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Abstract

Development of Hydroxyapatite and Wollastonite Coatings for
Orthopaedic Implant Biomedical Applications

Adwait Joshi

The project aims to develop orthopaedic implants for biomedical applications. At present,
millions of people suffer from hip issues; therefore, total hip replacement surgery has become
more common; thus, finding a better hip implant is imperative. This study uses the titanium
implant as a substrate due to its lightness, strength, durability, and biocompatibility despite its
low bioactivity. Hydroxyapatite has a similar chemical composition to inorganic bone due to
its bioactive nature. Biocoating fulfils both the function of bioactivity of Hydroxyapatite and
the superior mechanical property of titanium. However, the major drawbacks of this
Hydroxyapatite coated titanium implant are the poor mechanical properties of Hydroxyapatite
and the bioinertness of the titanium. The present study intends to add Wollastonite as an
additive to improve its mechanical and bioactive properties suitable for load-bearing

applications.

Hydroxyapatite was initially spray-dried with the previous process parameters. Wollastonite
was spray-dried with the same process parameters as Hydroxyapatite. As observed by scanning
electron microscope, spray-dried Wollastonite showed acicular shape morphology, which
affected its flowability. Therefore, Hydroxyapatite, Wollastonite, and
Hydroxyapatite/Wollastonite composite powder were coated on the titanium substrate using a
dip-immersion technique to address this issue. In the dip coating, the precursors of calcium,
phosphate and silicate were used to dip coat Hydroxyapatite and Wollastonite on to a titanium
substrate, respectively and Wollastonite powder in 10, 20 and 30 wt.%, respectively was added
to Hydroxyapatite gel to form a Hydroxyapatite/Wollastonite composite coating. For spray
coating, Hydroxyapatite, Wollastonite was spray coated onto a titanium substrate with
parameters obtained from spray drying and Wollastonite was added in 20-50 wt.% to
Hydroxyapatite slurry and spray coated onto a prepared titanium substrate. Overall, for dip-
coated composite samples, the addition of 10 wt.% Wollastonite to composite coatings
presented optimal results, whereas for spray-coated composite samples, 20 wt.% Wollastonite
added to the composite coatings showed better coating cracks, porosity, microstructure results
with better crystallinity. Therefore, new coating techniques requiring further research were

produced as an outcome of the research.
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1  Introduction
An ageing population and sedentary lifestyle have increased the need for total hip

replacement. Bone and joint problems affect millions of people worldwide, and it has
been observed that half of the people over 50 suffer from this problem in developed
nations [1]. This problem leads to the development of total hip arthroplasty (THA). Total
hip arthroplasty came into prominence in the 1960s. During that era, metal with polymer
cement became standard. However, many problems were associated with this technique,
such as aseptic loosening and osteolysis and the release of possible toxic monomers and
local cell necrosis [2, 3]. These problems were more pronounced in younger patients,
significantly when their lifespan exceeded their hip replacement surgery [4]. In the 1970s,
more focus was given to biological fixation (without the use of cement), which led to the
development of biocompatible materials (such as titanium, stainless steel, alumina, and
zirconia) [1, 2]. This material was introduced into the body due to its biocompatibility,
chemical inertness, and non-toxic reaction between the tissue and its host, thus called a
bioinert material [1]. Bioinert materials do not participate in bone remanufacturing
activity. There is a stress shielding effect where superior mechanical properties of
biocompatible material lead them to take up all of the load, which ultimately reduces the
physiological activity of transferring the load from implant material to the bone material
[1, 5]. On the other hand, biometals can lead to the release of ions which forms a fibrous

layer leading to inadequate fixation of the implant and bone [4].

Shortcomings of bioinert materials have led to the development of bioactive materials in
the 1980s (for example, Hydroxyapatite, Wollastonite, bioglass, etc.), which incorporate
bone growth on its surface, participate in the bone remanufacturing process without the
formation of a fibrous layer [6]. A chemical bond develops between the biomaterial and
the bone, leading to superior bioactivity and aiding in quicker bone repair and
regeneration [1, 4]. The bioactive surface layer can be coated on the biocompatible
substrate to combine the benefits of superior mechanical strength of the bioinert substrate
and higher biological properties of the bioactive surface coatings [7]. The bioactive
coating surface is then in direct contact with the bone tissue, thus promoting fast fixability

at the start and long-term stability due to the bioinert substrate [8].



The thermal spray process is used due to its versatility in overcoming various difficulties
within different applications [9, 10]. One method is where a thermal spray process
deposits the bioactive material onto the bioinert substrate. The substrate material is
thermally minimally affected compared to other coating techniques [9]. This technique

has the advantages of better coating thickness and high durability [10].

Hydroxyapatite with the chemical formula [Caio(PO)4(OH)s] has a similar composition
to the mineral phase of hard tissue. Biological apatite present in bone is non-
stoichiometric apatite with impurities [11]. Though Hydroxyapatite forms a stable layer
with the bone tissue due to its bioactivity, it has many drawbacks, which include fatigue
failure, limited stability and thermal decomposition of the Hydroxyapatite coating,
interfacial failure occurring when amorphous Hydroxyapatite was plasma sprayed onto a
titanium substrate has poor mechanical properties due to brittleness of Hydroxyapatite
[12—15]. There is continuous movement between the metal surface and HA-coating,
although the HA coating bonds with the stem overtime this ultimately leads to the failure
of the coating or its bond with the stem [16].

In the present study, Wollastonite will be coated onto a titanium substrate using a spray
technique and a sol-gel dip-coating technique. Wollastonite can be used for hip
replacement as it aids the repair of new bone but not on its own due to limited
performance [17]. However, a suitable addition of Wollastonite to Hydroxyapatite could
enhance the biodegradability, bioactivity and mechanical properties of Hydroxyapatite
coating [18]. Most of the studies conducted have used Wollastonite as an additive
material to form a biocomposite ceramic [19]. The bending strength of HA/ Wollastonite
bioceramic was 98.06 MPa at 10wt.% Wollastonite and increased to 221.30 MPa in a
HA/ Wollastonite bioceramic containing 90 wt.% Wollastonite [18].  Therefore,
Wollastonite in this research will be added as an additive material to form a

Hydroxyapatite/Wollastonite composite coating.

Similar to bio-implants, titanium substrate is used in this experiment due to its lower
density, higher strength, non-toxicity and excellent corrosion resistance [20]. The major

drawback of the titanium implant is the formation of the fibrous layer that might hinder
2



the process of bone-bonding [21]. Wollastonite is a naturally occurring material with the
chemical formula of CaSiOs. Its application includes construction, dental implants, and
architecture as a substitute for granite and natural marble [22]. Wollastonite can be used
as a reinforcing phase or as an individual material. It has biocompatibility and bioactivity
similar to Hydroxyapatite with superior mechanical strength. In the form of powder or

sintered material, Wollastonite can aid in the repair of damaged hard bone tissue [23].

Compared to other thermal spray techniques, the flame spray technique is cost-effective.
It has a user-friendly operation with a variable flame temperature profile depending on
the rate of feedstock materials and feed rate [24]. However, the flowability of
Wollastonite powder is problematic; therefore, this research will try to find ways to
improve flowability, to aid a spray technique to deposit this material onto titanium
substrates. To date, very little research has been done on the sol-gel dip-coating of the
Wollastonite on titanium substrate. The sol-gel dipping technique enhances the substrate
microstructure by modifying the surface properties and improving the oxidation
resistance of the substrate [25, 26]. The sol-gel technique will be used as a comparison

technique to the spray process to measure their effectiveness.

1.1 Aims and Objective of the Project

J Objective 1: - To spray the Hydroxyapatite, Wollastonite and Hydroxyapatite-
Wollastonite powder mixture. Hydroxyapatite was spray-dried with the process
parameters obtained from previous research. Wollastonite was spray-dried with the same
process parameters. The response obtained from spray drying of Hydroxyapatite and
Wollastonite was optimised using the Design of Experiment. Hydroxyapatite-
Wollastonite mixture powder will be spray-dried using the optimised process parameters.
J Objective 2: - To improve the flowability of the Wollastonite powder. Several
attempts like spray drying, oven drying and heating to improve the flowability of the
Wollastonite were unsuccessful due to its acicular shape. To support a flame spray
technique, a vibrator was designed with air pressure and connected to the top of the
cartridge assembly (consisting of wollastonite powder) to produce wollastonite powder
that continuously flows which was not achieved.

o Objective 3: - To dip-coat the titanium substrate in solutions containing the

Hydroxyapatite and Wollastonite gel. Hydroxyapatite was formed from calcium and
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phosphate precursors, whereas Wollastonite was from the precursors of calcium and
silicate. The present study consists of calcium nitrate tetrahydrate as a precursor of
calcium, diammonium hydrogen phosphate as a phosphate precursor and tetraethyl
orthosilicate as a silicate precursor. The results of dip-coated Hydroxyapatite and
Wollastonite coatings on titanium substrate will be discussed. Wollastonite in the
particulate form was added to the Hydroxyapatite gel to form a
Hydroxyapatite/Wollastonite composite coating, and the result will be discussed in
Chapter 4.

J Objective 4: To deposit an optimised mixture of Hydroxyapatite and Wollastonite
obtained from the design of the experiment in Objective 1. Hydroxyapatite and
Wollastonite was spray-coated with the process parameters obtained from Objective 1.
Further screening of process parameters was applied for Hydroxyapatite/Wollastonite
composite powder and Hydroxyapatite/Wollastonite was spray-coated with the above

process parameters and optimised.

1.2 The Novelty of the Project
There are identified novelties to this research:

o Spray coating of Hydroxyapatite. Hydroxyapatite will be spray coated onto a
prepared titanium substrate (at different roughness) with the process parameters obtained
from spray drying of Hydroxyapatite. Not much research has been conducted on the spray

coating of Hydroxyapatite on a titanium substrate.

° Addition of Wollastonite to titanium substrate. Wollastonite use as a biomaterial
has not been fully explored. This research would help to explore the vast opportunity for
depositing Wollastonite. Up until now, Wollastonite has only been used as a
reinforcement material or filler. Its benefits as a bioceramic with superior mechanical and

biomedical properties are yet to be explored thoroughly.

° Spray drying of the Hydroxyapatite-Wollastonite mixture in composite form.
Very little research has been conducted to investigate the results concerning the optimum
quantity of the Hydroxyapatite-Wollastonite mixture. This study helps identify the
optimum quantities of Hydroxyapatite and Wollastonite with the help of the Design of

the Experiments.



° Spray coating of Hydroxyapatite/Wollastonite composite powder onto a titanium
substrate. Hydroxyapatite/Wollastonite mixture powder will be spray coated onto a
titanium substrate using the optimised process parameters obtained from the spray drying
results of the Hydroxyapatite/ Wollastonite mixture powder. Very little research has been
carried out regarding the chemical characterisation of the spray-coated HA/Wollastonite

composite spray-coated with optimised process parameters.

° Sol-gel dip coating of Hydroxyapatite and Wollastonite separately onto a titanium
substrate at different roughness. There is little published data on the dip coating of the
Hydroxyapatite and Wollastonite on a substrate with different roughness. A thorough
chemical investigation of the dip-coated Hydroxyapatite and Wollastonite onto a titanium

substrate at different roughness will be carried out with a discussion of the results.

] Sol-gel dip coating of Hydroxyapatite/Wollastonite mixture. Initially, the
prepared titanium substrates will be dipped into a Hydroxyapatite gel. The as-prepared
coating would undergo post-processing to obtain a solid coating. The obtained coating
would then be dipped into a Wollastonite gel and post-processed. Very little research has
been carried out on the composite sol-gel dip coating of Hydroxyapatite and Wollastonite

onto a prepared titanium substrate.

° Comparison of the spray-coated Hydroxyapatite, Wollastonite and
Hydroxyapatite/Wollastonite composite and sol-gel dip-coated Hydroxyapatite,
Wollastonite and Hydroxyapatite/Wollastonite composite on a titanium substrate. No
previous studies have compared the spray techniques and dip coating techniques of
Hydroxyapatite and Wollastonite onto a titanium substrate. The coatings obtained from

both techniques will be compared for their microstructure point of view.

1.3 The Structure of the Report

° The first section of the thesis provides an abstract, introduction, aims and

objective and novelty of the research.

o Chapter 2 details the literature under review. In this chapter, the bone description
and its remodelling process are studied. Then biomaterials are described in which
Hydroxyapatite and Wollastonite details are provided. Biocoatings are reviewed

afterwards, followed by Hydroxyapatite biocomposite. Surface engineering is explained



to understand the behaviour of the biomaterial, followed by coating techniques of

Hydroxyapatite and Wollastonite to end.

J In Chapter 3, the experimental equipment and procedures are detailed. The
equipment for powder properties is explained at the start. Powder characterisation
techniques such as hall flow meter and electric vibrator description follow this subsection.
This subsection is followed by coating characterisation techniques such as scanning
electron microscope, FTIR spectroscopy and X-ray diffractometer. This subsection is
followed by substrate preparation techniques. Spray drying experiment and equipment
information, along with the Design of Experiment analysis used (DOE) follows this
subsection. This subsection is followed by a brief summary to improve the flowability of
the Wollastonite powder. The techniques (spray-coating technique and sol-gel technique)
to apply the Hydroxyapatite, Wollastonite and Hydroxyapatite/ Wollastonite coating onto

a titanium substrate follows this subsection.

J In Chapter 4, the results and discussion are covered for the current study. The
results of the oven drying experiment, flowability results, roughness measurement of
prepared substrate and morphology of both raw materials followed by spray drying
results with Design of Experiment (DOE) are presented. Following that, the optimisation
of the spray-dried powder is presented. The last subsection presents the results concerning
the spray-coating and sol-gel dip-coating of the Hydroxyapatite, Wollastonite and
Hydroxyapatite/Wollastonite powder, along with their chemical characterisation,

followed by the summary of discussion.

o In Chapter 5, the conclusions and recommendations for future work resulting

from the Master’s study are presented.



2 Literature Review
In this chapter, a literature review is presented. This section begins with the bone, its

structure, and how it remodels and remanufactures described, followed by biomaterials,
classification, and their reaction with inner body tissues. In its subsection, Hydroxyapatite
(HA) and Wollastonite are reviewed in detail because they are the primary raw material
in this study. Then, coatings have been explained, where different types of biocoatings,
which include a different combination of polymer-metal, polymer-ceramic and ceramic-
metal have been demonstrated. This subsection focuses on Hydroxyapatite biocomposite
in detail, followed by protective overlays and coatings, which include bond layers.
Surface engineering, where the interaction of the implant material with the body
environment, is then reviewed. Following that, the basics of thermal spray technology
and the microstructure of the thermally spray coatings are described. Then plasma spray
technology commonly used to deposit HA, has been studied in the next subsection along
with its advantages and comparison with the thermal spray technology. Flame spray
technology is described in the next subsection. Following that, the sol-gel dip-coating
technique is explained. This section is followed by the failure of the bio coating. The last
section concerns the DOE analysis used in the current study. The summary of the chapter

concludes the chapter.

2.1 Bone Structure

The most prominent bones are present in the limbs and hip in a shaft form of a human.
There are two types of bone tissue: compact or cortical bone and trabecular or cancellous
bone [27]. In adult bone, 80% of the mass consist of cortical bone and the remaining 20%
consists of trabecular bone [28]. The bone body is cylindrical, with the central cavity
termed the medullary canal. The medullary canal is porous in the middle and denser in
the extremities [29]. Marrow fills up the medullary canal and the spaces in the cancellous
tissue [29]. Long bones are curved a bit rather than straight, which offers better strength
to the bone [29]. The process of continuous regeneration and degradation of the bone is
called ossification [29]. Many parts present in bone, namely the periosteum, marrow,

vessels and tissues of blood etc. are illustrated in Figure 1.
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Figure 1, Structure of bone [30]

2.1.1 Bone Growth and Remodelling

Bone growth occurs by depositing the new bone lamellae onto an existing bone or a
connecting tissue [31]. Osteocytes, osteoclasts and osteoblasts are the classifications of
the bone cells. The osteoblasts and osteoclasts are the active adjacent sides involved in
bone remodelling, and osteocytes remain stationery [31]. The bone growth is due to
osteoblasts; bone degradation for regrowth is due to osteoclasts, and the matrix in which
bone is grown is referred to as osteocytes [31]. Osteoblasts deposit a new bone matrix to
bone width or depth [31]. This growth is called appositional growth [27]. Bone
remodelling involves removing the existing bone by the osteoclasts and depositing new
bone by the osteoblasts in which the newly formed spongy bone changes to compact
bone, bone remodelling process involves balancing of bone formation and growth

(ossification process) by osteoblasts and bone removal by osteoclasts [27].

Bone and its surrounding area consist of numerous cells. The three prominent cells are
osteoblasts, osteocytes, and osteoclasts. In bone remodelling, osteoblasts are responsible
for bone formation and repair. When the bone is formed, the osteoblasts get trapped in

the spaces. These spaces are differentiated into cells called osteocytes. Osteoclasts are
8



responsible for the removal of dead bone and living bone, resulting in a process called

resorption. [32]
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Figure 2, Bone repair [27]
2.1.2 Bone Repair
Bone repair is a step-by-step procedure, from blood to the dead bone, to woven bone to
compact bone [27]. Blood released from the damaged cells leads to the formation of the
hematoma—the internal callus form between the bone, and the external callus forms
around the collar [27]. Woven, spongy bone replaces the internal and external callus, this
compact bone replaces the woven bone, and the medullary cavity replaces the callus [27].

Figure 2 shows the bone repair procedure.

2.1.3 Chemical Composition of Human Bone Mineral
The composition of natural bone is shown in Figure 3. The chemical composition of the

natural bone consists of both organic and inorganic material. The organic material
consists of collagen fibre and inorganic calcium and phosphate, whose chemical formula
matches Hydroxyapatite [6]. As an estimate per weight, bone tissue consists of 25%
water, 43% mineral, 29% collagen and 3% non-collagenous organic molecules. Bone
consists of 99% calcium, and blood cells contain 1% calcium. The bone tissue consists

of bone cells, minerals, and matrix [33].
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Figure 3, Composition of natural bone [34]

Bone minerals consist of biological apatite and carbonate hydroxyapatites. Carbonate
hydroxyapatite dissolves very quickly compared to normal Hydroxyapatite with an ideal
stoichiometric ratio [35]. The inorganic structure can be easily substituted by chlorine,
carbonate and carbonate as the Hydroxyapatite is receptive. It is easy to displace the

hydroxyl ion present in the inorganic form [7].

2.1.4 Implant Interaction with Bone and Tissue
a) HA-coated titanium implant inside the body

When a HA-coated titanium implant is placed inside the body, several biological and
physiological reactions occur: 1) Hemostasis, where blood clotting occurs immediately
at a site; 2) Protein adsorption, where the protein is adsorbed onto an HA surface,
mediates cell attachment; 3) Cell recruitment and attachment, osteoblasts and
osteoprogenitor cells (bone-forming cells) are recruited to the implant; 4)
Osteoconduction, where the HA coating acts as a scaffold guiding the growth of new
bone; 5) Bone formation and mineralisation, osteoblast begin producing bone and
calcium and phosphate ions (Ca?* and PO4* ions, respectively) from HA contributes to
mineralisation; 6) Osseointegration, new bone directly forms onto the HA surface; 7)
Bone remodelling and HA resorption: bone remodelling is a continuous process of bone
building (osteoblasts) and bone resorption (osteoclasts), and HA resorption releases
calcium and phosphorous ions, which can further stimulate bone remodelling; 8)
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Mechanical stability; the strong bond between the bone and HA-coated implant ensures
the mechanical stability of the implant and finally; 9) Functional integration; proper
osseointegration ensures the efficient load transfer from implant to surrounding bone,

reducing stress shielding.

b) Wollastonite-coated titanium implant inside the body

Similar to the HA implant inside the body, the Wollastonite-coated implant immediately
interacts with the body, resulting in physiological and biological process. The process
overview similar to HA but also different from HA as follows: 1) Hemostasis; 2) Protein
adsorption; 3) Cell recruitment and attachment; 4) lon release and osteoconduction;
however, Wollastonite releases Ca** and Si*' into the surrounding tissue; 5) Bone
formation; 6) Bioactivity and osseointegration; Wollastonite promotes the formation of
the apatite layer on its surface, similar to HA with osteoblasts and osteoclasts contributing
to bone formation and remodelling mechanism; 7) Bone remodelling; 8) Mechanical
stability, and finally 9) Mechanical stability. All the process is similar to HA-coated
titanium implants, except Wollastonite releases silicon and calcium ions (Ca®" and Si**
ions, respectively) into the body (HA releases calcium and phosphate ions (Ca?* and PO4*

ions, respectively)), and Wollastonite is more bioactive than Hydroxyapatite.

c) HA/Wollastonite coated titanium implant inside the body

The process leading to physiological and biological changes when an implant interacts
with the body is like that of HA-coated titanium implants and Wollastonite-coated
titanium implants. The only difference is that both Hydroxyapatite and Wollastonite
release Ca?" and Si*' ions into the body, and both HA and Wollastonite promote the

formation of an apatite layer on their surface.

d) Advantages of HA/Wollastonite coated hip implant over monolithic HA hip

implant

The major benefits of using HA/Wollastonite-coated hip implants are: 1) Enhanced
bioactivity; 2) lon release; 3) Higher tensile strength and modulus of elasticity resulting
in improvement in durability and mechanical stability; 4) The properties of
HA/Wollastonite implant can be tailored based on needs of the patient; and 5) Cost-

effectiveness, as Wollastonite is less expensive than HA.
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2.2 Biomaterials

The main criterion for a bioactive material is the ability to induce bone formation
mechanisms during its participation in bone remodelling. In the 1960s, metals and
polymers such as stainless steel, polyethene and polymethylmethacrylate were used as
biomaterials [36]. In the 1970s, a double-cup prosthesis system with a femoral component
and acetabular cup was developed [36]. The materials used for the femoral component
include metals such as high-grade stainless steel, cobalt-chromium alloys or titanium
alloys [37]. In contrast, acetabular cups include polymers such as high-density polyethene
or ultrahigh molecular weight polyethene, whereas the femoral head consists of alumina

and zirconia [37].
Biomaterials are classified into four categories [38, 39]:

Biometals.
Biomedical polymers.
Bioactive ceramics.

Bioactive composites.

2.2.1 Biometals
Biometals have progressed, including metals ranging from bare stainless steel to the latest

titanium alloys [36]. Cobalt-chromium alloys have better strength and corrosion
resistance than stainless steel. Stainless steel is biocompatible, strong and cheap, but
stainless steel can undergo oxidation and release ions in the body, leading to corrosion
and ultimately causing implant failure [9]. Stainless steel has a modulus of elasticity ten
times higher than bone, leading to a stress-shielding effect [9]. The cobalt-chromium
elastic modulus is approximately 240-250 GPa compared to 200 GPa for stainless steel
[36].

Due to its strength and low density, titanium alloy with a modulus of elasticity half of the
stainless steel and cobalt chrome-nickel alloys leads to less stress shielding effects [36].
Ti-6Al-4V is still used in the biomedical industry [1]. Another material is Ti-13Zr-13Nb,
which is stronger than Ti-6Al-4V and has a lower modulus of elasticity but is still
beneficial for biomedical applications [36]. Ti-6Al-7Nb and Ti-5Al1-2.5Fe can be helpful
due to their minimum elastic modulus and excellent biocompatibility [1]. Shape memory

alloys such as NiTi, where modulus varies at different states, can benefit load-bearing
12



applications [1]. Metallic ions play a crucial role in improving bone quality, including
bio-inorganic ions such as calcium, magnesium, strontium, silicon, zinc, copper and

cobalt [40].

A significant drawback of biometals is the stress shielding effect [1]. Due to high elastic
modulus, the metal absorbs all the load, leading to quicker resorption of the bone [1]. Not
every biometal is bioactive; therefore, surface modification becomes vital to increase

metal bioactivity [1].

2.2.2 Biomedical Polymers
Biocompatible polymers participate in the formation of bone without toxic effects on the

body, and biodegradable polymers are primarily suitable for drug delivery applications
[41,42].

Joint replacement components mostly employ polymers such as polyethene (PE), acrylic
bone cement, thermoplastic polyether, ketone, etc. Medical-grade silicone elastomers

replace joints in theumatoid arthritis [1].

Biopolymers have applications in other bone/joint fixation. Medical grade silicone
replaces the smaller bone in hand joints with finger motion improvement [1]. Carbon
fibres have been tested for spine surgery, hip replacement and internal fixation [1].
Polyester and polytetrafluoroethylene are tested for ligament prostheses. Variable
chemical composition to match the rigidity of cortical bone is any significant polymers
advantage [1]. There are other bioresorbable polymers such as polyglycolide (PGA),
polylactide (PLA), polydioxanone (PDS), polyorthoester biodegradable systems,
chitosan and poly (2-hydroxyethyl-methacrylate) (PHEMA) and hydrogels [1].

Biodegradable polymer mostly has drug-delivery applications. Biodegradable polymer
causes less inflammation and tissue death than prostheses [43]. PLA, PGA, PCL and PHB
scaffolds have a highly interconnected porous structure that enables tissue growth,
vascularisation and nutrient growth [1]. Micro-based polymer particle such as polylactide
(PLA), polyglycolide (PLG), polyactidecoglycolide (PLGA), and polycyanoacrylate
(PCA) has a drug delivery application [1]. The attached drug is either absorbed or
encapsulated for site-specific drug release to treat tumours, antigens, and inflammatory

sites [44].
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a) Polymer cement

Polymethylmethacrylate cement (PMMA) is one of the initial development in acrylic
bone cement [45]. PMMA cement is still widely used to support bone and implants. The
main advantage of PMMA is the ease of manufacturing and quick fixation at the initial

stages [1,45].

i.  Drawbacks of Polymer cement
Some disadvantages of polymer cement include bioinertness, wear, debonding, ill effects

of polymerisation, and cell necrosis [3, 45, 46]. Wear, bone/cement interface debonding
due to relative motion causes resorption leading to aseptic loosening [46]. The difference
in stiffness between the prosthesis and cement causes fracture and failure of cemented
hip arthroplasty [46]. Stress shielding may occur because of the higher load-bearing
implant resulting in the weakening of the bone with minimal stress [46]. The cytotoxic
effect of monomer, high inflammation due to exothermic temperature of polymerisation,
and interference of the body cells with polymerisation and hardening of the cement are
three main drawbacks of cement hip arthroplasty [3]. Cell necrosis due to exothermic
reactions can hamper the process of bone regrowth [3]. Proper knowledge of the cement,
curing characteristics, and surgical procedures are required to reduce cemented hip

arthroplasty drawbacks [47].

2.2.3 Bioceramics
Bioceramics with biofunctionality properties can induce biological activity to repair

damaged organs [48]. This biofunctionality refers to the properties a medical device must
perform from the standpoint of physical, mechanical and biocompatibility throughout its
life as an implant and must be closely related to the interaction between the biomaterials
and living tissues with which they come in contact [39]. The earliest use of bioceramics
was in the 1970s [1]. Unlike biometal, bioceramic does not emit harmful ions [49]. Unlike
biometal and biopolymer, bioceramic implanted inside the body does not lead to wear
debris [50]. The significant bioceramic advantages over the other material include
biocompatibility, appropriate mechanical strength, low friction, wear resistance, and

chemical stability [51].

Calcium phosphate is present in tooth enamel, with high bioactivity of calcium phosphate
due to the increased presence of calcium and phosphate in the body [49]. The bone tissue

is a dense organic matrix consisting mainly of collagen and inorganic deposits of
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Hydroxyapatite [Caio(POs) s(OH)2] and calcium carbonate (CaCO3) [52]. Figure 4
describes three different bioceramic types; bioinert, bioactive and biodegradable. Table

1 details the bioceramic types, their interaction with tissue, their type of attachment and

some examples.

Bioceramics

Bioinert

Bioactive

Biodegradradable

Figure 4, Types of bioceramics [53]

Table 1, Classification of bioceramics [48]

Type of Interaction with Type of Example
ceramics tissue attachment
Bioinert Little or no Mechanical Alumina (AL,O3), zirconia
response fixation (Zr0Oy)
Bioactive; Promote a distinct Chemical bonding Hydroxyapatite, bioglass,
resorbability and positive Wollastonite and glass
and promote response from the ceramics
bone tissue
integration
Biodegradable Gradually dissolve Replaced by tissue Calcium phosphate cement
within the body and tri-calcium phosphate.
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a) Bioinert ceramics

Bioinert bioceramic implants have minimum interactivity between the implant and
surrounding tissue [54]. There are mainly two materials classes: zirconia and alumina.
The chemical inertness, abrasion strength, and resistance of alumina have made them
more suitable for dental and bone, and the main application of zirconia is THR (total head

replacement) [55].

Alumina ceramics have an elevated biocompatibility level, no biological degradation,
hardness, and a fine surface, suitable for application in the modular femoral ball and the
acetabular-femoral combinations [1]. Relative micromotion occurs in bioinert implants
due to a lack of biological bonds between the implant and host tissue leading to the
formation of fibrous tissue between the implant and the bone [51,56]. Some application
of the alumina implant includes rabbit eye socket, knee joints, and sputtering bioactive

glass film to the alumina layer for bioactivity enhancement [51].

Zirconia was mainly used as a pigment in ceramics [55]. The addition of oxide to stabilise
zirconia became imperative [55]. Therefore, yttria stabilised zirconia and magnesium
oxide partially stabilised zirconia [55]. High mechanical strength and fracture toughness
applications mainly require zirconia [51]. The significant shortcomings of zirconia are
strength reduction with time in the liquid, wear properties and potential radioactivity of
the material [56]. The wear resistance of zirconia is 5000 times poorer than alumina [56].
Zirconia with radioactive material like thorium and uranium can destroy soft and hard
tissue cells [56]. Zirconia has high fracture toughness strength but a lower modulus of
elasticity than alumina [56]. The stress shielding effect occurs due to the superior elastic
modulus of zirconia and alumina (of the order 15X to 7600X) compared to natural bone

[56].

2.2.4 Bioactive Ceramics (HA; Bioglass; Wollastonite; and Glass-Ceramic)
Allografts, autografts and artificial materials are three techniques used to replace

damaged bone or tissue when the bone cannot heal itself [6]. Autograft is a technique
where a healthy human bone part is transferred to replace damaged tissue, whereas
allograft transplants bone tissue from one human to another [6]. Though widely used,
these techniques (allografts and autografts) have limitations, such as the risk of infection,

limited availability and possibility of damage to the donor [6]. Therefore, artificial
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material for bone replacement is a preferred technique [6]. The need for direct bone
bonding with favourable tissue reaction led to the bioactive ceramic discovery in the
1980s [57]. The bioactive material creates a bioactive environment at the materials
interface, which results in bonding between tissues and material [39]. Bioactive ceramics
form a direct bond between the bone and soft tissue of living organisms [58]. The
bioactivity leads to a process where implant material firmly bonds to the host bone
through growth or ingrowth without bone cement [59]. Bioactive ceramics can be
grouped into three categories in the present study: calcium phosphate (Hydroxyapatite),

bioactive glasses, Wollastonite and glass-ceramic [48].

a) Hydroxyapatite (HA)

Hydroxyapatite (chemical formula Caio([(PO)4]6(OH)2)) has a composition similar to the
inorganic part of the bone [60]. Natural bone has a composition of 69 wt.% of the
inorganic part of the bone, collagen 20 wt.%, and water 9 wt.% [60]. The stoichiometric
ratio (Ca/P) should ideally be 1.67, with CaO formation at a stoichiometric ratio of more
than 1.67 and the formation of a-TCP (tricalcium phosphate) or the B-TCP when the Ca/P
ratio is less than 1.67 [60]. The bending, compressive, and tensile strength of HA range
from 38-250MPa, 120-900 MPa, and 38-300 MPa, respectively [60]. Data show an
incremental increase in strength up to a Ca/P of 1.67 and a reduction from 1.67 onwards

[60].

.Method of synthesis of Hydroxyapatite

Solid-state and liquid-state reactions are the two main processes used to synthesise HA
[34]. In solid-state synthesis, the combination of precursors of calcium and phosphorous
is fired at elevated temperatures without solvent use [61]. Liquid state synthesis is mostly
a solution-precipitation process, immersing precursors of calcium and phosphorous in a
solvent [62]. Table 2 describes the two methods along with their advantages and

disadvantages.
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Table 2, Advantages and disadvantages of solid-state and liquid-state methods [33, 34]

Method Advantages Disadvantages
Solid-state synthesis Phase pure HA is formed. 1. Complicated
(Solid State Reaction, procedure.
Mechanochemical 2. High reaction
Synthesis) temperature.
3. Long heat treatment
time.
4. Low sinterability.
5. High risk of
contamination.
6. Milling is always
required.
Liquid state synthesis 1. High purity as the 1. Low crystallinity.
(Precipitation, by-product is only 2. Poor property of
Hydrothermal, Hydrolysis water powder as it is
and Sol-Gel Techniques) 2. Simple, low-cost susceptible to
procedure agglomeration.
3. Small particle size

Several other routes exist to manufacture HA with different raw materials [34]. The
hydrothermal technique employed coral to manufacture HA [63]. For example, eggshells
were calcined at 900 °C at 4 °C/min, and phosphoric acid was mixed [64], at an acid
weight ratio (wt.%) varied from 1:1.0 to 1:1.7, synthesising HA at a weight ratio of 1:1.20
and Ca/P ratio of 1.65 [64].

The sol-gel process uses alkoxide precursors to produce monophasic HA [65]. The sol-
gel technique is a wet precipitation technique with a chemical reaction between calcium
and phosphorous ions under particular pH and temperature conditions [66]. In the
aqueous sol-gel process, a solution of acetate monohydrate (precursor of calcium) and
ammonium-hydrogen phosphate (precursor of phosphorous) mixed in distilled water and
tartaric acid leads to the formation of precipitate [67]. The precipitate underwent various
thermal treatment processes in the sol and gel, leading to the formation of powder [67].
A novel approach for the manufacturing of HA was to use an ethylene glycol solution of
(Ca (OAc)2.xH>0), and a butanol solution of P,Os utilised as precursors for calcium and
phosphorous, respectively [68]. Adding acetic acid and ammonium nitrate to this solution
resulted in rapid precipitation synthesis of HA [68]. The sol-gel technique can also

manufacture nanosized powder with thermal treatment to a powder size of 50-150 nm
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[69]. Precipitation of calcium nitrate tetrahydrate and dibasic ammonium phosphate

synthesised nanostructured HA [70].

The mechanochemical technique in solid-state synthesis was employed to manufacture
HA [71]. In mechano-chemical processes, the (NH4)HPO4 solution was added slowly to
the Ca(OH), suspension, followed by vigorously stirring by a magnetic stirrer [71]. After
mechanochemical hydrolysis, the materials were washed and milled to form HA powder
[71]. Another mechanochemical method consisting of calcium pyrophosphate (precursor
for phosphorous) and calcium carbonate (precursor of calcium) was mixed in a ratio of
3:4, leading to the synthesis of HA with a stoichiometric ratio of 1.67 [72]. In the
neutralisation technique, phosphoric acid was added to the mixture of calcium hydroxide
and lime suspension in the reactor at 600 °C. The introduction of phosphoric acid at the
stirring rate of 700 rpm to the mixture can lead to the manufacture of HA [73]. Hydration
of a-TCP in the microwave heating technique by changing reaction conditions
(increasing reaction temperature and decreasing pH) can also lead to the manufacture of

HA [74].

According to FDA regulations, the HA used in hip implants must have a 50-70%
crystallinity, while the purity of HA used in hip implants must be more than 95%,
according to ASTM F1185-03. HA synthesised by solid-state techniques is pure and
generally follow the ASTM regulation. Both crystallinity and purity are crucial for the
HA used for hip implants and need to be balanced to an optimal level. Crystallinity affects
the mechanical properties and bioactivity. A balanced crystallinity maintains strength and
resorbability and promotes bone integration without adversely affecting structural
integrity. High purity is necessary to ensure biocompatibility. Moreover, a pure-HA
implant reduces the possibility of inflammation, toxicity or any adverse biological
reactions without compromising implant safety and performance. The crystallinity of HA
for hip implant application can be measured by XRD and FTIR, where XRD provides
information about crystalline structure and FTIR gives insight about chemical bonding
and structured order. The purity of HA for hip implant can be measured using; XRF, ICP-
OES/MS, TGA and chemical analysis. XRF and ICP-OES/MS are sensitive and accurate
in detecting chemical composition and impurities. TGA gives information about thermal
stability and presence of volatile impurities. Hence this research uses XRD and FTIR as

part of its characterisation.
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Porous HA can be synthesised due to pore-creating volatile particles, such as the
admixture of water-soluble porogen; a marine coral skeleton; the natural ceramic foaming

technique; and the polymeric sponge method [75].

Some crucial forms of HA include whisker and nano forms [60]. Precipitation of calcium
nitrate tetrahydrate and dibasic ammonium phosphate synthesised nanostructured HA,
where the precipitate obtained can be stabilised by polyacrylic acid during the
hydrothermal treatment, which leads to HA synthesis with rod-like structures [70].
Nanosized HA in the form of residue was collected in the cyclone after the evaporation
of the HA precipitate solution in the spray drying technique [76]. HA whiskers can be
manufactured by a precipitation-hydrolysis technique using 0.167mol/l calcium ions, 0.1
mol/l of phosphate ions and 0.5-1 mol/l urea [77]. The HA whiskers could not form
directly from the saturated solution; therefore, hydrolysis of fibrous OCP (octacalcium
phosphate) provided framework for the growth of HA whiskers with an aspect ratio in

the range of 40-100 [77].

The thermal stability of HA depends on the Ca/P ratio [78]. The thermal treatment of HA
showed adsorbed water release in the temperature range of 30-570 °C [78].
Dehydroxylation removes water molecules that resumes when HA is heated at 600 °C-
1200 °C [78]. Thermal decomposition studies from 1000 °C to 1500 °C conducted on
HA showed no change in structure up to 1350 °C but a difference in chemical
composition changing to TTCP (tetra- calcium phosphate) and a-TCP (tricalcium
phosphate) after 1350 °C [79].

b)  Bioglass

Due to the poor bioactivity of polymers and metals, bioglass was developed. Bioglass
mainly consists of calcium, potassium, sodium, and silicon oxides [59]. Only four oxides:
Si0,, P20s, Na,O, and CaO, are FDA-approved [80]. Bioglass mainly has the chemical
composition of 46.1 mol% Si0O., 24.4 mol% Na,0, 26.9 mol% CaO and 2.6 mol% P,0s
[80]. Biomedical application mainly employs silicate-based glasses [81]. Other oxides,
including boron, aluminium, strontium, magnesium, and titanium, can be used as an
additive to regulate bioglass properties based on the application [80, 82]. Due to its
resorbability, bioglass (45S5) has inferior mechanical properties compared to

Hydroxyapatite [39]. 45S5 bioglass has a higher Ca/P ratio of 5 compared to 1.67 that of
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Hydroxyapatite which makes it reactive in the physiological environment, whereas

Hydroxyapatite is stable towards bioresorption [83—85].

1. Techniques to manufacture bioglass
Melt quench, sol-gel, and microwave-assisted techniques are used to manufacture

bioglass [80]. In the melt quench technique, the raw material mixture is melted in a
platinum crucible at 1100-1650 °C for 1-3 hours, followed by water pouring which leads
to frit (mixture of silica and flux fused at high temperature to make glass) formation [86].
The frit formed undergoes a port processing technique such as drying, milling, and
sieving, leading to powder formation [86]. Powders obtained by the melt quench
technique have poor porosity and lesser apatite formation but better mechanical

properties than the sol-gel technique [86].

Sol-gel technique involves the synthesis of the sol, which is metal-organic and metal salt
precursors [87]. The precursor leads to gel formation, followed by drying, and calcination
leads to bioglass formation [87]. The bioglass formed by this technique has superior

bioactivity, with the possibility of intricate structures like mesoporous and lattice [88].

In the microwave-assisted technique, the precursor solution in deionised water is
transferred to the ultrasonic bath [89]. Cost-effectiveness with lesser time for synthesis
and the possibility of modification of powder size to micro and nano by ultrasonic

irradiation are some of the pros of the microwave-assisted technique [90].

1. Bioactivity mechanism in bioglass

The possibility of bioactivity is higher with oxides such as SiO;, CaO and Na>O
combinations than with P,Os [59]. The formation of rich HCA (hydroxyl carbon apatite)
takes place with bioglass immersed in SBF fluid [59]. Dissolution is followed by three
steps: leaching, dissolution, and precipitation [59]. The leaching process releases ions,
whereas dissolution is created by breaking the Si-O-Si-O-Si bond [59]. The precipitation
process involves forming a rich calcium phosphate layer on its surface [59]. The HCA
crystallisation occurs within two hours for the glasses up to 53% mole of SiO; [59]. For
53 to 58 moles per cent SiOy, it takes 4-5 days to form the HCA crystallisation, and the
bonding is only to the bone [59]. For the >60%, the HCA crystallisation does not occur
[59]. When a tight bond between the bone tissue and HCA formed on the surface of

bioglass is established, it can have a silica rate ranging from 42-54 % after one week; for
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54-60%, the bond sets after 2-4 weeks, whereas bioglass having more than 60% of silica
lose their bioactivity [91].

Cacciotti et al. [91] observed a higher temperature heat treatment of 4555 (45%wt Si02)
glass. 45S5 bioglass underwent weight losses at 100 °C, due to reduction in water and
hydroxyl ions at 400 °C and weight loss at 610 °C due to crystallisation [91]. At around
550 °C, the bioglass homogeneity reduced with high viscosity, and the silica-rich phase

dominated flow behaviour [92].

c) Wollastonite

Wollastonite is a calcium metasilicate with a molecular formula of CaSiO; with a
molecular mass of 114 g/mol [93, 94]. Theoretically, Wollastonite consists of
approximately 48.3% CaO and 51.7% SiO; [94]. Wollastonite has a specific gravity of
2.91; a specific surface area of 845 m?/kg, a pH of 9.9; a water solubility of 0.0095 g/100
cc and a density of 2.9 g/m? [93]. Wollastonite has an acicular structure, poor electrical
conductivity of 1.5 E-11 mho/m and a high Mohr hardness of 4.5; a brilliantly white
colour with brightness ranging from 80 to 95; a melting point of 1540 °C; a low thermal
conductivity of approximately 2.70 W/m °K and low coefficient of thermal expansion of
6.5 X 10 mm/mm/°C [95]. Wollastonite has good mechanical properties with Young’s
modulus of 303-530 GPa and tensile strength of 2700-4100 MPa with the compressive
strength of 1.6 MPa at 1100 °C [93, 96].

Wollastonite can occur naturally or synthetically [97]. Calcinating silica (99% purity) and
CaO (calcium oxide) at 900 °C led to the synthesis of Wollastonite [97]. Thermal
treatment ranging from 900 °C to 1250 °C produced amorphous -Wollastonite, and
sintering at 1400°C led to stable synthesised a-Wollastonite (pseudo-wollastonite) [98].
Rice husk ash and limestone with a precursor ratio of 55:45 (rice husk containing 90%
silica and limestone consisting of 97% calcium oxide) also led to the synthesis of
Wollastonite [99]. Heating a mixture of 75g silica and 125g calcium carbonate in the
platinum-rhodium crucible at 1600°C for five hours led to frit (the mixture of silica and
calcium carbonate at elevated temperature) formation [100]. Immersion of the frit in
chilled water followed by milling led to Wollastonite synthesis with the required
microstructure [100]. Waste soda-lime silicate and calcium oxide prepared by the
conventional melt quench method led to the manufacture of Wollastonite-based glass-

ceramic with Ca/P (stoichiometric ratio) from 1.65 to 2.24 [22]. The mixture of silicon
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dioxide and calcium carbonate in the sodium and potassium flux salt, followed by
calcination at 950 °C, led to deionised salt synthesis [101]. This technique is known as
the salt fusion method, where a deionised salt reaction leads to the production of

Wollastonite [101].

Wollastonite is bioactive due to its ability to bond with the bone tissue. Wollastonite
cannot be typically classified as resorbable. Wollastonite degrades over time but the
degradation rate is slow compared to resorbable materials such as B-TCP and bioglass.
Wollastonite cannot be considered bioglass as it is amorphous, contributing to its
bioactivity. Wollastonite is bioactive by releasing calcium and silicon ions in contact with
bodily fluids. It facilitates the formation of a hydroxyapatite layer on its surface, whereas
bioglass releases ions into the surrounding bodily fluid, forming a hydroxycarbonate

layer on the surface of a glass. [102]

Wollastonite can be used as a bone graft material, bone cement, or scaffold for tissue
engineering. Its slow degradation rate and excellent bioactivity make it suitable for long-
term applications in bone repair and regeneration. Bioglass, due to its bioactivity and
excellent bonding with soft and hard tissue, can be used for bone regeneration, dental

application and as a coating for implants. [102]

1) Bioactivity mechanism in Wollastonite

The bioactivity of the Wollastonite can be explained in 5 steps: 1) Immersion of
Wollastonite in SBF fluid; 2) Ton exchange, where calcium ions (Ca*") exchange ions
with hydrogen in SBF fluid; 3) Formation of silanol, there is a formation of Si-OH on the
surface; 4) pH increase, pH of the SBF fluid increases due to calcium ions, OH" ions in
SBF fluid exchange ions with the surface layer, leading to the production of Si-O ions
on the surface layer; and 5) Apatite precipitation, the calcium in the SBF reacts with the

surface layer, resulting in the apatite formation on the surface layer. [102]
d) Glass-ceramic

Another class of bioresorbable ceramics is A-W (Apatite-Wollastonite) glass-ceramic.
Glass-ceramics are polycrystalline prepared by controlled crystallisation of glasses [103].
The composition of A-W glass ceramic is 34.2 wt.% SiOz, 44.9 wt.% CaO, 16.3 wt.%
P>0s, 4.6 wt.% MgO and 0.5 wt.% CaF, [104]. This material class has the mechanical
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strength of Wollastonite and the ability to form natural bone similar to Hydroxyapatite
[103]. A-W glass-ceramic has a density of 3.07 g/cm?; a bending strength of 215 MPa;
compressive strength of 1080 MPa; Young’s modulus of 118 GPa; Vicker’s
microhardness of 680 HV and fracture toughness of 2.0 MPa'”? [105]. The chemical
composition of A-W glass-ceramic was 4.6% magnesium oxide, 44.9% calcium oxide,
34.2% silicon dioxide and 0.5% calcium difluoride with the percentage of material as 35-
40-25 (apatite-wollastonite-glass) respectively [106]. The compressive strength of A-W
glass-ceramic was 127.3 MPa, and the flexural strength was 43.2 MPa when an equal
quantity of apatite and Wollastonite was used [107]. Composite of A-W glass-ceramic
obtained by 3D printing when sintered at 1300 °C for 3 hours produced the optimal
mechanical results in terms of flexural strength and compressive strength [108]. The A-
W glass-ceramic composite formed had less porosity and led to the formation of bioactive
calcium phosphate when immersed in SBF fluid after one day [108]. Therefore, the
ceramic composite achieved a higher relative density of 80% due to sintering effects
[109]. Glass ceramic scaffold manufactured by melt quenching technique showed better
biocompatibility as tested by planting MSC (mesenchymal cells) and measuring via MTT
assays [110]. A-W glass-ceramic is bioactive, biocompatible, and can grow bone
activation cells on its porous scaffold [110]. RGD peptide used with A-W ceramic as a

binder improved cell adhesion and proliferation [111].

A-W glass-ceramic used as an intramedullary plug instead of PMMA cement with a
porosity of 70% and pore size of 200pm had identical compressive strength to the

cancellous bone (rabbit) [112].

Crystalline apatite and B-Wollastonite introduced in the MgO-CaO-SiO,-P20s glassy
matrix showed bioactivity, biocompatibility, and good mechanical properties [113]. This
glass-ceramic is mainly suited for dental applications [113]. Alternatively, the reagent
grade of MgO, CaCOs3, SiO,, CaHPOs.2H,0, and CaF> was put in the crucible, calcined,
and then melted in a SiC furnace [113].

2.2.5 Biodegradable Ceramics
Calcium phosphate bioceramics occur mainly in amorphous material, primarily in

restorative surgery in dental and orthopaedic applications [114]. But their application
remains vital due to their bioresorbable properties, where the rate is nearly equal to the

new bone tissue formation rate [51]. Calcium phosphates exhibit excellent
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biocompatibility leading to bone integration—these phenomena show the closest

chemical resemblance to mineral bone [115].

Calcium phosphate cement has strong crystal bonds, increasing cellular activity and
stimulating bone proliferation [51]. Calcium phosphate dissolves in SBF and releases
calcium and phosphorous ions, which reprecipitates and leads to bone formation [51].
They can bond with the bone without medication and a non-fibrous interface layer [1].
The resorption rate of calcium phosphate should be equal to bone formation to make it
an ideal biomaterial [1]. Calcium phosphate cement can be more advantageous than
PMMA cement as it does not lead to cell necrosis and promotes biological fixation [116].
Ooms et al. [117] compared calcium phosphate cement consisting of 61% a-TCP, 26%
CaHPO4, and 10 % calcium carbonate with 3% HA with PMMA cement. The PMMA
cement had a fibrous layer, whereas a thin layer of bone was deposited on the site where
calcium phosphate cement was implanted showing its bone-bonding ability [117]. Table

3 describes various calcium phosphate components with their chemical formula and Ca/P.
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Table 3, Various calcium phosphates with their respective Ca/P stoichiometric ratios [61,

115, 116]
Ca/pP Name Formula
2.00 Tetracalcium phosphate CasO(PO4)2
1.67 Oxyapatite Caio(PO4)sO
1.67 Fluorapatite Caio(POs)sF>
1.67 Hydroxyapatite Caj0(PO4)s(OH),
1.50 Tricalcium phosphate (o,p) Ca3(PO4),
1.33 Octacalcium phosphate CagHx(PO4)6.5H,0
1.20-2.20 Amorphous calcium CaHy(POs),.nH,O
phosphate
n=3-4.5, 15-20%H,0
1.00 Dicalcium phosphate CaHPO4. 2H,0
dihydrate
1.00 Dicalcium phosphate CaHPO,
1.00 Calcium pyrophosphate Ca,P20;
1.00 Calcium pyrophosphate Ca,P,07.2H,0
dihydrate
0.70 Heptacalcium phosphate Caz(P5016)2
0.67 Tetracalcium dihydrogen CasH,PsOnp
phosphate
0.50 Monocalcium phosphate Ca(H,PO4), HO
monohydrate
0.50 Calcium metaphosphate (a,f3) Ca(PO:3),

In Table 3, as mentioned above, the Ca/P ratio of various calcium phosphates is given.
Ideally, the Ca/P ratio of a calcium phosphate should be 1.67. The Ca/P ratio of a
substance is measured by X-ray fluorescence (XRF), inductively coupled plasma optical
emission spectroscopy (ICP-OES), energy dispersive X-ray spectroscopy (EDS or EDX),
X-ray diffraction (XRD) and chemical analysis. describes various calcium phosphate
components with their chemical formula and Ca/P. XRF and ICP-OES are used to
measure the Ca/P of a large sample accurately. EDS equipped with SEM is used for

detailed, localised analysis within a sample. XRD provides detailed information about
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the crystallinity and phase change, and chemical analysis provides a benchmark for
accuracy. [118—-122]

There are various calcium phosphate compounds. Some calcium phosphates include
Hydroxyapatite (HA), fluorapatite, B-TCP (beta-tricalcium phosphate), octacalcium
phosphate, amorphous calcium phosphate and tetra calcium phosphate [116]. Some
calcium phosphate substitute material performs rapid resorption, while others are slow
[123]. Slow resorption material restores the bone part towards better quality, but recovery
is longer, whereas quick resorption material becomes more similar to their reference bone
material [123]. Below is the relationship between different calcium phosphate materials
in terms of solubility [52]:

Fluorapatite < Hydroxyapatite < f-TCP <a-TCP < Amorphous Calcium Phosphate <
Tetra Calcium Phosphate

The formation of calcium phosphate cement is due to a combination of one or more
calcium phosphate powders in an aqueous solution [116]. For example, the eggshell and
phosphoric acid reaction led to the synthesis of the biphasic f-TCP and HA mixture [64].
The solid-state reaction between calcium carbonate (CaCO3) and dicalcium phosphate
dihydrate (CaHPO42H>0) in the molar ratio of 1:2 at 1300 °C for five hours led to the
formation of a- TCP [113]. B- TCP is stable up to the temperature of 1120 °C, whereas it
transforms to a-TCP beyond 1120 °C [124]. a-TCP is stable in the temperature range of
1120 °C and 1430 °C [124].

Calcium phosphate cement and materials have some biological applications [115].
Fluorapatite and carbonated apatite are primarily helpful in dental applications due to
their high stability [125, 126]. Calcium phosphate is used in medicine to improve function
and reduce the pain of the calcified tissue of the whole body [127]. The calcium phosphate
application includes healing bone defects, fracture treatment, total joint replacement,
bone augmentation, orthopaedics, craniomaxillofacial reconstruction, spinal injury,

ophthalmology and percutaneous devices, and dental fillings [127].

Due to non-exothermic reaction and intrinsic porosity, calcium phosphate cement has
drug delivery applications [128]. The drug to be incorporated into the body can be mixed
in the solid or liquid form of calcium phosphate cement [128]. Calcium phosphate cement
application includes drug carriers for antibiotics, anticancer, anti-inflammatory, anti-
resorptive and therapeutically active proteins [128].
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2.2.6 Bioactive Composite
A composite material combines organic and inorganic materials to improve bone quality

[129]. Biocomposites can be modified in terms of properties to adjust to a complicated
environment in the body [130]. The composite combines the bioactivity of one material
(mainly ceramics or polymers) with superior mechanical properties of mostly metals [4].
For tissue engineering, polymers are currently used in biodegradable applications
(degradable materials where specific cells can be seeded) [38]. The use of bioceramics is
due to its biocompatibility (chemical composition does not lead to a harmful reaction in
the body) and bioactivity (biological response leading to the strong bond between tissue
and implant) [38]. The use of metals stills remains prominent for their load-bearing ability

despite the emission of toxic ions into the body [38].
Based on the matrix combination, there are three types of composite [1]:

e Polymer matrix composites, e.g., carbon/PEEK, HA/HDPE.
e Metal matrix composites, e.g., HA/Ti, HA/Ti—6Al- 4V.
e Ceramic matrix composites, e.g., stainless steel/HA, glass/HA.
Based on the bioactivity, there are three types of composite combinations [1]:
¢ Bioinert composites, e.g., carbon/carbon, carbon/ PEEK.
e Bioactive composites, e.g., stainless steel/Bioglass, HA/HDPE, HA/Ti—
6A1-4V.
e Bioresorbable composites, e.g., TCP/PLA, TCP/PHB.

Reinforcements used in the biocomposite have superior mechanical properties. Table 4

shows the list of biocomposites of bioceramics with their metal reinforcement.
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Table 4, Bioactive composites with a fracture tough reinforcing phase [39]

Matrix Reinforcing phase

Bioglass Stainless steel fibre
Bioglass Titanium fibre
HA Fe-Cr-Al fibre
HA Z10; (Y20:; fibre)
HA TiO, fibre
A/W glass-ceramic ZrOs (Y05 fibre)
A/W glass-ceramic Ti particle

The reinforcing material in fibre or particulate form significantly increases fracture
toughness and bending strength. For example, bioglass with stainless steel reinforcement
had a bonding strength of 340 MPa and fracture toughness of 3.0 MPa.m"? with superior
mechanical properties compared to dense HA (strength 115-120 MPa and fracture
toughness of 1.0 MPa. m'?) [39].

Table 5, Bioactive composites of polymer and bioceramic [39]

Matrix Reinforcing phase
Polyethene HA
Polymer Phosphate Powder
PMMA Phosphate-silicate-apatite glass fibre
Collagen HA
Polyethene Bioglass
Polysulfone Bioglass
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Table 5 describes the second group of materials, a group of biocomposites that includes
the organic matrix with a reinforcement of bioactive material [39]. Though they provide

the ideal combination, durability and fatigue strength are still under question [39].

a) Hydroxyapatite (HA) biocomposite
Bone analysis at the microscopic level was required to overcome the limitations of

allographs and autographs [131]. This phenomenon led to the development of
biomaterials [131]. HA is an important biomaterial with structural and functional
similarities to the mineral part of bone and teeth [131]. The primary disadvantages of HA

are low resistance to fracture, fatigue failure and brittleness [132].

HA was used in combination with metal and a polymer to improve the performance of
the biomaterial in implant application [133]. HA coating on a titanium implant by the
biomimetic method may have had a thinner layer thickness but had better adhesion
strength than plasma spraying [134]. HA coating on a titanium implant showed quicker
and stronger bone apposition [134]. HA implanted in the body led to quicker bone
ingrowth than the metallic implant [4]. In the case of a titanium implant, there is cell
growth from the bone side with no change from the titanium implant side [4]. In HA, cell
growth in both the body and the HA side led to quicker osseointegration without releasing
metallic ions [4]. One such biocomposite combination was a mixture of titanium,
bioglass, and HA [135]. The bioglass added had higher bioactivity, yet the
biocompatibility of all three blends were moderate [135]. Titanium powder was
reinforced with Hydroxyapatite and bioglass separately (bioglass/titanium and
Hydroxyapatite/titanium composite) and was coated onto a titanium substrate by the
LENS (Laser Engineered Net Shaping) technique [136]. The morphological and
biological evaluation showed higher hardness of composite powder coating (720-750
HV) as compared to titanium (approximately 148 HV), with more cell proliferation in
composite coating than on the titanium surface [136]. A composite of HA, zirconia, and
bioglass was manufactured, which resulted in an increase in apatite formation due to

bioglass; and higher density and hardness due to HA and zirconia [137].

Bakar et al. [ 138] studied the biocomposite of HA and PEEK (polyetheretherketone). The

raw material, in this case, was flame spheroidised HA, and the biocomposite of
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HA/PEEK was formed using the injection moulding technique [138]. PEEK
demonstrated better mechanical properties with bio-inertness; therefore, the loading of
HA increased its bioactivity [138]. HA up to 40 wt.% was compatible with the PEEK
matrix, and 30 wt.% HA in combination with PEEK had a similar mechanical property
to cortical bone [138]. The biocomposite of HA with biopolymers such as PLGA,
PMMA, and PCL was studied for drug delivery applications [139]. HA in the
biocomposite improved the roughness and delivery efficiency by incorporating blood
cells into its porous structure [139]. The existence of polymer reduced its brittleness and
increased its strength with drug release properties depending on the HA/polymer ratio
[139]. The composite was prepared by blending chitosan, polycaprolactone (PCL) and
HA powders with the help of the hot pressing technique [140]. Due to the composite slow
biodegradability and processibility, the presence of PCL reduced the brittleness of HA;
moreover, the presence of chitosan improved PCL processability and degradability,
which ultimately enhanced the overall quality of biocomposite [140]. The presence of
HA improved the composite crystallinity, hydrophilicity and Young modulus [140].
Citric acid was added to the biocomposite of HA and chitosan; where 3 wt.% addition of

citric acid improved the composite mechanical strength [141].

HA has a similar structure to the inorganic part of the bone [142]. In contrast, glass-
ceramics have superior mechanical properties to HA [142]. Therefore, glass-ceramic was
used as a reinforcement material in the HA matrix. Caliskan [142] investigated the
addition of HA to a composite material consisting of A-W glass-ceramic particulate
material. The A-W glass-ceramic was added to the biocomposite with a range of 0-20
wt.% [142]. The addition of 15 wt.% A-W glass-ceramic particles to HA followed by
sintering at 1250 °C for 2 hr led to 36% more hardness than HA, suitable for dental
applications [142]. Sabree and Mahdi [143] studied the biocomposite by adding the
binary glass (70% SiO2, 30% CaO) in quantities ranging from 20% to 40 wt.% to HA.
The addition of binary glass increased the microhardness and compressive strength of the
composite [143]. The biocomposite of bioglass 45S5/HA had higher bioactivity than HA
due to the active surface of bioglass and its quicker dissolution [135]. However, adding
HA ranging from 0 to 20 wt.% led to enhanced density, compressive strength, Young’s,
shear and bulk modulus [137]. The biocomposite of gel-derived powder with HA was

prepared by manual mixing [ 144]. The designation of gel-derived powder was as follows:
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S2: 80 mol% Si0>—16 mol% CaO— 4 mol% P»0s; A2: 40 mol% Si0>—54 mol% CaO-6
mol% P>Os with the preparation of four samples mainly: 10 wt.% A2/HA, 10 wt.%
S2/HA, 50 wt.% A2/HA, and 50 wt.% S2/HA [144]. Out of the four different samples,
while 50 wt.% S2/HA and 10 wt.% A2/HA had better Young’s modulus close to that of
bone, while based on the bioactivity index, 10 wt.% A2/HA had a faster apatite layer
formation [144].

b) Bioglass biocomposite
Many researchers have demonstrated the biological capability of the commercial bioglass

in vitro and in vivo with suitable attachment with the bone tissue [145]. Himanshu et al.
[146] experimented with the effect of titania and zirconia mixture (TiO2:Zr0,=3:2) in
1,2,3,4 wt.% substitution of SiO; in bioglass using the melting method. The new
composite surface was bioactive with enhanced mechanical performance with the
addition of zirconia [146]. The mechanical properties of bioglass/stainless steel
composite can be varied, making it suitable for orthopaedic application [147]. Nano-
based bioglass had superior mechanical and biological properties compared to micro-

based bioglass [148].

Due to its superior bioactivity, bioglass was used with many biocompatible materials
[145]. However, its use is limited due to its poor mechanical properties [145]. Bellucci et
al. [149] studied bioglass coating (composition 4.6 mol% K>O, 45.6 mol% CaO, 2.6
mol% P>0s and 47.3 mol% SiO,) on the zirconia substrate. There was an enhancement
in sintering temperature, microhardness, and Young modulus due to the presence of
zirconia; with the addition of bioglass, the apatite layer was formed after immersion in
SBF after seven days [149]. Bioglass was coated on titanium substrate by anodic
technique in temperatures ranging from 200-500 °C by applying D.C. current [150]. The
composite surface was rough and provided an excellent bioactive response with
immersion in SBF fluid [150]. Bone growth was observed with the infiltration of
nanometre-sized bioglass in a porous titanium layer on a titanium-based substrate and
compared with the uncoated titanium implant [151]. Results showed 38% bone with

bioglass infiltrated titanium implant compared to 22% with titanium implant [151].

The addition of bioglass to HA delayed HA decomposition due to the lesser quantity of

B-TCP in HA/bioglass biocomposite [152]. Carvalho et al. [153] investigated the

biocomposite of HA/bioglass with a bioglass quantity of 50 wt.% and 10 wt.%. The
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deposition efficiency and bio-resorbability of bio-composite were improved due to the
addition of bioglass [153]. Ragel et al. [154] investigated Hydroxyapatite/ glass biphasic
material. The molar composition of biphasic glass in mol% was 26-CaO, SiO2-70, and
P>0s-4, respectively. The quantity of biphasic glass was 40 wt.% with 60 wt.% HA [154].
The composite immersed in SBF fluid showed higher bioactivity than HA and biphasic
glass [154]. HA has a higher thermal expansion coefficient (9.9 - 10.6*10°%/°C) than Ti-
6Al1-4V (8.7*10°%/°C) at room temperature, thus leading to stress generation [155, 156].
6P57 and 6P68 forms of bioglass (compositions in wt.% were 56.5 SiO», 11 NaO, 3.0
K>0, 15.0 Ca0, 8.5 MgO, 6 P,Os and 67.7 Si02, 8.3 Nax0, 2.2 K,0, 10.1 Ca0, 5.7 MgO,
6 P20s, respectively) used in the interface of HA/glass and glass/Ti-6Al1-4V led to the

reduction of residual stress [157].

¢) Wollastonite biocomposite
Wollastonite has higher degradability making it suitable for tissue regeneration [158].

Hydroxyapatite does not resorbs easily but is brittle [159]. Therefore, Wollastonite, with
better bioactivity, biodegradability and mechanical properties, was added to HA to form
biocomposite [159]. A sol-gel technique was used to manufacture the biocomposite of
Wollastonite and HA [159]. Wollastonite did not alter the structure and morphology of
HA even after heat treatment of 1000-1400 °C [159]. Wollastonite was added in quantities
of 20, 50 and 80 wt.% in the form of suspension to HA, followed by sintering [160]. The
mixture was porous with constant mechanical and superior biological properties, with no
decomposition observed until 1200 °C [160]. The HA/Wollastonite biocomposite powder
sintered was a cylindrical tablet and showed crystalline boundaries with micropores. The
Wollastonite fibres embedded well with the Hydroxyapatite agglomerate [160]. The
isostatic pressing technique was used to prepare a mixture of Wollastonite (10, 30, 50, 70
and 90 wt.%) and remaining quantities of HA in the form of biocomposite powder to
evaluate biological and mechanical properties [18]. Compressive strength was near the
cortical bone; bending strength increased from 98 to 221 MPa in the samples covered by
apatite in 30 wt.% Wollastonite biocomposite [18]. Morphological characterisation of
Wollastonite material with different proportions of HA showed that the irregular structure
of Wollastonite became more homogeneous and smooth when HA was added [161].
Padmanabhan et al. [162] studied the foam replica method to manufacture

Wollastonite/HA scaffolds with 500um porosity. Adding up to 50 wt.% Wollastonite to
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scaffolds increased bioactivity and compressive strength from 0.51 MPa to 1.02 MPa

[162].

Polymer bonding with the tissue is ineffective, whereas Wollastonite can be brittle [163].
Therefore, polymer/Wollastonite bioceramic can mitigate the drawbacks of both
Wollastonite and biopolymers [163]. Li et al. [164] investigated the co-precipitation
method to prepare PHBV and Wollastonite composite scaffolds with a 75-85% porosity.
The addition of Wollastonite improved the bioactivity and mechanical property with
controlled degradability [164]. Li and Chang [165] studied the manufacture of
collagen/Wollastonite scaffold by the freeze-drying method. The addition of Wollastonite
to collagen improved apatite formation and tensile strength from 29 to 71 KPa [165]. The
melt blending technique with a twin-screw extruder was employed to synthesise the
biocomposite of Wollastonite/PCL/PLA [166]. According to the MTT assay and bending
test, the cell metabolic activity and bending strength increased due to the addition of
Wollastonite [166]. Wei et al. [163] studied the solvent casting particulate leaching
methods to manufacture the scaffolds of Wollastonite and polycaprolactone. The
biocomposite improved the properties of both Wollastonite and polycaprolactone by

reducing the brittleness of Wollastonite due to the addition of polycaprolactone [163].

In calcium silicate cement, Wollastonite mixed with the water leads to the formation of
calcium silicate hydrate [167]. The calcium silicate hydrate formed solidifies into a hard
substance [167]. The addition of B-Wollastonite (quantity ranging from 25-50%wt) to
newberyite [Mg3(PO4)2.8H>0] led to an increase in cement compressive strength. 50%
wt B-Wollastonite may be suitable for orthopaedic application [167]. Adding 5% wt
Wollastonite fibres to calcium phosphate cement led to an increment in compressive
strength of calcium phosphate cement by 250%, with an improvement in cell viability
and ALP activity [168]. Domingues et al. [101] added Wollastonite fibres (0, 5%, 10%,
15% and 20% wt) to the calcium phosphate cement mixture consisting of tetra-calcium
phosphate and dicalcium phosphate anhydrous, followed by mixing for 1 minute. No
adverse reaction was observed with the Wollastonite addition, and the amount of new

bone formation was 65% compared to 16% when not added [101].
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2.3 Application of Biomaterials

A biomaterial is any substance that repairs and replaces the defective organ of the body
[169]. Biomaterials include ceramics, polymers and metals. The advantages of
biomaterials are easy handling, great availability of shapes and sizes and ample resources
for their production [170]. Biomaterials with specific characteristics enhance the recovery
process without causing any allergic or inflammatory response [171]. The properties of
the biomaterials include bioinertness, bioactivity, chemical and mechanical stability,

biodegradability, biofunctionality, biostability and biotolerance [171].

In orthopaedics, biometals are mostly used as support in the form of plates, screws and
implants for the replacement of missing joints or bone [170]. In dental applications,
biometals can be used to manufacture dental implants and metallic meshes to stabilise

bone grafts in guided bone regeneration [170].

Some biomaterials, such as polymers, have the potential for tolerance of cyclic load
without cracking [171]. Therefore, they can be used in orthopaedic and dental
applications. This application includes alveolar ridge augmentations and artificial

ligaments and tendons, as described in Table 6.

The biomaterial must possess a good amount of compression strength for vertebrae issues
due to compression caused by the body weight or surrounding muscles [171]. For this
reason, alumina (compressive strength of 3.5 GPa) can have applications in vertebrae

spacers and extensors [172], as described in Table 6.

Calcium phosphate bioceramics have wide applications in the field of bone regeneration.
This calcium phosphate chemical composition resembles bone tissue minerals [173]. The
main characteristics of calcium phosphate are good cell attachment and easy and cost-
effective production [173]. Calcium phosphate (HA) as a bone substitute is mainly used
as a coating for orthopaedic, dental, or drug delivery applications [174]. However, due to
its resorbability, calcium phosphate cement is used as a bone filler. It is replaced by a
new bone as soon as it heals, such as chemical bonding coatings [174]. The primary
objective of this study was to coat Hydroxyapatite onto a titanium implant for orthopaedic
application. Biometals have good mechanical strength but lack biocompatibility and

osseointegration; therefore, HA was used in the current study due to its bioconductive
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properties, resulting in direct, intimate bone-implant bioactive bonding without any

adverse effects [174, 175].

Bioglass can be used in a solid or porous form (in the form of scaffolds) or powder form
to coat the biomedical implant or a filler in a composite [176]. Bioglass can bond with
the mineralised bone tissue in the physiological body environment [176]. Therefore,
bioglass can have a wide range of applications, including spinal fusion, dental, which

includes the replacement of damaged or diseased teeth and orthopaedics, which includes

bioglass coated on the metal implant for a hip replacement, as described in Table 6.

Table 6, Applications of biomaterials [51, 52]

Application
Orthopaedic

Chemical bonding coating

Dental

Alveolar ridge
augmentations

Otolaryngologic
applications

Artificial ligaments and
tendons

Coatings for tissue
ingrowth

Temporary bone space
fillers

Function
Load bearing application

Coatings include bioactive
material, which provides for
maxillofacial, dental and
orthopaedic

Implants which mainly
substitute teeth

Alveolar ridge augmentation
improves shape and size to
retain and receive a dental
prosthesis

This application includes the
ear, nose, and throat and
helps to retain the structure
of the head and neck

To keep the structure of
bone, especially in the knee
stable

A coating that favours bone
growth, especially on
cardiovascular, orthopaedic,
dental and maxillofacial
prosthetics

Fillers generally include
resorbable materials, which
are substituted by new bone
as soon as it heals
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Material
Al,O;

HA, surface-active glass and
glass ceramics

Al O3, HA, surface-active
glass

AL Os, HA, HA-autogenous
bone, HA-PLA composite,
surface-active glasses

Al O3, HA, surface-active

glasses and glass ceramics

PLA carbon fibre composite

AlLO3

Trisodium phosphate,
calcium and phosphate salts.



Periodontal pocket
obliteration

Macxillofacial
reconstruction

Percutaneous access device

Orthopaedic fixation device

Artificial knee, hip,
shoulder, wrist, elbow

Bone plates, screws, and

wire

Intramedullary nails

Harrington rods

Permanently implanted
artificial limbs

Vertebrae spacers and
extensors

Spinal fusion

Endosseous teeth
replacement implants

Orthodontic anchors

Periodontal pocket
obliteration generally relates
to the teeth where there is
pulp tissue which is related
to supporting, preventing and
repairing teeth

To properly function jaws
and face

This form of material
accesses the coronary artery
of the heart

This device relates to
fractures, knee, joints, limbs

Repair fracture joints and
reconstruct fracture

Reconstruct fracture

Co-ordinate fracture to
improve posture

Improve the dimension of
spinal curvature

Substitute extremities that
disappear due to an accident

Replace the bone which is
affected by congenital
deformities

Stabilise vertebrae to keep
spinal cord protected

Replace damaged, diseased
or lost teeth

Assist in stress application to
change deformities,
especially in load-bearing
application
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HA, HA-PLA composite,
surface-active glasses,
trisodium phosphate, calcium
and phosphate salts.

AlLOs;, HA, HA-PLA
composite, surface-active
glasses

Bioactive glass-ceramics.

PLA-carbon fibres, PLA-
calcium/ phosphorous glass
fibres

High density, alumina, metal
bioglass coating

Bioglass-metal fibre
composite, polysulphone-
carbon fibre composite

Bioglass-metal fibre
composite, polysulphone-
carbon fibre composite

Bioglass-metal fibre
composite, polysulphone-
carbon fibre composite

Bioglass-metal fibre
composite, polysulphone-
carbon fibre composite

ALOs

Bioglass

AL O3, bioglass, dense
Hydroxyapatite, vitreous
carbon

Bioglass-coated Al,O3 and
bioglass-coated valium



The primary objective of this study was to coat Hydroxyapatite and Wollastonite onto a
titanium implant for orthopaedic application. Metals have good mechanical strength but
lack biocompatibility and osseointegration; therefore, HA was used in the current study
due to its bioconductive properties, resulting in direct, intimate bone-implant bioactive

bonding without any adverse effects [174, 175].

2.4 Biocoatings

Biocoatings are biocatalyst coating on the surface of the substrate [177]. Biocoatings are
evaluated based on bio-functionality and biocompatibility [52]. Biofunctionality
(bioactive material) is the ability to mimic the function of the body part. Biocompatibility
can occur only through ions in the physiological environment (like calcium, magnesium,
potassium or sodium) [52]. Bioinert substrate (mostly metals) with biocompatibility
properties may not be bioactive but do not lead to any adverse release of ions in the body
[36]. Mostly alumina and yttria-stabilised zirconia are used as bioinert substrate [48].
These materials are used due to their superior mechanical and tribological properties,
such as fracture toughness and reliability, leading to mechanical bond formation [36].
The bioactive material (mostly ceramics) leads to biological bonding to the bone [48].
Bioactive materials stimulate bone growth by mimicking biological function, which leads
to a strong biological bond on the interface of bone and material [48]. Bioactive materials
mostly consist of bioglass, A-W ceramic and Hydroxyapatite [48]. Bio coating mostly

elicits four kinds of response; toxic, bioinert, bioactive and resorbable responses [38, 52].

2.4.1 Toxic Response
This type of tissue response (toxic) leads to tissue death. For example, PMMA

(polymethylmethacrylate) cement used to connect a femur with a hip leads to cell necrosis

due to the exothermic reaction occurring due to polymerisation [47].

2.4.2 Bioinert Response
In a bioinert response, the fibrous layer is formed without any biological activity [48].

Reaction kinetics is extremely slow and may lead to corrosion or release of ions in the
body [39]. Examples of bioinert response included, alumina, zirconia, titanium, stainless
steel, and Co-Cr-Mo alloy [39]. The fibrous layer thickness depends on the implant

materials chemical stability [39]. Due to the chemical stability of alumina, it has a thin
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fibrous layer, whereas other materials have a thick fibrous layer [39]. Micromotion can

occur when the interface is not chemically or biologically bonded [39, 52].

2.4.3 Bioactive Response
This bioactive response is based on biological acceptance due to interfacial bond

formation between bone and implant material [49]. Examples of bioactive response
materials included, Hydroxyapatite, A-W glass-ceramic, bioglass and Wollastonite [52].
Wollastonite degradation rate is slow as compared to a-TCP and B-TCP; therefore, it can
be classified as bioactive. Such bioactive ceramics reacts with the physiological fluids
leading to a reaction followed by new bone formation [39]. This material can perform a
distinct function, such as replacing and mimicking the replaced bone part [39]. Porous
bioceramics promote the formation of bone [39]. The pore size in the 100um-150um

provides a good platform for blood flow for the host tissue and interfacial fixation [39].

2.4.4 Resorbable Response
In resorbabale response, the material degrades followed by replacement of new bone

[52]. Resorbable materials included; Ca-P cement, a-Tricalcium phosphate, B-Tricalcium
phosphate, and polylactic acid [39]. Material replacement by bone occurs due to the
exchange of ions, bone growth stimulation and new bone formation [39]. The only two
conditions required, are that the constituents should be metabolically acceptable, and the
rate of resorption of this material should ideally be equal to the rate of bone formation
[39]. Figure 5 shows the inert and bioactive response when a biomaterial is implanted in

the rabbit femur.
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Bioactive

Non adherent Intimate opposition Biomaterial- bone
fibrous capsule tissue

Figure 5, Two behaviours of a biomaterial (BM) after four weeks of implantation in a rabbit
femur [178]

2.5 Protective Overlays and Coatings

Stress shielding and thermal stress can cause delamination [179]. Delamination may
occur due to an abrupt change in the microstructure of ceramics and metals [180]. This
phenomenon can cause a reduction in durability and increase surgery costs [179].
Therefore, protective overlays are used over the substrate to improve the biocoating
properties [179]. For example, functionally graded coating have been developed to
overcome delamination [179]. Different materials with different properties and volume
ratios are mixed layer by layer in functionally graded coating [181]. The mixture formed

is coated onto the substrate [181]. Figure 6 shows different types of coatings on substrate.

Substrate Substrate Substrate Substrate
Mono Duplex Multi-layer Functionally
coating coating coating graded coating
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Figure 6, Schematic of different types of coatings on the substrate [181]

2.5.1 Functionally Graded Coatings for Hydroxyapatite (HA)
Hydroxyapatite (HA) is biocompatible with good bonding, whereas the reported metal

toxicity has been mentioned previously [182]. Therefore, HA is generally coated onto a
metal substrate [183]. This HA coating acts as a biological barrier between the body tissue
and metal [183]. HA was coated onto aluminium substrates using a porcelain bond coat
layer in one study [184]. This study used three powders; 100% HA, 50% HA and 50%
porcelain and 100% porcelain [184]. The study showed that 50% HA and 50% porcelain
structure was uniform with higher bond strength [184]. Chen et al. [185] experimented
with a mixture of HA and titanium plasma sprayed onto a Ti-6Al-4V substrate. The bond
coat layer consists of titanium with 30 pm thickness, an intermediate layer of alternative
titanium and HA with 40 um thickness, and the top HA layer with 30 um thickness [185].
The bond strength of the functionally graded coating was higher (23.2 MPa) than
monolithic HA coatings (14.2 MPa). The graded layer reduced the external stress caused
due to a difference in the coefficient of thermal expansion [185]. Figure 7 illustrates the

functionally graded coating of titanium and HA on titanium substrate.

S 1.+ 4—— HA topcoat (30 um)

Ti/HA alternative layer
<+—— with decreasing Ti

Figure 7, Schematic illustration of the fabrication of the functionally graded HA/Ti
composite coatings [185]

2.5.2 Functionally Graded Coatings for Bioglass
Bioglass has inferior mechanical properties and better osseointegration than most

biomaterials [186]. The functionally graded coating enhances the performance of the

materials by gradual variation in the microstructure in terms of mechanical and biological
41
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properties [187]. Goller [188] experimented with plasma spraying of bioglass on the
titanium substrate. The coating was characterised with and without the Amdry 6250 (60%
AlO3 and 40% TiO») as a bond coating layer of 20 um thickness [ 188]. The bond strength
increased three-fold with the bond coat with a homogeneous layer formation [188].
Cattini et al. [189] experimented with functionally graded coatings of the mixture of
BG Ca wt.% (4.7% Na;0O, 42.3 CaO, 6 P»0Os, 47 SiO2) and HA by suspension plasma
spraying. There were three types of coatings; composite, where bioglass and HA were
pre-mixed in the same quantity, and the second type was a duplex with the third type a
functionally graded coating [189]. The comparison showed that functionally graded
coating yielded the best results in terms of biological (apatite formation) and mechanical

aspects (scratch test) [189].

2.5.3 Functionally Graded Coatings for Wollastonite
Some studies were conducted about the functionally graded coating of Wollastonite.

Noor et al. [190] added Wollastonite particles to epoxy at quantities 0, 2, 4, 6, and 8 wt.%,
respectively, separately and together as a graded material. The addition of Wollastonite
in graded composition increased the fracture toughness and hardness [190].
Hydroxyapatite-based Hydroxyapatite, boron nitride and Wollastonite film were coated
onto a titanium alloy by plasma laser deposition [191]. The addition of boron nitride and
Wollastonite doped with Hydroxyapatite increased the wear resistance, whereas titanium
substrate consisting only of Hydroxyapatite improved the corrosion resistance [191].
Singh et al. [192] conducted studies on bi-layer coating of Wollastonite and
Hydroxyapatite on titanium alloy substrate obtained by plasma spray technology, with
top layer of Wollastonite and bottom layer of Hydroxyapatite. The Wollastonite was
smaller in size (less than 0.5 um). Therefore, Wollastonite was mixed with polyvinyl
alcohol and water-based solution in the form of paste, dried and pulverised to make it
easily flowable [192]. The addition of Wollastonite (in monolithic HA coating or
composite coating) increased the hardness and bioactivity of the coating, whereas

corrosion resistance was higher in monolithic HA coating [192].

2.6 Surface Engineering

Most interaction occurs at the interface when artificial biomaterial is implanted in the
body via surgery [193]. A bioinert implant often reacts with the cells and tissue because
a bioactive material is coated on its surface [193]. This phenomenon is known as surface
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engineering. In surface engineering, a material with superior properties coats a substrate
material [193]. The material surface assists in the understanding of the bone and cartilage
response [194]. Osteogenesis (bone formation process) favours high oxygen tension
areas, whereas chondrogenesis (cartilage formation procedure) favours low oxygen
tension areas [194]. The increased surface roughness leads to more osteogenesis [194].
The surface reactivity of the bio-active ceramic includes simple steps such as; dissolution,
precipitation of ions, ion exchange between tissue and ceramic, interdiffusion from the
tissue surface to ceramic, cellular activity, deposition of mineral, integration with the
ceramic, dissolution of bioceramic, cell attachment, proliferation, and cell differentiation
[195]. Figure 8 demonstrates a step-by-step procedure for apatite layer formation on

ceramic by surface engineering.

Fluid

Figure 8, Events which take place between bioactive ceramics and the surrounding
environment resulting in apatite layer formation [195]

2.6.1 Surface Engineering of Biomaterials

a) Surface engineering of the Hydroxyapatite (HA)
When an HA-coated titanium implant is placed inside the body, several biological and

physiological reactions occur, as detailed in Section 2.1.4 (a). Hydroxyapatite (HA) does
not have high reactivity, which may lead to slow bone formation [195]. HA use with a

superior bioactive materials leads to an increment in its bioactivity [195]. HA reinforced

43



Ti and bioglass reinforced Ti were laser processed on titanium implant and amongst all
of the coatings verified by MTT assays, the cell proliferation was higher for bioglass at
200 W, with all surfaces allowing cells to grow and spread [136]. ALP enzymes can
enhanced HA precipitation kinetics [196]. Cattini et al. [197] investigated the deposition
of functional bioglass topcoats on plasma-sprayed HA coating on the stainless-steel
substrate. The deposition of HA was performed by plasma spraying, whereas suspension
plasma spray deposited bioglass, both techniques were compared [197]. The comparison
concluded that a lower thickness, fine and porous structure, with superior bioactivity of
bioglass was found compared to plasma-sprayed HA coating [197]. Separately
immobilisation of RGD peptide on the surface of porous A-W ceramic showed a good
covalent bond, where the cell adherence to the RGD modified surface was dramatically
higher, with no fibrous encapsulation in the RGD modified surface and A-W ceramic

surface [111].

b) Surface engineering of the bioglass
In the case of bioglass 4555, ion exchange, dissolution, and precipitation are the three

mechanisms in SBF fluid that lead to active CaP on the surface. Na* and Ca?" ions release
into SBF in the ion-exchange process, which leads to a broken Si-O-Si bond layer due to
dissolution, form a silica-rich layer [92]. HCA (hydroxycarbonate apatite layer) rich in
calcium and phosphates is formed due to hydration and precipitation on the silica-rich
layer in the precipitation process [92]. The quicker and higher the HCA, the higher the

bone formation. [92]

C) Surface engineering of the treated titanium
When a titanium surface is treated with sodium hydroxide it increases its bioactivity. The

surface sample is heat-treated at various temperatures, followed by the analysis of apatite
formation [198]. Increasing sodium ions leads to the formation of sodium titanate gel
formation. Further NaOH treatment converts the sodium titanate into anatase, which

induces apatite formation on the surface [198].

To explain apatite formation, firstly, amorphous sodium titanate is formed by titanium
immersion in a sodium hydroxide solution [198]. Secondly, the ions attack the SBF fluid,
afterwards, there is the formation of amorphous calcium titanate leading to the release of

sodium ions [198]. The next step is the formation of amorphous calcium phosphate due
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to the phosphate ion exchange with the SBF fluid [198]. In the last step, a thicker apatite

layer forms [198].

d) Surface engineering of Wollastonite
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Figure 9, Apatite formation mechanism in Wollastonite when immersed in SBF fluid [199]

Figure 9 shows the apatite formation on the surface of the Wollastonite. It is the step-by-

step process: 1) At first, there is ion exchange between the calcium of Wollastonite with

hydrogen ions present in SBF fluid; 2) There is an increased supersaturation due to this

process; 3) The Wollastonite layer surface is negatively charged due to the exchange of

calcium ions; 4) The phosphate ions present in SBF fluid combine with calcium ions near

the Wollastonite surface layer; 5) Finally, there is an apatite layer formation on the

surface of Wollastonite. [199]

Similar to the HA implant inside the body, the Wollastonite-coated implant immediately

interacts with the body, resulting in physiological and biological process. The process

overview is as follows that described in Section 2.1.4 (b).
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e) 1SO standard for using HA and Wollastonite in medical implants

1. ISO standard for the use of HA in medical implants

ISO 13779 series specifies the requirements for HA in surgical implant. ISO 13779-
1:2018 deals with the chemical composition, physical properties and mechanical
properties of HA intended for use as surgical implant material. ISO 13779-2:2018 deals
with coating thickness, crystallinity, phase purity and adhesion strength of HA coatings
applied to metallic implants. ISO 13779-3:2018 provide guidelines on using techniques
such as XRD and infrared spectroscopy. ISO 13779-4:2018 specifies the method for
determining the adhesion strength of Hydroxyapatite coatings on metallic substrates. ISO
13779-5:2018 focuses on chemical composition, particle size distribution and other

relevant properties.
il. ISO standard for the use of Wollastonite in medical implants

For Wollastonite coatings on hip implants, there is no specific ISO standard dedicated
exclusively to Wollastonite. However, the ISO standard for material characterisation,

biocompatibility, and surface coatings can be applied to Wollastonite.

ISO 13779 series, which mainly relates to Hydroxyapatite, can be applied to
Wollastonite. ISO 13175 series covers the standard synthetic bone graft substitutes can
be applied to Wollastonite. ISO 10993 series outlines the principles for evaluating the
biocompatibility of medical devices, including coating, to ensure that the material is safe
for use in the body. ISO 5832 series mentions the standard for the metallic material used
in surgical implants. It is necessary to understand this standard as Wollastonite coating is
applied to the metallic implants. ISO 22442 series applies standards for the coating
obtained from natural sources, which can be applied to Wollastonite manufactured from

rice husk and eggshells. This standard also addresses biocompatibility and safety.

2.7 Spray-Drying Technology

Spray drying has been used for a long time, since the 19" Century [200]. Spray drying
technology was used during World War II to reduce the food volume and weight making
it easier to transport [200]. Spray drying removes moisture from the powder, improving
its durability and stability by enhancing its properties [201]. Since the 1920s, spray drying

technology had used in the; dairy industry, detergent, polymers, ceramics, metal powders,
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food industry, flavours, electronics, enzymes, and the pharmaceutical industries [202]. In
recent times, spray dryers have been used in pharmaceutical formulation and drug

delivery dosage applications [202].

In the spray drying technique, the liquid from the suspension is fed to a nozzle via a
peristaltic pump, where the nozzle performs the liquid atomisation [203, 204]. The
compressed air atomises the fluid stream into tiny droplets by force [204]. This droplet
enters a higher temperature zone in which the hot air is blown [203, 204]. The liquid
droplets are then dried and vaporised by evaporation of the solvent in the liquid, followed
by a discharge through an exhaust tube which leads to the formation of dried powder
[203, 204]. The cyclone separates the powder with the collection of micro-sized powders
in the collection tube [203, 204]. The inlet drying air temperature, airflow rate, feed flow
rate, and pressure determine directly affect the powder content, moisture content, particle
size distribution and powder yield of the final powder [205, 206]. Figure 10 describes
the schematic diagram of spray drying technology.

Compressed air + Liquid
particle suspension

A
- Hot air
1 Vacuum
c -]
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Figure 10, Schematic diagram of the spray drying process [204]

The spray drying technology has certain advantages. Spray drying technology is
constantly evolving and developing, as it is rapid, constant, quick, scalable, and single-
step with less need for modification, making it suitable for industrial and laboratory
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applications [207]. Spray drying technology is energy efficient, and the powder produced
generally does not require further modification, unlike freeze-drying techniques [207].
Quick evaporation of the slurry to dried powder does not alter the properties of the raw
material, thus it is possible to spray dry heat-sensitive powder [207]. However, there are
issues associated with the use of spray drying equipment [207]. Spray drying technology
is suitable for industrial applications where a higher quantity of raw material is used, and
much of the powder is spray-dried [207]. However, it is not appropriate for use in
laboratory settings because spray-dried powder efficiency is only 20-70% [207]. Much
of the powder gets adhered to the main chamber, which reduces the yield of the spray
drying equipment [207]. Moreover, finer particles of less than 2 pm cannot be spray dried
because cyclones cannot separate the fine particles, therefore most finer particles pass
through the exhaust tube [207]. Submicronic particles cannot be efficiently compressed

to obtain atomised droplets [207].

In the case of plasma spraying discussed later, if the spray-dried powder is spherical, free-
flowing, then it easily feeds through the plasma gun. Its high flowability helps achieve
better green density and precise dimension when sintered for plasma spraying [208].
Spray-dried microstructure and nanostructure Hydroxyapatite has been plasma sprayed
[76]. Nano-sized Hydroxyapatite synthesised with carbonic acid, and acetic acid
contained different properties than micro-sized Hydroxyapatite [76]. Bastan et al. [209]
synthesised spray-dried Hydroxyapatite, where its atomisation pressure and slurry
influenced the production of spray-dried Hydroxyapatite powders. Up to 1250 °C, the
spray-dried powder was stable; after 1450 °C, it decomposed [209]. Murtaza [210] spray-
dried Hydroxyapatite powder for thermal spray application. Hydroxyapatite particles
were spray-dried at 398K, 421K, and 461K, with a viscosity of 25, 50, and 75 mPa.s,
respectively [210]. Hydroxyapatite powder showed a narrow particle size distribution at

25-50 mPa.s viscosity range with high porosity and spherical shape [210].

20 wt.% Wollastonite was added to the Hydroxyapatite slurry, and the mixture was
spray-dried by Bastan et al. [211], spray-dried Hydroxyapatite/ Wollastonite mixture was
compared with the spray-dried Hydroxyapatite. Both the samples were the plasma
sprayed; the results concluded higher porosity, a higher decomposition rate and higher
adhesive strength for spray-dried Hydroxyapatite/Wollastonite compared to spray-dried
Hydroxyapatite [211]. Before plasma spraying, the spray dried HA/Wollastonite powder
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was heat treated at 1000 °C to improve the crystallinity [211]. The process parameters
for plasma spraying used were current of 50 amperes; argon supply of 50 NLPM;
hydrogen supply of 3 NLPM; powder feed rate of 10 g/min, and spraying distance of 120
mm [211]. The HA/Wollastonite powder obtained by the study was spherical. The
research similar to Bastan et al. [211] was conducted but the powder did not flow.
Therefore, the other alternative method was used for coating of Hydroxyapatite and

Wollastonite onto a titanium substrate.

2.8 Thermal Spray Technique
Though still prevalent, the thermal spraying technique dates back 100 years ago [212].

The thermal spraying technique has several applications, including coating, resurfacing,
repair, and forming [212]. The coating material is semi-solid or liquid in the thermal spray
process and is deposited onto a substrate [213]. They are droplets until they touch the
substrate, but they become splats called lamellae upon interaction with the substrate
[213]. Rapid solidification leads to particle homogeneity [213]. Figure 11 describes the

various thermal spray processes [214].
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Figure 11, Classification of the thermal spray process [214]

Thermal spray coatings can be generated by two means: electric and combustion-based
energy systems [215]. In combustion-based energy systems, there are three thermal spray
techniques: flame spray, detonation gun and high-velocity flame spraying (HVOF) [215].
In electric-based energy systems, two processes are involved: plasma spray and electric

arc spray [215].

The cold spray process is a solid-state coating technique [215]. The coating material
velocity and kinetic energy are higher than the thermal processes [215]. Table 7 describes

the characteristics of various thermal spray techniques

Table 7, Characteristics of various thermal spray techniques [216]

Spray type Feed type Flame Particle | Materials | Microstructure | Applications
temperature | velocity characteristics
(m/s)

Combustion | Wire/powder | ~3000°C 40-100 | Metals, High porosity Corrosion
polymer and oxidation protection
and
ceramics
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HVOF Powder ~3000 °C 400 - Metals, High density Wear
800 cermets and good protection
and low- adhesion
melt
ceramics
Two-wire arc | Wire 3000-6000°C | 50-150 | Metals, Thick, dense Wear coatings
cermets
Plasma Powder or 5000 - 25000 | 80-300 | Ceramics, | SEM in Insulators,
wire °oC metals ceramic thermal
coatings barrier
coatings
Cold spray Powder Room 400 - Metals Dense Conductors,
temperature 800 cladding

2.8.1 Plasma Spray Technology
Plasma thermal spray works because when an electron recombines into the nucleus,

kinetic energy transfers to heat the particle, resulting in a plasma [217]. Figure 12

describes a schematic diagram of the plasma spray technique.

DC
Power

Figure 12, Schematic diagram of the plasma spraying technique [218]
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Atmospheric plasma spray can coat high melting temperature material such as refractory

metals and ceramics [219]. Al03-13% TiO2 was deposited using atmospheric plasma

spray using submicron alumina with nanometric titania, where the alumina particle size

was 0.35 um, whereas the titania size was 40 nm with a weight ratio of 87:13 [10]. The

coatings adhered well to the substrate with the determination of microhardness,

toughness, adhesion and tribological behaviour [10].
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b) Plasma Spraying of Hydroxyapatite (HA)

HA plasma-sprayed has a different structure than monoliths HA [220]. Plasma-sprayed
HA have more dissolution than feedstock HA [220]. Kweh et al. [221] analysed the
plasma spraying of the flame spheroidised HA particles. The samples with heat-treatment
at 800 °C with particle sizes ranging from 20-45 pm and a spraying distance of 10 cm
had better fracture toughness and mechanical resilience [221]. Plasma spraying of HA
resulted in calcium phosphate formation [220]. Khor et al. [222] investigated the different
particle sizes of HA-coated by the plasma spraying technique. Particles less than 10 pm
contained more CaO [222]. Particle size less than 30 um had a more amorphous structure
[222]. Particle size ranging from 30-55 pum had a mixture of the amorphous and
crystalline phases [222]. Particles above 75 um were crystalline and tended to form
porous microstructure [222]. Chang et al. [223] studied the crystallisation kinetics of
plasma-sprayed HA coatings. The as-sprayed coating was 7.8% crystalline, and post-heat
treatment increased crystallinity from 34% at 600 °C to 90% at 800 °C [223]. Kweh
investigated [224] heat-treated HA samples and as-sprayed immersed in SBF fluid. The
result showed similar bioactivity with enhanced mechanical strength in the heat-treated
plasma-sprayed HA sample [224]. Yang and Chang [225] analysed the mechanical
properties of plasma-sprayed HA on the different substrate positions. The substrate was
stationary in plasma spraying of HA on a titanium substrate (represented by A-HACs)
[225]. In another case, the substrate was rotating (represented by B-HACs) [225]. The
value of Youngs modulus was 16.2 MPa for A-HACs and 24.1 MPa for B-HACs [225].
Increased power decreased the crystallinity and the size distribution shifted towards

smaller size, as shown by the analysis of plasma spraying of HA [226].

Levingstone [4] optimised the effect of process parameters on HA coating on the titanium
alloy (Ti-6Al-4V) substrate. The process parameters considered were current, gas flow
rate, powder feed rate, spray distance and carrier gas flow rate [4]. Out of all the process
parameters mentioned, current, gas flow rate and spraying distance had the most
prominent effect on the coating properties [4]. The crystallinity of the coating increased
due to increased coating thickness; purity was higher at a lower carrier gas rate, and
coating porosity was higher at a lower powder feed rate and higher spraying distance [4].
Moreover, the Hydroxyapatite bi-layer coating was produced with a stable, crystalline

base layer and an active, porous top layer [4].
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Osseointegration directly connects the bone tissue and implant surface [227]. Therefore,
ceramic is coated on the biomaterial to improve osseointegration [227]. HA was plasma
sprayed on various substrates such as titanium oxide, yttria-stabilised zirconia (YSZ),
titanium, and alumina [227]. Heat treatment of coating at 600 °C converted the
amorphous HA to a crystalline structure with improved mechanical properties [227].
Adding 10 wt.% zirconia to HA improved the composite strength and fracture toughness

in plasma-sprayed HA coatings [228].

Polylactic acid is a biodegradable polymer, whereas plasma-sprayed HA induced bone
formation [220]. The plasma-sprayed calcium phosphate was blended with polylactic
acid polymer (PLLA) in the form of a scaffold, where, after seven immersion days, the

obtained material was bioactive with apatite formation on its surface [220].

HA and 45S5 bioglass in mixture form were evaluated based on morphology and
immersion behaviour, and the mixture was plasma sprayed, followed by the analysis of
the formed coating [229]. The addition of bioglass increased the porosity and roughness

and monolithic HA coating had highest bond strength [229].

c) Plasma Spraying of Bioglass

Bioglass is often coated on the top of the metal substrate to improve the osseointegration
of the implant and protect the body tissue from harmful metal ions [230]. Monsalve et al.
[231] studied plasma-sprayed bioglass (composition: 31SiO2-11P>05-(58-x) CaO- x
MgO, where x was 0 and 2, representing two different powders designated as P1 and P2)
on titanium and steel substrate. The samples were bioactive with the formation of an
apatite layer [231]. The atmospheric plasma spraying of bioglass contained no coating
for particle sizes larger than 200 um [232]. Low melting was observed for the particle
size 63-200 pm coating, and the finer particle needed a fluidiser [232]. Glass ceramic of
composition 35% Si0,, 42% CaCOs3, 2.0% MgO, 7.0% Na,COs3, 1.0 K2COs3, 13.0 P20s
was mixed with pre-treated protein-free bovine bone [233]. Particle size less than 63 um
was plasma-sprayed on titanium, aluminium, and stainless steel substrates [233]. The
coatings obtained had high hardness, lower porosity, and higher compressive strength;

dissolution was higher in titanium implants, with good bioactivity observed in all [233].
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d) Plasma spraying of Wollastonite

As Wollastonite is a bioactive ceramic, apatite layer formation on the Wollastonite
surface is quicker than most biomaterials [17]. Plasma-sprayed Wollastonite displayed
superior mechanical and biological properties, therefore bioactivity but having poor bond
strength [234]. Wollastonite is bioactive and has a thermal expansion coefficient near the
titanium (the coefficient of thermal expansion of titanium is 8.8 * 10/ © C, whereas the
coefficient of thermal expansion of Wollastonite is 8.1 - 9.2 * 10 °C from room
temperature up to 600 °C) [234]. Therefore, Wollastonite coating on titanium may be
suitable for hard tissue replacement [234]. The Wollastonite powder obtained from
natural sources was plasma sprayed into water to convert the irregular shape of
Wollastonite to near-spherical [235]. The process parameters used for spheroidisation
were: plasma gas argon (Ar) supply of 40 slpm; plasma gas hydrogen (Hz2) supply of 6
slpm; spray distance of 430 mm, powder carrier gas argon supply of 3.5 slpm; current of
400 A (amperes) and voltage of 63 V (volts) [235]. The atmospheric plasma spraying of
spheroidised Wollastonite on Ti-6Al-4V substrate showed higher bond strength (42.8
MPa) compared to plasma-sprayed Hydroxyapatite (20 MPa) [234]. Immersion of
Wollastonite sprayed titanium samples with porosity in SBF fluid showed no
delamination, provided the nucleation site for the growth of cells and tissues [234]. Xue
et al. [236] studied the dissolution and mineralisation of atmospheric plasma-sprayed
Wollastonite on a Ti-6Al-4V substrate. This study showed heat treatment increased the
crystallinity of as-sprayed Wollastonite samples from 45% to 92%, with increase in
roughness after Wollastonite immersion in SBF fluid [236]. The mixture of Wollastonite
and titanium oxide was atmospherically plasma sprayed on the titanium substrate at two
ratios of W7T3 and W3T7 (W7T3- Wollastonite 70%, titania 30%; W3T7- Wollastonite
30%, titania 70%) [237]. The bonding strength of the composite was lower than
Wollastonite due to poor wetting between Wollastonite and titania [237]. The addition of
titania coatings enhanced the fracture toughness, while Wollastonite enhanced
microhardness and bioactivity [237]. Li et al. [238] investigated atmospheric plasma
spraying of the mixture of silver powder (size 20-100 um) and Wollastonite powder. At
Ca/P ratio of 1.65, a potent antibacterial activity in silver/Wollastonite was observed and
no surface morphology difference between silver-loaded and as-sprayed coating was

found [238].
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2.8.2 Flame Spray Technique
The development of the flame spray technique dates to 1909 by Schoop [239]. However,

the basic principle is still applicable to modern techniques [239]. In the flame spray
technique, the combustion of fuel gases provides heat to the feedstock material (mostly
wire or powder). Simultaneously, the expanding gas, in combination with feedstock
material, results in the formation of the jet, which accelerates the coating material towards
the substrate [239]. The flame temperature and enthalpy are dependent on the
hydrocarbon (CHy) (fuel gas) composition, fuel gas flow rate and oxidiser (either air or
oxygen) flow rate [240]. The flame spraying rate ranges from 0.5 to 9 kg/h [217].
However, higher spraying rates are possible for low melting point materials [217]. The
temperature and velocity ranges in the flame spray technique are 3000 K and 100 m/s,
respectively [239].

The significant advantage of the flame spray technique (Figure 13) includes low
operation and maintenance cost, user-friendly operation, flexible selection of gas-oxygen
combination based on different temperature profiles, more adaptability to a method with
small series and high deposition rate with good efficiency [24, 241, 242]. There are many
disadvantages, which include: the least adhesive strength of the coating among all the
thermal spray techniques, bigger grain size microstructure, lower bond strength, narrower
working temperature range, highly porous coating and high heat transmission to the
substrate than other thermal spray techniques [241-243]. Figure 13 illustrates the

schematic diagram of the powder flame spray technique.
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Figure 13, Flame spray deposition technique for powder [241]

Flame spray technology mostly has applications in remanufacturing worn-out parts or

parts with incorrect dimensions [241]. Compared to plasma spray and HVOF, the flame

R

spray-coated parts have limited use because of the inferior quality of the coating [216].

The coatings obtained from flame spray coatings are inferior to plasma spray and high-
velocity oxy-fuel coating techniques, but their application remains useful [242, 244].
Garcia et al. [245] experimented with the flame spraying of Wollastonite and
Wollastonite-diopside on titanium and stainless substrates. Wollastonite was added to 0.5
wt.% of a polyelectrolyte dispersant and 5 wt.% of a polysaccharide binder to prepare a
solid phase [245]. Suspensions were stirred by blade mixing for 30 minutes and high
shear mixing for 10 min [245]. These aqueous suspensions were subjected to freeze
granulation to obtain powder with proper size and homogeneity for thermal spraying
[245]. After immersion in SBF fluid, Wollastonite-coated samples developed an apatite
layer on their surface [245]. Chebbi [246] experimented with the flame spraying of
PHBYV, PMMA and PCL on the bare titanium and titanium coated with HA. The results
showed the capability of the flame spray technique for drug delivery and biomedical
application [246]. The aim of this study is to compare other coating methods of
Wollastonite and HA to that of plasma sprayed types; therefore, assessing if Wollastonite

cold be deposited by flame spray without suspension or other techniques like sol-gel

follow.
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2.9 Sol-Gel Dip-Coating Technique

Sol-gel technology is one of the ancient technologies utilised in China to manufacture
tofu [247]. One component compound was synthesised using sol and gel in the mid-19"
century [247]. Currently, sol-gel technology can easily combine two distinct materials at

the molecular level to attain a high homogeneity [247].

In solid-state reaction methods, two powder-form raw materials are mixed [248]. There
is a possibility of inhomogeneity in solid-state reactions [248]. This inhomogeneity is
overcome by liquid-state synthesis techniques such as the sol-gel [248]. The sol-gel
technique transforms the sol into the gel network [248]. Sol generally forms due to
hydrolysis and condensation of metal alkoxide precursors [248]. In the sol-gel dip-
coating technique, the substrate is dipped into a fluid sol [249]. There are three significant
steps after dipping: draining the substrate by gravity, evaporation of the liquid, and
condensation reaction, which results in the deposition of the thin film [249]. The

schematic diagram of the sol-gel technique with the flow chart is described in Figure 14.
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Figure 14, Schematic of sol-gel technique with flow chart [247]
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The significant advantages of this technique are the ability to coat a thin layer of less than
10 um, low-temperature process as compared to the thermal spray technique, coatings
enhance the corrosion and oxidation resistance of the substrate metals, coating of the
complex-shaped substrate and the possibility to modify the microstructure of coating

material [249-253].

2.9.1 Sol-Gel Dip-Coating Technique of Hydroxyapatite (HA)
HA has been deposited on the titanium substrate by various techniques requiring high

temperatures [254]. Moreover, these techniques might lead to a non-crystalline HA
coating with phases other than Hydroxyapatite (calcium phosphates) [254]. Mavis and
Tas [254] studied the sol-gel dip-coating of HA on the titanium substrate. The precursor
used in this study was calcium nitrate tetrahydrate for calcium, with diammonium
hydrogen phosphate for phosphorous, with ammonium hydroxide acting as a pH
regulator [254]. Un and Durucan [251] experimented on the pre-prepared HA same
precursor of Ca and P (calcium nitrate tetrahydrate and diammonium hydrogen
phosphate) with the same pH regulator. The obtained powder was introduced into a
titanium alkoxide solution [251]. Ti6Al4V substrate was dip-coated in titania-HA
solution [251]. Li et al. [253] experimented on the dip-coating of the pure titanium rods
in the HA crystal solution. HA crystals were formed by the neutralisation reaction of the
phosphoric acid solution and calcium hydroxide suspension [253]. The quantity of HA

gel formed from the neutralisation ranged from 1.5 to 10 wt.%. [253].

2.9.2 Sol-Gel Dip-Coating Technique of Wollastonite
Ballare et al. [252] experimented with the sol-gel dip-coating technique of Wollastonite

on the surgical grade stainless steel substrate. The precursors used were
tetraethylorthosilane and methyltriethoxy silane with ethanol as a solvent and nitric acid
as a catalyser [252]. 10 wt.% natural Wollastonite was added with the precursor reaction
suspension with the application of double-layer coating [252]. Bao et al. [255]
experimented with the dip-coating of Wollastonite on titanium substrate. Calcium nitrate
tetrahydrate as a precursor for calcium and tetraethyl orthosilicate as a phosphate
precursor was mixed with nitric acid acting as a pH regulator [255]. The formation of

Wollastonite as a sol was coated on the titanium substrate by dipping five times [255].
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2.9.3 Sol-Gel Dip-Coating Technique of HA/Wollastonite
Romero and Salinas [159] synthesised HA/Wollastonite bioceramic. Hydroxyapatite was

manufactured by sol-gel technique, in which calcium acetate and triethyl phosphate were
used as calcium and phosphorus precursors, followed by the addition of Wollastonite
fibres at ratios of 20, 50 and 80 wt.% suspended in ethanol [159]. A low-temperature
procedure (420 °C) was used, where the heat treatment was used to purify bioceramics
[159]. In another study conducted by Romero et al. [160], an alternative sol-gel route was
used to manufacture HA/Wollastonite. HA was manufactured using precursors such as
calcium nitrate and ammonium phosphate, and high purity Wollastonite was dissolved in
aqueous medium added to the solution in a ratio of 20, 50 and 80 wt.% to assess post-
synthesis of the biocomposite sintered at 1200 °C for 5 hours, to assess the presence of
Hydroxyapatite and Wollastonite and their unique phases [160]. Morsy et al. [256]
synthesised HA/Wollastonite biocomposite by a co-precipitation method. In the first set,
calcium hydroxide (Ca(OH):) and phosphoric acid (H3POs4) (precursors for
Hydroxyapatite) and in the second set, calcium nitrate tetrahydrate (Ca(NO3)2.4H>0) and
sodium silicate nonahydrate (Na2Si03.9H>0) (precursors for Wollastonite) were added
to form a biocomposite of HA/Wollastonite. The weight ratio of HA: Wollastonite
components were 1:9, 3:7, 5:5, 7:3 and 9:1, respectively. After washing and heat
treatment to improve the crystallinity, a biocomposite with a controlled composition
consisting of an agglomerated size of less than 1 pm, was manufactured [256]. Lin et al.
[18] also manufactured a biocomposite of HA/Wollastonite. Initially, a dropwise solution
of 0.3 M (NH4),HPO4 was added to 0.5M Ca(NOs3),, and ammonia was added to balance
the pH, resulting in HA synthesis [18]. Then, the remaining 0.5 M Ca(NOs3), was mixed
with 0.5 M Na,SiOs to form a HA/Wollastonite biocomposite, with a Wollastonite weight
ratio of 10, 30, 50, 70 and 90 wt.%. The biocomposite was cleaned, sintered and
isostatically pressed [18]. The proliferation rate of Mesenchymal stem cells (MSCs)
started to increase when the Wollastonite quantity was more than 30 wt.%, thus making
it a promising candidate for hard tissue replacement [18]. Mesenchymal stem cells
(MSCs) resident in the bone marrow or adipose tissue can differentiate into adipose

tissue, cartilage, bone and skeletal muscle [257].

HA/Wollastonite scaffolds were also manufactured by the polymeric sponge replica
method [162]. Ammonia was added to the aqueous phosphoric acid solution and stirred

[162]. Calcium nitrate tetrahydrate was added to this solution, and HA was synthesised
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[162]. Wollastonite was added, and the mixture of HA and Wollastonite in aqueous
solution formed a slurry [162]. Polyvinyl alcohol was used as a binder, and polyurethane
sponges were impregnated with slurries [162]. After that, infilterated slurries were heat
treated to form a scaffold. The scaffold produced had a composition of 0, 25, 50, 75 and
100 wt.% Wollastonite [162]. The result showed the incorporation of 50 wt.%
Wollastonite maintained a balance in terms of the bioactive and mechanical properties of

scaffold [162].

2.10 Failure of a Biocoating

Cohesion between the splats and the adhesion between splats and surfaces directly affect
coating properties [258]. The performance of the coating, which is less than 50 pm in
thickness is better because, increased thickness leads to fatigue failure and brittleness,
therefore splats may not be in complete contact with the substrate [246]. For the lower
thickness of 50um, the failure was in the coating (cohesion) and substrate-coating
interface (adhesion), and for 200 pm, the failure was in the interlamellar splat and

interface [259].

Due to their high strength, fracture toughness, biocompatibility, and wear resistance;
metals are widely used in applications ranging from load-bearing to cardiovascular
implants [260]. Non-cemented hip arthroplasty of the metal implants mainly leads to
stress shielding, loosening and relative motion [261]. The transfer of load may cause
stress by interface disruptions and ultimately lead to the failure of bone [261]. The
thermal coefficient expansion of metal is often more than ceramic which produces more
residual stresses [246]. Another reason for the failure in metallic implants is fatigue
failure due to: cyclic loading, adverse host-tissue response and the release of ions from

the metal substrate to the body, which can cause inflammatory response [262].

The long-term stability of the total hip arthroplasty depends on the mechanical bond
between the implant, bone, and implant-bone interface [46]. In the case of cemented hip
arthroplasty, there is a biological interaction between the metallic implant, polymer
cement and bone. The failure, in this case, occurs from two phenomena [46]. The first
phenomenon is due to the migration of the wear material (either metal or polymer) in the

interface results in an inflammatory reaction, causing debonding [46]. In the second
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scenario, the generation of microcracks in cement, cement/ bone interface and

cement/implant interface lead to the implant relative motion [46].

A tribology study was conducted on different biocompatible implants, where according
to a study on the metal and polymer cup and femur assembly, found polymer on metal
assembly was more durable than metal on metal assembly [263]. However, an increased
inflammatory response was observed in polymers due to the polymer inferior wear
characteristic [263]. The material loss due to volumetric corrosion occurred in the
ceramic-based implant, with pitting corrosion occurring at the local inhomogeneous areas
of the passive film [263]. Fretting corrosion occurred due to micromotion, while galvanic
corrosion occurred when a metal of a distinct type exposed itself to other corrosion sites

[263].

The primary cause of the collapse of the cementless implant is generally delamination,
aseptic loosening, dislocation, and infection [264]. Dislocations and grain boundaries
lead to more dissolution in the case of calcium phosphate cement [4]. The mechanical
testing of Hydroxyapatite (HA) and various calcium phosphate biomaterial cannot be
done due to fatigue failure occurring in interfaces [147]. Therefore, due to the degradation
of HA in a biological environment, there can be poor fixation between implant and tissue,
the osseointegration of implant tissue might be severely affected if the HA coating does

not adhere to the substrate [265].

Bioglass has poor strength and ductility, therefore, it is used chiefly with metals to
improve its bioactivity [266]. Bioglass coatings applied onto titanium substrates using
the bond coat layer of Amdry 6250 (60 wt.% alumina and 40 wt.% titania), however,
showed delamination between the bond coat layer and substrate cracks between the glass
and bond coat layer [188]. The synthesis of the scaffold from glass-ceramic (the
composition of 57Si0,, 34Ca0, 6Na,O, 3A1,03) had compressive strength like cortical
bone but lower flexural strength [82]. Bioglass (composition: 31Si02- 11P>0s- (58-
x)Ca0O- x MgO, where x was 0 and 2, represented two different powders with a
designation of P1 and P2) was plasma sprayed onto a stainless steel substrate, led to
debonding for high thickness samples, with structural defects, which led to cracks and a

reduction in the hardness [231].
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Metal bioimplant leads to stress shielding, whereas polymer bioimplant leads to
undesirable healing of bone [138]. When HA/polyether ether ketone (PEEK)
biocomposite was synthesised, where PEEK was used as a matrix, the HA particles
debonded from PEEK due to poor interfacial bonding with a reduction in tensile strength
and strain after adding HA [138]. During a push-out test experiment, the fracture

occurred in the HA-coated titanium interface [228].

Sin2¥ measures the residual stress, whereas the three-point bending test measures the
Y oung modulus of HA coatings on the titanium substrate [267]. Minimising the substrate
temperature to less than the melting temperature during spraying reduced the residual
stress level [268]. Residual stress might be due to the contraction of a single splat,
different thermal contractions, CTE mismatches, and strain generated due to solid phase
transformation [259]. Sergo et al. [269] identified the residual stress effect near the
interface in plasma-sprayed HA. Compressive stress hindered dissolution, whereas
tensile stress promoted dissolution, reducing mechanical strength by cracks and
dislocation, especially in the interface [269]. In thermal barrier coatings, when the
residual stress in the top coat/ bond coat was more than that bond coat/ substrate interface,
this increased the probability of spalling delamination and surface cracks [270]. Yang
and Chang [267] verified residual stress on plasma-sprayed HA on titanium alloy by
destructive and non-destructive techniques. Most of the coating stress was compressive;
the sample had more strain with poor cooling conditions, which ultimately transformed
into residual stress [267]. The interface between HA and substrate had the highest
residual stress [267].

In plasma spray technology, the coating degradation can be due to un-melted particles,
secondary phase material, and interlayer pores, even with protective overlays and
coatings [271]. The amorphous phase formation can be associated with the partial
dehydroxylation of HA during the plasma spray [221]. Cohesive failure occurs in HA
samples plasma sprayed at a lower particle size (less than 45um) [221]. In contrast,
cohesive and adhesive failure occur when the particle size is increased to more than 45um
[221]. Conditions arising from plasma-particle interactions generally cause incomplete
and non-uniform treatment of particulates; therefore, the particle size range must be less

[14]. Satisfying the requirement for pore sizes in the range of 200-400 um for the
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promotion of bone regeneration and growth has proven difficult with plasma spraying

[14].

2.11 Design of Experiment (DOE) Analysis

The STATEASE design of experiment (version 13) software was used to analyse the data
obtained from the experiments. Sir R. Fischer introduced the DOE technique in the 1920s
to understand the cause-effect relationship of various fertilisers on land plots. The success
of the DOE software resulted in its utilisation in various fields, including biology,
engineering, and pharmaceuticals. Implementation of the DOE led to replacing the
conventional one variable at the time (OVAT) approach used by engineers. The OVAT
system was primarily utilised in the manufacturing sector. In the OVAT system,
engineers vary one process parameter while keeping another process parameter constant.
OVAT was unreliable and time-consuming; interaction factors could not be determined,
making it impossible to determine the effect of one process parameter on another. [272]

The DOE has substituted the OVAT approach due to its statistical method that plans,
analyses and interprets data outputted from experiments. DOE achieves reasonable
conclusions effectively and economically by varying one or more factors within a process
parameter. Some factors may affect the overall process; while others may have moderate,
or less impact. The objective of DOE is to specify the extent of effect each process

parameter has on the overall process to achieve an optimum solution. [272]

Some of the important terms that are important for the analysis of the design of
experiments (DOE) are factors, range, interaction, response, and ANOVA aspects, which
determine if a factor affects a response. The factor is an independent variable or the
variable over which one has control and can be modified to determine the point of optimal
response [273]. The range is decided by the input and output, factors and response. The
lower and upper value of response at the corresponding factor determines its range
Interaction happens when the change in one factor has an effect on another factor [274].
DOE experiment is typically done at 2 or 3 levels of every factor, where the outcome of
such an experiment is a response [273]. The effect of a factor on a response is determined
by the difference between the mean of the (unrelated) groups or the significant difference

between the groups [275].
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2.11.1 Screening Design
The screening process helps investigate more information about the process. Screening

design is performed before the response surface methodology experiment to determine
the extent of the effect of the process parameter on the process. The screening design
technique removes the process parameter with a negligible impact on the process, so it
assist in developing a fine response surface methodology [272]. The two types of
screening design aligned with this study are mentioned below.

a) Fractional experiments

Two-level and three-factor experiment screening tests have been presented in Table 8
below. Table 8 shows the design of the experi