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Abstract 

Surface-induced osseointegration and antibacterial capability are very important criteria 

for the clinical success of titanium implants. To enhance these two criteria, an 

architectural hybrid system is constructed onto Ti-6Al-4V with a rough surface. First, 

thermal oxidation (TO), treatment with hydrogen peroxide (H2O2) and a mix of TO and 

H2O2 (Mixed) are used to modify the surface topography and chemistry of Ti-6Al-4V 

disks. Surface characterizations by the use of microscopes and spectroscopes indicate that 

TO can induce more favorable topography, roughness, wettability and hydroxyl group 

concentration on Ti-6Al-4V surfaces. Therefore, an alginate/chitosan LBL film that 

incorporates antibacterial nano-silver is bridged onto thermally oxidized Ti-6Al-4V alloy 

by mussel-inspired dopamine. The microscopies and spectrometers confirm that the 

hybrid system is successfully fabricated onto the Ti-6Al-4V surface while the sub-micron 

topography induced by TO is maintained. Bone marrow stem cell (BMSC) adhesion, 

proliferation and differentiation are up-regulated by the synergy of sub-micron surface 

produced by TO and alginate/chitosan LBL film. The incorporation of nano-silver into 

the hybrid system is demonstrated to inhibit the growth of Escherichia coli and 

Staphylococcus aureus, but not jeopardize the enhanced BMSC activities. Taken together, 

this thesis presents a promising strategy to fabricate novel Ti-6Al-4V implants with 

enhanced osseointegration and antibacterial capability. 
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Chapter 1 

 Introduction 

1.1 General Overview 

During the past three decades, it has been acknowledged that titanium and its alloys 

exhibit excellent biocompatibility, mechanical properties and corrosion resistance 

compared to some other kinds of bio-implantable alloys [1]. However, the long-term 

clinical success of bio-implantable titanium and its alloys is hampered by its inadequate 

osseointegration capability [2]. To improve this situation, various surface modification 

techniques have been employed to alter the surface properties of bio-implantable titanium 

and its alloys. These include traditional techniques, such as thermal oxidation (TO), 

hydrogen peroxide (H2O2) treatment, acid etching, sandblasting, hydroxyapatite coating 

and recently emerged techniques, such as nano-patterning, layer-by-layer (LBL) 

self-assembly of polyelectrolytes and biomolecules immobilization. [3-9].  

Traditional surface modifications were robustly developed in the 1990s. These techniques 

have either induced porous or nodular topographies with different wettability, oxide layer 

thickness and surface composition. Studies have reached a general consensus that a 

surface layer with proper roughness, wettability and surface functional group content is 

able to enhance osseointegration through the stimulation of cell adhesion, proliferation 
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and differentiation [10].  

Recently, the LBL self-assembly of polyelectrolytes has gained increasing interest. The 

films formed by electrostatic force attraction are ideal platforms to mimic the 

extracellular microenvironment [11]. By utilizing its advantages, such as controllable 

film composition and ease of attachment to various substrates, LBL self-assembly has 

been extensively developed during the past 5 years. In the perspective of bone tissue 

engineering, LBL self-assembled films made from various polyelectrolyte pairs can 

stimulate a specific cellular response [12], encapsulate single cells [13], and function as a 

carrier of bone-related chemicals [6]. Among those, alginate/chitosan pair is of particular 

importance. Chitosan is a positively charged linear polysaccharide. Besides its 

demonstrated biocompatibility, chitosan is also capable of accelerating extracellular 

matrix reformation and potentiate osteogenic differentiation [14]. Alginate is a negatively 

charged linear polysaccharide that has been widely used for drug carriers and scaffolds 

[15].  

Studies have also focused on reducing the peri-implant infections caused by bacterial 

contamination, which results in the formation of a biofilm between implant and the host 

body, thus leading to implant failure. To inhibit bacterial contamination, nano-silver is 

incorporated into implants. It has been demonstrated that at a suitable dose, nano-silver 

bactericide exhibits a wide antibacterial spectrum, non-cytotoxicity and long-term 
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antibacterial effects [16].  

1.2 Problem Definition 

Robust development of various surface modification techniques substantially improved 

the in vitro and in vivo performance of bio-implantable titanium and its alloys. However, 

there is still a gap between clinical demand and the latest bio-implantable titanium and its 

alloys.  

Although TO (500-700 °C, 1-16 h) and H2O2 treatment (30%, 1-24 h) have greatly 

improved the biological performance of titanium implants [17-20], the rate and quality of 

osseointegration in these implants are still problematic [21, 22]. LBL self-assembly of 

polyelectrolytes, which are advantageous in mimicking extracellular microenvironment, 

however, has not been employed to overcome the shortcomings of titanium implants 

modified by traditional treatments.  

In addition, infections also largely compromise the clinical success of implant [23]. 

Although nano-silver particles have been employed to inhibit bacterial contamination in 

titanium implants, most of these studies only aimed to improve the antibacterial 

capability of implants.  
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1.3 Objective 

The overall objective of this dissertation was to design a hybrid structure on the 

bio-implantable Ti-6Al-4V surface to enhance its osseointegration and antibacterial 

capability. To achieve this, the following tasks were performed: 

1. Selection of a surface modification technique from TO, treatment with H2O2 

and a mix of TO& H2O2 (Mixed) that can induce optimal surface topography, 

roughness, chemistry, wettability and functional groups on the Ti-6Al-4V 

surfaces.  

2. Construction of an alginate/chitosan LBL film that incorporates antibacterial 

nano-silver particles on the selected Ti-6Al-4V surfaces. 

1.4 Summary of Experimental Methods and Major Findings 

1.4.1 Summary of Experimental Methods 

In the first part of the project, Ti-6Al-4V was oxidized by TO (650°C, 8 h), H2O2 (30%, 

24 h) and the Mixed treatment (TO 650°C, 4 h and H2O2 30%, 4 h). Then, the topography 

and roughness of oxidized surfaces were characterized by scanning electron microscope 

(SEM) and atomic force microscope (AFM). Oxide layer thickness was measured by 

Auger electron spectrometer (AES) and energy dispersive spectrometer (EDS). Surface 
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wettability and chemistry were determined by contact angle goniometer (CAG) and 

X-ray photoelectron spectrometer (XPS). 

In the second part of the project, alginate/chitosan LBL film was constructed by 

spin-assisted coating. Surface characterizations were performed by SEM, AFM, EDS, 

CAG and XPS. In vitro evaluation was performed on BMSCs at the Manitoba Institute of 

Child Health with standard protocols. In addition, agar diffusion test was carried out to 

test the antibacterial capability of the architectural hybrid Ti-6Al-4V sample.  

1.4.2 Summary of Major Findings 

Systematic comparison of the surface characteristics of Ti-6Al-4V modified by TO, 

treatment with H2O2 and the Mixed, which has not been reported in literature, is 

performed. Surface characterizations by the use of various microscopy and spectroscopy 

techniques reveal that each of these surface modification techniques can induce striking 

topographical and chemical features on the Ti-6Al-4V surface. Careful analysis of these 

results indicates that the Ti-6Al-4V modified by TO is more biologically preferred since 

it exhibits denser oxide layer, greater surface roughness, wettability and functional 

hydroxyl group density than the treatments of H2O2 and Mixed.  

A hybrid architecture is constructed on the thermally oxidized Ti-6Al-4V alloy by 

additional alginate/chitosan LBL self-assembly and incorporation of nano-silver particles. 
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CAG, SEM and AFM characterizations reveal that LBLed alginate/chitosan pairs can 

completely cover the thermally oxidized Ti-6Al-4V surface upon deposition. Further 

analysis by AFM indicates that the roughness of thermally oxidized Ti-6Al-4V is altered 

after TO/(A/C)6 sample. XPS characterization shows that the increased intensity of 

surface amine group is proportional to the number of alginate/chitosan layers. Based on 

these results, TO/(A/C) 5 sample was selected to further incorporate nano-silver particles 

to form the desired hybrid system, TO/(A/C)5/Ag. Agar diffusion test reveals that the 

TO/(A/C)5/Ag sample exhibits antibacterial capability. In vitro tests on BMSCs viability, 

morphology, proliferation and differentiation demonstrate that the synergy of 

alginate/chitosan LBL film and sub-micron rough topography induced by TO on the 

Ti-6Al-4V sample can enhance its osseointegration capability, where has never been 

previously reported. Further analysis on the BMSC activities indicates that additional 

nano-silver particles do not jeopardize the improved osseointegration capability on 

Ti-6Al-4V sample. Taken together, this dissertation provides a promising technique to 

enhance the osseointegration and antibacterial capability of Ti-6Al-4V alloy. 

1.5 Thesis Layout 

This dissertation contains six chapters. The organization is as follows, 

! Chapter 1 includes a brief introduction of background, problem definition, 

objectives, methodology and major findings, 
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! Chapter 2 contains a general literature review on bone remodeling, titanium 

surface modification techniques and silver bactericide, 

! Chapter 3 provides detailed experimental procedures and used instruments, 

! Chapter 4 presents the results and discussion, 

! Chapter 5 summarizes the major findings and conclusions of the research, 

! Chapter 6 provides suggestions for future work. 
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Chapter 2  

Literature Review 

2.1 Bone Structure 

Bones are rigid organs that provide a framework of support for the body, transfer forces 

for locomotion and protect internal organs. Bones can also regulate homeostasis by 

reserving minerals and through hematopoiesis. Bones are generally divided into compact 

(cortical) and spongy (cancellous) bones. Compact bones are made of osteons, mainly 

found in the hard outer layer of bones and solidly filled with organic ground substances 

and inorganic salts with minimal gaps and spaces. Spongy bones are in the inner bone 

structure, characterized by much higher porosity and larger surface area. These 

characteristics enable spongy bones to accommodate blood vessels and marrows, as well 

as offer supporting strength to ends of the weight-bearing bone. 

As living organs, old bones are continually replaced by new bones throughout life. Bone 

remodeling aims to adjust the host bones to adapt to mechanical loads and strains, repair 

micro-damage and mobilize mineral storage upon metabolic demand. It is a homeostatic 

equilibrium process mainly accomplished through the resorption of old bones by 

osteoclast and the formation of new bones by osteoblast (Figure 1). Upon receiving a 

remodeling signal, mature osteoclasts are formed through a series of activities from 
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osteocytes. Following this process, mature osteoclasts congregate on the bone surface and 

start to secrete hydrogen ions to dissolve bone forming minerals and the matrix. As a 

result, resorption pits, which range from sub-micron to micron levels, are formed.  

After bone resorption, osteoblasts are recruited around the resorption pits through the 

differentiation of BMSCs. Osteoids, the unmineralized, organic portion of the bone 

matrix, are formed through a series of osteoblast activities. The first activity is the 

synthesis of type I collagen, which is the most important structural protein of the bone 

extracellular matrix (ECM). The second activity is marked by the production of alkaline 

phosphatase (ALP), an early marker of osteoblast differentiation. Third, bone 

sialoproteins (BSPs), a significant component of the bone ECM, constitute approximately 

8% of all non-collagenous proteins [24]. Lastly, osteocalcins (OCN), the most abundant 

non-collagenous protein in the organic matrix of bone and dentin, act as a late marker of 

the bone formation process. When the thickness of osteoids reaches a critical value, they 

begin to mineralize under the regulation of osteocytes, which secretes matrix vesicles like 

ALP. The resorption pits are fully filled with bone and the mineralized chemicals are 

gradually packed, becoming denser and finally form new bones in a couple of months. 
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Figure 1. Illustration of bone remodeling process[25] 
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2.2 Osseointegration 

In the 1950s, Branemark, for the first time, defined the term osseointegration as “the 

formation of a direct interface between an implant and bone, without intervening soft 

tissue” [26]. In his study, it was showed that titanium implants could be permanently 

fused with host bones without soft tissues, like scar tissues, cartilage or ligament fibers. 

Since then, osseointegration has been widely accepted as the basis for clinical implant 

success with the advantage of predictable and reproducible surgical results on the 

interface between load bearing implants and natural bone [27]. A successful 

osseointegration process consists of a series of discrete but overlapping events. Although 

not fully interpreted, Schwartz and Boyan briefly summarized this process into several 

steps: upon implantation, serum proteins immediately attach to the implant surface; then 

the BMSCs are transferred to the implant site and start the adhesion and proliferation [28]. 

The third stage is marked by the formation of osteoids; when the osteoids reach a critical 

thickness, the bone matrix starts the calcification, which is completed in about 3 weeks 

after implantation. This stage is followed by bone remodeling as described in Section 2.1. 

Therefore, a successful implant requires three prerequisites: 1) precise fitting, 2) primary 

stability, and 3) adequate loading during the healing process [29]. However, the 

long-term success of bio-implants, which is anticipated as having a stable interface 

between bone and implant, has not been fully supported by subsequent studies. Local 
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anatomic, local biologic, systemic or functional factors give rise to a high rate of 

micromotions between the implant and host body, thus leading to osseointegration failure 

[30-33]. To improve this situation from bone-tissue engineering perspective, researchers 

have exerted many efforts on improving the primary stability of implants by surface 

modification of titanium and its alloys. 

2.3 Cell-implant Interactions 

2.3.1  Cell-implant Interaction Process 

The bone-implant interface is formed upon implantation. Then a series of events occur at 

the interface. The first event is believed to the dynamically selective adsorption of 

biological proteins (albumin, fibronectin, and vitronectin) from blood, tissue fluids and 

the peri-prosthetic region to form a thin proteinacious film. The adsorption of proteins is 

affected by the implant topography, surface chemistry, etc. The second event is the 

characterized by the appearance of macrophages, which phagocytize bacteria and 

damaged tissue. The event is followed by the resorption of ECM, cell membrane and 

cytoskeleton proteins. These proteins can interact together to function as a signal 

transducer to regulate the subsequent cell activities. Specifically, cell membrane are 

heterodimeric transmembrane glycoproteins that mediate cell attachment [34]. ECM 

proteins can either link cells to host tissues or dictate cell migration during the healing 
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process. Cytoskeletal proteins work through microfilaments, intermediate filaments, and 

microtubules to adjust cells in shape, support, and movement. The fourth event is the 

rapid attachment osteogenic cells onto implant surface. Then the adhesion of osteogenic 

cells is taken place over a long period of time. Finally, osteogenic cells are activated to 

proliferate, differentiate and ultimately form new bones as described in Section 2.1.  

Although there is little information on how surface chemistry and topography of implant 

regulate the aforementioned events at the cellular level, it is widely accepted that the 

implant surface properties do have important influences on the cell-implant interactions 

[35]. The following paragraphs will review the most current interpretations on the role of 

surface properties on cell-implant interactions process. 

2.3.2 Roles of Implant Surface Properties on Cell-implant Interactions  

The role of implant surface properties on cell-implant interactions was initially examined 

on the basis of micron-scale topography and surface chemistry. With the development of 

nanotechnology, recent investigations have further looked into the implant-cellular 

interactions on a nano-scale topography. Taken together, these form a preliminary 

explanation of the profound bone healing process. 

3.3.3.3 Micron-scale Topography 

Topographies with a micron-rough surface can be used to explore improvement in 
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osseointegration from the biomechanical and bio-signal perspectives. The first theoretical 

explanation of the function of micron-scale topographies focused on the physical 

association of implants with bones. In 1991, Buser et al. conducted an in vivo study on 

miniature pigs and demonstrated that bone-implant contact is proportional to the surface 

roughness [36]. In 1999, Hansson and Norton proposed a mathematical model to 

categorize surface characteristics by introducing the pit effectivity and pit density factors 

to describe the characteristics of individual and overall pits [37]. It is postulated that 

micron-rough titanium can be sensed by osteocytes, thus stimulating the secretion of 

bone-formation proteins and minerals, which results in increased bone volume around 

implant sites with a micron-rough surface, and therefore forms a stronger mechanical 

interlocking between implant and bone [38, 39]. Further studies have summarized that 

pits with a depth of 1.5 µm and diameter of 3-5 µm can achieve a higher percentage of 

bone-implant contact [40, 41]. However, more convincing evidence has not been 

obtained to elucidate the specific function of mechanical signals to host tissues. For 

example, the way of osteocytes sense signals derived from micron-scale topography and 

the difference between the signals produced by a nodular surface versus that of a porous 

surface, have not been revealed. 

The second theoretical interpretation on the role of micron-scale topography is addressed 

at a bio-signal level. Upon implantation, it is known that the wound site would be 
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covered by blood clots, followed by cell migration to the site. Therefore, the activation of 

platelets is extremely important. The commercially pure titanium (cpTi) surface is 

proposed to activate platelets as a function of surface micro-texture through a larger 

surface area to enhance plasma protein adsorption, followed by platelet adhesion and 

activation [42]. Although the cause of enhanced osteoblast lineage differentiation is not 

fully understood, it is suspected that a micron-rough surface has a compulsory effect on 

cellular shape, or accelerates ECM formation to evoke osteoblast lineage differentiation 

and finally promote osseointegration [43-45]. 

3.3.3.4 Nano-scale Topography 

As nanotechnology develops, a growing number of studies have explored the effect of 

nano-scale topography on cell-implant interactions. In spite of the research gaps, 

pioneering investigations have achieved some breakthroughs during the past years. The 

nano-scale topography alters cell activities, directly or indirectly, through initial cell 

adhesion to further influence cell proliferation and differentiation.  

The indirect role of a nano-scale topography on cell-implant interactions stem from their 

impacts on protein adsorption. Nano-scale topography can influence the conformation of 

the Arg-Gly-Asp (RGD) sequence containing proteins like fibronectin and vitronectin, 

therefore impacting integrin binding, which is essential for the regulation of the cell 

adhesion. Higher protein absorption and cell adhesion on nano-scaled surfaces as 
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opposed to those conventional surfaces have been observed by several studies [46-48].  

Nano-scale topography can also directly regulate cell adhesion. It is widely accepted that 

the integrins are within the focal adhesion architecture (300 nm) and serve as important 

membrane receptors on mediating cell attachment and adhesion through signal 

transduction between cells and the ECM. Nano-topography-induced geometrical 

constraints spatially segregate integrin occupancy, trigger ligand binding, and 

consequently result in cell adhesion [49, 50]. In contrast, the micron-scale topography is 

unable to provide this kind of binding structure. As summarized by Klymov et al., 

nano-islands can stimulate stronger cell adhesion than smooth surfaces. In particular, the 

focal adhesion of fibroblasts and endothelial cells on shorter islands (13 nm) was greater 

than on higher islands (33-45 nm) [51]. However, when the island height reached 160 nm, 

the fibroblast and osteoblast adhesion were reduced when compared to those on a flat 

surface [51]. 

The impact of nano-scale topography on cell proliferation and differentiation has not 

been well understood, yet studies have proven its ability to promote these two activities. 

A prevalent speculation on cell proliferation is that the activation of cell adhesion by 

integrins initiates a cascade signaling pathway, which simultaneously enhances cell 

proliferation [52]. Cell differentiation is a key factor for the success of osseointegration. 

Although differentiation is a more advanced and complicated stage of specific cell 
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activity, pioneering investigations have suggested evidence of a mechanotransduction 

mechanism. Mechanical stresses are induced when cells adhere onto nano-scale 

topographies such as pits, grooves and islands. Cells are able to sense these loadings and 

convert them into biological signals and alter the gene expressions of ECM components 

[53]. 

3.3.3.5 Surface Wettability 

Surface wettability is also very influential on cell-implant interactions. Hydrophilic 

surfaces can alter extracellular protein adsorption by inducing functional groups, such as 

hydroxyl, carbonyl, carboxyl and amino groups. Studies have observed increased 

biological protein adsorption on hydrophilic surfaces while the opposite is true for 

hydrophobic surfaces [54]. Increases in the amount of adsorbed proteins can subsequently 

contribute to cell adhesion, proliferation and differentiation. In addition, studies have also 

found that these surface functional groups can also improve osseointegration by directly 

releasing signals to stimulate integrin binding or osteogenic differentiation [55, 56].  

To summarize, the effect of topography and surface wettability on cell-implant 

interactions are only partially understood. More efforts should be made to interpret the 

complicated relationships between implant surface properties and host tissues.  
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2.4 Bone Marrow Stem Cell 

BMSCs were first identified by Friedenstein et al. in 1966, who extracted bone-forming 

progenitor cells from rat marrow [57]. Thereafter, studies have identified other 

encouraging properties of BMSCs, such as ease of isolation and expansion, strong and 

diverse differentiation ability, and transplantability. In this context, BMSCs have become 

one of the most promising cell sources for regenerative medicine and tissue engineering. 

BMSCs are mostly isolated and harvested from bone marrow [58]. Although these 

BMSCs just represent 0.001-0.01% of the overall population of nucleated cells in marrow, 

they can be easily enriched by culturing them with colony-forming unit-fibroblasts to 

reach a high cell density up to 4×105 cells/cm2 [59].  

A proper induction medium during the culturing of BMSCs can lead to their selective 

expression of BMSCs to the desired phenotype. For example, the presence of 

β-glycerol-phosphate, ascorbic acid-2-phosphate, dexamethasone and fetal bovine serum 

has been reported to activate the osteogenic potential of human BMSCs [60]. The ability 

of BMSCs to differentiate in many ways has attracted great interests for its use in the 

reconstruction of defective tissues through transplantation. Autologous and allogeneic 

BMSCs have been successfully transplanted not only in animal models but also in 

clinical patients for bone and cardiovascular repair, treatment of lung fibrosis, etc. 

[61-63]. 
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Many studies have employed BMSCs to investigate the effects of surface modification on 

titanium and its alloys. Liu et al. fabricated BMSC-sheet 3D scaffold to promote bone 

regeneration in vitro and in vivo [64]. Costa-Pinto et al. seeded human BMSCs onto 

chitosan/polyester scaffolds to induce osteogenic differentiation [65]. Other studies have 

employed BMSCs to evaluate the in vitro performance of modified titanium-based 

implants [5, 6].  

2.5 Biomedical Applications of Titanium and Its Alloys 

2.5.1. Hard Tissue Replacements 

Hard tissues are one of the most vulnerable parts of the human body due to accidents, 

aging and other causes. The first common use of titanium and its alloys in hard tissue 

replacements are artificial hips and knee joints. Figure 2 is an illustration of titanium 

artificial knee joints. When used as artificial organs, titanium and its alloys are favored 

over conventional stainless steel and cobalt alloys because of their moderate Young’s 

modulus, high biocompatibility, superior tribology properties and excellent corrosion 

resistance. Therefore, artificial knees and hips have been made of titanium and its alloys 

have been permanently anchored to the intramedullary canal to reproduce natural 

movement [66]. 

The second common use of titanium and its alloys in hard tissue replacements is in dental   
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Figure 2. Artificial knee joint made of titanium and its alloys [67]. 
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implants, which serve as anchors for prosthetic replacement of missing teeth. Dental 

implants are mainly classified into subperiosteal, transosteal and endosseous implants, 

based on their shape and position to the jawbone. Subperiosteal implants are placed on 

top of the jawbone. They are metal frameworks that are attached onto the jawbone top but 

beneath the gum tissue. Transosteal implants penetrate the jawbone and gum tissue with a 

pin-like or U-shaped framework. Endosseous implants are placed within the bone and 

usually processed into screw- or cylinder- like shapes. It is universally acknowledged that 

titanium and its alloys have better clinical performance in osseointegration than other 

types of materials in dental applications [68]. Contemporary clinical demands toward 

titanium and its alloys have gradually gravitated towards a faster and more compact 

integration process with natural bone.  

2.5.2. Cardiovascular Implants 

Titanium and its alloys are also used in cardiovascular implants such as heart valves, 

artificial hearts and circulatory devices because they are mechanically strong, chemically 

inert and non-magnetic. However, pure titanium is seldom used in the cardiovascular 

field due to the high rate of blood-clotting and insufficient radiopacity in finer structures 

[69]. By alloying titanium with nickel, these shortcomings have been partly overcome 

and more importantly, the resultant shape-memory property has attracted significant 

attention in its application in vascular stents. A collapsed stent can be implanted into 
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veins or arteries and later when body temperature warms the stent, it will return to its 

original shape to support blood flow within the veins or arteries.  

2.6 Bio-implantable Titanium and Its Alloys 

CpTi has been developed as surgical implant material since the 1940s [70]. In its 

elemental form, cpTi possesses a hexagonal close packed (hcp) crystal structure with an α 

phase. Its mechanical properties, such as tensile strength and Young’s modulus, are 

closer to those of natural bone than other metals like stainless steel. Meanwhile, the 

formation of an ultra-thin oxide layer (less than 10 nm), when exposed to air, provides 

titanium with excellent corrosion resistance and biocompatibility. However, even though 

the strength, fatigue properties and wear resistance are better than other kinds of metals, 

titanium is not ideal. This led to the early investigation of alloying pure titanium with 

other elements. Later, annealed Ti-6Al-4V started to gain widespread use in biomedical 

applications, especially for dental, hip and knee prostheses [71]. Annealing above 

882.5 °C enables the transformation of the α phase into a body centered cubic (bcc) 

structure (β phase). By alloying with an α phase stabilizer (Al) and a β phase stabilizer 

(V), Ti-6Al-4V is stabilized as an (α+β) alloy and exhibits higher strength and better 

fatigue properties [71]. Although some of the other titanium alloys such as Ti-6Al-7Nb 

and Ti-13Nb-13Zr have been subsequently developed to further mimic natural bone 

properties, Ti-6Al-4V is still widely used in biomedical devices as a mature material [71]. 
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2.7 Surface Modification of Titanium and Its Alloys 

Although the clinical performance of titanium and its alloys is superior to other bone 

substitute materials, there is still a high rate of implants failure due to the inadequate 

osseointegration. To improve the osseointegration capability of titanium and its alloys, 

various surface modification techniques have been introduced over the past three decades. 

Table 1 is a summary of commonly used surface modification techniques. Due to limited 

space, only the most popular techniques will be reviewed in Section 2.7.1- 2.7.8.  

2.7.1 Calcium Phosphate Coating 

The coating of the titanium surface with calcium phosphate, particularly hydroxyapatite 

Ca10(PO4)6(OH)2, has been extensively studied since it was found to comprise part of 

inorganic components of human bone. Upon implantation, calcium phosphate is released 

into the peri-implant regions and precipitates biological apatite to stabilize the implant. 

This biological apatite also allows the permeation of bone organic matrix components, 

which are relevant to processes such as protein adsorption and type I collagen fiber 

formation. As a consequence, the bone healing process is accelerated, particularly in the 

initial stage of osseointegration [72]. As such, many researchers have attempted to coat 

hydroxyapatite onto titanium implant surfaces and scaffolds, such as through the use of 

plasma spraying, ion sputter deposition, sol-gel coating, etc. [73]. Among these,  
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Table 1. Summary of surface modification techniques for titanium and its alloys 

Technique Principle Characteristic 

Mechanical modification 

Polishing 

Mechanical friction 

Clean surface; flat topography. 

Machining 
Micron-rough surface. 

Grinding 

Sandblasting 

 

Projection 
micro-particles (Al2O3, 
TiO2) onto substrate. 

Produces micron-rough surface;  
high potential of detachment and release 
into host body. 

Chemical modification 

Acid etching 

Chemical corrosion. 

Forms porous structure with roughness that 
range from micron- to nano- level. 

Alkaline 
treatment 

Forms sodium titanate gel layer that 
potentiates HA deposition when processed 
with subsequent SBF immersion. 

Peroxidation Forms titania gel layer with micro- or nano- 
topography. 

Sol-gel 
 

3D architectural micron level thin films 
composed of versatile compounds such as 
calcium phosphate, TiO2 and silica. 

Chemical Vapor 
Deposition(CVD) 

Deposits non-volatile 
compounds onto 
substrate through gas 
phase reaction. 

Uniform films with controllable density and 
thickness. 
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Oxidation 
    

Anodic oxidation 
Electrochemical 
oxidation. 

Induces nanotube matrix. Incorporates 
additional elements from electrolytes. 

Thermal 
oxidation 

High temperature 
oxidation. 

Exhibits both micron- and nano-scale 
roughness by formation of compact and 
dense oxide films with agglomeration of 
TiO2. 

Physical modification 

Thermal spray 
Produces very high 
temperature to melt 
desired particles, then 
sticks and condenses 
liquid droplets onto 
substrate. 

Imparts thick coatings (up to 200 µm) such 
as TiO2, Al2O3, calcium silicate, HA. 

Flame spray 

 

Plasma spray 

Physical vapor 
Deposition 
(PVD) 

Deposits films by 
condensation of 
vaporized forms of 
desired materials onto 
substrate surface. 

Uniform films with controllable density and 
thickness. 

Ion implantation 
and deposition 

Energetic ions are 
bombarded onto solid 
substrates. 

 

Forms a distinct surface layer with graded 
composition. 

Glow discharge 
plasma treatment 

Bombards surface 
layers by electrons and 
ions produced from 
glow discharge 
plasma. 

Removes passive layer and creates a clean, 
sterilized surface layer. Ion bombardment 
influences molecules adsorption. 
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Laser ablation 

Irradiating and heating 
result in melting and 
evaporation of surface 
atoms. 

 

Produces ordered micron-level grooves or 
pillars on substrate surface. 

Lithography 

Patterns surface 
through high-energy 
electrons or 
wave-specific light. 

Creates highly ordered nanopatterns (pits, 
pillars, grooves) on substrate. 

Bio-chemical modification 

Layer-by-layer 
self-assembly 

Electrostatic attraction 
between polycations 
and polyanions. 

3D architecture with drug-carrier capability. 
Can be fabricated onto substrates with 
various morphology and induce surface 
functional groups. 

Immobilization 
of proteins 

Immobilizes 
biomolecules through 
polymerization, 
plasma pre-treatment, 
scaffolds, LBL etc. 

Induces bio-inspiring materials in 
accordance with targeting bioactivities. 

Hormones 

Incorporation 
DNA and 
enzymes 
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plasma-spraying is the only hydroxyapatite coating technique that has been used in 

clinical practice [10]. The plasma torch can reach a critical temperature to project 

semi-molten hydroxyapatite powders carried by an argon and hydrogen mixture onto 

titanium surface, where the hydroxyapatite is condensed and fused. This process results 

in a compact hydroxyapatite layer on the titanium surface with a thickness that ranges 

from micrometers to millimeters.  

Although hydroxyapatite coatings have been reported to enhance the osseointegration 

capability of titanium and its alloys, they are still problematic. The first disadvantage of 

plasma sprayed hydroxyapatite coatings is the varying percent composition of crystalline 

hydroxyapatite, tricalcium phosphate and amorphous CaP [74]. The second disadvantage 

is the detachment of the coating from titanium substrate despite that the 

hydroxyapatite-bone tissue interface remains intact [75]. To minimize these drawbacks of 

plasma-sprayed hydroxyapatite coatings, researchers have further developed related 

methods by combining the use of anodic oxidation or alkali treatment. A detailed 

discussion of these techniques will be presented in Section 2.7.5 and 2.7.6. 

2.7.2 Thermal Oxidation 

TO is a high temperature oxidation process. Thermal energy produces atoms that are 

excited to a higher energy level and when combined with oxygen, form oxides. The 
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oxidation process of a metal can be written as: 

aM+ (𝑏 2)𝑂! = 𝑀!𝑂! 

This process can be further divided into several steps (Figure 3). With the start of 

metal-oxygen contact, the absorption of oxygen on a bare metal surface takes place, thus 

forming a monolayer of oxide. Then oxygen starts to dissolve into the metal, and 

continues to form oxides, thus enhancing the thickness of the oxide layer. Actually, this is 

the same process that a metal undergoes when exposed to air conditions. The only 

difference is attributed to the reaction rate. At room temperature, this reaction is quite 

slow and reaches equilibrium after the formation of a very thin oxide layer. In contrast, 

the reaction proceeds at a much faster rate under high temperature, and therefore 

produces a denser and thicker oxide layer. The resultant ceramic oxide layer, especially 

in presence of rutile titanium dioxide, can greatly enhance hardness, wear and corrosion 

resistance of titanium and its alloys [76, 77].  

In vitro experiments have demonstrated that thermally oxidized titanium and its alloys 

exhibit several advantages. MacDonald et al. showed that the TO of Ti-6Al-4V can 

enhance osteoblast lineage cell attachment, regardless of the oxidation atmosphere [78]. 

Saldana et al. demonstrated that a thermally oxidized Ti-6Al-4V surface is able to 

promote cell attachment by enhancing β1 integrins and FAK-Y397 expression when 
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Figure 3. Formation process of TiO2 oxide layer: (a) Oxygen adsorption. (b) Oxygen 
dissolution and oxide nucleation. (c) Oxide film growth. (d) Formation of cavities, 
porosity and microcracks. (e) Formation of thick oxide layer [79]. 
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compared to a polished Ti-6Al-4V [17]. Alonso et al. compared the effect oxidation 

temperature on osteoblast behavior and indicated that oxidation at 750°C results in higher 

levels of osteoblast proliferation than at 500 °C, without affecting osteoblast adhesion 

[80].  

The combination of TO with other surface modification techniques is a powerful strategy 

to enhance osseointegration. Nishiguchi et al. speculated that a subsequent TO after 

NaOH treatment may enhance the osseointegration capability of titanium and its alloys 

by reducing intervening of soft tissues [81]. Ueno et al. indicated that a subsequent NaOH 

treatment and TO of sandblasted Ti-6Al-4V can significantly increase the bone bonding 

ability of polished Ti-6Al-4V in vivo [18]. Taken together, these studies imply that the 

thick and rough oxide layer formed by TO can influence osseointegration capability of 

titanium and its alloys.  

2.7.3 Sandblasting 

Sandblasting is the process of propelling fine bits at high-velocity from a blasting nozzle 

onto the material surface by compressed air. Alumina, corundum, rutile and 

hydroxyapatite are common particles used in sandblasting, with a typical diameter that 

ranges from of 25 to 900 µm [82]. These resultant titanium surfaces are embedded with 

these particles and exhibit sub-micron to micron scale roughness. 
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Many studies have demonstrated that sandblasting can improve the biological 

performance of titanium and its alloys. Mustafa et al. roughened cpTi surfaces by blasting 

TiO2 particles and found the levels of human mandibular alveolar cell proliferation and 

differentiation are proportional to the surface roughness of modified cpTi [83]. Schneider 

et al. indicated that sandblasted cpTi can improve the expression levels of Cbfa 1 gene, 

which is an essential transcription factor for bone formation [84]. Ronold and Ellingsen 

found that cpTi blasted by TiO2 particles with a diameter between 180-220 µm exhibit 

the best bone bonding ability among the cpTi blasted by TiO2 particles that with diameter 

range from 7.5 to 330 µm [85]. An In vivo study conducted by Wennerberg et al. 

indicated that titanium screws blasted with 75 µm Al2O3 particles exhibit a significant 

higher bone-to-metal contact [86]. To sum up, these encouraging biological effects of 

sandblasting have been mostly attributed to its ability to roughen the surface of titanium 

and its alloys.  

2.7.4 Immobilization of Bio-functional Molecules 

The immobilization of biomolecules on an implant surface has created bioactive titanium 

surfaces to control cell and tissue responses. Common biomolecules employed include 

collagens and bone growth factors, etc. 

Collagen is the most abundant protein within ECMs, acts as structural support and plays a 
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critical role in the regulation of cell adhesion through its RGD fragments.  In vitro 

studies have covalently linked type I collagen to titanium surfaces and found that type I 

collagen influences the initial stages of cell activities by reducing initial detrimental 

protein interactions at the implant surface [87]. In vivo studies have also demonstrated 

that type I collagen induces bone growth and bone-implant contact [88]. Other types of 

collagen have also been explored. These studies indicated that type III collagen can 

decrease heterotypic fibril diameter and increase matrix production in the initial 

bone-healing process and later replaced by type I collagen [89, 90], while type I collagen 

enhances cell adhesion through a faster focal adhesion formation process [91]. 

Other proteins, such as bone morphogenic proteins (BMPs) and transforming growth 

factor- β1 proteins, have also been used to improve bone regeneration. They are members 

of the transforming growth factor beta superfamily proteins that exhibit promising bone 

reformation ability [92, 93]. By grafting these proteins onto titanium surfaces, studies 

have demonstrated the resultant titanium surface can stimulate osteoblast adhesion, 

proliferation and differentiation in vitro and promote bone bonding in vivo [94-97]. 

The most challenging issue in the immobilization of biomolecules is the uncontrollable 

release rate. Insufficient evidence of a stable release rate, to some extent, has discounted 

the efficiency of these biomolecules. Although some studies have attempted to control 

the release rate by the use of different models, further improvements are still needed [98, 
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99].  

2.7.5 Anodic Oxidation 

Anodic oxidation is an electrochemical oxidation technique used to produce nano- to 

micron-scale topography on titanium and its alloys. During the electrochemical oxidation 

process, titanium and its alloys are placed in the anode and the cathode is usually made of 

Pt. Strong but diluted acids such as H2SO4, H3PO4, HNO3, are used as electrolytes. The 

fundamental reactions can be expressed as [68]: 

Ti/Ti oxide interface: 

Ti↔ Ti2++2e- 

Ti oxide/ electrolyte interface: 

2H2O↔2O2-+4H+ 

2H2O↔ O2 +4H++4e- (O2 gas formation) 

At both interfaces: 

Ti2++2O2-↔TiO2+2e- 

The properties of the TiO2 oxide formed in this process can be altered by adjusting 

experimental parameters, such as applied voltage, oxidation time, current density, 
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electrolyte temperature and concentration. If the applied voltage is high enough to 

breakdown the oxide layer, then there is an increasing rate of gas evolution and frequent 

sparking. The dissolved Ti4+ and oxygen ions from the electrolytes would promptly 

combine with each other to form TiO2 oxides again. This process is called micro-arc 

oxidation (MAO). The first advantage of MAO is that the newly formed TiO2 layer can 

firmly attach onto the substrate. Second, the resultant porous TiO2 oxide structure has 

been demonstrated to be necessary for the formation of apatite [100]. Meanwhile, the 

chemical composition of the oxide layer can be altered through the incorporation of 

magnesium, calcium, sulfur or phosphorus [101].  

By adjusting the aforementioned experimental parameters, porous surface oxide layer 

with various compositions has been produced by anodic oxidation and MAO. In vitro and 

in vivo evaluation of these titanium-based implants demonstrated they have excellent 

biological performance [102, 103]. 

2.7.6 Chemical Etching 

Chemical etching is an alternative way to induce nano-scale features on the surface of 

titanium and its alloys. Commonly used methods include NaOH treatment, acid etching 

and peroxidation.  

NaOH treatment of titanium results in a porous sodium titanate gel layer. During the 



 

 

35 

treatment, hydroxyl groups from NaOH preferentially attack the TiO2 passive layer and 

then penetrate into the titanium substrate to hydrate titanium. This process can be 

described by the following reactions [68]: 

TiO2+NaOH → HTiO3
-+Na+ 

Ti+3OH-→Ti(OH)3
++4e- 

Ti(OH)3
++e-→TiO2.H2O+1/2H2↑ 

Ti(OH)3
++OH- ↔Ti(OH)4 

TiO2.H2O+OH-↔ HTiO3
-+nH2O 

As a consequence, a titanate hydrogel layer is produced by these negatively charged 

species with alkali ions in an aqueous solution. Later, this method was further modified 

by a subsequent heat treatment to dehydrate the hydrogel layer to form a crystalline alkali 

titanate layer [104].   

When alkali- and heat- treated titanium are immersed into a simulated body fluid (SBF), 

a bioactive bone-like apatite layer is formed. Study has shown that the sodium titanate is 

highly charged when immersed into SBF [105]. As a result, it selectively combines with 

Ca2+ ions to balance its electrical potential and simultaneously form calcium phosphate, 

which finally transforms into apatite [106]. An in vitro investigation indicated that apatite 



 

 

36 

formation can promote BMSC differentiation, possibly due to the formation of a calcium 

phosphate layer [107]. Nishiguchi et al. revealed that alkali- and heat- treatment can 

enhance the bonding ability of titanium in vivo [108]. Oh et al. revealed the extremely 

fine nanostructure of sodium titanate nanofibers (~ 8 nm) and demonstrated their ability 

to enhance osteoblast adhesion [109, 110]. 

Acid etching and peroxidation, especially when combined with other surface 

modification techniques, are alternative methods that induce a nano- to micron- scale 

topography on titanium implants. Chemicals like H2O2, HNO3 and HCL can dissolute and 

oxidize titanium to produce discrete pits on the surfaces. Dual acid etching has been 

shown to cause profound effects on bone healing due to the nano-scale topography, 

which is able to enhance cell activities in vitro and improve bone-implant contact in vivo 

[111-113]. A further study was conducted by using a subsequent heat treatment after dual 

acid etching and found that the adsorption of RGD peptides and mineralization were 

increased [114]. Meanwhile, acid etching is also used with sandblasting to improve the 

initial cell anchorage in vitro and bone-implant contact in vivo [115, 116]. Recently,  

Yang et al. found that titanium implants treated by H2O2, HCl and heat can enhance the 

new bone area [117]. However, acid etching and H2O2 treatment impairs the corrosion 

resistance of titanium implants in the form of hydrogen embrittlement and creation of 

micro cracks, thus reducing the ductility of titanium implants [118]. 
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2.7.7 Nano-patterning 

Nano-patterning is able to produce highly ordered nano-scale patterns, such as grooves, 

holes and pillars. This technique has improved the accuracy of surface science from a 

micron-scale to nano-scale. A typical method used in nano-patterning is lithography, 

which employs specific wavelengths to form desired nano-scale topographies. 

Lithography has a higher accuracy in controlling the implant topography than traditional 

modification techniques. For example, the highest accuracy can be achieved prior to the 

use of nano-patterning is still limited to the micron-level by laser treatment. 

Controlled nano-scale structures on implant surfaces have been deemed to be very 

promising in mimicking bone tissues. For example, Weiner and Wagner revealed that the 

natural bone surface has a roughness of 32 nm and the hydroxyapatite crystals embedded 

in fibrils formed by type I collagen have an average size of 50 x 25 x 4 nm3 [119]. In vitro 

studies have mimicked the natural bone surface and type I collagen structure by using 

nanophase polymers [120-122]. 

The geometry of nano-patterns has been thought to affect cell responses. Lamers et al. 

elucidated osteoblast alignment to nanopatterns with minimal widths of 75 nm and depth 

of 33 nm, and the aligned mineralization was even found on nanopatterns of 50 nm in 

width and 17 nm in depth [123]. Fiedler et al. indicated that local cellular adhesion occurs 

on the exact top of nanopillars down to 10 nm in diameter and 50 nm in pillar distance 
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[124]. Cell proliferation is also affected by nano-scale patterns. Lim et al. indicated that 

osteoblast proliferation and differentiation increase on nano-islands that are 11 nm in 

height as opposed to higher levels of 38-85 nm [125]. Very recently, Fiedler et al. 

demonstrated that BMSC proliferation is independent of nanopillar dimensions, while 

osteoblast proliferation is significantly sensitive to pillar height [124]. The different 

levels of proliferation between osteoblasts and BMSCs were attributed the difference in 

the elasticity of cell membranes between these two cell types. In addition, a 

nano-patterned surface is also beneficial for osteogenic differentiation of cells [48, 123, 

126]. To summarize, it is generally acceptable to say that nano-scale patterning is a 

bio-mimetic technology not only used to reveal the molecular biology principles of the 

bone healing process but also to accurately control specific cell activities. 

2.7.8 Layer by Layer Self-assembly Technique 

LBL self-assembly is a simple and versatile technique used to control the bulk and 

surface properties of materials. Since the 1990s, LBL self-assembly has been 

considerably developed in the production of hybrid carrier systems for dyes, sensors, 

enzymes, drugs and cells [127]. Recent investigations have employed these macroscopic 

or microscopic coatings as ideal platforms for functionalizing surfaces, targeting cells and 

molecules, etc. [128]. LBL membranes have advantages such as a vast variety of 

protocols, ability to achieve the desired surface chemistry, adaptation to both regular and 
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irregular substrates, and controllable thickness. 

The principle of LBL construction varies according to its driving force. Mostly, LBL 

construction is based on the electrostatic attraction of oppositely charged polyelectrolytes. 

Meanwhile, hydrogen bonding, hydrophobic interactions and van der Waals force have 

also been used as driving forces to build-up LBL films [129-131]. These driving forces 

greatly expand the available materials from charged polyelectrolytes to uncharged 

materials like carbon nanotubes, pH and sugar- sensitive drugs [132]. However, the 

application of LBL in bone-tissue engineering is mainly focused on electrostatic 

attraction due to its simplicity and stability. 

The constructing of LBL films is quite straightforward in which dip coating is used. As 

shown in Figure 4, this is a four step process: 1) pre-charged substrate is immersed into a 

polyanion solution to form a negatively charged monolayer, 2) the substrate is washed 

with water to remove weak and unbound polyanions, 3) the coated substrate is submerged 

to a polycation solution to obtain a positively charged second layer, 4) the washing step is 

repeated to remove extra polycations. As such, a bi-layer LBL film, (A/B) 1, is formed. 

Finally, this process is repeated until the desired layer numbers are achieved. Although 

this process is straightforward, it is time-consuming and more importantly, the uniformity 

of the resultant LBL film is not guaranteed due to the strong dependency of operator. In 

this context, spin-assisted layer-by-layer assembly (SA-LBL) is suggested. This emerging 
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method is found to be a time-efficient technology for the LBL fabrication (Figure 5). 

Under shear forces applied by a spin-coater, the resultant LBL films can be fabricated 

with a higher uniformity and a well-ordered structure, accompanied by much higher 

efficiency than dip coating [133, 134]. For example, Jiang et al. fabricated LBL 

nanofilms that contain gold nanoparticles by SA-LBL and demonstrated that the LBL 

films have a well-organized microstructure and high optical quality as opposed to those 

fabricated by dip coating [133]. From the perspective of bone-tissue engineering, LBL 

films can regulate osteoblast lineage activities through the selection of polyelectrolytes. 

Depending on the origin, polyelectrolytes can be divided into synthetic and natural 

polymers. Commonly used synthetic polymers include styrene sulfonate (PSS), 

poly(acrylic acid) (PAA), poly(allylamine hydrochloride) (PAH), poly(ethylenimine) 

(PEI), etc. Natural polymers include chitosan, alginate, proteins, nucleic acids and DNA. 

Among these, chitosan/alginate are one of the most popular pairs used to fabricate LBL 

films. 

Chitosan is a positively charged linear polysaccharide with deacetylated unit 

β(1,4)-D-glucosamine and acetylated unit N-acetyl-D-glucosamine. It is a natural 

polymer produced by the deacetylation of chitin, which is widely distributed in shrimp 

and other crustacean shells (Figure 6). In an aqueous environment with acidic pH, the 

2-amino group can be protonated to render positive charge units. These cationic 
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Figure 4. (A) Deposition process of LBL pairs using beakers and slides. (B) Schematic 
illustration of polyelectrolytes assembly process [135]. 
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Figure 5. Schematic illustration of spin-coating: (A) Pipetting polyelectrolytes. (B) Spin 
acceleration. (C) Constant spinning process. (D) Evaporation process[136]. 
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characteristics enable chitosan to interact with anionic charged glycosaminoglycan 

(GAGs), proteoglycans and other molecules, which are linked to a large number of 

cytokines and growth factors in ECMs [137, 138]. Chitosan has gained considerable 

applications in bones, nerves, skin, wound healing, drug delivery, and artificial human 

organs due to its excellent bio-compatibility, low toxicity, predictable degradation rate 

and potential antibacterial ability [138]. Furthermore, in the perspective of bone tissue 

engineering, chitosan has been found to have a positive influence on cell attachment, 

proliferation and osteogenic differentiation, regardless of the material shape [8, 139]. 

Alginate is a negatively charged polysaccharide that comprises varying amounts of 

1,4’-linked β-D-mannuronic acid (M units) and 1,4’-linked α-L-guluronic acid (G units) 

residues (Figure 7). It is also a natural polymer mainly extracted from brown algae 

including Laminaria hyperborean, Ascophyllum and Macrocystis pyrifera [140]. The 

dissolution properties, in contrast with chitosan, proceed in an alkaline pH environment 

from the carboxyl functional group of G units. Alginate has more applications than 

chitosan, including in the food and beverage industry, drugs, wine technology and tissue 

engineering due to its high bio-compatibility, low cost and chemical versatility [15]. For 

tissue engineering, pure alginate hydrogels, scaffolds and beads have been applied to 

DNA and cell encapsulation, protein release, etc. [141, 142].  

The pairing of chitosan and alginate is widely accepted in the formation of LBL  
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Figure 6. Molecular structures of chitin and chitosan[143]. 
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Figure 7. Molecular structure of alginate[15]. 

  



 

 

46 

architectures, such as ultra-thin/freestanding films, scaffolds [144, 145], hydrogels and 

the encapsulation of cells or nanotubes [146]. These studies have indicated that 

chitosan/alginate pairs exhibit mechanical stability, controllable porosity, permeability, 

etc. [144-146]. In vitro studies have also shown the chitosan/alginate scaffold excellent 

biocompatibility [147]. 

2.8 Nano-silver and Anti-infectiveness 

Implant-centered infections are the second most common complication besides 

osseointegration failure. An 8-year follow up of 3609 implants reported that 

infection-related bone failure accounts for 52.5% of the total failure rate in dental 

implants [148]. Implant infections occur at all stages of bone healing process since 

bacteria exist almost everywhere. Rubin et al. have confirmed that most infections are 

caused by Staphylococcus aureus and Staphylococcus epidermidis [149].  

Silver ions (Ag+) have been extensively used as bactericidal and inhibitory agent. In a 

nitrate solution, Ag+ has the ability to kill a wide range of microorganisms at 

submicromolar concentrations. Since the last century, Ag+ containing compounds have 

been applied in the food industry, storage, clinical treatment of burns, wound dressings, 

etc. However, Ag+ exhibits cytotoxicity at even submicromolar concentrations due to the 

excessive release of reactive oxygen species [150]. In this context, nano-silver particles 

were developed to overcome this challenge. 
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Nano-silver particles are known as a cluster of metallically bonded silver atoms with a 

size range from 1-100 nm. The presence of high-atom-density facets enable nano-silver 

to exhibit a stronger antibacterial ability than silver ions [151]. The mechanism, although 

not fully understood, is generally attributed to the contribution of both silver ions and 

metallic silver which interact through three means to with bacterial: 1) interference 

withthe permeability of the peptidoglycan cell wall and plasma membrane, 2) interaction 

with sulfur and phosphorus-containing bio-structures to generate reactive oxygen species, 

which will destroy DNA, proteins, specific enzymes, etc. and 3) inhibition of respiratory 

chain enzymes in bacterial proteins (Figure 8).  

The fabrication nano-silver is quite straightforward. Nano-silver can be obtained by the 

chemical reduction of silver nitrate by using NaBH4, citrate, hydrazine, etc. However, 

these reduction methods require stabilizers to control the potential agglomeration of 

colloids and the reducing agents are considered hazardous. As a consequence, green 

syntheses of Nano-silver particles have attracted increased research interests. These 

approaches include the use of irradiation, polysaccharides, polyphenols, Tollens’ reagent 

and biological reduction. Among these, biological reduction is particular attracting. 

Biomolecules, such as enzymes, proteins, amino acids, vitamins are 

physiologically-friendly to host tissues [152, 153]. Biomolecules can also be 

simultaneously employed as capping and reducing agents in the reduction process of   
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Figure 8. Schematic illustration of nanosilver-bacterial interactions[150]. 
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silver ions. Consequently, biomolecules have been extensively used as reducing agents 

for silver ions, such as Vitamin E, tripeptide (Asp-Asp-Tyr-OMe), glutathione, dopamine, 

etc. [154].  

Dopamine (3,4-dihydroxyphenethylamine) is a mussel-inspired biomaterial. Under 

alkaline conditions, dopamine can self-polymerize to generate poly-dopamine (PDA), 

which exhibits strong adhesive properties (Figure 9). When used as a reducing agent, its 

additional adhesive properties can result in the adhering of reduced Ag atoms on the 

material surface, thus allowing the controlled release of nano-silver particles. 

In bone tissue engineering, researchers have attempted to incorporate nano-silver 

particles onto implant surface. Yuan et al. incorporated nano-silver particles into a 

TiO2-chitosan-heparin hybrid system and found that the system exhibits a short-term 

antibacterial effect [155]. Qu et al. loaded nano-silver particles onto hydroxyapatites on 

porous titanium substrates and showed that the nano-silver particles can enhance the 

antibacterial ability of the titanium-based system [156]. Saravanan et al. presented a 

chitosan/nano-hydroxyapatite/nano-silver composite scaffold and found that this 

composite scaffold exhibits antibacterial capability [157]. However, these studies have 

only addressed the antibacterial aspect of implant materials while the sustained release of 

nano-silver particles was neglected. More importantly, whether nano-silver particles 

jeopardize the enhanced cell adhesion, proliferation and differentiation that induced by 
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the surface modification of titanium implants have not been systematically reported. 
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Figure 9. Schematic transformation of dopamine to poly (dopamine) under 10mM 
Tris-HCl buffer [158]. 
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Chapter 3 

 Experimental Procedures 

3.1 Introduction 

This chapter contains detailed experimental procedures for the two projects involved in 

this dissertation. In Section 3.2, three surface modification techniques on Ti-6Al-4V and 

related characterization procedures by AFM, SEM, AES, XPS and CAG are described. In 

Section 3.3, the construction of LBL hybrid system on thermally oxidized Ti-6Al-4V 

substrates and related characterization by AFM, SEM, CAG and XPS are thoroughly 

presented. This section also includes the protocols of in vitro evaluation on BMSCs 

adhesion, proliferation and differentiation, as well as antibacterial test on the modified 

Ti-6Al-4V substrates. 

3.2 Characterization of Surface Oxide Films on Bio-implantable Ti-6Al-4V 

3.2.1 Sample Preparation 

A Ti–6Al–4V (ASTM F-1472) bar that was 1.27 cm in diameter and 76.2 cm in length 

was purchased from Titanium Industries, Inc. (Montreal, Canada). This bar was cut into 

circles that were 12.7 mm in diameter and 1 mm in thickness with a numerically 

controlled wire electro-discharge machine (EDM). The substrates were polished to 1 µm 
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to form mirror-like surfaces and ultrasonically washed for 15 mins with acetone and 

ultrapure water, then dried by using a stream of compressed air. The thermally oxidized 

samples were treated in a laboratory furnace at 650°C for 8 h and hereafter termed as TO 

samples. In terms of H2O2 treatment, the samples were immersed into a 30% H2O2 

solution for 24 h and hereafter termed as the H2O2 samples. Finally, a mixed treatment 

was conducted by oxidizing the samples in a laboratory furnace at 650°C for 4 h, 

followed by immersing into a 30% H2O2 solution for 4 h and hereafter termed as the 

Mixed samples. 

3.2.2 Surface Characterization 

3.2.2.1 Surface Topography and Oxide Layer Thickness 

The samples topography and oxide layer thickness were examined and analyzed by using 

a JEOL-5900 scanning electron microscope (SEM) equipped with an Oxford energy 

dispersive spectrometer (EDS) and JEOL JAMP-9500F field emission Auger electron 

spectrometer (AES). The EDS was employed to measure the thickness of TO and Mixed 

samples and the AES depth profiling was carried out to measure the oxide layer thickness 

of the polished and H2O2 samples.  
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3.2.2.2 Surface Roughness 

Atomic force microscopy (AFM) was employed to measure the average surface 

roughness (Ra) induced by different surface modification techniques. In brief, a Nanosurf 

easyScan 2 atomic force microscope was operated under contact mode by using a SiN tip 

to scan over a surface area of 10 x 10 µm2. Raw data was processed by using Scanning 

Probe Image Processor software (Image Metrology, version 6.2.6).   

3.2.2.3 Surface Chemistry  

An Axis DLD Ultra X-ray photoelectron spectrometer (XPS) was employed to determine 

the surface chemistry of the modified Ti-6Al-4V samples. The X-ray photoelectron 

spectroscopy analysis was carried out with an Al Kα (1486.6 eV) monochromatic source 

at base pressures less than 10-8 Torr with a perpendicular take-off angle. For the survey 

spectra, a hybrid lens mode was used with a slot aperture at 160 eV pass energy. The 

survey scan was executed between a binding energy of 0 and 1200 eV binding energy. 

For the high-resolution scanning, a hybrid lens mode with a slot aperture was used at a 

pass energy of 20 eV. High resolution scans were recorded for C 1s, O1s, N 1s, Ti 2p, Al 

2p and V 2p. The energy shift due the surface charges was corrected with C 1s with a 

binding energy of 285 eV. Peaks were fitted (Gaussian/Lorentzian curves) after 

background subtraction with CasaXPS® software. 
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3.2.2.4 Surface Wettability 

Measurement of the water contact angle measurement was conducted to determine the 

surface wettability of polished and oxidized Ti-6Al-4V samples. The measurement was 

conducted at room temperature (20°C) on an NRL-100-00-115-S contact angle 

goniometer (Rame-Hart, USA) with automatic image analysis software. Triplicate 

samples were prepared for each group, and each sample was tested three times by 

controlling identical sized droplets to ensure the reproducibility of measurement. The 

results were presented as a mean ± standard deviation.  

3.3 Construction of Ultrathin Film on Rough Ti-6Al-4V Surface for 

Enhanced Osseointegration and Antibacterial Capability 

3.3.1 Construction of Alginate/Chitosan LBL Film 

3.3.1.1 Materials 

Ti–6Al–4V (ASTM F-1472) bar, 1.27 cm in diameter and 76.2 cm in length, was 

purchased from Titanium Industries, Inc. (QB, Canada). Medium molecular weight 

chitosan and alginic acid were purchased from Sigma-Aldrich Chemical Co. (MO, USA). 

Dopamine hydrochloride was obtained from Alfa Aesar (MA, USA). Other chemicals 

were purchased from Fisher Scientific (ON, Canada). Mouse BMSCs were purchased 

from American Type Culture Collection (MD, USA). As received Dulbecco’s modified 
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Eagle’s medium (DMEM), fetal bovine serum (FBS) and related cell culture reagents 

were purchased from Gibco (ON, Canada) and used without further treatment. 

Live/Dead® viability assay kit, TRIzol and Oligo dT was obtained from Invitrogen (CA, 

USA). methylthiazoltetrazolium bromide (MTT) cell proliferation assay kits were 

purchased from Biotium Inc. (CA, USA).   

3.3.1.2 Thermal Oxidation of Ti-6Al-4V Samples 

The Ti-6Al-4V bar was cut into circular shapes that were 12.7 mm in diameter and 1 mm 

in thickness with a numerically controlled wire EDM. These samples were polished to 

1µm to form mirror-like surfaces and ultrasonically washed for 15 mins with acetone and 

ultrapure water, followed by drying using a stream of compressed air. To fabricate 

thermally oxidized Ti-6Al-4V, the samples were placed into a laboratory furnace under 

an atmospheric condition at 650°C for 8 h. After oxidation treatment, all of the samples 

were ultrasonically washed with ethanol, acetone and ultrapure water for 15 mins, then 

dried and stored under a nitrogen gas atmosphere. Thereafter, the polished Ti-6Al-4V 

samples were denoted as P samples, and the thermally oxidized Ti-6Al-4V samples were 

denoted as TO samples. 

3.3.1.3 Preparation of Polyelectrolytes 

A chitosan solution (5 mg/ml), used to fabricate the positively charged layer, was 

obtained by dissolving chitosan into 0.1 M HCl that contained 0.14 M NaCl. An alginate 
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solution (5mg/ml), used to fabricate the negatively charged layer, was prepared by 

dissolving alginic acid into 0.1 M NaOH that contained 0.14 M NaCl. After dissolution, 

the chitosan solution was adjusted to pH=5 and alginate solution was adjusted to pH=8 

by using either NaOH or HCl. In addition, poly(dopamine) (PDA), used to obtain an 

adhesive layer to initiate the alginate/chitosan LBL self-assembly process, was prepared 

by dissolving dopamine into Tris-HCl (0.1 mM, pH=8.5) buffer at a concentration of 2 

mg/ml. 

3.3.1.4 Build-up of with Alginate/chitosan LBL Self-assembly Film  

The samples were first immersed into the PDA solution overnight to obtain the precursor 

layer to initiate the LBL self-assembly process. A spin-coater (Headyway, USA) was 

employed to fabricate the alginate/chitosan LBL pairs. Briefly, 1 mL of the alginate 

solution was pipetted to cover the surface followed by spinning at 2500 rpm for 90 secs. 

Then, the samples were washed with ultrapure water twice at a rate of 1000 rpm for 60 

secs. Thus a negatively charged alginate layer was obtained. The construction of the 

chitosan layer was carried out by using the same procedure. Finally, this procedure was 

repeated until the desired pairs of alginate/chitosan were attained. The resultant samples 

fabrication on polished and thermally oxidized Ti-6Al-4V samples were denoted as 

P/(A/C)X and TO/(A/C)X samples, where x represented the number of alginate/chitosan 

pairs. 
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3.3.1.5 Incorporation of Nano-silver 

To incorporate nano-silver into the LBLed films, the TO/(A/C)X samples were immersed 

into 2 mg/ml of the PDA solution for 3 h, and then washed with ultrapure water twice for 

2 mins, and dried in air. The samples were then immersed into 10 mM AgNO3 solution 

for 3 h to reduce the silver ions into nano-silver particles, subsequently rinsed twice with 

ultrapure water and then dried in air. The resultant fabrication was denoted as TO/(A/C)X 

/Ag sample, where x represented the number of alginate/chitosan pairs.. 

3.3.2 Surface Characterization 

The contact angle measurements were conducted on an NRL-100-00-115-S contact angle 

goniometer to measure the wettability changes during the LBL fabrication process and 

the stability (Rame-Hart, USA). The droplets were controlled so that they were all 

identical in size during testing. Each sample was tested three times to ensure the 

repeatability of the experiment. An atomic force microscope (Vecco D3100, USA) was 

used to examine the surface topography and roughness of the Ti-6Al-4V samples. A 

surface area of 10×10 µm2 was scanned under a tapping mode at room temperature.  

A JEOL 5900 SEM was employed to characterize the surface topographies of Ti-6Al-4V 

samples. Additionally, an X-ray photoelectron spectroscopy analysis was carried out with 

an Axis DLD Ultra X-ray photoelectron spectrometer with an Al Kα (1486.6 eV) 
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monochromatic source at base pressures less than 10-8 Torr and a perpendicular take-off 

angle. The energy shift due to the surface charge was corrected with C 1s that had a 

binding energy of 285 eV. 

3.3.3 In vitro Evaluation  

3.3.3.1 Antibacterial Test 

Gram-negative bacteria Escherichia coli (E. coli) and gram-positive bacteria 

Staphylococcus aureus (S. aureus) were used to evaluate the antibacterial capability of all 

the Ti-6Al-4V samples. All disks and materials were sterilized by using autoclave or 75% 

alcohol before experiment. The broth containing E. coli and S. aureus were centrifuged at 

3000 rpm for 10 mins. After the removal of the supernatant, the E. coli and S. aureus 

were washed twice with phosphate-buffered saline (PBS) and re-suspended at a 

concentration of 107 cells/ml. The dishes were sprayed with the bacterial suspension and 

then all of the modified Ti-6Al-4V samples were placed in these dishes. The zone of 

inhibition was observed after these petri dishes were sealed with growth agar and 

incubated at 37°C for 24 h. 

3.3.3.2 Cell Culture 

Passages 5-6 mouse BMSCs were cultured in DMEM with low glucose supplemented 

with 10% FBS and 1% penicillin-streptomycin at 37°C under a 5% CO2 atmosphere. The 
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medium was changed every 2 days. The cells were then detached with 0.25% trypsin in 1 

mM ethylenediaminetetraacetic acid (EDTA), centrifuged and re-suspended in a 

completely new medium for re-seeding in three new culture flasks.  

3.3.3.6 Live & Dead Assay and Cell Morphology 

Live & Dead assays were performed to study the viability and morphology of BMSCs. 

The modified Ti-6Al-4V samples were placed in a 24 well-plate and then BMSCs were 

seeded on the samples with a density of 10,000 cells/cm2. After 1 day of culturing, 

samples were washed twice with PBS. Then 100 µl Live & Dead assay reagents were 

pipetted on each sample and incubated for 30 min at room temperature, followed by 

washing samples twice with PBS. Visual examinations were conducted on an Olympus 

X51 fluorescence microscopy. 

For cell morphology observation, Ti-6Al-4V samples were immersed in the mixture of 

2.5% glutaraldehyde and 4% paraformaldehyde solution for 4 h at 4°C. This step was 

followed by washing twice with PBS for 10 mins. To dehydrate BMSCs, the Ti-6Al-4V 

samples were alternatively treated twice with 50%, 75%, 95%, and 100% ethanol for 15 

mins. Finally, the samples were coated with platinum by using a technosyn cold cathode 

luminescence system and examined by a JEOL 5900 SEM. 

3.3.3.7 Cell Proliferation 

A MTT assay was performed to determine the level of cell proliferation. The modified 
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Ti-6Al-4V samples were first placed in a 24 well-plate and BMSCs with a density of 

10,000 cells/cm2 were seeded on each of the sample. Then 1 mL DMEM medium was 

added to each well. After 1, 3 and 7 days of culturing, 100 µl MTT (5 mg/ml) was added 

to each well and the samples were incubated at 37°C for 4 h. Then the Ti-6Al-4V 

samples were transferred to a new 24-well plate and 0.5 ml dimethyl sulfoxide (DMSO) 

was added to dissolve the formazan crystals. After 15 mins, 200 µl DMSO was extracted 

to a new 96 well-plate. Finally, the absorbance was recorded at a wavelength of 570 nm. 

3.3.3.8 Cell Differentiation 

A quantitative real-time polymerase chain reaction (q-RT-PCR) test was performed to 

determine the level of representative gene expressions. BMSCs were cultured with a 

density of 30,000 cells/ cm2 and collected after 2 and 7 days of osteogenic induction. The 

control was day 0 BMSCs. The Total ribonucleic acid (RNA) was extracted by using 

TRIzol in accordance with the supplier instructions. Then 1 µg RNA sample was 

reversely transcribed for standard cDNA synthesis. The q-RT-PCR was conducted by an 

SYBER Green assay (Applied Biosystems, USA). An amplification program was started 

with an initial denaturation at 95°C for 10 mins, followed by 40 cycles at 95°C for 15 

secs and 60°C for 1 min. The five gene premiers used in this study were (form 5’-3’): 

ALP-F: CTC CAA AAG CTC AAC ACC AAT G, ALP-R: ATT TGT CCA TCT CCA 

GCC G; BSP-F: CCA CAC TTT CCA CAC TCT CG, BSP-R: CGT CGC TTT CCT 
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TCA CTT TTG; COL I-F: AAC AGT CGC TTC ACC TAC AG, COL I-R: AAT GTC 

CAA GGG AGC CAC; OPN-F: CTA CGA CCA TGA GAT TGG CAG, OPN-R: CAT 

GTG GCT ATA GGA TCT GGG; GAPDH-F: AGG TCG GTG TGA ACG GAT TTG, 

GAPDH-R: TGT AGA CCA TGT AGT TGA GGT CA. The relative expressions of 

genes were determined by the 2-ΔΔCt method. GAPDH was selected as a housekeeping 

gene to normalize the expression levels of the target genes. 

3.3.4 Statistical Analysis 

All of the results are presented in mean ± standard deviation (SD). One-way analysis of 

variance (ANOVA) was used to calculate the significance level. Significant difference 

was considered when p<0.05. 
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Chapter 4 

 Results and Discussion  

4.1 Introduction 

This chapter presents the results and discussions of the experimental work. Section 4.2 

shows the characterization results from SEM, AFM, EDS, AES, CAG and XPS. The 

surface topography, roughness, oxide film thickness, wettability, composition and 

functional hydroxyl group density on the Ti-6Al-4V samples induced by TO, treatment of 

H2O2 and Mixed are also presented and discussed. In Section 4.3, the build-up process 

and in vitro performance of the alginate/chitosan LBL film that incorporates nano-silver 

on thermally oxidized Ti-6Al-4V are reported and discussed. Delete  

4.2 Characterization of Surface Oxide Films on Bio-implantable Ti-6Al-4V 

4.2.1 Topography and Roughness Characterization 

Scanning electron and atomic force microscopy techniques revealed differences in the 

surface topography and roughness induced by different treatments (Figure 10&12). The 

polished Ti-6Al-4V surface was smooth (Ra=2.0 ± 0.56 nm) (Figure 10A). The TO 

sample exhibited the greatest average roughness (81 ± 4.78 nm) and a topography that 

consists of numerous nano-scale and micron-scale oxide particles (Figure 10B). Careful 
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observation shows that the micron-scale oxide particles are derived from the 

agglomeration of these nano-scale oxide particles. H2O2 treatment induced non-uniform 

cavities on the surface, with a roughness value of 17.3 ± 2.83 nm (Figure 10C). Sharp 

crests and pits were observed on the Mixed sample, which showed a moderate roughness 

of 45.8 ± 8.54 nm (Figure 10D).  

The surface treatment also induced significant changes in the oxide layer thickness (Table 

2). P and H2O2 group of samples exhibited oxide layer thickness of 10 and 450 nm. 

Mixed and TO samples had values of 6 and 9 µm, which are considered to be 

micron-level thickness.  

The surface topography, roughness and oxide layer thickness are considered to be 

important parameters when evaluating the properties of bio-implants. Although each of 

the TO, H2O2 and Mixed treatment has greatly altered the surface topography, roughness 

and oxide layer thickness of polished Ti-6Al-4V, not all of these treatments are desirable. 

The H2O2 sample showed a relative flat surface with an average roughness of 17.3 ± 2.83 

nm, while the TO and Mixed samples exhibited surfaces that were fully covered by oxide 

particles with larger roughness values of 81 ± 4.78 and 45.8 ± 8.54 nm. Meanwhile, the 

H2O2 treatment only produced an oxide layer with 450 nm in thickness, which is 

significantly thinner than the oxide layer induced by TO (9 µm) and Mixed (6 µm). When 

used as clinical implant, it is widely accepted that rough implant surfaces like those  
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Figure 10．Surface topography of Ti-6Al-4V samples treated by: (A) P, (B) TO, (C) 

H2O2 and (D) Mixed.  
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Figure 11. Surface roughness of Ti-6Al-4V samples after different treatments. 
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Table 2. Oxide layer thickness of Ti-6Al-4V samples after different treatments. 

Treatment P TO H2O2 Mixed 

Thickness 10 nm 9 µm 450 nm 6 µm 
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produced by TO and Mixed treatments are more favorable for cell activities than smooth 

surface. In addition, the ultrathin oxide layer on the H2O2 sample may be penetrated by 

wear and fretting. In contrast, the samples treated by TO and Mixed are more desirable. 

Therefore, the TO sample is favored over Mixed sample when comparing the surface 

roughness, topography and oxide layer, followed by the H2O2 sample.  

4.2.2 Surface Wettability 

A hydrophilic implant surface is capable of enhancing protein adsorption and cell 

adhesion by inducing functional groups such as –CH3 and -OH [54]. The surface 

wettability of polished and oxidized samples was measured by water contact angle. As 

shown in Figure 12, the polished samples exhibit the largest water contact angle of 56.9 ± 

1.26°, followed by the Mixed (33.0 ± 4.86°) and H2O2 (32.4 ± 2.64°) samples, 

respectively. The sample treated by TO showed the lowest contact angle of 26.5 ± 7.87°.  

4.2.3 Surface Composition 

Figure 13 shows the survey spectra of the polished, TO, H2O2 and Mixed samples. All of 

the spectra indicate the major elements of Ti, Al, V, O, C and N. Meanwhile, the sample 

treated by H2O2 also shows the presence of Sn. Herein, this element is regarded as a 

contaminant during sample preparation and will not be further discussed. High resolution 

scans were conducted on C 1s, O 1s, Ti 2p, Al 2p and V 2p. The C 1s spectra were  
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Figure 12. Water contact angle of Ti-6Al-4V samples after different treatments. 
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deconvoluted into three parts: C-H at 284.3-285.0 eV, C-O at 285.8-286.4 eV and C=O at 

288.1-288.2 eV (Figure 14). The carbon peaks that appeared on inorganic materials are 

generally considered to be the atmospheric contaminant [159]. A previous study has 

reported absorbed carbon exerts negative effects on the wettability of modified 

Ti-6Al-4V surfaces [160]. 

The Ti 2p spectra provide information on the chemical state of titanium (Figure 15). 

Typically, the electron binding energies observed for Ti 2p3 peak are 458.1-459.2 eV 

(TiO2 with chemical state 4+), 457.2-457.6 eV (Ti2O3 with chemical state 3+), 

455.1-455.7 eV (TiO with chemical state 2+), 453.6-454.2 eV (metallic Ti with chemical 

state 0) [161, 162]. For these four groups, titanium peaks were only observed between 

464.0-464.4 eV for Ti 2p1/2 and 458.1-458.5 Ti 2p3/2, which demonstrate that titanium 

mostly existed in the form of TiO2.  

The O 1s high resolution spectra featured asymmetric peak structures (Figure 16). The 

spectra could be peak-fitted into three subpeaks. The first one can be attributed to the O 

atoms in metallic oxide (O2-) with a binding energy range of 529.9-530.8 eV. The second 

peak at a higher binding energy (531.9-532.1 eV) was assigned to bridging hydroxyl 

groups (acidic –OH). The last peak at the highest binding energy (533.3-533.7 eV) 

originated from hydrate and chemisorbed H2O. 
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Figure 13. XPS survey spectra of Ti-6Al-4V samples after different treatments. 
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Figure 14. High resolution C 1s spectra of: (A) Polished, (B) TO, (C) H2O2 and (D) 
Mixed samples. 
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Figure 15. High resolution Ti 2p spectra of: (A) Polished, (B) TO, (C) H2O2 and (D) 
Mixed samples. 
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Figure 16. High resolution O 1s spectra of: (A) Polished, (B) TO, (C) H2O2 and (D) 
Mixed samples. 
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Figure 17. High resolution Al 2p spectra of: (A) Polished, (B) TO, (C) H2O2 and (D) 
Mixed samples. 
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Figure 18. High resolution V 2p spectra of: (A) Polished, (B) TO, (C) H2O2 and (D) 
Mixed samples. 
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The chemical state of Al and V were also determined. The Al spectra indicate major 

peaks at 74.2-74.7 eV, which can be attributed to the Al3+ in Al2O3 (Figure 17). The V 

spectrum of polished sample shows a major peak at the binding energy of 515.1 eV, 

which can be assigned to metallic V in Ti-6Al-4V alloy (Figure 18). An electron binding 

energy at about 517.2 eV appeared in the modified samples, which can be assigned to V5+ 

in V2O5. 

4.2.4 Surface Elemental Composition  

Table 3 is a report on the atomic concentration of Ti, Al and V from Ti-6Al-4V samples 

after different treatments. C, N and O are not included because X-ray photoelectron 

spectrometry is used mainly as a qualitative analysis technique for light elements. 

Compared with polished Ti-6Al-4V, all the oxidized samples experienced a significant 

shift of the atomic concentration of Ti and Al. Meanwhile, the increased Al/Ti ratio in the 

oxidized Ti-6Al-4V samples clearly indicates that Al is thermodynamically more 

favorable than Ti. With consideration of the Al content, which has been previously 

reported to influence protein conformation by potentially exposing cellular binding 

domains and thus facilitating cell attachment in the oxide layers [163-165], it can 

therefore be inferred that the TO and Mixed sample groups are more favorable for further 

studies. 
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Table 3 Atomic composition of Ti-6Al-4V samples after different treatments. 

 Ti (%) Al (%) V (%) Al/Ti V/Ti 

P 78.75 19.92 1.33 0.25  0.02 

TO 21.56 77.2 1.25 3.87  0.10 

H2O2 44.73 54.11 1.16 1.21  0.03 

Mixed 20.23 78.35 1.42 3.53  0.07 
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4.2.5 Surface Hydroxyl Group Concentration 

Surface hydroxyl groups are very important in the adsorption of proteins and adherence 

of polymers [54, 166]. However, the hydroxyl group that directly read from O 1s spectra 

has been found inaccurate since it contains the oxygen-containing components from C-O 

and O-C=O in the outmost layer [159]. The oxygen double bond in the carboxyl group 

yields an O 1s peak around 531 eV, which is close to the OH peak in the O 1s spectra 

(529.9-530.8 eV in current study). The single oxygen bond in the ester groups or 

carboxyl groups yields an O 1s peak at about 533 eV, which is at the approximate 

location of the chemisorbed H2O peak in O 1s (533.3-533.7 eV in this study). The 

measured intensity of the OH subpeak (I(OH)meas) thus contains the contribution from 

oxygen in C-O and O-C=O groups that reside in the organic carbon contamination layer. 

The contribution from C-O is given by [159, 167]: 

𝐼(𝐶 − 𝑂)   = 𝑥 𝐶 − 𝑂
𝑎𝑡𝑜𝑚%  𝐶
𝑎𝑡𝑜𝑚%  𝑂 𝐼(𝑂𝐻)𝑚𝑒𝑎𝑠 

where x(C-O) is the atomic fraction of the C-O group in the C 1s spectrum, 

𝑥(𝐶–𝑂) =
𝐼(𝐶–𝑂)

𝐼(𝐶–𝐻)+ 𝐼(𝐶–𝑂)   + 𝐼(𝑂–𝐶 = 𝑂) 

𝐼(𝐶–𝐻), 𝐼  (𝐶–𝑂) and 𝐼  (𝑂–𝐶 = 𝑂) can be directly read from deconvoluted C peaks. 

Similarly, the portion of 𝑂 − 𝐶 = 𝑂 in the O 1s peak is, 
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𝐼(𝑂 − 𝐶 = 𝑂) = 𝑥 𝑂 − 𝐶 = 𝑂
𝑎𝑡𝑜𝑚%  𝐶
𝑎𝑡𝑜𝑚%  𝑂 𝐼(𝑂𝐻)𝑚𝑒𝑎𝑠 

where 

𝑥(𝑂 − 𝐶 = 𝑂) =
𝐼(0− 𝐶 = 𝑂)

𝐼(𝐶–𝐻)+ 𝐼(𝐶–𝑂)   + 𝐼(𝑂–𝐶 = 𝑂) 

Then, the corrected intensity of OH peak is 

𝐼(𝑂𝐻) = 𝐼(𝑂𝐻)𝑚𝑒𝑎𝑠 − 𝐼(𝐶 − 𝑂)− 𝐼(𝑂 − 𝐶 = 𝑂) 

Finally, the relative surface hydroxyl concentration can be obtained by multiplying the 

corrected OH intensity with the O atomic concentration. As shown in Figure 19, the 

sample treated by TO yields the highest surface hydroxyl group concentration, followed 

by that of the H2O2, Mixed and polished samples. Interestingly, this is almost the same 

rank as the surface wettability shown in Section 4.2.2. This result further reveals that TO, 

H2O2 and Mixed treatment can improve the surface wettability of polished Ti-6Al-4V by 

producing higher concentration of surface hydroxyl groups, which have been 

demonstrated to enhance protein adsorption and cell adhesion [54]. Therefore, the TO 

sample is favored over H2O2 and Mixed samples.  

 

  



 

 

81 

 

 

 

 

 

Figure 19. Corrected surface hydroxyl group concentration of Ti-6Al-4V samples after 

different treatments. 
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4.2.6 Summary 

Both TO and H2O2 treatment can induce striking features onto a Ti-6Al-4V surface. The 

scanning electron and atomic force microscopy characterizations reveal that the TO 

sample exhibits the greatest surface roughness and oxide layer thickness by the formation 

of nano- and micron- scale oxide particles; H2O2 treatment produces a porous surface that 

exhibits lowest oxide layer thickness and surface roughness; the Mixed treatment on 

Ti-6Al-4V results in sharp crests and pits on the surface, which contribute to moderate 

roughness and oxide layer thickness. The X-ray photoelectron spectroscopy analysis 

shows that the Ti-6Al-4V surface is mainly composed of TiO2, Al2O3 and minor V2O5. 

Meanwhile, higher hydroxyl group concentration are formed on the TO sample, followed 

by the H2O2, Mixed and polished samples. The water contact angle test shows a similar 

trend of wettability as that of hydroxyl group concentration. Taken together, it can be 

concluded that the thermally oxidized Ti-6Al-4V has the most promising surface 

properties as it exhibits the roughest surface with a compact and thick oxide layer, 

favorable elemental composition, highest surface hydroxyl group concentration and 

wettability. Therefore, the thermally oxidized Ti-6Al-4V sample is selected for the 

construction of alginate/chitosan LBL films. 
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4.3 Construction of Ultrathin Film on Rough Ti-6Al-4V Surface for 

Enhanced Osseointegration and Antibacterial Capability 

4.3.1 Characterization of the Alginate/Chitosan LBL Film Construction Process 

This part reports the construction process of alginate/chitosan LBL film on the thermally 

oxidized Ti-6Al-4V sample. The water contact angle measurement was first carried out to 

monitor the variation of wettability during the alginate/chitosan LBL film construction 

process (Figure 20). An alternative change in the water contact angle was observed after 

the assembly of each alginate and chitosan single layer. This phenomenon is consistent 

with previous study and indicates that the samples had been fully covered by 

alginate/chitosan as the outmost layer [168]. Interestingly, J. Park et al. observed and 

speculated that the incomplete coverage of chitosan, PGA and PLL monolayers on 

titanium surface is due to the 0.15 M NaCl used to dissolve these polyelectrolytes, which 

results in the preferential attachment of Na+ onto the negatively charged Ti surface [169]. 

However, this phenomenon is not observed in this study. It can be attributed to the 

mussel-inspired dopamine used prior to alginate/chitosan LBL self-assembly. The strong 

adhesive properties of the PDA precursor ensured the uniform deposition of first alginate 

layer, which subsequently results in a compact and even build-up of alginate/chitosan 

LBL films. 
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Figure 20. Water contact angle measurement during the alginate/chitosan LBL film 
construction process (A: alginate; C: chitosan). 
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A XPS was used to investigate the surface chemistry change during the alginate/chitosan 

LBL assembly process. All of the spectra obtained indicate the major elements of Ti, Al, 

Na, Cl, C, N and O (Figure 21). The presence of Na and Cl can be attributed to the 0.14 

M NaCl solution used during the preparation of chitosan and alginate polyelectrolytes. 

The intensity of Ti 2p and Al 2p decreased as the numbers of alginate/chitosan pair 

increased. The N 1s high resolution spectra (Figure 22) demonstrated the presence of 

amide and protonated amine groups at binding energies about 398.1 and 401.3 eV, with 

respect to the use of chitosan [168]. Meanwhile, the gradual increase in the intensity of 

protonated amine group implies that there was a sustained deposition of alginate/chitosan 

pairs onto the TO sample. Taken together, the X-ray spectrometry analysis further 

confirms the layerwise buildup of alginate/chitosan onto the thermally oxidized 

Ti-6Al-4V surface.  

AFM was employed to monitor the surface roughness and topography changes during the 

alginate/chitosan LBL film construction process. Figure 23 shows that the initial 

layerwise build-up does not alter the surface topography produced by TO. However, the 

original oxide particles became larger in TO/(A/C)6 to TO/(A/C)10 samples. This 

phenomenon clearly indicates that the surface topography induced by TO has been 

altered after six pairs of alginate/chitosan LBL assembly. The topography change was 

further quantified by roughness measurement. As shown in Figure 24, in TO/(A/C) to 
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TO/(A/C)6 samples, the roughness values appear to be stable around 80 nm. However, the 

surface roughness increased to 120.03 ± 22.21 nm on TO/(A/C)6 sample, and finally 

reaches a value of 211.50 ± 22.95 nm on TO/(A/C)10 sample. It is possible that the 

agglomerated oxide particles were preferentially attacked and encapsulated by 

alginate/chitosan films, which lead to the increment of the oxide particles’ volume. 

Consequently, the average distance between peaks and valleys were raised, thus giving 

rise to the larger roughness values. 

Accordingly, it is demonstrated that the five pairs of alginate/chitosan are able to fully 

cover the thermally oxidized Ti-6Al-4V surface, but not significantly alter its surface 

roughness and topography. Further studies are, therefore, centered on the TO/(A/C)5 

sample. In addition, polished, TO and P/(A/C)5 samples were also fabricated and set as 

control groups to test the hypothesis that the topography produced by TO and the surface 

chemistry derived from alginate/chitosan LBL film can synergically enhance BMSCs 

activities. For example, the in vitro effect of surface chemistry can be investigated 

through comparison between P and P/(A/C)5, TO and TO/(A/C)5, which exhibit identical 

surface topography. In contrast, the effect of surface topography can be evaluated through 

comparison between the P/(A/C)5 and TO/(A/C)5. Meanwhile, the P and TO samples 

were not employed to study the effect of surface topography because they exhibit both 

the different surface chemistry and topography.  
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Figure 21. XPS wide scan of Ti-6Al-4V samples after different treatments (A: alginate; C: 
chitosan). 
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Figure 22. N 1s high resolution scans of Ti-6Al-4V samples after different treatments (A: 
alginate; C: chitosan). 
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Figure 23. Surface topography change of thermally oxidized Ti-6Al-4V samples during 
alginate/chitosan LBL film build-up process (A: alginate; C: chitosan. AFM scan area: 10 
x 10 µm2, z-axis height: 500 nm). 
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Figure 24. Surface roughness measurement of thermally oxidized Ti-6Al-4V samples 
with different number of alginate/chitosan pairs (A: alginate; C: chitosan). 
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4.3.2 Characterization of LBL-modified Ti-6Al-4V Surfaces 

In this section, SEM and EDS were employed to confirm that whether nano-silver is 

successfully incorporated into the TO/(A/C)5 sample. Meanwhile, characterizations of 

surface topography and roughness on the P, TO, P/(A/C)5, TO/(A/C)5 and TO/(A/C)5/Ag 

samples are also presented as a prerequisite for investigating the role of surface 

topography and chemistry in vitro. 

Scanning electron and atomic force microscopy techniques were used to observe the 

topography and roughness of the modified Ti-6Al-4V samples (Figure 25). The polished 

and P/(A/C)5 samples were comparatively flat, accompanied by some polishing scratches 

(Figure 25A&C). The sample treated by TO is covered with single and agglomerated 

oxide particles (Figure 25B). The TO/(A/C)5 sample is comparable to the TO sample 

(Figure 25D). On the TO/(A/C)5/Ag sample, additional nano-scale shinny particles can be 

observed (Figure 25E). The EDS examination demonstrates these white shiny particles 

appear to be Ag (Figure 26). Roughness measurement by AFM further revealed that the 

polished and P/(A/C)5 samples showed roughness values of 1.94 and 2.32 nm. The TO, 

TO/(A/C)5 and TO/(A/C)5/Ag samples exhibited similar roughness values of 78.55, 82.56 

and 83.64 nm. 
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Figure 25. Surface topography of Ti-6Al-4V samples modified by: (A) P, (B) TO, (C) 
P/(A/C)5, (D) TO/(A/C)5, (E) TO/(A/C)5/Ag (AFM scan area: 10 x 10 µm2). 
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Figure 26. Energy-dispersive spectroscopy analysis of TO/(A/C)5/Ag sample. 
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Figure 27. Surface roughness measurement of Ti-6Al-4V samples after different 
treatments. 
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4.3.3 In Vitro Evaluation 

4.3.3.1 In Vitro Stability of Alginate/Chitosan LBL Film  

To test the in vitro stability of the LBLed Ti-6Al-4V samples, the P/(A/C)5, TO/(A/C)5 

and TO/(A/C)5/Ag samples were immersed into a PBS for 0, 2, 4 and 8 days. The 

wettability changes were tested at each time interval. As shown in Figure 28, the water 

contact angle measurement shows the wettability of all samples was slightly increased on 

day 2, and then remained almost constant until day 8. The increment on day 2 was 

possibly caused by the partial hydration of chitosan when these samples were initially 

immersed into the PBS. Taken together, these data indicate that the LBL films 

constructed onto the TO samples are physiologically stable.  

4.3.3.2 Antibacterial Test 

An agar diffusion test was conducted on E. coli and S. aureus to test the antibacterial 

ability of the modified Ti-6Al-4V samples (Figure 29). No zone of inhibition can be 

observed around the polished, TO, P/(A/C)5 and TO/(A/C)5 samples, which indicates 

their susceptibility to infection. However, the TO/(A/C)5/Ag sample can significantly 

inhibit E. coli and S. aureus activities, thus demonstrating the successful releasing of 

nano-silver from the TO/(A/C)5/Ag sample. 
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Figure 28. Stability of LBLed Ti-6Al-4V samples under PBS. 
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Figure 29. Antibacterial test of Ti-6Al-4V samples after different treatments. (Left: E. 
coli, and right: S. aureus). 
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4.3.3.3 Cell Viability and Morphology 

Figure 30 shows the florescent and scanning electron microscopies images of BMSCs 

adhered onto different Ti-6Al-4V samples. The BMSCs exhibited significant percentage 

of live cells (green) than dead cells (red) and early phase of adhesion on both the five 

samples. This phenomenon demonstrates that all the samples are safe and suitable for the 

growth of BMSCs. Meanwhile, BMSCs exhibited higher cell numbers and more 

stretched morphologies on TO/(A/C)5 and TO/(A/C)5/Ag samples than that of P, TO and 

P/(A/C)5 samples. This result indicates that the combination of TO and alginate/chitosan 

LBL film on Ti-6Al-4V surface contributes to the growth and attachment of BMSC. 

Meanwhile, the BMSCs cultured on TO/(A/C)5/Ag sample showed less favorable 

viability and morphology than those cultured on TO/(A/C)5 sample. This phenomenon 

implies that nano-silver may exhibit slight cytotoxicity. However, this result is acceptable 

since the BMSCs seeded on the TO/(A/C)5/Ag sample also showed superior viability and 

morphology than those on P, TO, and P/(A/C)5 samples.  

To further understand the derivation the robust BMSC behavior on TO/(A/C)5 and 

TO/(A/C)5/Ag samples, the role of implant surface chemistry and topography was 

separately investigated. The role of surface chemistry was studied through comparisons 

between the samples of P/(A/C)5 and P, TO/(A/C)5 and TO. BMSCs cultured on the 

P/(A/C)5 and TO/(A/C)5 surfaces showed higher cell numbers and stretched 
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Figure 30. Live & dead fluorescence and SEM images of BMSCs adhered on (A) P, (B) 
TO, (C) P/(A/C)5, (D) TO/(A/C)5 and (E) TO/(A/C)5/Ag samples, respectively.   
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morphologies, while BMSCs cultured on P and TO samples were the opposite. This 

result indicates that the alginate/chitosan film can provide a robust extracellular 

microenvironment for the growth and attachment of BMSC. In view of the surface 

topography, BMSCs behaviors on the P/(A/C)5 and TO/(A/C)5 samples were compared. 

BMSCs cultured on the TO/(A/C)5 sample exhibited greater cell numbers and stretched 

morphologies, thus demonstrating surface topography is also a key factor for BMSC 

viability and morphology. Taken together, it can be demonstrated that the high viability 

and advanced morphology of BMSCs seeded on TO/(A/C)5 sample is derived from the 

synergy of TO and alginate/chitosan LBL film. 

4.3.3.4 Cell Proliferation 

An MTT assay was conducted to evaluate the proliferation levels of BMSCs that seeded 

on different Ti-6Al-4V samples (Figure 31). BMSCs seeded on TO/(A/C)5 and 

TO/(A/C)5/Ag samples exhibited significantly higher levels of proliferation than those on 

P, TO and P/(A/C)5 samples at both 3 and 7 days of culturing (p<0.05). This result 

indicates that the combination of TO and alginate/chitosan LBL film build-up on 

Ti-6Al-4V surface can significantly improve the levels of BMSC proliferation. 

Meanwhile, it is worth noting that BMSCs seeded on TO/(A/C)5/Ag sample showed 

comparable levels of proliferation to TO/(A/C)5 sample at days 3 and 7. This 

phenomenon implies that the nano-silver particles do not jeopardize the improved BMSC 
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Figure 31. MTT assay. Formosan absorbance expressed as a measure of cell proliferation 
from BMSCs cultured on different samples (n=4). 
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proliferation induced by TO and the LBL approach. The slightly lower levels of BMSC 

proliferation on TO/(A/C)5/Ag as opposed to TO/(A/C)5 sample can be attributed to the 

potential cytotoxicity of nano-silver.  

The role of surface chemistry and topography on BMSC proliferation was further studied. 

In terms of surface chemistry, BMSCs seeded on P(A/C)5 sample showed significantly 

higher levels of proliferation than those on P sample at days 3 and 7 (p<0.05); same result 

has also been found between TO/(A/C)5 and TO samples. This phenomenon indicates 

that alginate/chitosan LBL film is able to provide a robust extracellular 

microenvironment for BMSC proliferation. In case of surface topography, BMSCs 

cultured on TO/(A/C)5 sample exhibited consistently higher levels of proliferation than 

P/(A/C)5 sample at 3 and 7 days of culturing, respectively. Significant differences can be 

observed at day 3 and day 7 (p<0.05). Since surface topography is the only difference 

between P/(A/C)5 and TO/(A/C)5 samples, it can be therefore postulated that the 

sub-micron topography produced by TO is able to promote BMSC proliferation. This is 

consistent with previous studies, which also emphasized the importance of sub-micron 

topography on cell proliferation [17, 76]. However, these studies only considered the 

different topography between thermally oxidized and polished titanium, but neglected 

their differences in surface composition and wettability. Therefore, the present study 

yields a more convincing demonstration of the effect of sub-micron topography on 
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BMSC proliferation. 

4.3.3.5 Cell Differentiation 

The mRNA expressions of BMSCs-related genes on TO/(A/C)5/Ag sample were tested to 

investigate cell differentiation at the molecular level (Figure 32). The ALP, COL I, OPN 

and BSP were characterized by q-RT-PCR analysis at 2 and 7 days of BMSCs culturing. 

ALP, an early marker of differentiated BMSCs, was significantly increased at 7 days’ 

culturing. COL I, the main content of bone ECM, was up-regulated at 2 days (4.29-fold) 

and 7 days (5.33-fold) of culturing. The other significant component of the bone ECM, 

BSP, was also up-regulated 1.4-fold and 4.03-fold at 2 and 7 days of culturing, 

respectively. However, the expression of OPN, a non-collagenous protein that binds to 

hydroxyapatite in ECM, decreased at 7 days of culturing (3.66-fold) when compared with 

that at 2 days (4.42-fold). In summary, the up-regulated expressions of ALP, COL I and 

BSP demonstrate that the TO/(A/C)5/Ag sample is capable of inducing the osteogenic 

differentiation of BMSC. 
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Figure 32. Relative mRNA expressions on TO/(A/C)5/Ag samples (n=3): (A) ALP, (B) 
BSP, (C) COL I, and (D) OPN. 
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4.3.4 Summary 

In this project, the alginate/chitosan LBL films that incorporate nano-silver particles were 

successfully constructed on thermally oxidized Ti-6Al-4V surface. The alginate/chitosan 

LBL film completely altered the surface chemistry of Ti-6Al-4V surface while the 

sub-micron topography induced by TO did not change. Improvements in the BMSC 

viability, morphology, proliferation and demonstrated antibacterial capability have been 

observed in vitro. Increased ALP, Col I and BSP expression levels on TO/(A/C)5/Ag 

samples indicate that BMSC differentiation is also positively stimulated by this 

architectural hybrid system. In summary, the hybrid structure is very effective to improve 

the osseointegration and anti-infection capability of thermally oxidized Ti-6Al-4V.  
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Chapter 5 

 Summary and Conclusions 

The major findings and conclusions in this dissertation are summarized as follows, 

1. TO can induce better surface roughness, thicker oxide layer, better wettability and 

higher surface hydroxyl group density on Ti-6Al-4V alloy than treatment with 

H2O2 and a mix of TO & H2O2.  

2. An alternative change of water contact angle can be observed upon the deposition 

of alginate and chitosan on the thermally oxidized Ti-6Al-4V surfaces. This 

phenomenon is consistent with previous study and demonstrates the 

alginate/chitosan LBL self-assembly is successful on the thermally oxidized 

Ti-6Al-4V surfaces. 

3. Alginate/chitosan LBL film does not alter the surface topography and roughness 

induced by TO until six alginate/chitosan pairs are deposited. 

4. XPS spectra indicate a gradual increase of N 1s intensity during the 

alginate/chitosan LBL film construction process. High resolution scans indicate 

the increased N 1s intensity relates to the protoned amine group from chitosan.  

5. The TO/(A/C)5 sample can significantly improve the BMSC viability and 
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proliferation when compared with TO after 3 and 7 days of culturing. Careful 

analysis reveals that the increased BMSC activities are derived from the synergy 

of sub-micron topography induced by TO and amine groups from the outmost 

chitosan layer. 

6. The BMSC differentiation test on TO/(A/C)5/Ag sample indicates that the levels 

of ALP, COL I and BSP expressions were up-regulated after 2 and 7 days of 

osteogenic induction. The ALP expression also shows significant difference from 

0 day of osteogenic induction. Taken together, these results indicate the proposed 

TO/(A/C)5/Ag surface is able to induce osteogenic differentiation of BMSC. 

7. Additional nano-silver particles reduced by dopamine can induce antibacterial 

capability on TO/(A/C)5 sample without jeopardizing its capability to enhance the 

viability and proliferation of BMSC. 

8. The slight differences of BMSC viability, morphology and proliferation on 

TO/(A/C)5 and TO/(A/C)5/Ag samples are possibly due to the cytotoxic nature of 

heavy metals. Therefore, extraordinary attention should be paid when using 

nano-silver bactericide.  

9. Overall, the hybrid structure made of alginate/chitosan LBL film and nano-silver, 

developed in this work, improves the existing inadequate osseointegration and 
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poor anti-infection capability of thermally oxidized Ti-6Al-4V, which has not 

been previously reported.  

  



 

 

109 

Chapter 6 

Suggestions for Future Work 

1. In order to further evaluate the biological performance of the proposed 

architectural hybrid Ti-6Al-4V system, it is suggested to further study its 

osseointegration and antibacterial capability in vivo. 

2. The characteristics of the proposed hybrid Ti-6Al-4V system, such as LBL 

self-assembled alginate/chitosan film thickness and surface potential should be 

further revealed. This will provide a deeper insight for the surface modification of 

titanium and its alloys.  
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