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Abstract 

Hydroxyapatite coatings have long been established as a means of improving the 

osteointegration of metallic orthopaedic implants. Nonetheless there are both 

technical and commercial drawbacks associated with industrial coating 

techniques. Potential improvements such as adding therapeutic compounds 

highlight the need for new and innovative coating techniques. This thesis explores 

the use of metastable colloidal (particles between 1 and 1000nm in size) calcium 

and phosphate solutions that can lead to selective precipitation of insoluble 

hydroxyapatite mineral at a solution-surface interface. This process is intrinsically 

difficult to control and the introduction of careful process controls to all variables 

within this solution deposition system is needed to pave the way for industrial 

scale up of a novel laboratory-based system. Precise control and understanding 

of the process also allows for the investigation of the kinetics and mechanism of 

the deposition of hydroxyapatite on traditional and non-conventional surfaces.  

There is always an ongoing need to improve the osteointegration of orthopaedic 

implants beyond what hydroxyapatite alone can offer so that rejection and 

revision surgery can be avoided. There is growing need for enhanced 

antimicrobial performance and drug delivery properties of biomedical surfaces to 

improve success rates of operations. This issue is addressed herein via design 

and testing of a polymer patterning method for the inclusion of additional active 

ions to a hydroxyapatite coating.  

The work can be grouped into two core categories.  

1. Understanding: this means that through experimentation, chemistry 

fundamentals, materials characterisation and data analysis an 

understanding of the molecular intricacies within a novel solution-

deposition hydroxyapatite coating process is achieved. (Chapters 2, 3 & 

4) 

2. Functionalisation: investigation of the biological activity of a dopant and 

the design of experiments for a system which adds certain elements to an 

orthopaedic surface with a view to aiding patient outcomes. (Chapters 5 & 

6) 
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Chapter 1 provides a background literature review of hydroxyapatite and its use 

as an orthopaedic coating. Detailed here are the limitations and challenges 

surrounding traditional coating techniques and their narrow focus on titanium 

based metallic parts. Opportunities regarding the doping of hydroxyapatite with 

novel materials on novel surfaces are identified and analytically compared.  

Chapter 2 introduces the novel system of depositing hydroxyapatite using  

colloidal solutions of calcium and phosphates. The effect of solution 

concentration and deposition kinetics are explored and explained. A proposed 

chemical pathway for the nucleation and crystal growth of certain hydroxyapatite 

phases within solution is presented and confirmed to be accurate. Outlined are 

the optimum process settings of temperature, time, pH and concentration that 

produce repeatable hydroxyapatite films.  

Chapter 3 leverages the findings and the novel system presented in Chapter 2 to 

deposit an ‘ideal’ hydroxyapatite film and investigate its attachment to bulk 

titanium parts. Detailed characterisation of the coating and the film’s growth 

mechanism is provided.  

Chapter 4 takes the findings of both Chapter 2 and Chapter 3 and applies the 

solution deposition process to non-bulk titanium parts such as silicon or silicon 

with 100 nm titanium films. Hydroxyapatite coating efficacy is shown to be 

dependent on substrate roughness, hydrophilicity and activation. Resulting data 

suggest that once hydroxyapatite seeds, it grows identically regardless of 

substrate. 

Chapter 5 chapter represents a standalone study of gallium nano-coatings and 

introduces the field of block copolymer patterning with a view to overcoming some 

of the known challenges of doping hydroxyapatite. Block copolymer patterns are 

used to generate novel orthopaedic coatings of gallium oxide on silicon and 

titanium thin films. Extensive characterisation of gallium nanodot coating and 

biological assay tests show that controlled release of gallium ions from coating 

improves osteointegration. The osteogenesis and osteoclastogenesis tests were 

conducted by collaborators Mimma Maggio and Carolina Martens of the Hoey 

group.  
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Chapter 6 harnesses the findings of Chapter 5 and applies them to hydroxyapatite 

coatings formed using the parameters set out in Chapters 2 and 3. This ground-

breaking work shows how a polymer pattern can be applied over a ceramic layer. 

Infiltration of the polymer layer with inorganic dopants of osteogenic and 

antimicrobial relevance acts as an innovative method of securing additive ions to 

hydroxyapatite. While elements such as gallium or zinc can be detected, it is fully 

proven to have no impact on the HA crystal structure or film properties.  

Chapter 7 outlines the central findings of this work and highlights the major 

achievements which have contributed to the field of biomaterials research. A 

suggestion of future work is also presented which would further advance the 

conclusions of each chapter.  
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Chapter 1: Introduction 

1.1 Overview and Motivation 

The aim of this project is the development of a methodology for the deposition of 

hydroxyapatite and related layers on implant surfaces for osteointegration. It 

further explores the addition of inorganic compounds into these layers with a view 

of enhancing biocompatibility to aid joint replacement.  

A global aging population and advancement in orthopaedic surgical possibilities 

drive the need for improvements in the materials used in implanted medical 

devices.[1], [2] In developed countries, bone and joint related degenerative 

diseases account for 50 % of all cases of chronic illness in people over 50 years 

of age, with that number predicted to grow.[3] The prevalence of total hip and 

knee replacement surgery in the population of the United Stated was around 1% 

in 2010 and has grown by 5% each year from 2020 onwards. [4]–[6] Improving 

the prognosis of these surgeries is therefore of major significance to world health. 

Total hip or knee joint replacements are long established medical procedures but 

barriers remain which prevent the most favourable patient outcomes.[7] 

Osteointegration (sometimes osseointegration) is defined as the functional 

biological response of living bone tissue to the surface of a foreign load bearing 

implant and plays a major role in successful implant fixation.[8], [9] Successful 

implant fixation in the immediate timeframe post-joint replacement  has a direct 

correlation to implant performance.[10]–[12] However, total joint replacement 

surgeries also have an associated risk of surgical infection leading to implant 

failure. [13]–[16] Therefore, a strategy to mitigate the risks associated with 

surgery, as well as to promote implant fixation, is worth exploring. 

Synthetic hydroxyapatite (HA) is employed as a coating on metallic knee or hip 

implants to smooth the transition from surgery to healing for a patient by 

promoting osteointegration.[17] Ultimately, HA coating of implants aids patient 

healing because the body recognises HA as bone material and not as foreign 

tissue. The recognition of HA as such improves cell response and minimises 

rejection. This catalyses the process of osteointegration of an implant, meaning 

that bone in-growth in the area will ensure implant fixation. Improving 
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osteointegration through HA film optimisation and reducing microbial activity 

through HA doping is the motivation of this work.  

The following review of literature is intended to give a broad overview of HA and 

a high-level introduction to existing HA coating processes. Optimising HA 

processes is addressed through the lens of biological HA growth. The 

requirement for titanium implants to be coated with HA for osteointegration is 

discussed, with the disadvantages of titanium implants also noted. A summary of 

inorganic compounds which could enhance HA's performance is provided as well 

as the means by which these dopants could be evaluated.  

1.2 Hydroxyapatite 

Hydroxyapatite (HA) or biological apatite is the main ceramic component of bones 

and teeth in the human body. HA consists of mineral calcium, phosphate and OH 

groups, generically denoted as Ca10(PO4)6(OH)2. HA’s rigidity and compressive 

strength is offset in vivo by collagen fibres that add elasticity to bones. [18], [19] 

The crystal structure of HA is hexagonal with the space group being P63/m. The 

hydroxyl ions lie at the corners of the planes, see Figure 1.1.  

 

Figure 1.1: Crystal structure of hydroxyapatite. For better visualisation, some 
atoms have been removed from the diagram. The diagram has been 
constructed from the literature [20], [21].  

Crystalline HA can exist as a bulky dense material but in vivo as a porous scaffold 

which has a calcium to phosphate ratio of 1.5-1.75 depending on the exact 

location of the mineral in the body. [22], [23] Stoichiometrically accurate HA can 
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be synthetically manufactured, and the density (via porosity) replicated through 

various processes, thus it is commonly used as a bioengineered ceramic to fix 

bone or teeth deformities.[24] Both natural and synthetic porous HA encourage 

bone in-growth within the pores by the differentiation of stem cells and HA 

donation of the specific ions required for bone bonding.[25], [26]  

1.3 Hydroxyapatite Coating 

Given that HA can entice bone growth in vivo and that HA deposition can be 

achieved on a wide range of materials, HA as a coating for orthopaedic implants 

is widely considered to be the industrial gold standard for promoting orthopaedic 

implant fixation. However, HA coatings need to be carefully prepared and 

controlled if they are to be effective. Fibrous build up occurs in the body as a 

natural (immune) response to any foreign object, causing infection and inhibiting 

the body’s healing or bone repair around the foreign material. Some fibrous build-

up is inevitable but is manageable when it does not exceed the bone's growth. 

[27], [28]. HA layers on implants mitigate fibrous build-up and promote fixation, 

Trindade et al describe this as managing the ‘implant-host interaction'.[29]   

Many industrial techniques such as plasma spraying, chemical vapour 

deposition, sol-gel deposition or ion assisted deposition can be used to form HA 

coatings on a surface. Plasma spraying is the most common procedure as it 

produces sub-micron needles and plates within micron sized lamellae which 

allows for the formation of a porous structure. [30], [31] Sol-gel processes can be 

used and can include elastic, part-polymer and ceramic composite materials. 

These processes are useful to study the repair of bone cartilage and are 

predominantly used for research purposes since control of sol-gel chemistry can 

be challenging in industrial environments. [32]–[35] One benefit of sol-gel 

processes is that they can be carried out at low temperatures. [36], [37] 

Biomimetic processes using simulated bodily fluids have also been studied as a 

means to grow HA on a surface but are difficult to scale to industrial levels. [38]–

[43]  

Poor porosity and thickness control, along with poor substrate adhesion are some 

of the unfavourable attributes of existing HA coating methods. [44] Often, 

intermediate thermal oxide layers are deposited to improve these properties. [45], 
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[46] HA deposited via the existing plasma-based method, however, does display 

good mechanical properties such as hardness and tensile strength. It has been 

shown that the hardness of these coatings, although lowered by porosity, remains 

above 175HV for a range of applied loads.[47], [48] The tensile strength of 

plasma-sprayed HA has been measured at 28-30 MPa – a satisfactory level for 

high load bearing implants. [49], [50] Another advantage of plasma-HA is its 

strong affinity for titanium implants. [51] The focus of research is mainly upon 

characterisation of a coating rather than characterisation of the route by which 

the coating has formed, although Mokabber et al [52] have used SEM and 

HRTEM to show that for an electrochemical process the nucleation of Ca-P 

species happens within the first minute of the process with pores emerging, 

Figure 1.2.   

 

Figure 1.2: SEM images of Ca-P coating in early stages of HA deposition 
reproduced from experiments by Mokabber et al[52].  

1.4 Bone Growth Process in vivo 

Physiologically there are distinct stages of biological bone mineralisation: [53]–

[56] 

1. At the site of any bone-related trauma, mesenchymal stem cells (MSCs) 

arrive and differentiate into a variety of cells, including bone cells called 

osteoblasts. Osteoblasts are involved in bone growth while osteoclasts 

(derived from monocytes) reabsorb bone. [57]–[60] 

2. Osteoblasts secrete and fix protein to the surface and form a matrix, 

leading to incorporation of collagen receptors, calcium-binding proteins, 

proteins that regulate osteoclasts and proteins that have a high affinity for 

HA.  
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3. Nucleation and crystallisation of calcium and phosphate ions form the 

beginning of an apatite matrix. Up to five different substances may form 

such as: amorphous calcium phosphate (ACP), tricalcium phosphate 

(TCP), octacalcium phosphate (OCP) or pure HA. Crystallisation in vivo 

and in vitro follows and starts with 10-25 nm sized amorphous apatite 

particles. [40] Some studies name and define these initial particles as 

Posner clusters of Ca9(PO4)6, which are formed from the nucleation of 

phosphate-based fluid in contact with calcium semi-solid interfaces.[61], 

[62] These particles accumulate into clusters and act as a precursor to 

ACP with their shape allowing for pores and interstices in the HA as it 

forms. [63] 

1.5 Solution-Based Hydroxyapatite Formation and Phases 

Despite the anatomical knowledge about the growth of HA in vivo, there is no 

known replication of this process at engineered HA surfaces. Although chemically 

precipitated HA methods have been established as a means to form HA 

nanoparticles and nano-powders, [64], [65] thanks to their ability to control TCP 

and ACP phases of HA, these methods have not yet been explored as an 

industrial coating technique because of reproducibility and reliability issues. 

Previous research has demonstrated hydrothermal hydroxyapatite coating 

techniques but this necessitates electrochemical functionalisation prior to HA 

deposition on a surface. [66]–[69]   

Precipitation of Ca2+ and phosphate ions out of solution onto a surface to form a 

HA layer has been achieved with relevant precursors and under specific 

conditions of pH and temperature. [70] Research has shown that ACP forms 

initially before undergoing full HA crystallisation, which is verified by studies 

relating to the PO4
3- compound.[71] It has been established that chemically 

precipitated HA could allow for more precise HA phase control while mimicking 

the body's natural bone mineralisation process in a self-assembly manner. [72]–

[74] These studies however are conducted at extreme temperatures, pressures 

or pH and the resulting material can be unstable; the work presented herein will 

replicate body conditions at a neutral pH and lower processing temperatures.  
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Regarding the potential of a new HA growth process with a more advanced 

compositional control, any process would still have to align with existing scientific 

data. HA consistently contains other phases of a calcium phosphate ceramic, be 

they amorphous or crystalline and during in vitro or in vivo formation. [75]–[78] To 

help with HA identification in this project, Table 1.1 lists the specific HA phases 

and their Ca/P ratios along with their oxygen content as calculated from their 

stoichiometry.  

Table 1.1: Details of HA phases reproduced from Carayon and Lacout[79] with 
additional column of Atomic % Oxygen.  

Acronym Mineral Formula Ca/P Atomic % 
Oxygen  

HA Hydroxyapatite Ca10(PO4)6(OH)2 1.67 34.9 

ACP Amorphous 
calcium 
phosphate 

Cax(Hy(PO4)z·nH2O 1.2-2.2 flexible 

α- TCP α- Tricalcium 
phosphate 

α-Ca3(PO4)2 1.5 
 

41 

β- TCP β - Tricalcium 
phosphate 

β-Ca3(PO4)2 1.5 
 

41 

OCP Octacalcium 
phosphate 

Ca2(H2(PO4)6·5H2O 1.33 39.7 

CDHA Calcium 
Deficient 
Hydroxyapatite 

Ca9(HPO4)(PO4)5OH 1.5 43.13 

 

All methods of HA coating deposition include ACP and other Ca-P phases 

amongst the crystalline HA matrix – ACP has a reabsorption and dissolution rate 

that differs from HA, therefore coating performance is affected.[80]–[83] Figure 

1.3 shows that ACP is the main phase adjoining titanium in an HA coating. HA 

coated on titanium has some parts ACP and TCP which can be differentiated by 

EDX due to their respective Ca/P ratios, with ACP having the lowest possible 

phosphate content of 20 %.[84] 
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Figure 1.3: TEM images of Ti and HA interfacial layer depicting the amorphous 
ACP with crystalline HA phase by Ji et al. [84] 

1.6 Porous Nature of Hydroxyapatite Coating  

During bone mineralisation, surface adhesion of Ca-P ions to an implant is the 

initial step happening in vivo and so the rate of this process will improve the 

growth rate and adhesive strength of the resultant new bone. [85] Dos Santos et 

al [86] showed that altering the TCP content of the coating and strategically 

roughening the titanium prior to deposition correlates to protein adhesion at the 

site. It is difficult to directly measure surface roughness values for HA coatings 

since they are deposited to encapsulate pores at the scale of nanometres to 

microns. [87] However, it is known that osteoblasts preferably grow on hydrophilic 

surfaces, which can be verified by means of water contact angle (WCA) analysis. 

[88], [89] It has also been established that the porosity of a coating is affected by 

the deposition rates or the heat treatment during the HA deposition. [35], [83], 

[90]–[92] Protein adhesion to the HA pores occurs at the nanometre scale. For 

instance, Nagasaki et al [93] studied bovine serum albumin (BSA) and lysozyme 

(LSZ) proteins and their adsorption to HA. They found that the protein adsorption 

was debilitated if the pore was smaller than the diameter of the protein in 

question. At the same time the large surface areas of porous material allows for 

larger interfaces between the HA and the in vivo fluids with some of those being 

inter-soluble with HA. [94] This implies good phase and porosity control which are 

key to building a successful HA coating system.  
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1.7 Bulk Titanium orthopaedic joint and alternative materials  

The most common bulk material for knee or hip replacement joint is titanium 

(specific alloys such as Ti-318 and Ti-6AL-4V) and chromium-cobalt largely due 

to their mechanical strength and bio-inertness. [95]–[98] Chromium-cobalt 

implants have declined in popularity due to the potential for heavy metal 

bloodstream poisoning. [96] Therefore, while titanium is the most common metal 

for orthopaedic implants, there are some concerns surrounding its use. 

Disadvantages of titanium implants include:  

1. Titanium parts can undergo surface propagated cracks in heavier 

subjects. [99]  

2. Titanium particles (as a result of implant wear) can cause severe allergies 

if they enter a patient's bloodstream. [100]  

3. Blood titanium levels are representative of titanium implant failure.[101]  

4. The Young's modulus of titanium implants and their titanate phase is 

mismatched to that of bone resulting in stresses that lead to implant wear 

and degradation. [102] 

5. Titanium implants require alloys including other elements to adjust the 

Young's modulus and some of these can be harmful to humans. [103]–

[105] 

Research in the last decade has therefore focussed on alternatives to titanium 

alloys. Investigations by Abitha et al[106] revealed that polytetrafluoroethylene, 

ultra-high molecular weight polyethylene and polyetheretherketone polymers 

have huge potential in orthopaedic implants due to their mechanical properties 

and biocompatibility. However, these materials are hindered by the poor 

adhesion of HA to polymers. Ismail et al [107] performed experiments on epoxy 

coated bamboo fibres (“gigantochloa scortechinii”) and found that it had potential 

as an implant material which would incur lower aseptic loosening post joint 

replacement due to the fact that its stiffness was a closer correlation to that of 

natural bone.  As recently as 2020, a publication by Andrusova et al [108] called 

for the need for solution based HA deposition which contains polymeric particles 

to be a gateway to implementing polymeric based implants.  While polymers or 

other materials are emerging as possible replacements for large permanent metal 
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alloy implant parts, the greatest application of these is thought to be in developing 

bioabsorbable products for smaller implant devices such as screws.  [109], [110] 

Both graphene and various 3D printed compounds and components are 

promising materials for implants owing to the fact that they are highly adaptable 

to functionalisation. [111], [112]   

In conclusion, while HA coatings on titanium implants are well understood there 

are some drawbacks to existing fabrication approaches. A method of solution 

deposition, whereby phase and porosity can be controlled, could potentially 

outperform existing evaporation-based methods of HA deposition. Additionally, 

the ability to deposit HA on alternative substrates would enable an innovative 

approach to produce orthopaedic implants from other materials.  

1.8 Doping of Hydroxyapatite Coating 

Arthroplasty failures mainly arise from two core factors: 1. Aseptic loosening of 

the joint and 2. post-operative infection at the site of the surgery. Aseptic 

loosening occurs when there is an increased osteoclast presence at the implant 

site inhibiting new bone growth. [113] This occurs in about 10-30 % of patients 

depending on genetic or health factors. [114], [115] A study by Pietrzak et al [116] 

predicts a six-fold increase in aseptic loosening in the same hospital from the 

1990s to the 2050s. Post-operative infection affecting total hip and knee 

replacements affects approximately 1% of patients. While this figure seems low, 

the impact to patients is significant, with amputation a frequent result, and 

recently increasing numbers are seen. [117], [118]  

Much of the perspectives on the future of HA coatings are theoretical, and while 

bactericidal activity would be welcome in a coating, it has only been researched 

not implemented. [119]  Attention is being given to researching inorganic doping 

of HA with elements that induce a more preferential differentiation of osteoblasts 

over osteoclasts and drug incorporated coating for antibacterial activity. 

Strontium intercalation to HA from a mass of 1 atomic % inhibited osteoclast 

production during in vitro studies. [120] However, Terra et al [121] hypothesise 

that while Sr2+ can substitute Ca2+ in the HA lattice, with increasing strontium 

content hydroxyl groups are diminished, and these are necessary for protein 

adhesion at the bone site. Studies have proven that from an atomic mass of 0.7 
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% Ag+ doped HA can suppress staphylococcus aureus, escherichia coli and 

candida albicans growth when compared to undoped HA, however the bone 

growth efficacy of silver -doped HA was not tested. [122], [123] Yang et al [124] 

have developed a method of fabricating mesoporous HA doped with europium 

which acts as a drug carrier for ibuprofen. While there was no biological testing 

carried out, they demonstrated the release of ibuprofen which would be beneficial 

to target post-operative inflammation in vivo.  

Zinc metal exists in the human body in immune-essential proteins, DNA ligands 

and enzymes and thus aids and promotes healing.[125] Zinc incorporated in HA 

is studied on account of this, being both osteoclast inhibiting and antimicrobial. 

The role of zinc in MSC differentiation is not fully understood but the hypothesis 

is that zinc encourages osteoblast differentiation through certain protein 

signalling processes. [126] Flame sprayed[127] and pulsed laser deposited[128] 

zinc doped HA materials have shown potency against bacteria and biofilm 

formation and up to 1 atomic % Zn-doped HA does not have significant 

cytotoxicity to osteoblasts. Animal studies have been undertaken whereby Zn-

doped HA has been implanted into rabbits and the Zn-doped parts confirmed 

“superior bone-implant” attachment and in a shorter time frame.[129]  

1.9 Gallium  

Gallium compounds have many therapeutic uses such as fighting metabolic bone 

disease, cancer detection or cancer treatment while also having material 

properties which are autoimmune suppressant and antimicrobial.[130] Gallium 

nitrate (Ga(NO3)3) is an FDA approved drug which is used to treat hypercalcemia 

of malignancy and other osteo-degeneration diseases such as Paget’s disease 

or osteoporosis in humans. Once administered, gallium nitrate transforms to 

Ga(OH)3 and is stable at varying pH ranges whereby it gives rise to Ga3+ ions in 

blood plasma. [131] Osteoclast cells have an unusual, ruffled cell membrane 

which lends themselves to transferrin protein delivery to the cell. In turn the 

transferrin protein is required to convey Fe3+ ions where they can be reduced and 

metabolised. [132] Ga3+ and Fe3+ are analogous in terms of ionic radius, 

electronegativity and chelation action that the body cannot differentiate between 

them. However, when Ga3+ substitutes for Fe3+ functions such as in osteoclastic 
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transferrin requirements, the cell cannot reduce Ga3+ physiologically like it can 

Fe3+, and thus cell proliferation is ceased. [133]  

While gallium inhibits osteoclastic activity it has no effect on osteoblast growth 

and thus allows for bone regrowth to occur. This was shown by Gómez-Cerezo 

et al[134] when bringing osteo-seeding MSC in contact with gallium containing 

bioactive glass and Verron et al [135] when they dosed rabbit, murine and human 

bone cells with gallium. This is dose dependant below 100 µM concentration. 

Kurtjak et al [136] undertook a large study of the incorporation of Ga(III) 

compounds with HA and their findings demonstrated the formation of increased 

amounts of ACP and amorphous gallium compounds, and confirmed that Ga-HA 

possesses antibacterial properties against pseudomonas aeruginosa. Rat 

studies have shown that rodent bones in contact with Ga-doped HA have 

increased calcium content by more than pure HA implying that while ACP phase 

is formed with gallium, bone crystallisation is improved nonetheless. [137] 

Melinkov et al [138] states that gallium ions, up to 10 mass% can substitute into 

a synthetic HA matrix without changing any lattice parameters or grain boundary 

frameworks. The intercalation of gallium ions from solutions of gallium nitrate or 

sodium gallate are stable and do not replace calcium ions which is also supported 

by Cacciotti et al. [139] Further studies by Melnikov et al [140] tested Ga-doped 

levels of 50, 500 and 5000 µg.ml-1 in HA particles incubated with the kidney cells 

of monkeys. ANOVA analysis of the results showed no statistical difference from 

control implying low toxicity at these levels.  

Gallium has conceivable osteogenic properties that it seems like an obvious 

choice of component to add to HA as both an osteoclast inhibitor and to reduce 

the amount of postoperative infection control procedures/requirements. The 

potential for gallium to enhance biological processes lies in its existing therapeutic 

uses, but for would only require gallium amounts on the nanoscale with the exact 

amount currently unknown. It is clear that gallium and to a lesser extent zinc 

would be good additions to HA coatings to improve osteointegration. However, 

the exact release mechanism and dosage of gallium from a hydroxyapatite doped 

coating is not superbly detailed in literature. It is for this reason that a detailed 

study on gallium action needs to be completed prior to the combination with HA. 
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1.10 Model Surfaces for Dopant Studies  

As described above, dopant ions in blood would assist in bone growth and affect 

bacterial growth at the site of an implant regardless of HA. The controlled ionic 

release of ions from a surface is required for in vitro HA dopant testing, therefore, 

creating model surfaces of dopant material is required to study dopant efficacy. 

It may be preferable to create dopants in nano-dimensioned form. This allows 

rapid ionic dissolution allowing localised ion production. One convenient method 

to create nanosized features at a surface is by polymer self-assembly. The uptick 

of ions can be controlled by the size and shape of the nanofeatures. [141], [142] 

Our research group has pioneered these approaches using the self-assembly of 

block copolymer systems. [143]– [145] 

Block copolymer (BCP) patterns are established in science as a means by which 

to create nanoscopic arrays of polymer or inorganic features. A BCP is a 

polymeric molecule whereby two homopolymer chains are covalently bonded to 

each other. BCPs can be used in bulk, in solution or as thin films cast on a 

substrate.[146] Infiltration of an inorganic precursor selectively into one domain 

of a BCP gives rise to highly ordered nanostructures that can be dimensionally 

accurate down to the scale of a few nanometres as demonstrated step-by step 

by Lopes and Jaeger. [146], [147]   

Facile synthesis of inorganic arrays such as gyroid-shaped Ti nanohybrids, SiO2, 

ZnO, and W nanoscopic materials using BCPs have been shown in various 

studies. [148], [149] BCPs are showing promise in biomedical science as a 

means of drug delivery.[150] Furthermore, drug quantity can be accurately 

estimated per mg of BCP.[151]  

BCPs can be engaged to build ordered arrays of inorganic compounds and can 

allow controlled release of these compounds as required, therefore their use as 

model dopant surfaces is optimal.  

1.11 Objective and Aims 

Experimental work in this thesis centres around a new and novel method of 

depositing hydroxyapatite (HA) on orthopaedic implants using saturated solutions 

of calcium and phosphorous. Since this process is new, there is a wealth of 

knowledge still unknown on the molecular level as pertains to coating growth and 
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the process intricacies. One benefit of this new coating process is that it grows in 

a self-assembly manner mimicking the body's endogenous bone growth therefore 

allowing for more osteo-inductive surfaces. Another advantage of this process 

would be the ability to deposit HA on surfaces other than titanium metal which 

would allow for a new generation of implants while retaining the known attributes 

of HA. Understanding this new HA coating process sufficiently would also garner 

insight into when, where and to what amount a dopant can be added to a HA 

coating.  

From reviewing existing literature, gallium and zinc have stood out as promising 

HA dopants. The mechanism of biological activity for zinc and gallium are 

different, gallium has both bone regenerative and antimicrobial activity due to its 

similarity to metabolic iron. Zinc has these tendencies due to its immunostimulant 

nature.  

On account of gallium having osteo-inductive properties, antimicrobial activity 

and that it is already administered as a drug for osteo-degenerative disease it has 

become the primary dopant candidate for this project. On the other hand, gallium 

does exhibit renal toxicity and cytotoxicity in a dose dependant manner. Research 

and studies support its use on the nanoscale; therefore, attention needs to be 

given to quantification and characterisation of nano-gallium coatings prior to HA 

combination. 

The possibility of using a block copolymer pattern as a dopant seed is explored. 

The polymeric material can be removed leaving dopant in situ and thus would 

allow for application of dopant to an area without complex HA crystal structure 

changes. BCP's are applicable to inert planar surfaces and consequently any 

nano-features formed are ideal test subjects of the material in the nano-features 

alone. Future work in this project would be to investigate if BCPs could be applied 

to HA coatings. 

If the mechanism of hydroxyapatite growth on surfaces can be understood this 

not only enables process optimisation but also the ability to design the HA for 

function and to extend the methodology to non-conventional substrates. It would 

also facilitate the use of, and the action of, certain dopants to increase 

osteointegration and reduce damaging biofilm formation.  
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  The specific aims of this research project were to: 

1. Build a laboratory-based system for solution deposition of hydroxyapatite 

(HA) that allows growth for ’engineered’ and more effective porous 

coating.  

2. Perfect the deposition of HA so it is reliable in terms of composition, 

morphology and crystal phase.  

3. Grow HA on test substrates and confirm the formation of HA coating that 

aligns with current literature and industrial standards. 

4. Identify process and reaction parameters that impact the nature of the HA 

formed, which are unknown in literature.  

5. Understand the role of the substrate surface chemistry that controls HA 

crystal structure development.  

6. Investigate if the attachment of HA to titanium thin films or non-titanium 

substrates is possible. 

7. From literature, identify inorganic compounds that would have beneficial 

biological responses.  

8. Design a model surface to support inorganic compounds for testing 

against biological agents.  

9. Measure the ionic release of these inorganic compounds and ratify 

whether this amount is antimicrobial and osteogenic.  

10. Devise a means by which to dope HA coating such that there is surface 

elution of requisite calcium, phosphate and dopant ions. 
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Chapter 2: Development of hydroxyapatite coatings for 

orthopaedic implants from colloidal solutions, Part 1: 

effect of solution concentration and deposition 

kinetics.  

Abstract 

This chapter introduces and explores the use of supersaturated solutions of 

calcium and phosphate ions to generate well-defined hydroxyapatite coatings for 

orthopaedic implants. The deposition of hydroxyapatite is conducted via solutions 

of metastable precursors that precipitate insoluble hydroxyapatite minerals at a 

substrate–solution interface. Solutions of this nature are intrinsically unstable, but 

this chapter outlines process windows in terms of time, temperature, 

concentration and pH in which coating deposition is controlled via the stop/go 

reaction. To understand the kinetics of the deposition process, comparisons 

based on ionic strength, particle size, electron imaging, elemental analyses and 

mass of the formed coating for various deposition solutions are conducted. This 

comprehensive dataset enables the measurement of deposition kinetics and 

identification of an optimum solution and its reaction mechanism. This study has 

established stable and reproducible process windows, which are precisely 

controlled, leading to the successful formation of desired hydroxyapatite films. 

The data demonstrates that this process is a promising and highly repeatable 

method for forming hydroxyapatites with desirable thickness, morphology and 

chemical composition at low temperatures and low capital cost compared to the 

existing techniques. 

2.1 Introduction 

Orthopaedic implant fixation is hindered by fibrosis encapsulation, which is the 

body’s natural response to a foreign object [1–4]. Coating metallic implants with 

a bio-compatible layer can mitigate fibrous build-up and promote implant fixation 

[5,6].  

As the main ceramic component of bones and teeth in the human body, with 

properties of rigidity and compressive strength and a brittle nature, 
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hydroxyapatite (HA) coatings are used to improve the osteointegration of 

orthopaedic implants. The use of synthetic HA coating aids orthopaedic recovery 

since it mimics natural bone, and when deposited in a porous structure, it 

encourages new bone-ingrowth directly onto an implant [7]. HA coating is 

particularly important for total hip and total knee replacements as it accelerates 

implant fixation at these load-bearing joints [8]. 

HA is a crystalline phase of calcium, phosphate and hydroxyl groups of chemical 

formula Ca10(PO4)6(OH)2 and hexagonal crystal structure of space group P63/m. 

Biological HA is a product of the nucleation and crystallisation of calcium and 

phosphate ions in vivo, but these ions in solution can also synthetically initiate 

HA formation. Synthetic HA can enhance bone growth in vivo, and its deposition 

can be achieved on a wide range of materials [9–13]. Certain types of synthetic 

HA as doped HA or HA nanoparticles are being explored for their antimicrobial 

performance to aid in post-orthopaedic operative infections [14,15]. However, 

synthetic methods of coating metallic parts with HA are far from facile.  

Solution-based HA processes highlight a requirement to regulate the ionic 

strength of solutions [16–19]. Chemical precipitation is advantageous in forming 

HA nanoparticles and nano-powders because the phases of HA can be controlled 

during this process, but it has not yet been extensively explored as a coating 

technique [20–25]. Similarly, precipitation of Ca2+ and PO4
3− ions out of a solution 

onto a surface to form a HA layer has been achieved with relevant precursors 

under specific conditions of pH and temperature on collagen or bone interfaces 

[26,27]. In general, formation of a complex crystalline structure with the desired 

morphology, adhesion properties and mechanical strength remains a significant 

challenge. Despite a plethora of methods that lead to HA formation, few replicate 

the body’s natural process of HA growth, and those that do are limited by poor 

porosity, phase and thickness control, along with limited substrate adhesion to a 

relevant orthopaedic implant [28,29]. 

HA crystallisation in vivo is thought to start with 10–25 nm sized amorphous 

apatite particles [30]. Studies suggest these initial particles are Posner clusters 

of Ca9(PO4)6, which are formed from the nucleation of phosphate-based fluid in 

contact with calcium semi-solid interfaces [31–33]. These particles agglomerate 

into clusters and function as a precursor to amorphous calcium phosphate (ACP), 
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with their shape allowing for pores and interstices in the HA as it forms [34–36]. 

Formation of synthetic HA under aqueous conditions might allow for ACP 

nucleation followed by HA crystal growth which replicates the body’s endogenous 

bone growth process [37]. However, the formation of HA at surfaces is not well 

understood; the focus of research has mainly been on characterisation rather 

than the mechanism of film formation. This study builds upon the findings of the 

scientific community regarding other HA deposition methods, both biologically 

and synthetically. With a focus on the required outcomes of porosity, herein, 

chemical structure analysis is undertaken at various stages to tie the 

characterisation outcomes back to the process itself. 

This method of depositing hydroxyapatite (HA) on orthopaedic implant-type 

substrates mimics biological-like self-assembly growth processes. One novelty of 

this process lies in the use of chemical precipitation directly onto a substrate to 

be coated without intermediate steps. Using these saturated solutions of calcium 

and phosphorous gives rise to coatings with adequate coverage, thickness and 

morphology control that are relevant to manufacturing requirements. This method 

also allows for a non-line of sight HA deposition, which is also another of its 

advantages over the existing material evaporation techniques [38–40]. It is 

possible to build on the existing literature and studies to hypothesise how a 

colloidal method might work. At a near biological pH of 7 in aqueous 

supersaturated conditions, studies show that HA will form via apatitic precursors 

[41,42]. The precursors formed should follow Ostwald’s rule of 4, whereby the 

most thermodynamically unstable phase forms first [43].  

Our results detail a proposed nucleation and growth pathway for HA within this 

deposition system. With the aim of identifying the ideal process solutions, 

analysis is conducted on pH, ionic strength, and dynamic light scattering (DLS) 

properties. Subsequently, HA films are formed with different solutions and are 

analysed. Weight analysis, scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDX) of the deposited films reveals the solutions 

which generated HA films with coverage, morphology and chemical structure best 

aligned to osetoinduction HA coatings.  
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2.2 Materials and Methods 

All materials and reagents were used as received. Monobasic potassium 

phosphate (KH2PO4) United States Pharmacopeia (USP) reference standard, 

Honeywell Fluka hydrochloric (HCl) acid solution 6M, tris(hydroxymethyl)-

aminomethane (TRIS) ACS reagent, 99.8% sodium chloride (NaCl) BioXtra, 

99.5% calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) ACS reagent all from Sigma 

Aldrich. A calibrated benchtop pH meter with a temperature enabled probe (Orion 

Star A111, Thermo Scientific™, U.K) was used for pH measurements with an 

accuracy of 0.001 pH. Titanium coupons of Ti-6Al-4V alloy were used as 

substrates. These coupons were received from the industry co-funding partner, 

DePuy Synthes.  All substrates were submerged in hot basic solutions to increase 

roughness and yield a negatively charged surface for calcium ion attachment. 

[44–47]  

KH2PO4, TRIS and NaCl were mixed in deionised water (DIW) to yield a 

supersaturated phosphate concentrate. HCl was added to increase stability of the 

concentrate to prevent precipitation. Ca(NO3)2⸱4H2O was mixed with DIW to yield 

a supersaturated calcium concentrate. The ratio of calcium to phosphate in the 

syrups remained 09:1 Ca to P with Ca(NO3)2⸱4H2O having a molarity of 36µM 

and KH2PO4 having a molarity of 40µm. For deposition, the supersaturated 

concentrates were combined and diluted to various concentrations for deposition 

process runs. See Appendix 2.5.1 for all molarities, CAS numbers and water 

solubility of reagents. 

Solutions of varying dilution were identified by %v/v which is percentage 

concentrate volume to process solution volume. Solutions were warmed to 40-50 

°C for deposition of hydroxyapatite. To design a process around body 

temperature a range of temperature around 30-35°C would  have been optimum. 

However, due to the solubility of NaCL, a slightly higher range of 40-50°C was 

chosen, this is still lower than other chemically prepared methods.  

Ionic strength is a well-established modifier in hydroxyapatite formation since it 

increases or decreases the ions present in a solution. [48,49] Ionic strength was 

calculated as follows.  

Equation 2.1: Ionic Strength (I) formula  
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𝐼 =
1

2
Σ ((𝐶𝐾𝐻2 𝑃𝑂4

. (𝑧𝐾𝐻2 𝑃𝑂4
)

2
) + (𝐶𝑇𝑅𝐼𝑆. (𝑧𝑇𝑅𝐼𝑆)2) + (𝐶𝑁𝑎𝐶𝑙. (𝑧𝑁𝑎𝐶𝑙)
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+ (𝐶𝐶𝑎(𝑁𝑂3)2
. (𝑧𝐶𝑎(𝑁𝑂3)2

)
2

)) 

Where C = mol⸱L-1 and z= electric charge 

Despite the ratio of components remaining fixed, ionic strength of the 

supersaturated solutions was increased via sodium chloride addition (increasing 

the ratio of concentrate in solution), see Table 2.1 for a list of the solution data. 

Table 2.1: Table containing list of process solutions used (1-7) in this work, with 
their corresponding percent solution to syrup (%v/v) and ionic strength values 

(mmol⸱L-1).  

ID 

Syrup to Solution 

Dilution [%v/v] 

Ionic Strength 

[mmol⸱L-1] 

Solution 1 3.1 163.08 

Solution 2 4.6 244.71 

Solution 3 6.2 326.81 

Solution 4 7.7 407.71 

Solution 5 9.2 489.74 

Solution 6 10.8 570.76 

Solution 7 12.3 652.36 

 

A custom-designed experimental apparatus was used for deposition, See Figure 

2.1. A sample holder, thermometer, and pH probe for in situ temperature and 

acidity measurements, and overhead stirrer to agitate the solution were inserted 

into the vessel. High agitation rates of 1000 RPM prevented gross precipitation 

of mineral from the solution. 
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Figure 2.1: A. Schematic of deposition rig with the following labels: (A): 
Solution bath, B: Overhead Stirrer, C: customised 3D printer sample holders, D: 
pH meter attached to probe, E: Large hot plate and F: stainless steel reaction 
vessel. And (B). CAD rendering of sample holder used in this studies containing 
6 identical Ti coupons for deposition.  

Substrates were placed in the reaction vessel for deposition then removed and 

rinsed with DIW, this process was repeated several times with fresh solutions to 

grow a coherent layer of HA at the solution-substrate interface of desired 

thickness. Between deposition steps substrates were removed from solution and 

allowed to dry for a minimum of 15 min in ambient conditions (to ensure active 

sites are available for subsequent process runs). More data behind the drying 

rationale is provided in Appendix 2.5.2.  To assess the effect of different 

solutions on eventual film growth, identical substrates were subjected to several 

deposition process runs of each solution and analysed intermittently, i.e., 6 

substrates underwent 7 deposition runs using solution 1, 6 substrates underwent 

7 deposition runs using solution 2 etc. This was repeated for 3 sets and data is 

the average of all the results except where some SEM images are selected.  

Dynamic Light Scattering (DLS) was performed using Malvern Zetasizer Nano 

ZS, with 633 nm HeNe laser. Samples were added to glass cuvette which had a 

10 mm pathlength and allowed to equilibrate for 120 s at 47 °C prior to sampling. 

The machine was operated in backscatter mode at an angle of 173 °. Scanning  

Electron Microscopy (SEM) images were recorded on a Zeiss Ultra Plus system 

with the accelerating voltages in the range of 5-10 kV, at a working distance 

between 3 to 10 mm and an in-lens detector. Energy-dispersive X-ray 

spectroscopy (EDX) spectra were acquired at 15 kV on an Oxford Inca EDX 

detector.  
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2.3 Results 

2.3.1 Kinetics of Process Solutions 

The solution reactions are complex but may be thought of using the following 

reaction schemes which detail the formation of hydroxyapatite (HA). At 

equilibrium, calcium and phosphate ions in solution form a tricalcium phosphate 

(TCP) mineral product as shown by Equation 2.2.  

Equation 2.2: Equilibrium chemical reaction for the formation of tricalcium 

phosphate (TCP) from calcium and phosphate ions.  

𝟑𝑪𝒂(𝒂𝒒)
𝟐+ + 𝟐𝑷𝑶𝟒(𝒂𝒒)

𝟑− ⇌ 𝑪𝒂𝟑(𝑷𝑶𝟒)𝟐(𝒔) 

At stoichiometric proportions and in the presence of hydroxyl ions, the formation 

of TCP is thermodynamically favoured. To form pure hydroxyapatite (HA) under 

solution excess calcium ions as Ca2+ or Ca(OH)2 are required, Equation 2.3.  

Equation 2.3: Example of one reaction where additional calcium ions with 

tricalcium phosphate and hydroxyl ions can form hydroxyapatite (HA). 

𝟑𝑪𝒂𝟑(𝑷𝑶𝟒)𝟐(𝒔) +  𝑪𝒂(𝒂𝒒)
𝟐+ + 𝟐𝑶𝑯(𝒂𝒒)

− ⇌ 𝑪𝒂𝟏𝟎(𝑷𝑶𝟒)𝟔(𝑶𝑯)𝟐(𝒔) 

In this work, as the concentration of solutions are equally supersaturated with 

respect to calcium and phosphate ions, they drive the precipitation of 

thermodynamically unstable phases of octacalcium phosphate (OCP), as shown 

in Equation 2.4 and 2.5. [50–52] 

Equation 2.4: Formation of calcium deficient (CDHA) precursor to octacalcium 

phosphate (OCP) particles in aqueous solution. 

𝟗𝑪𝒂(𝒂𝒒)
𝟐+ + 𝟔𝑷𝑶𝟒(𝒂𝒒)

𝟑− + 𝑶𝑯(𝒂𝒒)  
− + 𝑯(𝒂𝒒)

+ ⇌ 𝑪𝒂𝟗(𝑯𝑷𝑶𝟒)(𝑷𝑶𝟒)𝟓(𝑶𝑯) (𝒔) 

Equation 2.5: Nucleation of octacalcium phosphate (OCP) particle in aqueous 

solution 

𝑪𝒂𝟗(𝑯𝑷𝑶𝟒)(𝑷𝑶𝟒)𝟓(𝑶𝑯) (𝒔) + 𝟓𝑯𝟐𝑶(𝒂𝒒)  ⇌  𝑪𝒂𝟖𝑯𝟐(𝑷𝑶𝟒)𝟔 ∙ 𝟓𝑯𝟐𝑶(𝒔) + 𝑪𝒂𝑶(𝒔) 

Whilst the experimental solutions at room temperature contain metastable 

intermediaries (which form and then re-dissolve continually), their nucleation into 

stable precipitates only occurred above a critical temperature and deposition only 
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occurred between 44 and 50 °C. There is an upper temperature limit because of 

redissolution. Data temperature from more than 100 process runs (including 

process runs from various solutions) shows a mean of 46.9 °C. 

Precipitation of Ca-P phases from solution should be associated with a pH drop 

as a result of decreased calcium ion concentration. [53] As Equations 1,2,3 

show, the formation of HA species initiates a drop in calcium ion concentration 

and OH- concentration. Within this study pH dropped by 0.12 ± 0.02 from 0 to 30 

min with almost no change after that, therefore, process runs were ceased at 30 

min for all solutions, Figure 2.2(a). The pH reduction confirmed ions are removed 

from solution, their concentration decreases with the solution becoming more 

thermodynamically stable until the rate of deposition becomes kinetically too 

slow. 

 

Figure 2.2:(a) pH data from all runs graphed against process time fitted with 
linear line of best fit and (c) Dynamic light scattering (DLS) data of different 
solutions, intensity versus particle size.  

While all constituent parts were accounted for in the ionic strength calculations, 

95% of the ionic strength value for each solution was due to the NaCl component, 

see Table 2.1 for values.  

DLS data from various process solutions shows that the particle size in solution 

varies significantly with dilution becoming smaller with increased dilution, Figure 

2.2(b). Solution of 12 %v/v has particle size with a mean of 5.2 µm whereas 

concentrations between 6 and 9 %v/v have a particle size around 100 nm, with 

the concentration of 3 %v/v having 35 % of particles < 8 nm. The hypothesis 
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herein is that particles above 100nm aggregate too readily in solution and hinder 

self-assembly growth on the sub-micron scale at the surface of the substrates 

during deposition.  

2.3.2 Analysis of HA films formed from various process solutions.  

When a substrate is added to the solutions at the correct temperature, 

heterogeneous nucleation at the substrate occurs forming a deposit. A 

photograph of samples, side-by-side post 7 deposition runs reveals a colour 

gradient of the HA film across solutions, Figure 2.3. This number of deposition 

runs was chosen to grow a layer of HA up to 6/7µm thick, due to the porosity of 

the layer each deposition run did not provide significant amounts of material. It is 

clear from this photograph that solutions 5,6 &7 have more white material and we 

postulate that some of this is just apatite mineral deposited on the surface as it is 

easily removed. The darker colour gradient seen in solutions 3 and 4 is more well 

adhered crystal growth bonded onto the substrates as it cannot be removed 

without significant effort.  

 

Figure 2.3: Photograph of HA samples on Ti coupons as deposited by 
Solutions 1-7. 

The porosity of a HA film is fundamental to the success of the coating in vivo and 

should be on the few hundred nm to micron scale. [54,55] SEM imaging was 

performed on samples of the HA film deposited by solutions 1-7 after 2,4 and 7 

process runs (Appendix 2.5.3). A subset of these SEM images is included in 

Figure 2.4 to assess their mineral coverage and porosity. From Figure 2.4(a-b) 

it can be concluded that solution 1 generated little or no coverage of mineral with 
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the topography unchanged compared to the blank substrate after 7 process runs, 

see Figure 2.4 (g).  

Solution 4 showed the beginning of a porous network after 2 process runs, with 

mineral clusters forming a porous layer amidst needle like interconnectivity, 

Figure 2.4(c). After 7 process runs, solution 4 shows thorough coverage and 

porosity on the sub-micron scale. Solution 7 shows large build-up of mineral after 

2 process runs, without any needle-like interconnectivity apparent, Figure 2.4(e). 

After 7 process runs solution 7 has good film coverage, and, although pores can 

be seen, morphological features are larger, flatter and show evidence of cracking 

typical of poor adhesion. When compared with lower concentration solutions, 

inference can be suggested that this solution results in a coating of high coverage 

but low porosity/high density. We postulate that this is related to the larger particle 

size of this solution 7, particles should be on the nanometres scale to nucleate 

and formed a film with features sub-micron. 
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Figure 2.4: Scanning electron micrograph images of hydroxyapatite mineral 
formed on Ti-6AL-4V alloy. (a) image of the mineral deposited using solution 1 
after 2 process runs, (b) image of the mineral deposited using solution 1 after 7 
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process runs, (c) image of the mineral deposited using solution 4 after 2 
process runs, (d) image of the mineral deposited using solution 4 after 7 
process runs, (e) image of the mineral deposited using solution 7 after 2 
process runs, (f) image of the mineral deposited using solution 7 after 7 process 
runs and (g) Scanning Electron Microscope (SEM) images of titanium alloy 
coupons after basic activation. Image recorded using a Zeiss Ultra Plus system 
with the accelerating voltage of 5 kV, at a working distance of 7.8mm and an in-
lens detector. 

EDX analysis enhanced SEM observations. Lower titanium signals indicated 

higher HA coverage, and it can be seen in Figure 2.5(a) that the more 

concentrated solutions 5-7 show < 5 at.% titanium after just 2 process runs but 

at lower concentration the HA layers are thinner. Solution 7 had no titanium 

detection at all post-7 process runs. Calcium and phosphorus signals are minimal 

for solutions 1 and 2, solutions 3 and 4 show clear increases in these elements 

with process runs, while solutions 5-7 show greater than 12 at.% Ca and 10 at.% 

P following two process runs, Figure 2.5(b-c). Oxygen is 50-60 at.% for all 

samples consistent with the presence of oxide containing phases, Figure 2.5(d). 

Surface-bound carbon is universally observed across all samples, a typical 

occurrence with hydroxyapatite (HA) due to its well-known adsorption properties. 

[56] Notably, the carbon content exhibits an upward trend with increasing solution 

concentration, attributed to the greater availability of apatitic minerals for 

adsorption, as illustrated in Figure 2.5(e). Figure 2.5(f) shows the NaCl content 

of the films. The NaCl concentration is small for all samples regardless of the 

ionic strength (Na at.% < 2.5 % and Cl at.% < 2 %) consistent with expectations 

because of its high solubility. It is clear from these data that the NaCl only acts to 

increase the ionic concentration and improve the availability of other ions for the 

precipitation process.  
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Figure 2.5: Energy-dispersive X-ray spectroscopy (EDX) spectra of deposited 
films recording various elements pertinent to hydroxyapatite deposition. All data 
points are the mean of 3 areas within a sample, grouped on the x-axis by 
solution ID: 1-7 and number of processes runs complete for each film (2,4 or7). 
(a: titanium atomic %, b: calcium atomic %, c: phosphorus atomic %, d: oxygen 
atomic %, e: carbon atomic %, f: sodium and chlorine atomic %).  

It was possible to quantify the amount of film deposited from the weight of 

samples after each process run, Figure 2.6(a). This data is the mean of the mass 
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added after every run per solution. Mass uptake for solutions 1 and 2 is minimal. 

There is a linear trend of mass uptake per run with increasing concentration. 

Solutions 4-7 have upwards of 1 mg per run with solution 7 having 4 mg of film 

attachment per run.  

The calcium to phosphate at.% ratio (Ca/P), along with the oxygen at.% are 

widely used to identify hydroxyapatite phases, see Table 2.2 with data for the 

relevant phases listed. [57,58] From Figure 2.6(b) it is seen there is generally a 

decrease of the Ca/P ratio as the number of process runs increases (where 

deposition is significant: solutions 3-7).  Solutions 1 or 2 show the highest Ca/P 

ratios, and the data suggest that calcium attachment is preferential in the 

preliminary stages of film development (nucleation), and this is consistent with 

the substrate having negatively charged hydroxyl groups that attract Ca2+ from 

solution. For solution 1 and 2 there are not enough available ions to form TCP or 

OCP mineral as per equations 1 and 2. After 2 process runs both solutions 3 

and 4 show a higher Ca/P aligning with equation 2 since a TCP content would 

increase the Ca/P. As deposition progresses (4,7 runs) the OCP phase 

dominates, Figure 2.6(b). Figure 2.6(b) shows that solutions 3-7 are very closely 

aligned near the level of OCP in terms of Ca/P after 7 runs. Solutions 3-7 

however, have an Oxygen at.% > 40% implying that there is ACP present also 

since ACP can have a flexible oxygen at.%.  

 

Figure 2.6: (a) graph of weight added per run in mg versus solution ID and (b) 
the calcium to phosphate ratio (Ca/P) of films calculated for each solution after 
2,4, and 7 process runs. 
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Table 2.2: Tabular data of hydroxyapatite phases; their acronym, mineral name, 
stoichiometric formula, calcium to phosphate ratio (Ca/P) and stoichiometric 
atomic percentage of oxygen[59]. 

Acronym Mineral Formula Ca/P Atomic % 

Oxygen 

HA Hydroxyapatite Ca10(PO4)6(OH)2 1.67 34.9 

ACP Amorphous 

calcium 

phosphate 

CaxHy(PO4)z∙nH2O 1.2–2.2 flexible 

OCP Octacalcium 

phosphate 

Ca8H2(PO4)6·5H2O 1.33 39.7 

TCP  Tricalcium 

phosphate 

Ca3(PO4)2 1.5 41.3 

CDHA Calcium 
deficient 
hydroxyapatite 

Ca9(HPO4)(PO4)5OH 1.5 43.13 

 

When considered together these data sets reveal that solutions 1 and 2 had 

minimal apatite film attachment across all process runs, implying that their 

concentration and ionic strength are too low. Solutions 3 and 4 showed slower 

apatite film growth kinetics but the most adhered layer with a measurable mg of 

material added per run. Solutions 3 and 4 also showed the best morphological 

development after 7 process runs, mirrored through EDX data of the relevant 

elements at 2, 4 and 7 process runs. Compared to other studies this morphology 

and phase composition are advantageous since the presence of TCP can 

accelerate coating degradation whereas the mix of ACP and OCP allows for ease 

of integration and the structure encourages bone growth. [60,61] Solutions 5, 6 

and 7 had large-scale apatite film attachment after only 2 process runs but 

morphologically showed some cracks emerging after 7 process runs with material 

having fewer interconnecting needles and pores. Solutions 6 and 7 also exhibit 

high carbonate content coincident to HA-based material. The chemical 

composition of HA film from solutions 3-7 was matched at 7 process runs 

indicating an OCP crystalline phase with ACP material also. It is clear from this 

data that by altering the concentration and ionic strength of solutions, it is possible 
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to expediate or remediate HA growth. However, growth follows the same 

nucleation and growth mechanism. Further detailed investigation of the 

crystallinity of HA phases is conducted in the next chapter including XRD analysis 

after various process runs to identify the growth mechanism of OCP, HA and ACP 

as they emerge from this solution process.  

2.4. Conclusion  

This study has shown HA film can be deposited and controlled using a colloidal 

solution process. The repeatability of the process at 47 °C is confirmed through 

consistent dropping of pH in 30min runs. Calcium ions bonding to the substrate 

lead to pH drop, as explained in the proposed chemical pathway. DLS data shows 

various particle sizes in solutions, with ~100 nm particles preferred for porous 

and coherent films (because of the denser packing). SEM topography showed 

that the various solutions used gave rise to a morphologically porous and 

chemically consistent HA coating. Solution concentration influences film 

thickness, coverage, and coating rate, with NaCl having no role in HA bonding. 

Lower concentration solutions formed very thin films, with calcium and phosphate 

content being <5 at.% after 7 deposition runs. While some films contained 

carbonates at higher concentrations, all films had similar oxygen content. Where 

HA film was formed at >1 mg per run, there is a strong indication that the phase 

of HA formed is consistent to all solutions. Ca/P ratio data strongly indicated the 

OCP phase, and an oxygen atomic percentage additionally indicated the 

presence of water and ACP. This HA phase lines up with the proposed nucleation 

and growth pathway from Equations 2,3,4 and 5.  

The optimal process solution is between solution 3 and 4 based off the data 

shown. Solutions 3 and 4 very clearly followed the proposed chemical nucleation 

and growth. The advantage of this slower crystal growth allows for excellent 

porosity and morphology to be seen at SEM, and through photography the 

adhesion of the layer can be conveniently ratified.  

Overall, this body of work had outlined that colloidal solutions can be used as a 

novel HA coating process whereby crystallisation happens in a timely manner at 

low temperatures.  
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2.5 Appendix Chapter 2 

Appendix 2.5.1. Molarity and Solubility of Chemicals Used. 

Table A2.1: List of Reagents used and their exact CAS number, the molarity 
(and molality tolerance) to which they were included in the concentrates, and 
their water solubility at 20°C.  

Reagent 
Molarity 

(mM) 

 Molarity 

tolerance  

Water 

Solubility 

at 20°C 

KH2PO4  CAS# 7778-77-0 40 0.015 222 g/L  

TRIS = (HOCH2)3CNH2  CAS# 

77-86-1 
157.16 2 

678 g/L 

NaCl  CAS# 7647-14-5 4683 0.02 317 g/L  

Ca(NO3)2*4H20  CAS# 13477-34-

4 
36.364 0.015 

1,293 g/L 

 

Appendix 2.5.2 Brief explanation behind allowing HA samples to Dry in 

ambient conditions.  

Studied were ran whereby HA films were deposited onto a functionalised Quartz 

Crystal microbalance, the change in dissipation of this crystal represents a 

phase change. Dissipation data  was collected through the deposition runs (30 

min/1800 s) and up to 35 minutes afterwards (4000 s) and it became clear that 

the HA film dehydrated 15mins post process run (2700s on the below graph). 

On this graph there is a sharp peak after 15 min which represents dehydration 

of the layer.  
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Figure A2.1: Dissipation versus relative time of a quartz crystal microbalance 
which has undergone HA deposition, the data shows the sample gathering HA 
film growth through this colloidal solution process (up to 1800s) and afterwards 
during drying.  

Further to this, studies were conducted whereby Ha was deposited onto 

substrates without letting them dry at all, only rinsing and refilling in between 30 

min process runs. Using solution 3 gave the following weights for 6 samples. 

When analysed this data reflects a 40% decrease in film growth versus what it 

could be if parts were allowed to dry in ambient conditions for 15 min. There is 

no error included in this data since just 7 individual coupons were ran. 

Table A2.2: Weight recorded for titanium coupons that were subject to HA 
deposition without allowing them to dry in between process runs.  

Coupon Before (g) After 7 Runs (g) Weight Added (g) 

1 7.17 7.1239 -0.0461 

2 7.0901 7.0976 0.0075 

3 6.9931 6.9999 0.0068 

4 6.9649 6.9715 0.0066 

5 7.0269 7.0329 0.006 

6 6.971 6.9766 0.0056 
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Appendix 2.5.3 Supplemental SEM Images 

 

Figure A2.2: Scanning Electron Microscope (SEM) images of hydroxyapatite 
film on titanium alloy coupons after 2 hydroxyapatite solution deposition runs 
using Solutions 1-7. Images are recorded using a Zeiss Ultra Plus system with 
the accelerating voltage of 5 kV, at a working distance between 3 to 10 mm and 
an in-lens detector or secondary electron detector. 1a: SEM images with a scale 
bar of 2µm to show nature of the porous film. 1b: SEM images with a scale bar 
of 100µm to show overall sample coverage.  
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Figure A2.3: Scanning Electron Microscope (SEM) images of hydroxyapatite 
film on titanium alloy coupons after 4 hydroxyapatite solution deposition runs 
using Solutions 1-7. Images are recorded using a Zeiss Ultra Plus system with 
the accelerating voltage of 5 kV, at a working distance between 3 to 10 mm and 
an in-lens detector or secondary electron detector, all images have a 10µm 
scale bar.  
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Figure A2.4: Scanning Electron Microscope (SEM) images of hydroxyapatite 
film on titanium alloy coupons after 7 hydroxyapatite solution deposition runs 
using Solutions 1-7. Images are recorded using a Zeiss Ultra Plus system with 
the accelerating voltage of 5 kV, at a working distance between 3 to 10 mm and 
an in-lens detector or secondary electron detector. 1a: SEM images with a scale 
bar of 2µm to show nature of the porous film. 1b: SEM images with a scale bar 
of 100µm to show overall sample coverage. 
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Chapter 3: Development of hydroxyapatite coatings for 

orthopaedic implants from colloidal solutions, Part 2: 

detailed characterisation of the coatings and their 

growth mechanism  

Abstract 

This chapter is the second part of a two-part study whereby supersaturated 

solutions of calcium and phosphate ions generate well-defined hydroxyapatite 

coatings for orthopaedic implants. An ‘ideal’ process solution is selected from 

Chapter 2 and detailed characterisation of films produced from this solution is 

undertaken here in Chapter 3.  

Analysis is presented on the hydroxyapatite produced, in both powder form and 

as a film upon titanium substrates representative of orthopaedic implants. From 

thermal analysis data it is shown that there is chemically bound, and interstitial 

water present in the hydroxyapatite. Nuclear magnetic resonance data allows for 

the distinction between an amorphous and a crystalline component of the 

material. As hydroxyapatite coatings are generated, their growth mechanism is 

tracked across repeated process runs. Clear understanding of the growth 

mechanism is achieved though crystallinity and electron imaging data. 

Transmission electron imaging data supports the proposed crystal growth and 

deposition mechanism. The data concludes that this process has a clear 

propensity to grow the hydroxyapatite phase of octacalcium phosphate.  

The investigation of the hydroxyapatite coating and its growth mechanism 

establishes that a stable and reproducible process window has been identified. 

Precise control is achieved, leading to successful formation of desired 

hydroxyapatite films. 

3.1 Introduction  

The coating of metal titanium alloy implants (or other metals such as chromium 

cobalt) is key to improving the bodily response to a metal. As mentioned in 

Chapter 2 [1] of this thesis, hydroxyapatite (HA) coatings on orthopaedic implants 

mitigate fibrous build-up and promote implant fixation [2,3]. In Chapter 3, the 
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evolution of HA as it grows on a substrate and the resulting film is extensively 

characterised. How HA film emerges with different mechanical properties from 

any coating process depends on various parameters, such as temperature, 

pressure and process time [4–6]. Similarly, HA will grow differently based on its 

precursors, be they synthetic or biologically derived; for example, mammalian or 

shell-derived HA can have variations in particle size or phase composition [7,8]. 

HA film will have different crystallinity based on its substrate chemistry [9–11]. 

Some methods of HA coating also incur water content which requires dehydration 

[12,13]. The interaction between all these process parameters on the eventual 

film formed vary greatly by coating process. 

There are many industrial techniques for HA coating, such as plasma spraying, 

chemical vapour deposition, electrochemical deposition, sol-gel deposition or ion 

assisted deposition, which can be used to form HA coatings on a surface. Within 

any synthetic process different calcium phosphate (Ca-P) phases can be created: 

amorphous calcium phosphate (ACP), α/β-tricalcium phosphate (α/β-TCP), 

octacalcium phosphate (OCP) or pure HA [14]. These other Ca-P phases have 

reabsorption and dissolution rates in vivo that differ from HA, thus affecting 

coating performance [15–19]. HA coatings must be sufficiently porous to 

encourage protein and mineral deposition in order to form new bone at the site 

[20–24]. 

The most common industrial HA coating techniques, plasma spraying and 

electrochemical deposition, have poor porosity control, poor crystalline phase 

control, require expensive tools (elevated temperatures or currents) and have 

poor coating adhesion [25]. Plasma spraying produces sub-micron needles and 

plates within micron-sized lamellae which allows for a porous structure [26,27]. 

Plasma spraying induces the less desirable α/β-TCP and relies upon post-

deposition heating to crystalise the HA, which can result in low porosity [28,29]. 

Electrochemical HA coating deposits may sometimes suffer from defects in the 

coatings taking the form of certain Ca-P phases or hydrogen bubbles [30,31]. Sol-

gel and biomimetic methods are commonly used in hydroxyapatite coating 

research [32]. Sol-gel processes can include elastic, part-polymer and ceramic 

composite materials which are useful to study the repair of bone cartilage [33–

35]. Biomimetic processes using simulated bodily fluids have been studied as a 
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means to grow HA on a surface [36,37]. Sol-gel deposited HA coatings have the 

highest coating adhesion of all methods, whereas biomimetic HA coating is the 

closest in nature to the body’s endogenous bone growth pathway [32,38]. Sol-gel 

and biomimetic processes are hindered by time-consuming steps and, in the case 

of biomimetic processes, rely heavily on the use of simulated body fluid [39–42]. 

Although as stated, poor porosity and thickness control, along with poor substrate 

adhesion, are some of the unfavourable attributes of existing HA coating methods 

[43]. The advantages of existing methods lie within their mechanical properties 

and their easy affinity for titanium surfaces [44]. 

As outlined in Chapter 2, this method of depositing hydroxyapatite (HA) on 

orthopaedic implant-type substrates, using saturated solutions of calcium and 

phosphorous, has the benefits of sol-gel techniques and biomimetic techniques. 

Coating crystallisation occurs at low temperatures, unlike in other methods. This 

process entices HA to grow in a self-assembly manner, encouraging high porosity 

and strict phase control. Chapter 2 provides us with an ideal process solution, 

process time and process temperature at which to grow hydroxyapatite coatings 

from solution. The formation of HA at surfaces is not well understood; the focus 

of research has mainly been on characterisation rather than the mechanism of 

film formation. 

Further work is conducted herein on the mechanism of film formation upon a 

titanium alloy surface. Through thermal analysis, nuclear magnetic resonance 

(NMR), X-ray diffraction (XRD) and transmission electron microscopy (TEM), we 

identify the initial nucleation of Ca-P through to the final film characteristics. Once 

surface coating has commenced, XRD is performed at distinct stages of the 

process to identify each phase’s composition and how they emerge during the 

process. By proving the repeatable and reliable physiochemical outcomes of this 

process, a new generation of HA coatings can be engineered, ultimately 

improving patient prognoses post-implantation. 

3.2. Materials and Methods 

All materials and reagents were used as received. Monobasic potassium 

phosphate (KH2PO4) United States Pharmacopeia (USP) reference standard, 

Honeywell Fluka hydrochloric (HCl) acid solution 6 M, tris(hydroxymethyl)-
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aminomethane (TRIS) ACS reagent, 99.8% sodium chloride (NaCl) BioXtra and 

99.5% calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) ACS reagent were all from 

Sigma Aldrich. A calibrated benchtop pH meter with a temperature enabled probe 

(Orion Star A111, [Thermo Scientific™, UK]) was used for pH measurements with 

an accuracy of 0.001 pH. Titanium coupons of Ti-6Al-4V alloy were used as 

substrates. These coupons were received from the industry co-funding partner, 

DePuy Synthes.  All substrates were submerged in hot basic solutions to increase 

roughness and yield a negatively charged surface for the calcium ion attachment 

[45, 46]. 

KH2PO4, TRIS and NaCl were mixed in deionised water (DIW) to yield a 

supersaturated phosphate concentrate. HCl was added to increase the stability 

of the concentrate to prevent precipitation. Ca(NO3)2·4H2O was mixed with DIW 

to yield a supersaturated calcium concentrate. Solutions 3-4 from Chapter 2 were 

used in this work, meaning, for deposition, the supersaturated concentrates were 

combined before a dilution factor of between 15 and 17 was applied. The process 

solution was heated to 46 °C. A custom-designed experimental apparatus was 

used for deposition. A sample holder, thermometer and pH probe for in situ 

temperature and acidity measurements, and an overhead stirrer to agitate the 

solution, were inserted into the vessel. High agitation rates of 1000 RPM 

prevented gross precipitation of the minerals from the solution. Substrates were 

placed in the reaction vessel for deposition then removed and rinsed with DIW; 

this process was repeated several times with fresh solutions to grow a coherent 

layer of HA at the solution–substrate interface. In between process runs, samples 

were left to dry for a minimum of 15 min in ambient conditions. To facilitate some 

powder analyses two powders were collected; (i) HA powder was collected by 

scraping it from surfaces post-solution deposition (for thermal analysis and 

nuclear magnetic resonance) and (ii) the process solutions underwent filtration 

and evaporation to remove the solvent and the dried solute was collected (for 

crystallinity analysis). 

Solid-state nuclear magnetic resonance spectroscopy (NMR) was performed 

using a 9.4T Bruker Avance III HD NMR spectrometer equipped with a 3.2 mm 

H-F/X CP-MAS probe with TopSpin software version 3.6.5. The spectra were 

recorded at a Larmor frequency of 400.13 and 161.97 MHz for 1H and 31P, 
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respectively. Chemical shifts were externally referenced to NH4(H2PO4) and 

Tetramethyl silane for 31P and 1H, respectively. A powder HA sample was added 

to a zirconia rotor, which was then spun at a magic angle spinning of 20 kHz. All 

spectra were run at room temperature. The 31P MAS spectra were measured at 

a spin rate of 20 kHz and with 50 kHz proton decoupling. An exponential window 

function of 20 Hz line broadening was applied to each free induction decay before 

the Fourier transformation. The 2D 31P{1H} heteronuclear correlation (HETCOR) 

experiments were run with a contact time (τCP) of 0.5 ms and a recycling delay of 

8 s at 20 °C. Thermogravimetric analysis (TGA) was carried out using Perkin 

Elmer Pyris 1 TGA under nitrogen; samples were held at 30 °C for 15 min and 

then heated from 30 °C to 900 °C at 10.00 °C min−1. DSC was carried out using 

the Perkin Elmer Diamond DSC 800 under nitrogen; the sample was heated from 

20°C to 500 °C at 10.00 °C min−1, held for 1.0 min at 500 °C before cooling to 20 

°C at 100 °C min−1, held for 5.0 min at 20 °C and reheated to 500 °C at 10.00 °C 

min−1. However, it is the first heating which is reported on. X-ray Diffraction (XRD) 

patterns were acquired using a Bruker Advance Powder Diffractometer (Cu-Kα 

radiation with λ = 1.5406 Å, an operating voltage of 40 kV and a current of 40 

mA). Measurements were performed in the 2θ range from 10° to 60° with steps 

of 0.004°. XRD diffractograms of HA powder from the dried process solution and 

HA films (after two, four and seven deposition runs) were collected. XRD was 

also performed on the blank titanium substrate. Scanning Electron Microscope 

(SEM) images were recorded using a Zeiss Ultra Plus system with the 

accelerating voltage of 5 kV, at a working distance between 3 and 10 mm and 

using an in-lens detector or secondary electron detector. 

Lamellae for TEM cross-section images were prepared on a Zeiss AURIGA 

Focused Ion Beam (FIB), with accelerating voltages of 5–30 kV and ion beam 

currents of 50 pA–2 nA. Transmission Electron Microscopy (TEM) coupled with 

EDX analyses were performed on a FEI Titan 80–300 microscope with a 

Schottky-type field emission electron gun operated at 300 kV and a Bruker 

XFlash 6T-30 detector (resolution 129 eV).  
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3.3 Results  

3.3.1 Analysis of HA generated from within this process in powder form. 

Powder analysis was performed on apatite mineral to understand how phases 

emerge within solution and upon solution–surface interaction. TGA analysis of 

this HA powder revealed the presence of adsorbed water and interstitial water, 

similar to other HA studies [47–49]. In the TGA data, Figure 3.1a showed a 4% 

weight loss by 600 °C at a steady rate. From 0 °C to 200 °C the weakly adsorbed 

water loss was ~2%. This was accompanied by a large heat flow in the DSC data 

(Figure 3.1b). Figure 3.1b showed a large peak at 113 °C which corresponded 

to a change in enthalpy of 101.2 Jg−1. The TGA data showed a decrease in mass 

from 200 °C to 400 °C likely due to chemically bound water loss of ~2%. Again, 

this was accompanied by a significant heat flow, shown in the DSC data by a 

smaller peak at 368 °C, which corresponded to a change in enthalpy of 29.7 Jg−1. 

There was no sign of phosphate decomposition, which only occurs significantly 

at temperatures >600 °C. The TGA analysis of HA compounds commonly show 

a weight gain at 700 °C upwards; this is a bounce back in weight due to the 

recrystallisation of the mineral and it is seen in Figure 3.1a [50, 51]. 

Solid state NMR of HA powder was performed and the 1D spectra of 1H and 31P 

were collected, Appendix 3.5.1.  The 1D spectra gave little information because 

of low resolution about the hydration state of the phosphorous species. However, 

2D heteronuclear correlation (2D HETCOR) experiments which correlated 1H 

chemical shifts with 31P (or other X-nuclei) chemical shifts provided excellent 1H 

resolution in the indirect dimension, Figure 3.1(c). Cross-polarisation dynamics 

are different for ACP versus crystalline HA due to different proton pair 

correlations. [52–54] ACP is corelated by the proton in water with the P proton of 

a phosphate: 1H2O↔31PO4
3- . Crystalline HA material is correlated by the proton 

of the hydroxyl functional group with the P proton of a phosphate O1H↔31PO4
3-. 

Two distinct areas could be seen on the HETCOR spectrum (τcp= 0.5 ms) through 

contour vectors at the location of the cross peaks, Figure 3.1(c). The cross 

correlated peak at 1H 0 ppm was due to apatitic OH- and can be assigned to a 

more well-formed crystalline HA. The broader cross peak between 1H 5 and 10 

ppm was due to correlations between hydrogen phosphates, ACP, free and 

bound water, i.e., less well-formed HA. The NMR data indicated the existence of 
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two distinct types of HA within the powder, one crystalline and one amorphous. 

The ACP peak also manifested the presence of water nuclei in and around all HA 

phases. 

 

Figure 3.1:(a) Thermogravimetric data (TGA) showing weight loss as 
percentage loss from the samples versus temperature, (b) Differential scanning 
calorimetry (DSC) data for the first heating of a sample, graph of heat flow [mW] 
versus temperature, (c) Solid state Nuclear Magnetic Resonance 2D 
Heteronuclear correlation sequence (NMR 2D HETCOR) measuring cross-
polarisation of 1H and 31P proton spectra at a relaxation time (τ) of 0.5ms, 
showing two distinct peak regions as blue contours  

3.3.2 Growth Mechanism of HA film on a titanium substrate  

Films were also analysed in situ to identify relationships between the properties 

of the solution and the films formed plus characterisation of the film itself.  
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To identify the specific crystalline phases of HA present, extensive XRD analysis 

was performed, Figure 3.2(a) and tabulated in Table 3.1 

Table 3.1. Peak assignment of peaks seen in X-ray Diffraction (XRD) 
diffractograms in Figure 3.2.  

Peak Assignment 

Sample OCP 

[002] 
(26.2°) 

HA 

[210] 
(28.5°) 

HA 

Triple Peak 
(32°-33°) 

Titanium 
(35.8°) 

Dried Process Solute Medium Weak Strong Absent 

7 × Runs HA film on Ti Strong Weak Medium Weak 

4 × Runs HA film on Ti Strong Weak Medium Medium 

2 × Runs HA film on Ti Weak Absent Strong Strong 

Blank Ti substrate Absent Absent Absent Strong 

 

The titanium alloy has a strong reflection  at a 2θ angle of 35.8 °, denoted in 

Figure  3.2(a) as ‘Ti’. [55,56] This titanium peak can be seen on HA coated 

substrates and the peak decreases in intensity as the number of HA deposition 

cycles increase. There are three peaks of interest in this study with respect to 

HA: [57–62] 

1. OCP [002] is indicative of a calcium deficient plane [002] (26.2°) 

2. HA [210] (28.5°)  

3. HA Triple Peak containing the planes [211], [112] and [310] in varying 

degrees and could be masking the presence of TCP which would be 

observed at a similar position.  

Powder solute obtained directly from process solution rather than substrate gave 

an XRD pattern which shows amorphous build up around the peaks with a strong 

indication of HA triple peak, Figure  3.2(a). After two process runs, HA film on the 

substrate shows a weak OCP [002] peak and a strong characteristic HA triple 

peak. This may suggest that the initial attachment could be TCP. After four 
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process runs, the HA layer on the Ti substrate shows a strong OCP [210] peak, 

emergence of a HA [210] peak and a broadening of the triplet peak with shoulders 

implying a mixture of planes. Clearly while HA is forming, the unstable phase of 

OCP begins to dominate within this solution process. Pure HA can have a peak 

around 26° but the intensity of it is lower than the HA Triple Peak, unlike in this 

study where the OCP peak at 26° surpasses the HA triple peak intensity. By the 

7th run of HA on the Ti substrate, the OCP [002] peak remains narrow and sharp 

and rises in intensity relative to pure HA phases in the diffractogram. This implies 

that the coating grows preferentially along the [002] calcium deficient plane within 

this process. [63] The comparison of diffractograms between HA film on the 

surfaces to dried HA solute shows that the substrate encourages much sharper 

peaks shapes. This confirms that the presence of a substrate in solution causes 

heterogenous nucleation and orientation of the crystallites, with OCP more 

prevalent than pure HA. This process could be driven by surface alignment or 

epitaxy between the substrate and the HA type coating.  

The SEM images in Figure 3.2(b,c) represent the HA film at 7 and 2 process 

runs, respectively. The film develops cobweb-like interconnectivity with pores 

which develop to a full coverage of a porous film after 7 process runs. This 

morphological structure has been shown in various in vitro studies to be the most 

advantageous HA structure by which to proliferate bone-growth cells. [64-66] As 

the coverage grows from Figure 3.2(c) to Figure 3.2(b) it rationalises the 

diminishing Ti substrate peak.  
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Figure 3.2: (a) X-ray diffraction (XRD) diffractograms in the region of 2θ angle 
25° to 37°, separate trends shown for a blank titanium substrate, films of 
hydroxyapatite on a titanium substrate after 2,4 and 7 process runs and a trend 
from the dried process solute. (b) Scanning Electron Microscope (SEM) image 
of hydroxyapatite film on titanium alloy coupon after 7 hydroxyapatite solution 
deposition runs and (c) SEM image of hydroxyapatite film on titanium alloy 
coupon after 2 hydroxyapatite solution deposition runs. 

It should be noted that OCP, Ca8(HPO4)2(PO4)4·5H2O, has an apatitic structure 

with a ‘hydrated’ water layer along the c axis. [67,68] These repeating OCP 

crystallites can be confirmed by the sharp [002] peak at XRD for our HA films. 

Correspondingly our HA films also show the water content in TGA, DSA and NMR 

data. 

To further analyse the specific planes within the HA film on the titanium substrate, 

FIB lamellae were cut from the deposited films for cross-sectional TEM analysis. 

TEM indicates a coating thickness of 6µm, see Figure 3.3(a). Figures 3.3(b-d) 

show <20nm segments of dark and light features which are thought to be layers 

of pores developed through the coating process. Dark areas are small 
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nanoparticles, possibly gallium implanted during FIB sectioning. Figures 3.3(e-f) 

show crystalline areas circled, suggesting that the coating consists of 

polycrystalline domains within an amorphous matrix. The HRTEM images, 

Figures 3.3(g-h) depict areas of high crystallinity with lattice fringes that are 

highly uniform and perfectly orientated with respect to each other. FFT analysis 

was performed on crystalline areas, Figure 3.3(i). From the FFT diffractogram, 

we found the d-spacings of d=0.344nm and d=0.284nm, corresponding to XRD 

peaks at 26° and 32° and correlating with the XRD data shown in Figure 3.2(a). 

[69,70] In Figure 3.3(i) strong [002] and [002 ̅] reflections are consistent with the 

XRD data. The absence of the [001] reflection suggests that here is still some 

pure HA phase present since this phase has a symmetry assignment of P63/m 

where this reflection is phase forbidden. [71] FFT diffractograms were fitted with 

crystallographic information file (cif) 1534327 which is a mixture of OCP and HA 

using CrystalMaker and CrystalDiffract software and showed excellent alignment.  
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Appendix 3.5.2.  

 

Figure 3.3: (a-h) Transmission electron microscope (TEM) images of lamellae 
cut into the HA film over titanium substrate, (e-g) have areas of high crystallinity 
outlined by white circles or brackets (i) fast Fourier transform (FFT) performed 
on crystalline areas present in white square in (h) to identity lattice parameters. 

The crystallinity analysis presented here shows a coating comprising of 

amorphous and distinct crystalline zones. The combination of these phases of 

ACP, OCP and some pure HA are desired for HA bone cement since these 

phases stimulate bone reformation in vitro. [72,73] New studies relating to the 

coating of Mg alloys for orthopaedic implants are also highlighting these ACP, 
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OCP and HA phases as being beneficial for controlled resorption. [74,75] The 

phases, combined with the morphological structure of our HA coating confirm that 

we have designed a process of making highly osteoinductive coatings.  

3.4 Conclusion  

This work has proved the efficacy of a coating process whereby an orthopaedic 

quality film of hydroxyapatite can be generated at a surface from supersaturated 

solutions of calcium and phosphate ions. Based off findings in Part 1 of this study, 

films were generated herein using process solutions of specific concentrations. 

The subsequent growth of HA was investigated through various characterisation 

methods. Thermal analysis highlighted a hydrated nature within the HA film grown 

which is to be expected from an aqueous process. However, some of the water 

content can be assigned to hydrated interstitial water content from the OCP 

phase. NMR data proved that there are two distinct types of material being formed 

within this process: amorphous and crystalline.  

Crystallinity analysis reveals the specific planes of HA that are present post 

deposition. XRD data shows that the presence of a substrate alters the formation 

mechanism and HA on a surface favours growth along the calcium deficient plane 

of [002] after 7 process runs. SEM data shows the comprehensive HA coverage 

achieved without compromising on the porosity of the film. TEM data shows that 

after 7 process runs the thickness of the coating is 6 µm. TEM data supports that 

the film is an amorphous layer with crystalline pockets. FFT analysis of these 

crystalline pockets show again that both OCP and HA is present through 

reflection and d-spacing data.  

From these results, solution deposition of HA is shown to produce excellent HA 

coatings on titanium parts. The deposition can be tracked as the coating grows 

and the phase composition and morphology of the HA generated is advantageous 

for a low temperature and cost process. This body of work highlights that there is 

a large opportunity here in industrialising methods which have thus far only been 

used in research. Since the results are consistent across the full surface of the 

coupon which is 2.5cm, and we have shown that we can achieved these results 

on 1 up to 6 parts per run, we deem this process is readily scalable.  
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3.5 Appendix Chapter 3 

Appendix 3.5.1 1D NMR Spectra 

 

Figure A3.1: Solid state Nuclear Magnetic Resonance 1D 1H proton spectrum 
from a standard one pulse sequence at 20kHz spin rate.  

 

 



63 

 

 

Figure A3.2: Solid state Nuclear Magnetic Resonance 1D 31P (phosphorus) 
spectrum from a standard one pulse sequence at 20kHz spin rate with 50kHz 
decoupling.  

Appendix 3.5.2 TEM FFT fitting on Single Crystal  

 

Figure A3.3: (A) high magnitude Transmission electron microscope (TEM) 
image of crystalline area within the deposited HA (B) Fast Fourier Transform 
measurement as applied to the highlighted square in A. and (C) Software 
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interface from Single Crystal software (education edition) fitting the 
crystallographic information file (cif) number 1534327 to the FFT image in C.  
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Chapter 4: Characterising Hydroxyapatite Deposited 

from Solution onto Novel Substrates: Growth 

Mechanism and Physical Properties 

Abstract: Whilst titanium, stainless steel and cobalt-chrome alloys are the most 

common materials for use in orthopaedic implant devices, there are significant 

advantages in moving to alternative non-metallic substrates. Substrates such as 

polymers may have advantageous mechanical biological properties whilst other 

substrates may bring unique capabilities. A key challenge in the use of non-metal 

products is producing substrates which can be modified to allow the formation of 

well-adhered hydroxyapatite films which promote osteointegration and have other 

beneficial properties. In this work we aim to develop a methodology for the growth 

of hydroxyapatite films on surfaces other than bulk metallic parts using a wet 

chemical coating process and we provide detailed characterisation of the 

coatings. In this study, hydroxyapatite is grown from saturated solutions onto thin 

titanium films and silicon substrates and compared to results from titanium alloy 

substrates. The coating process efficacy is shown to be dependent on substrate 

roughness, hydrophilicity and activation. The mechanism of the hydroxyapatite 

growth is investigated in terms of initial attachment and morphological 

development using SEM and XPS analysis. XPS analysis reveals the exact 

chemical state of the hydroxyapatite compositional elements of Ca, P and O. 

Characterisation of grown hydroxyapatite layers by XRD reveal that the 

hydroxyapatite forms from amorphous phases, displaying preferential crystal 

growth along the [002] direction, with TEM imagery confirming polycrystalline 

pockets amid an amorphous matrix. SEM-EDX and FTIR confirmed the presence 

of hydroxyapatite phases through elemental atomic weight percentages and bond 

assignment. All data are collated and reviewed for the different substrates. The 

results demonstrate that once hydroxyapatite seeds, it crystallises in the same 

manner as bulk titanium whether that be on a titanium or silicon substrate. These 

data suggest that a range of substrates may be coated using this facile 

hydroxyapatite deposition technique allowing for the broadening of substrate 

choice for a particular function. 
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4.1. Introduction 

The most commonly used materials for knee or hip replacements are stainless 

steel, cobalt-chromium, or titanium alloys due to their mechanical strength and 

bio-inertness [1–4]. Although it is a common metal for use in orthopaedic 

implants, there are concerns surrounding titanium’s (and the other metals’) use. 

Specifically, the disadvantages of titanium parts include surface propagated 

cracks, titanium leeching, patient allergies, and mechanical requirements that 

require the addition of other metals [5–7]. There is also a problematic difference 

in the Young’s Modulus of the implant alloy and natural bone (somewhat worse 

for Co-Cr) because of a higher density of the metals [8–12]. 

Research over the last decade has focused on alternatives to titanium alloys. 

Dental applications often use zirconia-based implants and researchers are 

showing data whereby these could replace titanium for bulk orthopaedic implants 

since they have the same mechanical properties but improved antimicrobial and 

osteointegrative properties [13,14]. Polymers have considerable potential for use 

in orthopaedic implants due to their mechanical properties, density similarity to 

bone, and biocompatibility [15,16]. Experiments on epoxy-coated bamboo fibres 

found that it had potential as an implant material that would incur lower aseptic 

loosening post-joint replacement because its stiffness is close to that of natural 

bone [17]. Biodegradable magnesium-based alloys have considerable potential 

for orthopaedic implants but on the lower size scale, such as screws or clips, not 

large joints [18,19]. The advent of 3D printing has opened huge opportunities to 

produce patient-specific orthopaedic implants from metals or composite-type 

materials [20–23]. Despite numerous investigations of alternative, promising 

materials, many of these require very different processing methods and 

modification, including, most importantly, surface modification [24]. This is 

because a key barrier to the use of new substrate materials such as plastics for 

implant devices is surface functionality, which enables covalent bonding to bone. 

Specifically, the development of materials for orthopaedic parts is hindered by the 

challenges of developing osteoinductive hydroxyapatite (HA) layers at the 

substrate surface which is well-developed for metal parts, particularly titanium 

[25–27]. 
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There are various long-standing methods of depositing HA onto metallic 

orthopaedic parts such as chemical vapour deposition, electro spraying, and 

plasma spraying [28–31]. These are often inconsistent with the use of alternative 

materials. The plasma spraying of HA, the established industry method, has been 

evaluated to coat novel materials such as polyetheretherketone (PEEK), 

bioresorbable Mg alloys, or zirconia implants [32–34]. A key parameter outlined 

for successful coating of Mg-based and composite materials with HA by plasma 

or cold-spraying is the surface hydrophilicity of the substrate [35–37]. In general 

for most polymer type parts, the plasma spraying of hydroxyapatite is impeded 

by this disparity in hydrophilicity, while the temperatures required for plasma 

spraying are also incompatible with polymers [38,39]. There are studies 

published whereby the plasma spraying of HA onto polymers with a varying 

degree of success is assisted by other materials such as nanoparticles or carbon-

based materials [40–43]. Electrochemical methods of depositing HA exist but are 

an obvious challenge for non-conductors [44,45]. Laser deposition methods of 

depositing HA have shown potential for titanium alloys but are challenged by 

scale, the formation of intermediary layers between the part, and also substrate 

temperature issues for coating for non-metallic parts [46–48]. 

As outlined, there is a clear need to develop appropriate HA coating methods for 

non-metallic surfaces that result in coatings with equivalent properties to metallic 

coatings and which can be readily scaled. Solution-based methods have been 

explored for HA powder formation but have no widespread application as a 

coating technique [49,50]. However, hydrothermal synthesis of the HA coating 

has shown promise on novel materials, such as magnesium, but requires high 

temperature and pressure [51–53]. Correspondingly, solution-based HA 

deposition, which uses a material containing polymeric particles, could be 

deployed as a gateway to implementing polymeric-based implants [54]. Other 

solution-based techniques rely on the use of simulated body fluids [55,56]. 

However, the composition and bioactivity of these simulated body fluids often 

vary across studies [57,58]. Under solution, the formation of HA occurs at active 

sites, whereby mineral precipitation begins [59]. To this end, we postulate that if 

we can generate active sites on novel substrates, using a colloidal-solution-based 

coating process, we can grow a coherent HA layer on these substrates. This new 
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and exciting solution-based coating technique has never been studied as a direct 

solution for substrate technique. The main objective of this work is to apply this 

novel coating technique to different substrates and to rationalise the HA film in 

terms of growth mechanisms and chemical composition. The aim is to show the 

efficacy of this HA coating system for non-bulk Ti. We highlight this system as 

having immense potential for change in the material used in orthopaedic implants. 

The research presented in this paper demonstrates a facile and scalable solution 

for the deposition of HA onto non-metallic substrates that would enable the 

effective coating of non-traditional orthopaedic substrates. Unlike other studies, 

this work probes the adhesion of HA films as they evolve on novel substrates 

without any significant pre-preparation or the use of additional materials. The 

crystal phase, porosity, and integrity of the coating are compared to existing HA 

thin films (on titanium). Titanium coupons (Ti coupons) are used to model 

standard orthopaedic parts. Novel substrates (planar silicon and titanium thin 

films) were used as indicators that the methodology could form HA films formed 

on non-metals. All substrates that undergo basic activation are studied afterwards 

physically to assess their roughness and water contact angles, but also 

chemically to determine if the pre-activation has caused any intermediate layers. 

We present the results of an extensive XPS study that shows how varying the 

surface activation of Ti thin-film substrates gives rise to HA elements such as Ca, 

P, and O attaching to the surface in difference chemical bond states. Electron 

microscopy data compare the films of HA which are formed on the three different 

substrates from this solution process. The crystallinity of the HA formed is 

assessed at distinct stages in film growth, and from it a clear picture emerges of 

the phase evolution of the HA from this process. HA grows in the same manner 

for titanium bulk parts and Ti thin-film parts, which have characteristic HA lattice 

peaks and a dominant calcium-deficient peak. However, the silicon part’s growth 

is less characteristic than HA mineral growth. Further transmission election data 

show that the thickness of the Ti-formed HA films are comparable and that all 

substrates have HA mineral material with polycrystalline areas within an 

amorphous matrix. 

The results suggest that these methods should be further explored as a way to 

develop functional alternative implant devices. The data prove that a <100 nm 



73 

 

titanium layer, which could be applied to any material, will allow for HA film 

growth. The HA film will be fully aligned with the HA growth on a bulk titanium 

part when is it deposited using this colloidal solution system. Separately, while 

the silicon parts do not give rise to HA films as heterogeneously as the Ti parts, 

we have shown that once the HA seeds, it evolves in a comparable manner to 

HA on Ti. This finding indicates that this coating method is easily applied to other 

materials once an activation is applied.  

4.2. Materials and Methods  

All materials and reagents were used as received. Monobasic potassium 

phosphate (KH2PO4) United States pharmacopeia (USP) reference standard, 

Honeywell Fluka hydrochloric (HCl) acid solution 6 M, tris(hydroxymethyl)-

aminomethane (TRIS) ACS reagent, 99.8% sodium chloride (NaCl) BioXtra, and 

99.5% calcium nitrate tetrahydrate (Ca(NO3)2.H2O) ACS reagent were all 

obtained from Sigma Aldrich. KH2PO4, TRIS, and NaCl were mixed in deionised 

water (DIW) to yield a supersaturated phosphate solution. HCl was added to 

increase solubility, stability, and prevent precipitation. Ca(NO3)2.4H2O was mixed 

with DIW to yield a supersaturated calcium solution. For deposition, the 

supersaturated solutions were combined before dilution by a factor of 10–20 and 

with warming to 40–50 °C. The mixture was then agitated in a reaction vessel. 

Four-inch silicon wafers were used as received and a subset of these underwent 

e-beam evaporation–deposition (Temescal FC-2000) to generate 100 nm 

titanium thin films. Titanium coupons of a Ti-6Al-4V alloy were also used. All 

substrates were submerged in hot basic solutions to increase their roughness 

and foster a more negatively charged surface to which calcium ions could attach 

[60,61]. Substrates were placed in the reaction vessel for deposition and then 

removed and rinsed with DIW. This process was repeated several times with 

fresh solutions to grow a coherent layer of HA at the solution–substrate interface. 

For characterisation, some samples are analysed after one solution deposition 

run and some are analysed after up to six solution deposition runs.  

Scanning electron microscopy (SEM) data were collected using a Carl Zeiss Ultra 

Microscope equipped with an in-lens detector. An accelerating voltage of 5 to 10 

kV was used. Energy-dispersive X-ray spectroscopy (EDX) spectra were 
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acquired at 15 kV on an Oxford Inca EDX detector. Water contact angles (WCAs) 

of the samples were measured on a custom-built device using a fast shutter 

camera and a 60 Hz sampling rate. Ten microlitre drops of pure water were 

placed on the sample. Image J software (version 1.4.3) with ‘DropSnake’ plug-in 

was used to measure the water contact angle. Atomic force microscopy (AFM) 

was performed using an aXE-7, Park Systems AFM with non-contact cantilevers. 

AFM images were imported to Parks Systems’ XEI imaging software (version 

4.3.0 Build 5) which allows for quantitative and statistical analyses of images. 

Using the ‘Region’ tab, average roughness values as average roughness (Ra) 

and peak-to-valley roughness (Rpv) were calculated for each substrate from their 

corresponding AFM images. X-ray Photoelectron Spectroscopy (XPS) data were 

gathered using an Al Kα X-ray source, 1486.6 eV, CTX400 (PSP Vacuum 

Technology) with ultra-high vacuum conditions (<5 × 10−10 mbar). Each spectrum 

was calibrated using a C 1s binding energy of 284.8 eV. Analysis was conducted 

using CasaXPS software (version 2.3.23.PR1.0). X-ray diffraction (XRD) patterns 

were acquired using a Bruker Advance Powder Diffractometer (Cu-Kα radiation 

with λ = 1.5406 Å, operating voltage of 40 kV, and current of 40 mA). 

Measurements were performed in the 2θ range from 10° to 60° at steps of 0.004°. 

Transmission electron microscopy (TEM) was performed on an FEI Titan 80–300 

microscope. Lamellae for TEM cross-section images were prepared using a Zeiss 

AURIGA Focused Ion Beam (FIB), obtaining accelerating voltages of 5–30 kV 

and ion beam currents of 50 pA–2 nA. Fourier-transform infrared spectroscopy 

(FTIR) spectra were obtained using a Perkin Elmer’s Spotlight 200i benchtop 

device with attenuated total reflectance (ATR, 4000–500 cm−1, 8 scans, and 4 

cm−1 resolution diamond crystal). 

4.3. Results  

After the activation of the substrates, analysis was performed using SEM-EDX, 

WCA measurements, and AFM with XEI software. The available literature 

suggests that when titanium alloy parts are treated with NaOH, it forms a sodium 

titanate layer, which promotes the formation of apatite [60–63]. In this work, the 

SEM-EDX of substrates post NaOH did not show evidence of a sodium titanate 

layer, likely because the treatment time was less than an hour, i.e., much lower 

than in other studies. The aim of the activation herein is to generate active sites 
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such as OH- groups on the surface, and so the minimalistic Na amounts are not 

imperative. Secondly, the presence of a sodium-titanate layer is only possible for 

bulk titanium parts, and the purpose of our work is to show how NaOH activation 

can be used for non-bulk titanium. SEM images and EDX mapping showed that 

there was no concentrated layer of sodium but low-level sodium detection, <1 

at.% across the whole sampling area for all substrates, see Figure 4.1A. Figure 

4.1A (i,ii,v), shows cross-section SEM images of each substrate post activation; 

samples were cut to perform this, and the pink boxes highlight the EDX area 

which includes the edge of the substrate. Each pink box has an EDX spectrum 

Figure 4.1A (ii,iv,vi) and the insert is a map of the Na content within it. It is shown 

by the EDX that substrates have a small about of Na detected, but the mapping 

shows that NA is in no specific pattern; there is no Na layer along the edge. This 

probably results from Na contamination post NaOH activation. Figure 4.1A 

(ii,iv,vi) sub-images show the elemental mapping, where Na was green for silicon 

(ii), red on Ti thin film (iv), and white on Ti coupon (vi). 
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Figure 4.1: (A) Scanning electron microscope (SEM) energy dispersive X-ray 
(EDX) data of substrates post activation: (i) Cross-sectional SEM image of a 
silicon substrate with area of EDX mapping highlighted in pink, (ii) 
corresponding EDX spectrum and insert of elemental map of sodium, (iii) cross-
sectional SEM image of a Ti thin-film substrate with area of EDX mapping 
highlighted in pink, (iv) corresponding EDX spectrum and insert of elemental 
map of sodium, (v) cross-sectional SEM image of a Ti coupon substrate with 
area of EDX mapping highlighted in pink, (vi) corresponding EDX spectrum and 
insert of elemental map of sodium. (B) Water contact angle (WCA) in ° 
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measured for each substrate post activation; (C) the average roughness (Ra) 
and peak-to-valley (Rpv) roughness of the three substrates post-activation as 
measured by atomic force microscopy  

Roughness and WCA were also used to investigate the effect of NaOH treatment, 

with pre-activation data shown in Appendix 4.5.1. We postulate that the NaOH 

treatment used rendered the substrates hydrophilic, with all three substrates 

having WCA < 90°, as seen in Figure 4.1B. As well as being hydrophilic, all three 

substrates have similar average WCAs, all measuring between 45 and 55°. Ti 

Coupons had a WCA distribution of 40–60°, while both novel substrates had a 

wider distribution. AFM was used to calculate the roughness of each substrate. 

The Ra of the novel substrates was <30 nm, with the mean Rpv being 125–150 

nm. Although this was lower than that of the titanium coupons, the roughness 

was in the same order of magnitude, as shown in Figure 4.1C. Thus, these data 

showed that the sodium content and WCA are similar for all substrates and 

despite somewhat of a difference in roughness, the wettability and chemical 

functionality of the novel substrates were comparable to the typical titanium part. 

This is incredibly important since the deposition process used herein depends on 

a colloidal solution wetting and bonding with the surface of the substrate, 

triggering attachment.  

For further clarity, comparative tests were conducted on the Ti thin-film substrate 

(see Table 4.1 for the result summary). Samples were activated for different time 

durations: 5 min (sample 1), 10 min (sample 2), and 15 min (sample 3) before 

their roughness and WCA was measured. Samples 1, 2, and 3 showed increasing 

roughness with an Rpv of 32.9, 93.2, and 208.9 nm, respectively. The WCA for 

the samples ranged from 46° to 63°. Samples 1, 2, and 3 were placed in the 

reaction vessel and underwent HA solution deposition together, thus 

experiencing matching deposition. 



78 

 

 

 

Table 4.1: Tabulated data of the water contact angle and roughness of Ti thin-
film samples post-activation, and their resulting chemical composition as 
measured by XPS post HA deposition. 

Ti thin film 

Sample 

WCA 

[°] 

Rpv 

[nm] 

Ra [nm] Ca 

at.% 

P at.% O 

at.% 

Ti at 

% 

1 (A,D,G) 46 32.9 2.4 1.5 0 47.9 14.6 

2 (B, E, H) 63 93.2 10.8 21.9 17.8 45.9 0 

3 (C, F, I) 58 205.9 33.7 20.8 16.7 42.7 0 

 

X-ray Photon Spectroscopy (XPS) was performed on three HA-coated Ti 

substrates to detect slight changes in chemical composition at the surface. The 

samples were activated in NaOH for 5, 10 and 15mins each as a proof of concept 

study. The resulting chemical compositions calculated from the XPS survey 

scans (Appendix 4.5.2) included in Table 4.1. Sample 1 which had the lowest 

roughness had the least mineral attachment, demonstrated by a Ti at.% of 14.6. 

Samples 2 and 3 had no titanium detected; therefore, both had a coherent layer 

of HA mineral on the surface that was sufficient to prevent emission from the sub-

layer titanium. Presented in Table 4.1 are also the results for Ca, P, and O at.% 

from XPS survey scans. Sample 1 has 1.5 at.% Ca and no P. Samples 2 and 3 

have similar values of 20–22 at.% Ca and 16–18 at.% P.  

A further understanding of the nature of the HA formed on these surfaces was 

provided through the XPS core scans of O1s, Ca 2p, and P 2p (Figure 4.2). The 

core scan of Ca, O, and P reveals the local bond nature of each element and thus 

provides more information than the XPS Survey scans alone.  

Calcium: The Ca 2p core scan, Figure 4.2A, showed that Sample 1 had a low 

calcium concentration as seen from the CPS and the line shape being noisy. The 

location of the Ca 2p 3/2 peak at 347.8 eV implies that the low level of Ca is due 

to contamination or minimal uptake from the colloidal solution. Samples 2 and 3 

had significantly higher Ca signals, higher CPS, and smooth lines, Figure 4.2B,C. 
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The Ca 2p 3/2 peak at the lower binding energies of 347.1 and 346.9 eV, 

respectively, indicated the deposition of calcium phosphate [64,65]. 

Oxygen: The O 1s core scan, Figure 4.2D, revealed that Sample 1 had different 

oxygen bonding compared to Samples 2 and 3, Figure 4.2E,F, since Sample 1 

had a double peak and Samples 2 and 3 had just one peak. All three samples 

showed a broad O 1s feature at around 532 eV, representative of absorbed 

hydroxyl species and large oxide features (due to oxides and phosphates) around 

530 eV [66]. The double-peak line shape of O 1s for sample 1 indicated that it 

also had a metal carbonate peak at 533 eV, Figure 4.2D [67]; this O1s scan for 

Sample 1 aligns with the XPS survey scan detecting titanium. 

Phosphorus: Figure 4.2G is the P 2p core scan of Sample 1, showing no P 

detection at all through both low CPS and the lack of a peak. Figure 4.2H is the 

P 2p core scan of Sample 2 and it shows P detection at a low level. By comparing 

Sample 2 (Figure 4.2H) and Sample 3 (Figure 4.2I), Sample 3 had a higher CPS 

and smoother line shape, implying more P detection. Since Figure 4.2I showed 

Sample 3 having the greatest P signal, it was indicative of mineral growth. The 

binding energies showed that both Sample 2 and 3 had a 2p 3/2 peak at 133 eV, 

indicative of HA phosphates [64]. 

We suggest that these three samples are representative of distinct stages of 

attachment. Sample 1 was hydrophilic, had the lowest roughness, had minimal 

calcium, no phosphates, and evidence of metal carbonate deposition. We can 

conclude that the sample is activated but limited in sorptive capacity. Sample 2 

was hydrophilic, had greater roughness, and obvious calcium attachment. 

However, in the O1s scan line shape, there was no evidence of metal carbonates 

present but only oxide and hydroxide-bonded oxygens, i.e., calcium started to 

bond to the active sites of the substrate. Sample 3 was hydrophilic and had the 

highest roughness and had the same calcium and oxygen species and amounts 

as Sample 2. However, Sample 3 had a much higher P 2p signal, indicating 

increased phosphate build-up around the previously bonded calcium, i.e., 

phosphate groups started to bond to the calcium and HA mineral formation was 

underway. 
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Figure 4.2: X-ray Photoelectron spectroscopy (XPS) core scans. (A) Calcium 
2p orbital of Sample 1, (B) calcium 2p orbital of Sample 2, and (C) calcium 2p 
orbital of Sample 3. (D) Oxygen 1s orbital of Sample 1, (E) oxygen 1s orbital of 
Sample 2, and (F) oxygen 1s orbital of Sample 3. (G) Phosphorous 2p orbital of 
Sample 1, (H) phosphorous 2p orbital of Sample 2, and (I) phosphorous 2p 
orbital of Sample 3. 

This XPS study was proof that under the correct conditions of activation, 

hydrophilicity, and roughness, novel substrates will lend themselves to HA 

mineral growth under these solution conditions. This mineral growth was further 

studied for all substrates via SEM imaging after they had undergone one HA 

deposition run. SEM images showed lighter areas of mineral deposits for all three 
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substrates, as depicted in Figure 4.3A–C. All three substrates generated this 

initial calcium attachment in discrete areas where there were surface groups for 

bonding. From this initial nucleation, the heterogeneous growth of a needle-like 

cobweb structure emerged as phosphate groups bonded to the calcium. This 

structure is what aids porosity as the coverage grows since air is still present in 

between the needles/cobwebs. Additionally, wider surface coverage was 

achieved identically for all three substrates after more HA deposition runs, as 

shown in Figure 4.3D–F. All samples had good coating integrity and similar 

morphologies for both Ti samples, but the silicon samples had less repeatable 

porosity and interconnectivity, as shown in Figure 4.3D–F. This morphological 

difference between silicon (Figure 4.3D) and the titanium substrates (Figure 

4.3E,F) implied a slightly slower and less homogenous growth pattern for silicon. 

Overall, SEM data further confirm that once a substrate has active sites for 

bonding, regardless of the substrate, HA mineral growth will progress within this 

process akin to a bulk titanium part. 

 

Figure 4.3: Scanning Electron Microscopy (SEM) images taken at 5 kv using 
inLens detector of samples after the first hydroxyapatite deposition run (a): 
silicon substrate, (b): titanium thin film substrate and (c): titanium coupon part. 
SEM images taken at 5 kv using inLens detector of samples after 6 HA 
deposition runs; (d): silicon substrate; (e): Ti thin film substrate; and (f): titanium 
coupon part. 
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To further probe the growth mechanism through multiple HA deposition runs, 

XRD patterns were recorded after two, four, and six process runs, as shown in 

Figure 4.4B–D. This XRD study compared the evolution of different HA phases 

as they formed on the different substrates. Both Ti thin films and silicon had 

substrate peaks around 33°, see Figure 4.4A. These diminished as the HA layer 

grew on the surface, Figure 4.4B. After two process runs, the XRD diffractogram 

showed that the first detection of mineral growth was characteristic of HA planes 

(HA), i.e., [211], [112], and [310] around 32°, Figure 4.4B. However, as the 

process continued, the mineral formed was calcium-deficient HA (CDHA), as 

indicated by the [002] plane emerging at 26° [68–70], Figure 4.4C,D. After two 

process runs, the Ti thin-film parts showed dominant and sharp peaks of HA, but 

the silicon substrate did not show these until after four process runs, implying 

slower and less mineral growth for silicon, as shown in Figure 4.4B,C. The Ti 

thin-film samples followed the growth pattern of a typical titanium part through the 

emergence of CDHA and HA characteristic peaks at given stages in the 

deposition. The XRD study implied that (i) silicon had some CDHA phase, but 

that it also had the least counts and therefore the least material, and (ii) that the 

Ti thin film had a lower quantity of the same phases as the Ti coupon. 

FIB lamellae of HA films deposited onto all three substrate types were taken, and 

subsequent TEM cross-sectional analysis allowed for film thickness to be 

measured. Silicon’s HA coating measured roughly 1.5 µm, Ti thin films’ HA 

coating roughly 5 µm, and Ti coupon parts’ HA coating roughly 6–7 µm in 

thickness, as shown in Figure 4.4E(i–iii). TEM imagery showed HA with clear 

layers from the deposition cycles and pockets of differing crystal orientation within 

an amorphous matrix, as shown in Figure 4.4E(iv–vi). High resolution TEM 

images showed ordered lattice fringes for all three substrates, and, under 

analysis, these d-spacings were comparable to the XRD data peaks (CDHA of 

0.34 nm and Pure HA 0.274–0.28 nm) in Figure 4.4D [71]. These data again 

suggest that once HA seeds, it grows similarly for all. 
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Figure 4.4: (A–D): X-ray diffraction (XRD) patterns in terms of counts per 
second versus diffraction angle of 2θ collected for all three substrates: silicon 
(grey line), Ti thin film (red line), and Ti coupon (blue line). (A) Post-activation 
prior to any HA deposition; (B) post 2 HA deposition runs; (C) post 4 HA 
deposition runs; and (D) post 6 HA deposition runs. (E) Transmission electron 
microscopy (TEM) cross-sectional images of lamellae cut through HA layers, 1 
µm scale, 50 nm scale bar, and higher magnification nanometre scale; (i,iv,vi) 
cross-section of the HA layer over silicon substrate; (ii,v,vii) cross-section of the 
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HA layer over Ti thin-film substrate; (iii,vi,ix) cross-section of the HA layer over 
Ti coupon part. 

An elemental and chemical analysis of the HA layers was conducted on samples 

post full deposition using FTIR and SEM-EDX characterisation. From FTIR, the 

silicon substrate had the strongest indication of absorbed water in the HA layer, 

as shown in Figure 4.5A. All substrates had strong vibrational peaks within the 

known phosphate region of 700 to 1300 cm−1, as shown in Figure 4.5B [72,73]. 

All substrates demonstrated a matching ratio between the largest peak for v3 

PO4
3− and shoulder peak of v1 PO4

3−. Compared to the titanium samples, the 

silicon samples showed a greater absorbance of HPO4
2− in agreement with the 

XRD data having less fully formed HA peaks. Only Ti coupon samples had a 

shoulder peak for pure HA.  

The EDX analysis of the HA on each substrate supported the calculation of the 

calcium-to-phosphate ratio (Ca/P) and oxygen atomic percentage (O at.%) of the 

films, as shown in Figure 4.5C,D. Samples in this study had O at.% of 52 ± 6% 

for silicon, 60 ± 3.5% for Ti thin film, and 62 ± 2% for Ti coupon, Figure 4.5C. 

Separately, silicon had the lowest Ca/P at 1.25 ± 0.12, but the Ti thin film was 

1.36 ± 0.14, very close to Ti coupon at 1.38 ± 0.07, Figure 4.5D. Both the 

relatively low O at.% and Ca/P of silicon HA layer illustrate that it is in keeping 

with the Ti thin-film sample that had early-stage HA growth, i.e., Sample 1 in 

Table 4.1. 
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Figure 4.5:(A,B) Fourier-transform infrared spectra (FTIR) (A) in the absorbed 
water region of 4000–2000 cm-1 and (B) in the phosphate region of 1300–700 
cm-1 of the full deposited HA layer over all three substrates: silicon (grey line), Ti 
thin film (red line), and Ti coupon (blue line). (C,D)  . (E) Crystal structure of 
hydroxyapatite. For better visualisation, some atoms have been removed from 
the diagram. The diagram has been constructed from the literature [74,75]. 

The unit cell of pure HA, formula Ca10(PO4)6(OH), has hydroxyl ions at the corners 

of the planes; additionally, phosphate anions and Ca2+ cations formed a 

hexagonal P63/m space group, as seen in Figure 4.5E. Other phases of HA exist, 

and from the data herein it became clear that HA films formed from this solution 

deposition process were a combination of phases. From the literature, pure HA 
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has a Ca/P of 1.67 and O at.% of 34.9% and amorphous calcium phosphate 

(ACP) CaxHy(PO4)z∙nH2O has a varying Ca/P and O at.%. Most pertinent to this 

work was octacalcium phosphate (OCP) Ca8H2(PO4)6·5H2O, a phase which has 

a Ca/P of 1.33 with an O at.% of 39.7% [76]. The Ca/P of all three samples heavily 

indicated the dominant formation of OCP, which supported the XRD observations 

since the intensity of the OCP peak is greater than the intensity of the HA triple 

peak. OCP is similar to pure HA but has hydrated layers along the c axis of the 

lattice which would contribute to increased oxygen aided by this aqueous 

colloidal-solution-based deposition. It is interesting to recall the Ti thin-film 

samples that underwent XPS analysis, Table 4.1. These initial stages of 

deposition gave rise to Ca/P in the region of 1.23–1.24 with lower O at.% than 

fully formed samples at EDX. This would demonstrate that the initial phases are 

calcium phosphate compounds such as Ca3(PO4)2, and we can see from XRD 

that it is only after two or more deposition runs that HA phases start to form, 

Figure 4.4B–D. The rate at which HA phases form is slower for silicon and less-

rough Ti thin films than Ti coupons, but they are similar compositionally. Samples 

in this study all possessed a higher oxygen content than the known phases. This 

implied the presence of ACP and hydrogen phosphates, but also the presence of 

adsorbed water and oxides around the lattice. Silicon samples showed the 

highest % of O, again implying the lowest pure HA content. 

4.4. Conclusion 

A successful method of deposition of hydroxyapatite films using a novel colloidal 

solution deposition process was developed and its efficacy in coating non-bulk 

titanium parts was confirmed in this work. SEM-EDX data of all substrates post 

NaOH activation show that there is equivalent low-level sodium present across 

the surface of all three. However, the importance of the formation of a sodium 

titanate film in an activation process is very much less than previously thought. 

AFM and WCA analysis showed that although the two novel-type substrates were 

less rough than a typical titanium part, they had similar hydrophilicity. XPS data 

gathered from HA on Ti thin-film samples proved that the roughness of a novel 

substrate will alter the propensity of the substrate for HA deposition showing that, 

once suitable activation is reached, HA will grow. SEM data suggested that HA 

mineral deposits were generated after the first process run in discrete regions of 
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the surface. SEM also showed that after six process runs, all three substrates 

had widespread HA film coverage. XRD revealed the pathway by which HA grows 

within this process for a typical titanium part and that Ti thin-film parts follow this 

mechanism closely, but also that silicon has a slower growth mechanism. 

Through TEM analysis, the thickness and crystallinity of layers were compared. 

While silicon was found to have less material, all three substrates had crystalline 

regions within an amorphous matrix. The chemical composition of the film, 

determined from FTIR and SEM-EDX data, showed that all three had ACP and 

OCP present with a limited proportion of pure HA, but that the silicon had higher 

impurities. 

Overall, we confirmed that a Ti thin film can support the growth of an HA layer in 

an equivalent manner as a Ti coupon part. This opens the possibility of coating 

non-bulk metallic orthopaedic implants, such as plastic, via simple titanium 

deposition. Ongoing work suggests these methods can be applied for many 

different substrates. 

4.5 Appendix Chapter 4 

Appendix 4.5.1 Water contact angle and Roughness data  

 

Figure A4.1: WCA in ° measured for each substrate pre and post activation. 
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Figure A4.2: The peak-to-valley (Rpv) roughness of the three substrates pre- 
and post-activation as measured by atomic force microscopy. 

 

 

Figure A4.3: The average roughness (Ra) of the three substrates pre- and 
post-activation as measured by atomic force microscopy. 
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and unlike the wafer have not been used ‘fresh’ a certain amount of inorganic 

matter and oxidisation would have occurred prior NaOH and thus this is removed 

by the treatment.  

 

Appendix 4.5.2 XPS Survey scans of Ti thin film samples 

 

Figure A4.4: X-ray Photoelectron spectroscopy analysis, showing the Survey 
Scan of HA coated titanium thin film (Sample 1), Y-axis: counts per second 
[CPS] versus X-axis: binding energy [eV]  
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Figure A4.5: X-ray Photoelectron spectroscopy analysis, showing the Survey 
Scan of HA coated titanium thin film (Sample 2), Y-axis: counts per second 
[CPS] versus X-axis: binding energy [eV] 

 

Figure A4.6: X-ray Photoelectron spectroscopy analysis, showing the Survey 
Scan of HA coated titanium thin film (Sample 3), Y-axis: counts per second 
[CPS] versus X-axis: binding energy [eV] 
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Chapter 5: Nano Sized Gallium Oxide Surface Features 

for Enhanced Antimicrobial and Osteo-Integrative 

Responses 

Abstract 

Gallium oxide has known beneficial osteo-integrative properties. This may have 

importance for improving the osteointegration of orthopaedic implants. At high 

concentrations gallium is cytotoxic. Therefore, integration of gallium into implant 

devices must be carefully controlled to limit its concentration and release. A 

strategy based on surface doping of gallium, although challenging, seems an 

appropriate approach to limit dose amounts to minimise cytotoxicity and 

maximise osteointegration benefits. In this work we develop a novel form of 

patterned surface doping via a block copolymer-based surface chemistry that 

enables extremely low gallium content but enhanced osteogenesis as proven by 

comprehensive bioassays. Polystyrene-b-poly 4vinyl pyridine (PS-b-P4VP) BCP 

(block copolymer) films were produced on surfaces. Selective infiltration of the 

BCP pattern with a gallium salt precursor solution and subsequent UV-ozone 

treatment produced a surface pattern of gallium oxide nanodots as evidenced by 

atomic force and scanning electron microscopy. A comprehensive study of the 

bioactivity was conducted, including antimicrobial and sterility testing, gallium ion 

release kinetics and the interaction with human marrow mesenchymal stromal 

cells and mononuclear cells. Comparing the data from osteogenesis media assay 

tests with osteoclastogenesis tests demonstrated the potential for the gallium 

oxide nanodot doping to improve osteointegration properties of a surface. 

5.1. Introduction 

Orthopaedic implants are profoundly important to human health in maintaining 

patient mobility and well-being. Improving osteointegration of the implants is a 

key target since surgery is not always as beneficial or as long lasting as hoped, 

often due to underlying patient conditions but also due to problems derived from 

poor initial, or degradation of, fixation. Pooled registry data suggests that the 

survivorship after 25 years for total knee replacement is 82% but much lower for 

total hip replacement at 58%. [1,2] Arthroplasty failures mainly arise from a 

number of factors including three core factors.[3,4] These are: 1. aseptic 
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loosening of the joint, 2. post-operative infection at the site of the surgery and 3. 

particle-induced osteolysis around the implant. Aseptic loosening can be the 

result of inadequate initial fixation, mechanical loss of fixation over time, or 

biologic loss of fixation, and is associated with elevated osteoclast activity 

inhibiting bone growth.[5–7] Overall failure occurs in about 10-30% of patients 

and depends on genetic or health factors and is predicted to increase into the 

future as life expectancy improves.[8–10]  

Surface engineering of the implant is a key strategy in overcoming aseptic 

loosening and research is being directed towards novel materials or 

enhancement of existing materials by doping with active materials that control 

osteoclasts and enhance osteoblast formation.[11–13] Current non-cemented 

knee or hip implants are generally cobalt-chromium or titanium alloys, often with 

a pre-deposited hydroxyapatite (HA) coating for improved 

osteointegration.[14,15]  Inorganic doping of HA with elements such as strontium, 

silver, europium and zinc can induce a preferential biological response.[16–22] 

However, the drawback to some of these emerging methods is reduction in the 

necessary hydroxyl groups for bone growth[23] and strong antimicrobial activity 

resulting in reduced bone growth.[24] There are also issues regarding the 

intercalation of ions into HA[25–27] and, despite both laboratory and animal 

studies, there remains a need for more detailed understanding or optimisation of 

bone regeneration from these compounds.[28,29] There is a significant need to 

study the effects of dopant ions on bone stem cells prior to incorporating them 

into existing orthopaedic systems and this necessitates a suitable compound and 

delivery surface to be created. 

Gallium nitrate (Ga(NO3)3) is an FDA approved drug which is used to treat 

hypercalcemia of malignancy and other osteo-degeneration diseases such as 

Paget’s disease or osteoporosis in humans.[30–32] Once administered gallium 

nitrate forms to the aqueous ion Ga(OH)4
- which is stable across a range of pH 

and is active as Ga3+ ions in blood plasma. [33] According to the FDA approval 

package (19-961/S-009) for the gallium nitrate drug ‘Ganite’ the dosage applied 

leads to 1134 – 2300 ng. mL-1 of gallium present in blood plasma, which 

converted to ppm is 1.13ppm-2.3ppm. [34] Osteoclast cells have a ruffled cell 

membrane which promotes transferrin protein delivery and the transport of  Fe3+ 
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ions which can be reduced and metabolised.[35–37] Ga3+ and Fe3+ are similar in 

terms of ionic radius, electronegativity and chelation action such that the body 

cannot differentiate between them. [38,39] Ga3+ substitution for Fe3+ prevents cell 

proliferation because of the highly stable redox state of the Ga3+ ion.[40] While 

gallium inhibits osteoclastic activity it has no effect on osteoblast growth and thus 

allows for bone regrowth to occur.[41–43] Gallium ionic levels measuring < 3 ppm 

in simulated bodily fluid has been shown to encourage bone growth. [44–47] 

Separate tests have shown that gallium ions at a concentration of 2.5mol% 

Ga[48] can enhance osteogenic response when incorporated into Ca-P ceramics, 

or, when applied directly to monocyte cells at a rate of 10-7 to 10-2 M for 7 days 

osteoclast proliferation was inhibited.[49] 

As gallium has such strong osteogenic properties, it is an obvious choice to 

promote aseptic fixation and furthermore, it has beneficial antimicrobial 

properties.[50,51]  However, the gallium concentration must be minimised as it 

exhibits renal toxicity. [52,53]  The exact release mechanism and dosage of 

gallium as an orthopaedic coating is not well detailed in literature and requires 

model surfaces of characterised material to study biological efficacy.[54]  

This work is based on the postulation that an engineered gallium doped surface 

is needed to control the properties for maximum effect – high concentration bulk 

doping may affect the bulk HA properties; partial coverage of the surface would 

enable both gallium release and maintain the surface HA properties and nano 

dimensioned features would enable rapid gallium release that could be tuned with 

size. We propose a unique solution for controlled osteointegration by adapting an 

established method of surface engineering on planar substrate surfaces. BCP 

self-assembly is now established technology for the development of  nanoscopic 

arrays of polymer or inorganic features.[55,56] BCPs can be used as thin films 

cast on a substrate. [57–59] Infiltration of an inorganic precursor selectively into 

one domain of a BCP gives rise to highly ordered inorganic nanostructures that 

can be dimensionally accurate down to the scale of a few nanometres[60–62] but 

there are no studies available to show how BCP based coatings can support 

subsequent ionic release.[63–65]  BCPs are showing promise in drug delivery via 

the infiltration of the BCP with conjugated drugs. [66–68] Changing the molecular 

weight or block ratio in a BCP allows for tuneable feature size which could be 
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used to control ion release for an optimum/tuneable activity[69–71] i.e. 

maximising osteointegration and minimising cytotoxicity.  Block copolymer PS 

(polystyrene)-b-P4VP (poly(4-vinylpyridine)) is used in this work since the 

pyridine groups present in P4VP have affinity to bind metallic ions.[72,73] The 

use of BCP methods to nanopattern a titanium surface through oxidation has 

been shown to improve osteointegration but the methods used do not allow active 

doping or engineering of HA surfaces as described here.[74]   

In congruence with the wave of emerging BCP science this work aims to harness 

nanoscale BCP patterns to measure the osetoinduction of gallium oxide leading 

to use as novel coatings or dopants for existing orthopaedic implants. In the 

following data, sections 5.2.4, 5.3.4 and 5.3.5 were undertaken by collaborative 

researchers: Mimma Maggio and Carolina Martens with the supervision of David 

Hoey.  

5.2. Experimental Methods  

5.2.1 Block Copolymer Materials 

PS-b-P4VP BCP of molecular weight 32-b-4, 50-b-6 and 100-b-15.5 kg mol-1 

were purchased from Polymer Source Inc and used as received. A selection of 

molecular weights was chosen to show how nanodot size can vary by molecular 

weight while the geometry of the nanodots remains bcc spherical once the ratio 

of PS to P4VP remains between 6:1 and 8:1. All other chemicals/solvents were 

ex-Sigma Aldrich or Fisher Scientific. BCPs were dissolved in a solvent mixture 

comprising 4:1 toluene (99%): tetrahydrofuran (99%). BCP solutions were made 

to 0.5 wt.% concentration and stirred for 24 h. Gallium precursor solution was 

made up in the range of 0.1 wt.% to 2 wt.% using gallium (III)nitrate hydrate 99.9% 

in anhydrous ethanol (99.8%). Solutions were stirred for 1 h to ensure full 

dissolution of the salt.  

     As substrates, Ted Pella, Inc Ultra-Flat 4-inch silicon wafers were used. These 

ultra-flat surfaces allowed effects of surface roughness to be ignored. Some of 

these wafers were used as received and a subset of these underwent e-beam 

evaporation-deposition (Temescal FC-2000) to generate 50 nm titanium layers. 

All wafers were then cut to 13 mm x 13 mm coupons. To clean the coupons, they 

were each submerged in deionised water, acetone (>99%) and isopropyl alcohol 
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(>99%) for 20 min and placed into an ultra-sonic bath. Substrates were then dried 

using nitrogen.  

5.2.2 Block Copolymer and Metal Infiltration Method 

Polymer solutions were deposited onto cleaned substrates using an SCS G3 Spin 

Coater for 30 s. As spun samples were then solvent annealed towards an ordered 

BCP arrangement by placement at the bottom of a glass solvent vapor annealing 

jar. A 7 ml vial of chloroform was also place into this jar and the jar was sealed in 

a fridge at 4 °C for 2 h. To fully enhance the micro-phase separation of the BCP 

film, samples are next immersed in 100% ethanol for 15 min.  

Infiltration was performed by spin-on of the gallium-ethanol solutions. Samples 

were then placed in a Novascan PSD Pro UV Lamp for 3 h at a distance of 2 cm; 

this removed the organic polymeric layer and resulted in gallium oxide nanodots.  

5.2.3 Characterisation of Gallium Nanodot Samples 

Atomic Force Microscopy (AFM) was performed using an aXE-7, Park Systems 

AFM with non-contact cantilevers. Scanning Electron Microscopy (SEM) data 

were collected using a Carl Zeiss Ultra Microscope equipped with an in-Lens 

detector. An accelerating voltage of 5 to 10 kV was used. X-ray Photoelectron 

Spectroscopy (XPS) data were gathered using VG Scientific ESCA lab Mk II 

performed under ultrahigh vacuum conditions (<5 × 10-10 mbar). Analysis was 

conducted using CasaXPS software. Sterility Testing was conducted by 

submergence in nutrient broth and incubated at 30 °C for 20 days. Nutrient broth 

was made up of 2 parts tryptone, 1-part meat extract and 1-part NaCl.  

5.3. Results and Discussion 

5.3.1. Gallium Included into a Nanodot Array on a Surface 

Post solvent annealing, polymer patterns were infiltrated with gallium salt 

solutions and oxidised to give rise to metallic nanodots. Atomic Force Microscopy 

(AFM) data revealed well-ordered patterns for silicon and titanium substrates, see 

Figure 5.1(A-F) which shows results obtained using PS-b-P4VP Block 

Copolymer (BCP) of molecular weight 32-b-4, 50-b-6 and 100-b-15.5 kg mol-1 

formed from 0.5 wt% gallium precursor. The block composition ensures the BCP 

self-assembly yields a body centre cubic spherical array.[55,78] The dot size as 

measured by AFM was tightly aligned within its BCP grouping, with the polymer 

100-b-15.5 kg mol-1 having the largest diameter (59±3 nm for Si and 55±3 nm for 
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Ti) and height (5 ±1 nm for Si and 6 ±2 nm for Ti). The overall dot coverage as a 

percentage of total area was between 70% and 83% for all samples, Figure 5.1 

(G-I). Scanning electron microscopy reveals good sample coverage with silicon 

samples having clearer dot definition, Figure 5.1 (J and K). This data proves that 

the ratio between the PS and P4VP components of the BCP along with the SVA 

settings gives rise to matching arrays of nanodots. However, by changing the 

magnitude of the PS and P4VP molecular weights, it was proven that the nanodot 

itself could be increased or decreased in size. The ability to alter geometry and 

size within BCP chemistry is one of the reasons they have been chosen in this 

work. To keep certain process variables constant, within sample sets only one 

polymer was used, for example all biological testing was conducted using 100-b-

15.5 kg mol-1 with varying gallium precursor solution concentrations.  
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Figure 5.1: A-F: Atomic Force Microscopy (non-contact mode) images of 
nanodot arrays post gallium infiltration and oxidation yielding regular 
patterning dot array. Images are grouped by BCP used and specific 
substrate. G: Bar chart of mean nanodot diameter in nm grouped by BCP 
and coloured by substrate. H: Bar chart of mean nanodot height in nm 
grouped by BCP and coloured by substrate. I: Percentage area covered by 
the dots as measured by Image J particle analysis grouped by BCP and 
coloured by substrate. J: Scanning electron micrograph of gallium nanodots 
formed on silicon substrate using 50-b-6 BCP and K: Scanning electron 
micrograph of gallium nanodots formed on titanium substrate using 50-b-6 
BCP 
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The inclusion of gallium post UV-ozone oxidation into the P4VP dot in the BCP 

matrix was confirmed by X-ray Photoelectron Spectroscopy (XPS), Figure 5.2(A-

C), Energy Dispersive X-ray Spectroscopy (Appendix 5.4.2) and was similar for 

both substrates. Figure 5.2A shows XPS Survey data with gallium features for 

Ga 2s, Ga 2p, Ga Auger (LMM) and Ga 3d transitions while also showing the 

presence of O1s and C1s. There was no indication of a N1s feature confirming 

full removal of the polymeric material. Figure 5.2(B,C) depict core scans of the 

Ga 2p doublet peaks which are narrow peaks without shoulders implying a single 

Ga gallium oxidation state. The binding energy of the Ga 2p 3/2 and 1/2 peaks at 

1119.5 and 1146.5 eV respectively (for both substrates) and an area ratio of 1:2 

suggest the compound is Ga2O3. [79,80]  

5.3.2 Nano Surfaces Facilitate a Controlled Release of Gallium 

Analysing the ionic release of gallium from the surface on these samples is 

important as their intended biological response would be dependent on a 

controlled dissolution in vitro. Both silicon and titanium surfaces coated with 

nanodots infiltrated with a precursor of 0.5 wt.% gallium concentration were 

immersed in PBS to replicate in vivo conditions for 1,2,3,5,10,15, and 20 days 

(Figure 5.2D). Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) was used to measure the gallium concentration in PBS. Figure 5.2D shows 

that after 1 day 0.09-0.095 ppm gallium is detected increasing to 0.11-0.12 ppm 

after 5 days before reaching limiting values of 0.12-0.13 ppm after 20 days. The 

levels detected in parts per million are at the lower end of medical gallium levels 

(i.e., < 4 ppm) and consistent with target values to limit cytotoxicity, demonstrating 

a localised release of therapeutically relevant gallium.  

To allow for a comparative measure of gallium dosage, nanodot samples were 

made from gallium precursor of 0.125, 0.5 and 1 wt.% on silicon and immersed 

in PBS for 24 hours. Data shown in Figure 5.2E proves that higher gallium 

precursor concentration presents a higher ionic release. This data demonstrates 

the tuneability of the gallium release and is purposedly targeted far below existing 

drugs as it represents a smaller surface area than an implant but is also creating 

readily active gallium oxide for media interaction unlike existing methods. 

Samples provided for further biological testing were 1 wt.% Ga (0.18 ppm ± 0.02) 
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and a much smaller ionic release 0.125 wt.% sample (0.04 ppm ± 0.02, it is worth 

noting that this is near the detection limit of the ICP device.) 

 

Figure 5.2: A-C: X-ray Photoelectron spectroscopy analysis of gallium nanodot 
samples on silicon and titanium substrates, Y-axis: counts per second [CPS] 
versus X-axis: binding energy [eV] (A: Survey Scan graph of gallium nanodot on 
both substrates, B: Ga 2p Core Scan of gallium nanodots on titanium, C: Ga 2p 
Core Scan of gallium nanodots on silicon), D: Gallium ionic concentration [ppm] 
as measured by Ionic Coupled Plasma Optical Emission Spectroscopy of PBS 
solution in which nanodot samples were immersed for a finite number of days,  
E: Gallium ionic concentration [ppm] as measured by Inductively Coupled 
Plasma Optical Emission Spectroscopy of PBS solution in which nanodot 
samples made from varying gallium precursor concentrations [wt.%]  were 
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immersed for 24hours and F: Photograph of a batch of gallium nanodot samples 
in nutrient broth after 20 days showing all vials remaining clear 

5.3.3 Nano Gallium Surfaces Demonstrate Excellent Sterility and 

Antimicrobial Activity.  

Twenty silicon nanodot samples made using 0.5 wt.% gallium concentration from 

four different batches were aseptically transferred into 10 ml of 20 gL-1 sterile 

nutrient broth. The presence of any impurities would result in the opaquing of the 

nutrient broth. Indicative data in Figure 5.2F shows the clarity of samples 

confirming their sterility[81–83].  Nanodot samples exhibited no bacterial growth 

in inhibition zone tests, see Appendix 5.4.3 

5.4. Conclusion 

Block copolymer self-assembly can be used to develop gallium oxide 

nanofeatures on silicon and titanium surfaces. This coating represents what could 

be a simple addendum to existing orthopaedic implant manufacturing lines. The 

system shows an 88% reduction in osteoclast formation within 1% Ga sample 

group at a ppm dosage far below current clinical standard. 

The methodology is a simple, solution-based process and demonstrated in 

laboratory conditions but would be relatively easily scaled for use in implant 

devices at the manufacturing level. The methodology allows size and hence the 

ion release to be tuned for efficacy. The gallium oxide processing features offered 

some antimicrobial activity and did not compromise sterility. Using these samples 

to generate conditioned media for anabolic and anti-catabolic testing showed that 

there was no impact on stem cell viability and minimal effects on osteogenesis. 

The effect on osteoclastogenesis demonstrated a robust inhibition of osteoclast 

formation. Based on these results the 1wt.% gallium sample would be the best 

candidate for improved osteogenesis.  When considered in tandem these results 

prove that BCP generated gallium surfaces were ideal model substrates for 

gallium testing and characterisation on the nanoscale. The subsequent 

concentration of gallium eluted into media inhibited osteoclast differentiation with 

no inhibitor effect on osteoblast formation, thus resulting in a net gain in bone 

formation.  
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5.5 Appendix Chapter 5 

Appendix 5.5.1 Water Contact Angle Data 

The Water Contact Angle (WCA) of samples was recorded on a custom built 

WCA device using fast shutter camera, 60 Hz sampling. 10microlitre drops of 

pure water were placed on the sample and Image J software with dropsnake 

plugin was used to measure the advancing water contact angle. WCAs in the 

region of 50°-90° are optimum for biological testing [1,2].  

 

Figure A5.1: Water Contact angles of blank substrates, substrates with BCP 
nanodots, and substrates with gallium nanodots of decreasing gallium content. 

Figure A5.1 shows that the WCA of the blank substrates are in the range of 20° 

to 45° indicating hydrophilicity and large variation of values. The BCP dots post 

SVA have WCA values the range of 55° to 75° and as the gallium nanodots are 

infiltrated with gallium precursors of varying concentration the WCA decreases 

slightly with decreasing gallium content. The conversion of BCP nanodots to 

gallium nanodots sees a decrease in WCA due to the inherent hydrophilicity of a 

metal but that data suggests that it is the dot architecture that drives the WCA of 

the sample surfaces since lower gallium content would also mean lower gallium 
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nanodot volume. This hypothesis is supported by the fact that patterned surface 

samples groups have WCA values with a standard deviation of less than 10° 

meaning that the WCA of the samples is maintained by the nanodot shape as 

opposed to substrate nature or metallic content.  

Appendix 5.5.2 Energy Dispersive X-ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) spectra were acquired at 15-20 kV 

on an Oxford Inca EDX detector at a working distance of 10mm. Gallium 

nanodots on silicon and gallium nanodots on titanium substrates were analysed. 

Both samples showed gallium present in the spectrum.  
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Figure A5.2: Energy-dispersive X-ray spectroscopy (EDX) spectra were 
acquired at 15-20 kV on an Oxford Inca EDX detector at a working distance of 
10mm. Gallium nanodots on silicon and gallium nanodots on titanium substrates 
were analysed. Both samples showed gallium present in the spectrum.  
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Appendix 5.5.3 Antimicrobial Testing 

Antimicrobial inhibition zones were performed as described by Azlin-Hasim et 

al[3]. Nanodot samples were formed on Silicon from 50-b-6 kg mol-1polymer and 

infiltration with 0.25 wt.% Ga, 0.5 wt.% Ga and 2 wt. % Ga. Three sets of each 

sample set were provided for testing along with 3 silicon blanks. Resulting 

images, however showed little bacterial growth at all in the vicinity implying that 

gallium may be completely prolific against Escherichia coli, Figure A5.3 and 

Staphylococcus aureus, Figure A5.4. This data has some limitations since the 

inhibition zone in each sample is both images difficult to identify and there is no 

control sample included. To support these results, many tests are carried out in 

literature that detail gallium nitrate being highly effective against pathogens within 

inhibition zone tests[4–6]. Herein however, it is ionic gallium present and this, we 

postulate, leads to high inhibition against any bacterial growth.  

 

Figure A5.3: Inhibition zone photograph of A. Silicon control, B. 0.25 wt.% Ga 
sample, C. 0.5 wt.% Ga sample, and D. 2 wt. % Ga sample against strain of 
E.coli 
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Figure A5.4: Inhibition zone photograph of A. Silicon control, B. 0.25 wt.% Ga 
sample, C. 0.5 wt.% Ga sample, and D. 2 wt. % Ga sample against strain of 
Staph. A 
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Appendix 5.5.4 Biological Testing of Gallium Nanodot surfaces 

5.5.4.1 Conditioned media collection 

Gallium nanodot coated silicon samples were formed using 1 wt.% Ga (1% Ga) 

and 0.125wt.% Ga (0.125% Ga) precursor. These samples and silicon control 
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(0 % Ga) samples were immersed in α-minimum essential medium (α -MEM) 

containing 10% foetal bovine serum (FBS), 1% penicillin/streptomycin (P/S) and 

1% L-glutamine (L-G) (Growth media), for 24h at 37 °C to simulate physiological 

conditions of an implant and generate condition media (CM). 

5.5.4.2 Cell Isolation 

Human bone marrow stromal/stem cells (hMSCs) were isolated from bone 

marrow (Lonza), characterised by tri-lineage differentiation (data not shown), and 

maintained in Dulbecco’s modified eagle medium (DMEM) with 10% foetal bovine 

serum (FBS, Gibco, 10270106) and 1% penicillin/streptomycin (P/S, Sigma) 

unless otherwise stated (Growth media). All cells were cultured at 37°C and 5% 

CO2.  

Peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte-

enriched human buffy coats using density gradient centrifugation with 

LymphoPrepTM solution (Progen). CD14+ monocytes were isolated from 

PBMCS by magnetic sorting using MagniSort Human CD14 Positive Selection 

Kit (Invitrogen) according to the manufacturer’s instructions.  

Leukocyte-enriched buffy coats from anonymous healthy donors were obtained 

with permission from the Irish Blood Transfusion Service (IBTS), St. James's 

Hospital, Dublin and approved by the research ethics committee of Trinity College 

Dublin (Inst code 004/group no. 039) and in accordance with the Helsinki 

Declaration. Donors provided informed written consent to the IBTS for their blood 

to be used for research purposes.  

5.5.4.3 Conditioned Media effect on hMSC Viability and Osteogenic 

Differentiation 

To assess the effect of the Conditioned Media (CM) on hMSC viability, hMSCs 

were seeded at 6500 cells cm-2 in 12-well plates and allowed to settle for 24 h in 

normal growth media. hMSCs were then treated with each CM for an additional 

24 h followed by LIVE/DEAD™ (Invitrogen, L3224) staining. Quantification of cell 

viability was performed using ImageJ. 

To evaluate the effect of the CM on the osteogenic differentiation of hMSCs, cells 

were seeded and treated with the conditioned media as described above for 3 

days, followed by further 14 days in DMEM GlutaMAXTM (Gibco, 10566016) 

supplemented with osteogenic supplements (100 nM dexamethasone, 0.05 mM 
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L-ascorbic acid and 10 mM β-glycerol phosphate). Following this culture period, 

the media was collected, and cells fixed and lysed for DNA analysis and markers 

of osteogenesis.  

5.5.4.4 DNA Quantification 

Cells were fixed and lysed for DNA quantification which was performed using the 

Quant-iT™ PicoGreen™ dsDNA Assay (Invitrogen, P7589) with excitation at 480 

nm and read at 520 nm. 

2.4.5 Alkaline Phosphatase Quantification 

To determine alkaline phosphate (ALP) expression, media was collected from the 

cells following 14 days in osteogenic media and cells were lysed using a Triton-

X based lysis buffer as described above. Intracellular and extracellular ALP was 

quantified using a SigmaFast p-nitrophenyl phosphate (pNPP) kit (Sigma Aldrich, 

N1891), as previously described.[75] The test samples were diluted, 1:2 for media 

samples and 1:16 for cell lysates and added to wells as well as 50µl of a 5mM 

pNPP solution. ALP content was normalised to DNA content.  

5.5.4.6 Alizarin red staining and quantification 

Alizarin red staining (ARS) and quantification was used to assess mineral/calcium 

deposition. Cells were fixed in 4% paraformaldehyde (PFA) for 10 min. Following 

fixation, cells and 1ml of 1% alizarin red stain (ARS) was added to each well for 

20 minutes. Background staining was removed with sequential washes in H2O, 

and the wells were imaged using an Olympus CKX53 inverted microscope with a 

10x objective. Quantification was performed as previously described [75] with 

standards made through serial dilutions of ARS and 100µl of each test sample 

and standard added to a 96-well plate. Absorbance was then read at 405nm. 

5.5.4.7 Conditioned Media effect on Osteoclast differentiation. 

To assess the effect of CM on osteoclast differentiation [76,77] CD14+monocytes 

(625000 cells/cm2) were seeded into 96-well plates, cultured with CM and 

supplemented with 25 ng/mL M-CSF (Miltenyi Biotec) and 50 ng/mL 

Recombinant Human sRANK Ligand (sRANKL) (PeproTech) to induce 

osteoclastogenesis for 7 days. An additional group (Untreated) which was not 

supplement with RANKL functioned as a negative control for osteoclastogenesis. 

CM was replenished every 3.5 days. On day 7, cells were fixed with 2% 

paraformaldehyde (PFA) and stained for tartrate-resistant acid phosphatase 
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(TRAP) activity with a leukocyte acid Phosphatase (TRAP) Kit (Sigma) and with 

DAPI (1:200) (Sigma) according to the manufacturer’s protocols. TRAP-positive 

multinuclear cells containing three or more nuclei were counted as osteoclasts. 

These cells and the number of nuclei were imaged using an Olympus IX81 

inverted microscope with 10x objective and counted using the cell counter plugin 

on Image-J software (NIH, USA). 

 

Appendix 5.5.5 Effect of Silicon conditioned media on Human MSC and 

Monocyte viability 

 

Figure A5.5: Effect of Silicon conditioned media on Human MSC and Monocyte 
viability. (A) hMSC cells cultured for in osteogenic media or Silicon conditioned 
osteogenic media (B) CD14+ cells cultured for in Osteoclast media or Silicon 
conditioned osteoclast media 

5.4.5.1 Nano sized gallium surfaces do not influence hMSC viability. 

Figure A5.6 demonstrates the effect of gallium release from the nanodot surfaces 

on hMSC viability. After 24 hours there is no effect seen for gallium samples 

versus bare silicon in terms of live/dead staining, where no dead cells could be 

detected in any groups (Figure A5.6A). Quantification of cell density indicated a 

slight trend of increased cell number in gallium condition media (CM) samples 

when compared to silicon control (Figure A5.6B). This is consistent with that 
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seen following DNA quantification (Figure A5.6C), where DNA content present 

for gallium 0.125 wt.% is 1094 ng and gallium 1 wt.% is 1079 ng, which are both 

higher than for silicon which is 838 ng.  

 

Figure A5.6: Effect of conditioned media from gallium nanodots on the viability 
of hMSCs. (A) live/dead staining and (B) quantification. (C) DNA content 
following 3 days in conditioned media and 14 days in osteogenic media. Scale 
bar= 200 µm. Results shown are means ±SD (n=4). 

5.5.5.2 Nano Sized Gallium Surfaces do not Inhibit Osteoblastic Differentiation 

but can Adversely Affect Mineralisation at High Concentrations. 

Osteogenesis assays were conducted to study the effect of gallium release on 

osteoblastic differentiation and late-stage mineralisation as determined by ALP 

expression and mineral deposition respectively as a proxy for anabolic responses 

upon implantation, the results of which are shown in Figure A5.7. Both 

intracellular and extracellular ALP were not affected by gallium released from the 

nanodot surfaces at either low or high concentration (Figure A5.7A, B), indicating 

that this novel surface coating does not adversely affect osteogenic differentiation 

and early osteogenesis.[84,85] With respect to later stage mineral deposition as 

measured by ARS staining, [86,87] calcium deposition displayed a negative trend 

with increasing gallium concentration. Despite a short 14-day culture period, 

mineral nodules are present in all groups with robust staining in the Silicon and 

0.125% Gallium groups. While ARS staining is present in the 1% Gallium group, 

indicative of late stage hMSC differentiation, the staining is less pronounced 
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(Figure A5.7C). This trend is verified upon quantification where calcium levels 

normalised to DNA decrease with increasing Gallium concentration, reaching 

significance with 1% Gallium (p < 0.05; Figure A5.7D). This decrease in mineral 

production per cell could potentially be attributed to the increased proliferation 

rates identified in these groups (Figure A5.6). Interestingly, despite a 36% 

decrease in mineral produced per cell following treatment (Figure A5.7D), this 

only corresponds to a non-significant 15% decrease in total mineral because of 

increased cellular proliferation following Gallium treatment (Figure A5.7E). A 

similar analysis can be done for the 1% Gallium, where a 50% decrease in 

mineral deposition per cell only results in a 35% drop in total mineral deposition. 

While this latter example is a significant decrease (p<0.05), the trade-off between 

proliferation and mineralisation may indicate that longer time points may result in 

even greater anabolic responses following gallium treatment from nanodot 

surfaces. Overall, this data demonstrates that nanosized gallium surfaces do not 

inhibit osteoblastic differentiation but can adversely affect mineralisation at high 

concentrations.  
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Figure A5.7: Effect of conditioned media from gallium nanodots on the 
osteogenic differentiation of hMSCs. (A) Intracellular and (B) extracellular ALP 
activity normalised to DNA content (C) Alizarin red staining and (D) 
quantification normalised to DNA content and (E) total staining quantification. 
Scale bar= 200 µm. Results shown are means ±SD (n=4). *p<0.05 compared to 
silicon control. 

5.5.5.3 Nano Sized Gallium Surfaces Inhibit Osteoclastogenesis at High 

Concentrations 

Osteoclastogenesis tests were carried out to study the effect of Gallium CM on 

CD14+ monocyte differentiation into osteoclasts as a proxy for catabolic 

responses upon implantation, the results of which are shown in Figure A5.8. The 

quantification of TRAP positive cells with 3 or more nuclei post treatment with CM 

is used as these are biological markers for osteoclast formation and 

function.[88,89] Large multi-nucleated TRAP+ cells are present following 
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treatment with RANKL indicating successful osteoclastic differentiation when 

compared to untreated groups Figure A5.8A. While some osteoclasts are 

present following treatment with 0.125% Gallium, there is a clear decrease in 

osteoclast number following 1% Gallium treatment (Figure A5.8A). Following 

quantification there was a significant decrease in cell number found following 

treatment with 1% Gallium indicating that these high concentrations can 

adversely affect the viability of human monocytes (27% decrease when 

compared to Treated control, p<0.05; (Figure A5.8B). No effect on cell viability 

was identified with the lower 0.125% Gallium treatment. Despite the modest 

decrease in cell number, 1% Gallium treatment resulted in a robust and significant 

88% inhibition of osteoclastogenesis Figure A5.8C, D, with the number of 

osteoclast cells per unit area reducing from 13.2 in treated groups to 1.5 following 

treatment with 1% Gallium, a level that was not significantly different to untreated 

controls. No effect of 0.125% Gallium was seen on osteoclastogenesis 

suggesting that this concentration is too low to elicit a response.  

Taken together, this data demonstrates that gallium released from the nanodot 

surfaces is effectively preventing osteoclastogenesis and thus represents a 

robust anti-catabolic coating for orthopaedic implants.  

 

Figure A5.8: Effect of Gallium Conditioned media on osteoclast formation. (A) 
CD14+ cells cultured for 7 days in Silicon Control conditioned media (i) ,0.125 
wt% Gallium conditioned media (ii), 1 wt% Gallium conditioned media (iii) and in 
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growth media supplemented with M-CSF (iv). (B) Total cell number. (C) 
Osteoclasts number expressed as cells/surface. (D) Number of nuclei. *p < 0.05 
compared to the silicon control and #p<0.05 compared to the 0.125 wt% 
Gallium. 
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Chapter 6: Incorporating an additive layer over 

hydroxyapatite coating using polymeric patterns and 

inorganic infiltration. 

Abstract 

Hydroxyapatite is used to improve surgical outcomes of orthopaedic surgeries 

because it promotes bone growth at the site of the implant. Despite this, there 

remains some issues with regards to post-operative or hospital-based infections 

as hydroxyapatite itself is not inherently antimicrobial. Research is ongoing 

around adding other elements to the hydroxyapatite to improve the antimicrobial 

performance of orthopaedic implants. Gallium and zinc are particularly important 

as they are known to promote osteointegration whilst they also have antimicrobial 

properties. 

This chapter shows how a nano-polymer template can be used as a sacrificial 

layer for inorganic materials to be applied to hydroxyapatite coatings. The results 

demonstrate, through atomic force and electron microscopy, that the crystalline 

structure and morphology of the deposited HA layer is unaffected by the 

application of a polymer template. Data shows that this template can be infiltrated 

with gallium precursors and the polymer layer completely removed during 

processing leaving gallium oxide at the surface. Chemical analysis comparison 

using infra-red, and electron dispersive spectroscopy shows no difference in the 

hydroxyapatite post-doping. Data proves that a measurable gallium ionic release 

into in vitro fluids can be achieved from the gallium oxide nanofeatures. 

Furthermore, an optimum patterning and precursor concentration is selected, and 

this also supports the application of zinc over hydroxyapatite. X-ray fluorescence 

data shows that on a larger millimetre scale the doping of hydroxyapatite has 

been successful implying easy replication of this process for larger orthopaedic 

implants.  

6.1 Introduction  

Orthopaedic surgeons use metallic based implants for a variety of reasons, 

including, but not limited to the repair of bone fractures, bone graft post- tumours, 
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prosthetic implants, joint replacements, maxillofacial or cranial reconstruction 

surgery. [1] To increase the osetoinduction of metals, synthetic hydroxyapatite as 

a scaffold or coating is used which mimics biological hydroxyapatite (the brittle 

part of natural teeth and bone mineral consisting of calcium, phosphate and 

hydroxyl groups.) [2]–[5] Synthetic hydroxyapatite (HA) also accelerates bone 

fixation and encourages stronger bone bonding via tight engineering control of its 

physiochemical properties. Parameters such as phase composition, porosity, 

roughness and thickness dictate the outcome of a coating in vivo. [6]–[9]   

HA itself does not have antimicrobial properties and infection can be a serious 

complication of orthopaedic implant surgery. Post operative infections lead to 

severe physiological damage, require follow up surgical procedures or 

amputations in rare cases. [10] Separately, there is a global surge in antibiotic 

resistant strains of bacteria, and these affect all patients who undergo surgery in 

general as surgeries expose internal organs to external microbes.[11]–[13] As 

well as this, patients who are immunocompromised, overweight or have certain 

conditions such as osteoporosis do not generally have good replacement 

outcomes when compared to the general population. [14]–[17] In light of these 

clinical challenges the need to engineer a more antimicrobial, osteoinductive HA 

has become apparent, but retaining the existing benefits must be considered 

paramount before any additional elements can be added to a system.  

Biological HA has naturally occuring non-HA ions at very low concentrations, 

such as trace amounts of sodium, fluorine, zinc, carbonates or many more. [18] 

Within the HA lattice anions can replace PO4
3- or OH- groups whereas cations 

can replace Ca2+ ions, this happens by surface absorption or chemical 

incorporation. [19] Accordingly, synthetic HA can be doped with antimicrobial 

elements, most commonly gallium, strontium, magnesium, zinc, iron, copper, 

silver or fluorine. [20]  Even the addition of unusual elements such as uranium, 

europium, carbon nanotubes or various nanoparticles to HA have been studied 

for their effects on the antimicrobial, physical and chemical properties. [21]–[26]  

Various reviews have been undertaken in the field of biomedical advances 

regarding the atomic doping of hydroxyapatite to improve its performance.[27], 

[28]  A plethora of different elements or even combinations of them have all 

shown promise in research but an industrial realisation of this potential has not 
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been achieved [29], [30]. Despite all the research completed, the presence and 

intercalation of non-HA ions affects the crystallinity, mechanical properties, 

biological degradation and cellular response of HA which in turn may hinder its 

osteointegrative function. [22] [20], [30]. Conventional coating methods incur 

changes to the physical and chemical properties of HA and may create toxic 

intermediary compounds when additional elements are added. [27], [31] 

Unfortunately, while doping is a convenient way of improving the antimicrobial 

performance of HA its comes at the detriment of the structural and chemical 

integrity of the HA.[32] Therefore, a methodology where dopant features are 

formed at the surface of the HA films may be preferred. It may also be important 

to control the size and shape of any dopant material features at the surface as 

this allows for high surface areas and thus rapid release, and control of release 

rate (through size and shape control). 

This research proposes a polymer coating method to deposit nano-amounts of 

dopant over HA without affecting the physical composition. Block Copolymer 

(BCP) self-assembly and polymer brush (PB) grafting methods have been used 

in other scientific areas for controlled formation of precise material nanopatterns 

which may facilitate feature formation and control. [33]–[39] Infiltration of a 

metallic precursor selectively into one domain of a BCP or PB  gives rise to highly 

ordered metal or oxide nanostructures that can be dimensionally accurate down 

to the scale of a few nanometres. [40], [41] Polymers templates such as these 

have also been shown to have biomedical uses for drug delivery and diagnostics 

due to their tuneable uptick of bioactive compounds. [42]–[45] 

This work demonstrates that the use of the polymer poly(4-vinylpyridine). 

Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) BCP, when deposited on a 

silicon substrate and separated into different geometries selectively uptakes 

metal ions such as iron or gallium into the P4VP block since it has a strong affinity 

to bind metallic ions unlike the PS block. [46], [47]  

As well as inorganic patterns being created by BCP self-assembly, thin films of 

the inorganic can be formed at the HA surface. Poly(4-vinylpyridine) (P4VP) 

polymer brushes (short chain polymers that are end functionalised to covalently 

bond hydroxyl surfaces) have the same propensity for infiltration and capture of 

inorganic materials. [48], [49]  In this work we coat HA with a P4VP-based 
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polymer layer which covalently bonds with excess hydroxyl groups present in the 

hydroxyapatite. To prove our concept, we have paired the polymer techniques 

with gallium infiltration and evaluated the concept with zinc infiltration. Both zinc 

and gallium are proven to promote bone growth stems cells; osteoclasts and 

inhibit bone adsorptive stem cells; osteoclasts, while being antimicrobial. [50]–

[53]  The dosage of the additive element is controlled by the polymer thickness 

and solution strength and can even allow for dosage of more than one element 

at a time.[54], [55]. Once the BCP or brush is infiltrated with an additive element, 

the coated HA part is placed under Ultraviolet Ozone, the polymer dissolves but 

the added element from the solution remains in place on top of the 

hydroxyapatite, Figure 6.1.  

 

 

Figure 6.1: Diagram to represent three different steps in this coating process 
whereby A: the initial coating is just hydroxyapatite over a metallic part, B: the 
deposition of a polymeric layer has been added on top of the hydroxyapatite and 
C: the polymeric layer has been infiltrated with an inorganic element, polymer 
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removed and the result is a hydroxyapatite layer with a nano layer of an additive 
inorganic element on top of it. 

In these experiments we use hydroxyapatite coatings on various substrates 

which have previously been extensively studied, meaning the exact composition, 

morphology and structure of them is known.[56]–[58] These HA coated 

substrates are analogues of orthopaedic implants and gallium and iron as 

dopants will illustrate the approach which could be used for doping real metallic-

HA coated devices.  Upon gallium coating we undertake atomic force microscopy 

on the nanostructure. X-ray diffraction data paired with electron imaging confirms 

the crystallinity and wider scale morphology of the hydroxyapatite is unaffected. 

Chemical analysis of the coating reveals that the nature of the hydroxyapatite is 

unchanged, apart from the gallium or zinc which has been attached to the 

surface. Gallium ionic release is confirmed from inductively coupled plasma 

spectroscopy analysis of release fluids. X-ray fluorescence data confirms the 

method is applicable on a wider scale and allows for comparison between the 

gallium and zinc elemental uptick.  

6.2 Materials and Methods 

Hydroxyapatite (HA) coatings were deposited onto substrates using a colloidal 

solution deposition method as described by Murphy et al[56]–[58]. These HA 

coatings were highly porous and extensive materials characterisation is used to 

prove that the dopant is present post polymer processing.  

6.2.1 Polymer patterning and polymer brush film formation 

Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer (BCP) of 

molecular weight 50-b-6 kg mol-1 and hydroxy terminated poly(4-vinylpyridine) 

(P4VP-OH) polymer brush (PB) of molecular weight 6.5 kg mol-1 were purchased 

from Polymer Source Inc and were used as received. All other chemicals/solvents 

were ex-Sigma Aldrich or Fisher Scientific. BCPs were dissolved in solvent 

mixture comprising 4:1 toluene (99 %): tetrahydrofuran (99 %). BCP solutions 

were made to 0.5 wt.% concentration and stirred for 24 h. PB was dissolved in a 

solvent mixture comprising 2:3 tetrahydrofuran (99 %): Isopropyl alcohol (>98 %). 

BP solutions were made to 0.2 wt.% concentration and stirred for 24 h.  
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Either a BCP or a PB solution was spin cast at 3000 RPM for 30 seconds onto a 

hydroxyapatite coated substrate. See Appendix 6.5 for schematics of the steps 

involved in these processes. Annealing was then performed on the as spun 

polymer layer. For PBs, samples were thermally annealed at 200 °C for 5-15 min 

depending on thickness of the substrate used. For BCPs, samples were solvent 

vapor annealed by placing the samples into a sealed glass jar with a 7 ml vial of 

chloroform in a fridge at 4 °C for 2 h. To fully enhance the micro-phase separation 

of the BCP film, samples were immersed in 100 % ethanol for 15 min afterwards.  

Inorganic precursor solutions were made up in the range of 1 wt.% to 2 wt.% 

using gallium (III)nitrate hydrate 99.9 % or zinc nitrate hexahydrate 98 % in 

anhydrous ethanol (99.8 %). Metal nitrates were used as precursors since they 

form amorphous metal oxides post photodecomposition.[59] Solutions were 

stirred for 1 h to ensure full dissolution of the salt. Inorganic solutions were Spin 

cast over the polymeric layers at 3000 RPM for 30 seconds and placed in a 

Novascan PSD Pro UV Lamp for 4 hours; this removes the organic polymeric 

layer and leaves behind inorganic structures in place of the poly(4-vinylpyridine) 

(P4VP).  

6.2.2 Characterisation  

Atomic force microscopy (AFM) was performed using an aXE-7, Park Systems 

AFM with non-contact cantilevers. AFM calculated average roughness values as 

average roughness (Ra) and peak-to-valley roughness (Rpv). X-ray diffraction 

(XRD) patterns were acquired using a Bruker Advance Powder Diffractometer 

(Cu-Kα radiation with λ = 1.5406 Å, operating voltage of 40 kV and current of 40 

mA). Measurements were performed in the 2θ range from 10 ° to 60 ° at steps of 

0.004 °. Scanning electron microscopy (SEM) data were collected using a Carl 

Zeiss Ultra Microscope equipped with an in-lens detector. An accelerating voltage 

of 5 to 10 kV was used. Energy-dispersive X-ray spectroscopy (EDX) spectra 

were acquired at 15 kV on an Oxford Inca EDX detector. Fourier transform 

infrared spectroscopy (FTIR) spectra were obtained using a Perkin Elmer’s 

Spotlight 200i benchtop device with attenuated total reflectance (ATR, 4000–500 

cm−1, 8 scans, and 4 cm−1 resolution diamond crystal). Inductively Coupled 

Plasma Optical Emission Spectroscopy (ICP-OES) was performed using Agilent 

Technologies 5110 ICP-OES on Phosphate Buffer Solution (PBS) in which 
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samples were immersed for various times. X-ray Fluorescence (XRF) mapping 

was performed using a Bruker S8 Tiger Series 2 with a 170 mA excitation current 

and 300 μm spot size.  

6.3 Results 

Post deposition of HA, samples underwent extensive characterisation to assess 

their chemical and morphological intricacies. Coatings consisted of octacalcium 

phosphate (OCP) phase with some crystalline HA and amorphous calcium 

phosphate (ACP). Samples had a clear porous and needle structure with a 

calcium phosphate ratio in the region of 1.33, Figure 6.2. [57], [58] 

 

Figure 6.2: Scanning Electron Micrograph of porous hydroxyapatite coating on 
titanium parts.  

6.3.1 Formation of nano gallium coating cast via polymer template over 

HA films 

A selection of HA samples (3 of each sample set) underwent polymer layer 

deposition, be it BCP pattern or a PB layer. The polymeric layer was infiltrated 

with gallium at varying concentrations and the polymeric layer removed by UV 

ozone, results herein characterise the HA layer with a gallium coating on top (the 

polymer pattern used is identified in sample labels also). This data in this chapter 

presents 2wt.% gallium unlike Chapter 5 in which the max was 1wt.% gallium, 
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this was to account for the non-uniformity of the HA surface compared with 

silicon-wafer based planar surfaces. Initially we were unsure what the uptick of 

gallium templated over this HA ceramic would be, therefore, a higher precursor 

concentration was used along with 1wt.%.   

The first analysis undertaken was to examine if the polymer patterning or gallium 

infiltration of same had an impact on the structural integrity of the hydroxyapatite 

film. AFM using non-contact cantilevers showed that the needle-like 

interconnectivity and porous structure of the HA remained intact post polymer 

and post gallium inclusion, Figure 6.3. Figure 6.3A shows AFM images of the 

coating at various stages and Figure 6.3B the corresponding topography line 

profile for each sample. Post HA deposition the roughness is measured at Rpv of 

1074 nm with Ra of 130 nm. Post PB deposition over the HA the roughness of 

the samples increases with Rpv of 1683 and Ra of 257 nm. However, this 

roughness value diminishes post infiltration of the BCP or PB layer with the 

inorganic gallium. BCP templated gallium gives Rpv of 1183 nm and Ra of 141 

nm whereas PB templated gallium gave Rpv of 1369 nm and Ra of 150 nm. It is 

clear from these data that the HA only is matched in pore size and topography to 

the HA which has been gallium doped. The topography line profile shows that all 

samples have 4-6 pores within 1 µm while depth for all samples is matched from 

-400 nm to +400 nm.  
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Figure 6.3: (A) Atomic force microscopy (AFM) images of sample of HA coating, 
HA coating with a polymer layer, HA coating with Ga infiltration of BCP layer and 
HA coating with Ga infiltration of PB polymer layer and (B) corresponding 
topography line profile for each sample.  
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It is not possible to determine self-assembled features on the highly roughened 

HA surface. However, based on previous work using the same BCP of PS-b-

P4VP 50-b-6 kg mol-1 on smooth substrates, we estimate that the resulting 

gallium feature size has a diameter between 30 and 40 nm with a feature height 

of around 10 nm.[47] Similarly at this PB solution concentration used, we estimate 

a 5 nm thick layer of gallium is deposited.[60] The XRD and SEM analysis reveal 

that the HA coating has been coated without any structural effects, Figure 6.4. 

Figure 6.4B is the SEM image of a BCP cast gallium content and Figure 6.4C is 

the SEM image of the PB cast gallium layer – neither of which show a difference. 

Comparing Figure 6.4(B) with Figure 6.4(C) shows no morphological difference 

between the use of a BCP template and a PB template. Both images reveal that 

the porosity and needle-like interconnectivity of the HA post gallium doping is 

perfectly intact.  

XRD analysis charts which crystalline phases of HA are present, Figure 6.4(A) 

whereby known HA phases are labelled. One peak which at 33 ° is not labelled 

since it is a substrate inherent peak, sometimes presents if the X-rays are able to 

penetrate parts of the HA. The largest HA peaks are OCP indicative [002] at 26 ° 

and a signature HA triple peak at 32.5 °. [61] The intensity of [002] plane is greater 

than the intensity of HA triple peak for HA only. This relationship is replicated for 

the two types of gallium coated samples which both exhibit narrow sharp peaks 

at 26°, Figure 6.4(A). It can be deduced that the lesser peaks of [210] and [301] 

had a sharper line shape post Ga coating – this is most likely due to the heating 

of samples during UV ozone treatment. Overall, this data shows that there is no 

impact to HA crystallinity from the polymer patterning process. Samples are 

aligned with uncoated HA and not altered by the polymer method used. The 

amount of gallium coated onto the HA has not interfered with the HA since no 

new compounds have arisen at XRD.    
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Figure 6.4: (A): X-ray diffraction (XRD) patterns in terms of counts per second 
versus diffraction angle of 2θ collected for Ti thin film substrate with Ga infiltrated 
via polymer brush over HA (green), Ga infiltrated via BCP over HA (blue) and 
solely HA (red), side images are the corresponding scanning electron microscope 
(SEM) images for the XRD patterns:(B) SEM image of Ga infiltrated via polymer 
brush HA and (C) SEM image of Ga infiltrated via polymer brush HA. 

 

To confirm the chemical integrity of the film is maintained, FTIR and SEM-EDX 

data was collected. FTIR data was recorded in the region of 800 to 1600 cm-1 

wavenumbers for two reasons; (i) this is the region which gives rise to significant 

phosphate peaks of HA [62], [63] and (ii) within this region there are known P4VP 

vibrational bands such as pyridine rings or C-H bending. [64]–[66] By cataloguing 

this FTIR data we know if the HA is chemically intact and if there is any residual 

polymer remaining. Figure 6.5A shows the FTIR spectra for gallium coated HA 

samples with green dotted lines at the locations of P4VP polymer vibration 

energies – none of which are present. This confirms the removal of the polymeric 

material. The blue lines in Figure 6.5A are the phosphate vibrational energies. 

Figure 6.5A shows matched traces for HA, Ga -coated HA (via BCP) and Ga- 

coated HA coated (via PB). The two modes of PO4
3- and the HPO4

2- peak are in 

the same position and at the same intensity. We can conclude that since the 

gallium coated traces have the peaks of phosphate region present in the exact 
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same locations and there is no measurable difference between the polymer 

methods.  

EDX gave elemental data on the HA post gallium inclusion, Figure 6.5B-C. 

Samples were infiltrated by BCP or PB with either 1 wt. % or 2 wt. % solution of 

gallium. The calcium to phosphate ratio (Ca/P) was calculated from EDX data 

and per previous studies was in the region at 1.33 ± 0.14. [56] Figure 6.5C shows 

that all gallium coated samples have a Ca/P within the distribution of samples of 

solely HA. The samples all have a Ca/P of 1.25 to 1.34 showing no indication of 

a trend with polymer pattern method used of gallium concentration applied. Since 

there has been processing applied to the HA layer post deposition, it would imply 

a slight alteration of the oxygen species at the surface. Previously samples had 

O at. % of 56 ± 3.5 %. Ga 2wt. % samples have higher O at. % than their Ga 1 

wt. % counterparts, this implies that the higher gallium content could give rise to 

small amount of gallium oxides, however a larger sample size would be required 

to prove this.  
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Figure 6.5: (A): Fourier Transform infrared (FTIR) spectra the region of 1600–
800 cm−1 for as deposited HA and Ga coated HA (via BCP and Brush) (B): 
Collated electron-dispersive X-ray data showing the calcium-to-phosphorus 
atomic ratio (Ca/P) found in the HA film as deposited and after Ga coating from 
1 wt% Ga and 2 wt% gallium precursors (via BCP and Brush), (C): Atomic % 
oxygen (Atomic% O) found in the HA film as deposited and after Ga coating from 
1 wt% Ga and 2 wt% gallium precursors (via BCP and Brush). 

 

Thus far the data has shown minor change to the HA film besides expected low 

concentration levels of gallium present in the film post polymer pattern infiltration 

and this was confirmed by EDX, Figure 6.6. EDX analysis proved that we could 

target the gallium amount infiltrated through polymer method and the inorganic 

solution concentration, Figure 6.6.   BCPs consist of a bcc spherical pattern of 

P4VP whereas PB consists of a covering of P4VP. After UV-ozone treatment the 
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P4VP of both is infiltrated with gallium and subsequently removed. The EDX 

detection of gallium confirms this process since the BCP formed gallium coated 

HA has less than 0.5 at. %, Figure 6.6. The PB formed Ga layer over HA however 

has higher Ga detection and it is clear for these samples that the increased 

gallium precursor concentration also affects the gallium content in the final film: 

Brush + 1wt % Ga is 0.4 at. % Ga and Brush + 2wt % Ga is 0.9 at. % at EDX, 

Figure 6.6.  

Since these samples have intended biological applications, it was necessary to 

detect the level to which gallium would elute from the surface of the HA using 

ICP-OES. Samples were submerged in phosphate buffer solution (PBS) for 24 

hours to replicate in vivo conditions. The ICP-OES data is presented in Figure 

6.6. We consider 0.5ppm the low limit of detection for the ICP device therefore 

showing that BCP pattern Ga 1wt. % samples have little gallium ionic release. 

Evidently PB templated samples eluted more gallium than the BCP samples, as 

expected since the films cover the whole surface. The highest gallium ionic 

release was the brush templated Ga 2 wt. % samples with 0.15 - 0.2 ppm release 

into PBS after 24 hours. The Ga levels detected at ICP are low since not all of 

the gallium will release in 24 hours and some of the gallium will be bonded to 

active site on the surface of HA so may not dissolve in PBS at all. For the atomic 

% at EDX you would expect much higher ICP levels however this is a proof-of-

concept dataset and the release of ions from HA is difficult to model. This dataset 

proves however, that the Ga levels detected by both EDX and ICP are tuneable 

and both methods increase accordingly. At this gallium release level other studies 

have shown that gallium can diminish osteoclastic proliferations while not 

affecting osteoblast growth. [67] 
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Figure 6.6: Left hand Y-axis: Atomic % Gallium (Atomic% Ga) found in the HA 
film as deposited and after Ga coating from 1 wt% Ga and 2 wt% gallium 
precursors (via BCP and Brush) and Right-hand Y-axis Gallium ionic 
concentration [ppm] as measured by Inductively Coupled Plasma Optical 
Emission Spectroscopy of phosphate buffer solution (PBS) in which samples 
were immersed for 24hours, sample were made using BCP or brush polymer 
template infiltration with either 1 wt. % or 2 wt. % gallium precursor 
concentrations. 

6.3.2 Expansion of polymer brush templating to form zinc and gallium 

nanocoating on HA films.  

These findings so far have confirmed that this patterning process works to coat 

HA with low levels of gallium without affecting the HA lattice. These gallium levels 

allow for ionic release into fluid in vitro. Since we have now proved the efficacy of 

the system, we replicated the process with zinc on HA and performed XRF and 

EDX analysis on a wider scale– this more closely resembles an orthopaedic 

implant. From the above dataset we chose the PB and dopant 1 wt.% system to 

replicate. Additionally, we increased the sample size to confirmed reproducibility 

through increased statistics.  
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Various samples of HA had a polymer brush (PB) deposited onto them. Half of 

these samples were infiltrated with Ga 1 wt.% solution and the other half with Zn 

1 wt.% solution before EDX data was recorded. Figure 6.7A shows that samples 

have a mean gallium at. % of 0.1 with a very narrow distribution. Figure 6.7C 

shows that the zinc detection is much higher at 0.41 at. %, meaning the uptake 

of zinc into the PB is quadruple that of gallium. Since both ionic Ga3+ and Zn2+ 

are cations, they ought to intercalate in lieu of Ca2+. However, the difference in 

valency between Ga3+ and Ca2+/Zn2+ probably contributes to the lower uptick of 

gallium into the calcium lattice positions on the outer layer of the HA coating. This 

data is supported by the wider scale coverage analysis provided by XRF mapping 

of 8 mm diameter areas of the samples. Figure 6.7B shows that the gallium 

detection measured by XRF as an intensity range of .0013 to 0.0199 arb.u. The 

gallium is spread across the full area of the sample albeit is lower in the upper 

right quadrant. Figure 6.7D shows the zinc detection measured by XRF as an 

intensity range of .0001 to 0.0253 arb.u. The zinc detection is higher in general 

across the whole sample with some lower areas in the middle. While some of the 

dopant material is covalently bonded onto the surface of the HA via the polymer, 

some may also be intercalated into the very top layers of the HA.  When 

intercalation into a HA lattice, dopants take the place of a Ca2+ ion, for this reason 

the Zinc uptick may be higher than the Gallium since Zn2+ has the same valency 

as Ca2+ whereas Ga3+ does not. This valence would make Zinc intercalation to 

more readily occur. Comparing the gallium coverage in Figure 6.7B to zinc 

coverage in Figure 6.7D much higher levels of zinc are present for the zinc 

sample with the most homogenous overall coverage.  
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Figure 6.7: (A) Atomic % gallium (Atomic% Ga) found in the HA film after Ga 
coating from polymer brush and 1 wt% Ga precursor solution, (B) X-ray 
Fluorescence (XRF) Map of an 8mm diameter circle of gallium coated HA 
showing the intensity of gallium detection across the area according to the colour 
scale (C) Atomic % zinc (Atomic% Zn) found in the HA film after Zn coating from 
polymer brush and 1 wt% Zn precursor solution and (d) ) XRF Map of an 8mm 
diameter circle of zinc coated HA showing the intensity of zinc detection across 
the area according to the  colour scale.  
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6.4 Conclusion  

As outlined in the introduction, there is a growing need for the advancement of 

orthopaedic implant coatings to not just include HA but to include other more 

osteoinductive and antimicrobial components. Unfortunately, the inclusion of any 

ions into HA coating affects physiochemical properties which in turn can have an 

adverse effect on the in vivo performance of the coating.  

We have proven that we can overcome this issue through selective infiltration of 

a polymer pattern over HA coatings. We have shown that the polymer pattern can 

be deposited using a facile spin coating method and subsequently infiltrated with 

antimicrobial gallium. This is a new technology which could be patent protected 

and studies could easily model whether it is industrially scalable.  We have shown 

that the structural integrity of the HA remains intact through AFM, XRD and SEM 

datasets post gallium coating. HA retains its porous interconnected structure on 

the nanometre scale. The chemical integrity of HA remains aligned to its 

previously studied composition in terms of phosphate vibrational energies, Ca/P 

and oxygen atomic %. FTIR data confirms that the polymer itself is fully removed 

leaving gallium ions (as oxide). In fact, the only indication of gallium being present 

is a low level EDX detection and a subsequent gallium ionic release measured 

by ICP-OES. Combined, these data prove that the gallium, at exceptionally low 

levels, sits atop the HA coating ready to be released into PBS but not having any 

structural impact on the HA lattice.  

Furthermore, we have selected a polymer brush method with 1 wt. % inorganic 

precursor solution as the optimum settings for coating HA and applied it to the 

doping of HA with zinc as well as gallium. EDX and XRF data show that for the 

same process, the uptick of zinc dopant is much higher than gallium. XRF data 

confirms that the samples have widespread dopant coverage and that this 

process is highly relevant to larger orthopaedic implants not just lab-scale 

samples.  

This study has revealing opportunities in the advancement of orthopaedic implant 

coatings. Using sacrificial polymer layers, many different surfaces can be nano 

coated with an array of advantageous compounds or elements which can reduce 

negative patient outcomes.  
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6.5 Appendix Chapter 6 

Appendix 6.5.1 Block Copolymer Deposition Technique.  

Figure A6.1: Schematic of Block Copolymer deposition over a surface 

 

1. Cast the BCP: Polystyrene-b-poly(4)vinyl pyridine in solution onto a substrate. 

2. Swell in solvent for micro-phase separation and reveal inherent BCP nano-dot 

pattern. 

3. Infiltrate with inorganic (Ga) solution which has affinity to the P4VP dot. 

4. UV-ozone removes polymer and leaves gallium/zinc oxide nano-dots. 

Appendix 6.5.2 Polymer Brush Deposition Technique.  

 

Figure A6.2: Schematic of Polymer Brush deposition over a surface 

1. Cast the Polymer Brush (poly(4)vinyl pyridine) in solution onto a substrate. 

2. Thermally anneal \t 200°C to graft the brush to the substrate  

3. Infiltrate with inorganic (Ga) solution which has affinity to the P4VP. 

4. UV-ozone removes polymer and leaves gallium/zinc oxide nano-layer. 
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Chapter 7: Conclusions and Future Work 

7.1 Perspective  

Hydroxyapatite coatings play a significant role in enhancing the osteointegration 

of specific orthopaedic implants; nevertheless, they do not ensure the complete 

success of all surgeries. Novel and emerging coating techniques have the 

potential to enhance the performance of hydroxyapatite coatings, enabling their 

application on new materials and facilitating the incorporation of bioactive 

elements into the coating. This thesis has explored a solution-based coating 

process and demonstrated that, under specific process parameters, repeatable 

and reproducible hydroxyapatite deposition can be achieved. Furthermore, by 

strategically functionalising the surfaces, hydroxyapatite films can be successfully 

replicated on novel substrates. This thesis has shown very promising results for 

apatite formation on non-Ti substrates using this approach. As parts move from 

metal implants to materials closer in density to bone (such as plastics), this 

methodology could be pivotal in developing HA coatings and improving 

osteointegration.  

In addition to coating method development, this thesis has experimented with 

unconventional polymer methods to create nano-coatings aimed at improving 

osteointegration and antimicrobial performance, both on flat surfaces and over 

hydroxyapatite films. The development and analysis presented in this thesis offer 

potential avenues for enhancing the success rates of hydroxyapatite-coated 

implants. The following sections provide highlights and results from each chapter, 

followed by exciting prospects for future work that could pave the way for the next 

generation of orthopaedic coatings. 

7.2 Conclusions  

The use of hydroxyapatite coatings on orthopaedic implants is a well-established 

field of science and while it is proven to improve surgical outcomes, there are still 

areas where it can be improved upon. Industrial coating techniques are limited 

by poor porosity, crystallinity and phase control and mostly show the greatest 

applicability to deposit hydroxyapatite on titanium-based substrates and implants. 

The solution-based coating method developed here could mimic biological bone 

growth and produce porous and well adhered hydroxyapatite coatings and 
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potentially coat novel surfaces. The doping of hydroxyapatite with antimicrobial 

and osteogenic elements is complex and difficult to achieve without adverse 

effects on the structure of the hydroxyapatite coating. The use of polymer pattern 

coatings can be used to evaluate the biological impact of certain elements and in 

an innovative approach could be applied to hydroxyapatite coatings.  

Chapter 2 introduced the solution deposition process and outlined the chemical 

concentration, particle size and ionic strengths of the process solutions. Through 

careful control of solutions, agitation, temperature and pH monitoring it was 

possible to identify a process window in which hydroxyapatite films grew on Ti-

6Al-V4 activated parts. By analysing previous studies and from experimental data 

a chemical pathway was proposed which reveals what species form and nucleate 

in solution ultimately leading to heterogeneous mineral growth at the solution-

surface interface. It was interesting that while sodium chloride is used in relatively 

high concentrations to increase the ionic strength of the process, it was almost 

undetectable in the hydroxyapatite films grown. While all process solutions 

produced hydroxyapatite films, there was a variation in the weight of film formed 

and its Ca/P molar ratio. Extensive elemental analysis showed that some 

solutions were too dilute to produce coherent hydroxyapatite films whereas some 

were too concentrated and gave rise to less desirable physiochemical properties 

(i.e., too dense, lower adhesion, high carbonates and cracks in the films). Despite 

this, above a certain concentration all solutions gave rise to amorphous calcium 

phosphate, some pure hydroxyapatite and a large signal for octacalcium 

phosphate phases within the coating. An ideal process solution which had 

optimum solution kinetics was identified based off the film characteristics such as 

morphology, coverage, porosity and phase composition.  

Chapter 3 focussed on hydroxyapatite film formation from the ideal solutions 

defined in Chapter 2. Hydroxyapatite was analysed in two forms; in removed 

powder and as an in-situ film. Thermal analysis revealed that there was both 

absorbed water which dehydrated initially below 200 °C and interstitial water 

which was lost up to 400 °C. 2D heteronuclear correlation data recorded by solid 

state nuclear magnetic response added to the picture by proving that the 

hydroxyapatite had two distinct molecular packing orders identified by different 

proton pair correlations. Some of the material was crystalline well-formed 
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hydroxyapatite, while the rest was less formed amorphous calcium phosphate, 

hydrogen phosphate and confirmed a water content. X-ray diffraction analysis of 

the hydroxyapatite films at various stages of the process shows how the 

crystalline phases emerged and proved how the presence of a substrate drives 

crystallinity over amorphous growth. Initially tricalcium phosphate and some pure 

hydroxyapatite phases were detected but as the process continued the mineral 

grew preferentially along the [002] with a high indication of the octacalcium phase 

of hydroxyapatite. Transmission electron microscopy showed again that the 

hydroxyapatite film was an amorphous matrix with crystalline pockets. Of these 

crystalline pockets, fast Fourier transform data showed that they had d-spacings 

corresponding mainly to the octacalcium phosphate phase with some pure 

hydroxyapatite again.  

Chapter 4 compared the growth of hydroxyapatite from the colloidal solution 

deposition process again but added in novel substrates to understand whether 

the film grows in the same manner on them. Planer silicon was used as a novel 

substrate and a subset of samples were coated using e-beam with 100nm 

titanium thin films. The first study was to understand the chemistry of the 

substrates after basic activation and through water contact angle analysis, 

elemental analysis and roughness analysis. Sufficient hydrophilicity and 

roughness were achieved, with available hydroxyl to entice calcium ions to bond. 

To further analyse the growth mechanism of hydroxyapatite relative to substrate 

chemistry a batch of titanium thin film samples were activated at varying times, 

analysed and then subjected to hydroxyapatite solution deposition. Post 

deposition the films were analysed using X-ray photoelectron spectroscopy which 

gave detailed chemical bond states for elements at the very top nanometres of 

film attachment.  

Further analysis of the various substrates showed that hydroxyapatite grew 

identically in terms of morphology, coverage, composition and crystallinity for the 

Ti thin film samples and bulk Ti samples. Silicon gave rise to less material and of 

the hydroxyapatite that formed it was less well developed. This chapter proved 

that a nanoscopic layer of titanium is sufficient to seed and support the growth of 

a medical grade hydroxyapatite film and this paves the way for future 

opportunities in changing the underlying bulk material of an orthopaedic implant. 
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Chapter 5 is a standalone study proving the efficacy of: 1. The use of block 

copolymer patterns to create nano coatings for biomedical testing and usage and 

2. The efficacy of nano-gallium to promote osteoblasts, i.e., Bone growth stem 

cells. Block copolymer bcc spherical arrays were formed on silicon and titanium 

substrates proving that nanodots of poly(4-vinylpyridine) could be formed at 

differing radii and coverage by altering the molecular weight of the block 

copolymer. These polymer dots were infiltrated with gallium and the geometry of 

the dot was retained as shown by atomic force and electron microscopy. It was 

possible to confirm the subsequent ionic release of the gallium into phosphate 

buffer solution was dependant on gallium precursor solution and time. One key 

feature of this work was understanding the bio-properties of these surfaces and 

their mechanism for possible osteointegrative enhancement. A collaborative 

study performed in the Trinity Centre for Biomedical Engineering showed that 

these gallium coating surfaces had no widespread cell cytotoxicity. Further tests 

showed that the proliferation of bone promoting cells (osteoblasts) was 

unchanged while the proliferation of bone resorbing cells (osteoclasts) was 

almost fully ceased in a dose dependant manner. However further direct contact 

tests would complement these findings. This chapter showed that polymer 

templating could work as a means to deliver bioactive elements to a biological 

fluid and also encouraged the use of nano gallium for orthopaedic recovery.  

Chapter 6 represents the culmination of all the work. Knowledge of 

hydroxyapatite films from Chapters 2, 3 and 4 was used as a starting point to 

refer to after coating the films with polymer patterns. The findings of Chapter 5 

were used to apply gallium nanodots to the hydroxyapatite film. The experimental 

work proved that applying a polymer pattern to hydroxyapatite does not affect the 

physiochemical properties of the film. Due to constraints regarding the porosity 

of the hydroxyapatite films, a brush type of poly(4-vinylpyridine) film was the 

preferred method since the detection and identification of a bcc spherical array 

was impossible over the hydroxyapatite film. Gallium was capable of infiltrating 

into the polymer, which allowed for the inclusion of it onto the coating to be 

detected, with the gallium subsequently released into phosphate buffer solution. 

The advantage of this system was such that it was easily replicated for the 

inclusion of zinc (also an osteoinductive antimicrobial element) over 
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hydroxyapatite. X-ray fluorescence data showed that the doping of the 

hydroxyapatite was successful across a millimetre scale, not just in nanoscopic 

pockets, and this would thoroughly support the use of this method for large 

orthopaedic coatings.  

In summary the work outlined in this thesis provides a clear pathway by which 

solution deposition of hydroxyapatite could be implemented on an industrial scale 

to produce coatings which match and improve upon existing methods. The 

industry co-funding partner has recently commission an industrial scale system 

based on this method and initial results look promising. Experimental results 

show that the process could also be easily applied to other substrates. The most 

exciting thing about this body of work has been the invention of a polymer 

patterning method for doping hydroxyapatite without compromising on any 

chemical or structural integrity of the coating which is paramount to its success. 

All  of the aims and objective outlines in the introduction have been met and 

achieved while also being peer reviewed in four different first authored 

publications.  

7.3 Future Work  

It is a challenge to write this section. It is hard to believe deeply in the approach 

developed and studied, become excited by future possibilities and yet must 

identify future work by other students and researchers. Alas, the project was only 

four years so let me now outline some extremely exciting future work that could 

continue from this PhD project.  

Statistical Analyses 

To bridge the gap between laboratory apparatus and industrial scale up, there 

would be a huge benefit gained from collating all the process data. Process data 

could be gathered for implementation of applied process controls to support 

automated controls such as temperature and pH and solution top-ups. Process 

data should also be joined to the characterisation data to allow for extensive 

multivariate analysis. I did some initial research on this and am sure that there 

are endless possibilities from extended data analysis. There are various research 

papers outlining how more heat and different pH values within a system can alter 
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the Gibbs free energy of the system and change the thermodynamic driving force 

towards different phases of hydroxyapatite if preferred. [1]–[3] 

 

Applying 100nm Ti Layers to Polymers 

I believe that the data shown in this thesis could be valuable for realising HA 

functionalised bulk polymeric implants. For various reasons such as surface 

energies or roughness, polymeric implants are difficult to coat with HA. [4]–[6] If 

a 100nm titanium film could be deposited onto a polymer I am confident that this 

would facilitate the deposition of hydroxyapatite using this colloidal solution 

system.  

Applying solution deposition to resorbable Magnesium Implants 

It became clear during literature research over the years that the field of 

absorbable magnesium implants is gaining attention. [7]–[13] These implants are 

beneficial for younger patients as they hold bone together and, while the patients 

are still developing their skeletal structure, the new bone can grow and reabsorb 

the Mg implants. Applying hydroxyapatite to these implants is complicated by the 

fact that they cannot be sealed from the body entirely to allow the magnesium to 

reabsorb. I believe this colloidal deposition system would enable the formation of 

nano layers of porous hydroxyapatite on these implants. It would be beneficial to 

run experiments and compare the results as per Chapter 4 of this thesis.  

In situ film growth monitoring.  

I performed initial studies of monitoring film growth using a quartz crystal 

microbalance (QCM). [14]–[21] The QCM sensor was coated with titanium,  

activated as if the coated sensor was a normal substrate and submerged in the 

deposition chamber where HA was deposited. A QCM will monitor film growth on 

the surface of the sensor based off resonance frequency and dissipation of a 

piezo electric crystal. The data I collected was promising but requires further 

analysis. The Sauerbrey equation used to correlate mass of film to the frequency 

when used in its most basic form is only valid for rigid layers in air. Therefore, 

more complicated permutations of the frequency – mass relationship need to be 

considered. Similarly, the dissipation data showed phase changes within the HA 
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on the sensor post deposition and it would be exciting to dig deeper into the data 

to identify the very first crystal nucleation within the process.  

Further gallium studies 

It would be informative to expand on the findings presented in Chapter 5. The 

results in this chapter only focus on a 24 hour gallium release into media. ICP 

data however, had shown that the gallium release was much higher at 5 days 

and plateaued at 10days. It would have been scientifically significant to apply the 

same biological testing to cultured media that was left for 5 days, 10 days (or 

even longer).  

Further to this idea is would have been scientifically valuable to conduce direct 

contact culture tests since these gallium-templated surfaces are designed to be 

used as implant coatings. Direct contact tests would closely compare to an 

implant in vivo as blood and bodily fluids would be in contact with the surface of 

any gallium modified surface if it were to be implanted.  

The doping of hydroxyapatite using polymer templates.  

The data in Chapter 6 prove how polymer patterns can apply nano amounts of a 

dopant to the surface of hydroxyapatite without affecting it. It is difficult to 

understate just how complicated the doping of hydroxyapatite is and virtually 

every method of doing so incurs changes to the crystal lattice.[22]–[27] It would 

be fantastic to widen this study to different dopant elements and polymers and 

undertake more analysis of how the polymer templated dopant attached to the 

hydroxyl groups on the surface of the hydroxyapatite. Also, it would be extremely 

exciting to then run biological comparison of the coatings and prove that the 

desired effects of improving osteointegration and antimicrobial performance are 

achieved.  
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