STRUCTURAL AND MECHANICAL
CHARACTERIZATION OF CALCIUM PHOSPHATE
CEMENTS (CPCs) WITH DIFFERENT POWDER-LIQUID
RATIOS

Sule Yetis

B.S. in Biomedical Engineering, Erciyes University, 2014

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Master of Science
in

Biomedical Engineering

Bogazi¢i University

2019



il

STRUCTURAL AND MECHANICAL
CHARACTERIZATION OF CALCIUM PHOSPHATE
CEMENTS (CPCs) WITH DIFFERENT POWDER-LIQUID
RATIOS

APPROVED BY:

Assist. Prof. Dr. Duygu Ege ... ...
(Thesis Advisor)

Assoc. Prof. Dr. Bora Garipcan ~ ...................

Assoc. Prof. Dr. Emin Siinbiiloglu  ...................

DATE OF APPROVAL: 23 June 2019



il

ACKNOWLEDGMENTS

First of all, I would like to thank to my thesis advisor, Assist. Dr. Duygu EGE
for her precious supervision and motivation during my research. I want to thank our
laboratory members, Oznur Demir Oguz and Ilayda Duru for their precious guidance.
I also would like to thank to my labmate Esra Giiben for her friendship and all the fun

we have had together. Our theory of the better will be always remembered.

I am grateful to my family for their encouragement and support throughout
my thesis process. I would never have been able to achieve my thesis without their
contribution. Lastly, I thank to Mehmet Ali Aric1 for his endless patience and love

that is very precious for me.



v

ACADEMIC ETHICS AND INTEGRITY STATEMENT

I, Sule Yetis, hereby certify that I am aware of the Academic Ethics and Integrity
Policy issued by the Council of Higher Education (YOK) and I fully acknowledge all

the consequences due to its violation by plagiarism or any other way.

Name : Signature:

Date:




ABSTRACT

STRUCTURAL AND MECHANICAL
CHARACTERIZATION OF CALCIUM PHOSPHATE
CEMENTS (CPCs) WITH DIFFERENT POWDER-LIQUID
RATIOS

Calcium phosphate cements (CPCs) are encouraging osteoconductive bone sub-
stitutes for bone grafting. In this study, new bone cements were prepared by mixing
powders of tetra calcium phosphate (TTCP), dicalcium phosphate dihydrate (DCPD)
and calcium sulfate dehydrate (CSD) to polymeric solution including CMC and gelatin.
Samples with different powder-to-liquid ratio (62.5, 65, 67.5, and 70%) were fabricated
and characterized. Scanning Electron Microscopy (SEM), mechanical testing, Fourier
Transform Infrared Spectroscopy (FTIR), Thermo-gravimetric Analysis (TGA), and
X-ray diffraction (XRD) Analysis were performed to characterize mechanical and struc-
tural properties of synthesized composites. FTIR results confirmed the electrostatic
interaction between COO™ groups in carboxymethyl cellulose (CMC) and Ca*" ions
released from CPCs. Hydroxyapatite (HA) formation was observed and assessed via
XRD and SEM analysis on the samples incubated in phosphate buffer saline (PBS)
solution for 28 days. Furthermore, the compressive strength values of composites were
calculated as 1.63 4+ 0.046, 1.53 4 0.053, 0.91 £ 0.015 and 1.28 £ 0.072 MPa for P62.5,
P65, P67.5, and P70, respectively. The overall results show that composite with 65%
powder ratio may be appropriate for applications in the field of bone tissue engineering
considering that it has the most proper mixture of the powder and liquid phase, high

HA formation and sufficient mechanical properties for bone regeneration.

Keywords: Calcium phosphate, carboxymethyl cellulose, composite, mechanic, bone.
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OZET

FARKLI TOZ-SIVI ORANLI KALSIYUM FOSFAT
CIMENTOLARININ YAPISAL VE MEKANIK
KARAKTERIZASYONU

Kalsiyum fosfat ¢imentolar: kemik grefti igin umut veren osteokondiiktif kemik
ikameleridir. Bu ¢alismada temel olarak karboksi metil seliiloz ve jelatin iceren polimerik
¢ozeltiye tetra kalsiyum fosfat (TTCP), dikalsiyum fosfat dihidrat (DCPD) ve kalsiyum
stilfat dehidrat (CSD) tozlarinin karigtirilmasiyla yeni kemik ¢gimentolar: hazirlanmigtir.
Toz-siv1 orani (62.5, 65, 67.5, and 70%) farkli olan ornekler tiretilmis ve karakterize
edilmigtir. Sentezlenen kompozitlerin mekanik ve yapisal 6zelliklerini karakterize et-
mek igin Taramal Elektron Mikroskobu (SEM), mekanik testler, Fourier Doniigiimlii
Kizilotesi Spectroskopisi (FTIR), Thermo-gravimetrik analiz, and X Isim Kirmimi
(XRD) analizi gergeklegtirilmigtir. FTIR sonuglar1 CMC deki COO~ gruplar1 ve CPCs’
den salinan C'a®* iyonlar arasmdaki elektrostatik etkilesimi dogrulamaktadir. Hidroksi-
apatit (HA) olusumu XRD ve SEM analizleriyle 28 giin fosfat tamponlu tuz (PBS)
¢ozeltisi i¢inde inkiibe edilen 6rnekler iizerinde gozlemlendi ve degerlendirildi. Ayrica
kompozitlerin baski dayanim degerleri sirasiyla P62.5, P65, P67.5 ve P70 igin 1.63 4+
0.046, 1.534+0.053, 0.9140.015 ve 1.28 +0.072 MPa olarak hesaplandi. Genel sonuclar,
en uygun toz-s1ivi dagilimina, yiiksek HA olusumuna ve yeterli mekanik 6zelliklere sahip
olmasi agisindan; %65 toz oranina sahip kompozitlerin kemik doku miihendisligi i¢in

uygun olabilecegini géstermektedir.

Anahtar Sozciikler: Kalsiyum fosfat, karboksimetil seliiloz, kompozit, mekanik,

kemik, .
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1. INTRODUCTION

1.1 Motivation

Bone fractures or defects due to osteoporosis, trauma and cancer have required
the synthetic bone substitutes to repair them [1]. Although, autograft treatment is
considered as gold standard for these diseases, bone substitutes are developed due to
disadvantages in autografts such as limited accessibility and pain morbidity |2, 3].For
bone repair and regeneration, various substitutive biomaterials are studied such as
ceramics, polymers, metals, calcium phosphate, calcium carbonate, calcium sulphate,

and bioactive glasses [4].

Over the past forty years, calcium phosphate cements (CPCs) have been become
popular due to the ability of easy shapability and their biocompatibility in bone tissue
engineering [3, 5]. In 1980s, it was found that the solubility of synthetic hydroxyapatite
(HA) is low compared to that of CPCs including calcium phosphate salts such as
dicalcium phosphate dehydrate (DCPD: CaHPO,.2H50), tetra calcium phosphate
[TTCP: Cay(PO,4)20], and dicalcium phosphate (DCPA: CaH POy) [4]. As well as its
low solubility, synthetic HA particles used in bone substitutes are unstable leading to

migration of the particles to surrounding tissue under action of the blood flow [6].

CPCs without additives have some challenges such as their slow degradation
rate, low mechanical strength, brittleness, and disintegration in the case of direct ex-
perience of body fluids [7, 8, 9]. Recently, the incorporation of Ca-P to polymeric
hydrogels have been studied to overcome mechanical and biological problems as well
as improving cement cohesion [10, 11]. This approach which is known as dual setting
provides the cement both mechanism of dissolution-precipitation and organization of
Ca*" - acid chelates by deprotonating the organic acid of the polymer, which results

in increase of the strength and decrease in brittleness of the cement [11].



Carboxymethyl cellulose (CMC) is a soluble, biocompatible polysaccharide due
to its hydroxyl group and bounded water molecules, which has also the ability to
trigger osteogenic differentiation and advanced mechanical properties in physicochem-
ical environments [12, 13]. Rathna et. al. indicated that to form the complex of
polysaccharide-protein is an attempt to mimic biological tissue [14]. It was reported
that gelatin is a highly potential polymer working with CMC in tissue engineering [2|.
Gelatin (Gel), the main protein of bone tissue which is a derivative of collage, is widely
used to produce polymeric hydrogel for tissue engineering [15, 16]. Sarkar et al. also
attracted the attention to this phenomenon, using gelatin as a protein is morphologi-
cally same as the natural bone. Similarly, citric acid (CA) which naturally comprise of
~1.6 % of the bone content is effective in the deposition or dissolution of bone apatite

as calcium binding agent due to its multi-carboxylic structure [9, 17, 18|.

Considering this similarity, many studies have reported that CPCs which are
prepared by dispersing in the natural and synthetic polymeric solution, and led to
practical results [19, 20, 21|. In this study, composites of CPCs with different wt%
of the powder phase, which contain CMC, gelatin and CA in the liquid phase were
evaluated and compared after their characterization. Overall, prepared composites

might be potential candidates for bone substitution applications.

1.2 Objectives

This study aims to improve the novel CPCs-based hydrogel by varying powder-

to-liquid ratio. Objectives are as follows:

To identify optimum powder-to-liquid ratio

To optimize processing of CPCs

To investigate effects of different percentage of powder on hydrogel

To characterize chemical structure of conjugation between CMC and calcium



phosphate
e To increase cohesion of the CPCs due to prepared polymeric hydrogel

e To facilitate tissue ingrowth for the future study by improving pore structure

1.3 Outline

This thesis is composed of 5 chapters, which are as follows: Introduction is
presented in Chapter 1 which includes motivation, objectives, and outline of the study.
Chapter 2 provides background about structure and mechanic of bone, bone grafting,
and further information related materials which is used in preparation of composites in
this study. Experimental procedures are explained in Chapter 3. In Chapter 4, results
of study are given. Discussion which is based on results of characterization is present

in Chapter 5. Lastly, Chapter 6 comprises of conclusion and future works.



2. BACKROUND

2.1 Structure of Bone

Bone tissue plays a crucial role in mechanical support in the body, which is chem-
ically composed of organic, inorganic, and water components. Organic component is
constituted of type 1 collagen (20-25% of bone), whereas inorganic component includes
apatite mineralized with calcium and phosphate which is approximately responsible for

65% of bone and water responsible for 10% of bone [22].

Bone tissue, which is non-homogeneous, an-isotropic, and porous at the macro-
structure level, constitutes of two different structures: cortical (compact) and cancel-
lous (trabecular) bone. Cortical bone (outer side of bone) has 10vol% porosity, whereas
cancellous bone (inner side of bone) has 50-90 vol% porosity [23|. Trabecular bone is
surrounded with the cortical bone which is well known as sandwich-type structure in

engineering, as shown in Figure 2.1

Figure 2.1 Structure of Cortical and Trabecular bone [24].

Compact bone constitutes 80% of total bone [25].The hierarchical structure of

compact bone is organized from nanometer to macrometer, as shown in Figure 2.2 [26].



Collagen which is mineralized with carbonated apatite constitutes the basic structure
of bone at the nanostructure level, and forming fibrils. Collagen fibrils are arranged
into a bundle known as fiber. Then, micron level starts to occur through parallel fiber
laying to each other, leading to formation of lamella. Following this structure, osteon

occurs as a unit of compact bone [26].

mineral
crystals @ @
\
.
collagen
L) - — -
1nm 5-20 nm 50 -100 nm 3-7um

Figure 2.2 Hierarchical compact bone structure [26].

Cancellous bone which has 20% of total bone is less dense and lighter compared
to compact bone [25]. In cancellous bone, lamellae are organized with the trabecular

surface, described in Figure 2.3 [22] .
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Figure 2.3 Cortical and cancellous bone structure [27].



2.2 Bone Mechanics

Mechanical behavior of bone has been balanced with changes of organic, inor-
ganic, and water components [22]. These components provide the unique properties
for bone [28]. Inorganic component provides the compression strength and stiffness

whereas organic component is accounted for tensile properties [24].

Water as one of inorganic components also has great importance to support
the mechanic of bone by carrying minerals. Decrease in water content refers to more
mineralization in bone, resulting in more stiff and brittle structure which trigger easily
breaking of bone. On the other hand, organic component in osseous tissue has also

improved elasticity and ductility of bone [22].

Bone has the anisotropic structure which its properties change with respect to
different reference directions. Degree of anisotropy can be defined by the orientations
of trabeculae in cancellous bone tissue whereas by osteonal and lamellar orientation in
the cortical bone. Stiffness and compressive resistance arise due to the arrangement of
collagen fibers surrounded by crystal [24, 27]|. According to this, cortical and cancellous

bone tissues have different mechanical properties, as illustrated in Table 2.1.

Table 2.1
Biomechanical properties of different types of bone structures [25, 29].

Properties Measurements

Cortical bone Cancellous bone

Young’s Modulus (GPa) 14-20 0.05-0.5
Compressive strength (MPa)  100-230 2-12
Tensile strength (MPa) 50-150 10-20
Density (g/cm™3) 18-22 0.1-1.0

To determine mechanical characteristics related to many biomaterials, and nat-
ural bone as well, stress-strain curves are utilized as shown in Figure 2.4, where are

stress-strain curves of cortical and trabecular bone are comparatively illustrated.



Cortical bone

Stress

Trabecular bone

Strain

Figure 2.4 Stress-strain curves of various bone tissues [27].

There are some definitions to understand mechanical characteristics of bone
tissue. Firstly, stress is generally known as the force per unit area in the literature.
However, this value is in fact a local quantity, and for a tensile/compressive test, it is
described as the average value of the force per cross section area because the stress is
uniformly distributed. For different states of stress, it is defined a specific point of the
material. They are different from each other. It should be noted that a (theoretically
infinitesimally) small area should be considered to define the stress at a specific point.
On the other hand, strain is defined as the displacement gradient at a material point,
which can be thought as the ratio of overall deformation of material over the total

length of material if the strain field is uniform such as an extended wire [30].

As shown in Figure 2.5, there are various loading types applied to bone tissue
with different resulting stress states, which are named as compression, tension, shear,

torsion, and bending. [31].

2.3 Bone grafting

Bone grafting is required to heal severe defects due to infection, trauma, tumor

resection which cannot immediately restore its own tissue [32, 25|. It is a common
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a - Compression b-Tension ¢ -5Shear d - Torsion e - Bending

Figure 2.5 Various loads applied to bone [31].

surgical process to fill the defect and support the bone regeneration. There are three
main bone grafting materials which are allografts, autografts, and synthetic bone graft
[33]. There are many factors affecting the incorporation of grafted material in select-
ing bone graft material such as mechanical strength, biological response, pore size of

material, and graft type [34].

Autografting is a technique which has the common usage in bone grafting due to
its non-immunogenic, osteoinductive, and osteoconductive properties. It is performed
as a tissue transplantation from one location to another location of the same human
body. Although autograft is the most ideal bone grafting material because it has
favorable properties of bone grafting materials such as osteoconduction, osteogenesis,
osteoinduction, and osteointegration, it has some drawbacks such as short- or long-
term pain, morbidity of donor site which occurs in around 20% of all patients [35].
Allograft is an another way of bone grafting to regenerate the bone tissue, which is
bone transplant from one individual (donors or cadavers) to another one [25]. This
alternative technique decreases donor-site morbidity of autografting. However, there
are some challenges such as disease transmission, infection and limited availability
for these techniques. Therefore, synthetic bone materials have become alternative

approaches to overcome the limitations such as metal, polymer, and ceramic [3].



/_ //- / Composites & 74_ -
'Ceramics & Pol : issue-engineered  /
/ m?:ﬁe:s‘:'t':;s e = oYM Y Nanocomposites / / ‘nanocompasites /
/  ttenumaloys, ;/ TCP, coll sl . (nanoHA/collagen/
/ PLGA, efc) ; nanoHA/PLLA, elc); cellular/biological
al

' A S0 DO Iissttel ” Pecipnsii Y __ moecues, etoy

Bone graft Bone graft Bone graft
neither bioactive either bioactive both bioactive gg"mffsz
nor bioresorbable or bioresorbable nd bioresorbable

First Generation -' Second Generation Third Generation ' Fourth Generation
Biomaterials i Biomaterials . Biomaterials H Biomaterials ?!

W!SD 1960 1970 1980 1990 2000 2010 2020 2]30

Figure 2.6 Development of synthetic bone grafting [25].

As illustrated in Figure 2.6, metallic biomaterials have been initially produced
for orthopedics. Titanium alloys and stainless steel are the mostly used in load-bearing
applications due to their strong and rigid structure. But limited osteointegration, in-
adequate bonding between metal implant and host tissue, and corrosion hinder the
usage of metal implants in orthopedics. Moreover, although ceramics (bioglass, alu-
mina, zirconia) are bioactive and bioinert materials for bone tissue applications, their
drawbacks are considered as mechanical such as brittleness structure and poor ten-
sile strength. Polymers (naturals: gelatin, chitosan,alginate; synthetics: poly(lactic-
co-gly-colic acid)PLGA, poly(lactic acid)(PLA), poly(-methyl methacrylate)(PMMA))
are also insufficient to meet mechanical properties of bone. An ideal bone substitute
has efficient mechanical properties and biocompatibility in the bone tissue engineering.
Composites with polymer additives attract a great attention due to their biocompati-

bility, mechanical stability, and biodegradability [36].

2.4 Calcium Phosphate Cements

Calcium phosphate cements have been extensively used in bone substitute ap-
plications to repair bone defects due to the similar nature between calcium phosphate
and mineral components of bone tissue [37]. They have attracted considerable atten-
tion thanks to their handling properties, high moldability, self-setting ability, and their

biological performance in recent years [9, 32, 38].
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Depending on their hydration setting reaction at different pH, there are ba-
sically two types of CPCs: hydroxyapatite (Cajo(POy4)s(OH)2, HA) and brushite
(CaHPO,.2H,0, DCPD) or monetite (CaH PO,, DCPA). CPCs tend to form the
nanocrystalline hydroxyapatite (HA) at neutral or basic pH, whereas brushite or mon-
etite are formed at pH<6 [10]. Setting time of brushite CPCs is shorter than that of
apatite CPCs, which confirms that brushite CPCs are utilized as bone filling materials

and apatite CPCs have potential as structural bone material [39].

Poorly crystalline HA or brushite Mesenchymal cells
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Figure 2.7 The process of bone regeneration with CPCs [39].

Binding between CPC grafted in bone defect area and bone tissue occurs when
CPC is placed in bone defect area (Figure 2.7a). Then, CPC possessed porous struc-
ture provide fluid flow inside materials and this leads to HA formation (Figure 2.7b).
Mesenchymal stem cells and growth factor are placed in cement surface and increase
the bone tissue growth (Figure 2.7c). As a final level, the new natural bone forms by
balancing degradation of CPC and formation of bone (Figure 2.7d and e) [39]. During
this biological process, each level affects the bone substitutes in terms of mechanical
or structural aspects. Thus, powder components of CPCs have a great importance on

these physical properties.

CPCs consist solid and liquid phase, including powder of calcium phosphate
compounds and aqueous solutions, respectively. In majority of studies, solid phase of

CPCs compounds of tetra calcium phosphate (TTCP: Cay(PO4)20), dicalcium phos-
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phate dihydrate (DCPD) or dicalcium phosphate anhydrous (DCPA), and calcium
sulphate dehydrate (CSD: CaSO4.2H50) are used [40, 41, 42, 43|. HA formation from
TTCP-DCPD reaction in solution, which has the ability of self-setting, is shown in Eq.
2.1.

20&4(1304)20 + 20(1HPO4 = Oalo(PO4)6<OH)2 [40] (21)

Calcium sulfate dihydrate (CSD) has been used to fill void in bone defects in
orthopedic applications since 1892. The property of its rapid resorption gives rise
to create pores in incorporated material [44]. Occurred pores may allow the earlier
osteogenic activity to promote healing process in bone, so it can balance the resorption
of CSD and the rate of bone formation [45]. Moreover, addition of CSD accelerates
setting time thanks to high amount of much calcium release. As shown in Eq. 2.2,

dissolved CSD interact with phosphate ions to form HA crystals [46].

10CaSO4.2H,0 + 6(HPO4)?*™ = Cayo(POy4)s(OH)y +8H 4+ 10(SO4)*~ + 18H,0
(2.2)

2.5 Polymeric Solution for CPCs

2.5.1 Carboxymethyl Cellulose (CMC)

CMC is a natural polymer which is obtained chemically modified natural deriva-
tive of cellulose [36]. It is commonly used in biomedical applications due to its hy-
drophilicity, nontoxicity, low cost, and biocompatibility [47]. As well as there is its
extensive usage in drug delivery and wound dressing, many studies related to bone

tissue engineering is included in the literature [48].

CMC has the ability of C'a®** chelation through COO~ groups as well as carry-
ing the sulfate in bone substitution owing to a large number of carboxyl and hydroxyl

groups on its surface, as illustrated in Figure 2.8 [32, 49]. In this regard, CMC has ex-
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cellent cohesion, stable mechanical properties and applicable biodegradability in CPCs
[50].

— CH,OCH,COONa

CH,0CH;COONa

Figure 2.8 Sodium carboxymethyl structure.

2.5.2 Gelatin

Gelatin is a hydrolysis product which is a derivative natural protein from colla-
gen [33, 51|. It has been extensively used in medicine pharmaceuticals, and food field.
In tissue engineering, gelatin is benefited as crosslinked hydrogel which is necessary for
stability and cell attachment [16]. For CPCs, there are studies which low concentration
of gelatin enhances the mechanical properties of CPCs [15]. Furthermore, in terms of

biological aspects, incorporating gelatin into CPCs improves the cell adhesion [3].

2.5.3 Citric Acid (CA)

CA is a weak organic acid containing one hydroxyl and three carboxyl groups,

as shown in Figure 2.9.

It is naturally present in citrus fruits. In previous studies, it has been reported
that bone and teeth contain ~ < 20—80umols/gram of citrate ions, which is comprising
~1.6 % of the bone content [17, 52]. As well as its own carboxyl groups interact

with between hydroxyl group of CMC as a crosslinker agent, it also impacts on the
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HO OH
OH

Figure 2.9 Chemical structure of citric acid.

accumulation and resolution of bone apatite as a calcium-binding agent [9, 18]. Also,
it is suggested that TTCP treated with CA gives rise to HA formation and calcium
citrate [53].
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3. MATERIALS and METHODS

3.1 Synthesis of Hydrogel (Liquid Phase)

The liquid phase of composites mainly contains gelatin (Type B from bovine
skin, gel strength ~225 g Bloom), sodium carboxymethyl cellulose (NaCMC, Mw
250.000 kDa, ds 0.9), and sodium citrate tribasic dihydrate (CsHsNa3zO7, Mw 294.10
g/mol, mp: >300°C (lit.). First, 10 wt% of gelatin solution was prepared by using
2.5 w/v% of NayH PO, (hardening agent) aqueous solution as a known accelerator
dispersed in distilled water [54]. Gelatin solution was magnetically stirred for 15 min
at 60 °C. Following the dissolution of gelatin, a total concentration of 2% by weight
of NayH PO, solution, CMC powder was dissolved in gelatin solution by stirring for
45 min at 90 °C. After, the solution was reached to room temperature and continued
stirring for 30 min by adding 20 wt% citric acid. To remove the excess water from
hydrogel, final mixture was left at 30 °C in the oven for 24h, following more 24 h kept
at 80 °C for esterification reaction [55, 56].

3.2 Preparation of Ca-P powder (Solid phase)

3.2.1 TTCP Synthesis

TTCP was prepared as powder mixture containing monetite (DCPA, CaH POy,
Mw 136.06 g/mol, Sigma Aldrich (Taufkirchen, Germany)) and calcium carbonate
(CaCOs3, < 30pum particle size, Mw 100.09 g/mol, d: 2.93 g, Sigma Aldrich (Taufkirchen,
Germany)) in equimolar ratio according to Eq. 3.1, which was sintered at 1500 °C for

6h in the furnace (Thermo Fisher- K114) [6, 57].

QCCLHPO4 + 20&003 == CCL4(PO4)QO + 2002 -+ 3HQO (31)
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The reaction was occurred by heating at a speed of 10 °C/min, followed cooling
process by 10 °C/min. Then, sintered piece of TTCP was crushed by pestle and milled

in agate jars until powder of 75 um particle size is obtained.

3.2.2 Preparation of total solid phase

For the final powder mixture, in addition to TTCP, calcium hydrogen phos-
phate dihydrate (DCPD, CaH PO4.2H50, d:2.31 g/mL, Mw 172.09 g/mol) from Sigma
Aldrich (Taufkirchen, Germany) and calcium sulphate dihydrate (CSD, CaS04.2H50,
Mw 172.17 g/mol) from Merck (Merck KGaA, Darmstadt, Germany) were used. Final
CPC powder has consisted of TTCP, DCPD, and CSD. As in shown Table 3.1, TTCP
and DCPD were mixed at the ratio of 76.65% and 23.35%, respectively, and then CSD
formed 20% of total powder mixture |6, 58].

Table 3.1
The weight proportion of TTCP-DCPD and final CPC powder.

Powder mizture TTCP | DCPD | CSD
TTCP-DCPD wt% 76.65 23.35 -
TTCP-DCPD-CSD wt%
(Final CPC powder)

80 20

3.3 Preparation of hydrogel-CaP composites

Cement composites were prepared as labeled P62.5, P65, P67.5, and P70 ac-
cording to their different liquid-to-powder ratio shown in Table 3.2. The solid phase
and liquid phase were manually mixed until homogenous cement mixture was obtained.
Then, cement paste was packed in syringes (without tips) with 10 mm diameter. The
dimension ratio of composites was determined as 2:1(length-to-diameter). After setting
procedure of composites which is treatment at 50 °C for 72h in an oven [59], they were

immersed in PBS solution to trigger HA crystallization up to 28 days.
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Table 3.2
The content percentage of composites with different powder-to-liquid ratio.

Samples Liquid Phase (wt%) Solid Phase (wt%)
Liquid Powder
(2 w/v% CMC, 10 w/v% Gel, 20 w/v% CA) (TTCP-DCPD-CSD)
P62.5 37.5 62.5
P65 35 65
P67.5 32.5 67.5
P70 30 70

3.4 Characterization of Composites

3.4.1 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectroscopy (Thermo Scientific Nicolet 380 FT-IR spectrometer) was
employed to estimate chemical interactions between CMC and CaP. The spectrum of
samples was recorded in the range of 4000-400 cm~!. FTIR analysis was performed at

Bogazici University Chemistry Department.

3.4.2 Scanning Electron Microscopy (SEM) Analysis

Surface morphology and HA formation of composite samples were studied via
scanning electron microscopy (Philips XL30) at Bogazi¢i University. The incubated
samples in PBS until 28 days were dried by using freeze-drying method, and coated
with gold-palladium before SEM analysis.

3.4.3 X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD; D/MAX-Ultima+/PC, Rigaku) analysis was used to

characterize HA crystallization at Bogazici University Research and Development Cen-
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ter. After incubation process of composites for 0 and 28 days, XRD analysis was

performed between 10° and 40° at 40 kV and 30 mA with a step size of 0.02° .

3.4.4 Thermo-gravimetric Analysis (TGA)

Thermal stability of composites was evaluated using a thermogravimetric anal-
ysis (TGA; SII Nanotechnology-SII6000 Exstar TG/DTA 6300) between 30 °C and
1200 °C at a heating range of 10 °C min~! under the nitrogen environment at Yildiz

Technical University.

3.4.5 Mechanical Measurements

Composites were prepared with 10 mm diameter and 20 mm length for the
mechanical analysis. For each group, five samples (n=>5) were tested. After their incu-
bation at 50°C for 72h, compressive strength and compressive modulus were measured
with a crosshead displacement rate of 1 mm/min by using MTS 858 Mini Bionix II
Universal Test Machine (Model number: 359.01, Part Number: 100-146-714, Rev: A,
Serial Number: 10189576, load cell: 300 kg) adapted to system from ESIT (Elektronik
Sistemler Imalat ve Ticaret), in Laboratory of Biomechanics and Strength of Materials,

Faculty of Mechanical Engineering, Istanbul Technical University.

The strains on the samples were also determined by an optical 3D Correlation
System (2 off 2.0 mp cameras and special lens, used with Vic3D Software, Correlated
Solutions), shown in Figure 3.1. By using spray paint, the random speckle patterns
were generated for image correlation on the cleaned sample surface, which is illustrated

in Figure 3.2.

The load data and the optical strain measurements were combined to obtain
the stress-strain curves of the samples. MATLAB and Microsoft Excel were used to

process data which determine the compressive modulus of elasticity and compressive
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Figure 3.1 Experimental setup for mechanical testing.
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Figure 3.2 Sample with random speckles.

strength (i.e. failure stress) values.

3.5 Statistical Analysis

The statistical evaluation of results was performed applying one-way ANOVA
analysis with Tukey’s post-test via SPSS for Windows software.(p < 0.05) was consid-

ered to be statistically significant.
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4. RESULTS

4.1 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectrum of the P65 composite and hydrogel were presented in Figure
4.1.

—P65
— Hydrogel

Transmittance % (a.u.)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 4.1 FTIR spectrum of liquid phase and final composite P65.

For the liquid phase of composite (hydrogel), FTIR spectrum of characteristic
O-H stretching in CMC appeared at 3270 cm™! band [51]. The spectra illustrated

! which corresponded to characteristic bands

absorption bands between 1600-800 c¢m™
of glycosidic bonds in CMC, which confirmed by C-O-C vibrations observed in 1068
and 979 em~! bands [51, 60]. 1627 cm™! band assigned to asymmetric vibration of

COO~ from CMC and N-H bending vibration from Gel [36, 51, 60].

In the spectrum of hardened composite, symmetric(v1l) and antisymmetric(v3)
P-O stretching vibrations of PO?™ ion which are characteristic for HA were assigned to
1085, 1014 and 954 ¢m ™! bands [61]. Moreover, 653 and 588 ¢m ™! bands in spectrum
represented the P-O-P and O-P-O bending (v4) vibration, respectively [36, 61]. There-
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fore, all bands in spectrum confirmed the HA formation in composites incorporated

with the polymeric hydrogel.

4.2  Scanning Electron Microscopy (SEM) Analysis

SEM images of the four composites at day 0 and after incubation in PBS for 28

days are shown in Figure 4.2.

Figure 4.2 SEM images of P62.5 at day 0 (a) and day 28 (b), P65 at day 0 (c) and day 28 (d), P67.5
at day 0 (e) and day 28 (f), and P70 at day 0 (g) and day 28 (h). Red arrow (TTCP), blue arrow
(DCPD) and green arrow (HA) showed specific structure.

SEM studies were carried to observe the accumulated of HA layer from TTCP-
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DCPD-CSD on the surfaces of the cement samples. It can be seen that TTCP particles
have round edges and smooth surfaces resulting in their sintering treatment, while
DCPD particles are observed in irregular shape [62]. Formed apatite layer on the
cement composites were in needle-like and flake-like apatite shape, shown with green

arrow in Figure 4.2.

4.3 Mechanical Measurements
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Figure 4.3 Compressive strength values (a) and compressive modulus (b) of composites.



23

Compressive modulus and compressive strength values of hardened composites
were calculated via mechanical compression.Compressive strength values of composites
(P62.5 and P65, 1.63 £ 0.046 and 1.53 4+ 0.053 MPa, respectively) with low powder
content were significantly higher than that of those (P67.5 and P70, 0.91 + 0.015 and
1.28 £+ 0.072 MPa, respectively) with high powder content (p < 0.05), as shown in
Figure 4.3. Composite P70 had also significantly a higher compressive strength value
than the composite P67.5 (p < 0.01). Significant difference between the lowest and
highest value of compressive strength was by 44.1 % , P67.5 and P62.5, respectively
(p <0.01). Additionally, there was no significant difference in compressive modulus of

the composites which were found in the range of 0.49-0.93 GPa.

4.4 TGA

Figure 4.4 shows the thermograms of the composites.

The thermograms of composites showed that the weight loss occurred in three
main thermal intervals. Initial abrupt weight loss, which is the first interval occurred
at approximately 120 °C which is majorly due to loss of absorbed water. In this stage,
an additional weight loss might have occurred due to hydrogen bonding deformation
between HA and cellulose [59]. The second interval which is between 200 and 500 °C
was assigned to thermal degradation of polymeric CMC-Gel composition due to loss of
CO; of gelatin and decarboxylation of COOH group in CMC [36]. A similar mass loss
was also present for the CMC TGA thermogram, which led to 50% weight loss. The
third interval which is between 500 and 1200 °C was due to dehydroxylation of HA [2].
In this interval, phase transformation occurred from TTCP-DCPD-CSD to HA with

the decomposition of the powder phase [63].
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Figure 4.4 TGA thermogram of all composites and CMC.

4.5 XRD

XRD patterns of composites on day 0 and day 28 are shown in Figure 4.5. Peaks
at 25.9° and 31.8° on the spectrum represent the main diffraction for HA observing in
all composites [36, 57]. Moreover, diffraction peaks which were observed at 29.2° and

20.7° corresponded to characteristic peaks for TTCP and CSD respectively |64, 65].
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Figure 4.5 XRD patterns of P62.5 (a), P65 (b), P67.5 (c), and P70 (d) for day 0 and day 28.
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5. DISCUSSION

In this study, calcium phosphate and calcium sulphate-based powder were incor-
porated to polymeric hydrogel mainly containing CMC and gelatin to produce novel
bone cement. The prediction of interaction and structure of composites during the
hardening time were investigated by FTIR. Bands at 3270 and 1627 c¢m ™! were lost
when liquid and powder phase were mixed and hardened, which confirmed the elec-
trostatic interaction between negatively charged functional group (COO~ and OH~
molecules) of CMC and positively charged Ca®* ions from CPCs [50]. These bands
were also assigned to intramolecular hydrogen bonds and the deformation modes of
hydroxyl groups of CMCs, respectively [60]. Furthermore, Qi et al showed that this

chelation can promote to perform homogenous CaP nucleation [12].

Then, obtained the structure with Ca?* holds the PO}~ ions released from
calcium phosphate powders, which is resulted in formation of HA [66]. XRD analysis
illustrated the presence of HA in composites. HA formation was occurred slowly during
the 28 days due to that protonated CMC with Ca®" ions is resistance to swell high
amount aqueous solution compared to sodium CMC and there is long-term CaP release
[12|. Therefore, TTCP and DCPD particles in final product could also be observed in
SEM images at the end of 28 days. Further incubation time may be needed for more
HA formation. As shown in SEM images, P65 possibly had a most efficient powder-
to-liquid ratio to obtain more HA deposition which has the dispersion of homogeneous

CaP on the surface of polymer.

The interaction between inorganic and organic phases and the degree of unifor-
mity of powder and liquid phases have effects on mechanical properties of composites.
According to mechanical results, over the 65% powder phase in a composite give rise to
deterioration of chemical interaction and mechanical interlocking [67, 68]. The reason
of high compressive strength value of composite P70 than composite P67.5 is possibly

its higher powder content. Mechanical properties of this new composite materials are
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promising in bone tissue engineering, which are accordance with that of trabecular
bone. Particularly, they have a potential at the callus where new bone tissue growth

at the fracture is formed [36].

Moreover, TGA pattern of composites is similar to pure CMC. The evaluation
of the TGA analysis is suggested that composite P65 clearly maintained its stability
more than the other composites at the high temperature, which might be resistant to

the body environment.

Overall, the CPCs incorporated to polymeric hydrogel were successfully pre-
pared and characterized by FTIR, SEM, XRD, TGA, and mechanical tests. So as
to mimic the structure of collagen-HA in the natural bone, new composites prepared
including CMC polymer and calcium phosphate may be potential candidate in various

bone tissue engineering applications.
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6. CONCLUSION AND FUTURE STUDIES

Although many studies focused on physicochemical and biological characteristics
of bone materials, mechanical tests were conducted in this study, too. Additionally,
based on results and discussion of characterizations on composites, particularly, the
mechanical properties are suitable for cancellous bone in terms of compressive modulus.
Additionally, the present study allows us to see over 65% powder ratio can be a possible
ratio in CPCs, and mixing process for P67.5 and P70 was hard to obtain homogenous

hardened composites.

In the future, nanomaterials such as multi-walled carbon nanotube (MWCNT)
and graphene oxide (GO) will be studied to improve mechanical properties of prepared
CPCs. Furthermore, to be an effective bone substitution, in vitro studies are needed

to verify their biocompatibility.
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