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Abstract 1

Abstract 
 

This thesis focuses on surface science and bioengineering investigations, first for the 

development of an improved biomaterial for orthopaedic implant applications, and second, 

for the development of a biosensor device for biomedical diagnostics. A key component 

considered in this thesis was the covalent linkage of proteins to the material’s surface for 

retaining the protein’s immunological and biological activities and for generating a 

functional interface.  

 

Part 1 of this thesis investigated surface modification procedures for improving the 

bioactivity of titanium substrates. Titanium is first coated with a bioactive silica film grown 

by plasma enhanced chemical vapour deposition (PECVD), referred to as PECVD-Si-Ti. In 

previous studies, the bone-implant integration process was enhanced 1.6-fold for titanium 

implants coated with PECVD-Si films compared to uncoated titanium implants in vivo. 

However, in vitro studies carried out in this thesis showed that the growth of MG63 

osteoblast-like cells was 7-fold higher on uncoated titanium compared to PECVD-Si coated 

titanium. Therefore, to improve cell growth on the surface and, by inference, the integration 

of PECVD-Si-Ti implants into bone tissue, the implant’s surface was functionalised with a 

mitogenic factor, insulin-like growth factor-1 (IGF-1). This was accomplished by 

modifying the PECVD-Si-Ti surface with an alkoxysilane, 3-isocyanatopropyl 

triethoxysilane (IPTES), and then by covalent bioconjugation of IGF-1 through isocyanate-

amino chemistry. After 72 h of in vitro cell culture in serum-free medium, the growth of 

MG63 cells was enhanced 1.9-fold on IPTES functionalised PECVD-Si-Ti, which was 

loaded with covalently immobilised IGF-1 compared to IPTES functionalised PECVD-Si-

Ti without IGF-1 (isocyanate reactive groups were quenched with ethanolamine 

hydrochloride). The attachment and adhesion of MG63 cells were also enhanced on 

PECVD-Si-Ti by the covalently immobilised IGF-1 in serum-free cell culture conditions. 

Therefore, the bioactivity of PECVD-Si-Ti was improved by covalently linking IGF-1 to 

the substrate surface through isocyanate-amino chemistry. 

 



Abstract 2

Part 2 of this thesis involved the development of a new optical interferometric biosensor. 

The biosensor platform was constructed from electrochemically-prepared thin films of 

porous silicon that acted as a sensing matrix and transducer element. By reflective 

interferometry using white light, an enzyme-catalysed reaction was discovered (horseradish 

peroxidase (HRP) mediated oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB)), which led 

to an acceleration in the rate of porous silicon corrosion and represented the biosensor’s 

readout signal. We discovered that another substrate, which is also oxidised by HRP, OPD, 

produces an even more pronounced readout signal. The HRP-OPD system was used in an 

immunoassay for detecting human IgG from an Intragam solution. An important part in the 

design of the biosensor was the surface functionalisation approach where anti-human IgG, 

referred to as the capture antibody, is immobilised on the porous silicon surface. The 

readout signal (produced from the capture of human IgG) was enhanced 4-fold on the 

porous silicon biosensing platform functionalised with covalently linked anti-human IgG 

through isocyanate-amino chemistry compared to the porous silicon biosensing platform 

functionalised with adsorbed anti-human IgG. The optimised biosensor was used to detect 

IgG from a total human protein concentration of Intragam to a sensitivity of 100 ng/ml. 

 

In summary, isocyanate-amino bioconjugate chemistry was used to covalently link either 

IGF-1 to PECVD-Si-Ti for improving the biological activity of the orthopaedic implant and 

to covalently link IgG to porous silicon for developing a sensitive biosensor for the 

detection of proteins. This surface chemistry approach is very useful for biomaterial and 

biosensing applications.  
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1.1 Introduction 
 

1.1.1 Overview of biomaterials 
 

The body’s response to a foreign implant is dictated by a combination of biological and 

medical factors. These biomedical aspects require careful consideration so that biomaterial 

implants can be manufactured with appropriate mechanical, physical and chemical 

properties. Particularly, the physicochemical property of the implant’s surface is of crucial 

importance for obtaining biological compatibility and for achieving a biomaterial with an 

optimised performance. When a biomaterial is first implanted in the body, its surface comes 

immediately in contact with biological fluids and tissue containing proteins and 

polysaccharides [1]. These proteins and polysaccharides adsorb on the biomaterial to form 

a film covering the underlying surface [2-4]. The adsorbed protein/polysaccharide film is 

fundamentally important for the success of the biomaterial because the structure and 

composition of the film determines the type and extent of the biological response towards 

the entire biomaterial implant [5]. Furthermore, the nature of this adsorbed film is 

dependant on the material surface properties [4-5].  

 

Of particular relevance to this work, the majority of orthopaedic implants are also required 

to withstand load-bearing applications. For this reason most of the commercially available 

orthopaedic implants are made of metals, which are high in mechanical strength. Usually, 

the metals are alloyed to improve the mechanical and biocompatible properties of the 

medical device. Some of the common alloys used as orthopaedic implants include stainless 

steel, cobalt-chromium, titanium-aluminium-vanadium. The properties of these alloys are 

outlined in Table 1.1 [6(a)-8]. These metals are suitable as biomaterials because the 

surfaces of these materials are considered biocompatible with the body.  
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In this thesis, biological terminology will be defined according to the following 

descriptions [9(a), 10]: 

 

‘Biomaterial: a material intended to interface with biological systems to evaluate, treat, 

augment, or replace any tissue, organ, or function of the body; 

Host response: the reaction of a living system to the presence of a material; 

Biocompatible material: a material that has the ability to perform with an appropriate host 

response in a specific application; and 

Bioactive material: a biomaterial designed to elicit or modulate biological activity.’ 

 

1.1.2 Titanium biomaterials 
 

Among the metals listed in Table 1.1, titanium possesses the best combination of 

mechanical and biocompatible properties. Therefore, the following discussion will focus on 

titanium biomaterials research. Titanium owes its good biocompatibility to a dense surface 

oxide layer, which is approximately 4 nm thick and forms spontaneously in the presence of 

oxygen [9(b)]. The titanium surface dioxide (TiO2) layer not only shields the bulk of the 

metal from the surrounding environment, but the chemical interaction of TiO2 molecules 

with biological fluid and tissue determines the host’s reaction to the entire titanium implant 

[11-12]. Because the TiO2 surface layer plays such a pivotal role in titanium implants, it is 

important to understand each surface characteristic that makes titanium a biocompatible 

material. 

 

As mentioned above, the surface oxide film shields the underlying titanium metal from the 

surrounding environment. This is significantly important when the material is implanted in 

the body and becomes exposed to biological electrolytic fluids. As metals corrode in 

aqueous environments, ionic species are released into solution, which can be toxic to cells 

[13]. Corrosion can also result in a gradual loosening of the implant with bone, which 

requires corrective surgery to remedy. Therefore, the corrosion rate of metallic implants 

needs to be limited or ideally inhibited when possible. The native TiO2 film on titanium 

forms a passive layer protecting the underlying metal from electrolytic corrosion [14(a)]. 
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Moreover, under physiological conditions of near neutral pH, the high repassivation rate of 

TiO2 prevents the dissolution of potentially toxic ionic species from the material’s surface 

[14(a)]. Therefore, the ability of TiO2 film to spontaneously form a passive film, or quickly 

repassivate at neutral pH, helps protect the underlying titanium metal from electrolytic 

corrosion. 

 

 
 Stainless steel Cobalt-chromium Titanium-aluminium-vanadium 

Elemental 

composition (wt.%) 

Fe (Bal.) 

Cr (17-20) 

Ni (12-14) 

Mo (2-4) 

Co (Bal.) 

Cr (19-30) 

Mo (0-10) 

Ni (0-37) 

Ti (Bal.) 

Al (6) 

V (4) 

Nb (7) 

ASTM designation F138 F75, F-799, F1537 F67, F136, F1295 

UTS (MPa) 960-970 600-1795 465-950 

Main Orthopaedic 

implant application 

Temporary devices 

(Fracture plates, 

screws) 

Dentistry, prostheses 

stems, load-bearing 

implant components 

Long-term permanent devices 

(nails, pacemakers) 

Advantages Cost, availability Wear and corrosion 

resistance, fatigue 

strength 

Biocompatibility, corrosion 

resistance, fatigue strength 

Disadvantages Lack of long-term 

biocompatibility, 

Mechanical property 

(high modulus) can 

lead to high stress 

shielding locally in 

the bone resulting in 

constant bone 

resorption 

Lack of 

biocompatibility, 

Mechanical property 

(high modulus) can 

lead to high stress 

shielding locally in the 

bone resulting in 

constant bone 

resorption 

Mechanical property (low wear 

resistance) can lead to the 

abrasion of the implant surface 

resulting in loosening of the 

implant from bone 

 

Table 1.1. Some properties of metallic implants. Table was adapted from Long et al. [8]. Abbreviations: 

ASTM – American Society for Testing and Materials, UTS – ultimate tensile strength, wt – weight, Bal – 

balance of the elemental composition (wt.%) of the metal alloy. 
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The TiO2 surface layer also interacts with biological fluids and tissues in ways that promote 

the biocompatibility of titanium. In fact, the main reason why titanium is a biocompatible 

material is that the TiO2 surface layer gently interacts and does not exert any strong forces 

on proteins in the biological fluid [12, 14(a)]. Because TiO2 has a dielectric constant (ε = 

40-110), which is close to that of water (ε = 80), hydrophilic proteins that come in contact 

with the surface are able to gently interact with TiO2 without denaturing on the material’s 

surface [12, 14(a)]. At near neutral pH, the titanium surface is only slightly negatively 

charged from TiO- species (TiO2 has an isoelectric point of 3.5-6.7) and is unlikely to exert 

strong electrostatic forces on proteins that can lead to protein denaturation [9(c)]. However, 

the ion exchange properties of TiO- enable the binding of Ca2+ ions, which are present in 

biological fluids. This is also relevant because some serum proteins have been shown to 

adsorb on TiO2 via an intermediate interaction with adsorbed calcium [11]. 

 

So far it is been made apparent that titanium is an ideal material as an orthopaedic implant 

because of the combination of favourable mechanical and biocompatible properties. These 

features have resulted in titanium being exploited for bone tissue replacement therapies 

such as dental implants and hip prostheses [9(d-e)]. Then why is it necessary to continue 

titanium biomaterials research? From a scientist’s view, developing a new generation of 

titanium implants with highly controlled surface modifications will enable specific or 

multiple aspects of the bone-implant integration process to be targeted. This could include 

functionalising the surface with proteins that regulate osteoblastic cell adhesion, 

differentiation and proliferation and by designing chemically modified substrate surfaces 

resistant to non-specific protein adsorption and hence minimise the risk of a severe 

inflammatory response to the implant material. Therefore, these new “designer” 

biomaterials will possibly lead to implants with faster and more effective integration 

capabilities with a reduced risk of being rejected by the body. Obviously this is also 

important from a clinical perspective because the healing process can be lengthy (several 

weeks) and orthopaedic implants that have not integrated correctly into the surrounding 

bone tissue, that have loosened over time or caused severe inflammatory responses, often 

require corrective surgery. This can be both costly and painful for the patient, particularly 

for larger operations such as hip-replacement surgery. Therefore, continuing research in the 
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field of biomaterials science is certainly warranted and development of improved titanium-

based implant devices is desirable. 

 

1.1.3 Osseointegration 
 

Before discussing developments in orthopaedic implant technology, the bone-biomaterial 

integration process will first be introduced. This is a complex process and the following 

description should only be considered as a brief overview. An excellent and comprehensive 

description can be found in ‘Bone Engineering’ edited by J.E. Davies [14(b-n)].  

 

During implantation, blood vessels become damaged and the implant surface becomes 

exposed to blood. Haemorrhage leads to formation of a blood clot on the implant surface, 

which is often referred to as the provisional matrix. Fibrin, which is the major component 

of the provisional matrix, forms a cross-linked mesh network that stabilises the matrix and 

regulates angiogenesis that improves vascularization of the wound site. This is important to 

obtain sufficient transport of oxygen and nutrients to the wound site and remove toxic 

cellular material [15]. The provisional matrix comprises of many other proteins including 

fibronectin and transforming growth factors, which regulate cellular activity during the 

initial wound-healing process and the complex 3-dimensional structure of this matrix 

provides a support for the growth of blood cells [14(b), 16-18].  

 

Blood cells are the cellular initiators of the wound healing process. Erythrocytes, platelets 

and leukocytes constitute the main cellular components of blood [19]. Erythrocytes are 

mainly responsible for transporting oxygen to the tissues. Leukocytes, involved in 

phagocytosis, accumulate at the wound site during inflammation and play a key role in the 

removal of microorganisms and foreign materials. Activated platelets secrete a variety of 

proteins including growth factors such as platelet-derived growth factors (PDGFs) and 

transforming growth factors (TGFs), which regulate cellular proliferation, activation and 

differentiation to direct vascular ingrowth at the wound site and promote cellular matrix 

deposition [14(o)].  
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The interaction of the implant surface with blood not only impacts on bone formation 

processes but also determines if the implant will be accepted or rejected by the host. 

Biological failure of the implant may occur at an early or late stage of the implant/bone 

integration process or even after the implant has integrated with the bone. After the implant 

is inserted in the body, the success of the implant is mainly governed by the host’s 

inflammatory reaction, which is caused from surgical trauma and the presence of the 

biomaterial implant [14(k)]. Implant failures are mainly caused by microorganism 

infections, excessive surgical trauma, implant wear, implant overload (when the force 

applied to an implant exceeds the force that the surrounding bone can withstand) and 

prolonged or excessive inflammation [14(k)]. For example, the implant’s surface may 

stimulate certain phagocytic events when serum factors such as immunoglobulin G (IgG) 

and complement-activated fragment (C3b) adsorb on the biomaterial surface [14(h)]. These 

factors can be recognised by macrophages (phagocytic cells). Although macrophages 

cannot phagocytose most biomaterial implants (because the surface area of the implant is 

much greater than the cell), the cells may undergo “frustrated phagocytosis” and secrete 

agents including proteases, oxygen metabolites and cytokines leading to chronic 

inflammation [14(h)].  

 

The mechanism by which the implant surface chemistry and physics interacts with the 

blood proteins and cells and how this interaction impacts on the subsequent wound healing 

phases is only poorly understood. However, proteins such as growth factors that become 

adsorbed on the implant or are released by cells during the initial interaction of the implant 

surface with blood have been shown to influence the recruitment and cellular activity of 

cells involved in bone tissue formation and regeneration [20].  

 

Bone formation on the implant surface occurs when stem or progenitor cells from the 

connective bone tissue are recruited, proliferate and differentiate along an osteogenic 

pathway to form mature osteoblast cells, the major cell type involved in bone formation. 

Growth factors play a key role in directing proliferation and differentiation of stem or 

progenitor cells along the osteogenic pathway [14(d), 21]. A non-collagenous matrix called 

the cement line, consisting of hydroxyapatite (HA, a bone mineral) and non-collagenous 
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proteins (osteopontin and bone sialoprotein), is first deposited by pre-osteoblast cells on the 

implant surface (Figure 1.1) [14(p)]. The early expression of osteopontin, a characteristic 

of pre-osteoblast cells, is associated with the formation of the cement line [22-23]. The 

formation of the cement line is an important step of the implant integration process because 

the newly formed bone bonds to the implant surface via the intermediate non-collagenous 

matrix. Pre-osteoblasts mature into osteoblast cells, which produce a mineralised bone 

matrix comprising of interwoven collagenous fibres, HA and other proteins, including bone 

sialoprotein (BSP), osteopontin, osteonectin and osteocalcin that regulate bone 

mineralisation, resorption and cellular activity [24-27]. The osteoblasts eventually become 

entrapped in the bone matrix and further differentiate into mature, non-mitotic cells called 

osteocytes. Although osteocytes are no longer able to undergo cell division, they play an 

important role in the regulation of bone structure and mass through a mechanosensory 

mechanism [28]. The surface of the bone not growing or being resorbed is covered with 

lining cells. The lining cells are thought to regulate bone resorption, which only occurs after 

the cells are removed from the surface of the bone [29]. Bone formed on the implant 

surface is also remodelled in a process involving the break down (resorption) and build-up 

(synthesis) of bone. This process regulates the microstructure of bone ensuring that 

maximal strength of bone is maintained with a minimal mass. The main cell involved in the 

active resorption of bone is the osteoclast [30-31]. The differentiation and activation of 

osteoclasts are mainly regulated by osteoprotegerin (OPG) and receptor activator of nuclear 

factor κ-B (RANK) [32-33]. 

 
Figure 1.1. An illustration of bone formed on an implant surface by osteoblastic cells. The diagram was 

adapted from Davies [14(e)]. 
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The above briefly described the process of vertical bone formation on the implant surface 

referred to as appositional bone growth (Figure 1.2). At the same time, osteogenic cells 

migrate and synthesise bone horizontally along the implant surface in a process referred to 

as osteoconduction (Figure 1.2) [14(b)]. Osteoconduction allows for a faster healing time 

because the synthesis of bone can begin simultaneously along many locations on the 

surface of the implant. 

 

In summary, the integration process of an orthopaedic implant can be described in phases 

mainly regulated by protein and cellular interactions on the implant surface. The implant 

surface first interacts with proteins and cells in the blood, leading to a recruitment of 

potentially osteogenic cells, which differentiate into mature osteoblasts that control the 

multidirectional synthesis of bone and bone remodelling. An understanding of each phase is 

essential so that orthopaedic implants can be developed with enhanced bone integration 

performance characteristics. However, there are virtually limitless possibilities by which 

implants can be modified to improve the process of osseointegration (the direct structural 

and functional connection between the implant’s surface and the living bone tissue). 

Moreover, it is extremely difficult, if not impossible to design an orthopaedic implant that 

improves each component of the complex integration process. This has led to an 

extraordinary amount of research being directed to developing new biomaterials to improve 

specific stages of the bone-implant integration process. 

 

 
Figure 1.2. An illustration of bone formed on an implant surface through appositional bone growth and 

osteoconduction. The diagram was adapted from Davies [14(b)]. 
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1.1.4 Introduction to titanium biomaterials research 
 

To illustrate the significant amount of research carried out on titanium biomaterials, a 

simple search for “titanium implant” in a PubMed database yielded nearly 3000 references 

in the last decade alone (for years 1997-2007). Because Part 1 of this thesis is concerned 

with the surface modification of titanium materials, only the literature focussed on this area 

of research will be discussed. Surface modification of biomaterials can be divided into two 

main categories: surface chemistry and surface morphology. As is often the case, the 

surface modification procedure usually alters both characteristics. It is debatable which 

surface characteristic is more important, but certainly both are known to have a strong 

influence on the biological response to the material’s surface [34]. The surface 

characteristics of the biomaterial can be changed by chemically or physically altering the 

atoms or molecules of the existing surface, a film having a new composition can be coated 

over the surface or the surface can be functionalised with biological molecules (such as 

proteins, peptides, deoxyribonucleic acid (DNA) or oligosaccharides). The following will 

discuss methods for generating titanium orthopaedic implants with improved surfaces for 

promoting the growth and regulating the activity of osteogenic cells. A significant amount 

of titanium biomaterials research was carried out in the 1990s, however more recent studies 

have also been carried out [35-39].   

 

1.1.5 Influence of surface topography on osseointegration 
 

Although Part 1 of this thesis focuses on the regulation of cell behaviour through the 

display of chemical and biochemical cues, there is also evidence available that suggests 

osseointegration can be influenced by the implant’s surface topography [40-42]. The 

titanium surface can be modified with well-defined surface morphological characteristics 

through a range of methods including mechanical and electrochemical polishing, acid 

etching, grit blasting, laser ablation and plasma (glow discharge) processing methods, but 

the mechanisms by which the newly introduced surface morphologies improve bone-

implant integration is not completely understood [43-46]. However, several reports have 

shown how the behaviour of bone cells including cell attachment, adhesion, proliferation 



Part 1: Introduction 12

and differentiation can be regulated by defined morphological surface characteristics [47-

52]. Recent work has shown that the osteoblast cell response can be regulated by both 

micron- and nanostructured surfaces [53-55]. 

 

For example, Kieswetter et al. demonstrated that the production of growth factors and 

cytokines from MG63 osteoblast-like cells was affected by the morphology of the titanium 

surface [50]. In this study, titanium surfaces were (from smoothest to roughest) 

electropolished, acid-etched only (not sand-blasted), fine sand-blasted/acid-etched, coarse 

sand-blasted/acid-etched and plasma sprayed. After MG63 cells were grown on the 

substrate surfaces, production of prostaglandin E2 (PGE2) and transforming growth factor 

β1 (TGF-β1) (important factors in bone formation) were expressed at higher levels on the 

rougher surfaces in comparison to the smoother surfaces and tissue culture polystyrene 

(TCPS). PGE2 was expressed 3.4-fold, 7.6-fold and 5.9-fold on fine sand-blasted/acid-

etched, coarse sand-blasted/acid-etched and plasma sprayed titanium in comparison to 

TCPS, respectively, whereas no significant differences were observed in the level of PGE2 

produced by MG63 cells grown on electropolished and acid-etched (not sand-blasted) 

titanium. TGF-β1 was expressed 3-fold and 4.2-fold by MG63 cells grown on coarse sand-

blasted/acid-etched and plasma sprayed titanium in comparison to TCPS, respectively, 

whereas no significant differences were observed in the level of PGE2 produced by MG63 

cells grown on electropolished, acid-etched (not sand-blasted) and fine sand-blasted/acid-

etched titanium. Furthermore, the authors proposed a possible relationship between cellular 

activity and morphology. MG63 cells grown on the smoothest electropolished titanium 

surface exhibited a well-spread morphology; the cells were also well-spread on the next 

smoothest acid-etched titanium surface but exhibited slightly ruffled morphology and 

formed multiple cell layers; a lower cell density was found on the three roughest fine and 

course sand-blasted/acid-etched and plasma sprayed titanium surfaces and the cells 

appeared to form multiple cell layers with some cells having extensions in excess of 10 µm 

(Figure 1.3 A-E). Therefore, the results shown in this article suggest that the differences of 

MG63 cell morphology observed on the titanium surfaces (with different surface roughness 

characteristics) was related to differences in cellular behaviour (secretion of proteins, which 

are important in wound healing and bone formation). 
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Figure 1.3. Scanning electron micrographs of MG63 cells grown on (from smoothest to roughest) 

electropolished (A), acid-etched (B), fine sand-blasted/acid-etched (C), course sand-blasted/acid-etched (D) 

and plasma sprayed titanium (E). Scale bars = 10 µm. Images were adapted from Kieswetter et al. [50].  
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1.1.6 Influence of surface chemistry on osseointegration 
 

Similarly, cellular behaviour on chemically modified titanium surfaces has been 

extensively studied. Some common surface modifications include altering the titanium 

oxide surface by increasing the depth of the surface oxide layer, changing the density of 

surface hydroxides, incorporating new elements, covering the titanium oxide surface with a 

film having a new chemical composition and by functionalising the surface with biological 

molecules. These modifications are generally carried out in an attempt to improve the 

performance of the implant by improving corrosion resistance, stimulating and regulating 

cell growth, inducing resistance to biological fouling, limiting microbial activity or 

rendering biological specificity (targeting specific cell types). 

 

Increasing the thickness, density and ultimately the passivity of the titanium oxide film is 

desirable to improve the corrosion resistance of the metal implant. The common methods 

for passivating and hydroxylating titanium include chemical treatment in strong oxidising 

agents such as nitric acid, sodium hydroxide and hydrogen peroxide, heat treatment or 

plasma (glow discharge) processing [9(f)]. These treatments can also alter the 

hydrophilic/hydrophobic properties of the titanium surface, which impacts on subsequent 

protein adsorption events and consequently on cell attachment and growth [56-57]. Some 

efforts have also been made to produce bioactive titanium oxide surfaces by incorporating 

new chemical species into the surface oxide layer [58-60]. The titanium surfaces are usually 

treated by ion implantation or by electrochemical processes to generate a calcium-

phosphate (HA-like) mineral phase through the oxide layer [58-59, 61]. The literature 

suggests that implants with calcium-phosphate doped titanium oxides improve 

osseointegration indirectly through the conversion of calcium-phosphate into HA (by 

oxidation, hydrolysis, precipitation and crystallisation) during the formation of the cement 

layer (refer to pages 8-9 and Figure 1.1) or directly by stimulating the growth and activity 

of osteoblastic cells. For example, Sandrini et al. compared the growth of osteoblast-like 

cells on calcium-phosphate doped titanium prepared using a traditional anodic spark 

deposition (ASD) process to a modified ASD method called BioSpark™ (BSP), which 

generates a thicker titanium oxide film consisting of a calcium-phosphate mineral phase 
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with a higher Ca:P ratio compared to the traditional ASD method [59, 62]. The higher Ca:P 

ratio led to a higher proliferation rate of MG63 osteoblast-like cells on BSP-modified 

titanium in comparison to titanium modified by the traditional ASD method. Furthermore, 

osteoblast-like cells grown on BSP-modified titanium showed a more intimate contact to 

the substrate surface in comparison to titanium modified by the traditional ASD method, 

which showed more elongated cellular structures (Figure 1.4 A-B). The authors concluded 

that, as an orthopaedic device, BSP treated titanium was more suitable because of the 

optimised osteoblast-like cell behaviour. 

 

In other work, titanium oxide surfaces have been modified with films possessing different 

chemical and morphological surface characteristics. The two most common surface 

coatings used for enhancing the performance of titanium orthopaedic implants are HA 

(Ca5(PO4)3OH) and Bioglass® (the composition of 45S5 type Bioglass® by weight % is 

45% SiO2, 24.5% Na2O, 24.5% CaO, 5% P2O5). These materials are not only 

biocompatible with the body but also possess potent bioactive properties [63-67]. 

 

 

 
 

Figure 1.4. Scanning electron micrographs of MG63 osteoblast-like cells grown on oxidised and Ca-P doped 

titanium surfaces that were modified using a traditional method of ASD (A) and by BSP (B). Images were 

adapted from Sandrini et al. [59]. 
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1.1.7 Hydroxyapatite implant coatings 
 

Artificial HA or HA-like layers have been coated on titanium and titanium alloys by a 

variety of techniques including high temperature plasma spraying, chemical precipitation 

and electrochemical deposition [9(g), 68-70]. Of these techniques, only plasma sprayed 

coatings are commercially available. Clinical results have showed that plasma sprayed HA 

coatings make excellent orthopaedic implants [9(g)]. The success of HA implants has been 

attributed to their osseoconductivity, resulting in excellent bone contact and interfacial 

strength between the implant and bone [71-72]. However, there are several disadvantages 

associated with plasma sprayed HA coatings including non-uniformity in coating thickness 

and density, the presence of chemical contaminants, the lack of structural integrity and 

reproducibility. In some cases these pitfalls have contributed to implant failure (Figure 1.5) 

[73].  

 

 

 
 

Figure 1.5. Scanning electron micrograph of a plasma sprayed HA titanium implant that had been implanted 

in a dog’s mandible for 1 year followed by a pull-out test. The implant fractured at the HA-titanium interface. 

The image was adapted from Ong et al. [73]. 
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1.1.8 Bioactive glass implant coatings 
 

Bioglass® is another commercially available and highly bioactive biomaterial. Bone 

formation occurs spontaneously on Bioglass® in vivo with high interfacial adhesion strength 

[63, 74]. The bioactivity of Bioglass® (and other bioactive glasses having variations in the 

elemental composition to that of Bioglass®) has been reported to occur through several 

mechanisms. In physiological environments, bone is able to bond strongly to bioactive 

glass through an intermediate apatite cement layer that is formed on the implant surface 

(Figures 1.1 and 1.6 A-B).  

 

Apatite growth begins at the Si-OH nucleation sites of the glass ceramic surface. Ionic 

species such as Na+ and Ca2+ are released from glass ceramic into the surrounding 

biological fluid, which increases the degree of supersaturation with respect to the apatite 

and accelerates the rate of apatite nucleation. Apatite continues to grow spontaneously by 

consuming Ca2+ and PO4
3- in the biological fluid. This process, which is illustrated in 

Figure 1.6 A, has been described in more detail elsewhere [14(q), 75]. Interestingly, 

calcium and phosphorous species may not necessarily be an integral constituent of the glass 

ceramic because in the presence of simulated body fluid, even pure SiO2 material (without 

Ca, P or Na) can form bone-like apatite beginning at the Si-OH nucleation sites [76]. 

 

It has also been proposed that bioactive glasses act on cellular behaviour through the 

release of soluble forms of silicon, such as silicate, from the glass surface [65, 77]. The 

soluble silicon may stimulate the production of transforming growth factor β by osteoblast 

stem or progenitor cells and consequently the proliferation and differentiation of the cells 

leading to enhanced bone formation [65]. Also, the leached elements of Si, Ca, and P from 

bioactive glasses have been shown to induce the up-regulation of genes involved in bone 

growth [78-79]. Therefore, enhancement of bone formation can be described on bioactive 

glasses through a synergistic mechanism of spontaneous growth of apatite on the material 

surface and stimulation of osteogenic cellular activity.  

 

 



Part 1: Introduction 18

 
 

Figure 1.6. An example of the mechanism of apatite formation on bioactive glass (CaO-SiO2 in this case) (A) 

and a transmission electron micrograph of the interface between a bioactive glass implant (A-W) and bone 

(rat tibia) (B); note the intermediate apatite layer formed between the implant and bone. Images were adapted 

from Davies [14(q)].  

 

Because Bioglass® is too brittle for use in load-bearing applications, the material is usually 

used as a coating over the surface of metals such as titanium, which provides the structural 

support. The common techniques for generating bioactive glass ceramic coatings on 

titanium include enamelling, electrophoresis, sol-gel and plasma spraying. However, 

bioactive glass ceramic coatings possess some disadvantages such as poor adhesion to the 

substrate surface, which as discussed above, is also a problem for HA coatings [80]. 

 

1.1.9 Plasma enhanced chemical vapour deposition of bioactive glass 
 

In an attempt to improve the adhesion of bioactive silica on titanium, a low temperature 

plasma process for depositing silica was developed by R.St.C. Smart, which was modified 

later to improve control over the plasma deposition parameters [81-83]. Here, silica is 

deposited by a plasma enhanced vapour deposition (PECVD) technique. The plasma 

(partially ionised gas) is generated in a commercially available Harrick radio-frequency 
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plasma chamber that is typically operated at 100 W and 13.56 MHz. A controlled flow of 

vapour into the reactor is maintained with the aid of 3 mass flow controllers, which delivers 

air and mixtures of tetraethoxysilane (TEOS) and air or H2O2 and air into the reaction 

chamber at defined flow rates (Figure 1.7). In the first step, air plasma is generated to 

remove surface impurities and increase the thickness of the titanium oxide layer. Silica is 

then deposited from TEOS/air plasma (the reaction layer is formed by silicon-oxygen 

species produced in the gas phase such as SiO-, O- and SiO radicals becoming embedded in 

the titanium oxide layer). The third step uses H2O2/air plasma for surface hydroxylation to 

increase the density of surface silanol groups.  

 

The process produces a compositionally and structurally graded metal/oxide/silicate/silica 

surface layer that strongly adheres to the material substrate. The silica layer deposited by 

the PECVD method (PECVD-Si) can withstand pull-off loads in excess of 27 MPa (Figure 

1.8), much higher than the titanium/apatite and the bone/apatite interfaces, which have been 

reported to fail under loads of 12 MPa and 17 MPa, respectively [81-84]. Because the 

titanium/silica interface can withstand higher loads than the bone/apatite interface, the 

implant is unlikely to fail at the interface between the substrate surface and the coating. 
 

 

 
 

Figure 1.7. Schematic representation of the PECVD system used for depositing bioactive PECVD-Si coatings 

on titanium. Abbreviations: MFC – Mass flow controller, sccm – standard cubic cm per min. Image was 

adapted from Zhang et al. [83]. 
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Figure 1.8. An illustration of the apparatus and method used for testing the adhesion (pull off force) of 

PECVD-Si coatings on titanium substrates (A) and photographs of titanium coated with PECVD-Si (PECVD-

Si-Ti) after testing the adhesion strength of the PECVD-Si coatings (B and C). At forces of 21 and 27 MPa, 

failure occurred between the screw and glue interface and not at the PECVD-Si and titanium interface (B and 

C), indicating that PECVD-Si coatings on titanium can withstand loads in excess of 27 MPa. The adhesion 

test was performed by Eduardo Saiz from Lawrence Berkeley National Laboratory (LBNL). The illustration 

and photographs are courtesy of LBNL. 
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PECVD-Si has been used for several applications including corrosion resistance coatings 

and growing HA or HA-like layers [81-83]. More importantly, a previous study showed 

that titanium implants coated with PECVD-Si (PECVD-Si-Ti) exhibit a 1.6-fold increase of 

direct bone/implant contact (the area of the implant thread in contact with bone in 

comparison to soft tissue) in comparison to uncoated titanium implants after 6 weeks 

implantation in a sheep’s mandible (Figure 1.9 A-C) [85]. 

 

 

 
 

Figure 1.9. Scanning electron micrographs of a whole titanium screw implanted in a sheep’s mandible in situ 

(A), part of a PECVD-Si-Ti screw after 6 weeks implantation in the sheep’s mandible in situ (B) and part of 

an uncoated titanium screw after 6 weeks implantation in the sheep’s mandible in situ (C). A higher 

percentage of direct bone/implant contact is seen for the coated implant (B) in comparison to the uncoated 

implant (C) where the bone also appears less dense. Images were adapted from Abbott et al. [85].  
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In a recent study, we examined the interaction between the surface of PECVD-Si-Ti and an 

osteoblast-like cell line (MG63) in vitro and discovered that cell attachment and 

proliferation was poor on PECVD-Si-Ti when compared to uncoated titanium and tissue 

culture polystyrene (TCPS) (this is discussed in detail on pages 112-138). Although it is 

difficult to make a direct correlation between the in vivo and in vitro biological behaviour 

of the biomaterial, the data suggested that PECVD-Si does not stimulate bone formation 

directly and short-term through stimulating osteoblastic cellular activity. Instead, the 

beneficial effect of the PECVD-Si coating more likely stems from an indirect mechanism, 

that is by first promoting the precipitation of apatite from the biological fluid, followed by 

osteoblast colonisation [76, 83]. Therefore, in an attempt to further enhance in vivo bone 

formation on PECVD-Si-Ti, Part 1 of this thesis is aimed at improving the growth of 

osteoblastic cells on the substrate surface through the immobilisation of a bioactive 

molecule.  

 

1.1.10 Biological bioactive factors 
 

The bioactive molecule should be a factor that osteoblastic cells can recognise and the 

factor should ultimately stimulate osteoblastic cellular activity on the implant material. 

There are a variety of growth factors that may regulate bone formation including epidermal 

growth factors (EGFs), TGFs, insulin-like growth factors (IGFs) and fibroblast growth 

factors (FGFs) [86(a)]. Bone morphogenetic proteins have also been recognised to play an 

important role in the regulation of osteoblast cellular activity, including differentiation [87], 

and for inducing the formation of both cartilage and bone [88]. In this current research, we 

chose to functionalise the surface with insulin-like growth factor-1 (IGF-1) because it is a 

highly potent mitogen to many cell types, including osteoblastic cells [89-92]. Moreover, 

human osteoblasts express functional IGF-1 receptors indicating that IGF-1 is possibly an 

important regulatory factor in bone formation [93]. We anticipated that PECVD-Si-Ti 

implants functionalised with IGF-1 could potentially accelerate bone formation in vivo 

through a synergistic action of the IGF-1 functionalised PECVD-Si surface promoting 

spontaneous apatite formation and stimulating osteoblastic cellular activity. 
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The biological effects of IGF-1 are mediated through a signalling cascade that is triggered 

when IGF-1 binds the IGF-1 receptor of the cell [94]. IGF-1 most likely induces bone 

formation by simultaneously stimulating proliferation (mediating the progression of the cell 

cycle), differentiation (matrix synthesis and collagen production) and cell survival 

(inhibiting apoptosis) of osteoblastic cells through this signalling cascade [95-98]. 

However, the main action of IGF-1 on PECVD-Si-Ti was expected to be through 

stimulation of cellular proliferation since the growth factor has previously been shown to be 

a potent mitogen even at relatively low concentrations ranging from 0.003-0.1 µM in 

solution [91-92, 99-100]. This has led to IGF-1 being used for many tissue engineering and 

therapy applications including promoting bone tissue regeneration on polymer scaffolds 

and microspheres, in clinical trials for IGF-1 replacement therapy (SomatoKine) and is also 

found in commercially available products such as TransCyte - a wound dressing for 

temporary skin substitutes [101-102]. 

 

1.1.11 Protein surface immobilisation techniques 
 

The next question we asked was how should we load IGF-1 onto the PECVD-Si-Ti 

surface? There are a variety of strategies that can be used to immobilise growth factors on 

surfaces (Figure 1.10 A-H) [103]. Growth factors can be immobilised through non-

covalent mechanisms including physical entrapment (Figure 1.10 A-C), adsorption 

(Figure 1.10 D-E), electrostatic interaction (Figure 1.10 F) and by covalent mechanisms 

through intermediate linkers or by direct attachment to the substrate surface (Figure 1.10 

G-H). Entrapment methods were not a suitable method for this work because entrapment 

involves the growth factor being immobilised in 3-dimensional delivery vehicles (Figure 

1.10 A-B; we intended to immobilise IGF-1 on an implant possessing a 2-dimensional 

surface), or the growth factor being immobilised in a polymeric matrix, which significantly 

changes the implant’s surface chemistry (Figure 1.10 C; the polymeric film would shield 

the bioactive PECVD-Si surface from the surrounding biological environment). Therefore, 

we chose to compare the biological performance of the PECVD-Si-Ti implant 

functionalised with adsorbed (non-covalently attached) IGF-1 and covalently linked IGF-1. 
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Protein adsorption (adhesion) occurs through a combination of hydrophilic/hydrophobic, 

electrostatic and physical interactions between the protein and the substrate surface. For 

example, human serum albumin has been reported to adsorb onto titanium substrates 

through a combination of these mechanisms [104]. Once adhered to the surface, the protein 

may also undergo several conformational changes leading to reversible or irreversible 

adsorption. In some cases, the conformational change can also lead to the protein becoming 

deactivated or denatured on the substrate surface.  

 

To limit the possibility of protein deactivation or denaturation and improve the stability of 

the IGF-1 surface concentration, bifunctional linkers/spacers can be used to covalently 

tether IGF-1 to the substrate surface. Furthermore, more stable bioactive layers can be 

formed by covalently linking biological molecules to the surface in comparison to 

adsorption methods. For example, Müller et al. has shown that collagen, covalently linked 

to titanium substrates, produces more stable bioactive layers in comparison to adsorbed 

collagen films [105]. The adsorbed collagen film completely degraded after 6 h of 

collagenase digestion. In stark contrast, 47% of the residual amount of covalently bonded 

collagen was detected and 24% of collagen was still detected on the same surface after 24 h 

of enzymatic digestion.  
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Figure 1.10. Non-covalent (A-F) and covalent (G-H) strategies used for the immobilisation and delivery of 

growth factors. Non-covalent strategies include physically entrapping the growth factor in a delivery vehicle 

(A), microparticle (B) or within a polymeric film (C), adsorbing the growth factor directly to the substrate 

surface (D), via intermediate carriers (for example, extracellular matrix (ECM)) (E) or through ion exchange 

mechanisms (F). Covalent immobilisation strategies include indirectly tethering the growth factor to the 

substrate surface by an intermediate linker (G) or by directly coupling the growth factor to the substrate 

surface (H). The illustrations were taken from Luginbuehl et al. [103]. 
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1.1.12 Silane chemistry for protein surface immobilisation 
 

Since titanium and silica surfaces possess high densities of hydroxyl groups, silane 

chemistry has become a widely used method for introducing new functional groups (for 

covalent immobilisation of proteins) onto these substrate surfaces. Also, the chain of the 

silanes can also play an important role on the biomaterial surface. For example, silanes with 

protein resistant chains, such as poly(ethylene glycol), can be used to coat biomaterials to 

limit non-specific protein adsorption and consequently reduce the possibility of unwanted 

immunogenic responses to the implant [106]. 

 

Usually, mono-, di- or tri-alkoxysilanes are employed for the functionalisation of 

hydroxylated surfaces via a simple, rapid and very effective condensation reaction. An 

example of a 3-mercaptopropyl trimethoxysilane (3-MPTS) linking to a hydroxylated 

surface is shown in Scheme 1.1 [107]. In the first step of the reaction, the physisorbed 

silane undergoes rapid hydrolysis of alkoxy (methoxy in this case) groups, liberating 

alcohol (methanol in this case) (Scheme 1.1 (i)). The silanol groups of the silane then 

condense with the surface silanol groups of the substrate through covalent interactions, 

releasing water as the by-product (Scheme 1.1 (ii)). In this case, the silane first reacted with 

adsorbed water on the substrate surface or with water in the reaction solution as depicted in 

Scheme 1.1 (i). Under anhydrous conditions, the alkoxysilane could also directly react with 

surface hydroxyl groups, liberating alcohol as a by-product. This reaction would also result 

in a covalent linkage between the silane and the substrate surface. In the case of di- and tri-

alkoxysilanes, the silane may form multiple attachment sites on the substrate surface or 

condense with neighbouring silanes to form multiple silane layers. Any silanol groups of 

the silane that have not reacted can be left and act as possible nucleation sites for apatite 

precipitation, or be heat treated (thermally cured) to form a more cross-linked and more 

stable siloxane layer (Scheme 1.1 (iii)) [107-109]. In the case of 3-MPTS, the siloxane 

layer introduces thiol functionalities on the surface. Thiols can covalently interact with the 

cysteine residues of proteins to form disulphide linkages. But surfaces can be functionalised 

with other reactive groups by silane chemistry including epoxy, carboxy and isocyanates 
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that are able to covalently react with the primary amino groups of the amino-terminus of 

proteins and of lysine side chains [110].  

 

There are numerous reports available in the literature, which suggest covalent 

immobilisation strategies for biomolecules are useful for biomaterial applications [111]. 

For instance, biologically relevant peptides, enzymes and proteins have been covalently 

immobilised on amino-functionalised titanium surfaces via N-succinimidyl-3-

maleimidopropionate (SMP) and glutaraldehyde cross-linking agents at concentrations 

sufficient for inducing biological activity, retaining enzyme activity and immunological 

reactivity, respectively [112-113]. In vitro mineralisation has also been enhanced on glass 

substrates functionalised with biologically relevant peptides after culturing osteoblast cells 

on the functionalised surfaces in the presence of a growth factor, osteogenic protein-1 (OP-

1) [114]. In vivo, the performance of titanium orthopaedic implants has been enhanced by 

covalently attaching bioactive proteins on the substrate surface. For example, Morra et al. 

showed that titanium implants loaded with covalently bonded collagen exhibited a 23.8% 

increase in bone to implant contact (percentage of the bone apposed to the implant surface, 

divided by the total surface perimeter of the implant) and bone ingrowth (percentage of 

bone amount in the area delimited by the threaded surface, divided by the total threaded 

area) in comparison to uncoated controls after 4 weeks implantation in a rabbit femur [115]. 

To demonstrate the wide applicability of covalent immobilisation strategies via 

intermediate silane tethers, a stable and active concentration of antibiotic (vancomycin) has 

also been covalently bound to titanium making the surface bactericidal even after several 

repeated challenges [116].  
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Scheme 1.1. A reaction scheme depicting the condensation of 3-MPTS with surface hydroxyl groups (i and ii) 

and after thermally curing the siloxane layer (iii). Me refers to methyl (CH3). Scheme was adapted from 

Halliwell et al. [107]. 
 

1.1.13 Part one objectives 
 

The main objective of Part 1 of this thesis was to improve cellular growth on PECVD-Si-Ti 

by functionalising the surface with the mitogenic factor IGF-1. Because PECVD-Si is 

already bioactive in vivo, we did not want to extensively alter the surface properties of the 

bioactive coating. Therefore, we compared the bioactivity of PECVD-Si towards promoting 

cellular growth on surfaces functionalised with IGF-1 by means of adsorption and covalent 

immobilisation. Both of these mechanisms can be controlled to not significantly change the 

surface characteristics of PECVD-Si. The main objectives of Part 1 of this thesis are 

outlined below: 

 

• Prepare PECVD-Si coatings on titanium of high quality and reproducibility. 

Characterise the surface morphology and chemistry of PECVD-Si-Ti. 

• Devise methods for producing stable siloxane layers on PECVD-Si-Ti. 
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• Introduce new functional groups through silane modification of PECVD-Si-Ti for 

the covalent immobilisation of IGF-1. Identify the surface functional groups and 

characterise the reactivity of the functional surface.  

• Develop an immobilisation strategy for achieving an active concentration of IGF-1 

on the functional PECVD-Si-Ti surface. Compare the immunological activity of 

adsorbed and covalently immobilised IGF-1. 

• Analyse the biological activity of PECVD-Si-Ti surfaces functionalised with IGF-1 

through in vitro osteoblast-like cell culture assays. 
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1.2 Materials and Methods 
 

1.2.1 Substrate preparation 
 

Titanium with a purity of 99.7% and a thickness of 0.25 mm was purchased from Sigma. 

The metal was carefully cut into small discs with a diameter of 15 mm. Before using the 

specimens for subsequent experiments, the substrates were cleaned in a surfactant solution. 

This involved transferring each specimen into a 20 ml glass vial (Crown Scientific) 

containing 5 ml of a 0.5% (w/v) Pyroneg (Diversey) detergent solution, prepared in water. 

The vials were sealed with a plastic cap and the samples were cleaned by ultrasonication in 

a Soniclean 160HT unit at 60°C for 40 min. The samples were washed 6 times in water and 

ultrasonicated for a further 20 min in water at 60°C. After washing another 3 times in 

water, each specimen was dried under a stream of N2 and stored in a plastic Petri dish under 

vacuum.  

 

The water used for these and all subsequent experiments was purified in a Labconco 

WaterPro PS system equipped with a carbon and 3 deionisation cartridges. The unit was 

operated at a resistivity of 18.2 Mega Ω·cm and the water was dispensed through a 0.2 µm 

hollow fiber filter supplied by the manufacturer.  

 

The morphological characteristics of the samples were characterised by atomic force 

microscopy (AFM) and scanning electron microscopy (SEM) (refer to page 46). The 

surface elemental composition was examined by X-ray photoelectron spectroscopy (XPS) 

(refer to page 45). 
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1.2.2 Buffer preparation 
 

Phosphate buffered saline (PBS) 

 

Phosphate buffered saline (PBS) was prepared by dissolving 13.7 mM NaCl, 2.7 mM KCl, 

5.3 mM Na2HPO4 and 1.8 mM KH2PO4 in water at 25°C for 30 min. The pH was adjusted 

to 7.4 with the addition of HCl and the solution was filter-sterilised through a 0.2 µm filter 

(PALL) and then autoclave sterilised at 125°C for 15 min. 

 

Carbonate buffer 

 

Carbonate buffer was prepared by dissolving 15.0 mM Na2CO3 and 34.9 mM NaHCO3 in 

water at 25°C. The pH of the solution was 9.6. The solution was filter-sterilised through a 

0.2 µm filter (PALL) and then autoclave sterilised at 125°C for 15 min. 

 

Sodium phosphate buffer 

 

A 0.2 M solution of sodium phosphate, mono-sodium salt was prepared by dissolving 27.6 

g of NaH2PO4–1H2O in 1000 ml of water (Solution A). A 0.2 M solution of sodium 

phosphate di-sodium salt was prepared by dissolving 53.62 g of Na2HPO4–7H2O in 1000 

ml of water (Solution B). Solutions A and B were filter-sterilised through a 0.2 µm filter 

(PALL) and then autoclave sterilised at 125°C for 15 min. 0.1 M of sodium phosphate 

buffer with a pH of 8.0 was prepared by mixing 5.3 ml of Solution A with 94.7 ml of 

Solution B and 100 ml of filtered and autoclaved water.  

 

All reagents used for the preparation of the buffers were of Analytical Grade. 

 

 

 

 



Part 1: Materials and Methods 32

1.2.3 Plasma enhanced chemical vapour deposition (PECVD) of silica on 

titanium 
 

A photograph of the PECVD system is shown in Figure 1.11 A. The system can be divided 

into 3 major components: a vacuum line, plasma generator, and a vapour delivery system 

(Figure 1.11 A and B).  

 

 

 
Figure 1.11. The PECVD experimental set-up that was used for coating PECVD-Si films on titanium 

substrates. A photograph of the set-up is shown in (A). An illustration of the vapour delivery system is shown 

in (B). MFC denotes mass flow controller. An illustration of titanium samples (for PECVD-Si coating) 

mounted on the stage in the glass chamber of the Harrick radio-frequency plasma generator is shown in (C).  
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The vacuum line consists of a Javac rotary pump (model # DD150) filled with chemically 

inert oil (Fomblin). A cold trap cooled in liquid N2 is connected between the pump and the 

plasma chamber to prevent the possibility of back-streaming of contaminating hot oil 

vapour from the pump to the samples and the pressure was recorded between the cold trap 

and the plasma chamber with a piranhi gauge (MKS) (Figure 1.11 B).  

 

A radio-frequency plasma generator (model # PDC-32G) made by Harrick was operated at 

100 W and 13.56 MHz. An external fan located at the top unit cooled the plasma chamber. 

The glass chamber of the Harrick unit is defined by a length of 18 cm and a diameter of 7 

cm. The samples were positioned in the glass chamber according to the optimal location 

determined from previous studies, which was found to be 7 cm from the rear of the 

chamber and parallel to the centre of the inlet valve located on the chamber lid (Figure 

1.11 C). The chamber could be isolated from the vapour delivery system by closing the 

inlet valve and was opened 1/2 a turn during plasma processing. The titanium substrates 

were held to the stage by a small piece of Scotch 3M double-sided adhesive. After plasma 

processing, the adhesive was carefully scraped off from the underside of the substrate with 

a stainless steel blade and the specimen washed in methanol. Six 15 mm diameter titanium 

discs were coated in each run to ensure all samples were located close to the optimal 

position for silica deposition. 

 

Three MKS mass flow controllers controlled the flow of air vapour. An MKS digital 

readout module (model # 247D) connected to each mass flow controller (MFC) was used to 

set and record the flow rates through each MFC. The middle MFC (model # 

M100B12CS1BV) in Figure 1.11 A-B purged air (BOC; Instrument Grade) into the plasma 

chamber at a set flow rate of 10 sccm. The right MFC (model # M100B11C1SBV) purged 

air into the tetraethoxysilane (TEOS) vessel at 2 sccm. The MFC (model # 

M100B12CS1BV) on the left purged air into the H2O2 flask with a setting of 2 sccm. The 

2-stemmed TEOS glass container was 11 cm in height with a diameter of 4 cm. The glass 

frit, where air was purged through, was situated 1 cm from the bottom of the vessel. The 

vessel was filled with 5 ml of 98% pure TEOS (Sigma) to a level well below the frit and the 

vessel was kept in crushed ice (0°C) during plasma processing. 40 ml of an aqueous 
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solution of 30% H2O2 (Chem-Supply) was filled in a 100 ml 2-stemmed round bottom flask 

so the frit would be submerged in the liquid. The vessel was kept at 25°C and the flask was 

covered with aluminium foil to shield it from ambient light.  

 

Before plasma processing, the cold trap was allowed to cool in liquid N2 and the TEOS 

vessel was chilled in ice for approximately 10 min. The plasma chamber would then 

pumped down to base pressure (2 x 10-2 Torr) defined by the pressure of the vacuum line 

and plasma chamber, but excluding the vapour delivery system. The TEOS vessel was then 

connected to the vacuum system and evacuated 3 times. The glass chamber was then 

cleaned in an air plasma for 20 min at an airflow rate of 10 sccm to remove impurities 

inside the chamber.  

 

After transferring the samples into the chamber, the system was pumped to base pressure 

before air was flowed through the system. The pressure was allowed to stabilise to 2 x 10-1 

Torr and the plasma was switched on for 20 min. At the end of this cleaning/oxidation step, 

the plasma was switched off and the airflow was maintained. Air was then purged through 

the TEOS vessel and the mixed air/TEOS vapour was slowly introduced into the chamber 

to obtain a pressure of 3 x 10-1 Torr. The plasma was then switched on for 30 min. 

Afterwards, air and air/TEOS supply into the chamber was stopped. For samples treated 

with H2O2 vapour, the system would be pumped down to base pressure before introducing 

air/H2O2 vapour into the chamber. The plasma was then switched on (usually for 5 min) 

after the pressure had stabilised (to 3.2 x 10-1 Torr). Before removing the samples the 

system was allowed to cool to ambient temperature under vacuum. All samples were stored 

in a plastic desiccator under vacuum. 

 

The morphology of the air-plasma processed titanium samples was characterised by AFM 

(refer to page 46). Micrographs of the surface of PECVD-Si coated titanium (PECVD-Si-

Ti) samples were acquired by SEM (refer to page 46). A profilometer (DEKTAK 6M 

Stylus Profilometer, Veeco) was used to measure the thickness of the PECVD-Si film. For 

thickness measurements, sticky tape was used to mask half the area of the titanium surface 

during the deposition of PECVD-Si films. The mask was then removed by ultrasonication 
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in acetone (Analytical Grade; Chem-Supply) until no residual tape could be seen by visual 

inspection. The sample was placed under the profilometer and a section analysis of the 

interface between the coated and the non-coated area was performed from which the 

thickness of the coating was determined. The surface chemistry of PECVD-Si-Ti was 

analysed by XPS and infrared (IR) spectroscopy (refer to pages 45-46).  

 

1.2.4 Characterisation of hydroxyl group surface coverage on PECVD-Si-

Ti 
 

Hydroxylation of PECVD-Si-Ti surfaces were characterised by 3 methods. Contact angle 

measurements, XPS analysis after derivatisation of hydroxyl groups by trifluoroacetic 

anhydride (TFAA) and after fluoro or amino alkoxysilane derivatisation. 

 

Contact angle measurements 

 

Contact angle measurements were performed on a custom-built stage that allowed the 

sample to be positioned in the x, y and z directions. Samples were spotted with 2 µl of water 

with a mechanical pipette in an ambient atmosphere. Images were then quickly recorded on 

a Panasonic WV BP550 CCTV camera to minimise any effects as a result from water 

evaporation. Processing was performed using Scion Image v4.0.2 software. Measurements 

were taken on the left and right side of the water droplet from 2 samples (total of 4 

measurements per sample type). 

 

TFAA derivatisation 

 

Cleaned uncoated titanium, silicon (Virginia Semiconductor Inc., Virginia) (cleaned by 

ultrasonication in methanol (Analytical Grade; Chem-Supply)) and PECVD-Si-Ti (with 

air/H2O2 plasma treatment times ranging from 1-15 min) were derivatised with TFAA 

(Sigma) using the three methods given below. 
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Method 1 

Samples were placed face up at the bottom of a sealed glass container containing a separate 

vial of TFAA solution (1 ml). The reaction was allowed to proceed for 1 h at 25°C. The 

samples were then washed with methanol, dried under N2 and stored under vacuum.  

 

Method 2 

These reactions were performed in a custom-built vessel (Refer to Figure 2.10). The 

samples were attached to a glass slide that was inserted to the bottom of the vessel. The 

vessel was evacuated and back-filled with dry nitrogen gas (3 times) before the lid of the 

chamber holding the reservoir of TFAA solution was slowly opened. TFAA vapour was 

allowed to react with the samples for 1 h at 25°C. In one set of experiments the TFAA 

solution was kept at 40°C to increase the flow of TFAA vapour into the reaction chamber. 

All samples were washed with methanol, dried under N2 and kept under vacuum. 

 

Method 3 

Samples were incubated in TFAA solution at 25°C for 5 and 60 min time periods in 20 ml 

glass vials (Crown Scientific). The samples were washed with methanol, dried under N2 

and kept under vacuum. 

 

1.2.5 Grafting of alkoxysilane molecules on PECVD-Si-Ti 
 

Two different alkoxysilanes were reacted on PECVD-Si-Ti samples (with and without 

treatments of air/H2O2 plasma) through condensation reactions between the alkoxy groups 

of the silane and the surface hydroxyl groups of the samples. The 3 fluorine atoms of ≥ 

97% pure 3,3,3-trifluoropropyl trimethoxysilane (FPTMS) (Fluka) and the nitrogen atom of 

99% pure 3-aminopropyl triethoxysilane (APTES) (Aldrich) were used as marker elements 

in XPS analysis.  

 

The reaction parameters that were tested are listed in Table 1.2. Toluene (Analytical Grade; 

Chem-Supply) was prepared by distilling over sodium (Reidel-deHaën) and benzophenone 

indicator (Chem-Supply) in an atmosphere of dry N2 and the distilled solvent was stored 
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under dried molecular sieves.  Methods 2 A and B were performed in round bottom glass 

flasks containing 5 ml of silane solution under a dry N2 atmosphere. Methods 1 and 3-5 

were performed in 20 ml glass vials containing 5 ml of silane solutions and were covered 

with aluminium foil. These samples were incubated at 25°C and mixed on a RATEK orbital 

mixer set at 3.5. All samples were washed in toluene, dried under a stream of N2 and stored 

under vacuum. For curing, the silane-labeled samples were incubated in an oven (Binder) at 

the designated temperature and time as listed in Table 1.2. 

 

The stability of siloxane films was tested under a physiological condition. This involved 

transferring the samples to a 12-well TCPS plate (Nunc) and incubating in 2 ml of sterile 

PBS under cell culture conditions (humidified atmosphere at 37°C and 5% CO2). These 

samples were then rinsed in water, dried under N2 and stored under vacuum before analysis. 

In addition to this, the stability of the PECVD-Si film coated on titanium was tested by 

incubating PECVD-Si-Ti in boiling toluene at 120°C for 12 h. After this, the sample was 

washed in toluene, dried under a stream of N2 and stored under vacuum before analysis. 

 

Method Solvent type Concentration Temperature and 

time 

Curing step 

1 Toluene 100 mM 25°C; 1 h Not performed 

2 (A 

and B) 

Toluene 100 mM Refluxed 1 h, then 

heated additional 

at 90°C for 12 h 

Samples were not 

cured (A) or cured at 

100°C for 12 h (B) 

3 Aqueous: Methanol 

containing 5% (v/v) 

water and 1 mM of 

acetic acid 

1% (v/v) 25°C for 2.5 h 120°C for 5 min 

4 Neat Undiluted 90°C for 1h Not performed 

5 Toluene 1% (v/v) 25°C for 2.5 h 120°C for 5 min 
 

Table 1.2. Summary of the alkoxysilane grafting methods used for preparing siloxane films on PECVD-Si-Ti. 
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The density of amino groups generated on APTES functionalised PECVD-Si-Ti was 

determined using 2,4,6-trinitrobenzenesulfonic acid (TNBS) (Sigma). First, the molar 

extinction coefficient of the trinitrophenol (TNP)-APTES compound was determined 

according to the following description: 0.25% (w/v) of TNBS was incubated with 0.5 M of 

APTES in sodium phosphate buffer of pH 8.0 (refer to page 31) at 25°C for 1 h with gentle 

mixing; 20 µl of the reaction solution was incubated with 1.98 ml of NaOH (Analytical 

Grade) at 25°C for 1 h (pH of solution was 12.7); 500 µl of this solution was then incubated 

with 100 µl of 1 M of HCl (pH of solution was 1.0); and finally, the absorbance from 280-

500 nm of the solutions was analysed in a Hewlett Packard 8452 UV-Vis spectrometer in a 

quartz cuvette. Second, the test samples (with a surface area of 1.78 cm2) were incubated 

with 0.25% (w/v) TNBS in sodium phosphate buffer of pH 8.0 at 25°C for 1 h with gentle 

mixing; the remainder of the reactions were performed as described above. The amino 

group density was calculated using the molar extinction coefficient at 350 nm for TNP-

APTES at pH 1.0 and the absorbance of the test reaction solutions at 350 nm. 

 

1.2.6 Development of surface modification techniques on PECVD-Si-Ti 

for the attachment of insulin-like growth factor-1 (IGF-1) 
 

PECVD-Si-Ti was functionalised with neat solutions of 90% pure triethoxysilyl 

butyraldehyde (ABTES) (Gelest) and 98% pure 3-glycidoxypropyl trimethoxysilane 

(GPTMS) (Aldrich) molecules according to Method 4 outlined in Table 1.2. Neat and 

diluted solutions of 3-isocyanatopropyl triethoxysilane (IPTES) (Fluka; purity ≥ 95%) were 

reacted with PECVD-Si-Ti (according to Methods 1 and 4 from Table 1.2). The modified 

surfaces were analysed by XPS (refer to page 45). 

 

2,2,2-trifluoroethylamine (FEAM) (Aldrich) was reacted on PECVD-Si-Ti functionalised 

with epoxide, aldehyde and isocyanate reactive groups (as described above). Aldehydes and 

epoxides were reacted with 2 ml of 100 mM FEAM in either carbonate pH 9.6 or sodium 

phosphate (pH 8.0) buffers (refer to page 31 for details of the buffers). Amino reaction 

solutions used for aldehyde surface functional groups were supplemented with 50 mM of 

NaCNBH3 (Sigma). Isocyanates were reacted with 2 ml of 100 mM of FEAM prepared in 
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PBS, pH 7.4. Reactions were performed at 25°C for 2 h in 24-well TCPS plates (TPP) on a 

RATEK orbital mixer set to a mixing setting of 3.5. The samples were rinsed in a stream of 

water and dried under N2. Negative control samples were prepared by incubating PECVD-

Si-Ti (not functionalised with alkoxysilanes) in the reaction solutions as described above 

for each sample type. All samples were analysed by XPS (refer to page 45). 

 

1.2.7 Immunological activity of immobilised IGF-1 on PECVD-Si-Ti 
 

An immunosorbent assay was developed for analysing the immunological activity of 

covalently immobilised IGF-1 on non-functionalised and IPTES-functionalised PECVD-Si-

Ti. The immunoassay is described below. 

 

Lyophilised recombinant human IGF-1 (referred to as IGF-1) and a biotinylated anti-human 

IGF-1 antibody (anti-IGF-1) were purchased from R&D Systems. Lyophilised peroxidase 

conjugated streptavidin (HRP-Strep) was purchased from Rockland. IGF-1 was 

reconstituted in PBS to obtain a stock protein concentration of 100 µg/ml. The anti-IGF-1 

molecule was reconstituted in tris-buffered saline (20 mM of 

tris(hydroxymethyl)aminomethane (Sigma; purity ≥ 99.9%), 150 mM NaCl (Ace Chemical 

Company); adjusted to pH 7.3 and sterilised by autoclaving) to a concentration of 50 µg/ml. 

HRP-Strep was reconstituted in autoclave-sterilised water to a concentration of 1 mg/ml. 

All stock solutions were stored at -80°C. 

 

The blocking solution was prepared by dissolving 2.5% (w/v) bovine serum albumin (BSA) 

(Sigma; purity ≥ 96%) in PBS and syringe filtering through a sterile 0.2 µm filter (PALL) 

into a sterile plastic vial. Dilution buffer was made by mixing 0.05% (v/v) Tween® 20 

(Sigma) in a filtered solution of 1% (w/v) bovine serum albumin (BSA) (Sigma) prepared 

in PBS. Working concentrations of proteins were obtained by diluting anti-IGF-1 to 0.5 

µg/ml and HRP-Strep to 0.2 µg/ml (the concentration of IGF-1 was varied as described in 

the results and discussion section of Part 1) in the dilution buffer. Solutions of 0.5% and 

0.05% (v/v) Tween® 20 (PBS-T) were prepared in PBS. 
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Double-sided adhesive (Scotch, 3M) was punched to the same diameter as the test samples 

(15 mm). The tape, with the cover left on, was inserted into the well of a 24-well TPP tissue 

culture polystyrene plate. The well was blocked with 600 µl of blocking solution at 25°C 

for 1 h and mixed on a RATEK orbital mixer set at 3.5. The well was washed 4 times in 

PBS-T (0.05% (v/v)) and 4 times in PBS (using 1.5 ml/wash). The tape cover was removed 

and the test sample was carefully inserted into the well. 300 µl of IGF-1 or PBS (with no 

IGF-1) to the same volume (for negative controls) were dispensed into the wells, incubated 

at 25°C for 2 h with mixing and washed 4 times with PBS-T (0.5% (v/v)) and 4 times with 

PBS. The plate was inverted and gently tapped on paper towel to remove excess liquid. 

Unreacted isocyanate groups on IPTES-functionalised samples were quenched by 

incubating in 1 ml of a 1 mM filtered solution of ethanolamine hydrochloride (Sigma) 

prepared in PBS, pH 7.4, at 25°C for 30 min with mixing. The wells were washed 4 times 

in PBS and blocked again with blocking solution at 25°C for 1 h with mixing and washed 4 

times in PBS-T (0.05% (v/v)). 300 µl of anti-IGF-1 was added, incubated at 25°C for 1 h 

with mixing and washed 4 times in PBS-T (0.05% (v/v)). 300 µl of HRP-Strep was added, 

incubated at 25°C for 1 h with mixing and washed 4 times in PBS-T (0.05% (v/v)). 300 µl 

of o-phenylenediamine dihydrochloride (OPD) (Sigma) solution (prepared according to the 

manufacturers instructions by dissolving the urea buffer tablet first in 20 ml of water and 

then the OPD tablet) was added. The plate was covered with aluminium foil to keep out 

ambient light and incubated at 25°C for 10 min with mixing. 100 µl of the test solution was 

transferred to a 96-well plate (Iwaki) and the absorbance measurements were taken on a 

Molecular Devices Vmax microplate reader at 450 nm. Absorbance readings were 

corrected for background absorbance values measured from empty 96-well (Iwaki) plates at 

450 nm and adjusted according to the absorbance measured for the negative controls.  
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1.2.8 Assessment of IGF-1 biological activity on PECVD-Si-Ti 
 

The two cell types used in these experiments, MG63 and 3T3 Balb/c, were both donations 

from TGR Biosciences. MG63 cells were cultured in minimal essential medium (MEM) 

purchased from JRH Biosciences in powdered form. MEM was prepared according to the 

manufacturer’s instructions by dissolving 9.61 g/l of the powder and 2.2 g/l of NaHCO3 in 

water (pH was adjusted to 7.1) and filter-sterilizing through a 0.2 µm filter (PALL). The 

medium was supplemented with 10% (v/v) foetal bovine serum (FBS) (Bovogen 

Biologicals) and 100 units of penicillin and 100 µg of streptomycin antibiotics (Sigma). 

3T3 Balb/c cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (JRH 

Biosciences), which was prepared by dissolving 13.4 g/l of the powder and 3.7 g/l of 

NaHCO3 in water (pH was adjusted to 7.1) and filter-sterilizing through a 0.2 µM filter 

(PALL). The medium was supplemented with 10% (v/v) FBS and 100 units/ml penicillin-

streptomycin antibiotics. Cells were stored either in frozen stocks in FBS containing 10% 

(v/v) of ≥ 99.9% pure dimethyl sulfoxide (DMSO) (Sigma) at -80°C or were maintained 

growing in 75 ml tissue culture flasks (Iwaki) under cell culture conditions, that is, at 37°C 

in a humidified incubator (Lunaire) with an atmosphere of 5% CO2 (BOC; food grade) and 

periodically passaged with the aid of trypsin (Sigma). 

 

All PECVD-Si-Ti samples were loaded with IGF-1 as described for the enzyme-linked 

immunosorbent assay (ELISA) on pages 39-40 except the samples were not glued into 

wells of a multi-well plate. Instead, the IGF-1 solution was dispensed over the samples so 

that a meniscus was formed, which covered the entire surface area. The solution was then 

incubated over the samples under humidity and the samples were washed three times by 

immersing the samples in 3 separate vials of PBS. Samples were then transferred to a 12-

well plate for quenching any unreacted isocyanate groups as described for the ELISA. The 

samples were then used immediately for the experiments. Uncoated titanium and PECVD-

Si-Ti samples not functionalised with IPTES were cleaned/sterilised by incubating in 70% 

(v/v) ethanol (Analytical Grade) (prepared in sterilised water) at 25°C for 15 min, and were 

then rinsed in sterilised water and air-dried. TCPS discs were purchased sterilised from the 

manufacturer (Sarstedt). 
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The biological activity of immobilised IGF-1 on PECVD-Si-Ti was assessed according to 

the following assays: 

 

AlamarBlue™ cell vitality assay 

 

Cell viability and proliferation was assessed by using an alamarBlue™ dye (purchased 

from Jomar Diagnostics). This involved washing cells that had grown in 96 or 24 well 

plates twice with 200 µl or 1 ml of PBS (warmed to 37°C), respectively. 100 or 300 µl of 

alamarBlue™ diluted in PBS at a ratio of 1:10 (and warmed to 37°C) was added to either 

96 or 24 well plates, respectively, and incubated under cell culture conditions for 1 h. 100 

µl of solution from each well was then transferred to a 96-well (Iwaki) plate for the 

experiments performed in 24-well plates (alamarBlue™ experiments performed in 96-well 

plates did not require solution transfer because these plates were suitable for the microplate 

reader). Absorbance readings were taken on the Molecular Devices Vmax microplate 

reader at 570 and 600 nm. All absorbance readings were corrected for background 

absorbance of empty test wells at 570 and 600 nm. The negative control samples were 

treated exactly the same as the test samples except that the cell culture medium (that was 

incubated over the samples) did not contain cells.  

 

Cell vitality on titanium and TCPS discs was assessed in 24-well ultra-low cell attachment 

plates (Dow Corning). The hydrogel coated on the bottom of these wells was hydrated in 

serum-free MEM or DMEM (supplemented with antibiotics) under cell culture conditions 

for 1 h. The wells were then washed with the medium 3 times before inserting the test 

samples. Experiments were then conducted according to the alamarBlue™ assay procedure 

described above. 

 

AlphaScreen™ SureFire™ p-ERK assay 

 

The AlphaScreen™ SureFire™ p-ERK assay was performed in two ways. The first method 

involved analysing p-ERK concentrations from populations of cells that had attached onto 

the test samples (functionalised and non-functionalised with IGF-1) for a short time period. 
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For these experiments, cell dissociation solution (CDS; Sigma) was used instead of trypsin 

for dislodging cells from the 75 ml tissue culture flask (Iwaki). This involved rinsing cells 3 

times with 10 ml of Hank’s balanced salt solution (HBSS) (warmed to 37°C) and then 

incubating cells in 5 ml of CDS (warmed to 37°C) under cell culture conditions for 20 min. 

The cells were then scraped from the flask with a cell scraper (TPP). The solution was 

centrifuged at 200 RCF and 25°C for 5 min in a Sigma 3-18K fixed-rotor bench-top 

centrifuge. The solution was decanted and the cells were resuspended in MEM or DMEM 

supplemented with 1 mg/ml of BSA. The cells were incubated under cell culture conditions 

for 1 h before being diluted to an appropriate cell concentration as indicated in the 

following sections. Cell densities were determined from haemocytometer cell counts. The 

cells were then incubated over the test samples for 10 or 30 min time periods under cell 

culture conditions. The surface was washed once with medium (warmed to 37°C) and the 

remainder of the experiment was performed according to the manufacturer’s instructions 

(see below).  

 

The second method involved analysing phosphorylated extracellular-signal-regulated 

kinase (p-ERK) concentrations from a population of cells that had been grown to 

confluency in a 96-well TCPS plate (Iwaki). The test wells (with a confluent coverage of 

cells) were washed twice with HBSS. The cells were then serum-starved for 2 h under cell 

culture conditions in 200 µl of serum-free medium. 100 µl of medium was removed from 

the test well and the cells were stimulated with 100 µl solutions of IGF-1, whey growth 

factor extract (WGFE; a kind donation from TGR Biosciences) or FBS (IGF-1, WGFE and 

FBS were diluted in cell culture medium) for 5, 10 or 15 min time periods.  

 

The remainder of the experiment was identical for both methods and was performed 

according to the manufacturer’s instructions (see below). 

 

After removing the medium from the cells, 100 µl for 96-well plates or 300 µl for 24-well 

plates of Lysis Buffer (diluted to 1X in sterile water) supplied in the AlphaScreen™ 

SureFire™ p-ERK assay kit (provided by TGR Biosciences) was incubated over the cells 
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and mixed on a RATEK orbital mixer set at 3.5 for 10 min at 25°C. The solutions were 

then stored frozen until use.  

 

The remainder of the assay was performed at TGR Biosciences. 40 µl of the thawed cell 

lysate was transferred to a separate well. 10 µl of Activation Buffer (in the AlphaScreen™ 

SureFire™ p-ERK assay kit) was added to the cell lysate to give a final concentration of 

20% (v/v) Activation Buffer. The plate was mixed for 2 min at 25°C. 5 µl of the activated 

lysate was transferred to a 384-well Proxiplate™ (Perkin Elmer). 6 µl of the Reaction 

Buffer (containing AlphaScreen™ beads) was added to the activated lysate. The plate was 

sealed and covered with aluminium foil to shield it from ambient light. The plate was then 

incubated at 25°C with gentle mixing for 2 h. Finally, fluorescence measurements in the 

test wells were recorded on an AlphaScreen™ plate reader using standard AlphaScreen™ 

settings.  

 

Fluorescence microscopy 

 

Cellular nuclei were stained with a Hoechst 33342 (Molecular Probes) nuclear dye. The 

commercial stock of Hoechst 33342 dye was diluted to 0.1 mg/ml in PBS. 100 µl of the 

dilution was added to 1 ml of cell culture medium and incubated with the cells under cell 

culture conditions for 1 h. The cells were washed twice in PBS. Fluorescence micrographs 

of the cells were taken as described below. 

 

Cellular filamentous actin was stained with an Alexa Fluor® 594 phalloidin (Molecular 

Probes) dye. After washing cells twice in PBS warmed to 37°C, the cells were fixed with 

4% (v/v) formaldehyde for 10 min at 25°C. The cells were washed twice with PBS. The 

cell membrane was then permeabilised by incubating in 1 ml of 0.1% (v/v) Triton X-100 

(Sigma) prepared in PBS at 25°C for 5 min. The cells were washed twice with PBS. A 

working concentration solution of Alexa Fluor® 594 phalloidin was prepared by dissolving 

the dye in 1.5 ml of methanol to yield a final concentration of 6.6 µM. A working 

concentration dye was prepared by diluting 25 µl of Alexa Fluor® 594 phalloidin stock 

solution per 1 ml of PBS supplemented with 1% (w/v) of BSA. 300 µl of this solution was 
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incubated with the cells at 25°C for 20 min. The cells were washed twice in PBS and once 

with water. 

 

Fluorescence micrographs were acquired on an Olympus IX81 microscope using 10x/0.4 or 

20x/0.75 UPlanSApo objectives through an F-View II fluorescence charge coupled device 

(CCD). Hoechst 33342 dye fluorescence was excited through a 360-370 nm excitation filter 

and the emission was recorded through a 420-460 nm barrier filter. Alexa Fluor 594 dye 

was excited through a 530-550 nm excitation filter and the emission was recorded through a 

575-625 nm barrier filter. Images were processed using AnalySIS LS Research v2.5 

software (Soft Imaging Systems) and false coloured using the colours designated for each 

dye as provided in the database of the software.  

 

1.2.9 X-ray photoelectron spectroscopy 
 

XPS analysis was performed on two instruments (depending on the availability of the 

instruments). The first was a Physical Electronics PHI 5600 ESCA system. Spectra were 

acquired using the non-monochromated Mg Kα X-ray (hv =1253.6 eV) source at a base 

pressure lower than 10-8 Torr, an accelerating potential of 15 kV and a take-off angle of 

45°. The other instrument was a Kratos Axis Ultra DLD. Spectra were recorded on this 

instrument using the monochromated Al Kα (hv =1486.6 eV) X-ray source at a base 

pressure better than 10-9 Torr, accelerating potential of 15 kV and a take-off angle of 45°. 

The pass energy for a survey spectrum was 93.9 eV on the Physical Electronics PHI 5600 

ESCA and 160.0 eV on the Kratos Axis Ultra DLD spectrometers. Elements on the surfaces 

were identified from the survey spectrum. Atomic concentrations were calculated from the 

integral peak intensities of the main photoelectron peak for each element identified in the 

spectrum using a Shirley-type background and the sensitivity factors supplied by the 

manufacturers’ of the instruments. High-resolution spectra of individual elements were 

taken at a pass energy of 23.5 eV on the Physical Electronics PHI 5600 ESCA and 20.0 eV 

on the Kratos Axis Ultra DLD spectrometers. Individual components were fitted to the 

high-resolution spectra assuming a Gaussian-Lorentzian with a 30% Lorentzian component. 

The full-width-half-maximum (FWHM) was constrained to have the same value as the CHX 
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component in the C 1s region and the component fitted at the lower binding energy value, 

C 2 (assigned to NH2), in the N 1s region. Charging effects of the samples during analysis 

were corrected to 285.0 eV for hydrocarbon in the C 1s region. Samples were analysed in 

duplicate unless stated otherwise. 

 

1.2.10 Infrared spectroscopy 
 

Fourier transform-IR (FT-IR) spectroscopy was performed on a Nicolet Avatar® 370MCT, 

by using a smart apertured grazing angle (SAGA) accessory supplied by the manufacturer. 

This accessory allows information to be obtained for thin films ranging from 1 nm to 1 µm 

in depth. Before analysis, the detector was cooled with liquid N2 for 15 min and samples 

were placed face down on the aperture of the SAGA accessory. The instrument was 

allowed to purge with purified dried air for 1 h before analysis. The air was purified in a 

Norgren hydrocarbon vapour adsorption filter and dried in a Parker FT-IR purge gas 

generator at 10 scfh before entering the instrument. Background spectra were taken on 

cleaned uncoated titanium substrates. The spectrum was recorded at a resolution of 4 

wavenumbers/cm and 64 scans.  

 

1.2.11 Atomic force microscopy 
 

Samples were analysed using a Nanoscope 4 Multimode microscope (Digital Instruments) 

in Tapping Mode. High frequency commercial silicon cantilevers (TESP, Veeco 

Instruments, USA) were used. Root mean square (RMS) roughness values were calculated 

from height images using the Nanoscope 5.12r3 software (Digital Instruments).  

 

1.2.12 Scanning electron microscopy 
 

Images of samples were taken on a Phillips XL30 operated at 10 kV. All samples were 

coated with a thin layer of platinum to a thickness of 2 nm to prevent charging effects 

during analysis. 
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1.2.13 Statistical analyses 

 

The data was processed using Kaleidegraph version 4.0 software. The raw data from each 

sample set was categorised into groups. Statistical analyses was performed using a Student 

t-Test by comparing the means of each independent group assuming that the variances of 

each group are equal. A p value of less than 0.05 was considered to be of significant 

difference.  
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1.3 Results and Discussion 
 

1.3.1 Characterisation of silica films deposited on titanium by plasma 

enhanced chemical vapour deposition (PECVD) 
 

To begin this study, the properties of the titanium surface will first be addressed. Because 

this research was based on previous investigations, high-purity titanium sheet (99.7% 

purity) was purchased from the same supplier (Sigma) [81-83, 85]. Typically, there are 

large morphological features present on the metal as shown in the height images obtained 

by means of atomic force microscopy (AFM) in Figure 1.12 A-D. Notably, there appear to 

be grooves present on the surface derived from the manufacturing process. Also, the AFM 

images of the metal surface have relatively high root mean square (RMS) height values of 

10±5, 48±21, 111±49 and 137±55 nm at areas of 1, 10, 50 and 100 µm2, respectively 

(Figure 1.13). This corresponds well with previous AFM measurements that have been 

carried out on this material [68].  

 

The chemical compositions of untreated and cleaned titanium surfaces (analysed by X-ray 

photoelectron spectroscopy (XPS)) are shown in Figure 1.14 and representative survey 

spectra are shown in Figure 1.15 A and B, with the main photoelectron peaks being labeled 

for each element on the graphs. Typically, there is a large amount of carbon (55 atomic % 

(at.%) mainly in the form of hydrocarbon contamination, acquired during the 

manufacturing process and subsequent handling. Also, there was a small amount of 

nitrogen (4 at.%) and a weak titanium signal (below 10 at.%) detected. The titanium signal 

was partially quenched by a contaminating layer (mainly in the form of hydrocarbons) that 

was present on the surface. A cleaning procedure was developed to remove the 

contaminating hydrocarbon layer and increase the depth of the surface oxide layer.  

 

Substrates were cleaned by a combined physical (ultrasonication) and chemical (detergent) 

method. A non-ionic detergent (Pyroneg), mainly comprised of alkaline salts, was used to 

chemically clean the substrates. Pyroneg is commonly used for cleaning of medical devices, 
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including metallic materials. After cleaning the substrates, the level of carbon was reduced 

by approximately 40% and the nitrogen signal remained below 10 at.% (Figure 1.14 and 

compare Figure 1.15 A to B). Also, the titanium signal increased to 14 at.% due to the 

reduced thickness of the contaminating layer (Figure 1.14). Oxygen increased from 33 to 

47 at.% after cleaning, indicating an increase in the thickness of the titanium oxide layer 

that corresponded with a decrease in the hydrocarbon layer (Figure 1.14). 

 

Silica was next deposited onto the cleaned titanium surfaces by a plasma enhanced 

chemical vapour deposition (PECVD) process. In previous studies by our research team, 

plasma deposited bioactive silica coatings have been applied to a variety of metals, 

including titanium [81-83, 85]. Importantly, the plasma silica coatings have been shown to 

improve the performance of metallic-based materials as implant devices [85]. The 

parameters employed for silica deposition on titanium in this research were adapted from 

former experiments involving the extensive characterisation and optimisation of the plasma 

processing conditions [81-83, 85]. These parameters are described in detail on pages 32-35.  

 

The silica films deposited using this PECVD process are somewhat different to that of 

other silica films, such as those derived by sol-gel and plasma-spray methods [117]. Silica 

that is deposited by the PECVD process used in this thesis, produces a structurally and 

functionally graded metal/oxide/silicate/silica layer, which also becomes partly embedded 

in the titanium oxide layer, resulting in a strongly bound surface silica layer [81-82]. The 

remainder of the thesis will refer to titanium substrates coated by silica through this 

particular PECVD process as PECVD-Si-Ti. Silica was deposited at low vapour flow rates 

by using a low temperature (approximately 80°C) plasma processing procedure in 3 steps 

(see below), which has the advantages of forming a more strongly bonded film in 

comparison to other techniques such as sol-gel and plasma spraying used for the deposition 

of bioactive glass [80]. Also, these plasma parameters do not significantly alter the 

underlying substrate’s properties and all 3 steps (described below) can be performed in situ, 

minimising sample handling. 
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The first step of the PECVD process involved a pre-treatment of the samples in air plasma. 

This step served to further clean the surface by plasma etching and increase the thickness of 

the surface oxide layer. This step was important because the process requires the slow 

growth of the coating beginning in the titanium oxide layer in order to produce a graded 

metal/oxide/silicate/silica layer that strongly bonds to the metal’s surface. Results from 

XPS are shown in Figures 1.14 and 1.15 C. The level of carbon decreased by 30% on 

titanium after processing detergent-cleaned titanium substrates in air plasma (refer to 

Figure 1.14 and compare Figure 1.15 B to C) and the titanium signal was increased to 17 

at.%, indicating that the hydrocarbon contaminating layer had decreased in thickness. Also, 

the level of oxygen increased by 13%, which can be attributed to an increase in the 

thickness of the titanium oxide layer. A small amount of contamination from other species 

(nitrogen and fluorine) was present (≤ 1 at.%). However, 76% of the nitrogen from 

untreated titanium (surface contamination derived possibly from the manufacturing process 

of the titanium sheet) was removed by the air plasma cleaning step, which otherwise could 

not be removed by the detergent-cleaning procedure (Figure 1.14). In addition, 5 at.% of 

silicon was detected. The silicon signal indicates that a small amount of silica was 

deposited on the surface, probably from TEOS-derived species that had adsorbed to the 

walls of the vapour delivery lines or the walls of the plasma chamber from previous 

experiments. TEOS is used as a precursor in the deposition of silica as outlined on pages 

32-35.  

 

Also, the air plasma treatment step did not significantly change the morphological 

characteristics of the titanium surface (Figure 1.12 E-H), with measured RMS values of 

11±5, 47±22, 77±30 and 103±21 nm at areas of 1, 10, 50 and 100 µm2 respectively, which 

were not significantly different to that of clean, non-plasma processed titanium (Figure 

1.13). Therefore, a smoothing effect from plasma processing of titanium from surface 

etching by electron and ion bombardment, which affects the contaminating hydrocarbon 

layer and the outermost molecular layers of the metal/oxide, was not detected in this study. 

This was important since it is known that topographical features on a material’s surface can 

influence cellular behaviour independent of surface chemistry [34, 118-120]. 
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Figure 1.12. AFM height images of titanium surfaces. A-D represents detergent-cleaned titanium and E-H 

was taken on detergent-cleaned titanium subjected to 20 min of air plasma processing. Scanned areas of 1 

µm2 have a height (z) scale bar of 100 nm (A and E); at 10 µm2 the scale bar is 500 nm (B and F); at 50 µm2 

(C and G) and 100 µm2 (D and H) the scale bar is 1000 nm. 

 

Figure 1.13. RMS values (nm) taken on detergent-cleaned titanium (referred to as Untreated Ti in the figure) 

and detergent-cleaned titanium subjected to 20 min of air plasma processing (Plasma processed Ti). 
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Figure 1.14. Elemental atomic % data of titanium surfaces (determined through XPS analysis) of untreated, 

cleaned (by detergent) and cleaned/plasma-processed (20 min of air plasma) titanium. Statistical analyses: 

Oxygen content of cleaned/plasma-processed Ti was significantly different to untreated Ti (p < 0.0001) and 

detergent-cleaned Ti (p = 0.001); carbon content of cleaned/plasma-processed Ti was significantly different to 

untreated Ti (p < 0.0001) and detergent-cleaned Ti (p = 0.0002). 
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Figure 1.15. Representative XPS survey spectra of untreated titanium (A); after cleaning titanium in Pyroneg 

detergent (B) and after subjecting cleaned titanium to 20 min of air plasma treatment (C). All spectra were 

acquired from the centre of each sample. The main photoelectron peak for each identified element is labeled 

on the graphs. CPS denotes counts per second. 

 

Next, silica was deposited onto the cleaned and oxidised substrates in the second step of the 

PECVD process. The thick oxide film formed in the first step is essential for obtaining well 

adherent silica films. This was explained in previous studies, which have showed that Si-O 

species, formed in the air/TEOS plasma, become embedded as silicate species in the plasma 

grown titanium oxide layer [81]. Also, the water present in the air supply (refer to pages 

32-35) acts as a catalyst in the hydrolysis of TEOS. A possible hydrolysis reaction is shown 

in Scheme 1.2. Alkoxysilanes readily hydrolyse in water and the hydrolysed TEOS species 

can condense with each other in the gas phase or react with surface hydroxyl groups [107]. 
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Also, other species such as SiO- ions and SiO radicals formed in the air/TEOS plasma can 

react and become embedded in the titanium oxide [81-82].  

 

Si(OC2H5)4 4H2O Si(OH)4 4CH3CH2OH  
 

Scheme 1.2. A possible plasma-phase hydrolysis reaction of a TEOS molecule with water.  

 

In one set of experiments, the air carrier gas was exchanged for pure oxygen. Interestingly, 

silica was deposited onto titanium at a slower rate in an oxygen atmosphere compared to 

air. A small titanium signal (~2 at.%) is still found on the substrate surface after silica 

deposition in an oxygen atmosphere as shown in Figure 1.16 A (elemental at.% data) and 

B (a survey spectrum). Also, the level of silicon was found to be about 20% lower on 

PECVD silica coatings grown in an oxygen atmosphere compared to those grown using air 

(compare Figures 1.16 A and 1.17 B). This data indicates that a thinner layer of silica was 

deposited in an oxygen atmosphere compared to air at the same PECVD treatment time. 

 

 
 

Figure 1.16. Elemental atomic percentages (obtained by XPS) of two PECVD-Si-Ti substrates in which silica 

was deposited in an oxygen atmosphere (A) and a survey spectrum (B) taken on one of those films (the main 

photoelectrons that were detected by the instrument are labelled). Refer to pages 32-35 for a detailed 

description of the plasma silica deposition parameters. Statistical analyses: Silicon content of PECVD-SiO2-Ti 

was significantly different for silica deposited in an oxygen atmosphere to an air atmosphere (p = 0.002). 
 



Part 1: Results and Discussion 55

 
 

Figure 1.17. A representative survey spectrum (with the main photoelectron signals labeled) of PECVD-Si-Ti 

(treated with 5 min of air/H2O2 plasma) onto which silica was deposited in an air atmosphere (A) and average 

XPS elemental atomic percentages of such a film (B). Photographs of an uncoated titanium disc (C) and 

PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) (D) are also shown.  

 

For the remainder of the experiments, silica was deposited in an air atmosphere. During the 

initial stages of this research, the PECVD-Si-Ti substrates were also treated with air/H2O2 

plasma (Step 3 of the PECVD process), which has been reported to increase the surface 

density of silanol groups on PECVD-Si coatings [81-83]. Generation of silanol groups is 

required for apatite growth and silane coupling [107, 121].  

 

As analysed by XPS, the elemental composition of these surfaces comprised approximately 

of 60 at.% oxygen, 10 at.% carbon and 30 at.% silicon (Figure 1.17 B), which is similar to 

previous reports obtained using this technique [81-83]. The oxygen/silicon ratio of 2.1±0.2 

is close to 2.0 expected for silicon dioxide. The PECVD-Si coatings on titanium are usually 

bronze in colour, in comparison to the uncoated grey titanium surface, attributed to optical 

reflective interference effects from the coating (Figure 1.17 C-D). The colour effect 

observed on PECVD-Si-Ti (caused by a change in the surface layer’s refractive index) 

suggests that the PECVD-Si coating is relatively thick. This was confirmed by 

profilometry, which gave a measured film thickness in the order of 500 nm (refer to pages 

34-35 for a description of the method). Importantly, there is a complete attenuation of the 

underlying titanium signal, indicative of a continuous silica layer covering the substrate 

(Figure 1.17 A). Samples treated with Step 3 of the PECVD process (air/H2O2 plasma) 

were identical in colour to the PECVD-Si-Ti surface not treated with Step 3 (data not 
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shown) and the surface chemistry of these samples was not significantly different, as will 

be discussed from page 57 (compare Figure 1.17 A to Figure 1.20 and Figure 1.21 A to 

B). 

 

Micrographs of PECVD-Si-Ti were taken by scanning electron microscopy (SEM) and 

compared to clean, uncoated titanium surfaces at low (Figure 1.18 (A and D), medium (B 

and E) and high (C and F)) magnifications. At low magnifications, the PECVD-Si-Ti 

surface appeared slightly smoother than an uncoated titanium surface (compare Figure 1.18 

A to D). Images taken at medium and high magnifications support this observation 

(compare Figure 1.18 B-C to E-F). Additionally, the PECVD-Si coating has filled cracks 

that are present on the titanium surface (compare Figure 1.18 B to E). There are also 

globular nanostructures present on PECVD-Si-Ti, which are highlighted in Figure 1.18 E 

to F. These may correspond to silica nanoparticles deposited during the PECVD process 

due to possible gas phase nucleation and growth. This is a reasonable conclusion since the 

formation of nanoscale aggregates is common during silica mineralisation [122-127]. 

 

 
 

Figure 1.18. SEM micrographs of clean, uncoated titanium (A-C) and PECVD-Si-Ti (D-F). For both sample 

types, images were taken at low (A and D), medium (B and E) and high (C and F) magnifications. The red 

circles in E and F highlight small, globular particles that were observed only on the plasma silica films. All 

samples were coated with a thin layer of platinum (~ 2 nm) to prevent sample charging during SEM analysis. 



Part 1: Results and Discussion 57

More importantly, these coatings were stable under reasonably vigorous conditions 

developed for grafting silanes to the surface of silica (refer to pages 36-37). After exposing 

PECVD-Si-Ti substrates to boiling toluene overnight, the underlying titanium surface could 

still not be detected by XPS (Figure 1.19 A and B). This result confirmed that the sample 

was prepared appropriately and the plasma processing parameters were adequate for 

obtaining robust silica films on titanium. 

 

Another important surface feature considered was the density of surface hydroxyl groups. 

These groups were required to be available to react with alkoxysilanes to form strongly 

(covalently) bonded siloxane layers that were subsequently used as attachment points for 

insulin-like growth factor-1 (IGF-1). Although hydroxylation of PECVD-Si-Ti by means of 

air/H2O2 plasma has been used in the preparation of these substrates for inducing apatite 

precipitation and enhancing bone formation, the degree of hydroxylation of the PECVD-Si-

Ti substrate surface has yet to be extensively investigated [83, 85].  

 

From XPS analysis, PECVD-Si-Ti not treated with air/H2O2 plasma was found to be 

similar in surface chemical composition compared to PECVD-Si-Ti that was treated with 

air/H2O2 plasma (compare Figures 1.20 to 1.17 A). Also, no additional information could 

be obtained on PECVD-Si-Ti (not treated and treated with 5 min of air/H2O2 plasma) 

substrates by infrared spectroscopy on a Nicolet Avatar®  370MCT spectrometer equipped 

with a smart apertured grazing angle (SAGA) accessory capable of analysing the chemistry 

of thin films ranging from 1 nm to 1 µm in thickness (Figure 1.21 A and B). The broad 

hydroxyl-stretching band expected at approximately 3400 cm-1 was not detected and both 

spectra were rather featureless apart from the narrow SiO2 band near 1250 cm-1 [128]. 

Therefore, three different methods were chosen to assess the surface coverage of hydroxyl 

groups: contact angle measurements were taken on the substrates; hydroxyls were 

derivatised with trifluoroacetic anhydride (TFAA); and hydroxyl groups were derivatised 

with a fluorinated silane molecule (discussed in the following section of Part 1: Results and 

Discussion). 
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Figure 1.19. XPS data of PECVD-Si-Ti taken after boiling the samples in toluene overnight. A survey 

spectrum (with labeled photoelectrons) is shown in A and B shows the elemental atomic % of the surface.  

 

 

 
 

Figure 1.20. An XPS survey spectrum of PECVD-Si-Ti that was not subjected to an air/H2O2 plasma 

treatment. 
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Figure 1.21. Infrared spectra of PECVD-Si-Ti (A) and after treating PECVD-Si-Ti with 5 min of air/H2O2 

plasma (B). The spectra were acquired on a Nicolet Avatar®  370MCT spectrometer equipped with a smart 

apertured grazing angle (SAGA) accessory. 

 

The first method involved measuring three-phase contact angles at the interface of small (2 

µl) water droplets and the material’s surface in air. This technique gave an indication of the 

interfacial energy at the solid-liquid interface. For a surface with a high energy, the water 

droplet will spread, that is, the surface will be easily wetted. This is typical for a 

hydrophilic surface such as one containing a high density of hydroxyls [129-130]. 

Conversely, a hydrophobic surface such as one contaminated with high amounts of 

saturated hydrocarbon, will repel water and water droplets with a high contact angle will 

form. There are other factors that can have a bearing on the contact angle, such as surface 

roughness, but to simplify the argument, these will not be considered.  

 

Contact angle measurements were also performed to characterise the surface of detergent-

cleaned, uncoated titanium. In Figure 1.22 A, a water droplet has formed on untreated (“as 

received”) titanium with an average contact angle of 71±11°. The relatively hydrophobic 

surface observed here is a result of the thick hydrocarbon layer present on the material. 

After titanium was cleaned in detergent, some of the contaminating layer was removed and 

the thickness of the titanium oxide layer increased (refer to pages 48-49) that made the 

surface more hydrophilic (from an increase in the surface density of titanium-oxide species 

such as Ti-OH) and consequently the contact angle was reduced to 45±2° (Figure 1.22 B).  
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Surprisingly, the water droplet completely spread on the PECVD-Si-Ti surface (not treated 

with air/H2O2 plasma) and could not be imaged by the charge-coupled device (CCD), 

which is a common problem for very hydrophilic surfaces. This is indicative of a contact 

angle of less than 10° and a highly hydrophilic surface with a high hydroxyl group density. 

Interestingly, after treating PECVD-Si-Ti with air/H2O2 plasma, the contact angle was now 

15±4° (Figure 1.22 C). This result suggests that the air/H2O2 plasma post-treatment 

reduces the hydroxyl group density on the surface [129]. 

 

Using another method, the hydroxyls were derivatised with TFAA. TFAA reacts with 

surface hydroxyls to form an ester with 3 terminal fluorine atoms that can be detected by 

XPS (Scheme 1.3). The reaction has previously been used to detect hydroxyl groups on 

plasma deposited films, and the experimental parameters used here were adapted from 

these reports [131-132]. 

 
Figure 1.22. Photographs of water droplets (2 µl) on untreated titanium (A), after cleaning titanium in 

detergent (B) and on PECVD-Si-Ti treated with 5 min of air/H2O2 plasma. The contact angle (θ) was 

measured on the left (shown) and the right side of the water droplet. Statistical analyses: Contact angle of 

PECVD-SiO2-Ti treated with 5 min of air/H2O2 plasma was significantly different to untreated Ti (p < 

0.0001) and detergent-cleaned Ti (p < 0.0001). 
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Scheme 1.3. Reaction of TFAA molecule with a surface hydroxyl group. An ester is formed on the surface 

with 3 fluorine atoms (shown in red) that provide a characteristic elemental label for XPS analysis. 
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In attempts to optimise the TFAA/OH derivatisation reaction, surface hydroxyl groups were 

reacted with TFAA by a range of methods. First, clean, uncoated titanium and PECVD-Si-

Ti were placed at the bottom of a closed jar containing a separate vial of TFAA solution 

(Method 1) and were incubated with TFAA vapour for 1 h at 25°C (refer to pages 35-36). 

The samples were subsequently analysed by XPS and the results are displayed in Figure 

1.23 A-D. As shown in Figure 1.23 A, there is a small amount of fluorine (1.0 at.%) on the 

uncoated titanium surface after the reaction, indicating that some TFAA had reacted with 

the surface. Notably, fluorine was not detected on PECVD-Si-Ti treated for 1, 5 and 15 min 

in air/H2O2 plasma after silica deposition (Figure 1.23 B-D). Due to the absence of the 

fluorine signal, the experimental parameters were adjusted in an attempt to improve the 

reaction yield. 

 

Clean, uncoated titanium and PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) were 

then reacted with TFAA vapour in a custom-built reaction vessel (shown in Figure 2.10) 

that allowed for more vigilant measures to be taken to create a dry atmosphere (Method 2) 

(refer to pages 35-36). The reaction was again performed at 25°C and at reaction times of 1 

h. Additionally, in one set of experiments, the TFAA solution was maintained at 40°C to 

help vaporise the TFAA solution. The uncoated titanium surface produced a slightly higher 

fluorine signal (1.5 at.%) compared to the previous result and this signal was increased to 

2.0 at.% following a reaction when the TFAA solution was heated to 40°C (Figure 1.24 A 

and B). The relatively low fluorine signal obtained on TFAA-derivatised uncoated titanium 

(maximum of 2.0 at.%), compared to fluorine detected at 4-27.5 at.% on TFAA-derivatised 

polymers in previous studies, suggests that hydroxyl groups are present on titanium only at 

a low surface density [132-133]. However, after reacting TFAA with PECVD-Si-Ti 

surfaces treated with 5 min of air/H2O2 plasma, fluorine was again unable to be detected on 

the substrate surface (Figure 1.24 C and D), expected to have 2.5-3.0 OH groups per nm2, 

suggesting that it does not adequately represent the surface hydroxyl concentration [134]. 
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Figure 1.23. XPS survey spectra of clean, uncoated titanium (A) and PECVD-Si-Ti treated with 1 min (B), 5 

min (C) and 15 min (D) of air/H2O2 plasma. All surfaces were reacted with TFAA by Method 1 (refer to 

pages 35-36 for a detailed description). Elemental atomic percentages for each major photoelectron peak 

detected by the instrument are shown. 
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Figure 1.24. XPS survey spectra of clean, uncoated titanium (A and B) and PECVD-Si-Ti treated with 5 min 

of air/H2O2 plasma (C and D). Samples were reacted with TFAA by Method 2 (refer to pages 35-36 for a 

detailed description). TFAA solution was heated to 40°C in B and D. 
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In a more direct approach, the samples were allowed to incubate in TFAA solution for 

reaction times of 5 min and 1 h (Method 3) (refer to pages 35-36). The reaction on 

PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) was compared to commercially 

available silicon (used as a control surface). After the TFAA reaction, the silicon surface 

produced a low fluorine signal of 0.4 at.% and 0.3 at.% for 5 min and 1 h reaction times, 

respectively (Figure 1.25 A-B). Corresponding fluorine signals on PECVD-Si-Ti were 

both at 0.1% (Figure 1.25 C and D). Only trace levels of fluorine were detected on these 

surfaces, which may be an indication that there are only few hydroxyl groups available to 

react with the TFAA molecule, the reaction did not proceed very efficiently, or that there is 

a side reaction that degrades the PECVD-Si film and the generated ester with it. The latter 

two possibilities are more probable considering that the surface of PECVD-Si-Ti (not 

treated and treated with 5 min of air/H2O2 plasma) was shown to be hydrophilic (from 

contact angle data) (refer to Figure 1.22 C and pages 59-60). Previously, Dang et al. 

attempted to derivatise silanol groups using TFAA [135]. They too found that the reaction 

did not occur effectively on silica, and the data obtained here corroborated their results. A 

possible cause for this is that the acidic by-product produced in the TFAA/hydroxyl 

reaction (Scheme 1.3) may degrade the PECVD-Si coating. This can be potentially 

remedied by adding a volatile base such as pyridine to neutralise the reaction, however this 

was not performed in these experiments. 
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Figure 1.25. XPS survey spectra on commercial silicon and PECVD-Si-Ti (treated with 5 min of air/H2O2 

plasma) after a TFAA reaction in solution (Method 3) (refer to pages 35-36 for a detailed description). 

Shown, is a spectrum of silicon reacted with TFAA for 5 min (A) and 1 h (B) and PECVD-Si-Ti reacted with 

TFAA for 5 min (C) and 1 h (D). The silicon used in this experiment was purchased from Virginia 

Semiconductor Inc. (Virginia) and was boron doped to a resistivity of 0.0005-0.001 Ω·cm. 
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Furthermore, no additional evidence could be obtained from high-resolution C 1s spectra 

(Figure 1.26). In this figure, the C 1s spectra of clean, uncoated titanium, silicon and 

PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) control surfaces (Figure 1.26 A-C) 

can be directly compared to corresponding surfaces after TFAA reactions (Figure 1.26 D-

G). Notably, the broad asymmetrical C 1s photoelectron peak on all controls consisted of 

the expected hydrocarbon peak at 285.0 eV and the shoulder seen on all the spectra were 

attributed to C-O contaminant species at about 286.5 eV. The expected peak at 289.7 eV 

corresponding to C-F from the TFAA molecule bonded to a surface hydroxyl (OCOCF3) 

was absent [131]. However, this was not surprising since only traces of the molecule could 

be detected in the survey spectrum. 

 

Other techniques have also been applied for detecting surface hydroxyl groups but these 

were not investigated in this thesis. For example, the surface coverage of hydroxyls have 

been directly and quantitatively analysed by XPS without any need for indirectly labeling 

hydroxyl groups with a marker molecule [136]. However, the disadvantage of this 

technique was that several assumptions were required to be made in order to model the 

molecular layers covering the substrate and detailed XPS procedures were required. 

Another indirect method described by Ivanov et al. used a fluorescent dye to label the 

hydroxyls of a polymer film and the density of hydroxyls was determined by comparing the 

fluorescence of the sample films against a carefully constructed calibration standard [137]. 

Another group derivatised hydroxyl groups with zinc ions that were detected by inductively 

coupled plasma atomic emission spectrometry (ICP-AES) [138]. Rather than investigating 

these procedures, in this present study, the hydroxyl groups were derivatised with model 

silane molecules. These samples were then analysed by XPS to confirm the presence of 

marker silane molecules directly bound to uncoated titanium and PECVD-Si-Ti surfaces. 

Similar silanes were also used later as attachment tethers for insulin-like growth factor-1 

(IGF-1). The results will be discussed in the following sections of Part 1: Results and 

Discussion. 
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Figure 1.26. C 1s high-resolution XPS spectra for selected surfaces. Controls (samples not treated with 

TFAA) of clean, uncoated titanium (A), silicon (B) and PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) 

(C) are shown. Clean, uncoated titanium and PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) reacted 

with TFAA by Method 2 (TFAA solution was heated to 40°C) is shown in D and E. TFAA reactions on 

PECVD-Si-Ti and silicon by Method 3 (reaction time = 1 h) are shown in F and G. Refer to pages 35-36 for 

detailed descriptions of TFAA derivatisation procedures. 
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In summary, a cleaning procedure was devised in this section for removing the 

contaminating hydrocarbon layer from the titanium surface in preparation for the deposition 

of PECVD-Si. The surface of PECVD-Si-Ti, on which silica had been deposited in an air 

atmosphere, is mainly silicon dioxide and the hydrophilic films adhere well to the titanium 

substrate. Finally, identification of hydroxyl groups could not be achieved by labeling the 

groups with TFAA for subsequent XPS analysis because the reaction does not proceed well 

on oxidised silicon or on PECVD-Si surfaces. However, the next part of the study uses 

another labeling method to investigate the coverage of hydroxyl groups on the PECVD-Si-

Ti surface. The following section discusses the surface coverage of alkoxysilanes, which 

were grafted on PECVD-Si-Ti. These surfaces are also analysed by means of XPS. 
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1.3.2 Assessment of alkoxysilane grafting methods on PECVD-Si-Ti 
 

This section addresses the loading ability of alkoxysilane molecules on PECVD-Si-Ti 

and the stability of siloxane films under physiological conditions. The reactions of 

alkoxysilanes on hydroxylated surfaces has been extensively characterised in previous 

work and it is known that a rapid condensation of the silane molecules occurs on the 

surface in the initial stages of the reaction and at longer reaction times, cross-linked 

multi-layers of silanes are formed [107, 139]. However, under different reaction 

conditions, silanes can also form a range of other different molecular surface 

orientations, which can have a major impact on their stability in solution [108, 125, 

140-145]. Because silanes will be used to tether IGF-1 to PECVD-Si-Ti, as will be 

described in the following sections, both the density of silane molecules and the 

stability of the siloxane films will be important factors for sustaining IGF-1 bioactivity 

on the biomaterial surface. Both of these factors will be qualitatively examined here 

under different reaction conditions (silane concentrations, temperature and time) and 

solvent systems (organic, aqueous, anhydrous, neat and pH). 

 

PECVD-Si-Ti was first reacted with a 3,3,3-trifluoropropyl trimethoxysilane (FPTMS) 

under different conditions. A simplified schematic of the silane attached to a surface 

containing hydroxyl groups is shown in Scheme 1.4. After the reaction, the surface 

becomes terminated with three fluorine atoms per silane molecule (shown in red in 

Scheme 1.4). Since fluorine is absent on both PECVD-Si-Ti and cleaned, uncoated 

titanium surfaces, fluorine could be used as a distinct marker element to indicate that 

FPTMS had attached on the surfaces (by XPS analysis). This is a similar approach to 

that described for the surface reactions involving trifluoroacetic anhydride (TFAA) in 

the previous section.  

 

OH
OH
OH

Si

OCH3

H3CO

OCH3

CF3 O
O
O

Si
CF3

3(CH3OH)

 
 

Scheme 1.4. Schematic of a possible surface reaction between a FPTMS and three hydroxyl groups. The 

surface becomes terminated with three fluorine atoms (shown in red). 
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FPTMS was first grafted onto PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) 

and uncoated titanium (as a control surface) in toluene at a concentration of 100 mM 

and a reaction temperature of 25°C (Method 1 – pages 36-37). The aim of this 

experiment was to comparatively examine a silane reaction on the titanium oxide 

surface, which is known to readily react with alkoxysilanes [146], to PECVD-Si-Ti 

(treated with 5 min of air/H2O2 plasma), which is thought to contain a high surface 

density of hydroxyl groups [83] and therefore should also react with alkoxysilanes.   

 

Typical XPS survey spectra taken on both the surfaces after the reaction are shown in 

Figure 1.27 A and B with atomic percentages in Table 1.3. On the uncoated titanium 

surface, a relatively strong fluorine (F 1s) signal was detected after the surface was 

labeled with FPTMS (Figure 1.27 A). 6 at.% of fluorine was detected on uncoated 

titanium after reacting the surface with FPTMS (Table 1.3). On PECVD-Si-Ti, a much 

lower percentage of fluorine was detected (2.0 at.%), which indicates that fewer 

FPTMS molecules were attached to PECVD-Si-Ti in comparison to titanium (Table 

1.3).  

 

At a high-resolution, the C 1s photoelectron spectra was curve-fitted with 4 components 

for both FPTMS-labeled uncoated titanium and PECVD-Si-Ti, respectively (Figure 

1.28): C 1 at 292.7-292.9 eV is assigned to the CF3 group of the silane; C 2 and 3 are 

carbon atoms bonded to oxygen at 288.8-289.0 eV for C-O-Si; 286.2-286.7 eV for C-O 

groups; and C 4 is saturated hydrocarbon at 285.0 eV [131, 147]. C-O and C-O-Si 

species may be from contaminants as well as unreacted methoxy groups of FPTMS 

[131, 147]. Finally, the contribution of C 1 (CF3) in the C 1s high-resolution spectra for 

FPTMS-labeled uncoated titanium (10.3%) was higher compared to PECVD-Si-Ti 

(treated with 5 min of air/H2O2 plasma) (7.7%), which supports the higher concentration 

of fluorine detected on uncoated titanium in Table 1.3 and the conclusion that a higher 

coverage of silane was achieved on the uncoated titanium samples (compared to 

PECVD-Si-Ti samples).  
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After 12 h of incubation in PBS under physiological conditions, the fluorine signal was 

reduced by 65% and 50% on uncoated titanium and PECVD-Si-Ti, respectively (Figure 

1.27 C and D and Table 1.3). This result shows that Method 1 produced a FPTMS 

siloxane film mixed with unstably and stably bound FPTMS molecules on both 

uncoated titanium and PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma). Also, 

traces of sodium from the PBS and nitrogen (contamination from additional handling) 

were occasionally detected on these surfaces (Table 1.3).  

 

 
 

Figure 1.27. Typical XPS survey spectrum from uncoated titanium (A and C) and PECVD-Si-Ti (treated 

with 5 min of air/H2O2 plasma) (B and D) surfaces functionalised with FPTMS (100 mM in toluene for 1 

h at 25°C) according to Method 1 (refer to pages 36-37) before (A and B) and after (C and D) 12 h of 

incubation in PBS at 37°C and 5% CO2. 
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Figure 1.28. High-resolution C 1s spectra (dashed lines) and curve-fitted spectra (solid lines) taken on 

uncoated titanium (A) and PECVD-Si-Ti (treated with 5 min of air/H2O2 plasma) (B) surfaces 

functionalised with FPTMS (100 mM in toluene for 1 h at 25°C) according to Method 1 (refer to pages 

36-37). 

 

 

Atomic % for samples labeled with FPTMS 

 O C  N F Ti Si Na 

Uncoated titanium 47.7 24.9 6.4 6.0 13.7 1.3 0.0 

PECVD-Si-Ti (treated with 

5 min of air/H2O2 plasma) 

60.7 9.0 0.2 2.0 0.0 28.1 0.0 

Atomic % for samples labeled with FPTMS and incubated  

in PBS at 37°C and 5% CO2 for 12 h 

 O C N F Ti Si Na 

Uncoated titanium 51.6 31.2 4.5 2.1 10.1 0.5 0.0 

PECVD-Si-Ti (treated with 

5 min of air/H2O2 plasma) 

63.2 9.6 0.4 1.0 0.0 25.6 0.2 

 
Table 1.3. Elemental atomic percentages for uncoated titanium and PECVD-Si-Ti samples (treated with 5 

min of air/H2O2 plasma) labeled with FPTMS (100 mM in toluene for 1 h at 25°C) according to Method 1 

(refer to pages 36-37) and after 12 h of incubation in PBS at 37°C and 5% CO2.  
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In previous studies, hydroxylation of PECVD-Si by air/H2O2 plasma was employed to 

improve the biological activity of the films deposited on titanium substrates [83, 85]. 

This was seen to produce an acceleration of bone growth on the implant surface in vivo, 

or HA-like precipitation in vitro. However, none of the data in these studies has directly 

measured an increase in the density of hydroxyl groups. Hydroxyl species were unable 

to be detected on PECVD-Si-Ti not treated or treated with air/H2O2 plasma by XPS or 

IR spectroscopy (refer to the previous section). Furthermore, PECVD-Si-Ti that was not 

treated with air/H2O2 plasma was found to be more hydrophilic in comparison to 

PECVD-Si-Ti treated with 5 min of air/H2O2 plasma by contact angle (refer to pages 

59-60). This result suggested that the PECVD-Si-Ti surface contains more hydroxyl 

groups in comparison to PECVD-Si-Ti treated with 5 min of air/H2O2 plasma. 

Therefore, in the next set of experiments, PECVD-Si-Ti samples treated in air/H2O2 

plasma for different times were labeled with FPMTS and the surfaces were analysed by 

XPS. 

 

This time, more vigorous reaction conditions were used to graft FPTMS onto PECVD-

Si-Ti. This involved refluxing 100 mM of FPTMS in toluene over the PECVD-Si-Ti 

samples for 1 h, followed by a heating step at 90°C for 12 h according to Method 2 (A) 

(refer to pages 36-37). FPTMS was reacted on PECVD-Si-Ti for a longer time and at an 

elevated temperature in an attempt to increase the coverage of FPTMS molecules on 

PECVD-Si-Ti.  

 

After FPTMS was grafted on PECVD-Si-Ti treated for 5 min in air/H2O2 plasma, 

according to Method 2 (A), the fluorine signal (by XPS) was 4.3 at.%, which was 

higher than the atomic percentage of fluorine detected on the same surface 

functionalised with FPTMS according to Method 1 (2.0 at.%) (compare Tables 1.3 and 

1.4). This result shows that a greater surface coverage of FPTMS molecules can be 

obtained on PECVD-Si-Ti by increasing the reaction time and temperature of the silane 

grafting conditions. After treating PECVD-Si-Ti with 15 min of air/H2O2 plasma 

treatment, the fluorine signal was 4.4 at.%, which was similar to the concentration of 

fluorine detected on FPTMS-labeled PECVD-Si-Ti treated with 5 min of air/H2O2 

plasma (4.3 at.%) (Table 1.4). This result indicated that a PECVD-Si-Ti surface 

processed with 5 min of air/H2O2 plasma contains a similar density of hydroxyl groups 

as one treated with 15 min of air/H2O2 plasma. After grafting FPTMS (according to 
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Method 2 (A)) onto PECVD-Si-Ti treated with 1 min of air/H2O2 plasma, only 1.7 at.% 

of fluorine was detected (Table 1.4). This was much lower than the concentration of 

fluorine (of 4.3 at.% and 4.4 at.%) detected on FPTMS-labeled PECVD-Si-Ti treated 

with 5 and 15 min of air/H2O2 plasma, respectively (Table 1.4). The highest amount of 

fluorine (5.4 at.%) and therefore the highest coverage of FPTMS molecules was 

achieved on PECVD-Si-Ti not treated with air/H2O2 plasma (Table 1.4). These results 

suggest that air/H2O2 plasma processing of PECVD-Si-Ti does not increase the density 

of surface hydroxyl groups and therefore is not needed for promoting the condensation 

of alkoxysilanes on PECVD-Si-Ti.  

 

To confirm these results, FPTMS was grafted (according to Method 2 (A)) on PECVD-

Si-Ti that had not been treated with air/H2O2 plasma and PECVD-Si-Ti treated with 5 

min of air/H2O2 plasma. Consistent with the results discussed above, the concentration 

of fluorine on PECVD-Si-Ti not treated with air/H2O2 (5.8 at.%) was approximately 1 

at.% higher than on PECVD-Si-Ti treated with 5 min of air/H2O2 plasma (4.6 at.%) 

(Table 1.5). This data, together with contact angle measurements discussed in the 

previous section, suggest that the density of hydroxyl groups is reduced on PECVD-Si-

Ti by air/H2O2 plasma processing compared to PECVD-Si-Ti not processed with 

air/H2O2 plasma. Possibly, the surface density of hydroxyl groups was reduced in the 

early stages of the air/H2O2 plasma treatment (≤ 1min) before new hydroxyl groups 

were formed following longer processing times (≥ 5 min) [129]. 

 

Air/H2O2 plasma treatment time O at.% C at.% N at.% F at.% Si at.% 

0 min 58.1 10.7 0.2 5.4 25.6 

1 min 52.1 15.9 1.2 1.7 29.1 

5 min 59.3 9.8 0.1 4.3 26.5 

15 min 53.9 13.0 0.0 4.4 28.7 
 

Table 1.4. Elemental atomic percentages of FPTMS-labeled PECVD-Si-Ti that had been treated with 

different times of air/H2O2 plasma, as indicated in the above table. 100 mM of FPTMS, prepared in 

toluene, was grafted on PECVD-Si-Ti by refluxing at 120°C for 1 h, followed by heating at 90°C for 12 h 

according to Method 2 (A) (refer to pages 36-37). 
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After incubating FPTMS-labeled PECVD-Si-Ti not treated and treated with 5 min of 

air/H2O2 plasma in PBS under physiological conditions, the percentage of fluorine 

decreased by 62% and 72%, respectively (Table 1.5). These results suggest that 

PECVD-Si-Ti not treated with air/H2O2 plasma, supports the highest coverage of 

alkoxysilanes and more stable siloxane films in comparison to PECVD-Si-Ti treated 

with air/H2O2 plasma. Since PECVD-Si-Ti not treated with air/H2O2 was found to be a 

more optimal surface for grafting alkoxysilanes compared to PECVD-Si-Ti surfaces 

treated with air/H2O2 plasma, for the remainder of this thesis, we abandoned the 

air/H2O2 plasma-processing step. 
 

Atomic % for PECVD-Si-Ti labeled with FPTMS 

 O C N F Si Na 

PECVD-Si-Ti not treated with 

air/H2O2 plasma 

57.7 10.7 0.0 5.8 25.8 0.0 

PECVD-Si-Ti treated with 5 min of 

air/H2O2 plasma 

58.7 9.8 0.0 4.6 26.9 0.0 

Atomic % for PECVD-Si-Ti labeled with FPTMS and incubated  

in PBS at 37°C and 5% CO2 for 12 h 

 O C N F Si Na 

PECVD-Si-Ti not treated with 

air/H2O2 plasma 

59.1 11.9 0.8 2.2 25.9 0.1 

PECVD-Si-Ti treated with 5 min of 

air/H2O2 plasma 

60.4 11.2 0.9 1.3 26.1 0.1 

 

Table 1.5. Elemental atomic percentages of FPMTS-labeled PECVD-Si-Ti not treated or treated air/H2O2 

plasma and after 12 h of incubation in PBS at 37°C and 5% CO2. FPTMS at 100 mM in toluene was 

refluxed at 120°C for 1 h and then heated at 90°C for 12 h according to Method 2 (A) (refer to pages 36-

37). 
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So far we found that grafting of an alkoxysilane (FPTMS) according to Method 1 (100 

mM of FPMTS for 1 h at 25°C) results in a relatively low coverage of FPTMS 

molecules and a FPTMS siloxane film that is relatively moderately stable under an 

aqueous physiological condition. Method 2 (A) (100 mM of FPTMS refluxed at 120°C 

for 1 h followed by heating at 90°C for 12 h) produced a greater coverage of FPTMS 

molecules and a FPTMS siloxane film that is similar in stability (under an aqueous 

physiological environment) to that of a FPTMS siloxane film produced according to 

Method 1. Also, PECVD-Si-Ti not treated with air/H2O2 plasma was found to be a more 

effective surface for functionalising with alkoxysilanes than air/H2O2 plasma-processed 

PECVD-Si-Ti. In the next set of experiments, a few more parameters will be 

investigated to determine if we can further control the grafting density of alkoxysilanes 

on PECVD-Si-Ti (not treated with air/H2O2 plasma) and analyse the stability of the 

siloxane films under physiological conditions.  

 

The coverage of FPTMS molecules on PECVD-Si-Ti (not treated with air/H2O2 plasma) 

was assessed under different silane grafting conditions: Method 2 (described above), 

with siloxane films not cured (Method 2 (A)) or cured at 100°C for 12 h (Method 2 

(B)); 1% (v/v) FPTMS in an aqueous environment (in a methanolic solution containing 

5% (v/v) water and 1 mM acetic acid) at 25°C for 2.5 h and then cured at 120°C for 5 

min – Method 3); and in an undiluted form (neat) at 90°C for 1 h – Method 4 (refer to 

pages 36-37).  

 

We first compared the coverage of FPTMS molecules grafted on PECVD-Si-Ti 

according to Method 2 before and after curing. As shown in Table 1.6, the fluorine 

signal (by XPS) on FPTMS-labeled PECVD-Si-Ti was increased from 4.8 at.% before 

curing to 5.9 at.% after curing the siloxane films at 100°C for 12 h. This result can be 

explained by free silanol groups of FPTMS molecules reacting to form a more cross-

linked and therefore more tightly packed siloxane film [107]. After incubating these 

samples in PBS under physiological conditions, the atomic percentage of fluorine was 

3.8 at.% and 4.0 at.% on non-cured and cured samples, respectively (Table 1.6). This 

result was interesting because it showed that the stability between cured and non-cured 

siloxane films was similar in this study. According to the literature, this result was not 

expected because cured siloxane films should be more resistant to hydrolytic 

degradation than non-cured films [107, 142]. But the results from this study imply that 
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the method by which the siloxane film is grafted on PECVD-Si-Ti may influence the 

stability of the siloxane films more than the cross-linking procedure.  

 

The lowest atomic percentage of fluorine (1.4 at.%) was detected on PECVD-Si-Ti that 

was functionalised with FPTMS by Method 3 in comparison to all of the other methods 

tested in this study, which indicated that this method produced the lowest coverage of 

FPTMS molecules on PECVD-Si-Ti and most likely, the thinnest siloxane film (Table 

1.6). This result was expected because monolayer or near monolayer siloxane films are 

more readily formed in aqueous medium in comparison to multi-layered siloxane films 

usually formed in organic solvents [123, 148-149]. After labeling PECVD-Si-Ti with 

FPTMS by heating a neat (undiluted) solution of FPTMS over the sample at 90°C for 1 

h (Method 4), 4.3 at.% of fluorine was detected by XPS, which was similar to FPTMS 

films deposited by Method 2 (Table 1.6). Therefore, the results in this study so far have 

shown that the grafting density of alkoxysilanes on PECVD-Si-Ti is mainly dependant 

on reaction time, temperature and solvent type and to a lesser degree on the 

concentration of silane. 

 

The high-resolution C 1s curve-fitted XPS spectra supported the above conclusions. C 1 

was assigned to the CF3 group of FPTMS, C 2 and 3 to C-O-Si and C-O species and C 4 

to saturated hydrocarbons. The CF3 contribution in the C 1s region was similar between 

PECVD-Si-Ti labeled with FPTMS according to Method 2 (A) (13.4%; Figure 1.29 A) 

and Method 4 (11.8%; Figure 1.29 D) supporting the conclusion that both surfaces had 

a similar coverage of FPTMS molecules. The CF3 contribution was increased from 

13.4% to 20.3% in the C 1s region after the siloxane film (deposited by Method 2 (A)) 

was cured (Method 2 (B)) due to the FPTMS molecules forming a more tightly packed 

cross-linked network (Figure 1.29 A and B). CF3 comprised 1.4% of the C 1s region for 

PECVD-Si-Ti labeled with FPTMS in aqueous medium (Method 3), which was the 

lowest of all the FPTMS-labeled PECVD-Si-Ti samples analysed in this study and 

confirmed that this method produced the lowest coverage of FPTMS molecules on 

PECVD-Si-Ti (compared to the other methods analysed in this study) (Figure 1.29 C). 

Finally, the contribution of CF3 on FPTMS-labeled PECVD-Si-Ti (according to Method 

2) after incubation in PBS was 9.0% and 8.8% for cured and non-cured samples, 

respectively, which confirmed that the curing step did not improve the stability of the 

film (in aqueous medium under physiological conditions) (Figure 1.29 E and F).  



Part 1: Results and Discussion 78

In summary, by means of XPS analysis, the surface coverage of a model silane 

(FPTMS) was compared after grafting the silane on PECVD-Si-Ti under different 

reaction conditions. A relatively low surface density of FPTMS molecules was 

deposited in aqueous medium according to Method 3. A higher density of FPTMS was 

deposited in anhydrous organic solvent (toluene) at 25°C for 1 h (according to Method 

1) and the density of FPTMS molecules was increased yet again at elevated 

temperatures of 120°C and 90°C and at longer reaction times (according to Method 2 

(A)). But the grafting density of FPTMS molecules on PECVD-Si-Ti was not 

significantly affected by the concentration of the silane (for the range used in this study) 

because a similar density of FPTMS molecules were grafted on PECVD-Si-Ti from an 

undiluted silane solution (according to Method 4) compared to the coverage of FPTMS 

molecules on PECVD-Si-Ti produced from 100 mM silane reaction solutions 

(according to Method 2 (A)). To confirm these conclusions, the coverage and stability 

of a different silane will be analysed on PECVD-Si-Ti under the same reaction 

conditions that were used for grafting the FPTMS. 
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Atomic % for PECVD-Si-Ti labeled with FPTMS 

 O C N F Si Na 

100 mM in toluene; Refluxed at 120°C 

for 1 h, then heated at 90°C for 12 h 

(Method 2) 

62.0 8.2 0.0 4.8 25.0 0.0 

100 mM in toluene; Refluxed at 120°C 

for 1 h, then heated at 90°C for 12 h 

(Method 2 (A)) and cured at 100°C for 12 

h (Method 2 (B)) 

61.6 6.9 0.0 5.9 25.6 0.0 

1% (v/v) in methanol containing 5% (v/v) 

water and 1 mM acetic acid for 2.5 h at 

25°C; cured at 120°C for 5 min (Method 

3) 

62.3 12.0 0.5 1.4 23.8 0.0 

Neat at 90°C for 1 h (Method 4) 58.5 11.7 0.4 4.3 25.1 0.0 

Atomic % for PECVD-Si-Ti labeled with FPTMS and incubated  

in PBS at 37°C and 5% CO2 for 12 h 

 O C N F Si Na 

100 mM in toluene; Refluxed at 120°C 

for 1 h, then heated at 90°C for 12 h 

(Method 2 (A)) 

59.7 11.6 0.7 3.8 23.8 0.4 

100 mM in toluene; Refluxed at 120°C 

for 1 h, then heated at 90°C for 12 h and 

cured at 100°C for 12 h (Method 2 (B)) 

60.2 10.6 0.5 4.0 24.3 0.4 

 

Table 1.6. Elemental atomic percentage data derived from PECVD-Si-Ti (not treated with air/H2O2 

plasma) samples labeled with FPTMS using different grafting conditions as outlined in the above table 

and described in detail on pages 36-37. Additionally, FPTMS-labeled PECVD-Si-Ti (according to 

Method 2) samples with siloxane films not cured (Method 2 (A)) or cured (Method 2 (B)) were analysed 

by XPS after 12 h of incubation in PBS under physiological conditions. 
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Figure 1.29. XPS high-resolution C 1s spectra (dashed lines) and curve-fitted spectra (solid lines) taken 

on PECVD-Si-Ti (not treated with air/H2O2 plasma) that was functionalised with FPTMS by: refluxing 

100 mM of FPTMS at 120°C in toluene for 1 h, followed by heating at 90°C for 12 h (Method 2) before 

(A) and after (B) curing at 100°C for 12 h; incubating 1% (v/v) FPMTS in methanol containing 5% (v/v) 

water and 1 mM acetic acid at 25°C for 2.5 h and curing at 120°C for 5 min (Method 3) (C); and 

undiluted at 90°C for 1 h (Method 4) (D). Two samples functionalised by Method 2 were also incubated 

in PBS for 12 h at 37°C and 5% CO2 for non-cured (E) and cured (F) siloxane films. Refer to page 36-37 

for more detail of alkoxysilane grafting procedures. 
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PECVD-Si-Ti (not treated with air/H2O2 plasma) was next modified with 3-

aminopropyl triethoxysilane (APTES) under the reaction conditions described above. 

APTES is commonly used in the modification of hydroxyl-bearing materials for 

generating functional surfaces [113, 150-151]. In these experiments, the nitrogen atom 

of the amino group of APTES was used as a marker element for the detection of the 

silane by XPS (Scheme 1.5).  

 

A typical XPS survey spectrum of a APTES-labeled PECVD-Si-Ti sample is shown in 

Figure 1.30 A. This sample was labeled with the APTES according to Method 2 (B). 

Notably, a strong nitrogen signal (which is otherwise absent on PECVD-Si-Ti as shown 

in the previous section) of 7.0 at.% is detected in the spectrum (Figure 1.30 A). This 

nitrogen signal, derived from one nitrogen atom per APTES molecule, was higher than 

the fluorine signal derived from 3 fluorine atoms per FPTMS (of 5.9 at.%) after both 

silanes were grafted on PECVD-Si-Ti by the same method (Method 2 (B)) (Table 1.6 

and Figure 1.30 A). Also, the concentration of carbon (attributed to the hydrocarbon 

chain of APTES and FPTMS) was nearly 6-fold higher on APTES-labeled PECVD-Si-

Ti (48.5 at.%) in comparison to FPTMS-labeled PECVD-Ti-Si (8.2 at.%) (Table 1.6 

and Figure 1.30 A). These results indicate that the APTES reacts more efficiently on 

PECVD-Si-Ti in comparison to the FPTMS. 

 

The above conclusion was supported by the high-resolution C 1s XPS spectrum. The 

spectrum was fitted with 3 components. C 1 at 288.0 eV was attributed to C-O-Si 

possibly from unreacted ethoxy groups of the silane; C 2 at 286.2 eV was attributed to 

C-O and C-N species from unreacted ethoxy groups and the amino group of the 

APTES; and C 3 at 285.0 eV was attributed to adventitious hydrocarbons and C-H 

species from the hydrocarbon chain of the APTES (Figure 1.30 B) [112, 152]. The 

extensive contribution from C 2 (25.6%) partly from C-N species of APTES and C 3 

(64.9%) partly from the hydrocarbon chain of the APTES indicates a high surface 

coverage of APTES molecules on PECVD-Si-Ti. Also, the amino group of the APTES 

was mainly in the form of NH2 groups as indicated in the XPS N 1s region: C 2 at 399.6 

eV assigned to NH2 that comprised 72.2% of the N 1s spectrum and a smaller 

percentage of C 1 (27.8%) at 401.1 eV from protonated amino (NH3
+) groups comprised 

the remainder of the N 1s spectrum (Figure 1.30 C) [112]. 
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Scheme 1.5. Schematic of a possible surface reaction between a APTES molecule and a hydroxylated 

surface. The surface becomes terminated with an amino group and the nitrogen atom is used as a marker 

element for the detection of the silane by XPS (shown in red). 

 

 

 
 

Figure 1.30. An example XPS survey spectrum (A), high-resolution C 1s spectrum (B) and N 1s 

spectrum (C) of a APTES-labeled PECVD-Si-Ti sample. 100 mM of APTES was refluxed over PECVD-

Si-Ti for 1 h and then heated at 90°C for 12 h cured at 100°C for 12 h (Method 2 (B) (refer to pages 36-

37 for a more detailed description). Nitrogen from the amino group of APTES is used as a marker 

element to indicate the molecule is present on the PECVD-Si-Ti surface (shown in red). 
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Table 1.7 outlines the elemental atomic percentages on PECVD-Si-Ti (not treated with 

air/H2O2 plasma) labeled with APTES according to Methods 1-5 (refer to pages 36-37 

for detailed descriptions) and after the APTES-labeled samples were incubated in PBS 

under physiological conditions. 2.8 at.% of nitrogen was detected on PECVD-Si-Ti 

reacted with 100 mM of APTES at 25°C for 1 h according to Method 1 (Table 1.7). 

Similar to the results obtained with the FPTMS, the coverage of APTES was increased 

(indicated by an increase in the concentration of nitrogen to 7.0 at.%) when the sample 

was reacted with the silane at a higher temperature and a longer time period (refluxed at 

120°C for 1 h, then heated at 90°C for 12 h and cured at 100°C for 12 h according to 

Method 2 (B)) (Table 1.7). The coverage of silane was found to be similar to Method 2 

(B) (7.0 at.% of nitrogen) after 1% (v/v) of APTES in toluene was grafted on PECVD-

Si-Ti for 2.5 h at 25°C and cured at 120°C for 5 min (7.4 at.% of nitrogen) (Method 5) 

(Table 1.7). This result suggested that the reaction time had a greater influence on the 

coverage of APTES on PECVD-Si-Ti in comparison to the temperature. Additionally, a 

slightly higher coverage of APTES on PECVD-Si-Ti was obtained by grafting an 

undiluted solution of the silane at 90°C for 1 h (Method 4) (3.9 at.% of nitrogen) in 

comparison to when 100 mM of APTES (in toluene) was grafted on PECVD-Si-Ti at 

25°C for 1 h according to Method 1 (2.8 at.% of nitrogen). Also, the coverage of 

APTES on PECVD-Si-Ti was directly compared between grafting Methods 3 and 5. 

APTES was grafted on PECVD-Si-Ti under the same experimental conditions 

according to Methods 3 and 5, except Method 3 used an aqueous medium and Method 5 

used an anhydrous organic solvent (toluene). After grafting APTES on PECVD-Si-Ti, 

the atomic percentage of nitrogen was much lower when the silane was grafted in 

aqueous medium (1.9 at.% of nitrogen) in comparison to anhydrous toluene (7.4 at.% of 

nitrogen) (Table 1.7). Therefore, the nature solvent significantly influenced the grafting 

density of APTES on PECVD-Si-Ti. Finally, in contrast to FPTMS siloxane films, 

APTES siloxane films were much more stable under aqueous physiological conditions. 

Approximately 93%, 99%, 95%, 85% and 66% of the nitrogen signal was retained on 

APTES-labeled PECVD-Si-Ti according to Methods 1-5, respectively, after the samples 

had been incubated in PBS under physiological conditions.  
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Atomic % for PECVD-Si-Ti labeled with APTES 

 O C N Si Na 

100 mM in toluene; 1 h at 25°C (Method 1) 50.9 26.0 2.8 20.3 0.0 

100 mM in toluene; Refluxed at 120°C for 1 

h, then heated at 90°C for 12 h and cured at 

100°C for 12 h (Method 2 (B)) 

33.0 48.5 7.0 11.5 0.0 

1% (v/v) in methanol containing 5% (v/v) 

water and 1 mM acetic acid at 25°C for 2.5 

h; cured at 120°C for 5 min (Method 3) 

61.7 15.4 1.9 21.0 0.0 

Neat at 90°C for 1 h (Method 4) 51.1 26.3 3.9 18.7 0.0 

1% (v/v) in toluene at 25°C for 2.5 h; cured 

at 120°C for 5 min (Method 5) 

36.5 43.1 7.4 13.0 0.0 

Atomic % for PECVD-Si-Ti labeled with APTES and incubated  

in PBS at 37°C and 5% CO2

 O C N Si Na 

100 mM in toluene; 1 h at 25°C (Method 1) 59.6 18.2 2.6 19.6 0.0 

100 mM in toluene; Refluxed 1 h and heated 

at 90°C for 12 h and cured at 100°C for 12 h 

(Method 2 (B)) 

34.6 49.8 6.9 8.7 0.0 

1% (v/v) in methanol containing 5% (v/v) 

water and 1 mM acetic acid at 25°C for 2.5 

h; cured at 120°C for 5 min (Method 3) 

61.0 17.6 1.8 19.6 0.0 

Neat at 90°C for 1 h (Method 4) 52.3 27.2 3.3 16.7 0.5 

1% (v/v) in toluene at 25°C for 2.5 h; cured 

at 120°C for 5 min (Method 5) 

45.1 36.2 4.9 13.8 0.0 

 

Table 1.7. XPS elemental atomic percentage data on PECVD-Si-Ti (no air/H2O2 plasma treatment) after 

the surface was functionalised with APTES using the different methods outlined in the above table and 

described on pages 36-37 and after 12 h of incubation in PBS under physiological conditions. 
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Protonated amino groups were detected on all PECVD-Si-Ti samples labeled with 

APTES. Approximately 25% of NH3
+ species contributed the N 1s region by XPS. The 

remainder comprised of NH2 species. A typical N 1s high-resolution XPS spectrum 

with two fitted components attributed for NH2 and NH3
+ species was shown in Figure 

1.30 C. Amino groups on APTES-functionalised surfaces are generally found in both 

NH2 and NH3
+ forms and the latter can form hydrogen or ionic bonds with oxidised 

surfaces (Scheme 1.6) [125, 145]. This phenomenon could result in a weakly adsorbed 

APTES siloxane film.  

 

Therefore, in the next set of experiments, we tested if we could label and ultimately 

detect NH2 groups on APTES-modified PECVD-Si-Ti. This was accomplished by 

labeling APTES-modified PECVD-Si-Ti with 2,4,6-trinitrobenzenesulfonic acid 

(TNBS), which selectively reacts with amino nucleophiles [153-159]. The reaction is 

shown in Scheme 1.7. TNBS first attaches to an amino group in a moderately basic 

buffered solution (pH 8.0). The complex is hydrolysed from the surface in a basic 

solution of pH 12.7. This complex, which has a λmax of 400 nm (Figure 1.31), is 

unstable. The unstable complex is then converted into a stable complex by lowering the 

pH to 1.0 [144]. The concentration of the stable complex, with a λmax of 350 nm 

(Figure 1.31), can then be determined by ultraviolet-visible (UV-Vis) spectroscopy. 

The molar extinction coefficient at 350 nm for (trinitrophenol) TNP-APTES (from 

Figure 1.31) was calculated to be 1.3394 x 104 M-1cm-1, which is in good agreement 

with that reported for a similar TNP compound [153]. 

 

 

O- Si

OCH2CH3

OCH2CH3

OCH2CH3

+H3N O H N

H

H

Si

OCH2CH3

OCH2CH3

OCH2CH3

 
 
Scheme 1.6. Schematic of a protonated amino group of a APTES molecule hydrogen bonding (dashed 

line) to an oxidised surface.  
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Scheme 1.7. A proposed reaction of a TMBS molecule with a APTES functionalised surface. The amino-

terminated surface is first reacted under mildly alkaline conditions, the product is then hydrolysed from 

the surface in a basic solution and finally the solution is acidified to produce a stable complex with a λmax 

of 350 nm. 

 

 
 

Figure 1.31. A UV-Vis spectrum of TNBS solution (Unreacted, that is a spectrum of the commercial 

stock of TNBS), a spectrum of hydrolysed TNP-APTES solution (Reacted and hydrolysed) and after 

acidifying the solution containing the hydrolysed TNP-APTES compound (Reacted/hydrolysed and 

acidified). Refer to page 38 for a description of the experimental procedure.  
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Next, we examined the availability of amino groups from two PECVD-Si-Ti surfaces 

that had been functionalised with APTES by two different methods. One surface was 

functionalised with an undiluted solution of APTES at 90°C for 1 h according to 

Method 4 and the other sample was functionalised with 1% (v/v) APTES in toluene at 

25°C for 2.5 h and cured at 120°C for 5 min (Method 5). UV-Vis spectra of acidified 

TNBS reaction solutions are shown for both samples in Figure 1.32 A and B. The 

absorbance measured at 350 nm in the spectra corresponded with 67 and 92 NH2 groups 

per nm2 for APTES-functionalised PECVD-Si-Ti according to Methods 4 and 5, 

respectively (Figure 1.32 A and B). Organic APTES silanisation methods usually 

produce much larger densities compared to other methods, such as silanisation in 

aqueous medium. For example, Puleo found that APTES silanisation of a Co-Cr-Mo 

metal alloy using a silane concentration of 82 mM in acetone for 10 min at room 

temperature resulted in 92 NH2 groups per nm2, whereas a much lower density of NH2 

groups (6.7 NH2 groups per nm2) was detected on the metal alloy silanised with 1.02 M 

of APTES in deionised water for 3 h at room temperature [149]. However, the higher 

surface density of NH2 groups detected on APTES-functionalised PECVD-Si-Ti by 

Method 5 in comparison to Method 4 was in accordance with the XPS measurements 

for both samples. A higher atomic percentage of nitrogen (related to the surface density 

of APTES molecules) was measured for APTES-labeled PECVD-Si-Ti by Method 5 

(7.4 at.%) compared to Method 4 (3.9 at.%) (Table 1.7). The expected surface density 

of amino groups for a monolayer surface coverage of APTES is 2-3 NH2 groups/nm2 

and densities above this are representative of APTES multilayered films [160]. A much 

higher surface density of NH2 groups were detected on APTES-functionalised PECVD-

Si-Ti in this work because the roughness of the titanium substrate was not considered 

and therefore the surface area of PECVD-Si-Ti was underestimated and a high density 

of APTES molecules had attached on the PECVD-Si-Ti samples as indicated by XPS 

analysis. 
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Figure 1.32. UV-Vis spectra of acidified TNBS reaction solutions from two APTES-functionalised 

PECVD-Si-Ti samples. PECVD-Si-Ti was functionalised with an undiluted solution of APTES at 90°C 

for 1 h according to Method 4 (A) and 1% (v/v) of APTES in toluene at 25°C for 2.5 h followed by a 

curing step at 120°C for 5 min according to Method 5 (B). Spectra were also taken of acidified TNBS 

reaction solutions incubated on negative control samples prepared for each sample type (that contain no 

amino functionalities). Refer to page 38 for a detailed description of the experimental procedure. 

 

In summary, by means of XPS, we assessed the coverage of FPTMS and APTES on 

PECVD-Si-Ti. A similar coverage of FPTMS was obtained on PECVD-Si-Ti not 

treated or treated with 5 or 15 min of air/H2O2 plasma. This result suggested that the 

air/H2O2 plasma did not increase the density of hydroxyl groups on PECVD-Si-Ti.  The 

grafting density of FPTMS was significantly affected by the nature of the solvent, 

reaction time and temperature. The grafting density was increased in anhydrous toluene 

in comparison to aqueous medium and at elevated temperatures and longer reaction 

times. FPTMS siloxane films on PECVD-Si-Ti were relatively unstable under aqueous 

physiological conditions and the stability of the siloxane film was not improved after 

thermal treatment (curing). In comparison to FPTMS, APTES reacted much more 

efficiently on PECVD-Si-Ti. Similar to reactions involving FPTMS, the grafting density 

of APTES on PECVD-Si-Ti was higher in anhydrous toluene compared to aqueous 

medium. Furthermore, the grafting density of APTES was also influenced by the 

reaction temperature and time. All of the APTES siloxane films grafted on PECVD-Si-

Ti by the 5 methods tested in this section were relatively stable under aqueous 

conditions. Finally, we determined that the APTES molecules grafted on PECVD-Si-Ti 

by two grafting methods (Methods 4 and 5) had formed an appropriate conformation so 

that the functional end amino group could be labeled with TNBS and subsequently 
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detected by UV-Vis spectroscopy. In the following sections we will use some of the 

alkoxysilane grafting conditions described in this section for introducing new functional 

groups (via intermediate silane tethers) that will be used to immobilise IGF-1 on 

PECVD-Si-Ti.  
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1.3.3 Development of surface modification techniques for the covalent 

attachment of insulin-like growth factor-1 (IGF-1) on PECVD-Si-Ti 
 

This section focuses on the preparation of surfaces presenting three different functional 

groups that can react with amino groups of amino acids that make up the polypeptide 

chains of proteins. 2,2,2-trifluoroethylamine (FEAM) was chosen as a model amino 

molecule for this study. The amino group of FEAM can react with an amino-reactive 

surface functional group to form a surface terminated with 3 fluorine atoms per FEAM 

molecule that can be detected by XPS (Scheme 1.8). This is a similar approach to 

reactions described using TFAA and FPTMS in the previous two sections of Part 1: 

Results and Discussion.  

 

The advantage of studying the immobilisation of this model molecule by XPS before 

the immobilisation of IGF-1 is that the performance of these reactions could be easily 

analysed by measuring a distinct (fluorine) signal on the PECVD-Si-Ti surface derived 

from the model FEAM molecule. Surface reactions involving IGF-1 are more difficult 

to interpret by XPS due to the lack of a sensitive and characteristic marker element. 

Furthermore, a low amount of IGF-1 was reacted on PECVD-Si-Ti in this study (refer 

to the following section of Part 1: Results and Discussion), resulting in a low maximum 

surface coverage. The reasoning behind this is that IGF-1 molecules have been shown 

to be mitogenic agonists at relatively low concentrations ranging from 0.003-0.1 µM in 

solution [99-100]. Hence, a relatively low amount of IGF-1 was reacted on PECVD-Si-

Ti in this study (340 ng/cm2, refer to the following section of Part 1: Results and 

Discussion) to obtain a low surface coverage of the growth factor, which was deemed to 

be appropriate for the immobilised IGF-1 molecules to sustain bioactivity on the 

material’s surface. By analysing techniques used for protein attachment with the FEAM 

model molecule, a successful method was found and later adapted for tethering IGF-1 

molecules to the functionalised PECVD-Si-Ti surface. 
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Functional groups were introduced onto the PECVD-Si-Ti surface by grafting silane 

molecules with short hydrocarbon-chains containing aldehyde, epoxide and isocyanate 

reactive groups (Scheme 1.8). Similar to FPTMS and APTES molecules that were used 

to model silane reactions on the PECVD-Si-Ti surface in the previous section, these 

silane molecules also contain reactive trialkoxy groups that can condense with the 

surface silanol groups on PECVD-Si-Ti (these reactions were discussed in the previous 

section).  
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Scheme 1.8. Possible reactions of FEAM with aldehyde (A), epoxide (B) and isocyanate (C) reactive 

groups on hydroxylated surfaces that were functionalised with triethoxysilyl butyraldehyde (ABTES) (A), 

3-glycidoxypropyl trimethoxysilane (GPTMS) (B), and 3-isocyanatopropyl triethoxysilane (IPTES) (C). 

Each attached FEAM molecule contains 3 fluorine atoms (shown in red) that can be detected by XPS. 
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Aldehyde groups were generated on the PECVD-Si-Ti surface by grafting triethoxysilyl 

butyraldehyde (ABTES) (Scheme 1.8 A). After this reaction took place, the surface 

chemistry (analysed by means of XPS) appears to be very similar to that of PECVD-Si-

Ti not reacted with the silane (compare Figure 1.33 A to 1.20). However, at high-

resolution, the deconvoluted C 1s XPS spectrum gave an indication that the silane had 

reacted with the surface. The spectrum was fitted with 3 components (Figure 1.34 A): 

C1 at 287.9 eV was assigned to C=O present in the aldehyde group; C2 at 286.7 eV was 

assigned to C-O groups from the alkoxy groups of the silane or from adsorbed 

contaminants; and C3 at 285.0 eV was assigned to saturated hydrocarbons either 

adsorbed on the surface or from the hydrocarbon chain of the silane. The carbon species 

assigned to the peeks here have also been identified in previous reports and at similar 

binding energies for other aldehyde-modified materials [161-162]. 

 

Epoxide groups were generated on the PECVD-Si-Ti surface by grafting 3-

glycidoxypropyl trimethoxysilane (GPTMS) (Scheme 1.8 B). This surface was similar 

in elemental composition to that of PECVD-Si-Ti, which had not been reacted with the 

silane and the ABTES-functionalised PECVD-Si-Ti surface (compare Figures 1.33 A 

and C and 1.20). Again, the C 1s spectrum was used to distinguish the characteristic 

features of this surface. The spectrum was curve-fitted with 3 components (Figure 1.34 

B): C1 at 286.7 eV and C2 at 285.0 eV was assigned to aliphatic C-O and C-H species, 

respectively; and C3 at 283.2 eV was assigned to carbon of the epoxide ring structure 

[163].  

 

A prominent nitrogen signal (of 3 at.%) was detected after grafting 3-isocyanatopropyl 

triethoxysilane (IPTES) (shown in Scheme 1.8 C) to the PECVD-Si-Ti surface (Figure 

1.33 E). The nitrogen signal was derived from the isocyanate group and was used as a 

characteristic marker element (in XPS) to indicate the silane had attached to the surface. 

Also, the much higher atomic percent of carbon (17.9 at.%) compared to 9.9 at.% and 

10.2 at.% for ABTES and GPTMS functionalised PECVD-Si-Ti surfaces, respectively, 

attributed to the hydrocarbon chain of the silane, indicates that more IPTES molecules 

had attached to PECVD-Si-Ti in comparison to ABTES and GPTMS (Table 1.8). 

Consistent with the above observation, grafting of IPTES partly quenched the 

underlying signal from the PECVD-Si-Ti surface resulting in lower atomic percentages 

of oxygen and silicon compared to the ABTES and GPTMS functionalised PECVD-Si-
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Ti surfaces (Table 1.8). At a high resolution, the C 1s XPS spectrum was curve-fitted 

with 5 components: C1 at 289.2 eV was assigned to carbon in an isocyanate group 

(N=C=O); C2 at 287.8 eV was assigned to C=O species derived from the isocyanate 

group; C3 at 286.6 eV was attributed to adsorbed C-O species or from unreacted ethoxy 

groups of the silane molecule; C4 at 285.7 eV was probably amine (C-N) species that 

had formed as a result of the reaction of some isocyanate groups with atmospheric 

moisture prior to analysis; C5 at 285.0 eV was assigned to saturated hydrocarbons either 

adsorbed on the surface or from the hydrocarbon chain of the silane [164]. 
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Figure 1.33. XPS survey spectra of PECVD-Si-Ti surfaces functionalised with ABTES (A and B), 

GPTMS (C and D) and IPTES (E and F) before (A, C, E) and after (B, D, F) labeling with FEAM. 

PECVD-Si-Ti surfaces were coated with the silanes at 90°C for 1 h according to Method 4 (refer to pages 

36-37). Functionalised surfaces were reacted with 2 ml of 100 mM FEAM for 2 h at 25°C in carbonate 

buffer (pH 9.6) containing 50 mM NaCNBH3 (B); in carbonate buffer (pH 9.6) (D); and in PBS (pH 7.4) 

(F) (refer to pages 38-39 for a more detailed description). 
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Figure 1.34. XPS high-resolution spectra (dashed lines) and curve-fitted spectra (solid lines) of PECVD-

Si-Ti reacted with neat solutions of ABTES (A), GPTMS (B) and IPTES (C) according to Method 4 

(refer to page 38 for a more detailed description). 
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After silanisation (Neat at 90°C for 1 h according to Method 4 (refer to pages 36-37) 

 O at.% C at.% N at.% Si at.% Na at.% F at.% 

Aldehyde 63.7 9.9 0.2 26.2 0.0 0.0 

Epoxide 64.2 10.2 0.0 25.6 0.0 0.0 

Isocyanate 56.0 17.9 3.0 23.1 0.0 0.0 

After labeling with FEAM 

 O at.% C at.% N at.% Si at.% Na at.% F at.% 

Aldehyde 51.8 20.9 1.5 23.9 1.9 0.0 

Epoxide 62.8 10.0 0.1 25.5 1.6 0.0 

Isocyanate 54.8 16.9 3.1 24.4 0.0 0.8 

Negative controls (non-silanised PECVD-Si-Ti) reacted with FEAM 

 O at.% C at.% N at.% Si at.% Na at.% F at.% 

Control reaction for 

aldehyde surface 

55.9 18.4 1.7 23.8 0.2 0.0 

Control reaction for 

epoxide surface 

62.2 10.0 1.1 26.5 0.2 0.0 

Control reaction for 

isocyanate surface 

62.3 10.3 1.0 26.1 0.3 0.0 

 
Table 1.8. Elemental atomic percentage data (from XPS) taken after grafting ABTES, GPTMS and 

IPTES onto PECVD-Si-Ti (Top panel). The middle panel shows elemental atomic percentages after 

surface reactions with 2 ml of 100 mM FEAM for 2 h at 25°C in carbonate buffer (pH 9.6) containing 50 

mM NaCNBH3 (for aldehydes); in carbonate buffer (pH 9.6) (for epoxides); and in PBS (pH 7.4) (for 

isocyanates). The atomic percentages derived from the negative controls for each corresponding surface 

are shown in the bottom panel. Refer to pages 38-39 for more detailed descriptions of methods. 
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Having characterised the surface chemistry of ABTES, GPTMS and IPTES 

functionalised PECVD-Si-Ti by means of XPS, the functionalised PECVD-Si-Ti 

surfaces were next reacted with FEAM under different reaction conditions after careful 

consideration of the required reaction conditions. Firstly, aldehydes are known to react 

with amino groups to form a Schiff base intermediate product (shown in Scheme 1.8 A) 

[165]. This reversible reaction preferentially occurs under alkaline conditions and the 

intermediate product can be reduced by reductive amination with a mildly reducing 

agent such as sodium cyanoborohydride to form a stable secondary amine bond 

(Scheme 1.8 A) [166]. Similarly, epoxides also react with amines in alkaline pH 

environments, but by a ring-opening process to form a secondary amine bond (Scheme 

1.8 B) [165]. Isocyanates react readily with amines to form urea bonds (Scheme 1.8 C) 

[165]. The reactions do not require an acid or base as a catalyst and therefore can be 

performed at neutral pH. However, the isocyanate groups can also be hydrolysed by 

water, which may result in a reduction of the number of available surface reactive 

groups for protein coupling [167]. Taking the above information into consideration, an 

alkaline carbonate buffer (pH 9.6) was chosen for (FEAM) reactions with aldehyde and 

epoxide surface functional groups and isocyanate surface functional groups were 

reacted in a neutral PBS solution (pH 7.4). Additionally, amino reaction solutions used 

for aldehyde surface functional groups were supplemented with NaCNBH3 to reduce the 

Schiff base to a secondary amine bond.  

 

As negative controls, non-silanised PECVD-Si-Ti samples were reacted with identical 

reaction mixtures and under the same reaction conditions as the test samples. 

Importantly, no fluorine was detected on these samples after such reactions (Table 1.8). 

This demonstrated that FEAM does not react non-specifically with the PECVD-Si-Ti 

surface. However, no fluorine was detected (by XPS) on ABTES or GPTMS 

functionalised PECVD-Si-Ti (Figure 1.33 B and D and Table 1.8). This indicates that 

FEAM had also not reacted with these samples. The carbonate buffer with a relatively 

high pH of 9.6 may have hydrolysed the silane molecules from the surface [168]. 

Therefore, even if FEAM had reacted with the aldehyde and epoxide functional groups, 

the molecules would have been removed as the silane was hydrolysed from the surface 

prior to XPS analysis. FEAM labeling of the IPTES functionalised PECVD-Si-Ti 

surface was more successful. After reacting FEAM on this surface, 0.8 at.% of fluorine 

was detected, which indicates that FEAM had attached to the surface (Figure 1.33 F 
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and Table 1.8). Therefore, one possible method of covalently attaching IGF-1 to 

PECVD-Si-Ti (by isocyanate chemistry) was found in this set of experiments. 

 

In another set of experiments, ABTES and GPTMS functionalised surfaces were reacted 

in a sodium phosphate buffer with a milder alkaline pH of 8.0 in comparison to the 

carbonate buffer of pH 9.6 used in the previous experiment. Again, NaCNBH3 was 

added as a reducing agent in the case of ABTES functionalised PECVD-Si-Ti. Similar 

to the previous experiments, no fluorine (from FEAM) was detected by XPS on the 

ABTES and GPTMS functionalised PECVD-Si-Ti that was not reacted with FEAM or 

on non-silanised PECVD-Si-Ti that had been reacted with FEAM (negative control 

samples) (Table 1.9). After labeling with FEAM, 0.9 at.% of fluorine was detected on 

the ABTES functionalised PECVD-Si-Ti surface but no fluorine was detected on the 

GPTMS functionalised PECVD-Si-Ti surface (Figure 1.35 A-B and Table 1.9). This 

indicates that FEAM had attached to ABTES functionalised PECVD-Si-Ti but not to 

GPTMS functionalised PECVD-Si-Ti. Therefore, FEAM could not be coupled to 

GPTMS functionalised PECVD-Si-Ti under the experimental parameters that were 

tested here, but the model amino compound could be successfully coupled to ABTES 

and IPTES functionalised PECVD-Si-Ti samples. 

 

Although only low fluorine signals (of less than 1.0 at.%) were detected (by XPS) on 

the FEAM-labeled ABTES and IPTES functionalised PECVD-Si-Ti surfaces (Tables 

1.8 and 1.9), the method did indicate that FEAM molecules could be coupled onto 

ABTES and IPTES functionalised PECVD-Si-Ti. Therefore, the reaction conditions for 

the immobilisation of FEAM that were identified in this study are also possibly suitable 

for the immobilisation of other amino-functional molecules, including IGF-1. 
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After silanisation  

(Neat at 90°C for 1 h according to Method 4 (refer to pages 36-37)) 

 O% C% N% Si% Na% F% 

Aldehyde 61.5 12.6 0.0 25.9 0.0 0.0 

Epoxide 63.7 10.1 0.0 26.2 0.0 0.0 

After labeling with FEAM 

 O% C% N% Si% Na% F% 

Aldehyde 57.7 15.5 1.4 24.5 0.0 0.9 

Epoxide 62.8 12.2 0.0 25.0 0.0 0.0 

Negative controls (non-silanised PECVD-Si-Ti) reacted with FEAM 

 O% C% N% Si% Na% F% 

Control reaction for 

aldehyde surface 

61.5 12.6 0.0 25.9 0.0 0.0 

Control reaction for 

epoxide surface 

59.3 14.1 1.4 25.2 0.0 0.0 

 

Table 1.9. Elemental atomic percentage data (from XPS) of ABTES and GPTMS functionalised PECVD-

Si-Ti (by Method 4) before (top panel) and after (middle panel) reacting the surfaces with 2 ml of 100 

mM FEAM for 2 h at 25°C in sodium phosphate buffer (pH 8.0) containing 50 mM NaCNBH3 (for 

aldehydes) or in sodium phosphate buffer (pH 8.0) (for epoxides). The elemental atomic percentages from 

negative controls for both surface types are shown in the bottom panel. Refer to pages 38-39 for a more 

detailed description of the methods. 
 

 
Figure 1.35. XPS survey spectra of aldehyde (A) and epoxide (B) functionalised PECVD-Si-Ti (by 

Method 4) after reacting the surfaces with 2 ml of 100 mM FEAM for 2 h at 25°C in sodium phosphate 

buffer (pH 8.0) containing 50 mM NaCNBH3 (A) or in sodium phosphate buffer (pH 8.0) (B). Refer to 

pages 38-39 for more detailed descriptions of methods. 
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In another experiment we tested if PECVD-Si-Ti that was functionalised with IPTES by 

Method 1 (for 1 h at 25°C in toluene; refer to pages 36-37) could also be used as a 

surface for the covalent immobilisation of the amino FEAM molecule. The reason for 

this investigation was that the coverage of another silane, FPTMS, which was grafted 

onto PECVD-Si-Ti by Method 1 in the previous section, was shown to be lower than 

that achieved after grafting FPTMS onto PECVD-Si-Ti by Method 4 (refer to pages 69-

80). Therefore, silanisation by Method 1 does not alter the surface chemistry of the 

bioactive PECVD-Si coating as significantly compared to silanisation by Method 4. 

This was found to be the case also after grafting IPTES onto PECVD-Si-Ti by Methods 

1 and 4. After grafting IPTES onto PECVD-Si-Ti by Methods 1 and 4, the nitrogen 

signal from the isocyanate group of the silane (detected by XPS) was 1.7 at.% and 3.0 

at.%, respectively (Tables 1.8 and 1.10). This indicated that the surface coverage of 

IPTES on PECVD-Si-Ti, grafted according Method 1, was approximately 50% 

compared to the coverage of IPTES obtained by Method 4 on PECVD-Si-Ti. Once 

again, fluorine was not detected by XPS on the surface of PECVD-Si-Ti that was 

functionalised with IPTES by Method 1 (Table 1.10). After FEAM labeling of IPTES 

functionalised PECVD-Si-Ti (by Method 1), fluorine was detected at 0.8 at.%, which 

was the same as on PECVD-Si-Ti functionalised with IPTES by Method 4 (Tables 1.8 

and 1.10). Therefore, this experiment showed that a lower surface coverage of IPTES 

on PECVD-Si-Ti (achieved after grafting the silane onto the surface by Method 1) was 

equally as effective for the immobilisation of the amino compound FEAM, in 

comparison to the PECVD-Si-Ti surface that was functionalised with IPTES by Method 

4. Because the loading capacity of FEAM was the same on IPTES functionalised 

PECVD-Si-Ti by Methods 1 and 4, Method 1 is possibly more suitable for 

functionalising the PECVD-Si-Ti surface (compared to Method 4) because the surface 

chemistry of the bioactive coating is not as extensively modified by this method. 
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After silanisation  

(100 mM in toluene for 1 h at 25°C according to Method 1 (refer to pages 36-37)) 

O at.% C at.% N at.% Si at.% F at.% 

60.2 12.5 1.7 25.6 0.0 

After labeling with FEAM 

O at.% C at.% N at.% Si at.% F at.% 

58.9 12.8 1.9 25.6 0.8 

 
Table 1.10. Elemental atomic percentage data from PECVD-Si-Ti surfaces functionalised with IPTES 

(by Method 1) before (top panel) and after reacting the surfaces with 2 ml of 100 mM FEAM for 2 h at 

25°C in PBS (pH 7.4). Refer to pages 38-39 for more detailed descriptions of methods. 

 

 

From the solid phase reactions using the FEAM model molecule, ABTES functionalised 

PECVD-Si-Ti was shown to react with FEAM at a pH of 8.0 and IPTES functionalised 

PECVD-Si-Ti reacted with FEAM at a pH of 7.4. GPTMS functionalised PECVD-Si-Ti 

did not react with FEAM under the experimental conditions tested here. Also, as XPS 

data revealed, a similar surface concentration of FEAM attached on ABTES and IPTES 

functionalised PECVD-Si-Ti (determined by the measured fluorine atomic percentages 

of 0.9 at.% and 0.8 at.%, respectively, from Tables 1.9 and 1.10). Since no additional 

reagents are required to be added to amine reaction solutions developed for IPTES 

functionalised PECVD-Si-Ti (which could inhibit protein activity), isocyanate 

chemistry was first chosen to immobilise the growth factor IGF-1 on PECVD-Si-Ti. 

Also, we chose to examine the immobilisation of IGF-1 on PECVD-Si-Ti that was 

functionalised with IPTES by Method 1 because the reaction does not significantly alter 

the bioactive PECVD-Si surface chemistry in comparison to Method 4, and because the 

surface yield of the amino-containing compound was shown to be the same on both 

surfaces.  
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IPTES functionalised PECVD-Si-Ti (by Method 1) was reacted with 340 ng/cm2 of 

IGF-1 (prepared in PBS) for 2 and 12 h at 25°C. For both reaction times, control 

samples (IPTES functionalised PECVD-Si-Ti) were prepared by incubating the 

substrates in PBS containing no protein. Nitrogen was used as a marker element for 

IGF-1 in the XPS characterisation. As shown in the XPS survey spectra in Figure 1.36 

A-D, nitrogen was detected on all samples and at a similar intensity. This result was 

expected since nitrogen was already present on the surface of IPTES functionalised 

PECVD-Si-Ti (from the surface isocyanate groups) and only a small increase in the 

surface content of nitrogen would be possible from the low amount of protein (340 

ng/cm2) that was used to react with the surface. However, after measuring the atomic 

percentages for each element on these surfaces by means of XPS, a marginally higher 

atomic percent of nitrogen was found on both surfaces that were reacted with IGF-1 for 

2 and 12 h (2.3 and 2.2 at.%) compared to their respective controls (1.6 and 1.7 at.%), 

indicating that the protein was indeed attached on the surface (Table 1.11). This 

reaction appeared to have reached completion within 2 h since similar nitrogen 

percentages were detected (by XPS analysis) on samples incubated with IGF-1 for 

either 2 or 12 h. 
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Figure 1.36. XPS survey spectra taken on IPTES functionalised PECVD-Si-Ti after incubation in PBS 

(pH 7.4) for 2 h (A) or 12 h (C) and after incubation with 600 ng of IGF-1 in 300 µl of PBS for 2 h (B) or 

12 h (D).  

 

 

 O at.% C at.% N at.% Na at.% Si at.% 

340 ng/cm2 of IGF-1; 2 h at 25°C 59.6 14.6 2.3 0.0 23.5 

PBS; 2 h at 25°C 63.2 11.4 1.6 0.0 23.8 

340 ng/cm2 of IGF-1; 12 h at 25°C 57.0 18.1 2.2 0.9 21.8 

PBS; 12 h at 25°C 61.8 12.5 1.7 0.0 24.0 

 
Table 1.11. Elemental atomic percentage data (from XPS) for IPTES functionalised PECVD-Si-Ti after 

incubation in PBS (pH 7.4) for 2 h or 12 h and after incubation with 600 ng of IGF-1 in PBS (in a volume 

of 300 µl and a surface area concentration of 340 ng/cm2) for 2 h or 12 h at 25°C. 
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In summary, by means of XPS, we characterised three different surface chemistries 

(aldehyde, epoxide and isocyanate surface functionalities), which can be used for the 

covalent immobilisation of proteins. The surface chemistries were generated on 

PECVD-Si-Ti by grafting ABTES, GPTMS or IPTES onto the substrate surfaces 

through silane chemistry. We investigated the immobilisation of an amino FEAM 

molecule on these surfaces under different experimental conditions. By means of XPS 

analysis, we identified two suitable experimental conditions for coupling of FEAM onto 

ABTES and IPTES functionalised PECVD-Si-Ti. A suitable experimental condition for 

coupling FEAM to GPTMS functionalised PECVD-Si-Ti was not found in this study. 

Furthermore, we determined that the surface coverage yield of FEAM was the same on 

PECVD-Si-Ti that was functionalised with a higher and lower density of IPTES 

molecules by Methods 1 and 4, respectively. Finally, a procedure developed for the 

immobilisation of FEAM on IPTES functionalised PECVD-Si-Ti (according to Method 

1) was successfully adapted for the immobilisation IGF-1. The immunological activity 

of covalently attached immobilised IGF-1 molecules will be assessed in the following 

section. 
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1.3.4 Analysis of the immunological activity of adsorbed and covalently 

attached insulin-like growth factor-1 (IGF-1) on PECVD-Si-Ti 
 

In the previous section, XPS was used to detect IGF-1 that had been covalently 

immobilised on IPTES functionalised PECVD-Si-Ti. The results from this XPS study 

gave an indication that the protein was present on the surface. However, no information 

has been obtained to determine if the protein remained in the correct conformation to 

retain biological activity. To test if covalently attached IGF-1 had not been denatured by 

the immobilisation method, an enzyme-linked immunosorbent assay (ELISA) was used 

to analyse the immunological activity (immuno-reactivity) of insulin-like growth factor-

1 (IGF-1) on functionalised titanium substrates. 

 

These experiments were performed in commercially available 24-well plates, enabling 

multiple samples to be analysed in each experiment. After inserting double-sided 

adhesive tape into the wells of a 24-well tissue culture polystyrene (TCPS) plate (used 

for holding the titanium substrates), each well was blocked with bovine serum albumin 

(BSA), the cover of the tape was then removed and the titanium discs were glued into 

place. After incubation with IGF-1, any isocyanate functional groups that had not 

reacted with the protein were subsequently quenched with ethanolamine hydrochloride. 

A second blocking step with BSA was performed to reduce the amount of non-specific 

protein binding sites on the titanium substrate surface. The remainder of the experiment 

involved a standard ELISA protocol provided by TGR BioSciences Pty. Ltd. In this 

experiment, IGF-1 was reacted with a biotinylated IGF-1 antibody before labeling this 

“detection” antibody with a horseradish peroxidase (HRP) enzyme that was conjugated 

to streptavidin. The enzyme catalysed the oxidation of a colourless o-phenylenediamine 

dihydrochloride (OPD) substrate to produce a yellow-coloured end product with a λmax 

of 450 nm. The intensity of this yellow-coloured product is related to the surface 

concentration of immuno-reactive IGF-1 on the titanium substrate surface. Absorbance 

measurements were recorded in a standard 96-well microplate reader. An illustration of 

this ELISA procedure is shown in Figure 1.37. 
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The experimental protocol provided TGR BioSciences Pty. Ltd. had been developed for 

a 96-well format. These assays are usually performed in polystyrene wells that have 

been modified to obtain maximum protein adsorption such as on Nunc-Maxisorp™ 

plates [169]. To test whether this method could be scaled up to a 24-well format, the 

IGF-1 ELISA was first used to detect IGF-1 that had been adsorbed to wells of a 24-

well TCPS plate at a protein surface concentration of 0-340 ng/cm2. The resulting 

calibration curve showed a sigmoidal shape and a saturation level was reached between 

170-340 ng/cm2 (Figure 1.38). A maximum absorbance of approximately 0.1 was 

obtained in the test wells that were reacted with a higher concentration (170-340 

ng/cm2) of IGF-1 (from Figure 1.38). The measured background absorbance that was 

recorded in empty test wells by the microplate reader was typically 0.03-0.04 units (data 

not shown), which was about half of the maximum absorbance recorded in the above 

experiment. Therefore, to enable IGF-1 to be easily detected on the titanium substrates 

(by obtaining high signal to noise ratio) in the subsequent ELISA experiments, IGF-1 

was reacted on the test samples at 340 ng/cm2 that reflected a complete coverage of 

protein from the calibration curve (Figure 1.38). 

 

 
 

Figure 1.37. A cartoon illustrating each step of the ELISA used to analyse the immuno-reactivity of IGF-

1 on functionalised titanium substrates in a 24-well format. Abbreviations: Strep.-HRP - streptavidin 

conjugated HRP; OPD - o-phenylenediamine dihydrochloride; and BSA - bovine serum albumin. 
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Figure 1.38. A calibration curve of adsorbed IGF-1 in a 24-well plate. Absorbance readings were 

adjusted according to the absorbance recorded in the negative (minus IGF-1) control wells. IGF-1 

dilutions were prepared in PBS and incubated in the test wells at 25°C for 2 h. 

 

The ELISA was next used to compare IGF-1 reactivity on PECVD-Si-Ti to uncoated 

titanium samples not functionalised with IPTES (Scheme 1.9). Only low absorbance 

values of approximately 0.03 and 0.02 at 450 nm (for oxidised OPD) were measured 

from the test wells when IGF-1 was adsorbed either to uncoated titanium or PECVD-Si-

Ti, respectively (Figure 1.39). This indicated a low coverage of immuno-reactive 

protein on these surfaces. The immune reaction may have been hindered due to a 

combination of factors including topographical and chemical characteristics that can 

influence the molecular interaction between the protein and biomaterial surface during 

protein adsorption [170-171], significant removal of adsorbed IGF-1 by the vigorous 

(detergent-based) wash steps [172], protein denaturation on the surface or blocking of 

IGF-1 active sites that had adsorbed to the material surface [110]. 
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A low coverage of immuno-reactive IGF-1 was also found when the protein was 

covalently attached to IPTES functionalised titanium (not coated with the PECVD-Si 

film) substrates, but a much higher concentration of immuno-reactive IGF-1 was 

observed when the protein was covalently linked to PECVD-Si-Ti (Scheme 1.9 and 

Figure 1.39). This suggests that more IGF-1 had attached to IPTES functionalised 

PECVD-Si-Ti in comparison to IPTES functionalised uncoated titanium (that is not 

coated with PECVD-Si) and/or a greater percentage of IGF-1 became denatured on 

IPTES functionalised uncoated titanium in comparison to IPTES functionalised 

PECVD-Si-Ti. Nonetheless, these ELISA results showed that PECVD-Si-Ti could be 

loaded with IGF-1 through an isocyanate-amine coupling chemistry and that the growth 

factor retained its immunological activity.  
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Scheme 1.9. An illustration of the possible surface chemistry obtained after immobilising IGF-1 (red 

circles) on uncoated titanium substrates (grey rectangle) and PECVD-Si-Ti (grey and blue rectangles). 

These samples were analysed by an IGF-1 ELISA (results are shown in Figure 1.39). The illustration 

shows IGF-1 covalently linked to isocyanate groups, followed by quenching with ethanolamine, or IGF-1 

adsorbed through hydrogen interactions between an amino group of the protein and the surface oxide 

layer (broken lines). 
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Figure 1.39. Results from an IGF-1 ELISA experiment performed on non-silanised and IPTES 

functionalised uncoated titanium and PECVD-Si-Ti (600 ng of IGF-1 (in 300 µl of PBS) was reacted on 

each sample (at 340 ng/cm2) at 25°C for 2 h). The functionalised samples were reacted with IPTES 

according to Method 1. Refer to pages 36-37 for the silanisation protocol and to pages 39-40 for the 

ELISA method. 
 

One more experiment was conducted to confirm the above results. This time IGF-1 

reactions were compared on IPTES functionalised uncoated titanium and PECVD-Si-Ti 

before and after quenching the reactive groups with ethanolamine hydrochloride 

(Scheme 1.10). Ethanolamine has previously been used to block amine-reactive 

functional groups on biomaterial surfaces [173]. Variations in absorbance 

measurements were observed between Figures 1.39 and 1.40, which were attributed to 

the possibility of liquid becoming entrapped between the titanium disc and the adhesive. 

However, the trends in the absorbance measurements were consistent between the two 

graphs. Again, the surface concentration of immuno-reactive IGF-1 was much higher 

(by approximately 5-fold) on IPTES functionalised PECVD-Si-Ti compared to 

uncoated titanium (Figure 1.40). Also, a higher concentration of immuno-reactive IGF-

1 was detected when the protein was covalently attached on IPTES functionalised 

uncoated titanium or IPTES functionalised PECVD-Si-Ti in comparison to when the 

protein was adsorbed on these surfaces displaying quenched reactive groups (over 5-
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fold and 15-fold differences in the measured absorbance was observed on IPTES 

functionalised uncoated titanium and IPTES functionalised PECVD-Si-Ti, respectively) 

(Figure 1.40). Therefore, these experiments confirmed that a higher density of immuno-

reactive IGF-1 could be retained on functionalised titanium substrates by using covalent 

attachment in comparison to non-specific protein adsorption. 
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Scheme 1.10. An illustration of the possible surface chemistry obtained after immobilising IGF-1 (red 

circles) on titanium substrates (grey rectangles) and PECVD-Si-Ti (grey and blue rectangles). These 

samples were analysed by an IGF-1 ELISA (results are shown in Figure 1.40). The illustration shows 

IGF-1 covalently linked to isocyanate groups, followed by quenching with ethanolamine, or IGF-1 

adsorbed through hydrogen interactions between an amino group of the protein and the quenched 

isocyanate group (broken lines). 
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Figure 1.40. Results from an IGF-1 ELISA experiment performed on IPTES functionalised uncoated 

titanium and PECVD-Si-Ti (600 ng of IGF-1 (in 300 µl of PBS) was reacted on each sample (at 340 

ng/cm2) for 2 h at 25°C). Functionalised samples were reacted with IPTES according Method 1. In this 

chart, a comparison can be made in the immuno-reactivity of IGF-1 reacted on IPTES functionalised 

uncoated titanium and PECVD-Si-Ti before and after quenching the reactive groups with ethanolamine 

hydrochloride. Refer to pages 36-37 for the silanisation protocol and to pages 39-40 for the ELISA 

method. 

 

In summary, an IGF-1 immunoassay was employed in this section for detecting 

adsorbed and covalently immobilised IGF-1 on uncoated titanium and PECVD-Si-Ti. A 

higher amount of immunologically active IGF-1 was retained when the protein was 

covalently linked, compared to when the protein was adsorbed on both uncoated 

titanium and PECVD-Si-Ti. The highest amount of immuno-reactive IGF-1 was 

observed when the protein was covalently immobilised on IPTES functionalised 

PECVD-Si-Ti. The biological activity of the functionalised PECVD-Si-Ti substrates 

will be tested through in vitro cell-based assays in the following sections.   
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1.3.5 Analysis of osteoblast-like cell growth on PECVD-Si-Ti and IGF-1 

functionalised PECVD-Si-Ti surfaces 
 

The discussion will now focus on testing the biological performance of PECVD-Si-Ti in an 

in vitro cell culture study. In previous studies, PECVD-Si-Ti was shown to enhance bone 

formation in situ and bone like mineral deposition was promoted in vitro [83, 85]. This 

present study is concerned with further improving the bioactivity of PECVD-Si-Ti by 

tethering insulin-like growth factor-1 (IGF-1) to the surface. It is envisaged that the 

immobilised IGF-1 will improve the growth of cells (including bone-forming cells) on 

PECVD-Si-Ti, which in turn may further enhance bone formation on the substrate surface 

[174].  

 

A human osteosarcoma MG63 cell line (an osteoblast-like cell) was used for testing the 

biocompatibility and bioactivity of the modified titanium surfaces in vitro [175]. 

Osteoblasts are the predominant cell-type involved in bone formation on the implant 

surface [14(d-e)]. The MG63 osteoblast-like cells possess adherent growth properties 

enabling these cells to be grown on the titanium substrates prepared with different surface 

chemistries and functional IGF-1, as will be described, or on tissue culture polystyrene 

(TCPS) for comparison. The major focus in this study was on the initial stage of cell 

attachment and early cellular proliferation on the modified substrate surfaces. 

 

An alamarBlue™ cellular viability assay was chosen to monitor the growth of MG63 cells 

on the substrate surfaces. Briefly, this assay involved incubating cells that were growing on 

the biomaterial substrate in 10% (v/v) alamarBlue™ prepared in PBS, pH 7.4 for 1 h. The 

absorbance of the dye was then read spectrophotometrically at 570 and 600 nm. The 

alamarBlue™ dye is essentially used to monitor the reducing environment of proliferating 

cells. The active component of alamarBlue™ is resazurin, a blue-coloured compound 

[164]. After incubating alamarBlue™ with proliferating cells, the dye becomes reduced to 

resorufin, a red-coloured product (refer to Scheme 1.11). O’Brien et al. discovered that 

alamarBlue™ is likely reduced intracellularly by an enzymatic process [176]. 
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Scheme 1.11. Reduction of resazurin (alamarBlue™) to resorufin in the presence of live cells. Scheme was 

adapted from O’Brien et al. [176]. 
 

Previously, the growth of MG63 osteoblast-like cells on modified titanium surfaces has 

been assessed using the alamarBlue™ assay [58, 60, 177]. In these previous studies, 

cellular vitality was examined between 1-21 days of culture. The endpoint signal, that is the 

reduction of the alamarBlue™ dye, was calculated by subtracting the absorbance of the 

oxidised form of the dye at 600 nm from the reduced form at 570 nm. The alamarBlue™ 

assay was sensitive for monitoring changes in cellular proliferation in response to different 

surface chemical cues. For example, in comparison to untreated titanium and tissue culture 

polystyrene (TCPS) surfaces, Giordano et al. detected a higher rate of MG63 cell 

proliferation after 3 days of culture on titanium modified with a thickened oxide layer that 

was doped with calcium and phosphorous (in order to mimic bone minerals) [58].  

 

In this thesis, the percentage of the reduced alamarBlue™ dye was used as an endpoint 

measurement to determine the comparative viability of cells that were growing on the test 

samples. In particular, the assay was used to gain information regarding cell growth on 

PECVD-Si-Ti and on surfaces functionalised with IGF-1. The percentage of the reduced 

alamarBlue™ dye (related to cell density) was calculated according to the manufacturer’s 

instructions by using the following equation [178]: 
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((εOX)λ2 x Aλ1) - ((εOX)λ1 x Aλ2)

((εRed)λ1 x A'λ2) - ((εRed)λ2 x A'λ1)
X   100% reduced =

where:

(εRed)λ1

(εRed)λ2

(εOX)λ1

(εOX)λ2

Aλ1

Aλ2

A'λ1

A'λ2

= 155677 M-1cm-1; molar extinction coefficient of reduced dye at 570 nm

= 14652 M-1cm-1; molar extinction coefficient of reduced dye at 600 nm
= 80586 M-1cm-1; molar extinction coefficient of oxidised dye at 570 nm

= 117216 M-1cm-1; molar extinction coefficient of oxidised dye at 600 nm

= Measured absorbance of test sample at 570 nm
= Measured absorbance of test sample at 600 nm

= Measured absorbance of negative control (test samples that were incubated in medium 
containing no cells) at 570 nm

= Measured absorbance of negative control (test samples that were incubated in medium 
containing no cells) at 600 nm  

 

Also, the surface areas of the wells, TCPS and titanium discs were slightly different to one 

another. To normalise the cellular growth areas on the test specimens, the percentage of 

alamarBlue™ reduced by the cells was divided by the surface area of the test specimen, 

expressed as %/cm2. 

 

Before analysing cell growth on the test specimens, MG63 cells were first cultured on 

TCPS to establish an ideal cell seeding density for monitoring cell attachment and early 

stages of proliferation by the alamarBlue™ assay. 1 ml of MG63 cells was seeded into the 

wells of a 24-well plate (having a surface area of approximately 2 cm2 at the bottom of each 

well) at 4 different cell densities of 1.2 x 102, 1.2 x 103, 1.2 x 104 and 1.2 x 105 cells/ml. 

These wells are similar to the surface area of the titanium and TCPS test specimens of 1.8 

and 1.3 cm2, respectively. After culturing the cells for time periods of 4, 24 and 72 h, the 

wells were washed with PBS and 300 µl of the diluted alamarBlue™ dye (in PBS) was 

added and incubated with the cells for 1 h under cell culture conditions (37°C in a 

humidified atmosphere of 5% CO2). 100 µl of the solution was then transferred to a 96-well 

microplate and the absorbance at 570 and 600 nm was measured in a microplate reader 

(refer to page 42 for a more detailed description). Because this study was primarily 
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concerned with cell attachment and the initial stages of proliferation on the modified 

titanium surfaces, only short cell culture times of between 4-72 h were investigated.  

 

At the two lowest cell seeding densities of 1.2 x 102 and 1.2 x 103 cells/ml, there was no 

significant increase in the percentage of reduced alamarBlue™ following 4, 24 and 72 h of 

cell culture (Figure 1.41). But at a seeding density of 1.2 x 104 cells/ml, the percentage of 

reduced alamarBlue™ was significantly increased from 4 to 8 %/cm2 after culturing cells 

between 4 and 24 h and even further to over 20 %/cm2 after 72 h (Figure 1.41). This 

simply showed that the proliferation of MG63 cells during 72 h of cellular growth could be 

monitored by the alamarBlue™ assay at a cell seeding density of 1.2 x 104 cells/well and 

above in a 24-well plate, but not at 1.2 x 102 and 1.2 x 103 cells/well. As expected, the 

greatest reduction in alamarBlue™ of approximately 25 %/cm2 was observed at the highest 

cell seeding density of 1.2 x 105 cells/ml after the initial 4 h cell attachment time period, 

which increased to 35 %/cm2 after 24 h of cell culture (Figure 1.41). No further increase in 

the percentage of reduced alamarBlue™ was found between 24 and 72 h because a nearly 

confluent monolayer of cells had formed at the bottom of the well after 24 h as confirmed 

by light microscopy analysis. At higher cell densities, the proliferation of cells stagnates 

due to cell-cell contact inhibition of cell division [179-182]. The confluency of the cells 

covering the bottom of the TCPS wells was estimated by observing attached cells through a 

light microscope immediately before performing each alamarBlue™ experiment. These 

estimations were then compared to the percentage of reduced alamarBlue™ dye at each 

incubation time period. As expected, a greater percentage of alamarBlue™ was reduced as 

the cell density increased (Table 1.12). This confirmed that the efficiency in the reduction 

of alamarBlue™ correlated directly with the relative cell density in this study.  
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Figure 1.41. Percentage of alamarBlue™ reduced by MG63 cells grown in wells of a 24-well TCPS plate 

(TPP). Cells were removed from a T75 culture flask (Iwaki) using trypsin solution. 1 ml of cells were seeded 

into the wells at densities of 1.2 x 102, 1.2 x 103, 1.2 x 104 and 1.2 x 105 cells/ml. After 4 h, the wells were 

washed twice in PBS (pH 7.4) and the wells designated for the 4 h incubation period were examined by the 

alamarBlue™ assay. For the longer cell culture time periods of 24 and 72 h, the medium was decanted and 

replenished after an initial cell attachment period of 4 h and replenished every subsequent 24 h until the final 

alamarBlue™ assay was performed. Cells were grown in minimal essential medium (MEM) (pH of 7.1) 

supplemented with 10% (v/v) of foetal bovine serum (FBS), 100 units of penicillin and 100 µg of 

streptomycin under cell culture conditions (37°C in a humidified incubator in an atmosphere of 5% CO2). The 

alamarBlue™ assay procedure is described in detail on page 42. 
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AlamarBlue™ reduced  

(%/cm2) 

Surface coverage estimation (%) of MG63 

cells covering the bottom of the TCPS well 

(Surface area = 2.01 cm2) 

< 1.5 < 5 

1.5-2.5 5-20 

2.5-4 20-30 

4-8 30-50 

8-20 50-95 

> 20 95-100 
 

Table 1.12. A table of the percentage of alamarBlue™ reduced by MG63 cells (from Figure 1.41) and the 

corresponding percentage of cells covering the bottom of the well of the 24-well TCPS plate. An estimation 

of the cells covering the bottom of each well was established from visual inspection of attached cells at the 

bottom of the wells through a light microscope.  

 

In summary, a significant increase in the percentage of alamarBlue™ reduced by MG63 

cells was observed between cell culture times of 4-24 h and 24-72 h after seeding 1.2 x 104 

cells into wells of a 24-well TCPS plate. A much higher percentage of reduced 

alamarBlue™ was observed after seeding 1.2 x 105 cells into the wells at 4, 24 and 72 h of 

cell culture, but cells reached near confluency after 24 h (Figure 1.41 and Table 1.12). 

Therefore, in the next experiment a cell seeding density of 2.4 x 104 cells/ml (between 1.2 x 

104 and 1.1 x 105 cells/ml) was chosen to assess the growth of MG63 cells on the test 

titanium samples after 4, 24 and 72 h of cell culture. 

 

The attachment and proliferation of MG63 cells was first compared between uncoated 

titanium, PECVD-Si-Ti and TCPS (Figure 1.42). All of the cell culture experiments were 

performed using PECVD-Si-Ti that was not treated with the third plasma-processing step 

of air/H2O2 plasma. This treatment was abandoned because none of the data presented in 

this thesis suggested that the plasma-processing step of air/H2O2 plasma significantly 

influenced the surface chemical characteristic of PECVD-Si-Ti (refer to pages 57-60, 73-

74). After cells had attached on titanium and TCPS for 4 h, approximately 5 %/cm2 of 

alamarBlue™ was reduced by the MG63 cells on both surfaces. This corresponds to 30-
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50% of cell surface coverage (from Table 1.12). Interestingly, a lower percentage of 

alamarBlue™ was reduced at approximately 2.5 %/cm2 on PECVD-Si-Ti, corresponding to 

a lower cell confluency of 5-20% (Figure 1.42 and Table 1.12). AlamarBlue™ was 

reduced further by approximately 2-fold on titanium and TCPS after 24 h of cell culture, 

but interestingly not on PECVD-Si-Ti (Figure 1.42). After 72 h, the percentage of reduced 

alamarBlue™ significantly increased again to 38-40 %/cm2 on titanium and TCPS that 

corresponded to a complete monolayer coverage of cells (Figure 1.42 and refer to Table 

1.12). However, at 72 h the percentage of reduced alamarBlue™ on PECVD-Si-Ti 

remained low at approximately 5 %/cm2. These results indicated that cells attached and 

proliferated equally well on titanium and TCPS. This result was expected because titanium 

is well known to be a biocompatible material [14(a), 9(a-c)]. Conversely, poor cell 

attachment and proliferation was observed on PECVD-Si-Ti. This result was not expected 

because PECVD-Si-Ti was previously shown to promote bone deposition in situ and 

therefore was considered to be a biocompatible and bioactive material [85].  
 

Poor cell attachment and proliferation on PECVD-Si-Ti could have been due to two 

contributing factors. The material may be toxic to cells in vitro or the hydrophilic surface 

coating may prevent the adsorption of proteins in the FBS supplement. The first scenario is 

unlikely since PECVD-Si-Ti has been shown to be biocompatible in situ [85]. However, the 

highly hydrophilic PECVD-Si-Ti surface is probably protein-resistant compared to the 

moderately hydrophilic titanium surface with contact angles of < 10° and 71°, respectively 

(refer to pages 59-60) [183]. This effect would also apply to the adsorption of serum 

proteins on PECVD-Si-Ti, including fibronectin and vitronectin that are known to facilitate 

and depending on cell type, to be essential to cell attachment [184]. Furthermore, reducing 

the period of adsorption of serum proteins and cell adhesion by replacing the medium after 

4 h may exacerbate this effect. 
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The following experiment was performed to determine if poor cell growth on PECVD-Si-Ti 

was attributed to the initial low density of cells that had attached to the substrate surface. 

MG63 cells were seeded onto the same type of samples as analysed in Figure 1.42 but at a 

higher cell density of 4.7 x 104 cells/ml (compared to 2.4 x 104 cells/ml) and were allowed 

to attach for a longer time period of 24 h (compared to 4 h). These conditions were 

expected to increase the initial density of cells attached on the substrate surface by allowing 

for more protein adsorption and cell attachment even on more protein-resistant surfaces. If 

the percentage of alamarBlue™ reduced by the cells still remained low on PECVD-Si-Ti 

under these conditions, the sample may then be exhibiting some toxicity towards cells in 

vitro. However, this time the percentage of alamarBlue™ reduced on PECVD-Si-Ti was 

comparable to that on TCPS and titanium (Figure 1.43). The percentage of alamarBlue™ 

reduced after 24 h of cell attachment and growth was approximately 34 %cm2, 31 %cm2 

and 27 %cm2, which increased by 1.5-fold, 1.4-fold and 1.5-fold after 72 h of culturing the 

cells on TCPS, titanium and PECVD-Si-Ti, respectively (Figure 1.43). This experiment 

was significant since it demonstrated that PECVD-Si-Ti is non-toxic to MG63 cells and 

that cell growth (proliferation) was similar to that on the titanium and TCPS control 

samples. 
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Figure 1.42. Percentage of alamarBlue™ reduced by MG63 cells that were grown on TCPS, titanium and 

PECVD-Si-Ti discs. Experiments were performed in 24-well ultra-low cell attachment plates (Dow Corning). 

Titanium and PECVD-Si-Ti discs were cleaned/sterilised as described on pages 30 and 41. TCPS discs 

(Sarstedt) were purchased sterile from the manufacturer and were used as received. 1 ml of trypsinised 2.4 x 

104 MG63 cells/ml were seeded and incubated over the surfaces for 4 h (under cell culture conditions). The 

wells were replenished with 2 ml of medium after the first 4 h of incubation and at 24 h intervals until the 

final measurement was taken. The cells were grown in MEM adjusted to pH 7.1 and supplemented with 10% 

(v/v) FBS, 100 units of penicillin and 100 µg of streptomycin. The 2-dimensional surface area of the TCPS 

disc was 1.3 cm2 and the surface areas of titanium and PECVD-Si-Ti were both 1.8 cm2. The alamarBlue™ 

assay was performed according to the protocol described on page 42. Statistical analyses: Percentage of 

alamarBlue™ reduced by MG63 cells grown on uncoated titanium was not statistically different to TCPS at 4 

and 72 h of cell culture (p = 0.497 and p = 0.171, respectively) but was statistically different to PECVD-Si-Ti 

at 4 and 72 h of cell culture (p = 0.015 and p = 0.006, respectively). 
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Figure 1.43. Percentage of alamarBlue™ reduced by MG63 cells that were grown on TCPS, titanium and 

PECVD-Si-Ti discs. This experiment was identical to that outlined in Figure 1.42, except samples were 

seeded with a higher cell density of 4.7 x 104 cells/ml (compared to 2.4 x 104 cells/ml in Figure 1.42) and the 

cells were allowed to attach for 24 h (compared to 4 h in Figure 1.42) before the medium was replaced by 

new medium. The medium was replaced every 24 h time period until the final alamarBlue™ assay was 

performed. Statistical analyses: Percentage of alamarBlue™ reduced by MG63 cells grown on PECVD-Si-Ti 

was not statistically different to TCPS or uncoated titanium after 24 h of cell attachment/growth (p = 0.091 

and p = 0.197, respectively) but was statistically different to TCPS and uncoated titanium after 72 h of cell 

culture (p = 0.005 and p = 0.033, respectively). 
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Next, the growth of MG63 cells in response to IGF-1 was assessed on PECVD-Si-Ti by 

means of the alamarBlue™ assay. IGF-1 is known to be highly mitogenic to many cell 

types and the protein can regulate many cellular functions including the cell-division cycle, 

apoptosis and differentiation [89-90]. Importantly, IGF-1 also regulates the biological 

activity of bone cells [91-92]. Specifically, this includes stimulating the proliferation of 

bone cells and consequently enhanced bone formation [92]. The aim of the following 

experiments was to test if covalently immobilised IGF-1 could stimulate cellular 

attachment and/or proliferation of MG63 cells on PECVD-Si-Ti, similar to other studies 

that investigated the bioactivity of IGF-1 functionalised surfaces [174]. 

 

IGF-1 was adsorbed onto PECVD-Si-Ti or covalently linked to IPTES functionalised 

PECVD-Si-Ti (unreacted isocyanate groups were quenched with ethanolamine 

hydrochloride) (refer to Scheme 1.9 and page 41). 1 ml of 2.4 x 104 MG63 cells/ml was 

seeded onto each sample. The cells were allowed to attach for 4 h before removing any 

cells that had not attached or were loosely attached by a washing step (refer to page 42). 

The cell density was analysed by the alamarBlue™ assay after 24 h of cell growth on 

PECVD-Si-Ti, PECVD-Si-Ti loaded with adsorbed IGF-1, IPTES functionalised PECVD-

Si-Ti loaded with covalently attached IGF-1, IPTES functionalised PECVD-Si-Ti with 

quenched reactive isocyanate groups as well as TCPS and titanium control samples. 

Additionally, the MG63 cell density on IPTES functionalised PECVD-Si-Ti (loaded and 

not loaded with IGF-1) was investigated after a longer incubation time of 72 h.  

 

Once again, a low percentage of reduced alamarBlue™ (4 %/cm2) was recorded for 

PECVD-Si-Ti corresponding to a low cell surface density (Figure 1.44). Cell attachment 

and/or proliferation did not improve on PECVD-Si-Ti when the surface was functionalised 

with adsorbed IGF-1 (Figure 1.44). This result confirmed that the hydrophilic, plasma 

silica coating deposited on titanium (PECVD-Si-Ti - no air/H2O2 plasma treatment) in this 

study resisted the adsorption of proteins and consequently cell attachment. This conclusion 

was corroborated by ELISA analysis, which showed only a low surface concentration of 

IGF-1 adsorbed onto PECVD-Si-Ti (refer to Figure 1.39).  

 



Part 1: Results and Discussion 123

However, cell attachment/growth was improved on PECVD-Si-Ti after functionalising the 

surface with IPTES. In fact, the percentage of reduced alamarBlue™ was virtually identical 

on IPTES functionalised PECVD-Si-Ti (11.1 %/cm2) compared to titanium (11.3 %/cm2) 

and slightly better than TCPS (8.7 %/cm2) in this experiment (Figure 1.44). This result was 

attributed to a decrease in the surface hydrophilicity on PECVD-Si-Ti due to the 

introduction of hydrophobic hydrocarbons from the IPTES (data not shown). By converting 

the very hydrophilic PECVD-Si-Ti surface to a moderately hydrophilic one, protein 

adsorption and consequently cell attachment improved, which was expected from the 

literature [183].  

 

Interestingly, no further improvement in cell growth was induced by the covalently 

attached IGF-1 on IPTES functionalised PECVD-Si-Ti. The percentage of reduced 

alamarBlue™ on this sample was 11.3 %/cm2, which was similar to the amount of dye 

reduced on IPTES functionalised PECVD-Si-Ti not loaded with IGF-1 (with quenched 

reactive groups) of 11.1 %/cm2 (Figure 1.44). After 72 h of cell culture, the percentage of 

reduced alamarBlue™ was again almost identical on IPTES functionalised PECVD-Si-Ti 

functionalised with covalently immobilised IGF-1 compared to the sample not treated with 

IGF-1 (graph inset in Figure 1.44). This showed that the immobilised IGF-1 had no 

influence on cell attachment and/or proliferation on IPTES functionalised PECVD-Si-Ti in 

this experiment. One possible explanation for this result is that IGF-1 is rendered 

biologically inactive when the protein is tethered to the surface. However, IGF-1 was 

shown to be immunologically reactive when covalently tethered to IPTES functionalised 

PECVD-Si-Ti (refer to pages 105-111). Therefore, another and more likely possibility may 

be that the relatively high serum (containing cell attachment and growth factors) 

concentration in the medium of 10% (v/v) may initiate a more significant biological 

response to cell attachment and/or proliferation on PECVD-Si-Ti than the surface tethered 

IGF-1 alone; or alternatively a thick serum protein layer adsorbed on the surface of IPTES 

coated PECVD-Si-Ti (functionalised with IGF-1) could shield IGF-1 and render it 

inaccessible to the IGF-1 receptors of cells, which are also expressed by osteoblast-like 

cells [93].  
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Figure 1.44. Percentage of alamarBlue™ reduced by MG63 cells that were grown on TCPS, titanium and 

PECVD-Si-Ti discs in a 24-well ultra-low cell attachment microplate. Additionally, the growth of cells was 

tested on PECVD-Si-Ti substrates that were loaded with adsorbed IGF-1 (600 ng for 2 h) and covalently 

attached IGF-1 (600 ng for 2 h) on IPTES functionalised PECVD-Si-Ti. PECVD-Si-Ti was functionalised 

with IPTES by Method 1 (refer to pages 36-37). Isocyanate groups were quenched with ethanolamine 

hydrochloride (refer to page 41). 1 ml of trypsinised 2.4 x 104 MG63 cells/ml were seeded and incubated over 

the surfaces for 4 h under cell culture conditions. Following 4 h of incubation, the wells were washed twice in 

PBS (pH 7.4) and replenished with 2 ml of medium and then incubated for an additional 24 h. The cells were 

grown in MEM adjusted to a pH of 7.1 and supplemented with 100 units of penicillin and 100 µg of 

streptomycin and 10% (v/v) FBS. MG63 cells were also cultured on IPTES functionalised PECVD-Si-Ti 

(loaded and not loaded with IGF-1) for a longer time period of 72 h (Graph inset). Refer to page 42 for the 

alamarBlue™ assay procedure. Statistical analyses: Percentage of alamarBlue™ reduced by MG63 cells 

grown on IPTES and IGF-1 functionalised PECVD-Si-Ti was statistically different to TCPS, unmodified 

PECVD-Si-Ti and PECVD-Si-Ti loaded with adsorbed IGF-1 after 24 h of cell growth (p = 0.004, < 0.001 

and 0.036, respectively) but was not statistically different to uncoated titanium and IPTES functionalised 

PECVD-Si-Ti (not containing IGF-1) after 24 h of cell culture (p = 0.992 and 0.942, respectively) and to 

IPTES functionalised PECVD-Si-Ti (not containing IGF-1) after 72 h of cell culture (p = 0.650). 
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The following experiment aimed to solve the uncertainty as to whether FBS was quenching 

the biological activity of IGF-1 by addressing the following question: Does IGF-1 enhance 

the proliferation of MG63 cells in the presence (or in the absence) of 10% (v/v) serum in 

vitro? In this experiment, 1 ml of 2.4 x 104 MG63 cells/ml (prepared in serum-free 

medium) was seeded into wells of a 24-well plate, so that each test well contained the same 

number of cells (20-25% surface coverage from Table 1.13). After allowing the cells to 

attach for 4 h, the wells were washed and replenished with serum-containing (10% v/v) or 

serum-free medium supplemented or not supplemented with IGF-1. Cells were cultured for 

72 h. 

 

As shown in Figure 1.45, the growth of MG63 cells was limited in the absence of FBS. 

MG63 cells grown in 10% (v/v) serum reduced alamarBlue™ by approximately 3.7-fold 

more than cells grown in the absence of serum (Figure 1.45). However, no significant 

difference in the reduction of alamarBlue™ was obtained from cells that were cultured in 

medium supplemented with 10% (v/v) serum and IGF-1 compared to cells cultured in 

serum-supplemented medium without the addition of IGF-1 (Figure 1.45). But 

alamarBlue™ was reduced approximately 2-fold by MG63 cells grown in serum-free 

medium supplemented with IGF-1 compared to cells grown in serum-free medium without 

IGF-1 (Figure 1.45). Estimates made from the surface coverage of MG63 cells growing at 

the bottom of each well supported the results of the alamarBlue™ assay (Table 1.13). At 

each 24 h incubation time interval, the surface coverage of MG63 cells was estimated to be 

5% higher in wells with serum-free medium supplemented with IGF-1 compared to wells 

with serum-free medium without IGF-1. In stark contrast, the coverage of cells grown in 

serum-containing medium was found to be the same after each incubation time period 

regardless of whether or not the medium was supplemented with additional IGF-1 (refer to 

Table 1.13).  

 

As illustrated in this study, FBS was found to enhance the proliferation of cells more 

effectively than IGF-1 (Figure 1.45). FBS was more mitogenic than IGF-1, potentially 

because the serum has a more complete range of factors necessary for cell survival and 

proliferation (IGF-1 being only one of these factors). This enabled cells to proliferate much 
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better in serum-containing medium than in serum-free medium supplemented with IGF-1. 

Also, cell proliferation (after 72 h of cell culture) was only enhanced by IGF-1 in serum-

free medium and not in serum-containing medium. Therefore, the experiment below tested 

if cell attachment and growth could be stimulated by immobilised IGF-1 in a serum-free 

environment on the surface modified titanium substrates.  

 

 

 
 
Figure 1.45. Percentage of alamarBlue™ reduced by MG63 cells grown in a 24-well TCPS plate (TPP). 1 ml 

of trypsinised 2.4 x 104 MG63 cells/ml (prepared in serum-free MEM adjusted to a pH of 7.1 and 

supplemented with 100 units of penicillin and 100 µg of streptomycin) were seeded and incubated over the 

surfaces for 4 h under cell culture conditions. After the first 4 h of cell attachment, the wells were washed 

twice in PBS (pH 7.4) and replenished with 2 ml of serum-containing (10% v/v FBS) or serum-free MEM 

(containing 100 units of penicillin and 100 µg of streptomycin) supplemented or not supplemented with 600 

ng of IGF-1 as indicated in the graph. The alamarBlue™ assay was performed after 72 h of cell culture. Refer 

to page 42 for the alamarBlue™ assay procedure. 
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Surface coverage estimation (in %) of MG63 cells covering the bottom of the TCPS well 

(Surface area = 2.01 cm2) at incubation times listed below 

Sample type 4 h 24 h 48 h 72 h 

Medium supplemented with 10% (v/v) FBS 

(Not supplemented with IGF-1) 

20-25 40-45 75-80 > 95 

Medium supplemented with 10% (v/v) FBS 

and 600 ng of IGF-1 

20-25 40-45 80 100 

Incomplete medium (Not supplemented with 

FBS or IGF-1) 

20-25 30 40 45 

Incomplete medium (Not supplemented with 

FBS) supplemented with 600 ng of IGF-1 

20-25 35 45 50 

 
Table 1.13. A table of estimated percentages of MG63 cells covering the bottom of the well of a 24-well 

TCPS plate that was derived from the same experiment outlined in Figure 1.45. An estimation of the 

percentage of cells covering the bottom of the wells was established through visual inspection of attached 

cells at the bottom of the plate through a light microscope. 

 

The growth of MG63 cells was next analysed with the alamarBlue™ assay to determine if 

immobilised IGF-1 could induce a cellular response on titanium and PECVD-Si-Ti in a 

serum-free environment. After 72 h of cell culture, a much higher cell density was again 

observed on TCPS when cells were grown in the presence of serum in comparison to cells 

grown in serum-free medium. AlamarBlue™ was reduced approximately 4.6-fold more on 

TCPS when cells were cultured in serum-containing medium compared to cells cultured in 

serum-free medium (Figure 1.46). This is in good agreement with the data in Figure 1.45.  

 

Similar to alamarBlue™ reduced by MG63 cells grown on TCPS in the absence of serum 

(6.5 %/cm2), a low percentage of alamarBlue™ of 5.7 %/cm2 was reduced on uncoated 

titanium after culturing MG63 cells on this sample in the absence of serum for 72 h. A low 

percentage of reduced alamarBlue™ typified a low cell density on TCPS and uncoated 

titanium, which was expected because the medium did not contain the necessary biological 

factors for promoting cellular attachment or proliferation (in particular IGF-1, vitronectin 

and fibronectin) [174, 184].  



Part 1: Results and Discussion 128

A slightly higher cell density was detected (with the alamarBlue™ assay) on uncoated 

titanium that was loaded with adsorbed IGF-1. AlamarBlue™ was reduced by 7.7 %/cm2 

on this sample, which was approximately 1.4-fold more compared to that on uncoated 

titanium without IGF-1 (Figure 1.46). Interestingly, alamarBlue™ was reduced even 

further to 10.8 %/cm2 (1.9-fold compared to non-functionalised uncoated titanium) when 

IGF-1 was covalently tethered to IPTES functionalised uncoated titanium (Figure 1.46). 

Also, alamarBlue™ was reduced by 10.3 %/cm2 when IGF-1 was covalently attached to 

IPTES functionalised PECVD-Si-Ti, which was 1.9-fold compared to alamarBlue™ 

reduced on IPTES functionalised PECVD-Si-Ti without IGF-1 (Figure 1.46). These results 

indicated that cell attachment and/or proliferation could be significantly improved on 

uncoated titanium and PECVD-Si-Ti by covalently linking an appropriate growth factor 

(IGF-1) to these surfaces.  

 

As previously discussed, the immunological activity of IGF-1 was much higher when the 

protein was covalently immobilised on PECVD-Si-Ti compared to when the protein was 

covalently attached directly to titanium (refer to Figure 1.40). But as shown in Figure 1.46, 

the biological activity of IGF-1 was similar when the growth factor was covalently attached 

on both titanium and PECVD-Si-Ti. This means that a direct comparison could not be made 

between the immunological reactivity and the biological activity of IGF-1 on titanium and 

PECVD-Si-Ti. This outcome could be a result of several possibilities.  

 

First, the ELISA (used to assess the immunological activity of immobilised IGF-1) 

incorporated multiple stringent wash steps with a PBS-Tween® 20 mixed solution to 

remove non-specifically attached proteins. But the samples that were loaded with IGF-1 in 

preparation for cell culture were only washed once in PBS (without Tween® 20) to exclude 

any adverse effects that residual detergent may have on cell attachment and survival. 

Therefore, if IGF-1 was not strongly tethered to titanium, it would have been washed from 

the surface during the ELISA preparation, resulting in a low readout signal. But a higher 

surface concentration of the protein would remain on titanium after a single wash in PBS 

(without Tween® 20), leaving the surface biologically active. Alternatively, the biological 

activity of IGF-1 may still be relatively high even if the protein is present at a low surface 
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density. This would be the case if a large spacing between the immobilised factor is 

required for cell surface recognition. This is a reasonable assumption considering IGF-1 is 

highly mitogenic at relatively low protein concentrations [89-90]. 

 

Also, MG63 cells were previously shown to attach and proliferate much better on titanium 

compared to PECVD-Si-Ti, which was attributed to the very hydrophilic PECVD-Si-Ti 

surface resisting the adsorption of serum proteins that facilitate cellular attachment (refer to 

Figures 1.39, 1.42 and 1.44). Similarly in this experiment, extracellular matrix proteins 

produced by the MG63 cells would adsorb much better on the underlying moderately 

hydrophilic titanium surface (functionalised with IPTES and IGF-1) than on the underlying 

very hydrophilic PECVD-Si-Ti surface (also functionalised with IPTES and IGF-1). This 

scenario may result in cellular attachment and proliferation stimulatory effects, induced by 

IGF-1 immobilised on IPTES functionalised PECVD-Si-Ti, being cancelled by inhibitory 

effects from the underlying hydrophilic surface resisting cellular adhesion. This argument is 

valid because the coverage of IGF-1 was low (suitable for cell surface recognition) in these 

studies. If the coverage was large, the surface wettability would be that of IGF-1, not the 

underlying surface. Therefore, for future studies it may be worthwhile filling the gaps on 

the surface after IGF-1 immobilisation with an extracellular matrix protein (such as 

fibronectin) to improve cellular adhesion. Nonetheless, this study did show that covalently 

tethered IGF-1 on both IPTES functionalised titanium and PECVD-Si-Ti was biologically 

active towards promoting cellular attachment. 

 

MG63 cells were also grown on several control samples to confirm that the covalently 

immobilised IGF-1 improved cellular growth on PECVD-Si-Ti. The percentage of 

alamarBlue™ reduced by MG63 cells was compared between IPTES functionalised 

PECVD-Si-Ti loaded with IGF-1, IPTES functionalised PECVD-Si-Ti that was not loaded 

with IGF-1 possessing quenched reactive groups (quenched with ethanolamine 

hydrochloride) and IPTES functionalised PECVD-Si-Ti possessing reactive isocyanate 

groups. As shown in Figure 1.46, after 72 h of culturing MG63 cells on all these surfaces, 

alamarBlue™ was reduced 1.9-fold and 1.5-fold on IPTES functionalised PECVD-Si-Ti 

reacted with IGF-1 in comparison to IPTES functionalised PECVD-Si-Ti samples not 
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reacted with IGF-1 displaying quenched isocyanate groups and reactive isocyanate groups, 

respectively. Because a significantly greater percentage of alamarBlue™ was reduced on 

PECVD-Si-Ti with immobilised IGF-1 compared to the controls that were not reacted with 

IGF-1, cell attachment and or proliferation was improved on PECVD-Si-Ti, presumably as 

a direct result of cells responding to the immobilised growth factor.  

 

So far the results have shown and confirmed that cell growth could be improved on 

PECVD-Si-Ti by functionalising the surface with IPTES, followed by coupling IGF-1 to 

the reactive isocyanate groups and then quenching any unreacted isocyanate groups with 

ethanolamine hydrochloride. But what if a different quenching agent was used? A short 

Arginine-Glycine-Aspartic acid (RGD) peptide, instead of ethanolamine hydrochloride, 

was also used to quench unreacted isocyanate groups. The RGD motif, which is recognised 

by cell membrane receptors such as integrins, has been widely demonstrated to be an 

important cell-binding domain for promoting cellular attachment and regulating cellular 

behaviour from interactions between cells and RGD-containing proteins and peptides, 

including integrin-mediated osteoblast cell adhesion [173, 185-190]. 

 

After covalently attaching IGF-1 onto IPTES functionalised PECVD-Si-Ti, any unreacted 

isocyanate groups were quenched by incubating the sample in PBS containing 200 µg/ml of 

RGD for 30 min. As shown in Figure 1.46, alamarBlue™ was reduced by 10.3 %/cm2 and 

9.3 %/cm2 on IPTES functionalised PECVD-Si-Ti reacted with IGF-1 and quenched with 

ethanolamine hydrochloride and RGD, respectively. The similar percentage of 

alamarBlue™ reduced by the MG63 cells indicated that there was similar density of cells 

growing on these samples, which showed that both ethanolamine hydrochloride and RGD 

worked equally well as a quenching agent in this experiment. Alternatively, it cannot be 

excluded that most of the isocyanate groups may have reacted with IGF-1 or were 

quenched in the aqueous buffer before the reactive groups were capped with the amine-

containing compounds. 
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Figure 1.46. Percentage of alamarBlue™ reduced by MG63 cells after 72 h of culture in serum-free MEM. 1 

ml of 2.4 x104 trypsinised MG63 cells/ml were seeded onto the substrates and allowed to attach for a period 

of 4 h. Cells that were not attached were washed from the substrate by two washes in PBS (pH 7.4) and the 

medium was replenished with fresh serum-free medium. TCPS discs were used as received and titanium and 

PECVD-Si-Ti were prepared as previously described (refer to pages 30, 32-35 and 41). Titanium and 

PECVD-Si-Ti were functionalised with a IPTES by following Method 1 (refer to pages 36-37). Surfaces were 

loaded with 600 ng of IGF-1 (refer to page 41). Unreacted isocyante groups were quenched with 

ethanolamine hydrochloride by following the procedure on page 41 or with 200 µg/ml of an RGD peptide 

according to the same experimental method. Cells were also grown on a TCPS disc in MEM (pH 7.1) 

supplemented with 10% (v/v) FBS for comparison. Both of the medium formulations (serum-containing or 

serum-free) were supplemented with 100 units of penicillin and 100 µg of streptomycin. The almarBlue™ 

assay was performed after 72 h of cell culture by following the procedure described on page 42. Statistical 

analyses: Percentage of alamarBlue™ reduced by MG63 cells grown on IPTES/IGF-1 functionalised 

PECVD-Si-Ti (reactive groups quenched with ethanolamine) was statistically different to TCPS (p = 0.019), 

uncoated titanium (p = 0.005), IPTES functionalised PECVD-Si-Ti (not reacted with IGF-1 and having 

reactive groups quenched with ethanolamine) (p = 0.007), IPTES functionalised PECVD-Si-Ti displaying 

reactive isocyanate groups (p = 0.009) and IPTES/RGD functionalised PECVD-Si-Ti (reactive groups 

quenched with ethanolamine) (p = 0.039). IPTES/IGF-1 functionalised PECVD-Si-Ti (reactive groups 

quenched with ethanolamine) was not statistically different to IPTES/IGF-1 functionalised uncoated titanium 

(p = 0.669), IPTES/IGF-1 functionalised PECVD-Si-Ti (reactive groups quenched with RGD) (p = 0.318) or 

titanium loaded with adsorbed IGF-1 (p = 0.059) (at a lower confidence limit of 94%, IPTES/IGF-1 

functionalised PECVD-Si-Ti (reactive groups quenched with ethanolamine) was statistically different to 

titanium loaded with adsorbed IGF-1). 
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Therefore, as a final control, RGD (as a substitute for IGF-1) was covalently attached onto 

IPTES functionalised PECVD-Si-Ti and unreacted isocyanate groups were quenched with 

ethanolamine hydrochloride. After 72 h of MG63 cell culture, alamarBlue™ was reduced 

1.4-fold on PECVD-Si-Ti loaded with covalently attached IGF-1 in comparison to 

PECVD-Si-Ti loaded with covalently attached RGD (Figure 1.46). This showed that a 

more significant biological response was elicited by IGF-1 compared to RGD after 

covalently attaching the molecules on IPTES functionalised PECVD-Si-Ti. Therefore, 

immobilised IGF-1 exerted a greater stimulatory effect on cellular growth in comparison to 

the RGD peptide.  

 

The results showed that cell growth could be stimulated in serum-free medium on both 

titanium and PECVD-Si-Ti by covalently immobilising IGF-1 to the surfaces. Furthermore, 

IGF-1 was shown to retain its biological activity after covalently tethering the growth factor 

to PECVD-Si-Ti. But in a previous study, Schleicher et al. reported that attachment and 

proliferation of human osteoblast-like cells could be further improved on TCPS by 

functionalising the surface with both vitronectin and IGF-1 [174]. The cell density after 72 

h of cell proliferation was approximately 1.3-fold on TCPS functionalised with both IGF-1 

and vitronectin compared to TCPS with vitronectin alone. Therefore, if both the proteins 

(IGF-1 and vitronectin) were co-immobilised on PECVD-Si-Ti, it would be likely that cell 

growth would be significantly improved. However, this present study focussed solely on 

analysing the biological activity of immobilised IGF-1 alone on PECVD-Si-Ti and no 

investigation, as yet, has been conducted by our research team on the co-immobilisation of 

cellular growth promoting factors, but would certainly be worthwhile pursuing in the 

future.  

 

Since immobilised IGF-1 on PECVD-Si-Ti was shown to be biologically active in serum-

free medium, but not in 10% (v/v) FBS, the next experiment was conducted to test the 

biological activity of IPTES functionalised PECVD-Si-Ti loaded with covalently attached 

IGF-1 in medium containing a reduced concentration of serum. We hypothesised that the 

mitogenic effect of IGF-1 may become even more enhanced in the presence of a small 

concentration of serum proteins, some of which are vital for cellular growth.  
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Before testing the growth of MG63 cells on PECVD-Si-Ti, a calibration curve was first 

constructed to assess the proliferation of MG63 cells grown on TCPS in a range of serum 

concentrations. The aim of this preliminary experiment was to determine a serum 

concentration that produces a reduced rate MG63 cell proliferation. After 72 h of cell 

culture, the density of MG63 cells had increased linearly in MEM supplemented with 0-

1.25% (v/v) of serum (Figure 1.47). Cell proliferation levelled out at a serum concentration 

range of 1.25% (v/v) after 72 h of cell culture. A serum concentration of 0.2% (v/v) was 

chosen from this calibration curve to assess if covalently attached IGF-1 on IPTES 

functionalised PECVD-Si-Ti is able to stimulate cell attachment and proliferation in a 

reduced serum environment. It was anticipated that MG63 cell attachment and proliferation 

would also be similar (in comparison to TCPS) on IPTES functionalised PECVD-Si-Ti in 

0.2% (v/v) serum-containing medium and that cell growth would be well below the more 

optimal serum concentration of 1.25-10% (v/v) when compared to IPTES functionalised 

PECVD-Si-Ti loaded with covalently attached IGF-1, after 72 h of cell culture. Therefore, 

the next experiment tested if covalently immobilised IGF-1 on IPTES functionalised 

PECVD-Si-Ti could induce a stimulatory effect of cell growth in 0.2% (v/v) serum-

containing medium close to that of the stimulatory effect exerted by FBS on cells cultured 

in a higher concentration (1.25-10% (v/v)) of serum.  
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Figure 1.47. Calibration curve of the percentage of alamarBlue™ reduced by MG63 cells grown in MEM 

(pH 7.1 and supplemented with 100 units of penicillin and 100 µg of streptomycin) at a range of serum 

concentrations. 200 µl of trypsinised 2.4 x 104 cells/ml was added to wells of an Iwaki 96-well TCPS plate 

(the surface area at the bottom of each well equals 0.32 cm2). The cells were allowed to attach for 4 h and any 

cells that had not attached after this period of time were washed away from the wells by two washes in PBS 

(pH 7.4). The wells were then replenished with 200 µl of the test MEM solutions (indicated in the graph). The 

cells were then cultured in the wells for 72 h before performing the alamarBlue™ assay. Cells were cultured 

under cell culture conditions. ∗ Indicates the position on the calibration curve at a serum concentration of 

0.2% (v/v) and 30 %/cm2 of reduced alamarBlue™ that was used to assess cell growth in response to IGF-1 

covalently linked to IPTES functionalised PECVD-Si-Ti (refer to Figure 1.48). Refer to page 42 for a 

description of the alamarBlue™ assay procedure. 
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MG63 cellular growth was next compared on IPTES functionalised PECVD-Si-Ti loaded 

with covalently attached IGF-1 and IPTES functionalised PECVD-Si-Ti not loaded with 

IGF-1 in MEM supplemented with 0.2% (v/v) FBS. Isocyanate groups on both of these 

samples were quenched with ethanolamine hydrochloride. For comparison, the proliferation 

of MG63 cells grown in MEM supplemented with 0%, 0.2% and 10% (v/v) serum was 

monitored on TCPS. As shown in Figure 1.48, MG63 cells that had been cultured on TCPS 

for 72 h, reduced alamarBlue™ by a factor of 6.3 when grown in 0.2% compared to 0% 

(v/v) serum and 1.4-fold when grown in 10% compared to 0.2% (v/v) serum. This result 

was expected from the calibration curve shown in Figure 1.47. However, there was no 

significant difference in the percentage of alamarBlue™ reduced by MG63 cells grown in 

0.2% (v/v) serum on IPTES functionalised PECVD-Si-Ti loaded with covalently attached 

IGF-1 and IPTES functionalised PECVD-Si-Ti not loaded with IGF-1 (Figure 1.48). 

Therefore, cellular growth was not enhanced on PECVD-Si-Ti by the covalently tethered 

IGF-1 in medium supplemented with a reduced concentration of serum. 
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Figure 1.48. AlamarBlue™ reduced by MG63 cells grown on TCPS and on IPTES functionalised PECVD-

Si-Ti loaded with or without 600 ng of IGF-1 (refer to page 41). PECVD-Si-Ti was functionalised with a 

IPTES by following Method 1 (refer to pages 36-37). Unreacted isocyanate groups were quenched with 

ethanolamine hydrochloride (refer to page 41). Additionally, cell growth was compared after culturing cells 

on TCPS discs in 0%, 0.2% and 10% (v/v) serum-containing medium. 1 ml of trypsinised 2.4 x 104 cells/ml 

were seeded onto each substrate in serum-free MEM (pH 7.1) supplemented with 100 units of penicillin and 

100 µg of streptomycin and incubated for 4 h. Any cells that had not attached after this period time were 

washed from the wells by two washes in PBS (pH 7.4). The medium was replenished with 2 ml of the test 

MEM solutions (indicated in the graph) and the cells were cultured for 72 h before performing the 

alamarBlue™ assay. Refer to page 42 for more detail about the alamarBlue™ assay procedure. Experiments 

were performed in a 24-well ultra-low cell attachment plate. 
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In summary, poor cell attachment of MG63 osteoblast-like cells was observed on PECVD-

Si-Ti. This was attributed to the hydrophilic surface resisting the adsorption of extracellular 

proteins and consequently inhibiting cell attachment. Cell attachment was improved on 

PECVD-Si-Ti by functionalising the surface with IPTES. Furthermore, cell growth in a 

serum-free environment was further enhanced on PECVD-Si-Ti by covalently attaching 

IGF-1 to the surface. However, no enhancement in cellular growth was induced by IGF-1 

when the cells were cultured in high-serum (10% v/v) or low-serum (0.2% v/v) 

environments. This discovery is very important if IPTES functionalised PECVD-Si-Ti 

loaded with covalently attached IGF-1 is to be used as an implant in situ. The implant 

would obviously come in contact with human serum proteins and other biological 

compounds, which would adsorb on the surface of the implant. It would be a reasonable 

assumption that these proteins would also quench the biological activity of IGF-1 towards 

promoting cellular growth.  

 

However, since PECVD-Si-Ti has previously been shown to accelerate bone formation in 

situ, the possibility of IGF-1 further enhancing the bone remodelling process on this 

material should not be excluded. This outcome is possible even if cellular proliferation was 

similar on implants functionalised with and without IGF-1 because a range of other cellular 

pathways are also stimulated by IGF-1 including the synthesis of extracellular matrix 

proteins by osteoblasts, which become mineralised during bone formation on the implant 

surface [91]. Also, other factors such as extracellular matrix proteins could be co-

immobilised with IGF-1 that could further enhance cell attachment/growth and regulate cell 

activity [174]. These factors have not been tested at this stage of the research. Instead, the 

influence of IGF-1 on the early stages of cell attachment, adhesion and proliferation in 

FBS-free medium was further investigated in the next section. The approach that was taken 

investigated the role of IGF-1 in the regulation of an intercellular mitogen activated protein 

kinase (MAPK) signalling pathway involved with cellular proliferation and fluorescence 

microscopy, which was used to visualise cell density and cellular structure in response to 

IGF-1. 
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1.3.6 Analysis of cell attachment and early cell proliferation on IGF-1 

functionalised PECVD-Si-Ti 
 

The next experiments were performed with a view to developing an assay that examines the 

regulation of a mitogen activated protein kinase (MAPK) signalling pathway in cells 

stimulated with immobilised IGF-1. A number of fundamental cellular processes including 

cellular proliferation, differentiation, development and apoptosis are controlled by the 

MAPK signalling pathway [191-192]. A simplified schematic of the general MAPK 

signalling pathway (taken from Kolch) is shown in Figure 1.49 A [191]. Briefly, upon 

stimulation with an extracellular signal, a transmembrane receptor with a cytoplasmic 

tyrosine kinase domain undergoes a conformational change allowing the receptor to couple 

to a G-protein. The G-protein becomes activated through an exchange of guanosine 

diphosphate (GDP) and guanosine triphosphate (GTP) leading to the activation of MAPK 

kinase kinase (MAPKKK) that phosphorylates and activates MAPK kinase (MAPKK), 

which in turn phosphorylates and activates MAPK. MAPK alters the activities of 

transcription factors and consequently the transcription of genes, some of which are 

important for the cell cycle [193].  

 

The extracellular-signal-regulated kinase (ERK) pathway, a particular example of a MAPK 

pathway, is implicated in nearly every fundamental cellular activity. The ERK pathway is 

shown in Figure 1.49 B [191]. Upon stimulation with a growth (or differentiation) factor, 

the transmembrane growth factor receptor couples to a Ras protein (a G-protein), which 

becomes activated. The Ras protein then activates Raf (a MAPKKK) that in turn 

phosphorylates and activates MEK (a MAPKK), which in turn phosphorylates and activates 

ERK (a MAPK). Activated ERK may then translocate to the cell nucleus and phosphorylate 

nuclear transcription factors such as Elk, which is an important factor in the cell division 

cycle [194].  

 



Part 1: Results and Discussion 140

 
 
Figure 1.49. A general schematic of the MAPK pathway (A) and a relevant example, the ERK pathway (B). 

The images were taken from Kolch [191]. 

 

Activation of a MAPK signalling pathway was analysed using a commercially available kit 

from TGR Biosciences Pty Ltd. The assay utilises Surefire™ technology developed by 

TGR Biosciences Pty Ltd and Alphascreen™ technology developed by PerkinElmer to 

measure the phosphorylation of ERK (Figure 1.50) [195]. During a typical assay, a 

population of cells is stimulated with the agonist usually for a short period of time (5-15 

min). The cells are lysed and the intracellular components are analysed through an 

immunological reaction. Briefly, ERK is first labelled with a donor bead complex. The 

donor bead contains a photosensitising agent. A monoclonal antibody specific for p-ERK 

(conjugated to an acceptor bead) then binds the phosphorylated region of p-ERK. The 

acceptor bead contains a thioxene derivative and fluorophores. When the antibody binds, 

the two beads are brought into close proximity. Upon excitation with a laser at 680 nm, 

oxygen in the aqueous medium is converted into its singlet state by the photosensitiser. The 

singlet state oxygen molecules diffuse across to the nearby acceptor bead eventually 

reacting with thioxene to form an unstable intermediate that becomes rapidly converted into 

a stable dioxetane derivative, generating chemiluminescence at approximately 370 nm 
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[196]. Other chemicals  (anthracene and rubrene) in the acceptor bead shift the emission of 

light at approximately 370 nm to a higher wavelength of 520-620 nm by an intermolecular 

energy transfer process, which is recorded by the instrument [196]. Intermolecular energy 

transfer occurs only if the donor and acceptor beads are in close proximity with one another 

because singlet oxygen is unstable and at longer diffusion distances cannot excite the 

thioxene species. This signal mechanism ensures that an increase in fluorescence emission 

at 520-620 nm correlates with the p-ERK titre. 

 

 

 

 
 

 

Figure 1.50. Overview of the AlphaScreen™ SureFire™ p-ERK assay. The image was taken from an 

AlphaScreen™ SureFire™ ERK assay brochure [195]. 
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Typically, the MAPK assay is performed on an adherent and confluent monolayer of cells. 

The cells are usually stimulated with a ‘free’ agonist (spiked into the medium) for a short 

time period of 5-15 min. But in this study, the up-regulation of p-ERK in MG63 cells 

needed to be analysed after stimulating cells with an immobilised agonist (IGF-1) during 

the cellular attachment stage. This raised some potential problems. Firstly, non-specific cell 

binding and spreading on the substrate surface may trigger the up-regulation of p-ERK 

even in the absence of IGF-1. As cells adhere on to the substrate surface, cellular 

membrane integrins could cluster and trigger the MAPK cascade [197]. Secondly, the cell 

attachment time needed to be limited to reduce the interaction time between the cell and 

IGF-1. At longer interaction times, the MAPK signalling pathway is likely to be down 

regulated and the intracellular concentration of p-ERK is consequently reduced to a normal 

level [197]. However, shortening the cellular attachment time may result in a much lower 

surface density of cells attached to the substrate surface in comparison to a confluent layer 

of cells typically analysed in this assay. This could produce a false negative result because 

the concentration of p-ERK is also dependent on the cell density. Also, the cells would not 

attach to the surface at the same time resulting in cells being stimulated by IGF-1 for 

different time periods on the substrate surface. Both of these scenarios would probably 

result in a lower density of cells being stimulated by IGF-1 for the appropriate period of 

time. Therefore, an investigation was first conducted to determine if the immobilised IGF-1 

could effectively stimulate the attachment of MG63 cells at relatively short cell attachment 

times.  

 

These cellular attachment experiments were again performed using the alamarBlue™ 

assay. In the previous cell culture experiments described in this thesis, cells growing in the 

tissue culture flask were detached from the surface with the aid of trypsin. Although cells 

can be conveniently detached quickly from the plastic surface of the flask by means of the 

enzymatic trypsin solution, the enzyme can also damage cell membrane receptors 

(including of course the IGF-1 receptor, which is of relevance here). Therefore, in the 

following assays, the cells were detached from the surface of the culture flask by incubating 

in a non-enzymatic and protein-free cell dissociation solution (CDS). CDS contains 

chelating agents, which act by chelating calcium and magnesium from intercellular bridges. 
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Cells then dissociate from each other as well as from the TCPS surface. This solution has 

the advantage of gently removing the entire cell population from the growing surface of the 

culture vessel without giving rise to the modification of cellular proteins by enzymes or to 

the adsorption of foreign proteins. Therefore, this method of cell dissociation is particularly 

useful when studying cell-material interactions such as integrin-mediated cellular adhesion, 

morphology, cytoskeletal organisation and gene expression in response to distinct surface 

morphological and biochemical cues on material surfaces [198]. 

 

The wells of a 96-well Nunc-Maxisorp™ plate were incubated with 600 ng IGF-1, prepared 

in 100 µl of PBS (pH 7.4), or in PBS without IGF-1 as a negative control, and then 

subsequently washed in PBS to remove any unbound (or loosely bound) protein. As 

indicated in Figure 1.51, both the temperature and time were varied in an attempt to 

establish an optimal protein adsorption procedure. After detaching cells slowly (20-30 min 

using CDS compared to 5-10 min with trypsin) from the surface of the culture vessel, 100 

µl of 6 x 105 cells/ml diluted in FBS-free MEM (pH 7.1) supplemented with 2 mg/ml of 

BSA was added to the treated wells. BSA was added to the cell dilution medium to reduce 

the chance of cells binding non-specifically to the polystyrene surface. The cells were 

incubated in the wells for 30 min. Cells that had not attached were washed from the wells 

(in PBS, pH 7.4) before analysis with the alamarBlue™ assay. The highest level of cell 

attachment was found in wells treated with IGF-1 for the longest time period of 12 h. As 

shown in Figure 1.51, the reduction of alamarBlue™ was significantly greater 

(approximately 2.5-fold) in the wells incubated with IGF-1/PBS solution for 12 h at 25°C 

or 4°C compared to wells that had been incubated in PBS (minus IGF-1). However, no 

significant difference in the reduction of alamarBlue™ was found in the wells incubated 

with IGF-1/PBS solution for 2 h at 25°C compared to the wells incubated in PBS for the 

same time period. Therefore, the optimal IGF-1 adsorption time on polystyrene (for 

promoting MG63 cellular attachment) was found to be 12 h at either 25°C or 4°C. To the 

best of our knowledge, no studies have been carried out that examine cell attachment on 

IGF-1 functionalised surfaces. However, enhancement of cell attachment on IGF-1 

functionalised TCPS was expected because cell attachment is generally improved on 

nitrogenous surfaces [197]. 
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Figure 1.51. Percentage of reduced alamarBlue™ after an MG63 cell attachment experiment performed in a 

96-well Nunc-Maxisorp™ plate that was treated by incubation with 100 µl of 600 ng of IGF-1 prepared in 

PBS or 100 µl of PBS into each well for various times and various temperatures, which are indicated in the 

graph. 100 µl of 6 x 105 MG63 cells/ml was seeded into the wells. The cells were incubated in the wells for 

30 min. Cells that had not attached were removed from the wells in two PBS (pH 7.4) washes. FBS-free 

MEM (containing 100 units of penicillin and 100 µg of streptomycin) was supplemented with 2 mg/ml of 

BSA. The attachment assay was performed under cell culture conditions. The alamarBlue™ assay procedure 

is described on page 42. 

 

AlamarBlue™ was reduced by over 10 %/cm2 by MG63 cells attached to the wells that had 

been incubated in PBS alone (without IGF-1) in Figure 1.51. Therefore, some of the cells 

had attached to polystyrene non-specifically. Non-specific cell attachment could potentially 

interfere with the p-ERK assay. Therefore, another experiment was conducted to determine 

if the non-specific attachment of cells on polystyrene could be further reduced. This was 

performed by blocking wells with BSA (prior to seeding the cells into the wells) and by 

further reducing the cellular attachment time. Non-specific cell attachment was found to be 

similar for the cell attachment times of 10 and 30 min tested in this experiment. But BSA 

was found to be a successful blocking agent for reducing non-specific cell attachment 

(Figure 1.52). The reduction of alamarBlue™ was decreased by approximately 25% in 
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wells that were blocked with BSA compared to wells that had not been blocked with BSA 

after allowing cells to attach for 10 or 30 min (Figure 1.52). Also, no significant decrease 

in cell attachment was observed in wells that were blocked with 0.5 to 4 mg of BSA 

indicating that the protein had completely covered the surface at these concentrations. 

Therefore, in the next experiment, untreated wells and wells loaded with adsorbed IGF-1 

were blocked using 1 mg of BSA/well to further reduce non-specific cell attachment.  

 

 
 
Figure 1.52. AlamarBlue™ reduced by MG63 cells attached to wells that were blocked with different 

amounts of BSA. The experiment was performed in a Nunc-Maxisorp™ 96-well plate blocked with 0-4 

mg/well of BSA in a volume of 150 µl for 1 h at 25°C. Cells were dislodged from the T75 culture flask in 

CDS. 100 µl of 6 x 105 MG63 cells/ml were incubated in the wells for 10 or 30 min. Cells that had not 

attached were removed from the wells in two PBS (pH 7.4) washes. FBS-free MEM (containing 100 units of 

penicillin and 100 µg of streptomycin) was supplemented with 2 mg/ml of BSA. The attachment assay was 

performed under cell culture conditions. ∗ Indicates the position on the calibration curve at 1 mg/well of BSA 

that was used to block wells to reduce non-specific cell attachment in the experiment shown in Figure 1.53. 

The alamarBlue™ assay procedure is described on page 42. 

  ∗ 
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Once again, a high density of cells attached to wells that were loaded with IGF-1 and not 

blocked with BSA. AlamarBlue™ was reduced by 27 %/cm2 and 47 %/cm2 after allowing 

cells to attach for 10 and 30 min, respectively (Figure 1.53). Conversely, only about 10 

%/cm2 of alamarBlue™ was reduced in wells loaded with IGF-1 and blocked with BSA 

(Figure 1.53). Also, the percentage of reduced alamarBlue™ was slightly higher in 

untreated wells (not treated with IGF-1 and not blocked with BSA) in comparison to wells 

blocked with BSA but not treated with IGF-1 (Figure 1.53). Therefore, although adsorbed 

BSA used at 1 mg/well was shown to inhibit non-specific cell attachment, the protein could 

not be used at this concentration as a blocking agent for reducing non-specific cell 

attachment in the p-ERK assay because the protein quenched the binding capacity of cells 

to IGF-1. A possible explanation is that the adsorbed BSA film covered IGF-1 ligand sites, 

preventing the binding of cell surface receptors. Nonetheless, a significant increase in 

MG63 cell attachment was detected in wells only treated with IGF-1 (no BSA) at both 10 

and 30 min attachment times, in comparison to untreated wells in this study. 

 

The response of 3T3 fibroblast cell attachment to IGF-1 on polystyrene was also examined. 

3T3 cells were tested together with MG63 cells because the up-regulation of p-ERK in 3T3 

cells had previously been successfully analysed using this particular p-ERK assay [199]. 

Similarly to MG63 cells, the attachment of 3T3 cells was also enhanced on polystyrene 

loaded with IGF-1 (Figure 1.54). After 10 min incubation (which in the experiment above 

was found to be a sufficient cell attachment time), the percentage of reduced alamarBlue™ 

was 43 %/cm2 by 3T3 cells and 29 %/cm2 by MG63 cells. In contrast, alamarBlue™ 

reduction was only 10 %/cm2 and 7 %/cm2, respectively, in wells without adsorbed IGF-1 

(Figure 1.54). This experiment showed that adsorbed IGF-1 could stimulate cell 

attachment on polystyrene for both MG63 and 3T3 cells. 
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Figure 1.53. Percentage of alamarBlue™ reduced by MG63 cells after 6 x 105 cells/ml (in a volume of 100 

µl) was incubated in wells of a 96-well Nunc-Maxisorp™ plate for 10 and 30 min. The wells were either left 

untreated (without IGF-1 or BSA), blocked with 1 mg of BSA (prepared in PBS in a volume of 150 µl) for 1 

h at 25°C, loaded with 600 ng of IGF-1 (prepared in 100 µl of PBS) for 12 h at 25°C and loaded with IGF-1 

and blocked with BSA. Cells were removed from the culture flask using CDS. FBS-free MEM (containing 

100 units of penicillin and 100 µg of streptomycin) was supplemented with 2 mg/ml of BSA. The attachment 

assay was performed under cell culture conditions. The alamarBlue™ assay procedure is described on page 

42. 
 



Part 1: Results and Discussion 148

 
 

Figure 1.54. Percentage of alamarBlue™ reduced by MG63 and 3T3 cells attached to wells of a 96-well 

Nunc-Maxisorp™ plate in response to adsorbed IGF-1. The wells were incubated with 600 ng of IGF-1 in a 

volume of 100 µl (prepared in PBS) (plus IGF-1) or incubated in PBS without IGF-1 (minus IGF-1) for 12 h 

at 25°C. 100 µl of 6 x 105 cells/ml were incubated in the wells for 10 min. Cells were diluted in FBS-free 

MEM (for MG63 cells) or FBS-free DMEM (for 3T3 cells) (containing 100 units of penicillin and 100 µg of 

streptomycin). Both medium formulations were supplemented with 2 mg/ml of BSA. The attachment assay 

was performed under cell culture conditions. The alamarBlue™ assay procedure is described on page 42. 
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In the next experiment, the intracellular up-regulation of p-ERK in 3T3 and MG63 cells 

was compared after the cells had attached to polystyrene wells loaded with adsorbed IGF-1 

(prepared in PBS) or to wells incubated in PBS with no IGF-1. The fluorescence signal was 

slightly higher for MG63 or 3T3 cells that attached to wells loaded with IGF-1 for 10 or 30 

min compared to cells that had attached to wells not treated with IGF-1 for the same period 

of time (Figure 1.55). However, this difference was not significant. Therefore, an increase 

in the intracellular concentration of p-ERK induced by IGF-1 at the initial stage of cell 

attachment could not be detected in MG63 or 3T3 cells with this procedure. Similarly, no 

significant difference in the fluorescence signal was found for MG63 cells attached to 

IPTES and IGF-1 functionalised PECVD-Si-Ti compared to cells attached to IPTES 

functionalised PECVD-Si-Ti not treated with IGF-1 (data not shown). Therefore, the up-

regulation of p-ERK induced by both adsorbed and covalently immobilised IGF-1 could 

not be detected in this study. This could be due to the reasons already discussed on page 

142. 

 

In a previous study, IGF-1 in solution was shown to induce the in vitro proliferation of 

MG63 osteoblast-like cells [200]. In the same article, IGF-1 was shown to act through the 

ERK signal transduction pathway. The authors demonstrated this by using an inhibitor of 

MEK, which is involved with the phosphorylation and activation of ERK (refer to Figure 

1.49 B). IGF-1 was shown to enhance the proliferation of MG63 cells, but not when the 

growth factor was used in combination with the MEK inhibitor. Since the authors of this 

study demonstrated that IGF-1 does indeed up-regulate the ERK pathway, one more 

experiment was conducted to confirm those results for the MG63 cell line. This time, cells 

that were already growing on polystyrene were stimulated with IGF-1 in solution. In 

addition, the activity of IGF-1 was compared to FBS and a whey growth factor extract 

(WGFE) (supplied by TGR Biosciences Pty Ltd). FBS and WGFE were also tested because 

of their excellent growth-promoting properties [201-203].  
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Briefly, 200 µl of 1 x 105 3T3 or MG63 cells/ml were cultured in a 96-well TCPS 

microplate (Iwaki) for 12 h under cell culture conditions in medium supplemented with 

10% (v/v) FBS. The medium was then decanted from the wells and the wells were washed 

with Hank’s balanced salt solution (HBSS). The medium was then replaced with serum-

free medium and the cells were serum-starved for 2 h. The agonist (IGF-1, FBS or WGFE) 

was added into the medium and incubated with the cells for 5, 10 or 15 min. The cells were 

then lysed and the p-ERK assay was performed according the manufacturers instructions. 

Refer to pages 42-44 for a more detailed description. 

 

 
 

Figure 1.55. Results of an p-ERK assay performed in a 96-well Nunc-Maxisorp™ plate with wells containing 

600 ng of adsorbed IGF-1 (prepared in 100 µl of PBS, pH 7.4) for 12 h at 25°C (Plus IGF-1) and negative 

control wells incubated with PBS containing no IGF-1 (Minus IGF-1). MG63 and 3T3 cells were dislodged 

from a T75 tissue culture vessel (Iwaki) with the aid of CDS. 200 µl of 1 x 105 cells/ml in FBS-free MEM 

(for MG63 cells) or FBS-free DMEM (for 3T3 cells) (containing 100 units of penicillin, 100 µg of 

streptomycin and 2 mg/ml of BSA) were seeded into the wells and allowed to attach for 10 or 30 min.  The 

MAPK assay was performed using the AlphaScreen™ SureFire™ p-ERK assay kit from TGR BioSciences 

Pty Ltd. Refer to pages 42-44 for a detailed description of the experimental protocol. 
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IGF-1, FBS and WGFE were all shown to stimulate the up-regulation of p-ERK in both 

MG63 and 3T3 cells (Figure 1.56 A-F). Elevated levels of p-ERK were observed after 5 

min of incubating the cells with IGF-1, declining for longer exposure times (Figure 1.56 

A-B). Similarly, MG63 and 3T3 cells stimulated by WGFE, exhibited elevated levels of p-

ERK after 5 min of incubation with the agonist. However, in the case of WGFE, a 

pronounced decline in the fluorescence signal was not observed for 10 and 15 min 

incubation time periods (compare Figure 1.56 C-D to A-B). The multiple types of growth 

factors found in WGFE probably maintained ERK activity in cells over a longer time frame 

[202]. After stimulating cells with FBS, the maximum fluorescence signal (related to the 

concentration of p-ERK) was achieved after 5-10 min of incubation with FBS. Similarly to 

WGFE, the intracellular concentration of p-ERK remained elevated after incubating cells 

for 15 min with FBS (Figure 1.56 E-F). These results showed that IGF-1 stimulated the 

ERK signalling pathway in the first 5 min of binding the cell membrane receptor. Also, the 

activity of IGF-1 was shown to be comparable to other known mitogenic compounds (FBS 

and WGFE). After 15 min of incubation with IGF-1, no significant difference in 

fluorescence to the negative control was detected. In contrast, the result obtained for FBS 

and WGFE, showed that fluorescence remained well above the background level even after 

15 min. Within the 5 min time frame required for strong ERK activation by IGF-1, a 

sufficient density of cells is unlikely to have attached to IGF-1/IPTES functionalised 

PECVD-Si-Ti samples.  Therefore, the AlphaScreen™ SureFire™ assay could not be used 

to detect the biological activity of immobilised IGF-1 on the functionalised titanium 

samples. 
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Figure 1.56. Results of a p-ERK assay performed using MG63 (A, C, E) and 3T3 (B, D, F) cells. 200 µl of 

1x 105 cells/ml (dislodged in CDS) were seeded into wells of a 96-well TCPS microplate (Iwaki) and were 

incubated for 12 h under cell culture conditions. The medium was decanted from the wells and the wells were 

washed twice with HBSS. 100 µl of serum-free MEM (for MG63 cells) or DMEM (for 3T3 cells) was added 

to the wells and the cells were serum-starved for 2 h under cell culture conditions. 100 µl of serum-free MEM 

or DMEM supplemented with 600 ng of IGF-1 (6 µl of a 100 µg/ml IGF-1/PBS stock solution added to 94 µl 

of serum-free medium) (A and B), 4 mg/ml of WGFE (10 µl of a 40 mg/ml WGFE/PBS stock solution added 

to 90 µl of serum-free medium) (C and D) and 20% (v/v) FBS (to a achieve a final serum concentration of 

10% v/v) (E and F) was added to the 100 µl serum-free medium already in the wells. Alternatively, 94 or 90 

µl of serum-free medium spiked with 6 or 10 µl of PBS was used as negative control solutions for IGF-1 (A 

and B) and WGFE (C and D) samples or undiluted serum-free MEM or DMEM was used as a negative 

control for the FBS (E and F) samples. The cells were incubated with the test solutions for 5, 10 and 15 min 

before the cells were lysed and analysed using the AlphaScreen™ SureFire™ p-ERK asay kit according to the 

manufacturer’s instructions. Refer to pages 42-44 for more detail. 



Part 1: Results and Discussion 153

Although the up-regulation of p-ERK could not be detected in cells during the initial cell 

attachment phase on surfaces functionalised with IGF-1, the preliminary alamarBlue™ 

attachment experiments that were conducted for developing the p-ERK assay did show that 

IGF-1 could specifically stimulate cellular attachment. This was seen as an increase in the 

percentage of alamarBlue™ reduced by cells that had attached to polystyrene wells loaded 

with adsorbed IGF-1 compared to wells not loaded with IGF-1 at the early stages of cell 

attachment (10 and 30 min) (refer to Figure 1.51 and 1.53-1.54). Instead of analysing cell 

attachment indirectly by comparing the concentration of alamarBlue™ reduced by cells 

attached on the substrate surface, attached cells were stained and imaged by fluorescence 

microscopy.  

 

In this cellular attachment experiment, MG63 cells were diluted in FBS-free MEM and 

were allowed to attach onto the substrate surfaces for 30 min. After removing cells that had 

not adhered or were loosely attached, the cellular nuclei were stained with a Hoechst 33342 

nuclear dye (Molecular Probes). Cell attachment was compared between IPTES 

functionalised PECVD-Si-Ti loaded with covalently tethered IGF-1 and IPTES 

functionalised PECVD-Si-Ti loaded with adsorbed IGF-1 (refer to Scheme 1.10). IGF-1 

was immobilised on the surfaces for 2 and 12 h time periods and the unreacted isocyanate 

groups were quenched with ethanolamine hydrochloride. This experiment was performed to 

determine if cell attachment is indeed enhanced on PECVD-Si-Ti by functionalising the 

surface with IGF-1 through a covalent attachment mechanism. 

 

As anticipated, cells attached at a higher density on IPTES functionalised PECVD-Si-Ti 

that was loaded with covalently attached IGF-1 in comparison to IPTES functionalised 

PECVD-Si-Ti not treated with IGF-1 or loaded with adsorbed IGF-1 (Figure 1.57 A-F). 

This conspicuously showed that cell attachment could be improved on PECVD-Si-Ti by 

functionalising the surface with IGF-1 through a covalent attachment mechanism. A higher 

density of cells attached on IPTES functionalised PECVD-Si-Ti that had been reacted with 

IGF-1 for 12 h compared to the same surface reacted with IGF-1 for 2 h (compare Figure 

1.57 A to C). This result was interesting because it showed that a longer incubation time (of 

12 h in comparison to 2 h) was required to achieve a higher surface concentration of  
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Figure 1.57. Fluorescence micrographs of Hoechst 33342 stained MG63 cells attached to IPTES 

functionalised PECVD-Si-Ti. Samples were loaded with 600 ng of IGF-1 (prepared in PBS) for 2 h (A) or 12 

h (C) or incubated in PBS (without IGF-1) for 2 h (B) or 12 h (D). Any unreacted isocyanate groups were 

then quenched using 1 mM of ethanolamine hydrochloride (prepared in PBS) for 30 min. Additionally, IGF-1 

was adsorbed on IPTES functionalised PECVD-Si-Ti with quenched isocyanate groups (by incubating in 1 

mM of ethanolamine hydrochloride for 30 min) for 2 h (E) and 12 h (F). MG63 cells were dislodged from a 

T75 tissue culture vessel (Iwaki) in CDS. 1 x 105 MG63 cells/ml were diluted in FBS-free MEM (containing 

100 units of penicillin and 100 µg of streptomycin) supplemented with 2 mg/ml of BSA. 1 ml of cells was 

added to each well of a 12-well TCPS plate containing the test samples and the cells were incubated in the 

wells for 30 min. Cells that had not attached were washed from the substrate surface in two PBS (pH 7.4) 

washes. The wells were replenished with FBS-free MEM supplemented with 2 mg/ml of BSA and 0.01 

mg/ml of Hoechst 33342 (Molecular Probes) nuclear dye. After 1 h, the samples were washed twice in PBS. 

The images shown are a compilation of 5 superimposed images taken on 5 separate random areas on each 

sample. Scale bars = 200 µm. Images were taken and processed as described on pages 44-45. 
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biologically active immobilised IGF-1 molecules (from a reaction solution containing the 

same concentration of IGF-1 protein) on IPTES functionalised PECVD-Si-Ti, assuming 

that cell attachment was mainly mediated by the growth factor. Therefore, the performance 

of the PECVD-Si-Ti biomaterial towards promoting cell attachment could be further 

enhanced by immobilising IGF-1 on the surface for a longer time period of 12 h compared 

to 2 h. 

 

So far the data indicated that attachment of MG63 cells could be stimulated on PECVD-Si-

Ti by functionalising the surface with a cellular attachment cue (IGF-1). As a final measure 

of characterising the attachment cells on PECVD-Si-Ti functionalised with IGF-1, the 

cytoskeletal structure of MG63 cells was examined at the early stages of cell attachment by 

analysis of filamentous actin (F-actin) structure. Previously, the reorganisation of actin has 

been studied in cells stimulated with a range of biological compounds including growth 

factors, kinases and hormones [204-206]. Furthermore, important information can be 

obtained on the biomaterial’s cell adhesion properties because the early arrangement of the 

cellular cytoskeleton provides direct information of the cell-substrate interface [185, 207]. 

For example, Thian et al. examined the actin cytoskeleton of human osteoblast-like (HOB) 

cells cultured on titanium coated with silicate-substituted HA [208]. In this study, the 

authors found that HOB cells grown on silicate-substituted HA formed more ordered and 

elongated actin filaments in comparison to HOB cells grown on HA alone (not substituted 

with silicate). Furthermore, a higher rate of cell growth and enhanced biomineralisation was 

detected on silicate-substituted HA compared to HA alone. The authors proposed that these 

effects were caused by silicate-substituted HA (compared to HA alone) promoting a higher 

level of protein adsorption (in particularly extracellular matrix proteins) resulting in 

differences between the interaction of cellular integrins and the adsorbed protein molecules 

on the surface of the various coatings. When proteins bind cell surface integrin receptors, 

actin filaments undergo conformational changes due to mechanical stresses exerted by the 

integrins through the plasma membrane and consequently trigger specific signals, which 

regulate cellular activity. Therefore, an indication of cell function (such as adhesion, 

proliferation, differentiation) can be derived by organisation of the cell’s actin structure. In 



Part 1: Results and Discussion 156

summary, this article showed that the difference in the organisation of the cell’s actin 

structure is correlated with differential cellular behaviour. 

 

In a separate investigation, Gronowicz et al. studied cell attachment of osteoblast-like cells 

on orthopaedic implant materials [209]. The authors analysed integrin-mediated cell 

attachment on both titanium and cobalt-chromium alloyed implant surfaces. Cell 

attachment was inhibited both on titanium (by 28%) and cobalt-chromium (by 40%) 

alloyed surfaces when the cellular integrin receptors were blocked by means of RGD in 

solution. Blocking the fibronectin cell receptor reduced cell attachment by 63% and 49% on 

the titanium and cobalt-chromium alloyed surfaces, respectively. Cell spreading was similar 

on the both alloys, however, F-actin stress fibers were more evident on the cobalt-

chromium alloy and the fibers formed a more angular shape on the alloy compared to the 

titanium alloy. Therefore, this studied showed that the substrate material can also 

significantly influence cell attachment and consequently cell differentiation and bone 

formation. 

 

In our present study, the F-actin of MG63 cells at the early stages of cell growth on the 

substrate surface was visualised by staining F-actin with Alexa Fluor® 594 phalloidin 

fluorescence probe (Molecular Probes) and counterstaining the cellular nuclei with Hoechst 

33342 before imaging the cells by fluorescence microscopy. In this experiment the 

cytoskeletal structure of MG63 cells was compared between non-functionalised PECVD-

Si-Ti, IPTES functionalised PECVD-Ti-Si loaded with covalently attached IGF-1 (for 12 h 

at 25ºC), IPTES functionalised PECVD-Ti-Si incubated in PBS (for 12 h at 25ºC), 

untreated TCPS and TCPS loaded with adsorbed IGF-1 (for 12 h at 25ºC). IGF-1 was 

adsorbed or covalently linked to the samples for 12 h (instead of 2 h) because this reaction 

time produced a more significant response to cell attachment (refer to Figures 1.51 and 

1.57). 

 

No difference in F-actin structure of MG63 cells was observed on TCPS loaded with 

adsorbed IGF-1 compared to TCPS that had not been incubated with IGF-1 (Figure 1.58 A 

and B). MG63 cells on both samples exhibited mesh-like F-actin structure, which protruded 
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well out from the cellular nuclei. Therefore, MG63 cells appeared to adhere equally well on 

TCPS and TCPS treated with IGF-1 after 4 h of cell culture. Although cell attachment was 

improved by adsorbing IGF-1 on polystyrene (refer to Figures 1.51 and 1.53-1.54) the 

extracellular matrix proteins produced by the MG63 cells spread equally well on TCPS 

loaded with or without IGF-1 after 4 h of cell culture because the commercial TCPS used in 

this study was surface-modified for promoting the adsorption of extracellular matrix 

proteins. This enabled cellular integrins, which link the extracellular matrix to the actin 

cytoskeleton, to transmit comparable mechanical forces across the cell membrane inducing 

cells to form a similar F-actin structure. 

 

However, F-actin spreading was not as significant on PECVD-Si-Ti (Figure 1.58 E). F-

actin appeared localised around the cellular nuclei and irregular in shape. Also, a lower 

density of cells was observed on this surface in comparison to the other samples tested in 

this experiment (compare Figure 1.58 E to A-D). This showed that cells adhered poorly on 

PECVD-Si-Ti, which confirms the cell culture assay results shown in Figures 1.42 and 

1.44. F-actin spread more on IPTES functionalised PECVD-Si-Ti (having isocyanate 

groups quenched by ethanolamine hydrochloride) (compare Figure 1.58 D to E). This 

result was probably due to the adsorption of extracellular matrix proteins during cell 

adhesion being enhanced on IPTES functionalised PECVD-Si-Ti in comparison to non-

functionalised PECVD-Si-Ti because of the change in surface hydrophilicity as discussed 

on page 123. However, F-actin did not spread as well on IPTES functionalised PECVD-Si-

Ti compared to TCPS suggesting the surface could still be further improved for cell growth 

(compare Figure 1.58 B to D). This result corresponded well with a slightly lower level of 

MG63 cell growth detected on IPTES functionalised PECVD-Si-Ti (not reacted with IGF-1 

but having isocyanate groups quenched by ethanolamine hydrochloride) compared to TCPS 

in serum-free medium after 72 h of cell culture (refer to Figure 1.46). Cell adhesion was 

further improved by functionalising the surface with IGF-1 through a covalent attachment 

mechanism (compare Figure 1.58 C to D). MG63 cells showed very similar F-actin 

patterns on TCPS loaded with adsorbed IGF-1 compared to IPTES functionalised PECVD-

Si-Ti reacted with IGF-1 (compare Figure 1.58 A to C). Therefore, it is plausible that 

immobilised IGF-1 plays an important role in modulating the cytoskeletal organisation of 
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osteoblast cells during cell adhesion on PECVD-Si-Ti. Furthermore, IGF-1 could also 

become an important factor in regulating the motility of cells during bone remodelling 

processes on PECVD-Si-Ti because changes in the F-actin cytoskeleton influence cellular 

motility [207]. 

 

In summary, IGF-1 in solution induced the up-regulation of p-ERK in MG63 cells after 

exposing the cells to the growth factor for 5 min. But up-regulation of p-ERK activity was 

not detected in MG63 cells during the cellular attachment phase on samples functionalised 

with immobilised IGF-1. One possibility is that the ERK pathway may be up-regulated in 

MG63 cells by integrin-mediated autophosphorylation of kinases during the cell attachment 

phase in the absence of IGF-1. Alternatively, the correct experimental conditions (cell 

density, reaction time, medium formulation etc) were not identified in this study. However, 

cell attachment and adhesion were both enhanced on PECVD-Si-Ti surfaces functionalised 

by covalently attached IGF-1. Therefore, IGF-1 may be a key factor for enhancing bone 

formation on PECVD-Si-Ti implants. 
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Figure 1.58. Refer to following page (page 160). 
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Figure 1.58. Fluorescence micrographs of MG63 cellular F-actin (orange) and nuclei (green). MG63 cells 

were removed from a T75 tissue culture flask (Iwaki) in CDS. The cells were resuspended in FBS-free MEM 

(containing 100 units penicillin and 100 µg of streptomycin) supplemented with 2 mg/ml of BSA. 1 ml of 4 x 

104 cells/ml were seeded onto the substrates in 12-well TCPS plates (Nunc) for 3 h. Then, cells that had not 

attached or were loosely attached were removed from the substrate surface in two PBS (pH 7.4) washes. The 

wells were replenished with FBS-free MEM supplemented with 2 mg/ml of BSA and 0.01 mg/ml of Hoechst 

33342 (Molecular Probes) DNA minor groove binder. After a further 1 h of cell culture, the samples were 

washed twice in PBS. The cells were fixed in 4% formaldehyde for 10 min at 25°C and the samples were 

washed twice in PBS. The cells were then stained with an Alexa Fluor® 594 phalloidin fluorescence probe 

(Molecular Probes) according to the manufacturers instructions (refer to pages 44-45). Sample descriptions: 

TCPS incubated with 600 ng of IGF-1 in 300 µl of PBS for 12 h (A) or incubated in PBS (without IGF-1) for 

12 h (B) at 25°C; IPTES functionalised PECVD-Si-Ti incubated with 600 ng of IGF-1 in 300 µl of PBS for 

12 h (C) or incubated in PBS (without IGF-1) for 12 h (D) at 25°C (any unreacted isocyanate groups were 

then quenched using 1 mM of ethanolamine hydrochloride (prepared in PBS) for 30 min at 25°C); and 

untreated PECVD-Si-Ti (E) (refer to pages 30, 32-35, 41 for more detailed descriptions of sample 

preparation). Images were taken and processed as described on pages 44-45. The light green background in A 

and B is attributed to autofluorescence from the TCPS disc. Scale bars = 100 µm. 
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1.4 Conclusions and Future Directions 
 

PECVD-Si has previously been coated on titanium implants for improving the integration 

of the implant with bone. Titanium implants coated with PECVD-Si (PECVD-Si-Ti) 

exhibit a 1.6-fold increase of direct bone/implant contact (the area of the implant in contact 

with bone in comparison to soft tissue) compared to uncoated titanium implants. In contrast 

to the high level of bioactivity of PECVD-Si-Ti (compared to uncoated titanium) in vivo, 

the growth of MG63 osteoblast-like cells on uncoated titanium was 7-fold to that on 

PECVD-Si-Ti in vitro. Therefore, in an attempt to further enhance the integration process 

of PECVD-Si-Ti implants with bone, Part 1 of this thesis aimed to improve cellular growth 

on PECVD-Si-Ti by functionalising the surface with a bioactive factor, IGF-1.  

 

First we showed that the PECVD-Si coatings strongly adhered to titanium substrates (by 

withstanding pull-off loads in excess of 27 MPa) and were resistant to delamination in 

relatively harsh conditions (toluene at 120°C). We also showed that the PECVD-Si surface 

was highly hydrophilic (contact angle < 10°) and mainly contained SiO2. Alkoxysilanes 

were next grafted on PECVD-Si-Ti using different reaction temperatures and times, silane 

concentrations and solvent systems. Generally, the grafting density of silane molecules was 

increased when the reaction temperature and time was increased. Also, the grafting density 

of APTES was significantly higher in anhydrous toluene (3.9-fold) in comparison to 

aqueous medium. Depending on the grafting method employed, 66-99% of the APTES 

siloxane films was retained on PECVD-Si-Ti after incubation in PBS at 37°C indicating 

that the siloxane films were stable under aqueous physiological conditions. 

 

We used the grafting conditions developed for producing siloxane films on PECVD-Si-Ti 

for functionalising the surface with IPTES. IGF-1 was covalently immobilised on IPTES 

functionalised PECVD-Si-Ti through isocyanate-amino chemistry. The growth factor was 

shown not only to retain its immunological reactivity on IPTES functionalised PECVD-Si-

Ti, but also the immunological reactivity of IGF-1 was 5-fold on this sample in comparison 
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to when the growth factor was covalently immobilised on IPTES functionalised uncoated 

titanium.  

 

IGF-1 was also shown to be biologically active when covalently immobilised on IPTES 

functionalised PECVD-Si-Ti. After 72 h of in vitro MG63 cell culture in serum-free 

medium, cell growth was 1.9-fold on IPTES functionalised PECVD-Si-Ti with covalently 

bonded IGF-1 compared to IPTES functionalised PECVD-Si-Ti with no IGF-1 (isocyanate 

reactive groups were quenched with ethanolamine hydrochloride). The attachment and 

adhesion of MG63 cells were also enhanced on PECVD-Si-Ti by the covalently 

immobilised IGF-1. However, no improvement in the attachment and proliferation of 

MG63 cells was shown for IPTES functionalised PECVD-Si-Ti loaded with covalently 

immobilised IGF-1 compared to IPTES functionalised PECVD-Si-Ti with no IGF-1 in 

serum-containing medium. Therefore, we assume that the adsorption of human serum 

proteins on the PECVD-Si-Ti implant in situ would also quench the biological activity of 

IGF-1 towards promoting cellular growth. However, we do not exclude the possibility that 

the bone-implant integration process could be further enhanced on PECVD-Si-Ti implants 

by covalently immobilising IGF-1 to the surface. This could occur by IGF-1 stimulating 

other cellular pathways of osteoblastic cells such as the secretion of extracellular matrix 

proteins, which become mineralised during bone formation. 

 

For future work, it would be worthwhile investigating the surface concentrations of IPTES 

and IGF-1 required for achieving optimal mineral deposition from osteoblastic cells on 

bioactive PECVD-Si-Ti in vitro and then testing these implants in vivo to determine if 

implant-bone integration is enhanced by the surface modifications. Also, it would be 

interesting to measure and compare the kinetics of adsorption and covalent attachment of 

IGF-1 on PECVD-Si-Ti and uncoated titanium. This study could be used to determine why 

covalently immobilised IGF-1 is more immunologically active on PECVD-Si-Ti compared 

to uncoated titanium. Furthermore, we only tested the biological activity of one 

immobilised bioactive molecule (IGF-1) on PECVD-Si-Ti at this stage of the research. 

Therefore, it would be worthwhile investigating the bioactive properties of PECVD-Si-Ti 

implants functionalised with multiple bioactive species (such as vitronectin and IGF-1), 
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which can stimulate several biological pathways on the implant surface in concert. To test 

whether transmembrane signalling is upregulated in osteoblasts by tethered IGF-1, an 

alternative approach to the solid support system could be to test if IGF-1 bioconjugated 

titanium microspheres or particles upregulate p-ERK in cells. This experiment could be 

performed in a similar way as used for soluble IGF-1, which was shown to enhance ERK 

activation in cells. Finally, we believe that by further optimising the bioactive surface 

properties of PECVD-Si-Ti implants and continuing investigations of bone-implant 

integration processes, a new generation of orthopaedic implants will be developed with 

superior osseointegration rates. 
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2.1 Introduction 
 

2.1.1 Overview of porous silicon applications 

 

Porous silicon has captured the attention and imagination of many materials scientists 

over the last few decades. The material has been shown to possess unique 

photoluminescence and a range of other optical properties in solution or air and the 

properties have been extensively characterised [1-8]. The foundations laid from the 

early work on porous silicon have led to the development of new silicon-based 

technologies such as novel optoelectronic devices [9-10]. However, porous silicon is far 

from being limited to electronics. Porous silicon-based devices are now used in 

numerous applications including biomaterials, biosensors and catalytic micro-reactors 

[4(a-b), 11-17]. This part of the thesis will focus on the application of porous silicon for 

the development of optical biosensors. First, the manufacturing process of this versatile 

material will be described.  

 

2.1.2 Porous silicon formation 

 

Porous silicon is most commonly formed from conductive, polished silicon by 

electrochemically etching in an electrolyte (also referred to as anodisation). The 

reaction can be performed in a simple electrochemical set-up shown in Figure 2.1. A 

silicon piece is placed on the bottom of the cell: an O-ring seals the polished side and 

the underside is contacted by aluminium foil. The polished side of the silicon wafer 

(anode) becomes immersed in the electrolyte and a platinum electrode serves as a 

counter electrode (cathode). The silicon material is typically doped with boron (p-type) 

or either phosphorous or arsenic (n-type) to increase conductivity. The electrochemical 

reaction on n-type silicon is catalysed by light that allows patterns of porous silicon 

islands to be made by illuminating the surface with white light through a patterned mask 

during the etching procedure (Figure 2.2) [18-19]. Typically, the composition of the 

electrolyte includes hydrofluoric acid (HF) and an organic solvent such as ethanol. HF 

is essential for the dissolution of generated oxidised silicon species and the alcohol 

increases the wettability of the substrate surface, which facilitates HF penetration into 
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the pores and also helps remove attached hydrogen bubbles (that are generated during 

anodisation) from the substrate surface. 

 
 

Figure 2.1. Schematic of a typical electrochemical set-up that can be used to prepare porous silicon. 

 

 

 
 

Figure 2.2. An apparatus that is used for preparing patterned porous silicon from n-type silicon is shown 

on the left. A patterned porous silicon wafer with an array of 100 individual porous silicon islands is 

shown in the upper right hand corner and a higher density array is shown below on a wafer patterned with 

1000 porous silicon spots. Illustration and photographs were adapted from Lewis et al. and Shen et al. 

[18-19]. EtOH denotes ethanol. 
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Pore formation is understood to begin at the defect sites (‘holes’) at the surface of 

silicon. The accepted theoretical reaction mechanism for pore formation (silicon 

dissolution) is shown in Scheme 2.1 [4(c), 20-22]. This reaction requires a faster rate of 

fluorine substitution (Si-H conversion to Si-F) than hydrolysis (Si-H conversion to Si-

OH) at the initial stages of etching. After fluorine substitution, the polarised Si-Si back-

bonds become broken by subsequent attack from more HF and water molecules, 

generating a porous silicon hydride surface and hydrogen bubbles. The SiF4 species 

liberated from the surface become converted to H2SiF6 by the remaining HF molecules 

and this complex finally forms a water-soluble [SiF6]2- ion and 2H+ that can be washed 

from the substrate surface.  
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Scheme 2.1. Proposed reaction mechanism for porous silicon dissolution in aqueous HF. The scheme was 

adapted from Allongue [4(c)]. 
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2.1.3 Porous silicon pore geometries 

 

Pore sizes made by the electrochemical etching procedure have been reported from 

below 10 nm to over 1 µm in diameter (Figure 2.3) [23-24]. The pores, which are 

generally classified in terms of geometry (diameter), can be categorised as micropores 

(Avg. ø ≤ 2 nm; shown in Figure 2.3 A), mesopores (Avg. ø = 2-50 nm; shown in 

Figure 2.3 B) or macropores (Avg. ø  > 50 nm; shown in Figure 2.3 C-E). Well-

defined pore sizes can be obtained by simply adjusting the applied current density. By 

keeping the current density constant, the depth of the porous layer can simply be 

controlled by varying the etching time (charge density) [4(d)]. An increase in current 

density results in an increase in the flow of negatively charged fluoride ions to the 

positively charged silicon surface and pore corrosion is accelerated. This results in 

larger pores being formed compared to those at a lower current density. At a higher 

charge density, the Si-Si back-bonds are attacked for a longer period of time, resulting 

in a deeper porous layer. There is an upper limit to pore size, which is reached when the 

current density enters the electro-polishing regime. The available pore size range 

depends on a range of factors including the applied current and charge density, dopant 

type and level, the crystal face, the electrolyte concentration and the nature of the 

organic solvent [25]. 

 

Many different types of porous silicon networks can be manufactured by judicious 

variation of the electrochemical-etching procedures. The architecture of the porous 

network formed is also dependent on the applied current and charge density as well as 

on the material type (dopant type, concentration of dopant and surface orientation of the 

crystalline silicon) and electrolyte composition [4(d), 25]. Some of these, which are 

shown in Figure 2.4 A-C, include independent single channels, branched and multi-

layered porous networks [23,26-27]. Furthermore, the porous films can be removed 

from the silicon substrates as whole porous silicon membranes or in the form of small 

porous silicon particles [28-30]. These diverse forms of porous silicon offer exciting 

new approaches for developing new biosensors, biomaterials and other devices. As a 

specific example, Coffer et al. demonstrated the biomedical application of porous 

silicon microparticles by developing new forms of porous silicon-based biodegradable 

biomaterials [31]. 
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Figure 2.3. Micrographs of porous silicon generated by electrochemically anodising p-type silicon with a 

crystal orientation of (100). Atomic force microscopy (AFM) step-height images (5 µm2) of porous 

silicon are shown in the top row, illustrating surfaces with micropores (A), mesopores (B) and 

macropores (C). These surfaces were generated from 0.0001 Ω·cm silicon in a 25% ethanolic HF solution 

at current densities of 295, 370 and 600 mA/cm2, respectively, and to a constant charge of 4.5 C/cm2 

(Images were adapted from Janshoff et al.) [23]. Below are scanning electron micrographs of larger (ø  > 

1 µm) macropore types showing a top view (D) and a cross-sectional perspective (E). Porous silicon was 

formed from 10 Ω·cm silicon in an aqueous HF solution supplemented with acetonitrile, at a current 

density of 10 mA/cm2 and a charge density of 18 C/cm2. These images were adapted from Ponomarev et 

al. [24]. 

 
Figure 2.4. Scanning electron cross-sectional micrographs of different porous silicon networks achieved 

through electrochemical anodisation procedures. Single-channelled, vertically oriented pores obtained 

from p-type silicon are shown in (A); an example of branched pore formation from n-type silicon is 

shown in (B); and a porous silicon sample with alternating layered porous networks manufactured from 

n-type silicon is shown in (C). These images were adapted from Janshoff et al. (A), Föll et al. (B) and 

Ouyang et al. (C) [23, 26-27]. 
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2.1.4 Biosensors made from porous silicon 

 

New biosensors and other sensing devices have also been constructed from porous 

silicon [16, 23, 32-33]. These biosensor platforms can produce optical signals 

(photoluminescence or interferometric reflectance changes) that are generated from the 

porous silicon surface from events such as chemical or biomolecule recognition and 

these signals form the readout of the sensing device. Other types of biosensors have 

become useful for biomedical and environmental applications such as monitoring health 

conditions, food and water quality, agricultural pesticides and water and air-borne 

contaminants [34-36]. Ideally, these biosensors should be adaptable for in situ use, offer 

a suitable sensitivity range and specificity for a given biomolecular target, produce a 

quick and easily interpretable signal, be compact in design and be relatively 

inexpensive. Of course, most of the published biosensor platforms can usually be 

improved in some of these areas. Therefore, continuing the research in this field is 

appropriate and developing new and improved biosensors is desirable. 

 

2.1.5 Functionalisation of porous silicon biosensors 

 

For some porous silicon-based sensors, the substrate surface layer is left hydride-

terminated (Si-H) [37]. In other cases, a thin oxide (Si-Ox) is generated [38-39]. For yet 

other applications, the surface may require some surface modification, usually with a 

thin functional organic film [23]. Common approaches for generating functional porous 

silicon surfaces include surface silylation with alkoxysilane molecules (that are bonded 

to the surface through Si-O-Si-R linkages) or through alkylation by alkene or alkyne 

organic linkers (to produce Si-C-R surface bonded layers). Oxidised and functionalised 

porous silicon surfaces are generally more stable in aqueous solutions, but usually 

possess weaker photoluminescence properties than hydride-terminated porous silicon 

[40-42]. Therefore, if the sensor requires strong porous silicon photoluminescence or 

changes in photoluminescence as a readout, the degree of surface oxidation is usually 

kept to a minimum. However, for porous silicon used in aqueous environments, which 

is a common requirement for biosensors, such as the one described in this part of the 

thesis, surface oxidation and subsequent silylation, or alternatively hydrosilylation on 

hydride-terminated silicon, protect the underlying porous silicon substrate from 

hydrolytic attack and therefore prevent undesired material degradation.  
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Also, reactive groups can be easily generated on porous silicon by functionalising the 

surface with alkoxysilane molecules or other organic linkers containing functional end 

groups, which can be used as attachment points for biomolecules. Two examples are 

shown in Figure 2.5 [23, 32].  

 

In Figure 2.5 A, a β-glucuronidase enzyme was linked to porous silicon by an activated 

N-hydroxysuccinimide (NHS) ester on the end of an organic linker that was attached to 

the porous silicon surface via a Si-C linkage [32]. This article also demonstrated that the 

enzyme, which was covalently linked to the porous silicon substrate (by the described 

mechanism), could still retain its intended enzymatic activity.  

 

In Figure 2.5 B, oxidised porous silicon was functionalised with a monoalkoxysilane 

(by a Si-O linkage) to generate reactive thiol groups for protein attachment. The surface 

was subsequently biotinylated to enable specific molecular recognition of streptavidin at 

a concentration of 10 µM [23]. Binding of streptavidin inside the pores of porous silicon 

was detected by means of interferometric reflectance spectroscopy. In this experiment, 

the spectral shift of the interference pattern generated from the reflection of light off the 

porous silicon-bulk silicon interface was monitored over time. The authors found that 

the interference pattern shifted to the red region of the spectrum when streptavidin was 

captured inside the biotinylated pores. The shift of the interference pattern was 

attributed to the bound protein having a higher refractive index in comparison to the 

medium that was used in this experiment. This corresponded to an increase in the 

effective optical thickness (EOT) (that was calculated from the experimentally obtained 

interference patterns). Interferometric reflectance spectroscopy is described in more 

detail on pages 172-175 of this introduction. 

 

2.1.6 Patterning of biosensor platforms with biomolecules 

 

In other studies, biomolecules have been loaded onto glass and silicon substrates (that 

were first coated with silane or other polymeric films) at defined regions by following 

simple photo-patterning procedures [43-45]. As a specific example, Christman et al. 

patterned an array of streptavidin molecules onto a modified silicon substrate surface 

[43]. The silicon substrates were coated with poly(3,3’-diethoxypropyl methacrylate) 

(PDEPMA). This polymer contains acetal side chains that can be converted to 
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aldehydes for subsequent protein attachment. In the presence of a photoacid generator, 

defined regions of aldehyde groups were formed upon illuminating the surface with 

deep ultraviolet light through a patterned mask. By using this photo-patterning 

technique, an array of streptavidin molecules could be loaded onto the modified silicon 

surface at site-specific locations (Figure 2.6 A). Furthermore, Christman et al. 

demonstrated that the streptavidin molecules remained biologically active by showing 

that biotin could only bind specifically to locations of patterned streptavidin (Figure 2.6 

B). These patterning techniques can also be adapted for use on porous silicon substrates 

(because the material is similar in surface chemistry to that of glass and silicon). This 

opens the possibility for array type biosensor designs on porous silicon platforms. 
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Figure 2.5. Two possible methods for tethering proteins to porous silicon. On the top, β-glucuronidase 

(an enzyme) (shown as a blue circle) is covalently linked to the porous silicon substrate by an 

intermediate organic linker (A) and the scheme below shows biotin (red circle) linked to the substrate by 

an intermediate silane molecule (B). The mechanisms were adapted from Létant et al. and Janshoff et al. 

[32, 23]. 
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Figure 2.6. Fluorescence micrographs of site-specific patterned proteins on a film of PDEPMA that was 

exposed to deep ultraviolet light through a patterned mask in the presence of a photoacid generator. A 

shows patterned regions of red fluorescent streptavidin and B shows fluorescein biotin bound specifically 

to locations of patterned streptavidin. Scale bars = 25 µm. The images were adapted from Christman et al. 

[43]. 
 

2.1.7 Readout signal of porous silicon biosensors 

 

Porous silicon based biosensors and sensors have been applied for the detection of 

many other biological molecules and chemicals as well as gases [33, 46-48]. For 

example, Gao et al. developed a porous silicon biosensor for detecting ethanol, methyl 

ethyl ketone and n-hexane vapours on porous silicon [38-39, 46]. In these experiments, 

the porous silicon surface was probed with a diode laser at a fixed wavelength rather 

than with a white light that was used by Janshoff et al. [23]. The authors found that a 

shift in the interference pattern on porous silicon (upon exposure to a target vapour 

analyte with a refractive index that differs from that of background N2 vapour used in 

this experiment) yields a large intensity change of the reflected laser light and this 

change in laser intensity could be used as a readout signal to detect vapours down to the 

parts per billion range. 

 

Generally, porous silicon based sensors have been developed to produce an end optical 

signal that acts as a readout mechanism, but electrochemical signals can also be used 

[48-50]. The reported ‘end-point’ optical signals derived from the porous silicon 

substrate are usually from the measured levels of photoluminescence emission or 

changes in reflection interference patterns (measured by optical interferometry) [6, 16, 

23, 32-33, 51]. The following section will introduce the concept of optical 
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interferometry as a transducer mechanism for optical biosensors. This technique was 

employed for developing the biosensor in Part Two of this thesis. 

 

2.1.8 Porous silicon optical interferometry 

 

Optical interferometry on porous silicon is performed using a simple experimental set-

up shown in Figure 2.7. A tungsten white light source delivered through optical fibre 

illuminates the porous silicon surface and the reflected light is detected by a 

spectrometer that sends the signal to a computer for processing. Importantly, optical 

interferometry can be used to monitor reactions in solutions. For these experiments, the 

porous silicon sample is usually held in a plexiglass fluidic cell. Due to thin film 

interference, light is reflected from the porous silicon surface as an interference pattern 

(called a Fabry-Pérot fringe pattern). The interference pattern is generated from 2-phase 

reflections of white light from the air-porous silicon interface and the porous silicon-

bulk silicon interface resulting in a Fabry-Pérot fringe pattern, which is recorded by a 

spectrometer and relayed to the computer. Processing software applies a Fast Fourier 

Transform (FFT) to the experimentally obtained interferogram to calculate an effective 

optical thickness (EOT). 

 

The interference principle is defined by the equation mλ = 2nL where m = spectral 

order of the Fabry-Pérot fringe; λ = wavelength of the incident light striking the surface 

at an incident angle of 0°; n = average refractive index of the porous silicon layer; L = 

porous silicon layer thickness and 2nL = EOT [16]. A shift in the Fabry-Pérot fringe 

pattern towards the blue region of the spectrum results in a decrease of the EOT 

indicating that either the refractive index or the thickness of the porous silicon layer has 

decreased (Figure 2.8). The blue shift can be due to either or both of two effects: a 

refractive decrease occurs when a silicon layer is converted to a silicon dioxide because 

SiO2 has a smaller refractive index (n = 1.46) to that of Si (n = 3.5) [46]; or pore 

collapse occurred resulting in a decrease of the porous silicon layer thickness. 

Conversely, an increase in the EOT is seen when the Fabry-Pérot fringe has shifted 

towards the red region of the spectrum (Figure 2.8). This can be caused by the 

molecules or medium inside the pores having a higher refractive index than the 

background medium or if precipitate had deposited inside the pores. 
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Figure 2.7. A scheme of the interferometeric reflectance set-up taken from Janshoff et al. [23]. They used 

the set-up to monitor the interaction between immobilised biotin and streptavidin (the molecule to be 

analysed), which are shown in the magnified cartoon illustration.  
 

2.1.9 Interferometric porous silicon biosensors 

 

Interferometric porous silicon-based sensing has already been used to detect a variety of 

protein and DNA molecules and other biologically relevant compounds in solution [16, 

23, 33, 47-48]. For example, Lin et al. showed that by employing the technique of 

optical interferometric reflectance spectroscopy on porous silicon, short 16-mer DNA 

oligonucleotides could be detected on porous silicon pre-loaded with complementary 

DNA strands [16]. The authors also demonstrated that both biotin and streptavidin 

could be detected on appropriately modified porous silicon biosensor platforms. Finally, 

by following a cascade of specific immune reactions on porous silicon, the authors 

could also use the interferometric porous silicon-based sensing device for detecting a 

steroid (digoxigenin) at a concentration of 10-6 M. 
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Figure 2.8. Graphs illustrating the relationship between the shift in the interferogram and the resultant 

change in the EOT. The top panel shows a shift in the interferogram to a lower wavelength (a blue shift) 

and a resulting decay in EOT. In the bottom panel the interferogram has shifted to a higher wavelength (a 

red shift) resulting in an increase in EOT. EOT denotes effective optical thickness (in nm). 

 

More recently, a sensitive porous silicon-based sensor was developed for the detection 

of chemical vapours that involved monitoring reflectance changes at fixed wavelengths 

by laser interferometry, which illustrates the broad scope of porous silicon sensor 

devices [46]. The sensitivity of porous silicon sensors can be improved by altering the 

porous silicon morphological or surface chemistry characteristic features or by using 

catalysts to increase the resolution of the readout signal. For example, Voelcker et al. 

demonstrated that with the aid of a (transition metal complex) catalytic label to 

transduce biomolecule binding (inside the pores of porous silicon) to an amplified 

optical response, it was possible to detect DNA or protein to a relatively low 

concentration of 1 µM [33]. Generally, these interferometric porous silicon-based 

sensors are not reusable when used in solution, especially when the readout signal 

involves a decrease in EOT, because these systems usually undergo a significant level 

of pore corrosion that can significantly alter the morphology or the chemistry of the 
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porous silicon surface. However, as described previously, photo-patterning procedures 

opens the possibility for biological molecules to be arrayed at a high-density on porous 

silicon that allows for a large number of assays to be performed simultaneously on a 

single porous silicon chip.  

 

2.1.10 Advantages of interferometric porous silicon biosensors 

 

Finally, all of these systems are relatively inexpensive and only simple data analysis is 

required to obtain quantitative results. For quantitative analysis, either the final change 

in EOT (either increase or decrease), or the change in the rate of EOT increase or decay 

can be used. As an example, an interferometric porous silicon-based biosensor 

developed by Janshoff et al. monitored the change in the EOT to detect streptavidin at a 

sensitivity of 1-10 ng of protein bound to 1 mm2 of porous silicon (a sub-monolayer 

coverage of protein) [23]. In another example, Voelcker et al. monitored the change in 

the rate of EOT decay on a biotinylated porous silicon chip for detecting 1 µM of 

streptavidin [33]. Although this was not performed in this case, it could also be possible 

to construct a calibration curve by plotting the rate of EOT change over a specified 

protein concentration range. Similar to other biological assays such as an enzyme-linked 

immunosorbent assay (ELISA), the calibration curve can be used to determine the 

concentration levels of specific proteins in test solutions. This is useful for many 

biomedical or even environmental related applications.  

 

In summary, the porous silicon-based transducer, which is readout by the technique of 

reflective interferometry, may lead to the development of new biosensors and sensors 

with increased sensitivity because the high surface area of porous silicon increases the 

potential molecular loading capacity compared to conventional 2-dimensional surfaces. 

Furthermore, optical signals are amplified by the effect of accelerated pore corrosion. 

The biosensor also offers wide applicability because the system is able to detect a wide 

range of target analytes (already demonstrated in the literature) and high-throughput 

capabilities are a real possibility (through simple photo-patterning procedures). 
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2.1.11 Part two objectives 

 

The overall objective for Part 2 of this thesis was to develop an optical biosensor based 

on a porous silicon film (as the molecular recognition matrix and transducer) using an 

enzyme trigger to generate an optical signal detectable by interferometric reflectance 

spectroscopy. The main objectives are outlined below: 

 

• Manufacture porous silicon films with an appropriate design (physical and 

chemical surface properties) for a protein biosensor. 

• Find and characterise an enzymatic mechanism to catalyse the corrosion of 

porous silicon that can be measured by interferometric reflectance spectroscopy. 

• Use this enzyme system to establish an interferometric biosensor based on 

functionalised porous silicon. 

• Analyse the performance of the biosensor. 

• Identify possible means of improving the sensitivity of the biosensor. 
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2.2 Materials and Methods 
 

2.2.1 Porous silicon formation 
 

Boron doped silicon wafers (Virginia Semiconductor Inc., Virginia) with a resistivity of 

0.0005-0.001 Ω·cm and {100} orientation were electrochemically etched in a 3:1 mixture 

of 48% (v/v) hydrofluoric acid (HF) 48% (v/v) (Merck) and ethanol (100%, Chem-Supply) 

in a custom built Teflon cell at 25°C. The Teflon cell, shown in Figure 2.9, has a hollowed 

centre with a diameter of 1.5 cm and a height of 1.5 cm that is filled with the electrolyte 

solution. A Viton O-ring sealed the solution over the polished side of the silicon. The back 

of the silicon wafer was contacted to the alligator clip via aluminium foil and a platinum-

meshed electrode (Sigma) served as the counter electrode. An alligator clip was used to 

connect the platinum electrode to the negative terminal of the power supply (2425 Keithley 

SourceMeter) and the foil was connected to the positive terminal of the power supply. The 

current and treatment times were varied to alter either the current or charge densities, 

accordingly. At the completion of an etch cycle, the electrolyte was decanted and the 

sample was washed consecutively in ethanol, acetone and dichloromethane (DCM) (all 

solvents were of Analytical Grade and supplied by Chem-Supply) and dried under a gentle 

stream of N2. The cell was then disassembled and the sample was removed and rinsed 

liberally again in DCM and dried under N2. All samples were stored under vacuum. 

 

Porous silicon samples were post-chemically etched by incubating the samples in a 1:10 

mixture of ≥ 99.9% pure dimethyl sulfoxide (DMSO) (Sigma) and 48% HF at 25°C for 30 

min. The samples were then washed, dried and stored as described above. 

 

Structural features of the porous silicon samples were obtained by imaging the surface by 

means of AFM. SEM was employed for cross-sectional imaging. The surface chemistry 

was analysed by means of IR spectroscopy. Refer to pages 182-183. 
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Figure 2.9. A diagram of the Teflon cell that was used to hold the silicon wafer and the electrolyte solution 

during electrochemical etching in the manufacturing process of porous silicon.  
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2.2.2 Porous silicon oxidation 
 

Porous silicon was oxidised either by ozonolysis or bromination. Ozonolysis was carried 

out by purging O2 through a column filled with Drierite™ at 100 l/h (0.6 bar) into a Fisher 

ozon ozone generator (ozon-generator 500) connected to a glass desiccator containing the 

samples (positioned porous silicon side up). The generator was operated at 1.25 A and the 

reaction was allowed to proceed for 10 min at 25°C. Bromine oxidised samples were 

prepared by first evacuating the samples in a custom-built vessel (shown in Figure 2.10) 

and backfilling the vessel with dry N2; the procedure was repeated 3 times. Bromine vapour 

was allowed to leak into the vessel and react with the samples for 30 min, followed by a 30 

min exposure to air. The chemistry of oxidised porous silicon samples was characterised by 

IR spectroscopy (refer to pages 182-183). 

 

 
 

Figure 2.10. A photograph of the custom-built vessel used for oxidising porous silicon by bromination. 
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2.2.3 Optical interferometric reflectance spectroscopy 
 

The effective optical thickness (EOT) of porous silicon was measured in time-lapse mode 

by optical interferometric reflectance spectroscopy (OIRS) Figure 2.11. The sample was 

assembled in a custom-built fluidic cell made from Plexi-glass (shown in Figure 2.11), 

which allowed fluid to be flowed over the porous silicon region while simultaneously 

measuring the EOT. The solution was injected into the fluidic cell with plastic syringes 

connected to the cell by Silastic tubing (Dow Corning). The components of the OIRS unit 

were purchased from Ocean Optics and consisted of a bifurcated fiber-optic probe, a 

tungsten halogen lamp (LS-1) and a spectrometer (USB 2000) capable of recording 

wavelengths between 300-1000 nm. Igor Pro software (version 4.06A) was used for data 

processing. Light reflected from the porous silicon surface to the spectrometer was 

recorded as a Fabry-Perot fringe pattern. The experimentally obtained information is used 

to calculate an effective optical thickness (EOT) of the porous silicon layer by applying a 

fast Fourier transform (FFT) to the interference spectrum. A shift in the fringe pattern 

represented a change in the EOT of the porous silicon layer. Porous silicon degradation was 

detected by a blue shift of the spectrum (EOT decrease) and a red shift corresponded to an 

increase in the EOT. The EOT was monitored at time intervals of 1 min.  

 

 
 

Figure 2.11. A photograph of the Plexi-glass fluidic cell (left side of figure) and a photograph of the complete 

OIRS unit (right side of figure) used for the biosensing experiments in this thesis. 
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2.2.4 Mechanism of enzyme-catalysed porous silicon degradation 
 

Commercial precipitating and non-precipitating formulations of TMB were purchased from 

Sigma. Horseradish peroxidase (HRP) was purchased from Sigma in a lyophilised form and 

was reconstituted in (filtered and autoclaved) PBS (pH 7.4) to a concentration of 1 µg/ml 

(refer to page 31 for description of PBS preparation). Absorbance measurements of all test 

solutions were recorded in a quartz cuvette using a Hewlett Packard 8452 UV-Vis 

spectrometer. During optical interferometry experiments, 2.5 ml volumes of test solutions 

were flushed over the substrate surface. Washes were performed using 10 ml of PBS. The 

EOT values were referenced to the initial reading for each experiment. Hydroquinone was 

purchased from Sigma in a crystalline form and was dissolved to a 10 mM concentration in 

PBS, pH 7.4. Sulfuric acid (Ajax Finechem) was diluted to a 100 mM concentration in 

water. 

 

2.2.5 Immobilisation of anti-human IgG on porous silicon 
 

3-isocyanatopropyl triethoxysilane IPTES (Fluka; purity ≥ 95%) was prepared in distilled 

toluene (refer to pages 36-37 for distillation procedure) to a concentration of 50 mM. The 

solution was incubated over oxidised porous silicon samples in a 50 mm glass dish at 25°C 

for 5 min. The samples were then rinsed in toluene and dried under N2. The samples were 

stored under vacuum. 

 

Anti-human IgG was purchased from Chemicon. 1 ml of 12.5 µg/ml of anti-human IgG, 

prepared in PBS (PBS preparation described on page 31), was incubated over IPTES 

functionalised porous silicon at 25°C for 2 h with gentle mixing on a RATEK orbital mixer 

at a speed setting of 3.5. The sample was washed 3 times with PBS-Tween® 20 (0.5% v/v) 

(PBS-T) and 3 times with PBS. 1 mM of ethanolamine hydrochloride (Sigma), prepared in 

PBS, was incubated over porous silicon at 25°C for 30 min with gentle mixing on a 

RATEK orbital mixer at a speed setting of 3.5 to quench any unreacted isocyanate groups. 

The functionalised surface was washed 3 times with PBS. Alternatively, ozone oxidised 

porous silicon (not functionalised with IPTES) was incubated with 1 ml of 12.5 µg/ml of 
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anti-human IgG at 25°C for 2 h with gentle mixing on a RATEK orbital mixer set at 3.5. 

The sample was then washed 3 times with PBS-T (0.5% v/v) and 3 times with PBS before 

being used for the biosensing experiments. 

 

2.2.6 Biosensing of human IgG 
 

Anti-human IgG functionalised porous silicon samples (or control samples as will be 

described in the following sections) were assembled in the Plexi-glass fluidic cell (shown in 

Figure 2.11). 10 ml of PBS was flushed over the porous silicon surface and the sample was 

incubated in the buffer for 15 min to establish a baseline in the slope of the EOT. 2.5 ml of 

the Intragam solution (60 mg/ml of human protein comprising 94% IgG and the remainder 

IgA and IgM and 100 mg/ml maltose) (donated by Dr. Peter MacArdle’s laboratory at 

Flinders University) or negative control (PBS not containing Intragam) solutions were 

injected over porous silicon and incubated over the surface for 20 min. Dilutions were 

prepared in PBS containing 50 µg/ml of BSA to reduce non-specific binding of 

immunoglobulins on porous silicon. The surface was washed by first flushing 3 ml of PBS-

T (0.5% v/v) and then 10 ml of PBS over porous silicon and incubating the sample in PBS 

for 15 min. 2.5 ml of HRP conjugated anti-human IgG (diluted 1/500 in PBS from a 

commercial stock) was injected over porous silicon and incubated over the surface for 25 

min. The surface was washed and incubated in PBS as described above. Finally, 2.5 ml of 

o-phenylenediamine dihydrochloride (OPD) (Sigma; substrate was prepared according to 

the manufacturers instructions by dissolving urea buffer tablet first in 20 ml of water 

followed by the OPD tablet) was injected over porous silicon and left in contact with the 

surface for 10 min. Non-specific protein binding sites of the Silastic tubing and the fluidic 

cell were blocked by incubating with 2.5% (w/v) of BSA prepared in PBS (pH 7.4) for 1 h 

at 25°C and then washing with 3 ml of PBS-T (0.5% v/v) and then 10 ml of PBS. 

 

2.2.7 Infrared spectroscopy 
 

Samples were analysed on a Nicolet Avatar® 370 MCT, by using the smart diffuse 

reflectance accessory supplied by the manufacturer. Background spectra were taken from a 
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clean silicon wafer (that had not been etched). The remainder of the analysis was performed 

according to the description on page 46. 

 

2.2.8 X-ray photoelectron spectroscopy 
 

Refer to pages 45-46. 

 

2.2.9 Atomic force microscopy 
 

Samples were analysed using a Nanoscope 4 Multimode microscope (Digital Instruments) 

in Tapping Mode in air. High frequency commercial silicon cantilevers (TESP, Veeco 

Instruments, USA) were used. The diameter of the porous silicon pores was determined by 

measuring the horizontal distance across each pore using cross-sectional analysis with 

Nanoscope v5.12r3 software (Digital Instruments). 

 

2.2.10 Scanning electron microscopy 
 

Cross-sectional images of the porous layers were acquired on a Phillips XL30 operated at 

10 kV. Samples were prepared by snap fracturing across the centre of the etched region of 

the silicon wafer. All samples were coated with a thin layer of platinum to a thickness of 2 

nm to prevent charging effects during analysis.  
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2.3 Results and Discussion 
 

2.3.1 Characterisation of porous silicon morphology and surface 

chemistry 
 

Major consideration in the development of this porous silicon biosensor platform was 

given to the dimensions of the pore openings. Ideally, the pore dimensions throughout 

the porous layer should be large enough to allow biomolecular interactions (such as 

protein binding events) to occur inside the channels without steric hindrance. Here, 

highly boron-doped (p-type) silicon material was chosen because large pore diameters 

have previously been fabricated from this material for use in porous silicon-based 

optical interferometric biosensors [16, 23, 33, 51-53].  

 

A typical porous silicon sample is shown in Figure 2.12. Porous silicon is not only 

reactive for further surface chemical modification, but the pores generate an optical 

interference pattern as light is reflected from the surface; whereas light is reflected from 

flat, untreated silicon as a broad reflectance band. Macroscopically, this effect gives rise 

to structural colour as seen in Figure 2.12 [54]. Shifts in the interference pattern 

induced by changes in the refractive index of the porous material, or pore collapse 

caused by defined molecular interactions, were monitored in later experiments. 

 

Atomic force microscopy (AFM) was used to acquire step-height images of the porous 

silicon surface. These images were processed using Nanoscope (version 5.12) software 

(Digital Instruments) to measure the diameter of the porous silicon pores. Pore 

diameters from samples produced at two current densities of 250 (low) and 450 (high) 

mA/cm2 at a constant charge of 4.5 C/cm2, were compared. At the low current density, 

pores in the order of 200 nm are visible on the surface (Figure 2.13 A). When the 

current density was increased to 450 mA/cm2, the pore diameter doubled to 

approximately 400 nm (Figure 2.13 B). Also, pore size and distribution appeared 

relatively consistent across the surface (Figure 2.13 C). This small experiment simply 

demonstrated that pore diameter increased as the current was increased as expected 

from the literature [23]. For this work, the larger pore diameters of 400 nm are more 
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suitable because this allows relatively large biomolecules (such as immunoglobulin G 

(IgG), a large Y-shaped protein with a width of 14.5 nm and a height of 8.5 nm) to enter 

and interact inside the pore channels with minimal influences from limiting factors such 

as steric hindrance [55].  

 

 

 
 

Figure 2.12. A photograph of a typical porous silicon sample (multi-coloured circular area of centre 

image) and the surrounding untreated silicon (grey region). A fringe pattern obtained from the porous 

silicon surface is shown on the left and the broad reflection band from the untreated silicon surface is 

shown on the right. 
 

 

 
 

Figure 2.13. AFM height images of porous silicon manufactured at 250 (A) and 450 (B and C) mA/cm2 

at a constant charge of 4.5 C/cm2. 5 (A and B) and 10 (C) µm2 scanned areas are shown. 
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Porous silicon cross-sectional SEM micrographs were also taken to gain information on 

the pore channels inside the porous layers. The depth of the measured porous layer was 

related to the applied charge density. At 450 mA/cm2 and 4.5 C/cm2, the depth of the 

porous layer was 2 µm (Figure 2.14 A). The depth doubled in thickness (to 4 µm) when 

the charge was increased to 9.0 C/cm2 (Figure 2.14 B). This is again consistent with 

previous reports [56]. Notably, the long cylindrical pore channels extending through the 

whole of the porous layer maintain a constant pore diameter. Furthermore, there does 

not appear to be branching and pore-to-pore communication. Each pore can therefore be 

regarded as an individual nano-compartment.  

 

The maximum obtainable pore diameter and depth was constrained because of the 

fragile nature of the porous silicon material and also the chosen parameters were close 

to the electrochemical-polishing regime [25]. At a higher current density of 500 

mA/cm2, the pores collapse, which was evident from a dull grey looking surface (not 

shown). This was also found to be the case for porous silicon prepared at 450 mA/cm2 

and a charge of 18 C/cm2. This limited the depth of electrochemically manufactured 

porous silicon with large macropores (in the order of 400 nm) to a maximum depth of 4 

µm in this case. 

 

 
 

Figure 2.14. SEM cross-sectional micrographs of porous silicon.  A is a cross-section of a porous silicon 

layer that was etched at 450 mA/cm2 and 4.5 C/cm2 and B was prepared at a higher charge density of 9.0 

C/cm2 at the same current density. Both samples were coated with a thin layer of platinum (~ 2 nm). 
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Anglin et al. have reported a post-chemical etch procedure to gently expand the pores of 

a deep porous layer [56]. Gentle pore expansion was accomplished by incubating 

electrochemically prepared porous silicon in a dimethyl sulfoxide (DMSO)/HF solution. 

DMSO slowly oxidises the material that is then immediately solubilised by the HF. This 

procedure was first applied to samples etched at a lower current density of 25 mA/cm2 

and a higher charge density of 18.0 C/cm2 (compared to the previous samples) to 

produce a thicker layer of porous silicon. These samples possessed small pores even 

after treatment with a post-chemical etch (Figure 2.15 E). By increasing the current 

density to 250 mA/cm2 while maintaining a constant charge of 18.0 C/cm2, a deeper 

porous layer measured at 8 µm was produced, but this sample still possessed smaller 

pores compared to porous silicon prepared at a higher current density of 450 mA/cm2 

(Figures 2.14 B and 2.15 A and C). As anticipated, the pores of the porous silicon 

sample prepared at 250 mA/cm2 and 18.0 C/cm2 could be expanded by treatment with a 

post-chemical etch and these larger pores were visible by SEM (compare Figure 2.15 C 

to D). Also, the pore dimensions after chemical pore expansion were comparable to 

porous silicon made at the higher current density of 450 mA/cm2 and a lower charge 

density of 9.0 C/cm2 (Figure 2.15 A and D). Therefore, in this study, a thicker 

macroporous silicon layer could be produced by first electrochemically anodising 

silicon at a current density of 250 mA/cm2 and a relatively high charge density of 18.0 

C/cm2 to produce a thick porous silicon layer of 8 µm, and then post-chemically etching 

this sample to obtain a macroporous silicon film with a depth of 8 µm. 
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Figure 2.15. SEM cross-sectional micrographs of porous silicon. A is a high magnification micrograph of 

porous silicon prepared at 450 mA/cm2 and 9.0 C/cm2; micrographs of porous silicon prepared at 250 

mA/cm2 and 18.0 C/cm2 and post-chemically etched are shown at low (B) and high (D) magnifications 

and before post-chemical treatment at a high magnification (C); E is a micrograph of post-chemically 

etched porous silicon prepared at 25 mA/cm2 and 18.0 C/cm2. All samples were coated with a thin layer 

of platinum (~ 2 nm). 
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Many other types of porous silicon layers with different arrangements of porous 

networks can be manufactured such as porous films with multiple porous layers, 

interconnected pores or branched pores [57-59]. This investigation only required 

cylindrical one-dimensional pores to be made. However, this study did confirm that 

pores could be tailored to specific dimensions by simply altering the current and charge 

density or by utilising a chemical post-etching procedure. Although limitations were 

experienced with the generation of deep (> 4 µm) macroporous silicon films, suitable 

candidates for the desired porous silicon biosensor platform (with varying pore sizes 

and depths) were successfully manufactured. Relatively robust macroporous silicon 

films were formed at 450 mA/cm2 and 4.5 C/cm2 (with a calculated average pore 

diameter of 400 nm and a depth of 2 µm). These films displayed 9 interference fringes 

(Figure 2.12). These etching conditions were used in the development of an 

interferometric biosensor, which is presented in the following sections of Part 2: Results 

and Discussion. Future investigations could identify etching conditions for producing 

porous silicon with more optimal morphological characteristics, which improve the 

performance of the biosensor, such as its sensitivity.  

 

The discussion so far has focussed on the morphological characteristics of the porous 

silicon films. The remainder of the discussion in this section will focus on the surface 

chemistry of the porous silicon film that was analysed by infrared (IR) spectroscopy and 

X-ray photoelectron spectroscopy (XPS).  

 

When porous silicon is freshly prepared, the surface is hydride terminated (as detected 

by infrared spectroscopy) and is susceptible to hydrolytic attack in aqueous solution 

(Figure 2.16 A) [23, 51]. Characteristic peaks for a hydride-terminated porous silicon 

surface were observed at approximately 900 (SiH2 scissor) and 2100 cm-1 for Si-H 

stretching in Si2H-SiH or Si3-SiH [60-62]. These silicon hydrides can be easily 

transformed into silicon oxides by various oxidation procedures such as through thermal 

heating, ozone or bromine oxidation [23, 63-65]. The oxide layer produced through 

these processes protects the underlying porous silicon material somewhat from 

hydrolytic corrosion. 

 

The surfaces reported here were oxidised by means of bromination or ozonolysis. After 

oxidation, a strong peak for a silicon dioxide was observed in the region of 1100 cm-1 
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(SiO stretching in O-SiO) for both procedures (Figure 2.16 B and C) [60-62]. A small 

peak at about 900 cm-1 (SiH2 scissor) was still detected after bromination that was not 

seen after ozonolysis, which suggests the surface has not oxidised as efficiently 

compared to an ozone-oxidised surface. Therefore, bromination can be a useful 

technique for varying the dissolution properties of porous silicon and ozonolysis can be 

used when more stringent levels of oxidation are required to achieve a surface that is 

more stable in aqueous solution. 

 

There was also a significant peak (referred to as an interference band) observed in all of 

the spectra (Figure 2.16 A-C). If this was derived from a laser reflection from the 

substrate surface, the peak should remain at a fixed wavelength (632.8 nm for the laser 

of the spectrometer used in this study). However, this peak shifted in position and 

varied in intensity between all the samples analysed. Therefore, the peak was attributed 

to a Fabry-Pérot interference effect generated from the porous silicon and bulk silicon 

interface (Figure 2.16 A-C). This phenomenon has been explained in a previous report 

[46]. 

 

To obtain quantitative information of the elemental species present on the surface of the 

porous silicon films, the samples were next analysed by XPS. After oxidation, three 

main elements were detected on the porous silicon surface mainly consisting of oxygen 

(54 at.%), silicon (34 at.%) and carbon (below 10 at.%) (Figure 2.17 A). A small 

amount of contamination from nitrogen (below 1 at.%) and fluorine (~ 2 at.%) was also 

detected, which is likely to be derived from the HF solution, the walls of the Teflon cell 

or from the Viton O-ring. 
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Figure 2.16. Diffuse reflectance infrared spectra taken on freshly prepared porous silicon (A); after 

bromine oxidation (B); and after ozone oxidation (C). All samples were etched at 450 mA/cm2 and 4.5 

C/cm2. The spectra were referenced to blank spectra taken on an untreated piece of silicon. Kubelka-

Munk are relative units. 
 

 
 

Figure 2.17. XPS survey spectra of ozone oxidised porous silicon (A) and after a reaction with 3,3,3-

trifluoropropyl trimethoxysilane (B). Both samples were etched at 450 mA/cm2 and 4.5 C/cm2. 

Percentages shown in the graphs denote atomic percentages. 
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Although hydroxyl groups could not be detected directly by IR where the depth of 

analysis is too deep, by XPS (the hydroxyl component expected at 531.5 eV in the O 1s 

high-resolution spectrum was absent; data not shown) or by trifluoroacetic anhydride 

(TFAA) derivatisation for reasons explained on pages 57-67, oxidation by bromine or 

ozone is known to generate surface silanol groups that are reactive with alkoxysilanes 

[23, 51, 63-65]. To avoid pores from being blocked by silane molecules, the reactions 

on porous silicon are generally performed with lower silane concentrations and at 

shorter reaction times compared to the more vigorous conditions used on non-porous 

PECVD-Si-Ti as outlined in Table 1.2. Following a surface reaction with a fluorinated 

silane (the same molecule that was used to model silanisation of PECVD-Si-Ti as 

discussed on pages 69-80), the fluorine content is increased almost 2-fold compared to 

an oxidised porous silicon surface (Figure 2.17 A and B) indicating that the silane had 

reacted with the surface. Given that porous silicon can be simply and rapidly modified 

with commercially available alkoxysilanes (5 min reaction times), these silanes were 

chosen as vehicles to generate reactive functional groups on the material surface, as will 

be discussed from page 200. 

 

In summary, in this current investigation, the pore size and depth of the fabricated 

porous layers was varied under different current and charge parameters on low-

resistivity p-type silicon. A previously reported post-chemical etching procedure to 

gently expand pores of deep porous layers on porous silicon was also found to be useful 

for producing deeper layers of macroporous silicon in this work. However, due to the 

fragile nature of the material, the maximum obtainable depth of the macroporous silicon 

layer was limited to 8 µm. Nonetheless, possible porous silicon candidates for the 

biosensing platform were produced and characterised. Also, different degrees of surface 

oxidation were achieved on ozone and bromine oxidised porous silicon that can also 

have a bearing on the stability of the material in solution. Oxidised porous silicon was 

reactive with a model alkoxysilane and similar silanes will be used in subsequent 

surface modifications. Now that the surface morphology and chemistry of the porous 

silicon platform has been described, the next section will address the readout 

mechanism of the biosensor. 
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2.3.2 Enzyme-catalysed porous silicon degradation 
 

Recently, Jenison et al. had developed a biosensor on a flat silicon substrate that was 

based on horseradish peroxidase (HRP)-catalysed oxidation of the benzidine derivative, 

3,3’,5,5’-tetramethylbenzidine (TMB) [66-67]. This chromogen has been heavily 

exploited for enzyme-linked immunological applications for many years and its reaction 

with HRP has been extensively characterised [68-77]. Under appropriate oxidative 

conditions, an insoluble final product is formed. The precipitate can be quantified 

chromometrically [69]. Jenison et al. found that the product could also be easily 

detected under white light illumination on the highly reflective silicon surface. This 

effect formed the basis of the readout mechanism for the biosensor that was used for the 

detection of various biological interactions (from proteins or nucleic acids) [66-67]. 

This led to the present investigation where HRP-catalysed oxidation of TMB was 

followed over porous silicon using interferometric reflectance spectroscopy. The 

reaction was monitored on porous silicon by measuring changes in the effective optical 

thickness (EOT) of the porous layer over time. The EOT measurements presented in 

this thesis have been normalised to the first EOT measurement taken at time 0 min by 

dividing each EOT measurement (EOT) over the EOT measured at time 0 min (EOT0) 

(represented on the y-axis of each graph as EOT/EOT0). It was found that the enzyme-

catalysed reaction gave rise to an intricate optical signal. This signal represents the basis 

for the readout mechanism used in the present biosensor.  

 

First, ozone oxidised porous silicon (prepared at 450 mA/cm2 and 4.5 C/cm2; measured 

average pore size of 400 nm and a porous layer depth of 2 µm) was shown to be 

relatively stable in a phosphate buffered saline (PBS) solution of a near neutral pH of 

7.4 (Figure 2.18). Also, the HRP enzyme by itself has no significant influence on the 

stability of the porous silicon material in solution. Porous silicon was shown to be 

unstable in a high pH environment by the addition of 0.1 M NaOH (Figure 2.18). The 

rapid EOT decrease at high pH is due to oxidative hydrolysis [23, 51]. However, a 

characteristic and reproducible signal is observed when TMB is flushed over porous 

silicon loaded with adsorbed HRP (Figures 2.19 and 2.21 A). This signal can be 

divided into 4 components. When porous silicon is first exposed to TMB, an increase in 

the EOT is observed (1). Soon after, there is a rapid decrease in the EOT (2) before the 
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EOT increases again (3) and finally stabilises over time (4). To explain each component 

of the signal, the reaction mechanism between HRP and TMB needs to be introduced 

(Scheme 2.2). 

 

When TMB is oxidised by HRP in the presence of H2O2, the colourless diamine with a 

λmax of 285 nm, is first converted by a one-electron oxidation to an intermediate cation 

free radical or a diamine/diimine complex with a λmax of 370 and 652 nm, respectively. 

By another one-electron oxidation, the intermediate products then form the final diimine 

product (λmax = 450 nm). Because the reduced form of TMB and the intermediate and 

final oxidised products have absorption maxima at distinct wavelengths, the reaction 

can be followed by ultra-visible (UV-Vis) spectroscopy. 

 

 
 Figure 2.18. A time course graph displaying the EOT 

of the porous silicon material measured by means of 

interferometric reflectance spectroscopy. Phosphate 

buffered saline (PBS) at pH 7.4 was first injected for 

about 1 h followed by 50 µM of HRP prepared in 

PBS. Finally, 3 ml of 0.1 M of NaOH was injected 

into the flow cell. EOT/EOT0 denotes the effective 

optical thickness (EOT) measured at a given time 

divided by the first EOT measurement taken at time 0 

min. 

Figure 2.19. A time course graph displaying the 

EOT of the porous silicon material measured by 

means of interferometric reflectance 

spectroscopy. 50 µM of HRP was adsorbed onto 

the surface for about 1 h and washed with PBS 

for 20 min before a commercial precipitating 

formulation of TMB was added. The resulting 

signal caused by HRP-catalysed oxidation of 

TMB is divided into 4 components, which are 

numbered in the graph and indicated by the 

broken red arrows. 
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Scheme 2.2. HRP-catalysed oxidation of TMB [70-71]. 

 

The initial, unreacted TMB molecule was confirmed to have a λmax of 285 nm (Figure 

2.20 A). There was also a strong peak observed at 200 nm that was present in all of the 

spectra that corresponds to absorbance of π electrons of the aromatic rings (Figure 2.20 

A-D). When TMB is reacted with HRP in the presence of H2O2, the peak for the 

reduced form of TMB at 285 nm decreases in intensity over time and the peaks for the 

intermediate (370 and 652 nm) and final (450 nm) oxidised products increase (Figure 

2.20 B). This reaction is reversible by adding a reducing agent such as hydroquinone 

(HQ). After adding HQ to a 10 min reaction of TMB with HRP/H2O2, the oxidised 

products are reduced back to the parent TMB molecule (Figure 2.20 C). Alternatively, 

the reaction can also be driven to completion (although less effectively) by reducing the 

pH of the solution. For example, when the concentration of sulphuric acid (SA) was 

gradually increased from 1-3 mM (corresponding to a decrease of pH from 4.2 for the 

reaction mixture to 2.8, 2.5 and 2.3 after each sequential SA addition) in a reaction 

mixture containing reduced and oxidised TMB products, the peaks of the intermediate 
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TMB products gradually decreased and the intensity of the peak for the final diimine 

increased accordingly (Figure 2.20 D). 

 

 

 
 

Figure 2.20. UV-Vis spectra of TMB and TMB oxidation products. A 20X dilution (in water) of a 

commercial non-precipitating TMB formulation is shown in A. Spectra of diluted TMB formulations 

reacted at room temperature with 10 ng/ml of HRP at 2, 5 and 10 min are shown in B. In C, a spectrum of 

TMB oxidised by HRP for 10 min is compared before and after addition of HQ to a final concentration of 

1 mM. D shows the spectra after 2.5 min of HRP-catalysed TMB oxidation and after 3 sequential 

additions of SA to final concentrations of 1, 2 and 3 mM. 
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Now, the components of the optical signal resulting from the HRP-catalysed oxidation 

of TMB on porous silicon from Figure 2.19 can be explained. The first initial increase 

in the EOT of porous silicon can be attributed to a bulk effect from injecting the TMB 

formulation with a refractive index that differs from that of PBS (Figure 2.21 A).  

 

The second phase of the signal corresponds to a sharp decrease in the EOT due to an 

accelerated corrosion rate of the porous silicon material that is similar to that observed 

for material exposed to NaOH (compare Figures 2.18 and 2.19).  Although the 

mechanism is not well known, a high oxidation state transition metal complex 

(Ni(cyclam)3+) has been shown to catalyse porous silicon corrosion [33]. Similar to this 

previous study, the results obtained here suggest that a radical oxidation pathway 

induced porous silicon pore degradation. 

 

 

 
 

Figure 2.21. In graph A, the broken red lines highlight the bulk effect observed on porous silicon from 

the commercial precipitating formulation of reduced TMB. After allowing HRP (at a concentration of 50 

µM to adsorb on the same surface, two subsequent injections of TMB/PBS (1:1) mixtures were carried 

out to demonstrate the reproducibility of the signal. In graph B, the precipitating formulation of TMB 

after 30 min of incubation with HRP/H2O2 (50 µM of HRP) was injected over porous silicon (long 

reaction) as well as a freshly prepared mixture of TMB and HRP/H2O2 (short reaction). The bracketed 

numbers correspond to the intermediate oxidised TMB products expected in the reaction solutions and 

shown in Scheme 2.2. 
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An intermediate cation radical produced during the oxidation of TMB (Scheme 2.2) 

was hypothesised to accelerate pore degradation. This was found to be the case when 

the EOT of porous silicon was monitored at different stages of the TMB oxidation 

pathway. At short reaction times (freshly prepared in Figure 2.21 B; or a 10 min 

reaction in Figure 2.22) where the intermediate cation radical is assumed to be present 

at the highest concentration, rapid pore degradation occurs. Conversely, this was not 

evident when hydroquinone reduced the oxidised TMB products back to the original 

diamine (Figure 2.22). Alternatively, at long reaction times of 30 min (Figure 2.21 B) 

and 1 h (Figure 2.22) where the final diimine product is assumed to be the prevalent 

species and only low amounts of intermediate products would be present, no 

considerable level of pore degradation was detected, but rather an increase in EOT was 

observed, which was attributed to the final oxidised product precipitating in the 

macropores (Component 3 – refer to Figure 2.19 and Scheme 2.2). Eventually, the 

EOT stabilised when all the starting TMB material and intermediate products had 

oxidised or no more precipitate could enter the clogged pores resulting in no more 

increase in the EOT (Component 4 – refer to Figure 2.19 and Scheme 2.2). 
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Figure 2.22. Porous silicon degradation resulting from: the diamine (1) of unreacted TMB (TMB/PBS) or 

the diamine of oxidised TMB (after a 10 min reaction with 10 ng/ml HRP), which was subsequently 

reduced with 1 mM HQ; the diimine produced after a 1 h reaction (TMB/HRP/PBS: long reaction) or 

from the intermediate products after a 10 min reaction (TMB/HRP/PBS: short reaction). Bracketed 

numbers correspond to intermediate oxidised TMB products shown in Scheme 2.2. The reaction mixtures 

were prepared to a constant volume by adding appropriate amounts of PBS. 

 

In summary, a standard optical detection system that has been developed for 

immunological applications was adapted to porous silicon in this study. Enzyme (HRP) 

mediated oxidation of a TMB chromogen (in a commercial precipitating formulation) 

was easily detected through distinct changes in the EOT of the porous silicon material. 

At initial stages of TMB oxidation, a cation radical was shown to induce pore 

degradation before a precipitated thin organic layer at the end of the reaction eventually 

covered the surface. The characterised macroporous silicon film and the enzyme-

chromogen system will next be combined to develop a procedure for the detection of a 

model protein molecule by interferometric reflectance spectroscopy. 
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2.3.3 Establishment of an enzyme-based interferometric biosensor for 

the detection of immunoglobulin G (IgG) on a functionalised porous 

silicon platform 
 

The next stage of the project aimed at developing a procedure for detecting a model 

protein molecule by combining the previously described porous silicon platform with an 

enzyme-chromogenic system. Immunoglobulin G (IgG) was chosen as a model protein 

for these studies. IgG is a Y-shaped protein containing two heavy and two light 

polypeptide chains that are linked together by disulphide bonds (refer to Scheme 2.3) 

[78]. The V region consists of both heavy and light chains that contain variable regions, 

which bind antigens. This diversifies the range of target antigens that an 

immunoglobulin can recognise during the immune response thereby enabling the 

protection of the body from a wide range of diseases.  

 

Two other interferometric porous silicon optical biosensors have previously been 

reported for detecting IgG. Dancil et al. developed an optical porous silicon biosensor to 

detect human IgG at a concentration of 2.5 mg/ml [53]. Bonanno et al. detected a rabbit 

IgG at a limiting concentration of 70 µg/ml [11]. The readout signal in both cases 

consisted as an increase in the effective optical thickness (EOT) when IgG was captured 

in the porous silicon pores. The increase in EOT was explained by two factors: firstly, 

IgG filling the pores and secondly, IgG having higher refractive index than the aqueous 

medium. Both of these reports utilised a cascade of immunological reactions on the 

porous silicon platform to detect the target analyte.  

 

In this study, human IgG was used as a model protein for developing and optimising the 

experimental parameters that were used in the preparation of the biosensor platform and 

in the establishment of the biosensing experimental protocols. IgG is a therapeutic 

protein of significant importance, especially in antibody replacement therapy. For 

example, IgG is an active ingredient in a formulation known as Intragam that is used for 

replacing antibodies in patients who suffer from immune disorders. The Intragam 

formulation was used as the test solution in this study and is composed of 60 mg/ml of 

human protein and 100 mg/ml of maltose (a sugar). IgG makes up 98% of the total 

human protein content in the Intragam formulation and the remainder are 
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immunoglobulins A and M (IgA and IgM). If biosensing of IgG from a multi-

component solution such as Intragam containing potential interferences (IgA and IgM) 

can be achieved, this biosensor could become a useful tool for protein detection from 

real-life samples such as body fluids where the biosensor platform would be exposed to 

all types of biological species (cells, proteins, hormones etc.). 

 

Similar to the previous optical porous silicon IgG biosensors, the biosensor developed 

here also utilises a cascade of immune reactions to detect IgG. A sandwhich 

immunoassay (comprising the HRP/TMB system) was adapted to the porous silicon 

platform, as described in the previous two sections, to develop a procedure for detecting 

IgG in solution. A polyclonal human antibody that has a main specificity for the heavy 

chain of human IgG (referred to as the capture antibody or anti-human IgG) was 

immobilised on porous silicon. This antibody formulation comprises over 94% of anti-

human IgG of the overall protein content but also contains antibodies that can bind 

human IgA and IgM. Therefore, the biosensor can also be used for the detection of IgA 

and IgM antibodies (with appropriate secondary anti-human IgA and IgM) but this was 

not investigated in this study. The capture antibody was covalently immobilised via an 

intermediate silane tether (IPTES – this is the same silane that had been used in Part 1 

of this thesis to couple IGF-1). The principle of the immobilisation procedure was 

described in Part 1 of this thesis (refer to pages 90-103). Briefly, the capture antibody 

was covalently attached to porous silicon by formation of a urea bond between amino 

groups on the protein reacting with isocyante groups on the functionalised porous 

silicon (refer to Scheme 2.3). Possibly, the antibody could be tethered to the surface at 

its antigen-binding site as shown in Scheme 2.3. If this reaction occurred, the other 

antigen-binding site of the capture antibody would still remain available for binding 

human IgG. However, IgG can also be covalently linked through amino groups of the 

side chains of the antibody, such as lysine, leaving free both of its antigen-binding sites 

for antigen capture. 

 

After having covalently immobilised the capture antibody to porous silicon, the 

biosensor platform was next assembled into the plexiglass fluidic cell (shown in Figure 

2.11). The test (Intragam) solution containing the target analyte (human IgG) was 

injected over the porous silicon surface. As the molecule enters the macropores, it can 

interact with the available antigen-binding sites of the immobilised capture antibody. To 
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reduce the chance of non-specific protein binding, the test solution is prepared in buffer 

supplemented with a small amount (50 µg/ml) of BSA. Any protein that has not 

specifically reacted with the capture antibody is then washed away with Tween® 20 and 

PBS. HRP-conjugated antibody that is only specific for human IgG, was next injected 

and allowed to interact with the captured human IgG. Any HRP-conjugated antibody 

that had not specifically reacted inside the pores was washed away. The final step of 

this assay involved injecting a formulation of TMB. A cationic radical generated by the 

HRP/H2O2 catalysed oxidation of TMB, as described in the previous section, causes 

accelerated corrosion of the porous silicon film that was detected as a slope change of 

the EOT. This procedure is illustrated in Figure 2.23. 
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Scheme 2.3. A possible reaction between an immunoglobulin and a surface isocyanate reactive group, 

resulting in the formation of a urea bond. R denotes the hydrocarbon chain of IPTES that is linked to the 

porous silicon chip. The immunoglobulin (G) is comprised of two heavy polypeptide chains (dark and 

light blue regions) and two light polypeptide chains (red and orange regions) that are linked together by 

disulphide bonds (black lines). The V structure contains both heavy and light chains with variable regions 

(light blue and orange regions), which bind antigens with high affinity and specificity. The antigen 

binding sites also contain free amino groups that can react with isocyanates. The stem region is made 

from the heavy polypeptide chains that contain free carboxylic end groups. The dark blue regions indicate 

the area of the immunoglobulin that is virtually constant within a class of immunoglobulins. Note – only 

the terminal amino groups of IgG are shown in the scheme; the antibody can also covalently link to 

IPTES functionalised porous silicon by other amino groups on the side chains of the antibody, such as 

lysine. 
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Figure 2.23. A cartoon illustrating an immunoassay inside a porous silicon pore. The capture antibody 

(green Y) is first covalently linked to porous silicon via a IPTES linker (black line). The antibody can 

then bind human IgG (red Y). The detection antibody (purple Y) conjugated to HRP (blue circle) then 

binds to human IgG. HRP finally catalyses the oxidation of TMB causing a rapid dissolution of porous 

silicon. 
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In the first experiment, the readout signal was compared on samples where the analyte 

injected was either Intragam or BSA at a concentration of 100 µg/ml (Figure 2.24). The 

concentration of Intragam described in this thesis refers to the total human protein 

content of the formulation and therefore the total concentration of IgG that was detected 

in each experiment is slightly overestimated (by approximately 2%). In each of the 

experiments, the incubation times of antigen (20 min) and detection antibody (25 min) 

and the wash steps’ times and volumes were kept constant. Also, the formulations 

containing the target antigen or the detection antibody were prepared in PBS containing 

50 µg/ml of BSA to reduce non-specific binding of these proteins (or other proteins that 

may be present in the test solutions) binding non-specifically to the porous silicon film, 

which can lead to false results. The wash steps referred to at the bottom of the graph in 

Figure 2.24 involved first washing with 3 ml of PBS- Tween® 20 (PBS-T) (0.5% v/v of 

Tween® 20) and then immediately flushing the surfactant from the porous silicon 

surface with 10 ml of PBS. The first wash with PBS containing Tween® 20 detergent 

was used to remove non-specifically attached proteins and the second wash in PBS was 

required because the detergent with a higher refractive index of 1.48 to that of water 

(1.33) results in a bulk effect on the measured EOT, which complicates the 

interpretation of the data [79].  

 

After injecting a precipitating formulation of TMB over both surfaces, the EOT sharply 

increased (due to the TMB bulk effect discussed in the previous section) (Figure 2.24). 

Soon after, the measured EOT significantly decreased for the sample that was reacted 

with Intragam and at a much faster rate compared to the corrosion rate prior to injecting 

TMB. In contrast, the corrosion rate was not accelerated on porous silicon exposed to 

BSA (Figure 2.24). Therefore, a distinct readout signal was generated on the sample 

exposed to Intragam compared to the sample exposed to BSA. This indicated that the 

biosensor specifically detected the target analyte (IgG). Also, no increase in EOT was 

observed as a result of TMB precipitation (that was to be expected from the response 

shown in Figure 2.19 in the previous section) probably because the experimental 

conditions used in the previous section allowed for more HRP attachment on porous 

silicon in comparison to the biosensing conditions used here, resulting in faster 

substrate (TMB) oxidation and consequently precipitation. However, any precipitate 

entering the pores may also interfere with the readout signal, which was designated as 

an increase in the rate of EOT decay of the porous silicon film.  
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Figure 2.24. A time course graph of an Intragam biosensing experiment displaying the EOT of the 

porous silicon material measured by means of interferometric reflectance spectroscopy. Porous silicon, 

prepared at 450 mA/cm2 and 4.5 C/cm2, was ozone oxidised and then functionalised with 3-

isocyanatopropyl triethoxysilane (IPTES) and reacted with 12.5 µg/ml of the capture antibody (anti-

human IgG). Shown at the bottom of the graph are the various steps performed during a typical 

biosensing experiment that was developed for detecting IgG. The surface was first incubated with PBS 

for 15 min before the antigen (Intragam) or the negative control (BSA) at 100 µg/ml was injected and 

incubated over the surface for 20 min. The surface was then washed with PBS-Tween® 20 (PBS-T; 

Tween® 20 concentration at 0.5% (v/v)) followed by a wash in PBS and allowed to incubate in PBS for 

15 min. The detection antibody, HRP conjugated anti-human IgG, (used at a dilution of 1/500 from a 

commercial stock solution), was then injected and allowed to react with the target analyte for 25 min. 

Unreacted detection antibody was removed with a final PBS-T/PBS wash step and the surface was 

allowed to incubate in PBS for 10 min. A commercially available precipitating formulation of TMB was 

finally added and incubated over the porous silicon surface. Refer to pages 181-182 for more detail of the 

biosensing experimental procedure. 
 



Part 2: Results and Discussion 206

Next, precipitating and non-precipitating TMB formulations were compared in the 

immunoassay described above. The non-precipitating TMB formulation is developed 

specifically for ELISA applications where the readout signal is a colour change 

measured spectroscopically and so no precipitation is desirable; whereas the 

precipitating formulation is used when precipitation is required as a visual aid to 

determine whether or not an immune reaction had taken place, such as for immunoblot 

applications.  

 

The results of the immunoassay are shown in Figure 2.25, which compares the change 

in slope upon injecting precipitating and non-precipitating TMB formulations to the 

slope of the curve (that is the EOT/min) from PBS, as part of the last wash step of the 

assay, as outlined in Figure 2.24. Later, as will be discussed in the next section of Part 

2: Results and Discussion, the change in slope after injecting the substrate formulation 

was used to calculate the readout signal to obtain quantitative data. In Figure 2.25, both 

samples displayed similar background porous silicon degradation rates in PBS. After 

injecting either precipitating or non-precipitating TMB formulations, there was a large 

sharp increase in EOT attributed to a bulk effect (refer to Figure 2.21 A in the previous 

section). The larger bulk effect observed when the non-precipitating TMB formulation 

was injected over porous silicon, in comparison to the precipitating TMB formulation, 

suggests the solvent type is different or the concentration of solvent is higher in the non-

precipitating TMB formulation compared to the precipitating formulation. Both 

formulations are proprietary and information on the exact composition is not available 

from the supplier. Soon after, the EOT on both samples began to decay. However, the 

degradation rate of the porous silicon film appeared greater after injecting the 

precipitating TMB formulation compared to the non-precipitating formulation. This 

may be a consequence of a lower TMB concentration (to improve product solubility) in 

the non-precipitating TMB formulation compared to the precipitating formulation. A 

lower concentration of TMB would result in a lower concentration of TMB-derived free 

radicals degrading the porous silicon film as the TMB is oxidised by HRP/H2O2. Also, 

after injecting the precipitating TMB formulation, the slope of EOT/min was slightly 

different between the early stages of TMB oxidation (first 10 min) compared to the final 

10 min (highlighted by the dashed lines in Figure 2.25). This was also observed in 

Figure 2.24. As shown in Figures 2.24 and 2.25, the EOT decay slowed down after the 

initial stages of TMB oxidation. Because this was not apparent when the non-
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precipitating TMB formulation was injected (Figure 2.25), it can be assumed that this 

change in slope is caused by the onset of TMB precipitation deposition inside the 

porous silicon layer. This would cause a refractive index increase and therefore an 

EOT-increasing contribution. This would counteract the decrease in EOT caused by 

porous silicon degradation. Furthermore, the TMB-derived precipitation products 

coating the porous silicon film could also shield the surface from TMB-derived free 

radicals, slowing down or preventing further oxidative, hydrolytic corrosion of the 

porous silicon film.  

 

 
 

Figure 2.25. Intragam biosensing experiments where either commercially available precipitating or non-

precipitating TMB formulations were compared. TMB solutions were injected over the surface in the 

final step of the assay. The EOT slope from the final wash step of the assay is also shown (refer to Figure 

2.24). The porous silicon chip was prepared at 450 mA/cm2 and 4.5 C/cm2, ozone oxidised, functionalised 

with IPTES and reacted with 12.5 µg/ml of anti-human IgG. Intragam was used at 100 µg/ml in both 

experiments. * A highlighted region by the dashed lines where a slope change was observed possibly as a 

result of TMB precipitation inside the porous silicon layer. Refer to pages 181-182 for more detail of the 

experimental procedure. 
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So far, the procedure for detecting IgG in an Intragam formulation has been established. 

The readout signal was chosen as the change in the degradation rate (EOT/min) of the 

porous silicon film after injecting TMB compared to the degradation rate obtained in 

PBS (prior to injection of TMB). A precipitating TMB formulation appeared to be more 

effective than the non-precipitating TMB formulation. However, the readout signal is 

still rather complicated and difficult to interpret for quantitative analysis because the 

TMB formulations cause initial increases in EOT (bulk effects) and also TMB 

precipitation can interfere with the readout signal.  

 

Therefore, in another attempt to improve the readout signal, an alternative aromatic 

substrate molecule, o-phenylenediamine (OPD), was tried because the oxidation of 

OPD can also be catalysed by HRP/H2O2. When reconstituted in water, the 

concentration of each ingredient is 0.4 mg/ml OPD, 0.4 mg/ml of urea-H2O2 buffer and 

0.05 M of phosphate-citrate at a pH of 5.0. When OPD becomes oxidised by 

HRP/H2O2, a yellow-coloured product is formed and commercial microplate readers in 

ELISA experiments can readout the intensity of the yellow colour formed in microplate 

wells containing the test solutions. The final yellow product formed during the 

HRP/H2O2 catalysed oxidation of OPD is thought to be produced from a free-radical 

intermediate [80-81]. As shown in Scheme 2.4, HRP undergoes two oxidation states 

(HRP-I and HRP-II) generating free radicals derived from OPD. These free radicals 

then combine in a ring-forming reaction to form a yellow product, 2,3-

diaminophenazine, which has a λmax of 450 nm. Similar to the induced degradation of 

porous silicon from TMB-derived free radicals (described in the previous section), the 

free radicals generated during the oxidation of OPD may also accelerate the corrosion of 

the porous film. This was tested in the next two experiments. 

 

Referring to Figure 2.26, a baseline in the rate of ozone-oxidised porous silicon 

corrosion was first established in PBS at pH 7.4. Then a freshly prepared reaction 

mixture, consisting of a reconstituted OPD formulation and 50 µM of HRP, was 

injected. After injecting the reaction mixture, a sharp decrease in EOT was immediately 

observed. The decrease in the EOT was likely caused by the porous silicon film being 

attacked by the free radical that was generated during the oxidation of OPD. Notably, 

there was no bulk effect observed on the porous silicon film by an increase in EOT after 

injecting the substrate, which was observed for both of the TMB (precipitating and non-
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precipitating) formulations. Also, no precipitation products, as a result of HRP/H2O2 

catalysed oxidation of OPD, was detected in the OPD-HRP/H2O2 reaction solution. The 

slope change detected 1-2 min after injecting the OPD-HRP/H2O2 reaction solution, as 

shown in Figure 2.26, was attributed to all of the OPD starting material being 

consumed in the reaction solution, resulting in more decay of the EOT.  
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Scheme 2.4. A possible mechanism of HRP/H2O2 catalysed oxidation of OPD. The scheme was adapted 

from Tarcha et al. and Bystryak et al. [80-81]. 
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Figure 2.26. A time course graph displaying the EOT of the porous silicon material measured by means 

of interferometric reflectance spectroscopy. Porous silicon was prepared at 450 mA/cm2 and 4.5 C/cm2 

and was ozone oxidised. In this experiment, a slope of the porous silicon EOT over time was established 

before a freshly made reaction mixture of OPD (prepared according the manufacturer’s instructions) and 

50 µM of HRP was injected. The freshly made reaction mixture had a pH of 5.8 and this remained 

constant over the analysis time frame of 20 min that is shown in the graph. 

 

Next, the readout signal was compared after injecting OPD, a precipitating TMB 

formulation and a non-precipitating TMB formulation during the final stages of the 

immunoassay. Intragam was used at a total human protein concentration of 100 µg/ml 

in these experiments. The time course graphs of the EOT from the porous silicon films 

obtained after the last wash step of the assay (refer to Figure 2.24) are shown in Figure 

2.27. As shown in this graph, when the substrate formulations (OPD and precipitating 

or non-precipitating TMB formulations) were injected over the positive controls (porous 

silicon biosensor platform exposed to Intragam), a readout signal was produced that was 

distinct to the negative controls (porous silicon biosensor platform exposed to BSA). 

Furthermore, the readout signal produced after injecting OPD was more pronounced 

compared to the TMB formulations that were tested in the assay. 
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Figure 2.27. Intragam biosensing experiments where commercially available OPD and precipitating or 

non-precipitating TMB formulations were injected over the surface in the final step of the assay. The 

EOT slope of the porous silicon film from the final wash step of the assay is shown (refer to Figure 

2.24). The porous silicon chip was prepared at 450 mA/cm2 and 4.5 C/cm2, ozone oxidised, functionalised 

with IPTES and reacted with 12.5 µg/ml of anti-human IgG. Positive controls of Intragam or BSA as 

negative controls (both at a concentration of 100 µg/ml) were used in these experiments. Refer to pages 

181-182 for more detail of the experimental procedure. 
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To summarise this section, the HRP/H2O2 catalysed oxidation of TMB was used to 

establish an interferometric biosensor based on functionalised porous silicon for 

specifically detecting IgG from an Intragam test solution. It was demonstrated that a 

distinct readout signal was produced when the porous silicon biosensor platform was 

exposed to 100 µg/ml of the total human protein content of Intragam by using either 

precipitating or non-precipitating TMB formulations. Oxidation of a different type of 

aromatic substrate (OPD) produced a more pronounced and interpretable readout signal. 

Therefore, in the final set of experiments, the more suitable (OPD) substrate will be 

used to assess the performance of the biosensor and identify possible means of 

improving the biosensor’s performance characteristics. 
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2.3.4 Assessing the performance of the enzyme-based interferometric 

biosensor on functionalised porous silicon 
 

The purpose of the next set of experiments was to test the performance of the enzyme-

based functionalised porous silicon interferometric biosensor. This was accomplished 

again by first immobilising the capture antibody on IPTES functionalised porous silicon 

(refer to pages 181-182). The molecule became covalently attached by formation of a 

urea bond. The biosensing procedure was the same as outlined in the previous section, 

except that OPD substrate was used. The time course graph of the EOT of the porous 

silicon film after exposing the surface to a range of Intragam (total human protein) 

concentrations (indicated in the graph), is shown after the last wash step of the assay in 

Figure 2.28. As illustrated in Figure 2.28, no significant change in EOT was detected 

after injecting OPD over the porous silicon biosensor platform that was not exposed to 

Intragam (0 ng/ml). This indicates that there is minimal non-specific protein (detection 

antibody) binding to the porous silicon film.  

 

Similarly, after injecting Intragam at a (total human protein) concentration of 5 and 50 

ng/ml over the porous silicon biosensor platform, no significant change in EOT was 

observed (Figure 2.28). Also, the readout signal, defined as the change in slope after 

injecting the substrate solution compared to the slope in PBS from the last wash step of 

the immunoassay, was indistinguishable to the background change in EOT (obtained on 

the porous silicon chip reacted with 0 ng/ml of Intragam). After injecting OPD over the 

porous silicon biosensor platform that was reacted with 100 ng/ml of Intragam, a 

distinct change in EOT slope was observed. Therefore, the detection limit for IgG of the 

biosensor was determined to be at 100 ng/ml. This readout signal importantly became 

more pronounced when the porous silicon biosensor platform was reacted with a higher 

Intragam (total human protein) concentration of 200 ng/ml (Figure 2.28). These results 

indicate that the biosensor could specifically detect IgG in a dose dependent manner. 
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Figure 2.28. A time course graph displaying the EOT of porous silicon after the final wash step of the 

assay and after injecting an OPD formulation over the surface (refer to the previous section for the 

biosensing protocol). The porous silicon chip was prepared at 450 mA/cm2 and 4.5 C/cm2, ozone 

oxidised, functionalised with IPTES and then reacted with 12.5 µg/ml of anti-human IgG. Intragam was 

injected over the surface at a range of concentrations as indicated in the graph. Refer to pages 181-182 

for more detail of the biosensing experimental procedures. 

 

Next, a calibration plot was constructed to test the feasibility of obtaining quantitative 

results from the biosensor. The porous silicon biosensor platform was reacted with total 

human protein concentrations of 0, 100, 200 and 1000 ng/ml from the Intragam test 

solution. Then the readout signal, defined as the change in slope obtained after injecting 

the substrate solution, was calculated by dividing the rate of EOT change (min-1) from 

the first 5 min upon exposing the porous silicon film to OPD (EOTOPD) over the rate of 

EOT change calculated from the last 5 min when the porous silicon chip was exposed to 

PBS just prior to injecting OPD (EOTPBS). The calculated readout (EOTOPD/EOTPBS) 

was then plotted against the corresponding concentration of Intragam. This calibration 

curve is shown in Figure 2.29. The results were referenced to the negative control 

sample that was reacted with 0 ng/ml of protein. At the high IgG concentration range 

(of 1000 ng/ml) that was tested in this study, the calibration curve was non-linear as 

often seen in immunoassays [82].  



Part 2: Results and Discussion 215

 
 

Figure 2.29. A calibration plot derived from biosensing assays for the detection of IgG (from Intragam). 

The readout signal (determined by dividing the rate of change of the EOT of the porous silicon material 

after injecting OPD (first 5 min) over the rate of change of the EOT that was obtained in PBS from the 

last 5 min of the final wash step of the assay) was plotted against the corresponding (total human protein) 

concentration of Intragam. The (EOTOPD/EOTPBS)x for each concentration (100, 200 and 1000 ng/ml) was 

subtracted from the (EOTOPD/EOTPBS)0 of the 0 ng/ml negative control sample. 
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In order to characterise the efficiency of the covalent immobilisation methodology on 

the porous silicon biosensor platform, several control reactions (for the immobilisation 

of the capture antibody onto porous silicon) were carried out and the performance of the 

biosensor (for each immobilisation chemistry) was assessed. Four different surfaces 

were prepared: IPTES functionalised porous silicon was reacted with the capture 

antibody and any unreacted isocyanate groups were subsequently quenched with 

ethanolamine hydrochloride (covalently immobilised capture antibody) (this was the 

same immobilisation strategy as described above); isocyanate groups on IPTES 

functionalised porous silicon were quenched with ethanolamine hydrochloride before 

reacting the capture antibody with the surface (adsorbed capture antibody on quenched 

isocyanate reactive groups); IPTES functionalised porous silicon was incubated in PBS 

for the same period of time as the capture antibody (2 h) before quenching any 

unreacted isocyante groups with ethanolamine hydrochloride (quenched isocyanate 

reactive groups, no capture antibody); and finally, oxidised porous silicon was 

incubated with the capture antibody (adsorbed capture antibody on oxidised surface). 

These four surfaces were subsequently used to detect IgG in an Intragam formulation at 

a total human protein concentration of 200 ng/ml. These surfaces are shown in Scheme 

2.5 and the results of the biosensing experiments are shown in Figure 2.30.  

 

As anticipated, IgG was not detected on the IPTES functionalised porous silicon 

biosensor platform not loaded with the capture antibody (quenched isocyanate reactive 

groups, no capture antibody) (Figure 2.30). There was no significant change in the 

slope after injecting OPD indicating that the surface had not captured IgG. No definite 

response was observed because the surface was not loaded with a protein that could 

recognise IgG or contained any (known) functionality that could promote protein 

attachment (apart from the isocyanate groups that were quenched prior to the biosensing 

experiment). Also, the results confirmed that non-specific protein binding (from IgG or 

the detection antibody) was minimal because the readout signal (EOTOPD/EOTPBS = 

1.33) produced on this sample was the lowest of the samples compared in the graph.  

 

When the capture antibody was adsorbed to oxidised porous silicon, the readout signal 

produced from the biosensing experiment was only slightly increased (EOTOPD/EOTPBS 

= 1.57). This could be due to a number or combination of possible scenarios: the 

capture antibody adsorbed to porous silicon at a low surface density; the capture 
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antibody weakly adsorbed to porous silicon and then was washed away during the wash 

steps of the biosensing experiment, or the capture antibody had denatured during the 

adsorption process. All of these situations would prevent a large readout signal. 
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Scheme 2.5. Schemes of 4 different possible surface chemistries prepared for biosensing. The results of 

these experiments are shown in Figure 2.30. The porous silicon surface is shown as a solid black line. 

Hydrogen bonding is shown by the broken lines. Only a terminal amino group of IgG is shown to have 

reacted with the surfaces; the antibody can also covalently link to IPTES functionalised porous silicon by 

other amino groups on the side chains of the antibody, such as lysine. 
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Figure 2.30. Graph obtained from the biosensing experiments performed on porous silicon samples with 

different surface chemistries that were used to detect IgG from an Intragam formulation at a total human 

protein concentration of 200 ng/ml. The porous silicon chip was prepared at 450 mA/cm2 and 4.5 C/cm2 

and was ozone oxidised. The surface was then functionalised with IPTES and reacted with 12.5 µg/ml of 

anti-human IgG (Covalently immobilised capture antibody); the isocyanate groups of a second 

functionalised porous silicon surface were quenched with ethanolamine hydrochloride before allowing 

the capture antibody to adsorb onto the surface (Adsorbed capture antibody on quenched isocyanate 

reactive groups); a third IPTES functionalised surface was quenched with ethanolamine hydrochloride 

(Quenched isocyanate reactive groups, no capture antibody); finally, the capture antibody was adsorbed 

to oxidised porous silicon (Adsorbed capture antibody on oxidised surface). The EOT of porous silicon 

from the final wash step of the assay is shown. EOTOPD was determined from the change in EOT/min 

from the first 5 min after injecting OPD and EOTPBS corresponds to the change in EOT/min from the last 

5 min of the final PBS-T and PBS wash step (just prior to injecting OPD). Refer to pages 181-182 for 

more detail of the biosensing experimental procedures. 
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When the capture antibody was covalently immobilised on IPTES functionalised porous 

silicon, a conspicuous change in slope was observed after injecting OPD (Figure 2.30). 

The calculated readout signal (EOTOPD/EOTPBS = 6.82) was over 4-fold compared to the 

readout obtained on the porous silicon biosensor platform loaded with the adsorbed 

capture antibody (but not functionalised with IPTES). Therefore, the performance of the 

biosensor was enhanced when the capture antibody was covalently attached to porous 

silicon in comparison to when it was adsorbed on to the biosensor platform. The readout 

signal produced on porous silicon loaded with the covalently attached capture antibody 

was also higher (2.6-fold) than the signal produced when the capture antibody was 

reacted with quenched isocyanate groups of IPTES functionalised porous silicon. This 

observation supports the view that the performance of the biosensor is enhanced when 

the capture antibody is covalently attached to the porous silicon film.  

 

This outcome can be explained by stronger bonds being formed between the capture 

antibodies and the isocyanate groups on the porous silicon surface, in comparison to 

weaker chemisorption or physisorption interactions between the protein and the 

quenched isocyanates or the oxidised porous silicon surface. Alternatively, the covalent 

reaction may have occurred much more rapidly than the adsorption process. Therefore, 

more of the capture antibody would have reacted with the isocyanate groups of the 

IPTES functionalised porous silicon surface and less protein would have been removed 

during the washing steps.  

 

In an attempt to further improve the performance of the biosensor, porous silicon 

samples were prepared at two levels of surface oxidation and at two different porous 

silicon layer thicknesses. Again, these biosensor platforms were used to detect IgG in an 

Intragam formulation at a total human protein concentration of 200 ng/ml. All surfaces 

were prepared in the same manner as described previously (refer to pages 181-182 and 

201) by functionalising with IPTES and subsequently covalently attaching anti-human 

IgG, and all of the biosensing parameters were kept constant to those used in the 

previous experiments.  

 

First, a comparison of the readout signal was made between ozone and bromine 

oxidised porous silicon prepared at 450 mA/cm2 and 4.5 C/cm2. The only difference 

between these samples was the level of surface oxidation. As shown in the diffuse 
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reflectance infrared spectra, ozone oxidation resulted in a higher level of surface 

oxidation compared to surfaces oxidised by bromine (refer to Figure 2.16 B and C). 

These samples were then functionalised with IPTES and subsequently with the capture 

antibody. After injecting OPD at the final stage of the biosensing experiments carried 

out on these samples, the change in the rate of the EOT decay (EOTOPD/EOTPBS) was 

determined to be 6.82 and 8.96 for ozone and bromine oxidised surfaces, respectively 

(Figure 2.31). The higher readout signal obtained on porous silicon oxidised by 

bromine compared to when it was oxidised by ozone, could be explained by the lower 

level of oxidation achieved through bromine oxidation. The induced degradation of the 

porous silicon film through silicon hydride groups undergoing oxidative hydrolysis 

from free radicals produced during the oxidation of OPD (by HRP/H2O2), could 

therefore occur more effectively on the bromine oxidised surface, which possessed a 

higher surface density of silicon hydride groups than the ozone oxidised porous silicon 

film (refer to the infrared spectra shown in Figure 2.16 B and C).  

 

The performance of the biosensor could be even further improved when a thicker layer 

porous silicon layer was used as the sensing matrix. Porous silicon was prepared at 450 

mA/cm2 and at two different charge densities of 4.5 and 9.0 C/cm2 to produce porous 

silicon films of a similar pore diameter in the order of 400 nm and porous silicon films 

with depths of 2 and 4 µm, respectively (Figure 2.14 A and B). In comparison to the 

signal obtained on 2 µm of porous silicon film, the readout signal became greatly 

enhanced by nearly 3-fold when the thicker porous silicon film of 4 µm was used as the 

sensing matrix (Figure 2.31). The deeper porous silicon layer of 4 µm would result in a 

larger surface area for capture antibody immobilisation. Therefore, the deeper porous 

silicon film can support higher surface loading of the capture antibody allowing for 

more IgG capture upon exposing the surface to Intragam. Subsequently, a greater 

concentration of the detection antibody (anti-human IgG conjugated to HRP) could 

react with human IgG resulting in a faster rate of OPD oxidation and a faster rate of 

oxidative, hydrolytic porous silicon corrosion. 
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Figure 2.31. Biosensing experiments performed on modified porous silicon surfaces that were used to 

detect IgG from an Intragam formulation at a total human protein concentration of 200 ng/ml. Porous 

silicon was prepared at 450 mA/cm2 and 4.5 C/cm2 or 9.0 C/cm2 and was ozone oxidised or porous 

silicon was prepared at 450 mA/cm2 and 4.5 C/cm2 and bromine oxidised. All surfaces were then 

functionalised with IPTES and reacted with 12.5 µg/ml of anti-human IgG. Refer to pages 181-182 for 

more detail of the experimental procedures. 
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In summary, the readout signal of the enzyme-based interferometric porous silicon 

biosensor (EOTOPD/EOTPBS) was established, defined and used to construct a calibration 

plot for a protein concentration range of 0-1000 ng/ml. Furthermore, the biosensor 

could detect IgG in an Intragam formulation to a sensitivity of 100 ng/ml (of total 

human protein concentration). Finally, the readout signal was enhanced by reducing the 

level of porous silicon surface oxidation, by tethering the antibody on porous silicon 

with covalent immobilisation (isocyanate-amino) chemistry and by increasing the depth 

of the porous silicon matrix.  
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2.4 Conclusions and Future Directions 
 

Part 2 of this thesis discussed the development of a new optical interferometric biosensor. 

The biosensor platform was constructed from electrochemically-prepared thin films of 

porous silicon that acted as a sensing matrix and transducer element. Porous silicon layers 

were tailored specifically for this application by altering the pore size, depth and surface 

chemistry.  

 

By using the technique of white light reflective interferometry to measure the effective 

optical thickness (EOT) of porous silicon, an enzyme-catalysed system was found 

(HRP/H2O2-mediated oxidation of TMB) that produced an intricate optical signal, which 

formed the basis of the biosensor’s readout signal. The signal gave rise to 4 distinct changes 

in EOT during the HRP/H2O2-TMB reaction:  

 

1. Increase in EOT caused by a bulk effect from TMB; 

2. Decrease in EOT caused by accelerated corrosion of porous silicon from an 

intermediate TMB cationic radical produced during the oxidation of TMB by 

the enzyme HRP; 

3. Increase in EOT due to the final oxidised TMB products precipitating on the 

porous silicon surface; and 

4. Stabilisation of EOT when all the starting TMB material and intermediate 

products had oxidised or no more precipitate could enter the clogged pores 

resulting in no further increase in the EOT. 

 

We used the enzyme-chromogen system for detecting human IgG from an Intragam 

formulation, containing a mixture of antibodies, on highly boron-doped (p-type) porous 

silicon that was electrochemically prepared with pore diameters in the order of 400 nm and 

a layer thickness of 2 µm. Porous silicon was prepared for biosensing by first oxidising the 

surface with ozone, then functionalising the surface with 3-isocyanatopropyl triethoxysilane 

(IPTES) and finally covalently immobilising anti-human IgG on the functionalised porous 
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silicon surface through isocyanate-amino bioconjugate chemistry. The surface was then 

exposed to Intragam and the captured IgG was labeled with HRP-conjugated anti-human 

IgG. Finally, the surface was exposed to TMB and the EOT was measured in time lapse. 

We found that this sensor was sensitive and specific for the detection of IgG. However, we 

also discovered that another substrate, which is also oxidised by HRP, OPD, produces an 

even more pronounced readout signal. 

 

We used the OPD substrate first for defining the readout signal and then for assessing and 

identifying means of improving the performance of the biosensor. We defined the readout 

signal as the change in the slope of EOT/min after injecting the OPD solution compared to 

the slope in PBS from the last wash step of the immunoassay (EOTOPD/EOTPBS). We 

determined that the biosensor (as described above) could detect IgG from a total human 

protein concentration of Intragam to a sensitivity of 100 ng/ml. IPTES-functionalised 

ozone-oxidised porous silicon prepared with covalently immobilised IgG produced a 

readout signal over 4-fold to ozone-oxidised porous silicon prepared with adsorbed IgG. 

The readout signal was further enhanced on porous silicon platforms by reducing the level 

of surface oxidation (1.3-fold) and by increasing the thickness of the porous silicon layer to 

8 µm (2.7-fold). Therefore, the performance of the biosensor was improved by combining 

these features into the design of the porous biosensor platform.  

 

In the future, it will be fundamentally important to determine if the biosensor can be used 

for the detection of a range of other proteins and biological species such as living cells, 

viruses and DNA. This will be important because if many types of biological species can be 

detected to a suitable sensitivity by the biosensor, the biosensor may become an extremely 

versatile tool in the field of life sciences such as for disease diagnostics and drug discovery. 
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Overall Conclusions 
 

This thesis described the surface modification of PECVD-Si-Ti and porous silicon 

biomaterials with an alkoxysilane, IPTES, for the covalent immobilisation of proteins 

through isocyanate-amino bioconjugate chemistry. On both surfaces, a functional surface 

was generated by covalently linking proteins to the respective surfaces.  

 

IGF-1 was covalently immobilised on IPTES functionalised PECVD-Si-Ti for improving 

the growth of MG63 osteoblast-like cells. The immunological reactivity and biological 

activity of IGF-1 was enhanced when the growth factor was covalently coupled to PECVD-

Si-Ti compared to when the growth factor was adsorbed on the same surface. 

 

Anti-human IgG was covalently immobilised on IPTES functionalised porous silicon for 

the detection of human IgG in a sandwhich immunoassay format by white light reflective 

interferometry. The readout signal of the biosensor was significantly higher when anti-

human IgG was covalently coupled to porous silicon compared to when the antibody was 

adsorbed on the same surface. 

 

By using isocyanate-amino chemistry for covalently immobilising IGF-1 on PECVD-Si-Ti, 

or anti-human IgG on porous silicon, and testing the performance of the protein-

functionalised materials, we showed that this covalent immobilisation strategy was an ideal 

mechanism for delivering biologically active proteins for orthopaedic implant applications 

and in the design of a biosensor for biomedical diagnostics. 
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