regard to the information of zinc content of
human bone tissue (0.0126-0.0217 wt%) [159].
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4.1.2.2 Preparation of CaP-Covered Scaffolds

CaP coating was performed on previously zinc loaded chitosan scaffolds which are
placed in a tissue culture well plate. For this purpose, ~ 30 uL a-TCP cement paste
(water to particle ratio:2 (w/w)) was added dropwise on each scaffold under vacuum
pressure cycle and the total system was incubated in 37°C for 24 h.

4.1.2.3 Zinc Release Studies

Zinc release studies were carried out on a-TCP covered (CF+CaP) and non-covered
(CF) chitosan scaffolds, separately. To perform the zinc release experiments,
scaffolds were immersed in 2 mL PBS (10 mM, pH 7.4) and conditioned at 37°C.
After certain incubation times (24 h and 1, 2, 3, 4 weeks) scaffolds were taken out
from the buffer solution and immersed into fresh PBS solution (2 mL). Taken buffer

solutions were tested for zinc ion concentration by ICP-MS analysis.

4.1.2.4 Microstructural Investigations

The microstructure and morphology of CaP covered and uncovered CF scaffolds
were examined with a FEI QUANTA 400F SEM. The samples were coated with Au—
Pd thin films by a Hummle VII sputter prior to SEM investigations.
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4.2 Results and Discussion

4.2.1 Zinc Release Results

The time dependent zinc release profiles of CaP covered and uncovered chitosan
scaffolds are given in Table 4.1 and Figure 4.1. First of all, it is worth to note that no
zinc release could be detected at the end of 24 h incubation period representing non-
existence of weakly bonded zinc ions on the surface of chitosan fibers. This data also

indicate the successful chelation of introduced zinc ions into the chitosan structure.

Table 4. 1 The time dependent zinc release profiles of CaP covered (CF+CaP) and

uncovered (CF) chitosan scaffolds.

Amount of Zinc in Release Medium
Release Period CF CF + CaP
(mg/L) (%) (mg/L) (%)
24 h <<0.003 - <<0.003 -
1 week 0.097 £ 0.0048 0.87 £0.04 0.055 £0.0027 0.49 +£0.02
2 weeks 0.226 +0.0113 2.02+0.10 0.131 + 0.0065 1.17 £0.06
3 weeks 0.286 £0.0143 2.56 +£0.13 0.163 £0.0081 1.46 £0.07
4 weeks 0.399 £0.0169 3.57+£0.18 0.219+£0.0109 1.96 +£0.10

For chitosan scaffolds, after 4 weeks of incubation period, the total amount of
released-zinc was determined as ~0.4 mg/L (Table 4.1) which is only 3.6 wt% of the

loaded dose (11.15 mg/L). (Cumulative zinc release percentages of chitosan
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scaffolds are given in Appendix D) It is possible to hypothesize that this
circumstance is less likely to occur in vivo conditions since, all release studies were
carried out in an enzyme-free buffer release medium and the release of zinc was
independent from the degradation of chitosan. This striking data revealed the
requirement of chitosan degradation to fulfill the zinc release, which is an ideal
strategy to manage the biocontrolled release of zinc. The result also denotes the
correlation between zinc release from chitosan scaffold and the bioactivity of the
host tissue which possibly occur in balance with the tissue healing process in the
presently designed system. However, further investigations are needed to understand

the association of these factors in vitro and vivo environment.

As shown in Figure 4.1, at the end of the 4 weeks, zinc release from CaP covered
specimens (~0.22 mg/L) was significantly lower than uncovered ones (~0.40 mg/L).
The observed difference could be attributed to the extra barrier formed by CaP
particles present on fiber surfaces. Because of charge attraction between zinc ions
and CaP particles, existence of CaP particles hampered the release of zinc ions and

prolonged the zinc release period.

Because of the weak surface attraction between CaP crystals and CFs, CaP particles
were inclined to detach from the surface of chitosan fibers in the PBS solution.
Consequently, a remarkable amount of CaP particles slided down from the CF
surfaces and precipitated in the release medium after each time period of incubation.
At this point, a weakness of the study about incompetent CaP covering onto the
chitosan fibers become apparent and more specific techniques should be developed
to activate the surface of chitosan fibers and achieve a more stable CF-CaP

interfaces.
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Figure 4.1 The time dependent zinc release profiles of CaP covered (CF+CaP) and

uncovered (CF) chitosan scaffolds.

4.2.2 Microstructural Investigation Results

SEM micrographs showing the morphologies of the CaP covered and uncovered
chitosan scaffolds are given in Figure 4.2a and Figure 4.2b, respectively. As
apparently seen from the Figure 4.2a, small CaP particles covers CFs and forms a
rough characteristic to fiber surfaces. Surface topography is known to be important
on bone-biomaterial interaction and roughness is a favorable property which induces
bioactivity of osteoblasts, improves mineralization and bone anchorage [160, 161].

Therefore, the presence of CaP particles on CF surfaces is expected to enhance bone
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tissue-CF scaffold interaction and osteointegration of the implant system. However,

this assumption should be confirmed by further in vitro and in vivo studies.

# 100vrm —— 1006Fn
METU 20We 2100 28KV %188

Figure 4.2 SEM micrographs of zinc containing CF scaffolds. (a) CaP covered
(CF+CaP) and (b) CaP uncovered (CF).

Porosity is an important requirement for an ideal osteoconductive bone substitute and
CF scaffolds display a porous nature as clearly seen from the Figure 4.2b. Owing to
the macro porous structure of the scaffolds (Figure 4.2b), CF network could enable
cell penetration and tissue ingrowth towards the pores of the implant and act as a

constructive support material for new bone tissue.
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Zinc is an essential mineral having several critical functions on osteogenesis and zinc
deficiency results in bone loss that is closely related to osteoporosis and impair bone
healing. However, the inductive effect of zinc on osteogenesis was shown to be
concentration dependent; above a certain level, presence of zinc lead to side effects
on bone metabolism. In this study, a novel zinc chelated CF scaffold system was
developed in order to manage the controlled release of zinc for hard tissue
applications. The presently developed CF based bone supporting system is a good
candidate for local zinc supply in zinc deficiency therapies while avoiding toxic
effects in surrounding tissues. Despite of being a conventional and extensively
studied biopolymer, chitosan was not used for essential trace metal ion delivery for
tissue healing purposes up to now. It is quite apparent that presently developed
system can also be used in delivery of other essential trace metal ions in various
applications. However, further investigations are needed to understand the
physiological effect of metal release from CF scaffolds in vitro and vivo

environment.
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CHAPTER 5

CONCLUSIONS

The overall conclusions of the thesis can be given as follows;

In chapter 1, general information related to the structure of natural bone, bioceramics
as bone graft materials, the concept of a-TCP bone cement, chitosan as a biomaterial,

chelating capacity of chitosan and physiological effect of zinc are given.

In chapter 2, the hydraulic reactivity of a-TCP was found to be controlled by
combination of several interrelated synthesis parameters, but predominantly by the
chemical composition of the primary calcium precursor. The experimental approach
in making reactive o-TCP by solid state reaction relies on a simple systematic
optimization in regard to choosing proper firing temperature and time. The present
study highlights some general findings in regard to determination of these parameters
for the CaCO3-CaHPO;, solid reactant system. It has been found that both the firing
temperature higher than 1200°C and prolonged firing reduce the hydraulic reactivity.
These two factors are most likely valid for any solid reactants co-fired for obtaining
a-TCP. However, system specific assessments on hydraulic reactivity of a-TCP
require precise information about the chemical identity of the precursors. Some
impurities conveyed from the calcium precursor completely annihilate the setting of
a-TCP. The results obtained in this study indicated that magnesium impurity content,
leading to a significant and adverse effect on the hydration of a-TCP, is one of the
primary concerns for the selection of proper calcium precursor. This part of the study
was published with the title of ‘Alpha-tricalcium phosphate (a-TCP): solid state

synthesis from different calcium precursors and the hydraulic reactivity’ [162].
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In chapter 3, an injectable a-TCP/CF composite bone cement system which has a
potential to enhance bone regeneration and replacement was developed. A clear trend
of increase in the cement injectability with the increase in fiber content was
observed. This significant positive correlation between cement injectability and CF
amount is attributed to the chemical nature of the fiber-cement interfaces. CFs act as
slippage layers for water-adsorbed calcium phosphate particles during the injection
process and take role as an injectability promoter agent in the total system. Existence
of CFs was shown not to be effective on compressive strength up to a certain limit (3
wt%) whereas at a fiber amount of 6 wt%, small fibrillar flogs are started to form
which constitute weak regions in the system and causing a decrease in mechanical
properties. In addition, short CFs provide noteworthy crack bridging property which
is also important on reinforcement mechanism and failure behavior of the cement
systems. Presence of CFs in the cement composition demonstrated to have no
influence on hydration reactivity of o-TCP. SEM micrographs revealed the
extremely nonuniform nature of 6 wt% fiber containing composite which is

responsible for the decrease in mechanical properties.

In chapter 4, a zinc chelated CF scaffold system was developed in order to manage
the controlled release of zinc for hard tissue applications. As a result of release
studies, no zinc release could be detected at the end of 24 h incubation period
representing non-existence of weakly bonded zinc ions on the surface of CFs. This
data also indicate the successful chelation of introduced zinc ions into the chitosan
structure. After 4 weeks of incubation in enzyme-free phosphate buffer environment,
only ~3.6 wt% of the loaded dose was released. This striking data revealed the
requirement of chitosan degradation to fulfill the zinc release, which is an ideal
strategy to manage the local application and biocontrolled release of zinc. At the end
of the 4 weeks, zinc release from CaP covered specimens was significantly lower
than uncovered ones. However, further investigations are needed to understand the
association of these factors and the effect of zinc release in vitro and vivo

environment.
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As an overall summary, in the first part of the studies, the proper a-TCP synthesis
parameters (firing temperature and time) and calcium precursors to obtain highly
reactive a-TCP end product was defined. It is concluded that, the phase pure a-TCP
powder synthesized from CC-M by firing at 1200°C for 2 h exhibited the highest
reactivity among most of other a-TCP products and was completely set to HAp after
hydration process. Therefore, this synthesis route was chosen and applied for
production of a-TCP stock for further studies (for production of a-TCP based bone
supporting composites and for covering the zinc containing scaffolds). In the second
part, an injectable o-TCP and CF composite bone cement system which is designed
to degrade gradually in time to be replaced by the natural bone tissue was prepared
and the effect of CF addition on cement properties were examined and compared.
Addition of 3 wt% CFs increased injectability of the system and did not cause a
negative effect on compressive strength of the composite structures. In the third part,
a biodegradable bone supporting material was attempted to develop by using zinc
chelated chitosan scaffolds which potentially achieve site specific administration and
controlled release of zinc. However, more specific techniques should be developed to
observe the effect of chitosan degradation on zinc release and to achieve more stable
CF-CaP interfaces. In addition, further investigations should be carried out in order

to understand the effect of zinc release in in vitro and in vivo environment.
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APPENDIX A

SYNTHESIS METHODS OF SOME CaP POWDERS AND
EXPERIMENTAL METHOS ON a-TCP SYNTHESIS

The first step of this thesis was to obtain a pure a-TCP powder with high hydraulic
reactivity. In order to reach this goal, a number of different synthesis routes were
tried with two different phosphate precursors as monetite and pyrophosphate. It is
worthy of note that, a B-TCP synthesis procedure was also established during this
experimental research period. In an attempt to contribute to the fund of knowledge
on CaP synthesis, the main body of a-TCP synthesis experiments and their results,

pyrophosphate and 3-TCP synthesis procedures were given in this appendix.

A.1 Materials and Characterizations

Three different CaCO;3; precursors were used to prepare o-TCP. They were the
commercial grade products of Merck (Germany, Catalog no. 102066), and Carlo
Erba (Italy, Catalog n0.327059) and Sigma (Germany, Catalog no. C4830) which
will be referred as CC-M, CC-C and CC-S, respectively hereafter. H3PO, (85 wt%)

was received from Merck (Germany, Catalog no. 100573).
Phase analyses of all products were performed using XRD (Rigaku, Ultima D/MAX

2200/PC, Japan). CuKa radiation was used at 40 kV voltage and 40 mA current. The

scanning range of the samples was 20-40° and the scanning speed was 2°/min.
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A.2  Pyrophosphate Synthesis

For the preparation of pyrophosphate (Ca,P,07), the pre-synthesized CaHPO, (the
synthesis route was described in Chapter 1) was fired in an alumina crucible in an
open atmosphere furnace at 500°C for 2 h. The schematic illustration of synthesis
protocol of Ca,P,07 was given in Figure A.1. XRD analyses were performed for
phase analysis of the monetite (Figure A.2) and pyrophosphate (Figure A.3) samples.

CaCO, — > Ca0 + €O,
(-10g)  1150°C,3h

|

CaO+HHL,0 > Ca(O
=7 25°C, 30 min Ca(OH)

|

DI water, ~ 500 ml
Ca(OH), @t H,PO, @9 CaHPO, @t 2H,0
60-65°C, 30 min

l Filter drying

2CaHPO,—— > Ca,P,0, + H,0
500°C, 2h (-12.69g)

Figure A.1 Schematic illustration of the synthesis procedure of pyrophosphate.
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Figure A.2 XRD diffractogram of monetite.
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Figure A.3 XRD diffractogram of pyrophosphate.
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A.3  B-TCP Synthesis

B-TCP was synthesized by solid state reaction between CaCO3; and pre-synthesized

Ca,P,07according to the following reaction.

CaCOs (s) + CayP,0 (s) — Caz(POy)2 (s) + CO2 (g)

For the preparation of B-TCP, the pre-synthesized Ca,P,O; ( ~10 g) was mixed with
CaCOg3 (~3.94¢) in 1:1 molar ratio using Turbula T2F mixer (WAB, Switzerland).
After 1 h mixing, the solid powder blend was fired in an alumina crucible in an open
atmosphere furnace at 900°C for 1 h. Following this, the product was fired at 1150°C
for 1.5 h and cooled to room temperature in the furnace. XRD diffractogram of the
synthesized B-TCP powder is given in Figure A.4.

o O B-TCP

Intensity (arb. units)

20 40

25 30 35
Diffraction Angle 20, degree

Figure A.4 XRD diffractogram of B-TCP.
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A.4  e-Tricalcium Phosphate Synthesis Experiments and Results

In order to provide a reproducible and well-detailed o-TCP powder synthesis
protocol, a number of different experimental synthesis routes have been tried using
different commercially available CaCOj3 sources with different chemical grades, i.e.
different amounts of impurities. Some of these synthesis experiments are given in

this section.

A.4.1 Synthesis Experiment 1

The pre-synthesized Ca,P,0; was mixed with CaCO3; (CC-C) in 1:1 molar ratio (5 ¢
/1.97 g) and vibratory milled in ethanol (10 mL) for 24 h (or 48 h) using a turbula
mixer. Following this step, the samples were dried at 80°C for 5 h in order to remove
the ethanol. The solid powder blend was fired in an alumina crucible in an open
atmosphere furnace at 1150°C for 2 h. At the end of the firing period, the chunky
product was discharged on a borosilicate glass plate and air quenched to room
temperature. XRD diffractograms of the synthesized products are given in Figure
A.5. The resulting powders were three-phasic CaP mixtures of HAp, a-TCP and f-
TCP with HAp as a dominant phase.
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Figure A5 XRD diffractograms of CaP powders synthesized from Ca,P,0; and
CaCOg3 (CC-C) blend which was vibratory milled for different periods. (a) 48 h and
(b) 24 h milled. The same firing operation (at 1150°C for 2 h) was applied to both

samples.

A.4.2 Synthesis Experiment 2

The pre-synthesized Ca,P,0; was mixed with CaCO3; (CC-C) in 1:1 molar ratio (5 ¢
/1.97 g) using turbula mixer. After 1 h mixing, the solid powder blend was fired in an
alumina crucible in an open atmosphere furnace at 1150°C for 2 h. At the end of the
firing period, the chunky product was discharged on a borosilicate glass plate and air
quenched to room temperature. XRD diffractogram of the synthesized product is
given in Figure A.6. The resulting powder was a three-phasic CaP mixture of HAp,
a-TCP and B-TCP with a-TCP as a dominant phase.
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Figure A.6 XRD diffractogram of CaP powder synthesized from Ca,P,0; and CaCO;
(CC-C) blend by firing at 1150°C for 2 h.

A.4.3 Synthesis Experiment 3

The pre-synthesized Ca,P,0; was mixed with CaCO3; (CC-C) in 1:1 molar ratio (5 ¢
/1.97 g) using turbula mixer. After 1 h mixing, two steps firing operation was
applied. The solid powder blend was fired in an alumina crucible in an open
atmosphere furnace at 900°C for 1 h, and then cooled down to room temperature.
Following this, the product was fired at 1150°C for 2 h. At the end of the firing
period, the chunky product was discharged on a borosilicate glass plate and air
quenched to room temperature. XRD diffractogram of the synthesized product is
given in Figure A.7. The resulting powder was mainly HAp with B-TCP as a second

phase.
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Figure A.7 XRD diffractogram of CaP powder synthesized from Ca,P,0; and CaCO3
(CC-C) blend by applying pre-heat treatment at 900°C for 1 h and a firing operation
at 1150°C for 2 h.

A.4.4 Synthesis Experiment 4

The pre-synthesized CaHPO, was mixed with CaCO; (CC-M) in 1:2 molar ratio
(4 9/2.94 g) using turbula mixer. After 1 h mixing, two steps firing operation was
applied. The solid powder blend was fired in an alumina crucible in an open
atmosphere furnace at 900°C for 1 h, and then cooled down to room temperature.
Following this step, the product was fired at 1350°C for 24 h. At the end of the firing
period, the chunky product was discharged on a borosilicate glass plate and air

guenched to room temperature.

The cement-type setting of a-TCP products was performed by exposing powders to

DI water. The hydration was achieved at 37°C for 24 h, at a solid to liquid weight
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ratio of 1:2. At the end of 24 h, the solid reaction products were washed with acetone
and dried by air blowing to finalize hydration. XRD diffractograms of the
synthesized powder and the hydration product are given in Figure A.8. The resulting
a-TCP product was containing a small amount of HAp as a second phase (Figure
A.8a). The remaining a-TCP peak in the hydration product reveals the limited
hydraulic reactivity of the powder (Figure A.8b).

A.4.5 Synthesis Experiment 5

The pre-synthesized CaHPO, was mixed with CaCO3 (CC-M) in 1:2 molar ratio (4
0/2.94 g) using turbula mixer. After 1 h mixing, two steps firing operation was
applied. The solid powder blend was fired in an alumina crucible in an open
atmosphere furnace at 900°C for 1 h then, cooled down to room temperature.
Following this step, the product was fired at 1200°C for 2 h. At the end of the firing
period, the chunky product was discharged on a borosilicate glass plate and air
guenched to room temperature.

The cement-type setting of a-TCP products was performed by exposing powders to
DI water. The hydration was achieved at 37°C for 24 h, at a solid to liquid weight
ratio of 1:2. At the end of 24 h, the solid reaction products were washed with acetone
and dried by air blowing to finalize hydration. XRD diffractograms of the
synthesized powder and the hydration product are given in Figure A.9. The resulting
a-TCP was containing a small amount of HAp as a second phase (Figure A.9a). The
hydration product was almost a phase pure HAp with a negligible peak of remaining
a-TCP (Figure A.9b).
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Figure A.8 XRD diffractogram of (a) a-TCP powder synthesized from CaHPO, and
CaCOg blend by applying pre-heat treatment at 900°C for 1h and a firing operation at
1350°C for 24 h and (b) the hydration product.
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Figure A.9 XRD diffractograms of (a) a-TCP powder synthesized from CaHPO, and
CaCOg3 (CC-M) blend by applying pre-heat treatment at 900°C for 1 h and a firing
operation at 1200°C for 2 h and (b) the hydration product.
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APPENDIX B

LOAD-DEFORMATION AND STRESS-STRAIN CURVES OF
a-TCP/CHITOSAN FIBER COMPOSITES
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Figure B.1 Representative load-deformation curve of CPC after 24 h hydration.
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Figure B.2 Representative stress-strain curve of CPC after 24 h hydration.
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Figure B.3 Representative load-deformation curve of 24 h hydration product of CPC
with 1.5 wt% chitosan fiber content.
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Figure B.4 Representative stress-strain curve of 24 h hydration product of CPC with
1.5 wt% chitosan fiber content.
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Figure B.5 Representative load-deformation curve of 24 h hydration product of CPC

with 3 wt% chitosan fiber content.
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Figure B.6 Representative stress-strain curve of 24 h hydration product of CPC with

3 wt% chitosan fiber content.
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Figure B.7 Representative load-deformation curve of 24 h hydration product of CPC

with 6 wt% chitosan fiber content.
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Figure B.8 Representative stress-strain curve of 24 h hydration product of CPC with

6 wt% chitosan fiber content.

97



APPENDIX C

COMPOSITION OF RINGER SOLUTION

Ringer solution is prepared by dissolving 1 tablet in 500 ml deionized water. The

composition of Ringer’s tablets is given in Table C.1.

Table C.1 The composition of Ringer’s tablets.

Ingredient Amount (g/tablet)

Ammonium chloride 0.00525
Sodium hydrogen carbonate 0.005
Calcium chloride-2-hydrate 0.04
Potassium chloride 0.00525
Sodium chloride 1.125
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APPENDIX D

CUMULATIVE ZINC RELEASE PERCENTAGES OF
CHITOSAN SCAFFOLDS

5.0
s CF
451 lzzA cF + caP
4.0 4 357+0.18
3.54
3.04
2.5

2.02+0.10

Cumulative Zinc Release (%)

Release Period (week)

Figure D.1 The time dependent cumulative zinc release percentages of CaP covered

(CF+CaP) and uncovered (CF) chitosan scaffolds.
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