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ABSTRACT

DEVELOPMENT OF PLA-CALCIUM PHOSPHATE COMPOSITES
WITH HIGH COMPRESSIVE STRENGTH EMPLOYING A SILANE
COUPLING AGENT (A-174)

Polymer-ceramic composites are being investigated in bone tissue engineering
applications to obtain bone-like properties so that problems including the necessity of a second
operation for metal implants are avoided. These composite materials, unfortunately, suffer from
low mechanical performance compared to cortical bone and incompatible biodegradation due
to low interaction between polymer and ceramic parts. In this study interaction between polymer
(polylactic acid, PLA) and ceramic components (hydroxyapatite, HAP and beta-tricalcium
phosphate, B-TCP) is enhanced by surface treatment of the ceramic parts using a silane coupling
agent (Methacryloxypropyl trimethoxysilane, A-174). PLA-HAP and PLA-B-TCP composites
were synthesized by solving casting method. The effect of ceramic surface treatment on
structure, mechanical and degradation properties was investigated. Structural characterization
employing FTIR, XPS, SEM and XRD was performed for raw materials and composites. It was
concluded that surface treatment using silane A-174 can increase polymer dispersion on ceramic
surface and improve polymer-ceramic interactions in both systems. The composite synthesized
by 3% silane treated HAP and PLA in equal mass proportions (PLA50H50Si3) displayed a
compressive strength value of 364 MPa, exhibiting a superior performance compared to other
composites previously reported. It was observed that surface modification results in obtaining a
more controlled degradation in PLA-B-TCP composites while it does not seem to influence the
degradation in already stable PLA-HAP composite within the time frame the experiments were

performed.



OZET

SILAN BAGLAYICI AJANI (A-174) UYGULANARAK YUKSEK
BASINC DAYANIMLI PLA-KALSIYUM FOSFAT KOMPOZITLERININ
GELISTIRILMESI

Kemik benzeri 6zellikler elde etmek boylece metal implantlar igin ikinci bir islem
gerekliligi de dahil olmak {izere sorunlar1 agmak i¢in kemik doku miihendisligi uygulamalarinda
polimer-seramik kompozitleri arastirilmaktadir. Bu kompozit malzemeler polimer ile seramik
kisimlar arasindaki diisiik etkilesimden dolayr kortikal kemikten daha diisiik mekanik
performans ve uyumsuz biyobozunurluga sahiptir. Bu calismada, polimer (polilaktik asit, PLA)
ve seramik bilesenler (hidroksiapatit, HAP ve beta-trikalsiyum fosfat, B-TCP) arasindaki
etkilesim, seramik pargalarmn Silan baglayici ajani1 (Metakriiloksipropil trimetoksisilan, A-174)
kullanilan yiizey islemi ile gelistirilmistir. PLA-HAP ve PLA-B-TCP kompozitleri, dokim
metodu c¢oziilerek sentezlenmistir. Seramik yiizey islemenin yapi, mekanik ve bozunma
Ozellikleri Uzerine etkisi incelenmistir. Hammaddeler ve kompozitler igin yapisal
karakterizasyon FTIR, XPS, SEM ve XRD kullanilarak yapilmistir. Silan A-174 kullanilarak
yapilan yiizey isleminin, seramik ylizeydeki polimer dagilimini artirabilecegi ve her iki sistemde
de polimer-seramik etkilesimlerini artirabilecegi sonucuna varildi. % 3 silan ile muamele
edilmis HAP ve PLA ile esit kiitle oranlarinda (PLASOH50Si13) sentezlenen kompozit, daha
once bildirilen diger kompozitlere kiyasla daha iistiin bir performans sergileyen 364 MPa'lik bir
basing dayanimi degeri sergilemistir. Yiizey modifikasyonunun, PLA-B-TCP kompozitlerinde
daha kontrollii bir bozulma elde edilmesine yol agtig1, deneylerin yapildigi zaman zarfinda hali

hazirda stabil PLA-HAP kompozitindeki bozulmay1 etkilemedigi gortilmistur.
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1. INTRODUCTION

Biomaterials are used to replace or supplement function of tissues of human body. Their
usages originate from ancient civilizations. For example, artificial eyes and teeth were found in
Egyptian mummies. Today biomaterials are used frequently in the form of implants (like bone
plates, heart valves, dental implants) and medical devices (like artificial heart, biosensor) to
restore function of traumatized and degenerated tissues [1]. Biomaterials can be classified
according to their material types or applications. Metals, alloys, ceramics, polymers and

composites are main types of materials [2].

Bone is an important part of human skeleton. Its functions can be summarized as
supporting muscle and tissues, satisfying load bearing feature for skeleton system, protection of
internal organs, providing movement, storing mineral and energy for body [3]. Bone is a natural
composite and it has two major components; collagen protein and mineral hydroxyapatite [4].
Bone replacement and treating bone fractures are frequently studied because globally more than
2 million applications are needed because of diseases like tumor, accidents or trauma [5]. In
these applications biocompatibility, biodegradability, bioactivity and chemical and mechanical
similarity with bone matrix are important issues for consideration. Although different metal-
type implants are used today for applications to hold bone fragments together like screws, plate;
recent researches focus on composite materials with bio-absorbability feature, i.e. they don’t

need another surgery for removing from body [2].

Composite materials consist of two or more constituents or phases and generally a binding
agent for uniform dispersion and/or increased binding interaction. Constituents are mechanically
and physically separable. These constituents eliminate drawbacks of each other and achieve
optimum and unique property for a given purpose. For example, ceramic biomaterials like
hydroxyapatite (HA) are used in implants due to biocompatible and non-toxic properties.
However, unfortunately they display low toughness. Polymers are another choice for implant
applications; however they also have some drawbacks in terms of mechanical and load bearing



properties. For bone implant applications, widely used polymers are biocompatible polyethylene
(PE), polyamide (PA), poly-lactic acid (PLA), and poly ¢-caprolactone (PCL) [6], [7]. Ceramic
part usually consists of hydroxyapatite (HA, Ca/P ratio is 1.67), tri-calcium phosphate (TCP,
Ca/P ratio is 1.50) and BCP (mixture of TCP and HA) in these composites [2].

The aim of this work is to develop high performance polymer-calcium phosphate
composites for bone tissue engineering applications that are capable to display controlled
biodegradation rates. The binding interaction between PLA and ceramic phase was modified by
employing coupling agent silane A-174 in the synthesis procedures. This thesis includes five
chapters as following; Theoretical Background includes general information about biomaterials,
bone tissue engineering, bone structure, biomaterials and literature survey on calcium phosphate
bio-ceramics and polymer composites (Chapter 2). Used materials, production and
characterization methods, compressive strength and biodegradation measurement methods are
illustrated in Materials and Methods part (Chapter 3). In the Results and Discussion section
XRD, FTIR, SEM and XPS analysis results, compressive strength of the composites and
biodegradation experiments of the composites are given (Chapter 4). Significant results and
suggestions for future studies are presented in the last chapter, Conclusion and

Recommendations (Chapter 5).



2. THEORETICAL BACKGROUND

2.1. General Terms in Biomedical Area

2.1.1. Biomaterials

Biomaterials are synthetic and natural substances that are used as directly isolated
materials and more general in devices to contact biological systems. Usage areas of biomaterials
are cited as growing cells in culture, biotechnological application to produce biomolecules in
equipment, investigational cell-silicon biochips [8]. However, they are applied generally in
medical field therefore in literature they are also named as biomedical materials [2], [8].

Generally, they are classified their material types and usage areas [9].

Use of biomaterials starts from Egyptian mummy as artificial eyes and noses. Also, teeth
from seashell in Mayan people in 600 a. d. and iron dental implant in Europe in 200 a. d. show
that biomaterial have been operated for years. Another early application of biomaterials is
metallic sutures that are seen in early Greek literature (130-200 a. d.). In early applications of
biomaterials were generally obtained from natural materials like wood, glue and rubber and
manufactured materials such as gold, iron, zinc and glass [2]. After Second World War studies
on biomaterials developed. First hip replacement in 1891, studies about artificial kidney, contact

lenses, stents, knee prostheses and vascular grafts are some examples of this development [8].

Early applications of biomaterials depend on removal of damaged tissues. Removal of
tissues satisfies with transplants. Transplantations are mainly divided into three categories
which are autograft, heterograft and homograft. Autografts are made from own tissue of patient,
homografts are obtained from human source and heterografts are transplanted from both living
and non-living other species. However, removal of tissue had some major limitations such as
application in small parts only. With improvement in medicine area, removal of damaged tissue

shifts to replacement of damaged tissue. Hence, implantation becomes alternative option for



tissue healing [8]. This development is shown in Figure 2.1 [8]. Implants are produced from
man-made biomaterials. Availability, reproducibility and reliability are main advantages of

implants with respect to transplants.

Biomaterials
| | |
Past:Removal of Present:Replacement of  Future: Regeneration of
Tissue Tissue Tissue
— p
| Engineed
TRANSPLANTS IMPLANTS Tissues
Autografts Biological Regenerative
| Fixation —  Bioactive
——Heterografts Materials
| Bioactive
Fixation
— Homaografts
| Cement
Fixation

Figure 2.1. History and classification of biomaterials [8].

2.1.2. Biofunctionality

Biofunctionality is defined as the expected properties which device should perform as
long as necessary. Expected properties from biomaterial are similar support (comparable to bone
or tissue) in the early stages of healing, graded load transfer, tensile transmission, compressive
transmission, load transmission, stress distribution, articulation, blood and other fluid flow and

transmission of light features of tissue that is to be regenerated [8].



2.1.3. Biocompatibility

Biocompatibility is the acceptance of biomaterials by tissue that is to be regenerated
mechanically, chemically, pharmacologically and morphologically. It refers to the long term
ability of the biomaterial to maintain its function. Biocompatible materials and their degradation

products must not show inflammatory response, extreme immunogenicity or cytotoxicity [2],

[8].

2.1.4. Bioreactivity

Bioreactivity refers to the reactivity with tissue. Biomaterials are divided into two classes
according to their bioreactivity, namely, bioactive and bioinert. This classification is made under
the term of biocompatibility in some studies [10]. Bioinert means exhibition of minimum
interaction between tissue and material. Titanium and steel-based materials in medicine are
some examples of bioinert materials. Bioactive can be defined as the interaction of materials
with the part they are placed into, like bone, tissue and etc. Implants based on synthetic
hydroxyapatite and glass-ceramic apatite-wollastonite are examples of bioactive materials that
are currently being used. In these implants bioactive materials forms the carbonate apatite
crystal layer on implant by ion change with bone. This layer is chemically similar to bone and

it interacts with bone proteins. Hence, by this interaction bone reconstruction starts [2], [11].

2.1.5. Bioresorption

Bioresorption refers to the removal ability of materials with cell activity and/or dissolution
in biological environment. This process includes degradation of material, elimination of by-
products and complete absorption in body. Tricalcium phosphate and poly-lactic— poly-glycolic
acid copolymers are examples of bioresorbable implant materials [11], [12]. Although in some
cases non-resorbable materials are used, it is not preferred generally due to need for active

remove after treatment with another operation [13].



2.1.6. Biodegradation

Biodegradation is gradual fragmentation of material by specific biological and/or
biochemical activity. Biodegradation and bioresorption are similar terms however their causes
are different from each other. Bioresorption are affected from cell activity and/or dissolution in
biological environment. Biodegradation is related with the action of living systems and physical-
chemical factors, and cell behavior [2], [14], [15].

2.1.7. Biointegration

Biointegration defines the acceptance of material by tissue in process of healing with
stable and low-grade interactions. With time diffusion of material or its products takes place
in body. Absence of local or general adverse reaction, toxicity, carcinogenicity, allergenic
situation and radioactivity are required from biomaterial. Biointegration includes all these
terms and biocompatibility term [16], [17].

2.2. Bone Tissue Engineering

One of the usage areas of biomaterials is bone tissue engineering. Tissue engineering is
an interdisciplinary field used clinical medicine, mechanical engineering, materials science,
genetic and similar discipline in engineering and science to heal tissue and improve its function.
Term of tissue engineering was officially started to be used in 1988 at National Science
Foundation workshop. Although term of tissue engineering is new and after mid-1980s studies
and reviews published show tremendous increase, replacing the tissue is back to study of
Gasparo Tagliacozzi in 16" century which describe nose replacement from constructing forearm
flap [3], [18], [19].

Bone disease causes the limitation of bone functions and fracture of its structure. Every
year millions of people need bone healing surgeries. For example, worldwide osteoporotic

fractures in people after age of 50 is estimated 158 million and it is estimated to will be doubled



in 2040 [20]. Different reasons like trauma, tumor or bone related diseases and old age cause
bone defects [21]. Today treat of bone damages are generally performed by autografts, allograft
and xenogeneic [22]. Autograft means the shifting of bone from one site to another in same
person, allografts from one individual to patient and xenogeneic from animal source to
individual. They depend on transplant of bone and they have some disadvantages. Harvesting
of bone is expensive and painful process with shortage of bone grafts. Also, they have risk of
disease transmission, infection, hematoma, rejection by immune system and anatomical
limitations [18], [21]. To exceed these problems studies for alternative synthetic bone grafts
start to increase in last two decades [22], [23]. Target of these biomaterials is not only to fill
bone defects but also satisfy mechanical and structural support [23]. Shortly, aim is regenerating

of bone both in vivo and in vitro to replace defected bone.

Used biomaterials in treatment of bone defects should induce similar properties with bone
to achieve healing of bone. Since bone has three-dimensional structure, these requirements are
extensively satisfied by using porous three-dimensional scaffolds to obtain suitable environment
for regeneration of bones [18], [19]. As well as three-dimensional structure, similarity of
scaffold with natural bone in terms of chemical structure, mechanical, osteoconductive, and
osteoinductive properties is essential to repair or regenerate bone. In order to choose appropriate
materials and produce successful bone scaffolds, information about bone biology like bone

structure, bone mechanics and tissue formation is fundamental [3], [19].

2.3. Natural Bone

Bone has important function in body to form framework of human body with its different
physiological functions. In addition, bone satisfies load-bearing capacity for skeleton and
protect internal organs. Moreover, bone includes biological elements for hematopoiesis, and it
prevents entrance of dangerous materials such as lead into circulatory system. Calcium and
phosphate ion storage in bone is crucial to continue homeostasis of key electrolytes. These
properties and additionally its regenerative capacity make bone an ultimate smart material [3],
[24]. Despite of the different functional features of bone, it also has different structural



properties. These complex properties mainly are related with simple microscopic hierarchical
architecture of bones which has constituents of soft collagen protein and stiffer apatite minerals
[3]. [25].

Bone consists of calcified bone matrix, cells and bioactive factors. Their percentages
change according to species, age, sex and type of bones. Mineral materials (65%), organic
materials (25%) and water (10%) are ingredients of average human bone matrix. Main inorganic
mineral part of bone matrix comes from hydroxyapatite with Ca/P ratio is between 1.3:1 and
1.9:1 and it involves some impurities. Size of hydroxyapatite is usually below hundred
nanometers. Although some impurities cause poor crystallization, deficient calcium and
carbonation of HA, presence of impurities has important role in bone growth and effect on bone
metabolism [2], [23], [24]. Organic part of bone matrix is formed by proteins such as collagen.
Up to now, 28 collagen types are observed for vertebrates and four collagen are named for bone
including species which are I, 111, VV and XXIV collagen [23]. Elemental composition of bone

mainly includes calcium and phosphorous as shown in Table 2.1 [26].

Table 2.1. Bone Composition Percentage of Adults [26]

Components Percentage in Bones (%0)
Calcium 348
Phosphorous 15.2
Carbonates 74
Sodium 0.9
Magnesium 0.72
Chlorine 0.13
Pyrophosphates 0.07
Potassium 0.03
Fluorine 0.03
Others 0.04




Functionality and mechanical properties and bone types are determined by ratio and place
of these hydroxyapatite and collagens. For example, stiffness which is related with the
functionality of bone is determined by collagen/mineral ratio. Over 80% of the mineral ratio of
ear enables vibrating to permit sound transmitting. Similarly, 20% percent ratio of long bone
enables to absorb energy and have light weight for mobility. Moreover, compressive strength
and tensile stress are mineral phase and collagen-related properties, respectively [27]. Also,
nanocomposite structure of bones, which are formed by positioning of tough and flexible
collagen fibers are reinforced by hydroxyapatite crystals, is important for compressive strength

and high fracture toughness [3], [25].

Bones in human and other mammal bodies are generally classified as two basic
morphological types: cortical (compact) and trabecular (cancellous or spongy). Cortical bone
has dense structure and it is found in outer shell around cancellous bone and in shaft of long
bones. Its porosity is in the range between 5% and 10%. Trabecular bones have more porosity
and lower density than cortical bones. However, biological activity of trabecular bones is higher
than compact bone; this enables self-renewal property. Trabecular bones have web-like matrix
which is formed by connecting three dimension of rod or plate like elements. They are found
generally in epiphyses and metaphysis of long bones and they are also included in all regular
and irregular shaped bones [2], [3], [28], [29].

Bones are exposed to 4 MPa stress approximately on daily basis. This stress changes and
can be repetitive for different daily activities. With respect to differences in their compositions,
bones show different mechanical properties. For example, collagens, like polymers, satisfy high
toughness, and low modulus. Inorganic phase of hydroxyapatite gives stiffness to bones. Human
bone shows good toughness because of its hierarchical structure that stops the cracks after
propagation. Bearing of bones in different stress conditions changes according to humidity, rate

and direction of load [2].

Understanding mechanical properties of human bone is crucial to design scaffold and to
choose appropriate materials for scaffolds. Compressive features of cancellous bone and tensile

properties of cortical bone are more important among other mechanical properties [2].
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Compressive strength of cortical bone is given between 88 and 193 MPa in different sources
according to applied direction [2], [26], [30]. Compressive strength of cancellous bone is
reported to be between 3 and 12 MPa [30], [31]. Tensile strength value ranges of cortical and
cancellous bones are stated as 50-174 MPa and 1-8 MPa, respectively [2], [26], [30], [32].
Another important mechanical parameter related to bone is Young’s modulus. Its values change

between 13 and 18.9 GPa for cortical bone and 0.4-0.5 for cancellous bone [2], [30].

Although bone is thought as lifeless structure, it is living tissue in body due to existence
of blood and nerve vessels and different cells in it. Four types of cells which are found in bone
are osteoblasts, bone lining cells, osteocytes, and osteoclasts. Except of osteoclast all cells are
originated from mesenchymal stem cells. Osteoclasts come from hematopoietic stem cell.
Osteoblasts are responsible for bone forming function and they don’t have division ability. Bone
lining cell prevents the interaction of osteoclast and bone matrix in undesired bone resorption
situations. Osteocytes are important for bone survival and they satisfy transportation of materials

by its long extension structures. Osteoclasts are liable for resorption [33].

Process of bone formation is named as osteogenesis or ossification. Osteogenesis
(ossification) targets formation of skeleton in embryos, bone growth and bone remodeling and
repair [34]. It includes series of biological events that includes different cell types and pathways
to form new mineralized tissue [35]. Osteogenesis (ossification) starts with collagenous
mesenchymal tissue change with bone. This change forms a primitive bone and then primitive
bone remodeled to mature lamellar bone includes regular rings of collagens. This lamellar bone
is reformed by osteoclasts and osteoblasts [36]. Osteogenesis (ossification) happens via two
ways which are intramembranous osteogenesis (ossification) and endochondral osteogenesis
(ossification). In intramembranous osteogenesis (ossification), bones are formed by
differentiating from mesenchymal stems in embryo. This type is observed in many locations of
the skeleton and in formation of flat bones of the cranium and facial bones. It occurs direct
forming of mesenchymal precursor cells to osteoblasts during development of some skull and
facial bones [34]. Endochondral osteogenesis (ossification) occurs with replacement of cartilage
with natural bone. Chondrocytes are differentiated from mesenchymal cells in endochondral

ossification. It occurs during skeleton formation of most mammalian except skull bones,
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development of long bones and repairing of vertebrae and bone [34]. In addition to osteogenesis
(ossification) angiogenesis is an important process for bone repair. Angiogenesis satisfies
formation of new vessels from existing vessels and this is important for nutrients, oxygen and

bone precursor cells to reach injured part [37].

2.4. Biomaterials for Bone Healing

In the first implant applications bioinert materials were used. However with second
generation biomedical devices, demand starts to shift bioactive materials thanks to its ability to
integrate with biological molecule, cells and regenerate tissues [22], [38] . Choice of biomaterial
for bone expectation is osteoconductivity which refers providing framework to promote new
bone formation, osteoinductivity which describes the capability to satisfy differentiation of
progenitor cells to osteoblastic lineage, and osseointegration which relates with ability of
forming bony tissue at bone-implant interface [22], [25]. Materials are mainly used in implants

can be categorized as metals, ceramic and glasses, polymers and composites.

2.4.1. Metals

Metals and their alloys are first used implant materials. Their advantages are
biocompatibility and desirable mechanical properties. Corrosion like wear debris and possible
byproducts of degradation, release and accumulation of metal ions are problematic issues for
metals and their alloy. Although it is tried to be decreased by titanium based implants,
inflammation is still risk due to these problems [13], [30].

2.4.2. Ceramics and Glasses

Ceramics and glasses are inorganic materials that are used in implants due to their similar
chemical composition to mineral phase of bone [22]. Both of them can be used as individually
or together. Their stability in physiological environments is the most attractive property for bone
healing applications [13]. Also heat and electricity insulation property of ceramics are another
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important feature in manufacturing process [30]. They have three classes according to their
surface reactivity. These groups are inert materials, soluble materials, and intermediate
materials. Alumina and certain calcium phosphate ceramics like dense hydroxyapatite are
examples of inert group. Tri-calcium phosphate is an example of biodegradable class ceramics
with lower strength [13], [22]. Among ceramic classes, hydroxyapatite is the most preferable
ceramic due to direct bond with bone. Porous surface scaffolds show the good properties for
bone growth with prosthesis stability. However, cracks in prosthesis causes break, therefore
strength of prosthesis another main concerns in this area in addition to biocompatibility and
biodegradation [23], [30].

Hydroxyapatite is used commonly ceramic with 1.67 of Ca/P ratio. Bone regeneration
application of it starts at mid-1980s [39]. It has good biocompatibility, osteoconductivity and
bone-bonding (bioactivity) ability. It has also good compressive strength with low resistance to
tension and shear load. However, when its bioactive processes are compared with bioactive
materials, it has some disadvantages. For example, bioactive process takes a few minutes in
silica-based glasses, it takes days in hydroxyapatite. In order to exceed this disadvantage silicon
addition in hydroxyapatite is a common method. Silicon substituted hydroxyapatites have
comparable biocompatibility and mechanical properties with developed bioactivity [23], [40].

B-TCP is another widely used calcium phosphate with 1.5 of Ca/P ratio good
osteoconductivity, biocompatibility and biodegradability. Its good biodegradability compared
with the hydroxyapatite enables faster degradation and replacement with newly bone tissue [23].
It also has good resorption rate therefore it is used to increase biocompatibility of bone scaffolds.

It helps the proliferation of osteoblasts and bone marrow stromal cell [39].

Biphasic calcium phosphates are improved for desired property of both hydroxyapatite
and B-TCP (or other tri-calcium phosphate). First mixture of hydroxyapatite and -TCP is made
in 1986. Effect of Ca/P ratio in absorption rate and mechanical properties is important. Changing
this ratio with usage amount of hydroxyapatite and B-TCP in biphasic calcium phosphate
enables the combining of biodegradation of B-TCP and stability of hydroxyapatite and attaining
desired bioactivity, bio-resorbability, osteoinductive property and mechanical strength [39].
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2.4.3. Polymers

Polymers are long repetitive chain molecules. These chains are formed by covalent bond
and secondary bond; Van der walls and hydrogen bonds. They have different mechanical
property ranges with easy forming shape. Their low cost is the most attractive feature to use
them in many applications [2]. They are classified as natural and synthetic polymers according
to their origins. Proteins, polysaccharides and chitosan are natural polymers that are used in
bone tissue applications. Natural polymers show good biocompatibility and osteoconductive
properties, however they have low mechanical stability. Aliphatic polymers like PLA and poly-
glycolide are mostly used synthetic polymers in bone tissue engineering. Polymers also
categorized two groups according to their degradability as non-resorbable and resorbable
(biodegradable). Polyethylene and polypropylene are examples of non-resorbable polymer.
Poly-glycolic acid, poly-lactic acid, polycarbonate and chitosan are resorbable (biodegradable)
polymers. Although demand features from polymers can be adjusted with composition, type,
molecular weight etc., both natural and synthetic polymers demonstrate common low

mechanical property with respect to requirements of implant applications [2], [41], [42].

Poly-lactic acid is a type of cheap aliphatic polyester which shows thermoplastic and
biodegradable behavior. It and its composites are non-harmful and non-toxic after degradation
in body and degradation products can be eliminated with kidney. However, degradation product
of lactic acid may cause the inflammatory response. It has good biocompatibility,
biodegradability and process ability properties. Its mechanical property is high with respect to
other bio-absorbable polymers but it is brittle after glass transition temperature; approximately
55 °C [43]. It is also produced with copolymer of another monomer. These properties enable it
to be used in biomedical areas like tissue engineering, drug delivery and medical implants. Poly-
lactic acid scaffolds show slow degradation. It starts after 4 weeks and total degradation
continues 12 months [44]-[47].
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2.4.4. Composites

Composites consist of two or more materials that are in different classes. Composites give
ability to adjust desired properties of different materials. First bio-composite material was
applied in orthopedic applications by plaster of Paris. Composites in orthopedic applications
aim the mimic of real bone by addition of inorganic and organic phases. Organic phase is
generally coming from polymer and inorganic part is from ceramics. Toughness and
biodegradability of polymer phase and compressive strength, osteoconductivity and bioactivity
of inorganic part can be combined with composite application. Hence materials with improved
mechanical, bioactivity properties and good biodegradability can be developed. Composites also
give opportunity to neutralize acidic degradation of polymers which cause inflammatory with

alkalinity of inorganic part [22], [30].

Poly-lactic acid/ceramics composites are common composite application to satisfy
requirement of bone tissue applications. Poly-lactic acid is used generally improve
biodegradation. These composites are fabricated with different methods. These are
electrospinning, gas foaming, freeze drying, solvent casting, particle leaching and thermally
induced phase separation methods [48]. Among ceramics hydroxyapatite, B-TCP and biphasic
tri-calcium phosphate are used frequently in poly-lactic composites. Poly-lactic
acid/hydroxyapatite and poly-lactic acid/B-TCP composites are appropriate to use in non-load-
bearing and high rate of degradation applications [43]. Chemical similarity with bone of both
hydroxyapatite and B-TCP improves biocompatibility of poly-lactic acid. Also,
osteoconductivity property of poly-lactic acid/hydroxyapatite shows improvement in
composites [3]. Two composites are highly biomimetic, and they induce calcium phosphate
formation, precipitation and deposition in simulated body fluid. However, main problem of
these composites is low mechanical properties due to adhesion and dispersion problems between
polymer and ceramics [49]. Mechanical properties of these composites are affected from
different parameters like structure of polymer, production method, structure of polymer, particle
size of ceramic and weight fraction of polymer and ceramic, surface modification of ceramics
[6], [49]. Shortly, aim of poly-lactic acid/calcium phosphate is desired mechanical property and

biodegradability in simulated body fluid which does not exceed bone regeneration capacity.
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2.5. Studies on Production, Characterization, Mechanical Properties and Degradation of

Hydroxyapatite and p-TCP-Poly-Lactic Acid Composites

In bone tissue engineering applications composites of hydroxyapatite, B-TCP and biphasic
tri-calcium phosphate with polymer are used to mimic bone and to obtain successful implants.
These composites are investigated by different characterization methods to understand
interaction between polymer and ceramic. Also, compressive strength, tensile strength and
bending strength of these composites are tried to be developed with changing of different
parameters. Also, biodegradation studies are done to investigate the implants which are
appropriate in bone regeneration. Desired properties are studied with changing polymer/ceramic
ratio, polymer type, and hydroxyapatite particles. In addition to these, effect of surface
modification of ceramics with different agents is commonly investigated on expected features

of composites.

Two main desired features of composites may cause adverse effect on each other. For
example, poly-L-lactic acid/hydroxyapatite composites are fully resorbable in human body.
However, resorbability causes the low mechanical strength of implant. Russias et al.
investigated the poly-L-lactic acid/hydroxyapatite composites by changing the hydroxyapatite
particles as fine grained and coarser whisker. They used simple hot-pressing procedure for
production of composites. They also changed hydroxyapatite content from 40 % to 100 %.
Surface modification of produced composites was searched by scanning electron microscopy
(SEM). Mechanical tests were performed after production, and after storage in Hank’s Balanced
Salt Solution (HBSS) that was used as simulated body fluid for 1, 10 and 20 days. They obtained
composite with Young’s Moduli of above 10 GPa, which is assumed lower limit for cortical
bone, for composite containing 70- 85 wt.% of hydroxyapatite. Composites that includes 70-85
wt.% hydroxyapatite were found promising after Hank’s Balanced Salt Solution (HBSS)
degradation. All composites displayed approximately 8-17% reduction of elastic moduli after
20 days. This reduction was higher for composite which have higher ceramic contents and

whisker shaped due to degradation of low amount of polymer [50].
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Another study investigated the effect of polymer type (poly-L-lactic acid and its
copolymer), hydroxyapatite content between 10 and 40%, surface modification of
hydroxyapatite with 3-aminopropyltriethoxysilane (AMPTES) and 3-
mercaptopropyltrimethoxysilane (MPTMS) and percent of silane coupling agents on
mechanical and structure of composites. Mechanical improvements were measured by tensile
test and microstructure effects were searched with SEM images. Composites were produced
through solvent casting method for treated and untreated ceramic and polymer composites. It
was found both silane treatment improved the dispersion of hydroxyapatite in polymer matrix.
Tensile strength showed increase with increasing hydroxyapatite content both untreated and
treated composite up to 30%. Reduction after 30% was attributed to possibility of agglomeration
hydroxyapatite which causes the low adhesion between polymer and hydroxyapatite. Also,
maximum mechanical improvement for composites containing 20% hydroxyapatite was
observed in 1 wt.% 3-aminopropyltriethoxysilane (AMPTES) treated composites of
hydroxyapatite-poly-L-lactic acid and 0.5 wt.% 3-mercaptopropyltrimethoxysilane (MPTMS)

treated composites of hydroxyapatite-copolymer [51].

Zhou et al. cleared up the bonding mechanism of poly-D, L-lactic acid (PDLLA) and
hydroxyapatite. Hydrogen bonding was investigated by SEM, differential scanning calorimetry
(DSC), Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS). Composites were produced with weight ratios of polymer: ceramic as 1:1, 2:1, 3:1. It
was found that uniform distribution of hydroxyapatite on polymer surface without
agglomeration from SEM analysis. This was referred as interaction between two phases not only
physically but also chemically thanks to the preventing agglomeration effect of chemical
actions. SEM and glass transition temperature of nanocomposite showed evident of close
interaction, i.e. chemical bond. Also, hydrogen bonding between C=0 and P-O groups on
surface of hydroxyapatite was indicated by FTIR and XPS results. Hydrogen bonding increase
was observed with increasing amount of hydroxyapatite. Also, positive effect of composite on
shape memory properties was proved by comparing the shape memory behavior of pure PDLLA

and composites [52].
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Another study researched on effect of production methods on hydroxyapatite/poly-L-
lactic acid and B-TCP/ poly-L-lactic acid composites with SEM and tensile modulus
measurements. Ceramic ratios of composites were kept 5% and 10% for each type. Three
compared production methods were dry process before compression molding, solvent solution
and melt extrusion. SEM images showed the solvent and melt extrusion methods exhibited the
more homogenous dispersion than dry process. Also melt extrusion method was found to be the
highest modulus. It was found that plasticization of molecules due to chloroform resulted in low
modulus in solvent solution method. Also, study observed that a composite with 10% ceramic
ratio has higher modulus value. Moreover, tensile modulus of hydroxyapatite including
composites were found higher than B-TCP including composites [53].

Study on effect of hydroxyapatite percent (10, 20 and 30 %) on tensile properties of
composite that were produced with melt extrusion and following injection moulding displayed
increasing ceramic ratio evolved the tensile strength and hence decreased the tensile modulus.
Also, it was found that increasing ceramic ratio caused the reduction of elongation at break

percentage. SEM images showed the more agglomeration occurred in 30% hydroxyapatite [54].

Nejati et al. synthesized and analyzed the rod-shaped hydroxyapatite and then produced
hydroxyapatite/poly-L-lactic acid composite scaffold with thermally induced phase separation
method. Compressive strength of nanocomposite was found 14.9 MPa which is higher than
micro composite. Biocompatibility and cell affinity of nanocomposites were found higher than
micro composite by experiment on rats. FTIR result showed the new peak formation in
composite at 1414 cm™ which was referred to calcium and ionized form of carboxyl group bond.
This peak was found with similar intensity in micro composite. This new peak was assumed to
evidence for molecular interaction and chemical bonding between polymer and ceramics. XRD
results of composites were compared with their raw materials and intensity decrease was
observed. Scaffold porosity reduced with the addition of ceramic due to possible filling ability
of ceramic. Produced composite was nominated as bone tissue application of cancellous bone
[55].
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High agglomeration of hydroxyapatite and low compatibility between poly-lactic acid
and hydroxyapatite were tried to be exceeded by surface treatment of hydroxyapatite with 2%
of 3-aminopropyltriethhoxysilane (APES) and 3-methacryloxypropyltrimethoxysilane (MPTS).
Success of silane treatment was proved by FTIR and SEM analysis. It was found that thermal
stability of composites enhanced with silane treatment. Hydroxyapatite content was changed
from 10 % to 40 %. SEM images of composites indicated the interfacial adhesion was increased
with both silane additions. Also, tensile modulus, tensile strength and elongation at break
percent increased with silane treatment. Moreover, study applied ISO 10993-5:1999(E) standard
with human osteoblast cultured cells for cytotoxicity of composites and it was found that there
was no toxic effect to human osteoblast [56].

Another comprehensive study investigated the different silane promoters with different
functionality of vinyl, methacryloxy, amine and diamine. After silane treatment XPS analysis
was done for treated hydroxyapatite. Bonding of silane agents to hydroxyapatite surface was
proved. In study two dissolution analyses were done in simulated body fluid and Gomori’s tris-
meleate buffer. It was found that coupling agents did not prevent tendency to dissolution.
Dissolution started after 4 hour and they are same after 2 or 3 days for all coupling agents. Only
aminosilane coating delayed the calcium and phosphate ions during first two days in Gomori’s
tris-meleate buffer [57].

Another comprehensive study investigated the nanofibrous poly-lactic acid and
hydroxyapatite scaffolds morphologically, mechanically and thermally. Two concentrations of
hydroxyapatite were worked as 5% and 20%. Electrospinning technique was used. Smooth
surface of composites and decrease of pore mean dimeter of composites with respect to polymer
were observed from SEM images. Increasing hydroxyapatite content affected the tensile
strength positively, i.e. higher tensile strength. Also, ATR-FTIR, XRD, TEM and TGA proved
the existence of hydroxyapatite on composite surface and homogenous distribution of it on
polymer. Osteoblast culture was prepared to see proliferation of scaffolds. It was observed cell
viability continued and proliferated for 21 days. It was concluded that nanofibrous
hydroxyapatite/poly-lactic acid scaffold is good candidate for bone regeneration area because

of both mechanical strength and proliferation ability [48].
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Degradation of porous poly-lactic acid/hydroxyapatite composites was characterized by
ATR-FTIR in another study. Composite was produced by solvent casting/salt-leaching method.
Phosphate-buffered saline (PBS) solution was used for in vitro degradation measurements.
Every seven-day measurement was done for 105 days. After drying FTIR of composite was
studied and an analysis method was used to analyze FTIR result. First aim of this study is
deciding using ability of this analysis method in degradation study. However, this study also
gave information about degradation days of poly-lactic acid/hydroxyapatite composite.
Degradation was followed by intensity ratio of FTIR band 1026 cm™ which shows the P-O
groups in hydroxyapatite with FTIR band of 1755 cm™ which indicates the stretching vibration
of C=0 group. First degradation started in day 14 for composite. It was observed first 56 days
degradation was slow and it fastened up to 84 days and then kept constant. After day 84, shape

of ratio changed to negative pattern due to decrease in hydroxyapatite content [58].

A comprehensive study was searched for in vitro and vivo degradation of poly D,L- lactic
acid/ nano-sized hydroxyapatite. Study used logical saline (SPS) and a simulated body fluid
(SBF) for in vitro studies. Composites were produced by 50 wt. % of ceramic and polymer with
extrusion method. Human mesenchymal stromal cells were used in vivo study as culture and
implants were put in dogs. Measurement of degradation was done for 12 weak. It was observed
that swelling of composites was higher than polymer. Dry weight of composites decreased 4%
and 7% in different two fluid medium. This trend was similar to polymer weight loss percentage
trend. Weight percentage after 12 hours and 12 months of polymer and composites did not show
big difference. pH of only polymer particles kept constant however it decreased in both fluid
after 12 weak immersion. In vivo study more degradation was found for only polymer case,
differently [59].

Effect of surface modification on interfacial adhesion, swelling property, and mechanical
properties of poly-lactic acid and hydroxyapatite composites was investigated in study of Zhang
et al. Composites were produced by volume 20% of hydroxyapatite. Three surface
modifications were applied by gamma-amino-propyltriethoxy silane, gamma-2,3-
cyclopropoxy-propyll-trimethoxy silane and gamma-methypropenionyloxy-propyl-trimethoxy

silane. Also, modification was done two solution medium DMF and ethanol-water for each
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silane agents. FTIR analysis of silanated hydroxyapatites was done and new peak was found
belongs to P-O-Si bond. It was observed silane treated composites reached swelling equilibrium
1 or 3 days later than pure hydroxyapatite including composite. SEM image showed the
homogenous dispersion with silane treatment in composites. This indicated that silane affected
to reach desired swelling property. Also, bending strength of composite was enhanced after all
silane treatments. Maximum bending strength improvement was obtained in gamma-amino-
propyltriethoxy silane including composites by 27.8%. Bending strength of gamma-
methypropenionyloxy-propyl-trimethoxy silane including composites, produced in ethanol and
water solution medium, was found similar to untreated counterparts. This was thought as partial
hydrolysis of gamma-methypropenionyloxy-propyl-trimethoxy silane into free carboxyl acid
group. It was thought that this group may be absorbed by hydroxyapatite surface and surface

caused degradation of poly-lactic acid which leads reduction of strength [60].

Another study searched the degradation of B-TCP and poly-lactic acid composites.
Composite was produced by water/oil/water emulsion technique. Achievement of composite
production method was investigated with SEM, EDX and XRD analyses. Degradation study
was done with accumulated weight loss. Released calcium ion was detected by atomic
absorption spectrophotometer. It was observed that composite showed rapid degradation in first
10 days and then it decreased. After 40 days, degradation of composites was found 9% higher

than poly-lactic acid microspheres [61].

Surface modification of B-TCP was investigated in a comprehensive study. Stearic acid
was used for surface treatment. Modification success was determined by TEM, FTIR, TGA and
XPS analyses. New peak was found in FTIR spectrum belongs to CaHPO4 group. This proved
the protonation reaction between PO4 groups of ceramic with H* of stearic acid hydrolysis.
Hence, surface treatment was achieved. Then, composites of modified and unmodified 3-TCP
and poly-lactic acid were produced with electrospinning method. Three different
polymer/ceramic ratios were tried as 0, 10 and 20% of B-TCP contents. Tensile strength of pure
poly-lactic acid decreased in all composites. However, surface treated composites showed

higher tensile strength and Young’s modulus [62].
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In order to understand and interpret degradation mechanism, silane effect on mechanical
test and characterization further four additional studies that includes different polymer or
ceramic including composite systems were investigated. Eight different coupling agents were
tried in study of Hassan et al. to choose potential candidates for phosphate glass. FTIR analysis
results indicated covalent bond between phosphate glass and three agents; 3-
aminopropyltriethoxysilane (APS), etidronic acid (EA) and hexa-methylene diisocyanate
(HDI). P-O-Si band was detected in 1190 cm™ wavenumber. XPS analysis was conducted for
phosphate glass systems which include these three coupling agents separately. Changes in O 1s
and N 1s spectra of these systems confirmed the FTIR results. Reaction schemes of six coupling
agents with phosphate glass were visualized from results of FTIR and XPS analyses. Standard
test condition of ISO 10993-13:20 were followed with phosphate buffered saline solution in
degradation studies for poly-lactic acid and phosphate glasses composites. It was found that the
degradation rate decreased with 3-aminopropyltriethoxysilane (APS), etidronic acid (EA) and
hexa-methylene diisocyanate (HDI) coupling agents [63].

Another comprehensive study investigated the poly-(e-caprolactone) (PCL) /silanated tri-
calcium phosphate (TCP) scaffolds. TCP was treated with silane agent and FTIR and XPS analyses
were conducted to see achievement of silanization. Composites were produced with screw extrusion
method. Compressive strength of composite increased 2.3 times when silane treated TCP was used.
Maximum compressive strength was obtained as 82.6 MPa for composites. Also, carbonated

hydroxyapatite-gelatin coated was done for composites to increase the osteoconductivity [31].

Study of B-TCP and poly-caprolactone (PCL) composite aimed to produce strong
bioresorbable composite including low amount of polymer with low process temperature. Low
temperature was stated as important condition for future studies which allow incorporation of
drug and molecules for help of healing process and of preventing inflection risk. Polymer ratio
was kept 5% and 15%, separately. SEM, FTIR and XRD analyses were done to detect
achievement of production method and interaction between polymer and ceramic was detected.
Compressive strength of composite was found 140 MPa for highest composite. Degradation
study in Tris buffer and bioactivity study were done with simulated body fluid (SBF). It was
observed dissolution of composites is like dissolution of pure B-TCP in first days. After 2 weeks
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composites lost their compressive strength approximately 15%. Uptake of Ca and P ions were
flowed in SBF. After SBF immersion for 4 days, FTIR analysis was repeated and it was observed
P-O bond of ceramic was changed. This was assumed as evident of bone-like apatite surface

and showed bioactivity of composite [64].

In order to see effect of solvent during silanization and percent of 3-trimethoxysilyl propyl
methacrylate on mechanical performance of hydroxyapatite and acrylic composites,
acetone/water and methanol/water systems were tried for 1, 2 and 3% of silane agent separately.
It was found that methanol/water system showed the higher compressive strength (max. 107.8
MPa) and bending strength (max. 62.3 MPa). Tensile strength was found similar for two solvent
systems and different 1, 2 and 3% percentages of -trimethoxysilyl propyl methacrylate silane
agents. From all result it was found that methanol/water system with 3% of -trimethoxysilyl

propyl methacrylate was better than others [65].

2.6. Compressive Strength of Polymer-Ceramic Composites

Table 2.2 shows the summary of compressive strength values regarding calcium
phosphate involving composites in the literature that were summarized in section 2.5. For
comparison, it should be noted that maximum compressive strength values of cortical bone and
cancellous bone are 193 MPa and 12 MPa, respectively [2], [26], [30], [32].

It is known that after degradation experiments compressive strength values of the
composites decrease [64]. Therefore, targeting higher compressive strength values compared to

natural bone would be a good strategy for bone tissue regeneration area.



Table 2.2. Compressive Strength VValues of Composites from Literature.

Compressive

Polymer Type Ceramic Type Treatment
Strength
Poly-lactic _
_ Hydroxyapatite No 14.9 MPa [55]
acid
Poly-lactic _
” Hydroxyapatite Hot Press 139 MPa [66]
aci
Poly-D,L- )
_ NC calcium
lactic-co- Hot Press 82 MPa [67]
_ phosphate
glycolide
Hydroxyapatite with
- _ : MPS (3%) 107.8 MPa [65]
acrylic solution
Polyamide66 Hyd tit Carbon Fiber 212 MPa [68]
olyamide roxyapatite a
Yy ydroxyap (10%)
Poly-(e- Tricalcium
GPTMS (10%) 82.6 MPa [31]
caprolactone) phosphate
Poly- )
B-TCP High Pressure 140 MPa [64]
caprolactone
Poly- _
Hydroxyapatite No 27 MPa [69]
caprolactone
Carboxy- Functionalized
methyl Hydroxyapatite Carbon Fiber 118 MPa [70]
Cellulose (0.75%)
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3. MATERIALS AND METHODS

3.1. Materials

In this study, hydroxyapatite (Cas(OH)(PQOa4)3) (Sigma Aldrich, CAS number: 1211674-7)
and B-tri-calcium phosphate (B-TCP) (Cas(PO4).) (Sigma Aldrich, CAS number: 7758-87-4)
were used as the calcium phosphate ceramic part of composites. Composites were produced
with poly-L-Lactic acid (PLA) powder (H(CsHsO2)nOCHs3) (Sigma Aldrich, CAS number:
765112) and these ceramics for characterization studies. Due to high price of powder of PLA,
pellet form of poly-lactic acid was used for mechanical and degradation studies. In order to
determine similarity of two form PLA, FTIR and XRD analyses results of them were compared
and using pellet form in mechanical and degradation studies was found acceptable. XRD and
FTIR results of powder poly-lactic acid are shown in Figure 4.3 and Figure 4.18 of Chapter 4,
respectively. XRD and FTIR results of pellet PLA were displayed in Figure A.1 and Figure A.2
of Appendix part, respectively. Chloroform (Merck, CAS number: 67-66-3) and ethanol (Merck,

CAS number: 64-17-5) were used in experiments as solvent.

Surface of ceramic components was modified with 3-(Trimethoxysilyl) propyl
methacrylate (Methacryloxypropyl trimethoxysilane) (Silane-A174) (CioH200sSi) (Sigma
Aldrich, CAS number: 2530-85-0). Ortho-phosphoric acid (Merck, Lot number: K50214873
818) was used for surface modification of B-tri-calcium phosphate before silane treatment.
Sulfuric acid was used (Merck, CAS number: 7664-93-9, wt. 98%) for pH arrangement during

surface treatment of HAP.

Hanks’ Balanced Salt Solution (HBSS) (Sigma Aldrich, CAS number: H6648) was used
for degradation studies.



25

3.2. Manufacturing Methods

3.2.1. Compositional Parameters for Composites

Summary of the compositional design parameters used for composite synthesis in this

study was exhibited in Table 3.1.

Table 3.1. Summary of Composites Contents in Study.

Polymer Type Ceramic Type Surface Treatment

and Percentage | and Percentage Type of Ceramic
PLAS50H50 PLA (50 wt.%) HAP (50 wt.%) No
PLA40H60 PLA (40 wt.%) | HAP (60 wt.%) No

PLA50H50SIi3 PLA (50 wt.%) HAP (50 wt.%) 3 wt.% Silane-Al74

PLA40H60SI1 PLA (40 wt.%) HAP (60 wt.%) 1 wt.% Silane-Al74
PLA50T50 PLA (50 wt.%) | B-TCP (50 wt.%) No
PLA40T60 PLA (40 wt.%) | B-TCP (60 wt.%) No

Phosphoric acid and 3
wt.% Silane-A174

PLAS0T50PASI3 | PLA (50 wt.%) | B-TCP (50 wt.%)

Phosphoric acid and 1

PLA40T60PASI1 | PLA (40 wt.%) | B-TCP (60 wt.%) _
wt.% Silane-Al174

3.2.2. Surface Treatment of HAP

HAP surface modification was done in line with the literature [2], [57], [65]. HAP was
mixed with volume percent 90% of ethanol solution as 2/1 ratio for ethanol (ml)/ HAP (g) for
few minutes. pH of 3.5-4 was arranged with 0.1 N of sulfuric acid solution. Then three materials
(HAP, ethanol solution and sulfuric acid) were mixed for 45 minutes in magnetic stirrer. Silane
A-174 should be used under inert condition according to MSDS of it. Therefore, nitrogen

balloon was set on the beaker while continuing the mix. Silane A-174 was added the beaker
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with 1% or 3% (according to desired amount) weight percent of initial HAP amount. Mixture
continued to be stirred under nitrogen atmosphere for one hour. After mixing, it was dried at
room condition, 120 °C and 50 °C for 2 hours, one hour and until complete drying (between 12

and 24 hours), respectively [71].

3.2.3. Surface Treatment of B-TCP

In order to increase success of silane treatment, surface of B-TCP was protonated
phosphoric acid firstly by regarding previous studies [31], [72], [73]. Volume percent of 1 %
phosphoric acid solution in anhydrous ethanol was prepared. 3-TCP was mixed with phosphoric
acid solution with 1/10 of B-TCP (g)/solution (ml) ratio for one hour at room temperature. Then,
it was dried 110 °C for 6-12 hours [72].

For silanization, protonated 3-TCP was blended with ethanol with the ratio of 1(g)/6 (ml)
for 10 minutes in magnetic stirrer. Nitrogen balloon was installed in beaker mouth. Silane A-
174 was added the beaker with 1% or 3% (according to desired amount) weight percent of initial
protonated B-TCP amount. Then it was mixed for 3-6 hours at 110 °C. It was dried at 110°C
until complete dry (between 4 and 24 hour).

3.2.4. Synthesis of HAP and PLA Composite

Pure PLA and chloroform were mixed for 50 minutes at room temperature. PLA/
chloroform ratio was kept range between 5 and 10 % [2]. In 50 minutes, all polymer dissolved
in chloroform. Treated or untreated HAP was added this solution with polymer/ceramic ratio of
40/60 or 50/50. Mixture was blended for 12 hours at room temperature in magnetic stirrer for
characterization samples. This blending time (12 hour) was reduced to approximately 4 hours
for samples of mechanical test and degradation study to be able to pour the mold. After mixing,
characterization and degradation samples were dried at room temperature for one night and 40
°C until complete drying (between 4 hours to overnight). Mechanical test samples were put

jolting apparatus (conforms the EN 196-1 standard) for 3 minutes and shaker (GFL Shaking
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Incubator 3032) for one night with 250 rpm at room temperature due to large depth of

mechanical test mold. Then, they were dried similarly at 40 °C until complete drying.

3.2.5. Synthesis of g-TCP and PLA Composite

B-TCP and PLA composites were manufactured at room conditions, similar to a previous
study in literature [64]. Treated or untreated B-TCP and 20-30 ml of chloroform were mixed
for a few minutes at magnetic stirrer [2]. Necessary amount of PLA was added to this solution
to satisfy desired polymer/ceramic ratio as 40/60 or 50/50 under high rate stirring. Mixture was
agitated for one hour with moderate rate at magnetic stirrer. 15-25 ml of ethanol was added, and
mouth of beaker was closed. Stirring was continued until desired consistency was achieved
(takes 30 minutes to 2 hour). Characterization and degradation samples were dried at room
temperature for one night and 50 °C for 48 hours. Mechanical test samples were put in a jolting
apparatus (conforms the EN 196-1 standard) for 3 minutes and in shaker (GFL Shaking
Incubator 3032) for overnight with 250 rpm and at room temperature. Then, they were dried at
50 °C for 48 hours.

3.3. Characterization Methods
3.3.1. X-Ray Diffraction (XRD) Analysis
XRD analysis (model: D/Max 2200-PC with Cu absorber, brand: Rigaku) was applied to
see amorphous and crystalline phases of raw materials, treated ceramics and composites. Raw
powder materials were directly purchased however they were also analyzed to ensure existence
of their characteristic peaks and absence of impurities.

3.3.2. Scanning Electron Microscopy (SEM) Analysis

SEM analysis (FEI-Philips XL30 Environmental Scanning Electron Microscope with
Field Emission Gun (Equipped with EDAX-Energy Dispersive X-ray Analysis Unit)) was
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performed for pure HAP, raw materials, treated ceramics and composites to see

micromorphology of them in different scales.

3.3.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy (model: Vertex 80v spectrometer with 4 cm™ resolution, brand:
Bruker) was done in 400-5000 cm™* spectral region to detect vibrations. ATR mode of FTIR was

used. FTIR analysis was done for raw materials, treated ceramics and composites.

3.3.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS analysis (Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer) was carried
out for raw materials, treated ceramics and composites in between 0 and 1350 eV region to

detect chemistry of surface.

3.4. Compressive Strength Measurement

Compressive strength measurement (MTS servo-hydraulic testing machine with
maximum 100 kN capacity) was done for composites which were molded 1cmxlcmx1.5cm
rectangle prism. In measurements, 0.5 mm/min displacement rate with max displacement 9.0
mm was used. Compressive strengths of these materials were calculated with load until height
was less than 30 % of initial length of composites as in similar studies [55], [74]. Compressive
strength was calculated by dividing maximum load to initial compressed surface area of sample.

Measurements were repeated twice for each composition.

3.5. Degradation Measurement

Degradation study was done by following similar studies in literature [2], [57], [58], [63],
[64]. Composites were molded in Teflon mold with 9 mm diameter and 3 mm length for
degradation study. Weight of these samples was between 40-170 mg. These samples put in 30
ml of Hanks’ Balanced Salt Solution (HBSS). HBSS is a solution without organic species with
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7.4 pH. HBSS is an alternative for simulated body fluid (SBF) which is nearly same of human
blood surface. The HBSS contains different types of electrolytes; mainly Na* and CI- following
with Ca*?, K*, HCO3", Mg*?, SO42 and HPO4™2. It enables the apatite formation and observation
of it [75].

In order to immerse sample in HBSS, a needle was dipped in the samples. Samples were
placed in heating oven (brand: Binder) at constant 37 °C after recording the sample weight.
Samples were taken from heating oven in some determined time points during 7 days. Samples
were washed to remove HBSS after taking from heating oven and they were weighted again to
see swelling capacity of composites. Then, they were dried at 37 °C until dry weight became

constant. Samples were weighted in the first week, on days 1, 3, and 7.
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4. RESULTS AND DISCUSSION

4.1. Characterization Results
4.1.1. X-Ray Diffraction (XRD) Analysis
XRD analysis was applied to pure HAP, B-TCP ceramics and PLA powders, modified
ceramics and produced composites. Raw powder materials also analyzed to ensure existence of

their characteristic peaks and absence of impurities.

4.1.1.1. XRD Analysis of Raw Materials and Treated Ceramics. Figure 4.1 shows that the HAP

phase is perfectly crystalline. XRD pattern has good agreement with reference models HAP
(PDF 00-001-1008) and calcium phosphate (PDF 00-011-0232) peaks. Existence of calcium
phosphate shows that there are some impurities in HAP phase [76]. The result was compared
with previous study that is used same brand HAP and it was observed that result peaks after 20
=40.1° are not matched [77]. This probably caused that search program did not show agreement
with HAP-standard pattern (PDF 09-0432). However, other peaks show high similarity with
HAP-standard pattern that was referred in literature [78].

XRD result of B-TCP is demonstrated in Figure 4.2. Peaks match with reference of
whitlockite (PDF 00-003-0713). In literature survey, B-TCP shows two different reference
models, these are whitlockite (PDF 00-003-0713) and pure -TCP (PDF 00-09-0169) [79]-[81].
Whitlockite name is used for crystallographic form of B-TCP [82]. Used B-TCP (Sigma Aldrich)

is a sintered powder. Absence of amorphous structure may be result of sintering of B-TCP.

XRD pattern of PLA is illustrated in Figure 4.3. It shows characteristic peaks of pure PLA
positioned at 26=17° and 26=19.31°. Also, in 20 region of 10-30° there is an amorphous
characteristic shape. Location of characteristic peaks and amorphous structure shows similarity
with previous studies [48], [55], [61], [83].
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Figure 4.1. XRD pattern of pure HAP and comparison with: (a) HAP (PDF 00-001-1008) and
(b) calcium phosphate (PDF 00-011-0232).
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Figure 4.2. XRD pattern of pure -TCP and comparison with whitlockite (PDF 00-003-0713).
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Figure 4.3. XRD pattern of powder PLA.

In this study HAP was treated with silane coupling agent with 1 wt.% and 3 wt.%
percentage (Silane A-174). Figure 4.4 reveals the XRD analysis of these intermediate steps
before composite production. Figure 4.4.b shows that peaks of pure HAP do not change after
silane treatment. However, there are some new intense peaks. These peaks may come from
silane A-174 or more possibly from H2SOs. Because, pH adjustment of 1 wt.% silane A-174

treatment required more acid addition during production.

All intermediate treatments of B-TCP before composite productions are represented in
Figure 4.5. When Figure 4.5.a is compared with pure $-TCP result, it is observed main peaks of
B-TCP are present after protonation with phosphoric acid. New peaks after 26=30° are related
to phosphoric acid. Increase in double peaks of pure B-TCP around 26=27° with phosphoric acid
treatment may indicate phosphoric acid treatment is achieved. Also, after protonation with
phosphoric acid an amorphous structure is observed at region 26=25-40°. The same structure
keeps itself after different ratio silane treatments (Figures 4.5.b and 4.5.c). Figure 4.5.b shows
one percentage of silane does not change the pattern in Figure 4.5.a. It can be explained on basis

of silane A174 percentage being too small. When Figures 4.5.a and 4.5.c are compared, it is
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observed that intensities of ceramic peaks decrease. This is related with change of Ca/P ratio

because of replacement of calcium atoms with silica atoms [65].
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Figure 4.4. XRD patterns of treated HAPS.

4.1.1.2.XRD Analysis of Composites. XRD results of the two composites without treatment that

have different polymer/ceramic ratios are displayed in Figure 4.6 and Figure 4.7. Figure 4.6 and
Figure 4.7 also include the corresponding raw materials to see differences clearly. It is observed
that peaks of pure PLA are located in the same positions in these two composites. However,
intensity of these peaks at composites is lower. Moreover, composites have amorphous features
at 20 region of 10-30° that come from pure PLA. When composites without treatment are
compared with pure HAP it is observed peak intensities reduced. Also, when insets of Figures
4.6 and 4.7 are investigated, it is observed that location of HAP peaks shifted to left in the
composites. This shift is more observable in composite that contains more HAP, PLA40H60.
Decrease of peak intensities, amorphous structure observation and shift of HAP peaks indicate
interaction of HAP and PLA in composites [55] [10].
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Figure 4.6. XRD patterns of (a) PLA (b) pure HAP (c) PLA40HG60.
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Figure 4.7. XRD patterns of (a) PLA (b) pure HAP (c) PLA50H50 composite.

Figure 4.8 and 4.9 show the XRD results of silane treated HAP including composites.
Both composites display peaks of their modified raw ceramics and pure PLA at similar
locations. Also, amorphous structure of pure PLA at region 26=10-30° is observed in these
composites. Peak intensities of composites decrease compared to silane treated HAP and pure
PLA. Observation of amorphous structure and intensity reduction can establish interaction

between polymer and ceramic with silane.

XRD patterns of pure B-TCP and PLA composites are shown in Figure 4.10 and Figure
4.1. Star sign indicates peaks come from pure 3-TCP. PLA40T60 composite contains all peaks
of pure B-TCP with similar intensity. Also, the composite includes two characteristic peaks of
pure PLA. However, the amorphous structure of PLA disappears in composite. Interfacial

interaction between ceramic and polymer may cause the phase change of PLA [55].

PLA50T50 composite includes most intense peaks of pure -TCP. However, intensities
of these peaks decrease extremely in the composite. Also, peaks of pure B-TCP after 26=34° are
absent in the composite. Study performed by Lin et al. [61] indicated that the presence of the
XRD peak of B-TCP at 26=32° and amorphous structure of PLA proves the entrapping -TCP
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inside of PLA. Difference of two composites shown in Figure 4.10 and Figure 4.11 may be a

sign of importance of ceramic/polymer ratio for composite properties.

XRD results of silane treated B-TCP including composites (PLA40T60PASI1 and
PLAS0T50PASI3) are displayed in Figure 4.12 and Figure 4.13. The results of these composites
show peaks related to their raw materials at the corresponding locations. Also, the amorphous

structure originating from pure PLA is observed in both composites.

Both composites do not show new peaks due to possibility of too small amount of silane
coupling agent (1 wt.%). Peaks of PLA40T60PASI1 composite decreases with respect to both
its polymer and ceramic ingredients. This may be related to new bond formation in composite.
However, composite PLA50T50PASI3 do not show reducing in peak intensities as it is seen in
Figure 4.13.
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Figure 4.8. XRD pattern of PLA40H60SI1.
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Figure 4.9. XRD pattern of PLA50H50SI3.
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Figure 4.10. XRD pattern of PLA40T60.
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Figure 4.11. XRD pattern of PLA50TS50.
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Figure 4.12. XRD pattern of PLA40T60PASI1.
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Figure 4.13. XRD pattern of PLA50T50PASI3.

4.1.2. Scanning Electron Microscopy (SEM) Analysis

4.1.2.1.SEM Analysis of Raw Materials and Treated Ceramics. SEM images of raw materials,

namely PLA, HAP and B-TCP, in two different scales are represented in Figure 4.14. Images of
PLA in Figure 4.14.a and Figure 4.14.b are consistent with previous images [84]. Figure 4.14.c
and Figure 4.14.d show the pure HAP powder result. This result is similar to previous images
in literature [29]. Crystal structure of pure HAP is seen in Figure 4.14.d. This verifies the
observed crystal structure in XRD analysis of pure HAP. SEM images of B-TCP are displayed
in Figure 4.14.e and Figure 4.14.f. SEM images of B-TCP crystal are not present at 500 nm
scales like PLA and HAP since B-TCP consists of bigger particles as it is seen images. Surface
morphology of B-TCP is found compatible with B-TCP image in literature [85] and also with
the images of HAP that was sintered at 700 °C [86]. Figure 4.15 reveals the HAP images before
and after silane A-174 modifications in 10 um and 200 nm scales. After silane A-174

modifications filamentous structure on HAP surface is observed.

SEM images of pure B-TCP, protonated B-TCP with phosphoric acid and modified B-TCP

with silane A-174 are presented in Figure 4.16.a, b, ¢, respectively. Covering of -TCP surface
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with phosphate crystal after phosphoric acid treatment is seen in Figure 4.16.b. It is seen that
smooth surface structure evolved into a flaky morphology upon treatment with phosphoric acid.
However, when Figure 4.16.b and Figure 4.16.c are compared, it is observed that silane

treatment addition to phosphoric acid treatment do not change surface.
In previous study of hemp pulp, hemp was modified with sodium hydroxide solution and
after 4-6% percent of silane, and it was found that silane treatment after solution treatment did

not change surface morphology of hemp pulp [87]. Current result is compatible with this study.

4.1.2.2.SEM Analysis of Composites. Figure 4.17 shows the four produced composites in 1um

scale. These images display a bridge between polymer and ceramic and this situation is similar
to images regarding PLA/HA composites in literature [50]. Physical interaction is observed for
pure HAP and PLA composite in Figure 4.17.a. Similar interaction is seen in silane treated
composites in Figure 4.17.b and Figure 4.17.d. However, pure $-TCP and PLA composite in

Figure 4.17.b is different from other composites.

There is accumulation of polymer on the pure B-TCP and there is no interaction in
composite in Figure 4.17.c. This result is coherent with a previous study that shows the adhesion
between B-TCP- PLA composites is lower than HAP- PLA composites [53]. As a conclusion [3-
TCP- PLA composites show lower interaction with respect to HAP- PLA composites produced

with same ratio.

When the silane treated composites in Figure 4.17.b and Figure 4.17.d are compared with
the untreated composites in Figure 4.17.aand Figure 4.17.c, respectively, it is viewed that spread
of polymer on ceramic surface improves with silane addition. Morphology changes with respect
to the untreated counterparts indicate that silane A-174 treatment on ceramic parts enhances the
interaction between the polymer and ceramic parts for both HAP-PLA and PLA-B-TCP
composites.
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Figure 4.14. SEM of (a) PLA -10 pm, (b) PLA -500 nm, (c) HAP-10 um, (d) HAP-500 nm, (¢) B-TCP-10 um,
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Figure 4.16. SEM of (a) B-TCP -2 um, (b) phosphoric acid treated B-TCP -2 um, (c) after
silane A-174 treated B-TCP in (b) -2 pum.
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Figure 4.17. SEM of (a) PLA50HS50 -1um, (b) PLAS0H50Si3 -1pm, () PLA50T50-1um, (d)
3 PLAS0TS0PASI3-1pum.
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4.1.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
FTIR analysis was done for pure HAP, B-TCP, PLA and modified B-TCP and HAP
ceramics. Also, analysis was made for all eight produced composites. ATR mode was used to

compare results with conclusions of previous studies.

4.1.3.1. FTIR Spectroscopy Analysis of Raw Materials and Treated Ceramics. Figure 4.18

demonstrates the FTIR results of PLA in 400-5000 cm™ wavenumber range. Presence of sharp
features in the FTIR patterns of PLA that can be related to its XRD result showing partly
crystalline character.

Bands at 668, 757 and 872 cm™ belong to C-O-C vibration, C=0 group and C-C
stretching, respectively [88], [89]. Band at 1044 cm corresponds to CH3 group [88]. 1085 cm”
1 and 1182 cm™ bands represent C-O-C symmetric and asymmetric stretching, respectively.
Also, band at 1754 cm-1 is related to C=0 stretching [2], [55], [58].

Bands of 1456 and 1384 cm indicate bending vibration of CH3 in PLA. Weak bands
which are observed at 2896 cm™, 2947 cmt, and 2998 cm™ corresponding to C-H stretching are
observed with similar shape and band positions in literature [55]. Bands with low absorbance
values at 3565 cm™ and beyond values show the existence of -OH groups in the molecular

structure.

The band at 1212 cm™ is related to asymmetric C-CO-O vibration and asymmetric CHs
rotation. Moreover, band at 1130 cm™ indicates the symmetric CHs rotation [90]. Presence of
1130 and 1212 cm! bands indicates amorphous poly-lactic acid. This is in accordance with the
observed amorphous structure found in XRD result belonging to poly-lactic acid at 26=10-30°

region.
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Figure 4.18. FTIR spectrum of powder PLA.

FTIR spectrum of HAP is revealed in Figure 4.19. Crystal structure of HAP which was
previously seen in XRD analysis is observed by FTIR analysis, too. FTIR analysis of HAP in
Figure 4.19 includes characteristic bands of HAP [91].

Bands at 561, 600, 961, 1024 and 1086 cm™ belong to v4, v1, v3 and v2 vibrational
frequencies of PO43 group [55], [91], [92].

Vibration and stretching bands of -OH group are observed at 630 and 3571 cm™
wavelengths [55]. In literature bands around 870 and 2000 cm™ are attributed absorbed
CO32impurity [91]. This result matches with the observed impurity in XRD analysis results of
HAP.
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Figure 4.19. FTIR spectrum of HAP.

FTIR spectrum of pure B-TCP is in Figure 4.20. Characteristic bands of B-TCP are seen
in FTIR spectrum [85]. Bands at 415 and 439 cm™ indicate the v2 vibration mode of PO4=.
Bands in the zoomed section (inset of Figure 4.20) show the v4 type of PO4 vibration. Also,
bands at 942, 971 cm™ and 1015, 1035, 1075, 1116 cm™ bands represent the v1 and v3 type of
PO.3 vibration, respectively [85], [93], [94].

Band positioned at 727 cm™ belongs to the P,O72 group which comes from calcium
pyrophosphate group. According to the previous studies in the literature, this group emerges
during transformation to B-TCP phase in production [91], [95]. Band at 3561, 3754 cm™ and
around them show the existence of H>O group [91]. Absorbance values of these bands are
weaker than bands of HAP in similar wavenumber, since B-TCP does not contain -OH groups

its molecular structure.
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Figure 4.20. FTIR spectrum of B-TCP.

Figure 4.21 and Figure 4.22 show the FTIR results of treated HAP powders. Crystal
structure of pure HAP is observed in both silane treated HAP, also. Characteristic bands of pure
HAP at 561, 600, 961, 1024 and 1086 cm™ wave numbers are placed in similar locations with
low intensities after silane treatment.

The intensity of the band positioned at 630 cm™ related to -OH bonds decreases obviously
after silane treatment. Decreasing intensity of -OH bands after silane treatment proves the
interaction of silicon and HAP [96]. Most intensive band of HAP at 1024 cm™ shifts slightly to

higher wavenumber of 1027 cm™ with silane treatment.

Silane treated samples show difference bands of HAP after 1900 cm™. New band 1718
cm? is observed. This band is attributed to C=0 bond in literature [97]. This band possibly
correspond to C=0 bond in structure of silane A-174.
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Figure 4.21. FTIR spectrum of HAP with 1 wt.% silane A-174.
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Figure 4.22. FTIR spectrum of HAP with 3 wt.% silane A-174.
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Figure 4.23 exhibits the FTIR result of modified B-TCP powder with phosphoric acid.
When it is compared with FTIR analysis of pure B-TCP powder (in Figure 4.20) two band
structure in zoomed part and bands at 593 and 601 cm™ wave numbers disappears. Also, bands
at 942 and 971 cm™ shifts to 954 and 970 cm™ and they loss their intensities. On the other hand,
two new and intensive bands arise at 889 and 991 cm™. Band at 889 cm™ belongs to P-O-P
vibration which comes from phosphoric acid [98]. Strongest band of pure B-TCP at 1015 cm™
moves to 1063 cm after phosphoric acid treatment. Moreover, bands of pure f-TCP at 1035,
1075 and 1116 cm™ possibly stays under more distinct band at 1126 cm™ after phosphoric acid
addition. Besides, band at 727 cm™ which indicates P,O7 group shifts to lower wave number.
New bands at 1348, 1403, 1646 and 2862 cm™ display CaHPO4 molecule as pointed out in a
previous study [99]. Past studies state that new band formation of CaHPO4 molecule proves the
interaction between phosphoric acid and B-TCP [62], [73]. Shift, new formation and disappear
of bands indicate the success of phosphoric acid modification.
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Figure 4.23. FTIR spectrum of phosphoric acid treated 3-TCP.
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Figure 4.24 and Figure 4.25 show the FTIR spectra of modified B-TCP with 1 wt.% and
3 wt.% of silane A-174 (following phosphoric acid modification procedure), respectively. Both
spectra are quite similar. When silane modified B-TCP in Figure 4.24 and Figure 4.25 are
compared with modified B-TCP only by phosphoric acid (Figure 4.23), it is observed that spectra
are quite similar after silane modification. Table 4.1 shows the FTIR bands of silane A-174.

It should be noted that the these band positions are very close to the positions of
characteristic bands of B-TCP [100] and used silane amount is too small, i.e. 1 and 3 wt%.
Therefore, band of silane A-174 may not be obvious due to 3-TCP bands. However, weakening
bands after phosphoric acid modification at 954 cm™ and 970 cm™ become more intensive at
954 cm™ and 978 cm™ wavelength after silane addition. Previous studies states that band
positioned at 978 cm™ reveals the P-O-Si bond [60], [72], [101].
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Figure 4.24. FTIR spectrum of B-TCP with 1 wt.% silane A-174.
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Figure 4.25. FTIR spectrum of B-TCP with 3 wt.% silane A-174.

Table 4.1. Theoretical FTIR Peaks of Silane A-174 in 700-1900 cm™ Region [100].

3- (Trimethoxy silyl) propyl methacrylate (Silane A-174)

Theoretical Result by Hyper-Chem 7.0 Vibrational Mode
838.99 Si-CH: (asymmetric stretch)
1076.54 C-O-C (symmetric stretch)
1207.02 Si-O-CHjs (Si-O bending)
1641.23 C=C (stretch)
1866.92 C=0 (C=0 asymmetric stretch)
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4.1.3.2. FTIR Spectroscopy Analysis of Composites. Figure 4.26 exhibits the FTIR spectra of

PLA40H60 and PLA50H50 composites. These results regarding ceramics which have different
polymer/ceramic ratios are similar to each other as expected. Composites involve all bands of
pure HAP and PLA, i.e. their raw materials. New band formation in FTIR spectra of composite
is not seen. Bands located at 564, 601 and 630 cm™ come from phosphate and -OH groups of
HAP. Existence of these bands reveals the interaction between HAP and PLA [59]. FTIR spectra
of composites exhibit the most intensive band of the HAP at 1024 cm™ that overlaps with 1044
cm band of polymer and they are observed together in 1040 cm™ band. This situation is similar
to what is reported in literature [58]. Similarly, FTIR band corresponding to polymer at 1085
cmt overlaps with the characteristic band regarding HAP that is positioned at 1108 cm™. Also,
bands located at 1130, 1212 and 1182 cm™ (signifying polymer content) shift slightly in

composites.
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Figure 4.26. FTIR spectra of (a) PLA40H60 (b) PLA50H50.



53

FTIR results of pure B-TCP and PLA composites are viewed in Figure 4.27. Two
composites have different polymer/ceramic ratio and they show similar bands in same band
position. PLA50T50 composite in Figure 4.27.b has higher absorbance of bands arising from
PLA. Both composites contain all bands of pure B-TCP, as seen in zoomed section of Figure
4.20. Also, the position of the bands of pure B-TCP at 942 cm™ and 971 cm™ shifts to 944 and

968 cm™* in composites.

The FTIR bands related to pure B-TCP (located at 1035, 1075 and 1116 cm™) and bands
indicating PLA (positioned at 1044, 1087 and 1130 cm™) overlaps in composites. However,
band that is present at 1015 cm™ belongs to v1 vibration of PO4 and it is not obvious in the

composites.

Weak band positioned at 668 cm™ in the FTIR spectrum of polymer indicating C-O-C
vibrations is not present in composites. Although intensities of polymer bands at 757, 1044,
1085, 1130, 1182, 1212, 1359, 1384, 1456, 1754 and 2947, 2988 cm™ decrease, intensity of the
band at 872 cm™* wavenumber which indicates that the C-C stretching seems to stay constant in

composites.

Bands indicating -OH groups around 3500 cm™ are absent in composites. This may be
related with interaction between ceramic and C=0 vibration band of pure polymer at 1754 cm-
! splits into two as seen at top left side of Figure 4.27.a. One of these bands is located at 1755

cmtand other one is positioned at a lower frequency (at 1748 cm™).

In previous study on Poly(d, I-Lactide)/hydroxyapatite nanocomposites it is indicated that
the band positioned at 1755 cm™shows the C=0 bond which does not bind the ceramic whereas

band present in lower frequency indicates the interaction between polymer and ceramic [52].

According to the results, it is observed that 1748 cm™ band is more pronounced in
PLA40T60 ceramic (Figure 4.27. a) and this is compatible with the literature [52].
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Figure 4.27. FTIR spectra of (a) PLA40T60 (b) PLA50T50.

Figure 4.28 shows the FTIR spectra of silane A-174 modified HAP and PLA composites
(PLA40H60SI1 and PLA50H50Si3). Results of PLA40H60SI1 and PLA50H50Si3 composites
are compared with unmodified PLA40H60, PLA50H50 composites and modified HAP and pure
PLA. The position of the phosphate vibration band at 561 cm™ in the FTIR spectrum of silane
modified HAP shifts to 575 cm™ (Figure 4.28.a) and 566 cm™ (Figure 4.28.b) in composites.
The position of the band located at 601 cm™ in the FTIR spectrum of HAP does not seem to
change in the composite. The position of the characteristic band of HAP located at 961 cm™
moves to 945 cm (Figure 4.28.a) and 955 cm™ (Figure 4.28.b) in composites with reduced
intensities. It is observed that bands positioned at 869, 1086 cm™ indicating HAP overlap with
bands located at 872 and 1085 cm that are related to PLA. Also, the feature at 1024 cm
originating from HAP overlaps with the band at 1044 cm* coming from PLA as reported in a
previous study [58]; and two bands seem as combined at 1047 cm™. The bands indicating PLA
that are positioned at 668, 757, 1182, 1212, 1359, 1384, 1456, 2947 and 2998 cm are also seen

in composites at the positions. Moreover, new bands at 1622, 3406 and 3533 cm™ (which are
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not seen obviously in ceramic and polymer) are formed in composites. These bands have higher
intensities in composite that has high HAP percent. Also, band at 1683 cm™ wavelength is
observed in PLA40H60Si1 composite. 1622 cm™ and 1683 cm™ bands are assigned to C=0 or
C=C groups of silane A-174 [56], [102], [103]. However, these bands are not present in FTIR
spectrum of treated HAP. Therefore, these bands may be related to interaction in composites.
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Figure 4.28. FTIR spectra of (a) PLA40H60SI1 (b) PLA50H50SI3.

Figure 4.29 shows the FTIR results of silane A-174 modified B-TCP and PLA composites
(PLA40T60PASI1 and PLAS0T50PASI3.). Two composites reveal bands at same wave number
with different intensities. Results of these modified PLA40T60PASI1 and PLA50T50PASI3
composites are compared with their raw materials, i.e. modified 3-TCP and pure PLA powders.
The positions of the bands of modified B-TCP that are at 536, 554, 578 cm™ slightly shift to
544, 555 and 580 cm™ in the composites. Also, bands related to modified B-TCP (954, 978 cm"
1y stay intact. The position of the band at 889 cm™ in the FTIR spectrum of the modified B-TCP
shifts to 916 cm™and 909 cm™ in PLA40T60PASi1 and PLAS0T50PASI3, respectively. The
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band located at 991 cm™ regarding B-TCP moves to lower wave numbers in two composites.
Changes in these bands, as described above, may sign the interaction between silane A-174
modified B-TCP and PLA. It is thought that FTIR band regarding silane A-174 modified B-TCP
(1126 cm™) and polymer (1130 cm™) overlap in composites. The positions of the bands
originating from polymer at 757 and 872 cm™ do not seem to change in composites. However,
band at 668 cm™ disappears in composites like pure B-TCP and PLA composites seen in Figure
4.27. Strongest band of pure B-TCP positioned at 1015 cm™ is not obvious in pure B-TCP and
PLA composites as seen in Figure 4.27. Similarly, strongest band of silane modified B-TCP
positioned at 1063 cm™ is not seen in silane A-174 modified B-TCP and PLA composites as
shown in Figure 4.29. The position of the polymer (at 1044 cm™) moves to 1048 cm™ (Figure
4.29.a) and 1049 cm™ (Figure 4.29.b) in composites PLA40T60PASi1 and PLAS0T50PASI3,
respectively. Moreover, position of another feature related to PLA (band at 1085 cm'®) shifts to

lower frequency in composites.
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Figure 4.29. FTIR spectra of (a) PLA40T60PASI1 (b) PLAS0T50PASI.
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4.1.4. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS analysis was performed on poly-lactic acid, HAP and B-TCP, all in the purchased
form, intermediate steps (treated with 3 wt.% silane A-174) of composite production and
PLA50H50, PLA50H50Si3, PLAS0T50 and PLAS0T50PASI3 composites. XPS analysis of

composites was done between 0 and 1350 eV region.

4.1.4.1. XPS Analysis of Raw Materials and Treated Ceramics. Figure 4.30 reveals the C 1s, O

1s and overall XPS spectra of pure PLA. Figure 4.30.a shows that PLA has three carbon
peaks at 285.18, 286.98 and 289.08 eV. In the literature these peaks correspond to -CHz side
chain, -CH and C=0 in stem chain, respectively [52]. These peaks are also reported to be related
to C-C/C-H, C-0/C=0, O-C=0 bonds, respectively [104], [105].

O 1s XPS spectrum of poly-lactic acid with a peak at 533.18 eV resembles the related
spectra in the literature [52]. This feature should be related to C-O and C=0 units in the polymer

structure.

Ca2p, O 1s, P 2p and overall XPS spectra of pure HAP are shown in Figure 4.31. Doublet
peaks in Figure 4.31.a correspond to 2ps2 and 2ps; of Ca 2p orbit [52]. Binding energies at
530.48 and 133.08 eV observed in Figure 4.31.b and Figure 4.31.c indicate the existence of
phosphate oxide and PO43 in HAP [52].

It is observed that Figure 4.31.d includes additional peaks which are different from peaks
in Figure 4.31.a, b, c. It is interesting that carbon peak at 283 eV is observed in the XPS spectrum
of HAP. This shows HAP might include some impurities. This observation in the XPS result of
HAP confirms the XRD result shown in Figure 4.1. Peaks around 1000 eV may come from

oxygen and calcium [57] or carbon residues [106].
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Figure 4.30. (a) C 1s (b) O 1s (c) overall XPS spectra of pure PLA.
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Figure 4.31. (a) Ca 2p (b) O 1s (c) P 2p (d) overall XPS spectra of pure HAP.
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Figure 4.32 shows the XPS spectra of HAP treated with 3 wt.% of silane A-174. Ca 2p, P
2p and O 1s binding energies of treated HAP are illustrated in Figure 4.32.a, b and c,
respectively. These binding energies are similar to pure HAP. However, intensities of P and Ca

peaks decreased.

Si 2p peak is detected in Figure 4.32.e at a binding energy of 101.88 eV, consistent with
the literature [31], [57], [96]. Presence of Si peak and reducing intensities of Ca and P peaks

show the success of silanization process [57], [62].

In addition to Si peak two new peaks are seen at binding energies 168 and 232 eV in the
overall XPS spectrum. Peak at 168 eV comes from sulfuric acid that is used for pH adjustment

during silanization process[107], [108].

Figure 4.33 demonstrates the Ca 2p, O 1s, P 2p and overall XPS spectra of pure B-TCP.
Pure B-TCP includes calcium, phosphor and oxygen peaks. Overall spectrum of pure -TCP
resembles the spectrum of pure HAP in Figure 4.32.d. However, Ca 2p spectrum of pure B-TCP
includes three peaks in 345-360 eV regions (Figure 4.33.a).

P 2p XPS spectrum exhibits a double peak in 130-138 eV regions as shown in Figure
4.33.c. The differences between the XPS spectra of HAP and B-TCP are related with the

differences in their formulation and structures.

When overall spectrum of pure B-TCP is closely inspected, unexpected carbon peaks at
286 and 289 eV are observed. Peak at 286 eV is similar to impurity peak (C 1s) of pure HAP. It
is named as adventitious carbon [109], [110].

The peak at 289 eV indicates the carbonate peaks. Observation of carbonate peaks in
synthetic calcium phosphate is common and it comes from CO: in air during synthesis [109],
[110].
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Figure 4.32. (a) Ca 2p (b) O 1s (c) P 2p (d) C 1s (e) Si 2p (f) overall XPS spectra of 3 wt.%

silane- A174 treated HAP.
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Figure 4.33. (a) Ca 2p (b) O 1s (c¢) P 2p (d) overall XPS spectra of pure B-TCP.

Figure 4.34 shows Ca 2p, O 1s, P 2p and overall XPS spectra of B-TCP after phosphoric

acid addition. O 1s spectrum is similar to the corresponding spectrum in pure B-TCP. Ca peaks

of pure B-TCP are positioned at 347, 351 and 355 eV whereas Ca peaks in phosphoric acid

treated B-TCP are located at 347 and 351 eV. In addition, P 2p spectrum changes upon treatment

(Figure 4.34c).

Aim of phosphoric acid treatment is to increase the OH groups on the surface of B-TCP

and to create a surface like HAP. It should be noted that Ca 2p and P 2p spectra in Figure 4.34

resemble the corresponding spectra for pure HAP as seen in Figure 4.31. This shows that the

surface of B-TCP is covered with hydroxyl groups after phosphoric acid treatment and surface

treatment is achieved.
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Figure 4.34. (a) Ca2p (b) O 1s (¢) P 2p (d) overall XPS spectra of B-TCP after phosphoric

acid treatment.

Ca 2p, O 1s, P 2p, C 1s, Si 2p and overall XPS spectra of phosphoric acid treated B-TCP

following silane A-174 treatment is demonstrated in Figure 4.35.

Figure 4.35 shows that silane treatment does not change the shape and locations of Ca, O
and P peaks. However, when the overall spectrum of pure B-TCP, 3-TCP after phosphoric acid
addition and B-TCP after silane treatment is investigated, after silane addition a new C peak at
288 eV with low intensity is observed. This may be related with the carbon atom present in the
silane A-174 structure. Si peak which appears in 102.28 eV is consistent with the literature [57],
[96].
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Figure 4.35. (a) Ca 2p (b) O 1s (c) P 2p (d) C 1s (e) Si 2p (f) overall XPS spectra of 3 wt.%
silane- A174 treated B-TCP.
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4.1.4.2. XPS Analysis of Composites. Figure 4.36 shows the Ca 2p, O 1s, P 2p, C 1s, Si 2p and

overall XPS spectra of PLA5S0H50 composite. Ca 2p spectrum has new multiple features in

binding energy range of 345-360 eV. Ca binding energy in PLA50H50 composite seems to be
slightly shifted compared to pure HAP. The intensities of the features in Ca 2p, O 1s, P 2p, and
C 1s spectra of PLA50H50 composite decrease dramatically compared to features in pure HAP
and PLA. It is seen that O 1s spectra of pure HAP and PLA display peaks at 530.48 eV and
533.18 eV, respectively. The feature in O 1s spectrum of PLA50H50 composite is positioned
at a higher binding energy, 533.58 eV. Figure 4.37 shows Ca 2p, O 1s, P 2p, C 1s, Si 2p and
overall XPS spectra of PLA50H50Si3 composite. Figure 4.37.a reveals that the Ca 2p peaks,
similar to PLA50H50, has new multiple features in binding energy range of 345-360 eV.
Additionally, the intensities of the features in Ca 2p, O 1s, P 2p, and C 1s spectra of
PLA50H50Si3 composite decrease notebly compared to XPS spectra of treated HAP and PLA.
It is observed that C 1s peak which belongs to C=0 group in PLA shifts to a higher value 289.28
eV for PLA50H50Si3 composite, possibly indicating more interaction, i.e. more electron shift
[52]. It is interesting to note that Si 2p spectrum indicates no Si presence on the surface,
although PLA50H50Si3 composite includes 3 wt.% silane content. This may be related with the

ceramic surface is considerably covered with PLA [31].

Ca 2p, O 1s, P 2p, C 1s, Si 2p, and overall XPS spectra of PLA50T50 composite is
displayed in Figure 4.38. It is interesting to note that the composite surface does not contain Ca
and P elements whereas the intensity of peak in C1s spectrum is very high. This result could be
indicative of the fact that polymer is dominating the composite surface. This may be related with
physical accumulation of polymer on ceramic surface which was shown in the corresponding
SEM image (Figure 4.17.c).

Figure 4.39 exhibits the Ca 2p, O 1s, P 2p, C 1s, Si 2p, and overall XPS spectra of
PLAS0T50PASI3 composite. The presence of Ca, P, C, and Si atoms are obvious although their
intensities considerably decrease compared to silane treated B-TCP and PLA, possibly
indicating their interactions. It should be noted that Si 2p spectrum of PLA50H50Si3 composite

does not show any feature contrary to what is observed in PLA5S0T50PASI3 composite. This
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result could indicate more interaction of the polymer with the modified surface in HAP

containing composites.
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Figure 4.36. (a) Ca 2p (b) O 1s (c) P 2p (d) C 1s (e) Si 2p (f) overall XPS spectra of
PLAS50H50.
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Figure 4.37. (a) Ca 2p (b) O 1s (c) P 2p (d) C 1s (e) Si 2p (f) overall XPS spectra of
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4.2. Mechanical Measurement Results

Mechanical durability of composites is one of the most important parameters in the tissue
engineering applications, especially for healing of hard tissues [111]. According to reached
mechanical values, materials are chosen for appropriate tissue. For example, materials which
show the compressive strength above from 88 MPa can be us in cortical bone trauma. Materials
which have from 3 MPa to 12 MPa can be chosen for cancellous bone treatments [2], [26], [30],
[31].

Compressive load and displacement curves of each composite with same composition are
obtained and represented in same figure. Also, strain and stress curve of all materials are
presented in small figures as insets in compressive load and displacement graphs. Figures B.1-
9 include the compressive load and displacement curves, and strain and stress curves of PLA
cement, and the composites studied in this thesis. Average ultimate compressive strength values

of pure PLA and composites duplicates are listed in Table 4.2.

Table 4.2. Compressive Strength of Composites.

Materials Compressive Strength Stress Strain Curve
(MPa) Structure
Pure Polymer 14 Ductile Polymer
PLA50H50 94 Ductile Polymer
PLA40H60 19 Catastrophic Failure
PLAS0H50SI3 364 Ductile Polymer
PLA40H60SI1 15 Catastrophic Failure
PLA50T50 1.5 Catastrophic Failure
PLA40T60 7.9 Ductile Polymer
PLA5S0T50PASI3 14 Ductile Polymer
PLA40T60PASI1 4.3 Ductile Polymer
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Two different structures are observed in compressive load and displacement of
composites. First one is referred as ductile polymer characteristic which shows bone unique
property [112]. Ductile polymer structure possesses three sections. First section is initial
response which stress increases with strain quasi-elastic linearly. Second section is plateau
response which has negligible slope and third section is densification part which shows the rapid
increase [113], [114]. Densification section is transforming from porous material to solid
structure [113]. Second structure is catastrophic failure of composites [115] which means
decrease after reaching a maximum value. It relates with the low mechanical durability and low

dispersion between polymer and ceramic [49].

Silane treatment of ceramics can have huge effect in enhancing mechanical properties of
polymer-ceramic composites. For example, B-TCP-polymer composite (PLA50T50) displays a
compressive strength value of 1.5 MPa while PLA50T50PASI3 specimen formed by 3 wt.%

silane treated B-TCP resulted in a compressive strength value of 14 MPa.

It is seen that silane treatment of HAP results in obtaining composites with superior
mechanical performance values. It is seen in Table 4.2 that PLA50H50 that was formed without
silane modification of HAP has a compressive value of 90 MPa. The silane treatment results in
obtaining PLA50H50Si3 composite with a compressive strength of 364 MPa. It should be noted
that this value is much higher compared to what is reported in the literature as summarized in

Table 2.2. The values reported previously vary between 14.9-212 MPa.

It should be noted that the percentages of the coupling agents should be carefully
determined. For instance, PLA40T60 composite that does not involve any ceramic treatment
had a compressive strength of 7.9 MPa while the composite based on 1 wt.% silane treated -
TCP (PLA40T60PASI1) resulted in a comparable compressive strength value of 4.3 MPa
indicating no progress. Similar result is observed compressive strength values of PLA40H60
and PLA40H60Si1. These results confirm the amount of silane is important parameter for bone
regeneration materials [31], [65] and interfacial interaction of PLA and ceramics increases with

3 wt.% of silane treatment [70].
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Compressive strengths of B-TCP and PLA composites even after phosphoric acid and 3
wt.% silane A-174 treatment of B-TCP , are still lower than compressive strength of both
cancellous bone and cortical bone [2], [26], [30]. Compressive strength of PLA50H50
composites is found in compressive strength region of cortical bone. Compressive strength of
PLA50H50Si3 composite exceed the maximum compressive strength value of cortical bone (i.e.
193 MPa [26]) . In literature it is stated that mechanical strength of scaffolds should be in the
compressive strength range of host tissue for successful bearing application [70]. However,
compressive strength of bone replacement materials decreases in short time after placing in body
fluid [50]. Therefore, producing composite, which has slightly higher strength than bone, may
be necessary to prevent low bearing.

4.3. in Vitro Degradation Analysis Results

For applications in bone tissue engineering it is important for biocomposites to exhibit
controlled biodegradation in addition to showing good mechanical performance. In this context,
in vitro degradation of pure PLA cement which was obtained by chloroform addition and
composites are studied. Specimens were synthesized using molds with dimensions 9 mmx3 mm
and their weights were recorded. The specimens were then immersed in HBSS fluids and kept
in simulated-body conditions for 7 days. Composite PLA40T60 cannot be poured in molds due
to its crumbled structure. With 1 wt.% silane addition PLA40T60PASI1 was molded but it
cracks during measurements. Therefore, data for PLA40T60 and PLA40T60PASI1 could not be
taken. Mass loss percentages after 7 days being exposed to HBSS fluid are presented in Table
4.3.

Table 4.3. Mass Loss Percentage of Samples in First 7 Days.

Material Mass loss (wt.%) in 7 days
Pure PLA 6.2
PLA50H50 1.0

PLA40HG0 0.9
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Table 4.3. Mass Loss Percentage of Samples in First 7 Days. (cont.)

Material Mass loss (wt.%) in 7 days
PLA50H50SI3 11
PLA40H60SIi1 0.9

PLA5S0T50 25.3

PLA40T60 Not moldable
PLAS0T50PASI3 7.9
PLA40T60PASI1 Cracking

The maximum amount of mass loss is observed for PLA50T50 (25.3 wt.%) obtained. -
TCP is known with its high biodegradation ability. This is consistent with the observed high
mass loss in PLA50T50 [39]. The composite synthesized based on B-TCP, modified by
phosphoric acid followed by (3 wt.%) silane treatment, seems to result in more controlled
biodegradation as PLA50T50PASI3 loses 7.9 % of its initial mass after exposure to HBSS for
7 days.

Stable nature of HAP seems to reduce the mass loss of composites that are synthesized
based on it [39], [2]. PLA50H50 and PLA40H60 seem to be quite stable in HBSS conditions as
these materials lose about ~1 wt.% of their initial masses as it is seen in Table 4.3.
PLA50H50Si3 and PLA40HG60SI1 lose ~1 wt.% of their initial masses as well. Therefore, it is
concluded that employing silane A-174 treated hydroxyapatite in the synthesis of composite
does not seem to influence the biodegradation, at least within the limited timeframe of the

experiments.

It should be noted that the formation of apatite crystal may begin after 3-7 weeks in
simulated body fluid and degradation profiles can change significantly in this period [2], [116].

Therefore, long term measurements need to be made to support these findings.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

In this study, HAP-PLA and 3-TCP-PLA composites were produced at ambient conditions
using two different polymer/ceramic ratios. The effect of surface treatment of ceramics was also
investigated. For surface modification of HAP, silane A-174 with 1 wt.% and 3 wt.% were used.
For B-TCP ceramic treatment, protonation was done with phosphoric acid solution before the
addition of 1 wt.% and 3 wt.% of silane A-174 to enhance hydroxyl groups on the surface of -
TCP. XRD, FTIR, SEM and XPS analyses were carried out to characterize raw materials, treated
ceramics and manufactured composites. Compressive strength measurements and degradation

studies in HBSS were also performed pure PLA and composites.

XRD pattern of HAP was in agreement with the reference models of HAP (PDF 00-001-
1008) and calcium phosphate (PDF 00-011-0232). The agreement with calcium phosphate
model indicated the existence of some impurities. XRD peaks of B-TCP matched with the
reference model of whitlockite (PDF 00-003-0713), which is the crystallographic form of p-
TCP. Characteristic peaks of pure PLA positioned at 26=17° and 26=19.31°, and an amorphous
characteristic located in the region 26=10-30° were observed from XRD analysis. Increase in
the intensities of double peaks of pure B-TCP (around 20=27°) was observed after phosphoric
acid treatment. These results were attributed the achievement of protonation. Silane A-174
addition did not change the XRD pattern of B-TCP. However, decrease in the intensity of some
peaks was observed, which was ascribed to the change of Ca/P ratio because of the replacement
of calcium atoms with silica atoms. Amorphous structure of pure PLA was observed in both
HAP and B-TCP including composites and the reduction in the intensities and the shifts in the
peaks indicated the PLA and ceramic interactions. However, the effect of silane treatment on
the composites was not clear according to the XRD results, which can be explained by the usage
of rather small amount of coupling agent.
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SEM images of raw materials in the present study were found in agreement with the
literature results. Silane treatment resulted in filamentous HAP surface structure. Phosphate
crystals on B-TCP surface were observed after protonation. SEM results did not show clear
interaction between the PLA and untreated 3-TCP. Morphology of the composites with modified

ceramics showed signs of interaction with improved dispersion of polymer on ceramic surface.

Characteristic peaks of raw materials were seen in their FTIR spectra. After phosphoric
acid treatment, bands regarding pure B-TCP located at 593 and 601 cm™ disappeared. Strongest
band of pure B-TCP at 1015 cm™ moved to 1063 cm™ after phosphoric acid treatment. New
bands at 1348, 1403, 1646 and 2862 cm™ related to CaHPO. formation. CaHPO4 peaks and other
changes were interpreted as the successful interaction between phosphoric acid and B-TCP.
After 1 wt.% and 3 wt.% silane A-174 addition, the modification of B-TCP peak at 978 cm™ was
attributed to the formation of P-O-Si bond, hence achievement of silane A-174 treatment was
obtained. New peak formation in FTIR results of unmodified ceramic containing composites
was not seen; however, overlap, shift and totally disappearance of some peaks in composites
indicated the polymer and ceramic interaction. Formations of new peaks located at 622, 3406

and 3533 cm™ were observed in the modified HAP including composites.

XPS results of pure materials were compatible with the literature. Moreover, carbon peak
at 283 eV in C 1s spectrum of HAP confirmed the existence of impurities. Si peaks were seen
after silane treatment of in both ceramics according to the XPS results. Also, an interesting result
was obtained after phosphoric acid treatment; Ca 2p and P 2p spectra of modified p-TCP
changed into a form resembling the XPS spectra of HAP. This change possibly contributed to
improvement of the compressive strength. In treated and untreated HAP including composites,
Ca peaks shifted to higher binding energies with lower intensity. Silane terated HAP including
composite did not show any Si peak at the surface. This was attributed to the coverage of ceramic
surface by PLA considerably. XPS peaks of Ca and P were not seen on the surface of
PLAS0T50 composite whereas C peak of PLA was found with quite high intensity. Reason
behind was physical accumulation of polymer on ceramic surface which was shown in also the
corresponding SEM image. Similar to HAP including composites, XPS peaks of Ca 2p, P 2p
and C 1s decreased in PLAS0T50PASI3. However, percent decrease in PLAS0T50PASI3 was



76

lower than hydroxyapatite containing composites. Also, Si 2p spectrum of PLA50H50SI3
composite did not show any feature contrary to what is observed in PLAS0T50PASI3
composite. Low reduce in Ca 2p, P 2p and C 1s and unchanged Si feature in PLAS0T50PASI3

could indicate more interaction of the polymer with the surface in HAP containing composites.

Compressive strength measurements indicated that performance of B-TCP including
composites was lower than that of HAP containing composites. 1 wt.% of silane treatment was
found insufficient for HAP and B-TCP including composites when compared with their
untreated counterparts. However, 3 wt.% of silane treatment enhanced the strength of both HAP
(from 94 MPa to 364 MPa) and B-TCP including (from 1.5 MPa to 14 MPa) composites.
Compressive strength of PLAS0T50PASI3 (14 MPa) was still lower than the minimum required
compressive strength value of cortical bone. Compressive strength values of PLA50H50 and
PLAS50H50Si3 matched with the performance of human cortical bone. This was an important
improvement that was achieved at room conditions and signifies the achievement of our process

and manufacturing parameters for high mechanical performance.

Degradation studies showed that B-TCP including composites are more degradable than
HAP including composites. Silane modification decreased the mass loss affinity of B-TCP
including composites whereas silane treatment did not cause a meaningful change in HAP

including composites.

5.2. Recommendations

For future studies different polymer and ceramic ratios may be investigated to further see
the effect of composition on mechanical and degradation behavior of composites. Biphasic
calcium phosphate (BCP) may be used in the future experiments to improve the properties of

composites aiming to control of bioactivity and biodegradation properties [117].

In this study, the effect of silane A-174 treatment was investigated; however, it would be
interesting to use different coupling agents with different functionalities. In literature, silane

agents with different functionalities were studied, however after silane treatment composite
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production was not performed. Therefore, a comprehensive study investigating different silane
agents together with composite production would be beneficial. In addition, other coupling
agents like etidronic acid and hexa-methylene diisocyanate in phosphate glass-polymer systems
[63] can be employed in calcium phosphate and polymer systems to improve dispersion

performance between polymer and ceramic.

Tensile strength is another important parameter for high performance cortical bone [2].
Analyzing bending, tensile strengths and their modulus for produced composites might be

complementary to these results.

Degradation study of the composites was performed using a limited time frame (one
week). Long term investigation of composite degradations would be necessary to predict real
performance of these materials. Also, SEM, FTIR and mechanical analyses in some time points
of degradation could give more information to see surface, performance and characteristic
changes in composites after degradation. In addition to degradation, bioactivity can be
investigated by measuring the released calcium and phosphorous ions in simulated body fluid

similar to previous studies [61], [64].
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APPENDIX A: CHARACTERIZATION RESULTS OF PELLET PLA
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Figure A.1. XRD result of pellet PLA.
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Figure A.2. FTIR result of pellet PLA.
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APPENDIX B: MECHANICAL CHARACTERIZATION OF PLA
CEMENT AND COMPOSITES
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Figure B.1. Compressive load versus displacement curves of pure PLA cement (prepared by

chloroform). The inset shows the corresponding stress versus strain curves.
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Figure B.2. Compressive load versus displacement curves of PLA40H60 specimens. The inset

shows the corresponding stress versus strain curves.
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Figure B.3. Compressive load versus displacement curves ofPLA50H50 specimens. The inset

shows the corresponding stress versus strain curves.
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Figure B.4. Compressive load versus displacement curves of PLA40H60Si1 specimens. The

inset shows the corresponding stress versus strain curves.
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Figure B.5. Compressive load versus displacement curves of PLA50H50Si3 specimens. The

inset shows the corresponding stress versus strain curves.
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Figure B.6. Compressive load versus displacement curves of PLA40T60 specimens. The inset

shows the corresponding stress versus strain curves.
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Figure B.7. Compressive load versus displacement curves of PLA50T50 specimens. The inset

shows the corresponding stress versus strain curves.
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Figure B.8. Compressive load versus displacement curves of PLA40T60Si1 specimens. The

inset shows the corresponding stress versus strain curves.
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Figure B.9. Compressive load versus displacement curves of PLAS0T50PASI3 specimens.

The inset shows the corresponding stress versus strain curves.
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