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ABSTRACT 

Bovine bone is one of the natural resources of hydroxyapatite (BHAp). It also 

has been commercialized in the market due to its biocompability and better 

osseointegration. However, there has been reported of poor mechanical properties of 

BHAP which lead to premature fracture in implants. The combination of hematite (α-

Fe2O3) and BHAp were taking into consideration to improve the mechanical properties 

and enhance its bioactivity. Mechanical milling was employed to fabricate the 

nanocomposite that occupied dispersion of metallic, generation and migration of 

defects in the microstructure and plastic deformation of particle. The aim of this project 

is to explore how milling time effects the structural features as strengthening 

mechanisms. Hematite substituted BHAp magnetic nanoparticle was prepared by 

mechanical activation (ball-milling). Synthesizing of BHAp composite showed 

dispersion of particles and improved strength, as it engaged to nanocrystalline metal. 

Effect Fe content (5%, 15% and 30%), milling time (3, 6, 9 and 12 h) before and after 

annealed for 2 h at 900 oC were investigated. Comprehensive characterization 

techniques including X-ray diffraction, field emission scanning electron microscopy, 

and transmission electron microscopy were used to examine effect Fe3+ on structural 

properties such as lattice parameter of BHAp, crystallinity and morphology of the 

phase. Compression strength and Young’s modulus of the nanocomposites were found 

increased at 36.29% and 26.15% respectively, as the milling was prolonged from 3 to 

12 h. Immersion studies in simulated body fluid (SBF) showed better bioactivity but 

different mechanism on the growth of apatite at different milling time due to surface 

properties and microstructure. Different magnetic properties exhibited at different 

milling time in 30% α-Fe2O3+BHAp due to the arrangement of Fe ion in BHAp 

structure. Based on the extraction assay for cytotoxicity test, the presence of higher 

Fe3+ ion substitution in BHAp has enhanced the cell proliferation on fibroblast with 

better adhesion of osteoblast on the surface until 14 days. The preliminary in-vivo 

studies on rat show better osseointegration for 12 h milling of 30% α-Fe2O3+BHAp 

indicated by callus formation after 30 days. Finally, morphology of 30% α-Fe2O3-

+HAp particles behaviour strongly influenced by the milling time that regenerated new 

performance in bone-implant material. 
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ABSTRAK 

Tulang lembu merupakan salah satu sumber semulajadi untuk penghasilan 

hidroksiapatit (BHAp). BHAp juga telah dikomersialkan di pasaran oleh kerana sifat 

biokompatibiliti dan osseointegrasi yang baik. Namun, kekurangan dalam ciri 

mekanikal contohnya keretakan implant pramatang sering dilaporkan. Hematit (α- 

Fe2O3) adalah besi teroksida yang paling stabil di bawah keadaan sekeliling dan 

merupakan bahan bermagnet untuk aplikasi bioperubatan, penghasilan BHAp dengan 

pengukuhan α- Fe2O3 bersaiz nano telah dipertimbangkan untuk menambahbaik ciri 

mekanikal dan meningkatkan bioaktiviti. Penggilingan secara mekanikal telah 

digunakan untuk penghasilan nanokomposit yang melibatkan penyebaran bahan 

logam, penjanaan dan pergerakan kecacatan di mikrostruktur dan pengubahan bentuk 

partikel plastik. Oleh itu, kajian ini bertujuan untuk mengenalpasti kesan masa 

penggilingan terhadap sifat struktur untuk mekanisma penguatan. Nanopartikel BHAp 

bermagnet disubstitusikan dengan hematit telah disediakan melalui pengaktifan 

mekanikal (bola penggiling). Sintesis BHAp komposit menunjukkan penyebaran 

partikel dan meningkatkan kekuatan, atas hubungan nano-penghabluran besi. Kesan 

peratusan ferum (5%, 15% dan 30%), masa penggilingan (3, 6, 9 dan 12 jam) sebelum 

dan selepas sepuh lindap selama 2 jam pada suhu 900oC telah dikenalpasti. Teknik 

karakterisasi secara mendalam termasuk XRD, FESEM dan TEM telah dijalankan 

untuk mengenalpasti kesan Fe3+ terhadap sifat struktur seperti parameter kekisi BHAp, 

kehabluran dan fasa morfologi. Apabila masa penggilingan dipanjangkan dari 3 

sehingga 12 jam, kekuatan mampatan dan modulus Young nanokomposit turut 

meningkat masing-masing kepada 36.29% dan 26.15%. Kajian rendaman dalam 

larutan SBF menunjukkan sifat bioaktiviti yang baik namun terdapat perbezaan dalam 

mekanisma pertumbuhan apatit untuk masa penggilingan yang berbeza disebabkan 

oleh sifat permukaan dan mikrostruktur. Perbezaan masa penggilingan 30% α-

Fe2O3+BHAp menunjukkan perbezaan sifat magnetik disebabkan oleh susunan ion Fe 

dalam struktur BHAp. Berdasarkan asai pengekstrakan untuk ujian ketoksikan sel, 

kehadiran substitusi ion Fe3+ yang tinggi dalam BHAp telah meningkatkan proliferasi 

sel fibroblas sehingga 14 hari dan memberikan kelekatan sel osteoblas yang baik pada 

permukaan. Kajian awal in vivo terhadap tikus selepas 30 hari menunjukkan 

osseointegrasi yang baik melalui pembentukan kalus untuk 30% α-Fe2O3+BHAp 

dengan masa penggilingan 12 jam. Akhirnya, morfologi partikel 30% α-Fe2O3+BHAp 

sangat dipengaruhi oleh waktu penggiling, dimana mampu melahirkan bahan implant 

tulang yang baharu dan berpretasi. 
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background 

Malaysian population is estimated to increase throughout years, from 29.6 

million in 2013 to 42.9 million in 2050 with one-third of the total population are over 

50 years old (1). Framework of diagnosis and management of osteoporosis provided 

by the Malaysian Osteoporosis Society (MOS) in Clinical Practice Guideline in 2001, 

2006, and 2012 assists doctors to reduce fracture and its accompanying morbidity and 

mortality (2). Wang et al. (2014) reported that nearly $200 billion per year were spent 

on osteoporosis-related bone fracture in the United States (3) and orthopaedic product 

sales also reached $46.6 billion in 2015 worldwide mainly due to product prising and 

research and development (R&D). Thus, R&D for bone implant materials are still in 

progressive upon the degree of osseointegration in a sufficient and healthy bone. 

Implant biomaterial is necessary in replacing bone fracture by substituting or 

repairing any damages. Biomaterial is defined by American National Institute of 

Health as “any substance or combination of substances, other than drugs, synthetic or 

natural in origin, which can be used for any period of time, which augments or 

replaces partially or totally any tissue, organ or function of the body, in order to 

maintain or improve the quality of life of the individual” (4). The most common 

materials in biomedical are of metal, polymer, and ceramic categories. They are used 

as composites to improve material properties. However, the most frequent and widely 

material used in biomedical implant is ceramic due to biocompability especially 

hydroxyapatite (HAp) and other calcium phosphates. Researchers like Akoa (1980), 

Jarcho (1981), and de Groot (1984) pioneered the contributions in orthopaedic and 

dental fields. Meanwhile, using advanced X-ray powder diffraction technique, Dalconi 

et al. clarified that at the early stages of ossification, structural bioapatite closely 

resembled the hydroxyapatite (Ca10(PO4)6(OH)) (5). 
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Hydroxyapatite (HAp) is bioactive with excellent biocompatibility (6). It is 

termed as osseointegration (7–9) through its direct bonding responses to surrounding 

tissues and due to chemical and biological similarities to hard tissues. However, there 

are limitations in HAp as a result of poor mechanical properties like brittleness and 

low strength (10,11). Consequently, HAp-based ceramic composites were developed 

to overcome insufficient mechanical reliability and improved the abilities of living 

tissues. Composite materials can be composed by ceramic and metallic or polymer 

matrices reinforced with various components like particulate, short or long fibres, 

microfillers, and nanofillers (12). 

Among all those methods, only modification HAp by doping a small amount 

of ion substitutions might induce modification in lattice parameter, crystal 

morphology, crystallinity, solubility, and thermal stability (13,14). In an attempt to 

improve the mechanical properties, Gautam et al. reported that the 5% addition of 

MgO in HAp was successful to enhance load-bearing capability of pure HAp. 

Moreover, the increased released amount of zinc ions from the ceramic had increased 

the growth rate of osteoblast due to nutritional cells (15). The synthesis of substituted 

hydroxyapatite is one of the options to satisfy clinically improved mechanical 

properties and bone growth. 

Interestingly, substituting iron into HAp lattice contributes to magnetic 

properties, which is a potential application for magnetic resonance imaging, drug 

delivery, and hyperthermia. However, cooperating irons into HAp properties are less 

reported and still in the developed area of research. Iron (Fe) is an essential element in 

blood production (16–18) and in trace amount in hard tissues (0.003 wt% in enamel, 

0.01-0.1 wt% in bone) (18–21). Next, cell study of osteoblast on Fe-HAp reported that 

the number of cells increased twice in the presence of Fe3+ ions in HAp compared to 

pure HAp. This also showed more mini-filopodia attachment on Fe-HAp pellets, hence 

indicating a good osseointegration (22). In addition, magnetic-HAp (Fe-HAp) showed 

a good potential for anti-cancer based hyperthermia due to intrinsic magnetisation that 

affects heating properties (23). The development of iron oxide incorporation into 

apatite lattice contributes to biomedical application. 
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There are various methods reported on the synthesis of Fe incorporated in HAp 

such as co-precipitation (21,24–30), hydrothermal (31), wet chemical (16,22,32), ion-

exchanged (20), pseudo-body (19), microwave (17,31), and milling (33,34). In 

general, co-precipitation, hydrothermal, wet chemical, ion-exchanged, pseudo-body, 

and microwave were established using ‘trial and error’ approaches by controlling the 

pH, concentration, and temperature during syntheses for chemistry reaction system. 

Mechanical milling (MM) is the mixing of powder in the right portion and synthesis 

occurred by perturbation of surface-bonded by the samples, as well as ball and wall 

relationship. It is a well-known method because of its simple approach, easy to control, 

and economical (35). The main advantage of MM processing is to produce nano-sized 

particle during direct process. 

The properties of material could be altered by MM through their structures 

such as crystal structure, unit cell parameter, and lattice volume and density (36,37). 

The MM accumulates energy in solid form and increases potential energy that is 

manifested to form lattice defect and other structural imperfections. Consequently, the 

local stress concentration occurs due to MM which plays an important role in the heat 

production, new surface formation, plastic deformation, and amorphisation (36,38). 

Therefore, in order to improve the mechanical, magnetic, and biological properties of 

natural HAp composite, dispersion toughening of iron oxide and structural 

transformation by the milling time of process were employed. 

1.2 Problem statement 

Hydroxyapatite is widely used in biomaterial and tissues engineering due to its 

similarity with bone matrix. It has low density of HAp effect to mechanical properties 

and contrast image for early monitoring. Additives were used as radiopacifier like 

BaSO4 and ZrO2 (39). Wimhurst et al. used rats to study the effect of BaSO4 

particulate (radiopacifier) in bone cement and discovered that BaSO4 promotes 

osteolysis at the bone implant (40). This works to obtain non-inflammatory radiopacity 

material in enhancing the opacity property of HAp. Therefore, HAp leads to 
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implications like higher resolution contrast with surrounding tissues and improve the 

mechanical strength. 

There were many efforts done in the past focusing on the amount of iron 

substitution to understand the effects of Fe ions in HAp structure using wet chemical 

method. However, the occurrence of microstructural modification using mechanical 

milling (MM) that involves a reduction of particle size has been given a great interest. 

Milling time is an important parameter to understand the structure-property correlation 

in the material (41). However, less attention was given in MM and time of milling 

investigation for the synthesis of iron-hydroxyapatite composite. The development of 

preparation on Fe-HAp composite using MM to bring multifunctional nanostructured 

material is a promising opportunity for clinical treatment to enhance bone regenerative 

engineering.  

The fabrication of HAp composite enhances the mechanical properties of HAp-

based biomaterials. The reinforcement of 33 wt% Fe in HAp matrix has improved the 

mechanical properties due to good interfacial bonding with the matrix (42). Ajeesh et 

al. found 40 wt% iron oxide HAp composite enhance X-ray opacity and good 

biocompatibility (30). An addition of Fe into HAp also produces magnetic stimulation 

or guidance in bone regeneration by magnetic field. However, the iron overloading 

causes a Ca and P deficiency, hence decreases the bone’s mechanical strength (43). 

There is no report published the effect of Fe reinforcement of less than 33%. Therefore, 

the mechanical properties Fe-HAp reinforcement below 33% were unknown. 

An antiferromagnetic material such as hematite (α-Fe2O3) has been researched 

to improve bone regeneration by combining the properties of iron oxide and 

hydroxyapatite. For instance, Ajeesh et al. reported that cell cytotoxicity of HAp-

hematite composite was higher than that of pure HAp (30). However, they did not 

investigate the magnetic behaviour of Fe-BHAp partly because they studied the 

application for drug delivery. Similarly, thus far, in-vivo studies have also not been 

reported elsewhere for Fe-HAp composite.  



 

5 

 

1.3 Objective 

This research focuses to produce multifunctional HAp composite with several 

integrated properties that improves mechanical properties of HAp, imaging 

capabilities for early stage monitoring, and better biocompatibility. The preparation of 

HAp-Fe involves the mechanical milling. The effect of milling time during milled 

process is the key point of this research. Hence, the research objectives are as follows: 

1. To analyse structural relationship of Fe-BHAp prepared from 

mechanical milling at various milling time; 

2. To evaluate the effect of deformation mechanism on mechanical 

properties and magnetic behaviour from solid solution to the 

strengthening of material; and 

3. To evaluate the biocompatibility of composites through in-vitro and in-

vivo studied. 

1.4 Scopes 

Scope of study is crucial in order to provide a clear direction towards achieving 

the research objectives. In the development of multifunctional composite, Bovine 

hydroxyapatite (BHAp) was prepared using thermal decomposition method reinforced 

with (44) and pure iron (particle size 450 µm, Goodfellow, UK). The materials were 

ball milled using planetary milling with Teflon vial and zirconia balls. The treatment 

was conducted at 1500 rpm and ball/powder ratio was 10:1 with a total powder mass 

of 5 g.  
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The investigation on the properties of Fe-substituted BHAp was attended to 

two stages: one, Iron concentration of 5, 15, and 30%wt iron at 12 h milling and two, 

30%wt iron at different milling times: 3, 6, 9, and 12 h. The powder was compacted to 

a pellet and sintered at 900 oC for 2 h. The samples before and after sintered were then 

characterised using various techniques, including X-ray diffraction (XRD), Field 

emission scanning microscopy (SEM), Transmission electron microscopy (TEM), 

Vibrating sample magnetometer (VSM), contact angle measurement, Fourier 

transform infrared spectroscopy (FTIR), and Atomic absorption spectroscopy (AAS). 

The compression strength was investigated through compression test using 

universal testing machine (Instron) containing load cell 10kN at across head speed of 

1 mm/min for various milling time of 30% α-Fe2O3-BHAp (sintered samples). The 

biocompatibilities study was conducted using immersion test in Kokubo’s solution 

with pH 7.4 for 3 and 7 days for various milling time of 30% α-Fe2O3-BHAp. The 

cytotoxicity test was performed using skin fibroblast (HSF 1,184) using the extraction 

assay of hematite (Fe2O3) concentration (5, 15, and 30%wt) and cell attachment using 

osteoblast (NHost) on various milling time of 30% α-Fe2O3-BHAp. 

Furthermore, preliminary in-vivo study under the ethical clearance of Animal 

Care and Use Ethics Committee of Bogor Agricultural University, Indonesia (Ethical 

number: 024/KEH/SKE/III/2015) was conducted using 21 male Sprague Dawley rats 

(weight 147 ± 10g, age ± 3 months). The rats were implanted with various milling 

times of 30% α-Fe2O3-BHAp at the right leg of their femur bone. The observation and 

analysis were conducted on radiological image analysis and peripheral blood profile 

of the rats for 0, 7, 14, 30, and 60 days. 

1.5 Significances of study 

This is a comprehensive study on a material from preparation to in-vivo 

evaluation. Previous studies mostly focused on the content ratio of proposed material 

while this study focuses on milling time. Milling time is an important parameter in 
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material preparation as it controls over material structure, hence contributes towards 

the enhancement of many material properties such as mechanical properties and 

biocompatibility. Hematite and hydroxyapatite material are excellent prospects in 

nanomedicine with multifunctional biomaterial. 

1.6 Thesis Structure and Organisation  

This thesis consists of five chapters which are organised as follows. 

Chapter 1 provides a content overview of the research presented via problem 

statement and research objectives. It gives knowledge description about HAp 

composite materials and introduces the concept of MM process. 

Chapter 2 discusses a comprehensive literature review with overviews on 

biomaterial, bone properties, summary of the properties of HAp, Fe, and magnetic 

material application in biomedical field. Special attention is paid to mechanochemical 

process and background theory. The present knowledge about bone mechanism and 

healing process are also included in this chapter. 

Chapter 3 gives a detailed description of the experimental procedures used in 

this research, including (i) the materials used in the preparation of 30% iron-BHAp, 

(ii) the procedures of cell culture experiment and animal testing, and (iii) the outline 

of various material characterisations and testing procedures. 

Chapter 4 presents the finding and results of analyses in the experiments. First, 

the new composite is explained in terms of synthesis production along with analysis 

of the changes. Then, the test results which include in-vitro and in-vivo works are 

discussed and analysed.  

Finally, the conclusion of research and recommendations for future research 

are presented in Chapter 5. 
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