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Abstract 

Background: Titanium dental implants are currently one of the best treatment 

alternatives for replacing missing teeth. The direct bond that forms between the 

jawbone and titanium in a process defined as osseointegration has made titanium the 

material of choice for such devices. Whilst the underlying biological mechanisms 

responsible for the osseointegration process have not been fully elucidated, high 

demand by both patients and clinicians has driven the clinical application of titanium 

implants.  

Modification of the surface properties of titanium has been proven to be effective in 

promoting osseointegration, and thus understanding the fundamental cellular and 

molecular mechanisms responsible for the clinically observed outcomes as a result of 

titanium surface modification is the focus of considerable research. Previous research 

in this field has, as expected, focused on osteoblasts as they are the bone forming 

cells. This however, ignores the possible fundamental role of early mediators of the 

healing process, such as platelets and macrophages, which may interact with the 

implant surface well ahead of osteoblasts. As platelets and macrophages have well 

documented roles in modulating the function of other cells including osteoblasts, it is 

reasonable to postulate that the events that occur during the very early stages of the 

healing process may modulate repair in later stages, and ultimately influence the final 

osseointegration outcome. 

Aims: The primary aim of this study was to investigate the influence of titanium 

surface topography and chemistry on macrophages, a major early mediator of the 
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healing process. Further, this study also examined the influence of titanium surface 

modification on the way in which macrophages interact with upstream (platelets) and 

downstream (osteoblasts) wound healing cellular mediators, in order to better 

understand the very early phases of the osseointegration process. This may thus 

identify critical biological mechanisms that could be targeted to enhance 

osseointegration by engineering titanium implant surfaces. 

Materials and methods: This project utilized titanium discs with polished (SMO), 

micro-rough sand blasted, acid etched (SLA), and hydrophilic modified SLA 

(SLActive®) titanium surfaces, which provide a range of titanium surface 

modifications that correspond to commercially available titanium implant surfaces.  

Scanning electron microscopy and X-ray photoelectron spectroscopy was used to 

assess the surface topography and chemistry of these titanium surfaces. 

The response of primary human platelets to these surfaces was assessed by 

determining the degree of attachment to, and activation by, the surfaces using both 

enzymatic and ELISA methodologies to quantitate the release of the platelet proteins 

LDH, β-TG and PF4. The response of the human macrophage cell-line THP-1, 

cultured on these titanium surfaces was also assessed by comparing the relative 

expression of a wide range of pro-inflammatory cytokines and chemokine genes. 

Differences in gene expression were subsequently confirmed at the protein level 

using an immuno-blotting array.  

A novel in vitro conditioned media/co-culture approach was used to examine the 

influence of titanium surface modification on the inter-relationships between 
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titanium surface driven platelet releasate, macrophage function and osteoblast 

differentiation.  This co-culture approach aims to mimic the temporal sequence of 

cells arriving at the implant site. 

First, the interaction between platelet released proteins and macrophage pro-

inflammatory cytokine gene expression was assessed by PCR array following culture 

in conditioned media containing human megakaryocyte (MEG-01) derived platelet 

releasate. Second, the effect of macrophage cytokines released in response to the 

titanium surfaces on human osteoblast (hFOB) osteogenic gene expression (in 

particular those related to the TGFβ/BMP pathway) was assessed using a transwell 

co-culture system.  

Results: While platelet attachment was significantly higher on the micro-rough SLA 

surface, the level of the activation markers β-TG and PF4 released into the media 

was similar from all surfaces, indicating a higher level of activation per platelet with 

the SLActive surface. In regard to macrophage function, the results showed that the 

hydrophilic SLActive surface attenuated the macrophage inflammatory cytokine 

response when compared to the other surfaces. Interestingly, subsequent experiments 

showed that the titanium surface-induced platelet releasate is also capable of 

modulating the macrophage inflammatory cytokine response. This was especially 

evident with the SLA surface whereby the initial enhanced macrophage pro-

inflammatory cytokine response (when compared to the smooth polished surface), 

was attenuated when the titanium surface was pre-incubated with platelet releasate. 

Finally, this study also showed that in a surface-specific manner 
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(SLActive>SLA>Smooth), titanium surface-induced macrophage cytokines 

modulated osteoblast gene expression without any direct contact.  

Conclusions: This study demonstrated that titanium surface modification is able to 

differentially modify both the molecular and proteomic response of early mediators 

of the healing process. Platelet activation is significantly increased by the SLActive 

surface, which has downstream effects on macrophage pro-inflammatory cytokine 

gene expression. Similarly, titanium surface modification is also able to directly 

modify macrophage pro-inflammatory cytokine expression and subsequent down-

stream osteoblast differentiation. These studies illustrate the importance of both 

platelets and macrophages during the very early stages of the host response to 

titanium surfaces. Further, the results demonstrate that subsequent engineering of the 

titanium surface to target these cells in order to improve osseointegration is feasible. 

Finally, this project demonstrated the importance of suitable co-culture in vitro 

models in order to mimic as closely as possible the in vivo environment in order to 

better understand the osseointegration process. 
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 CHAPTER ONE: LITERATURE REVIEW  



 
2 

1.1 Overview 

In contemporary dental practice replacing a lost tooth with a titanium dental implant 

has become a routine treatment procedure  (Wood, & Vermilyea 2004). Critical to 

the success of the implant is the direct structural and functional binding of the 

titanium implant with recipient bone, a process defined as osseointegration  

(Brånemark et al 2005). Understandably, improving osseointegration is of paramount 

importance to the future of implant dentistry and is the focus of considerable 

research. 

Modifying the surface properties of the titanium implant has become one of the most 

readily achievable methods to improve osseointegration  (Stanford 2008). Titanium 

surface modifications can be categorized generally into either morphological, 

physiochemical or biochemical modifications  (Puleo & Thomas 2006). 

Morphological modification refers to those processes whereby the surface 

topography of the titanium surface is altered, as measured by changes in the degree 

of surface roughness. Physiochemical modification refers to altering either the 

titanium surface physical properties, such as surface hydrophilicity, or the chemical 

properties, as in incorporating of fluoride ions into the surface. Biochemical 

modification refers to the immobilization of reactive or bio-functional biomolecules 

onto the titanium surface. 

The effect of implant surface modification on the osseointegration process has been 

widely assessed both in vitro and in vivo to investigate their effect on the 

osseointegration process. One of the goals of such studies is to understand the effect 
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of surface modification on the behavior of the various cell types involved in 

osseointegration, and thus identify the key cellular and/or biological pathways 

responsible for the specific host response to a specific titanium surface property. 

Subsequently, these biological events can then be targeted for manipulation by 

engineered titanium surfaces in order to improve osseointegration  (Franz et al 2011).  

Upon inserting an implant into alveolar bone, it is immediately covered by blood. 

Plasma proteins, along with proteins derived from the injured bone and activated 

platelets, adhere to the implant surface to form a blood clot in the first stage of the 

wound healing process. Inflammatory, and later osteoprogenitor cells, migrate to the 

wound site where they bind to these adsorbed proteins. This adsorbed protein layer 

can selectively modulate cellular attachment, and subsequently their function  

(Wilson et al 2005). Therefore, engineering the biomaterial surface properties to 

influence the nature of this protein layer could also be used to modulate the host 

response, which if directed towards a more reparative rather than inflammatory 

environment, would subsequently lead to accelerated healing and hence better 

clinical outcomes. 

Most reported studies have focused on the effect of titanium surface modification on 

osteoblast behavior, as these are the bone forming cells. However osteoblasts only 

appear at the implant site by the fourth day after implantation  (Colnot et al 2007; Lin 

et al 1994), well after the interaction of other cells, such as platelets and 

macrophages, with the implant surface  (Enoch, & Leaper 2008). Both platelets and 

macrophages are able to release an array of regulatory cytokines that have a well-

described effect on the healing process  (Anderson et al 2008).  
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Thus, an understanding of the effect of titanium surface modifications on the 

behavior of macrophages, and the way in which they interact with upstream 

(platelets) and downstream (osteoblasts) wound healing cellular mediators, will lead 

to a better understanding of the very early phases of the osseointegration process and 

possibly identify critical biologic mechanisms that may be manipulated by 

engineered titanium surfaces to enhance osseointegration. 

1.2 Wound Healing 

Wound healing is a natural body response to an injury aimed at repairing the 

damaged tissue and restoring its function. This process involves a complex and well-

organized series of events that are spread over four overlapping yet well-defined 

phases. These phases are haemostasis, inflammation, proliferation and repair. The 

control and interaction of each of these phases is achieved through the action of a 

multitude of proteins secreted by various cell types involved in the healing process 

(Enoch & Leaper 2008; Chin et al 2005). 

1.2.1 Haemostasis 

Haemostasis starts immediately following an injury and last for several minutes until 

the bleeding stops. Platelets are the main cell type controlling this phase. 

1.2.1.1 Platelets 

Platelets are small discoid cells that do not have nuclei. Bone marrow derived 

megakaryocytes are responsible for the synthesis of platelets in a process termed 

‘thrombocytogenesis’. The platelet formation process is not fully understood as yet, 
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however, two main theories have been proposed. The pro-platelet model proposed 

that megakaryocytes form blunt protrusions through their cellular membrane called 

‘pro-platelets’ that are then filled with intracellular contents and subsequently shed as 

platelets  (Hartwig & JR 2003). More recently, a cytoplasmic fragmentation model 

suggested that ‘putative cytoplasmic compartments’ are formed within the 

megakaryocyte cytoplasm, which is then filled with platelet granules and organelles 

forming ‘protoplatelets’ that are released upon rupture of the megakaryocytes 

themselves and degeneration of their nuclei  (Kosaki & Kambayashi 2011). 

Platelets circulate in the blood until they encounter an injured blood vessel, whereby 

they are activated and aggregate together forming a platelet plug to mechanically 

block the bleeding site, in a process termed primary hemostasis. The activation of 

platelets causes them to release the hundreds of proteins or ‘releasate’ stored within 

their granules  (Piersma et al 2009). This initiates the complex coagulation process 

that leads to thrombin generation, which in turn transforms the soluble plasma 

protein fibrinogen into an insoluble fibrin network over the platelet plug, thus 

strengthening it, in a process termed secondary hemostasis (Clemetson 2011).  

Through the actions of their releasate, platelets play important roles that extend 

beyond haemostasis (Smyth et al 2009). For instance, platelets release several growth 

factors such as platelet-derived growth factor (PDGF) and transforming growth 

factor-β (TGF-β), which have been shown to regulate the wound healing process 

(Lawrence & Diegelmann 1994). Platelet releasate has also been shown to stimulate 

the recruitment, migration and proliferation of bone marrow derived cells  (Oprea et 

al 2003). 
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1.2.2 Inflammation 

The inflammatory phase is a critical phase of the healing process, as it may be 

decisive in the eventual fate of the wound. For example, the persistence of 

inflammation, i.e. chronic inflammation, delays healing. A chronic wound is rich in 

proinflammatory cytokines, and once the wound begins to heal the level of these 

cytokines decreases, suggesting that inflammation and repair are inversely correlated 

(Enoch & Leaper 2008). 

The early inflammatory phase (1-2 days) begins as a response to signals initiated in 

the previous haemostasis phase that results in the activation of the complement 

system, which consists of a wide variety of plasma and membrane-bound proteins  

(Oikonomopoulou et al 2012). Subsequently, neutrophils infiltrate the wound site to 

primarily phagocytise bacteria in order to prevent infection.  

The late phase (2-3 days), on the other hand, is regulated mainly by macrophages. 

Macrophages are the most important cells during the late inflammatory phase where 

they modulate inflammation and regulate the subsequent tissue repair  (Lucas et al 

2010). They have several functions, including phagocytosis of foreign bodies and 

secretion of signaling and regulatory molecules.  

1.2.2.1 Macrophages 

Macrophages originate in the bone marrow from the bone marrow stem cells that 

give rise to promonocytes, which enter the blood stream and differentiate into 

monocytes (Gordon 1995). Monocytes travel in the blood to various organs 

whereupon they acquire certain phenotypic characteristics based on the resident 



 

 
7 

tissue or organ. For example, they differentiate into histiocytes in connective tissue, 

while in bone they become osteoclasts and during inflammation at the wound site 

they are referred to as inflammatory macrophages  (Gordon et al 1988). 

Inflammatory macrophages can further change their phenotype, and thus their 

secretory profile and function, throughout the course of the inflammatory phase 

(Stout et al 2005). Stimuli received from the surrounding environment, such as 

damaged cells or signals, such as cytokines, from other immune mediators trigger 

such phenotypic changes  (Zhang & Mosser 2008). It has been shown that the initial 

cytokine exposure determines macrophage phenotype, thus rendering them 

unresponsive to other cytokines (Erwig et al 1998). 

Macrophages have been categorized into two main types, based on their activation 

signals and secretion profile, and thus function. Macrophages undergo ‘Classical 

activation’, also referred to as (M1 macrophages), in response to pathogenic stimuli 

such as bacterial lipopolysaccharide (LPS), endogenous danger signals and/or 

cytokines such as interferon-gamma (IFN-γ) and tumor necrosis factor (TNF). M1 

macrophages secret high levels of pro-inflammatory cytokines such as interleukin-12 

(IL-12) and thus enhance inflammation  (Vega & Cobri 2006). On the other hand, 

macrophages undergo ‘alternative activation’, also referred to as (M2 macrophage) in 

response to anti-inflammatory cytokines such as IL-4, IL-10 and IL-13. The M2 

macrophage phenotype has recently been further categorized into two distinctive 

subcategories, regulatory and wound-healing macrophages. Wound-healing 

macrophages are induced by IL-4 and IL-13 and play a role in tissue repair. The 

regulatory macrophages on the other hand, are induced by signals such as IL-10 and 
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apoptotic cells, and produce high levels of IL-10 to suppress the immune response  

(Mosser & Edwards 2008). 

The ratio of IL-10/IL-12 production can be used as an indicator of macrophage 

phenotype. M1 macrophages release more of the pro-inflammatory IL-12 than the 

anti-inflammatory IL-10 and thus have a lower IL-10/IL-12 ratio and vice versa for 

the regulatory macrophage. The wound healing macrophages on the other hand, 

release low levels of both of these cytokines but express other unique membrane 

binding proteins, such as resistin-like molecule-α (RELMα) and factor XIII-A, that 

bind to the extracellular matrix and promote repair  (Mosser & Edwards 2008). 

The M1 macrophages are mainly associated with the early stages of the 

inflammatory phase where they exert pro-inflammatory functions such as 

phagocytosis, antigen presentation and the secretion of pro-inflammatory cytokines. 

M2 macrophages on the other hand, appear at the conclusion of the inflammation 

phase where they regulate the subsequent proliferative phase through, for example, 

stimulating the proliferation of extracellular matrix forming cells like fibroblasts  

(Delavary et al 2011). In reality M1 and M2 phenotypes represent the extremes of a 

spectrum of possible phenotypes with overlapping cytokine secretory profiles. 

One of the main function of macrophages particularly relevant to dental implant 

placement is the neutralization of foreign bodies. This is achieved through the 

process of phagocytosis (Greek, meaning ‘cell-eating’). In this process macrophages 

engulf foreign bodies and neutralize them. Engulfing of foreign bodies can be done 

via endocytosis, in case of small particles like viruses, or phagocytosis, if the 
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particles are bigger. Once the foreign body enters the phagosome, several degrading 

agents are used to destroy it. These include lysozymes and oxygen free radicals that 

work in a lowered pH environment (Haas 2007). Since the macrophages are able to 

function under low oxygen tension  (Bosco et al 2008), they can also counter 

anaerobic infection using this process. 

If the foreign body is too large to engulf, the macrophages fuse together to form 

multinucleated foreign body giant cells that can attach to the foreign body surface 

and form an isolating capsule covering part of the surface, referred to as a ‘privileged 

microenvironment’, where the macrophages then release their degrading agents 

directly onto the surface (Xia & Triffitt 2006). This is a hallmark of chronic 

inflammation and is often associated with implanted biomaterials  (Anderson et al 

2008). 

Macrophages release a wide range of the cytokine super-family including 

chemokines, interleukins and growth factors. Other substances, such as reactive 

oxygen radicals and nitric oxide, are also secreted by macrophages. 

1.2.2.2 Macrophage secretions 

Cells communicate with each other via two methods. They use membrane channels 

when they are in direct contact with each other  (Hülser et al 1998). When they are 

not in direct contact, they use signaling molecules  (Cruse & Lewis 2010). Cytokines 

(Greek cyto-, cell; and -kinos, movement) are a large family of signaling proteins 

released by various inflammatory mediators and used for intercellular 

communication. Cytokines can act on the cells that produced them (autocrine), 
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adjacent cells (paracrine), or remote cells (endocrine) (Cruse & Lewis 2010). They 

are involved in regulating haemostasis, inflammation, immune response and the 

wound healing process  (Foster 2001). 

Cytokines exert their action on the target cells through binding to certain cell 

membrane receptors. This initiates an intracellular messaging system that is 

transduced to the cell nucleus where activation of the gene of interest occurs 

producing the mRNA necessary to synthesize the required protein/s  (Miyajima et al 

1992). The effect of the cytokines can be redundant, as more than one cytokine can 

bind to the same receptor. This means that the same cell can be stimulated to perform 

the same action by different cytokines. On the other hand, the same cytokine can 

bind to different receptors on different cell types leading to different functional 

effects, which sometime happens on the same cell type  (O'Shea & Murray 2008). 

Macrophages release various cytokines to modulate other cells behavior during the 

healing process. Tumor necrosis factor (TNF) is perhaps one of the most well-known 

macrophage released cytokines. It was previously subdivided into two forms TNF-α 

and β. As TNF-β is structurally related to lymphotoxin (LT), this form has been 

renamed LT-α. Subsequently, TNF-α is now known as TNF  (Cruse & Lewis 2010). 

TNF is released by macrophages, lymphocytes and natural killer cells in response to 

bacterial endotoxin during the first three days of the wound healing process. As the 

name suggest, it is cytotoxic to tumor cells, but also has a broad range of functions 

involving inflammation and tissue repair. It can facilitate leukocyte recruitment, act 

as a cytotoxic and apoptosis inducing cytokine, induce angiogenesis, promote 
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fibroblast proliferation and induce tumor cells lysis  (Cruse & Lewis 2010; Foster 

2001). 

Further, macrophages secrete interferons, which also belong to the cytokine super-

family. They have an ability to interfere with viral replication within cells, and hence 

they have been named interferons. Like other cytokines, they have various functions 

including the activation of immune cells such as macrophages and natural killer cells. 

The most important function, however, is increasing the ability of uninfected host 

cells to resist viral infection. Further, they can increase antigen presentation to T-

lymphocytes, raising the immune system’s ability to recognize infection (Cruse & 

Lewis 2010). 

Chemokines (CHEMOtactic cytoKINES) are small proteins that belong to the 

cytokine super-family. There are around 50 chemokines that are structurally related 

and most of them have four cysteine residues. Based on the arrangement of the first 

two cysteine residues, they can be classified into four subcategories; C, CC, CXC 

and CX3C, where C means cysteine and X means amino acid. CC and CXC 

chemokines are the most common variants  (Laing & Secombes 2004). 

Chemokines mainly control immune cell trafficking but can also be involved in other 

cell functions, such as cell maturation (Fernandez & Lolis 2002). CC chemokines 

mainly control monocytes, lymphocytes, basophils, and eosinophils whereas CXC 

chemokines mainly control neutrophils  (Zlotnik & Yoshie 2000). Their effect on 

cells is mediated by seven transmembrane domain receptors that are members of the 

G protein coupled receptor super family  (Murphy et al 2000). Macrophages release a 
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wide array of chemokines during inflammation, such as CXCL-12, which is 

important to the inflammatory response as it exhibits chemoattractive activity for 

monocytes, bone marrow neutrophils, and early-stage B-cell precursors. It is also a 

highly efficient and potent chemoattractant for T-cells and a co-stimulator of their 

activation  (Nanki & Lipsky 2000). CXCL-12 also plays an important role in wound 

repair, being a chemoattractant for hematopoietic and mesenchymal stem cells as 

well as supporting their survival and proliferation  (Kortesidis et al 2005). 

Interleukins are also members of the cytokine super-family. They are mainly 

synthesized by, and have functions related to, leukocytes, hence their name. There 

are over 30 interleukins with variable and overlapping functions. Macrophages secret 

several interleukins that induce other cells various functions. IL-1 is one of the pro-

inflammatory interleukins released by macrophages that act on the early phase of 

inflammation. It includes two subsets IL-1α and β. IL-1α is membrane-associated 

whereas IL-1β can be found free in the circulation. In contrast, macrophages also 

release IL-10, which is a potent anti-inflammatory interleukin, and IL-6 that, 

although being a pro-inflammatory cytokine, can have an anti-inflammatory effect by 

activating IL-10 and inhibiting TNF  (Cruse & Lewis 2010). 

Macrophages also produce several growth factors, which are a group of polypeptides 

belonging to the cytokine super-family that induce certain cells to sustain or increase 

their proliferation and in some cases change their phenotype. Transforming growth 

factor β (TGF-β) is one of the growth factors released during inflammation by 

macrophages, platelets, fibroblasts and keratinocytes. It can interact with receptors 

that are found on almost all cells  (Wakefield et al 1987). It has a broad range of 
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functions including inflammation, angiogenesis, granulation tissue formation, tissue 

remodeling and leukocyte chemotaxis  (Behm et al 2012). 

1.2.3 Proliferation and repair 

These two phases start from day 3 and last up to 4 weeks. The start and progression 

of these phases are modulated by signals from regulatory cells, like macrophages, 

during the previous healing phase. When the inflammatory phase winds down, 

signals are sent to start repair. Macrophage-released growth factors chemoattract and 

stimulate the proliferation of several cell types, such as fibroblasts and endothelial 

cells. Fibroblasts produce matrix proteins, such as fibronectin, hyaluronan, collagen 

and proteoglycan. These proteins help in the construction of a new extracellular 

matrix. Endothelial cells, on the other hand, start the formation of new blood vessels 

in a process called angiogenesis. As a result, granulation tissue forms by the 5th day, 

which indicates optimal healing. Remodeling of the newly formed tissue starts by the 

end of the first week and lasts for several weeks. During this phase the granulation 

tissue matures, the extracellular matrix is remodeled and the blood vessels are 

reorganized (Enoch & Leaper 2008; Chin et al 2005). 

1.2.4 New bone formation 

New bone is formed through a process called angiogenic osteogenesis. In this 

process, osteoprogenitor cells, such as mesenchymal stem cells, travel to the injury 

site via newly formed blood vessels. Cytokines in the healing site, such as bone 

morphogenetic proteins (BMP) and tranforming growth factor-β (TGFβ), participate 
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in the induction of mesenchymal stem cells to differentiate into bone forming cells, 

osteoblasts, which start the process of new bone formation.  

Osteoblasts start laying down the bone matrix, osteoid, which consists mainly of 

collagen type III fibers that are subsequently replaced by collage type I. These 

collagen fibers are randomly distributed and not load oriented. This matrix is then 

mineralized with hydroxyapatite. This process is quite rapid and results in the 

formation of woven bone  (Terheyden et al 2011; Javed et al 2010; Karsenty et al 

2009). This woven bone will subsequently be remodeled and replaced with a more 

organized lamellar bone with load-oriented trabeculae  (Ai-Aql et al 2008).  

During osteogenesis, some osteoblasts get trapped in the bone matrix and 

differentiate into osteocytes. Osteocytes interlink with each other to form a network 

of tiny cytoplasmic processes within nanoscale bone channels. Loading of bone leads 

to interstitial pericellular fluid shift within these channels  (Knothe Tate 2003). This 

in turn is translated into intracellular signals within osteocytes via their primary cilia 

organs in the cell membrane  (Temiyasathit & Jacobs 2010). Since osteocytes are 

connected, such signals will propagate to adjacent cells. This networking is referred 

to as the osteocyte syncytium  (Colopy et al 2004). Thus the mechanical stimulus is 

translated into a biochemical signal that initiates bone remodeling in order for it to 

adapt to the external load. This is referred to as mechanotransduction  (Allori et al 

2008). 

Osteoclasts, the bone resorbing cells, coordinate with osteoblasts to remodel bone 

(Martin et al 2009). In healthy bone, it takes only a few days for bone remodeling to 
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starts in response to external mechanical stimuli  (Forwood et al 1996). As bone is 

constantly subjected to structural stimuli, it continually undergoes remodeling in 

order to repair and adapt to the changing external mechanical stimuli  (Robling et al 

2006). 

1.3 Biomaterials 

Professor David Williams has recently proposed a redefinition for biomaterials that 

consider the recent advancement of knowledge in this field. He stated that ‘‘A 

biomaterial is a substance that has been engineered to take a form which, alone or as 

part of a complex system, is used to direct, by control of interactions with 

components of living systems, the course of any therapeutic or diagnostic procedure, 

in human or veterinary medicine’’  (Williams 2009). 

The science of biomaterials is over fifty years old. However, in the last decade it has 

advanced considerably. Currently, biomaterials applications are numerous extending 

from large organ-replacing biomaterials like artificial titanium hips to microscopic 

drug and gene delivery systems. Nevertheless, they all share one critical property. 

They should perform their intended function while being in harmony with the host 

and do not trigger the immune system in such a way that leads to their rejection. 

1.3.1 Immune Response to Biomaterials 

The classical ‘non-specific’ host approach toward haemostasis starts with the 

interaction between the implanted biomaterial surface and the host blood and its 

contents. Upon insertion, blood proteins immediately adsorb onto the surface 
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whereby the coagulation process starts leading to haemostasis. During this process 

platelets release their stored ‘releasate’. This releasate includes a wide variety of 

proteins including transforming growth factors, platelet-derived growth factor, 

Platelet Factor 4 and interleukin-1 that can attract inflammatory cells, such as 

macrophages, to the implant site. 

Macrophages are the main cells regulating the host ‘specific’ immune response to 

foreign bodies like implanted biomaterials. Macrophages adhere to the protein layer 

on the biomaterial surface through surface receptors such as integrins  (Rose et al 

2007; Damsky & Ilić 2002), mainly β1 and β2 integrins (McNally & Anderson 

2002). This binding provides intracellular signals that influence macrophages to 

undergo cytoskeletal remodeling necessary to spread over the implant surface. 

Macrophages may fuse to form multinucleated foreign body giant cells on the 

surface of the implant, similar to their reaction to non-phagocytosable foreign bodies. 

Adherent foreign body giant cells have been shown to be the cause of failed 

biomaterials. For example, clinical pacemakers with lead insulator made of certain 

polymers have failed and studies have shown that the adherent foreign body giant 

cells to the surface of the insulators were responsible for this failure (Kao et al 1994; 

Zhao et al 1993). 

Further, titanium implants can trigger other immune system cells aside from 

macrophages. However, the response of these cells to dental titanium surface 

modifications has not been extensively investigated. Dendritic cells for instance are 

the most important antigens presenting cells. Environmental and endogenous stimuli 
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trigger dendritic cells to change their phenotype into a mature form that plays an 

important role in progressing the inflammatory process (Steinman & Banchereau 

2007). It has been shown that biomaterial surface properties can differentially trigger 

dendritic cell maturation  (Babensee & Paranjpe 2005). Hydrophilic titanium 

surfaces for instance has been shown to be associated with an immature form of 

dendritic cells, which attenuates inflammation whereas the hydrophobic counterpart 

was associated with a pro-inflammatory mature phenotype  (Kou et al 2011). 

1.3.2 Immunomodulating Biomaterials 

Traditionally, inert biomaterials have been preferred in order to reduce undesirable 

immune response. However, modern biomaterials go further to modulate the immune 

response leading to better interaction between the implanted biomaterial and the host  

(Williams 2009). It is well known that the inflammatory response to an implanted 

biomaterial is also crucial for the subsequent repair process  (Anderson et al 2008). 

Thus, the implanted biomaterials should modulate the immune cells function so that 

they promote healing and implant integration is promoted  (Williams 2008). 

Provisional matrix formation on the biomaterial surface is the key to the host 

immune response. The more compatible this matrix, i.e. mimicking the host 

extracellular matrix, the less the inflammation and subsequently the better the host 

reaction to the implanted biomaterial. For instance, biomaterials with smooth 

surfaces were found to be covered by a thinner extra-cellular matrix and induced the 

formation of foreign body giant cells when compared to rougher surfaces  (Fink et al 

2008).  
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It has been shown that that the biomaterial surface properties such as surface charge 

and roughness can also modulate the adsorption of adhesion proteins such as 

fibronectin, which regulates the subsequent integrin-mediated cellular adhesion  (Lee 

et al 2006). This subsequently leads to modulation of various cellular functions  

(Wilson et al 2005), through the integrin signaling  (Damsky & Ilić 2002). 

Subsequently, the current strategies in the design of implantable biomaterials include 

alteration of the biomaterial surface properties to systematically target cellular 

behavior (Franz et al 2011). 

1.4 Use of Titanium in Implantable Medical Devices 

Titanium is the ninth most abundant element in Earth’s crust. It was identified in 

1790 in Cornwall by the Revd. William Gregor, and was initially called 

“Menaccine”. Then in 1795, it was identified in Germany by Klaproth and called 

titanium  (Bristow & Cleevely 2005). Titanium has several unique properties, 

including its light weight and high strength, but the most interesting property is the 

formation of an oxide layer on its surface when exposed to air, which gives it its high 

corrosion resistance and biocompatibility  (Parr et al 1985). 

Titanium is used in medical devices in very diverse applications. Titanium surface 

properties have been modified in many different ways to make the titanium device 

suitable for the specific situations (Liu et al 2004). For example, in heart valves or 

vascular stents, cells attachment is problematic. Thus, titanium surface properties are 

modified to prevent cell attachment. Immobilization of polyethylene glycol (PEG) on 

the titanium implant surface is an example of such a biochemical titanium implant 
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surface modification  (Harris 1992). On the other hand, in the case of load bearing 

titanium bone implants such as dental implants, cell attachment leading to 

osseointegration is required for the success of the implants. Subsequently, the 

titanium surface has been modified to promote such attachment by increasing the 

surface roughness  (Wennerberg & Albrektsson 2009). 

1.5 Titanium Dental Implants 

1.5.1 Historical Background  

In 1960, an orthopedic surgeon, Professor Per-Ingvar Brånemark from the University 

of Gothenburg, Sweden, accidentally discovered that bone bonds to titanium while 

he was investigating the blood microcirculation in rabbit tibiae using a titanium 

chamber. Subsequently in 1965, he established a research group to study this 

phenomenon, which he referred to as osseointegration.  

He then collaborated with an engineer, Viktor Kuikkahad, to develop the technical 

components needed for utilizing titanium implants to support dental prosthesis. In 

1969, the first titanium dental implants were placed in a 34-year old volunteer, who 

was Professor Brånemark’s own dentist!! Those implants remained in until the 

patient’s death in 2006.  

In 1975, the National Health Agency of Sweden regulated Professor Brånemark’s 

dental implant treatment. In 1982, with the help of Professor George Zarb, the first 

conference on “Osseointegration in the Dental Clinic” was held in Toronto, Canada, 



 
20 

which initiated the worldwide acceptance of this treatment modality  (Brånemark et 

al 2005; Fridh 2001).  

Other highly regarded scientists have researched this phenomenon and improved it 

significantly over the following years. For example, the bioengineer Professor 

Richard Salak helped to understanding the biomechanics of dental implants and 

Professor Ann Wennerberg is a pioneer in studying titanium surface topographical 

modification. 

Understandably, the high demand for this treatment modality has attracted significant 

commercial company interest. Currently there are hundreds of titanium dental 

implants manufacturers with numerous different implant types for various clinical 

applications. Unfortunately, the rapid and commercially, rather than scientifically, 

driven development of this treatment modality have lead to claims from some 

manufacturers of alleged superiority of their products that are not based on sound 

scientific ground  (Jokstad 2008; Jokstad et al 2003). 

The U.S. Food and Drug Administration (FDA) requirements to approve the 

commercial release of new titanium dental implants do not require a full 

understanding of the host biological response to the proposed implant. All what the 

manufacturers need to prove is the similarity of their new product to an existing 

similar product that is commercially available. More specifically, manufacturers need 

to obtain an approval called (Premarket Notification 510k) which requires them “... 

to demonstrate that the device to be marketed is at least as safe and effective, that is, 

substantially equivalent, to a legally marketed device”. The legally marketed device 
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mentioned here refers to “... device was legally in commercial distribution before 

May 28, 1976”. These devices are "grandfathered" and have “Preamendment Status”  

(U.S. Food and Drug Administration). 

This means that the manufacturers do not need to undertake extensive clinical or 

preclinical testing to understand the host response to their new product, as all that is 

required to market their products is to prove the required “substantial equivalence” of 

their new implants to existing ones, which can be done relatively easily  (Puleo & 

Thomas 2006). Of course, for commercial and copyright reasons the new products 

would have new features. 

This leads to the clinical application of newly developed implants, which may have 

new properties, without fully understanding the biological mechanisms of the host 

response. It is then left to researchers to explain the clinical observations associated 

with newly introduced implants. Not surprisingly, in certain cases research has 

subsequently discovered certain titanium implant surface properties that were not 

known or declared by the manufacturers (Wennerberg et al 2012).  

1.5.2 Osseointegration 

Defining osseointegration has been an area of debate as the process is complex and 

has several aspects. The definition by Professors Brånemark and Salak aims to cover 

all perspectives  (Brånemark et al 2005). “From the viewpoint of the patient; a fixture 

is Osseointegrated if it provides a stable and apparently immobile support of a 

prosthesis under functional loads, without pain, inflammation or loosening. From the 

viewpoint of macroscopic and microscopic biology and medicine; osseointegration 
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of a fixture in bone is defined as the close apposition of new and reformed bone in 

congruency with the fixtures, including surface irregularities so that, at the light 

microscopic level, there is no inter-positioned connective or fibrous tissue and that a 

direct structural and functional connection is established, capable of carrying normal 

physiological loads without excessive deformation and without initiating a rejection 

mechanism. From the macroscopic, biomechanical point of view; a fixture is 

Osseointegrated if there is no progressive relative motion between the fixture and 

surrounding living bone and marrow under functional levels and types of loading for 

the entire life of the patient. Also required is that deformations are of the same order 

of magnitudes as when the same loads are applied directly to the bone. From the 

microscopic, biophysical point of view; osseointegration implies that, at the light 

microscopic and electron microscopic levels, the identifiable components of tissue 

within a thin zone round a fixture surface are identified as normal bone and marrow 

constituents that continuously grade into a normal bone structure surrounding the 

fixture. This implies that mineralized tissue is to be in contact within nanometers so 

that no functionally significant intervening material exists at the interface”. 

1.5.3 Bone Formation around Titanium Implants 

The implant placement surgery cuts and removes bone to make room for the 

placement of the implant. The surgically prepared recipient site needs to be of an 

appropriate size, as initially the implant needs mechanical interlocking with native 

bone for retention. This is referred to as primary stability and lasts for the first couple 

of weeks until the new bone formation starts. As new bone forms, the old necrotic 
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bone holding the implant is resorbed. This leads to a reduction in implant stability. 

However, once the new bone is matures the stability is restored, which is referred to 

as secondary stability and will last for the life of the implant. 

Bone injury resulting from the implant placement surgery leads to the release of the 

bone matrix proteins  (Bosshardt et al 2011; Taipale & Keski-Oja 1997). These 

proteins include collagen, fibronectin, thrombospondin, biglycan, decorin, 

osteonectin, osteospontin, osteoadherein, pleiotrophin, bone sialoprotein, bone acidic 

glycoprotein, osteocalcin and matrix gla protein  (Cooper 1998). The release of these 

bone matrix proteins activate and attract cells, including macrophages, that produce 

more regulatory molecules such as IL-1, 6 and TNF, which have been found to be 

involved in initialization of the repair process with peak production at day 1 and 

depletion by day 3  (Kon et al 2001).  

Within the first day of implantation of a biomaterial, granulation tissue forms 

containing abundant amounts of fibroblasts and blood vessels  (Anderson 2001). This 

granulation tissue acts as the starting point for bone formation  (Olsen et al 2000). 

Osteoprogenitor cells, such as mesenchymal stem cells, are then recruited to the 

implant site. Once they arrive they differentiate into osteoblasts via the inducing 

action of bone morphogenetic proteins (BMP) and tranforming growth factor-β 

(TGFβ) group of cytokines, which have widely recognized roles in bone formation.  

(Chen et al 2012).   

The precise origin of osteoblasts, however, is not fully understood. Periodontal 

fibroblasts  (Lin et al 1994), undifferentiated mesenchymal cells  (Olsen et al 2000; 
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Albrektsson et al 2001) and sub-periosteal cells  (Robling et al 2006) may all 

contribute to various degrees in different surgical circumstances. Once osteoblasts 

appear at the implant site, bone formation, osteogenesis, commences and happens 

quite rapidly resulting in the formation of woven bone with randomly oriented 

collagen fibers. Subsequently, osteoblasts activate osteoclasts to start the bone 

remodeling in order to restructure the bone into a load-oriented lamellar bone  

(Terheyden et al 2011). 

The presence of an implant has been shown to cause osteoprogenitor cells to 

differentiate into osteoblasts sooner compared to implant sites that are left empty. 

Also, next to an implant, these cells differentiate directly into osteoblasts via an 

intramembranous ossification mechanism  (Colnot et al 2007).  Further, bone forms 

directly on implant with rougher surface, a phenomena termed contact osteogenesis  

(Davies 2003). In contrast, smooth machined implant surfaces are associated only 

with bone formation that starts from the native bone toward the implant, and this is 

termed distance osteogenesis  (Abrahamsson et al 2004). 

Implants with bioactive surfaces induce apatite nucleation forming a layer of bone-

like apatite nanocrystals on their surfaces. This layer facilitates proteins adhesion, 

which enhances provisional matrix formation on the implant surface and 

subsequently bone formation (Kamitakahara et al 2007). 

Bone formation around implants also happens rapidly resulting in the formation of 

woven bone. The bone remodeling process then replaces it with lamellar bone. 

Interestingly, the woven bone fibers are parallel to the implant surface whereas the 
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lamellar bone fibers are attached to the tip to the implant threads to resist the load 

placed on the implant  (Terheyden et al 2011). 

Recently, the human molecular mechanisms associated with osseointegration have 

been analyzed  (Ivanovski et al 2011b). It was shown that the early stage of 

osseointegration (day 4) was characterized by an up-regulation of genes associated 

with inflammation, whereas genes associated with angiogenesis were up-regulated at 

day 7 and skeletogenesis associated genes were finally up-regulated at the day 14. 

1.5.4 Titanium Dental Implant Surface Modifications 

The original titanium dental implants were designed based mainly on biomechanical 

principles. However, current implants are being designed following the concept of 

osteogenic biomaterials. This has been achieved by modifying surface properties  

(Palmquist et al 2010). This modification can be topographical, physical or chemical, 

but often it is a combination of these  (Stanford 2008; Le Guehennec et al 2007; 

Puleo & Thomas 2006; Liu et al 2004). However, aside from surface roughness  

(Albrektsson 2008), there is no evidence from randomized clinical trials that any 

particular surface modification has superior long-term success  (Esposito et al 2007). 

The original “gold standard” Brånemark
TM

 titanium dental implants (Nobel Biocare 

AB, Goteborg, Sweden) were machine turned with relatively smooth surfaces. 

Subsequently, titanium surface roughness was accepted as a promoter for 

osseointegration  (Lundstrom & Tengvall 2005). Achieving roughness can be done 

through either subtractive or additive methods. Subtractive methods include acid 

etching, blasting and grinding. Acid etching and blasting methods will yield a surface 
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with random features, i.e. isotropic, while grinding yields a surface with organized 

features, i.e. anisotropic. Additive methods, on the other hand, include deposition and 

immobilization of substances such as calcium and phosphate crystals onto the 

surface. This surface coating also alters the surface chemistry making it bioactive. 

The following parameters are used to characterise surface topography: 

 Ra (or Sa): this is the arithmetic mean deviation from the mean plane of the 

profile (Ra) or the surface (Sa). This is an amplitude parameter and is the most 

commonly used. 

 Rq (or Sq): this is the root mean square deviation of the profile (Rq) or the surface 

(Sq). Rq gives similar information as Ra but it is more sensitive to high peaks and 

low valleys.  

 Rz (or Sz): this is the 10-point height, i.e. the average of the five lowest valleys 

and the five highest peaks within the profile (Rz) or the surface (Sz).  

 Rt (or St): this is the maximum peak to valley of the profile (Rt) or the surface 

(St).  

The following parameters have recently been used to more accurately characterize 

the surface topography especially at the nanometer scale  (Svanborg et al 2010): 

The parameters used represent one amplitude (Sa), one spatial (Sds), one hybrid (Sdr), 

and one functional (Sci) value. 

 Sds: this is the density of summits, i.e. number of peaks per unit area. This can 

double in nanorough surfaces compared to moderately rough counterparts. This is 

a spatial parameter. 
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 Sdr: this is the ratio between the developed surface area and a flat reference area. 

This is a hybrid parameter. Nanorough surfaces can have a quarter of the value of 

the moderately rough surfaces. 

 Sci: this is the core fluid retention index. Nanorough surfaces can have half the 

value of moderately rough counterparts. This is a functional parameter. 

As yet, there is no formal classification of surface roughness. Thus, this review will 

follow the classification suggested by Albrektsson & Wennerberg (2004)  

(Albrektsson & Wennerberg 2004) with the addition of the nanoroughness measuring 

parameters as described by Svanborg et al 2010  (Svanborg et al 2010). It is as 

follows: 

 Rough surface: has Sa value of >2 μm. 

 Moderately rough (micro-rough) surface: has an Sa value of 1-2 μm. 

 Minimally rough surface: has an Sa value of 0.5-1 μm. 

 Smooth surface: has an Sa value of 0-0.4 μm. 

 Nanorough surface: has an Sa value ranging from 0.025-0.1 μm (25-100 nm). 

Understandably, the implant manufacturers have proprietary modification 

techniques, which are constantly being improved. Since the currently commercially 

available dental implants are too vast to comprehensively review within the scope of 

the research presented in this thesis, what follows is thus a brief review of the 

modifications that are well-documented and researched and are relevant to this study. 
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Table 1-1: Summary of titanium dental implants surface modification techniques. 
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 Porous oxide layer: 

Electrochemically oxidizing the original minimally rough Branemark
®
 implant 

surface to create a thicker and highly crystalline porous oxide layer on the 

titanium surface resulting in a moderately rough surface 
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Acid etching: 

Immersing the titanium implant in strong acids like Hydrochloric acid (HCL) 

and Sulfuric acid (H2SO4) resulting in the moderately rough implants 
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Surface nanoroughness: 

Depositing calcium phosphate crystals on the surface of the Osseotite implants 

to create a nanorough surface 
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®
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®

 

Particles Blasting: 

Blasting the surface with titanium oxide particles resulting in an isotropic 

moderately rough surface topography 
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®
 

Fluoride ions immobilization: 

The TiOblast
® 

implants are further treated with hydrofluoric acid to immobilize 

fluoride ions onto the surface. 
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Combined blasting with acid-etching: 

This method involves sandblasting the titanium surface with large grit 

aluminum oxide (Al2O3) particles then etching with hydrochloric acid (HCl) 

and sulphuric acid (H2SO4) at high temperature for 5 minutes resulting in a 

moderately rough surface topography 

S
L

A
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e®

 

Increasing surface hydrophilicity: 

Rinsing and conditioning the SLA implants under a nitrogen atmosphere 

followed by storage in an isotonic sodium chloride solution. This procedure is 

claimed by the manufacturer to have increased the surface hydrophilicity 

without modifying the surface topography, as well as resulting in a cleaner 

surface. 
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1.5.5 Effect of Titanium Dental Implants Surface Modifications on 

Osseointegration 

Titanium dental implants initially had minimally rough surfaces, including the 

original Brånemark implants. While the very first implants placed in a human in 

1969 stayed in place for the life of the patient  (Brånemark et al 2005), evidence 

subsequently emerged showing that superior osseointegration was achieved with 

rougher surfaces  (Trisi et al 1999). 

Most of the current generation of implants e.g. SLA implants have moderately rough 

surfaces. Many researchers have tried to explain the superior osseointegration 

associated with these surfaces compared to smoother surface implants. Hanson and 

Norton  (Hansson & Norton 1999) suggested that the rough implant surface would 

mechanically increase the shear strength of the bone-implant interface. On the other 

hand, Professor J. Davies suggested that the rough surface would enhance 

provisional matrix formation on the surface leading to attachment of osteoprogenitor 

cells to the matrix and starting the bone formation directly on the surface, a concept 

referred to as contact osteogenesis  (Davies 2003). Further, cell-culturing studies 

showed that rough titanium surfaces could modulate cell function upon contact with 

the surface  (Schwartz et al 1999; Puleo & Nanci 1999; Cooper 1998). Moreover, it 

has been shown that the initial proteins interaction with the surface can also influence 

osteoblast adhesion  (Balasundaram et al 2006). 

Recently, surfaces with nano-scale structures have been proposed as being bioactive 

surfaces that accelerate the onset of osseointegration. These include recently 
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introduced implants like NanoTite™ (3iBiomet). These surfaces have nano-scale 

structures that approximate the bone surface nano-scale topography. It is thus 

suggested that this surface nanotopography can better mimic the native cellular 

environment (Palin et al 2005). 

The initial binding of proteins onto the implant surface leads to the formation of a 

provisional matrix. Nano-scale topography can alter the conformation of cell-binding 

proteins like fibronectin in this matrix, which in turn modulates cells adhesion via 

integrin receptors  (Wall et al 2009; Park & Webster 2005; Sinha & Tuan 1996). 

Interestingly, while nanostructures enhanced osteoblasts adhesion and proliferation 

they prohibited bacterial adhesion and proliferation, which suggests selectivity of 

cellular adhesion on surfaces with nanostructures  (Colon et al 2006). Cells important 

to the repair process have been shown to be sensitive to nanoscale topographical 

modification, which in turn leads to alteration in their behavior. For instance, 

nanotopography alters epithelial cells morphology, cytokine production  (Andersson 

et al 2003) and mesenchymal stem cells differentiation  (Dalby et al 2007). 

1.5.5.1 Platelets Response to Titanium Surface Modification 

Platelets are the first cells that reach the implant site and have an important role in 

the host-biomaterial interaction  (Rao & Chandy 1999). It has long been established 

that platelets adhere to the biomaterial surface upon contact with blood leading to 

their activation  (Mohammad et al 1974). It was also shown that this surface-induced 

platelet activation is influenced by surface properties  (Baier et al 1985).  
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Implantable titanium devices are used for various clinical applications. Subsequently, 

titanium surface properties may be modified to suit a particular situation. For 

instance, titanium heart valves are modified to inhibit platelet-titanium interactions 

(Uchida et al 2005). In contrast, titanium dental implants are modified to promote 

such interactions  (Park et al 2001). 

Studies on the effect of titanium dental implants surface modifications on platelets 

are few and diverse. Titanium surface roughness has been shown to increase platelet 

adhesion and activation (Kikuchi et al 2005; Park et al 2001). Surface chemistry has 

also been shown to influence platelets. Increased surface titanium oxide layer 

thickness, for instance, inhibited platelet adhesion  (Takemoto et al 2004). Similar 

results have been observed with a recently introduced surface containing fluoride 

ions, which suggests that fluoride enhances the thrombogenic properties of the 

titanium  (Thor et al 2007). Surface hydrophilicity has also been shown to exhibit 

thrombogenic properties  (Hong et al 2011) and enhance platelet activation  

(Kämmerer et al 2011). 

Emerging evidence suggests that rather than having a standardized predetermined 

release profile, circulating platelets may actively synthesize new proteins in response 

to specific activating stimuli  (Weyrich et al 2009). Considering that titanium surface 

properties can modulate platelet activation, it can be reasonably postulated that 

titanium surface properties may alter the platelet releasate profile and thus the 

subsequent downstream process  (Smyth et al 2009). 
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1.5.5.2  Macrophages Response to Titanium Surface Modification 

Macrophages regulate the inflammatory process and influence wound healing. They 

are capable of phenotypic changes modulated by the surrounding environment. 

Broadly, classically activated macrophages (M1) promote inflammation, while 

regulatory macrophages (M2) suppress the immune response and promote repair  

(Mosser, & Edwards 2008). Macrophages may fuse together to form foreign body 

giant cells on the biomaterial surface. The formation of these cells depends on the 

presence of fusion stimuli in the microenvironment, such as IL-4 (Kao et al 1995) 

and IL-13  (DeFife et al 1997). Further, foreign body giant cell formation is surface 

dependent, meaning that it requires the presence of a biomaterial surface with the 

appropriate adherent proteins on it  (Jones et al 2004). 

Titanium implants are essentially foreign bodies. Since macrophages are the main 

cells modulating the host response to foreign bodies  (Anderson et al 2008), they 

have been studied extensively in this regard, particularly in the field of titanium hip 

replacement implants.  

It has been shown that macrophages can adhere to rough surfaces faster than smooth 

ones  (Soskolne et al 2002). They also proliferate faster on rough surfaces  (Takebe 

et al 2003). Furthermore, rough surfaces induce macrophage gene expression of IL-

1β and 6  (Tan et al 2006) and BMP-2  (Takebe et al 2003). They also enhance the 

secretion of TNF (Soskolne et al 2002). Biomaterials with hydrophilic, hydrophobic 

and/or ionic surface chemistry, on the other hand, can also alter the adherent 

macrophage cytokine expression profile  (Dinnes et al 2007). 
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It has been shown the hydrophilic SLActive titanium surface can attenuate pro-

inflammatory cytokine gene expression in both murine  (Hamlet et al 2012) and 

human macrophages. Attenuation of the inflammatory response has been associated 

with improved bone formation during osseointegration in vivo  (Omar et al 2011b; 

Omar et al 2010). Further, the ability of the hydrophilic titanium surface to better 

preserve protein conformation and function  (Nakanishi et al 2001), may lead to 

superior provisional matrix formation on the implant surface that does not promote 

inflammation.  

Interestingly, studies have shown that nanorough surface can also reduce the pro-

inflammatory gene expression in murine macrophages (Hamlet & Ivanovski 2011).  

Clinically, both nanorough  (Mendes et al 2007) and hydrophilic  (Buser et al 2004) 

surfaces were associated with early onset of osseointegration. Suggesting that they 

may share certain surface properties, possibly nanoroughness as suggested 

previously  (Wennerberg & Albrektsson 2009). Indeed, it was recently been shown 

that nanostructures form on the hydrophilic SLActive titanium surface because of its 

storage in an aqueous solution as part of the modification technique  (Wennerberg et 

al 2012). 

1.5.5.3 Osteoblasts Response to Titanium Surface Modifications 

Osteoblasts are bone-forming cells. In the process of differentiating into osteocytes, 

they produce bone and calcify it, and then cooperate with osteoclasts to remodel it. 

Since their role in osseointegration is very important, they have been studied 
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extensively, with abundant evidence showing that titanium surface modification 

influences osteoblast function  (Maria Bächle 2004). 

Titanium surface roughness enhances osteogenesis by increasing osteoprogenitor cell 

proliferation and differentiation (Mustafa et al 2001), enhancing extracellular matrix 

production and mineralization  (Groessner-Schreiber & Tuan 1992) and reducing 

osteoclast formation and activity  (Lossdörfer et al 2004). Osteoblasts can spread and 

elongate more on rough surfaces with ordered grooves compared to rough surfaces 

with random discontinuities  (Ball et al 2008). In summary, osteoblasts are sensitive 

to roughness characteristics  (Zinger et al 2005), even at the nanoscale level  (de 

Oliveira & Nanci 2004).  

It has been shown that modifying the titanium implant surface can enhance the 

migration and adhesion of bone forming cells  (Rungsiyakull et al 2010). Chemical 

modification of the titanium surface, resulting in the formation of titanium dioxide, 

enhanced osteoblast proliferation  (Naoki Tsukimura 2008). Further, incorporating 

calcium ions on the surface enhances osteoblast proliferation as well as the 

production of alkaline phosphatase, osteopontin, and osteocalcin  (Jin-Woo Park 

2008). Fluoride deposition on the titanium surface enhanced osteoblast 

differentiation and bone formation  (Cooper et al 2006) and stimulated human 

mesenchymal stem cells osteogenesis  (Valencia et al 2009). Increasing the titanium 

surface hydrophilicity has also been shown to enhance osteoblast growth and the 

expression of alkaline phosphatase, osteocalcin and osteoprotegrin genes  (Qu et al 

2007). A recent study  (Vlacic-Zischke et al 2011) analyzed the whole genome of 

primary human osteoblasts in response to the SLActive hydrophilic titanium surface 
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and showed that, the expression of genes related to the TGFß/BMP signaling 

pathway were the most upregulated by the third day of culture. 

Osteoblast adhesion through integrins is sensitive to nanoscale features (Lim et al 

2007). It has been shown that nano-features enhance osteoblasts adhesion  (Wan et al 

2005; Webster et al 2000b), proliferation  (Webster et al 2000a), differentiation  

(Schwartz et al 1999), the deposition of calcium  (Price et al 2003) and phosphorus  

(Ward, & Webster 2006) and the alignment of the collagen matrix  (Zhu et al 2005). 

1.5.6 Cellular crosstalk 

During osseointegration, cells come in contact with the implant surface in a specific 

temporal sequence. For instance, platelets interact with the implant surface before the 

arrival of macrophages. Platelet releasate has been shown to modulate the behavior 

of macrophages  (Sadallah et al 2011) such as stimulating macrophage cholesterol 

esterification  (Curtiss et al 1990) and increasing the esterification rate in dividing 

macrophages  (Banka et al 1991). Platelets also promote the differentiation of 

monocytes into dendritic cells  (Katoh et al 2006) and progenitor cells into 

osteoblasts  (Maitz et al 2006).  

Macrophages on the other hand, reach the implant site well ahead of osteoblasts. It 

has been shown that titanium surface properties can modulate macrophage secretion 

to stimulate mesenchymal stem cells osteoblastic differentiation  (Omar et al 2011a). 

Further, it was shown that titanium particles could modulate the crosstalk between 

macrophages and osteoblasts  (Vallés et al 2008), which is regulated by WNT/BMP 

signaling  (Lee et al 2012). 
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Thus, it may be reasonably postulated that the cells that contact the titanium implant 

surface first may modulate the behavior of the cells that come later during the 

wound-healing cascade. However, the effect of the titanium dental implants surface 

properties on the early mediators of the healing process, such as platelets and 

macrophages, and their subsequent modulation of other cells during osseointegration, 

such as osteoblasts, has not been investigated as yet. 

1.6 Summary 

Titanium dental implants are one of the routine treatment options for replacing 

missing teeth. One of the drawbacks of this treatment modality is the long healing 

time before the patient can regain full functionality. Modifying the titanium dental 

implant surface is one of the strategies used to improve osseointegration in order to 

accelerate the healing process and thus reduce treatment length and complications. It 

is acknowledged that the host immune response to the implanted biomaterial dictates 

its fate. Engineering a titanium surface that can modulate the host immune-

inflammatory response may thus help in achieving superior osseointegration. 

Understandably, this cannot be achieved without fully understanding the effect of 

titanium surface properties on the healing process. Studies like the present project 

can thus help in elucidating the potential cells and biological pathways that can be 

targeted for manipulation by engineered titanium surfaces in order to improve the 

osseointegration process. 



 

 
37 

1.7 Statement of problem 

Modifying titanium dental implant surface properties influences their clinical 

performance. The fundamental cellular and molecular mechanisms responsible for 

this improved performance however have not been fully elucidated as yet. Further, 

the overwhelming majority of research on the effect of titanium dental implant 

surface modification on osseointegration has focused on the bone forming cells i.e. 

the osteoblasts. However, other cells known to affect the healing process, such as 

platelets and macrophages, also interact with the implant surface and do so well 

before the osteoblasts appear at the implant site. These inflammatory mediators 

release a wide array of molecules that can modulate the behavior of other cells 

subsequently involved in the healing process. Thus, the influence of titanium surface 

modification on osseointegration needs to be clarified. Further, the effect of 

regulatory cells such as macrophages and platelets on other cell types involved in the 

healing process also needs to be examined in the context of osseointegration. 

1.8 Hypotheses 

1. Titanium surface modification modulates both genomic and proteomic 

expression in macrophages, which control the early phases of the host response, a 

process that may be influential in the establishment of osseointegration. 

2. Platelets, being the first cells to interact with the titanium surface, modulate 

the macrophage response to the titanium surface. 
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3. The macrophage response to different titanium surfaces influences osteoblast 

behavior in a surface-specific manner. 

1.9 Rationale 

Understanding the mechanisms of the host response to titanium surface 

modifications will enable the development of “bottom-up” strategies for improving 

osseointegration by targeting specific molecular pathways. This project will help 

identify some of these mechanisms by focusing on cells regulating the early phase of 

healing, namely macrophages. 

1.10 Objectives and aims 

The broad objective of the study was to evaluate the response of macrophages, as one 

of the key mediators of the early inflammatory wound healing response, to titanium 

surface modification, and investigate how they interact with key upstream (platelet) 

and downstream (osteoblast) cell populations.  

This study will utilize the commercially available and widely researched SLA and 

SLActive surfaces to: 

1. Investigate the in vitro effect of titanium surface properties on platelet and, in 

particular, macrophage behavior. 

2. Determine if the response of platelets to titanium surface modification 

modulates macrophage behavior.  
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3. Determine if the response of macrophages to titanium surface modification 

modulates osteoblast behavior. 

1.11 Significance 

The outcomes of this project will help elucidate aspects of the response of the early 

mediators of the osseointegration process, namely platelets and macrophages, to 

certain titanium surface properties, namely roughness and hydrophilicity, and the 

downstream effect of such response on other cells, namely osteoblasts. Further, this 

project will investigate the value of using co-culture models for research in this field.  
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 CHAPTER TWO: PLATELET RESPONSE TO TITANIUM SURFACE 

PROPERTIES  
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2.1 Introduction 

2.1.1 Titanium surface overview 

Two broad strategies are used to study the effect of titanium surface modification on 

osseointegration. Some researchers choose to fabricate their own titanium implant 

surfaces, which although being more controllable, may not be clinically relevant. 

Others choose to use commercially available implant surfaces that are being used 

successfully clinically, which is more clinically relevant although it may not be 

possible to isolate the effect of each of the surface properties. We chose to follow the 

later strategy, giving a priority to the clinical relevancy. However, there are several 

commercially available titanium dental implants with various surface properties. 

We decided to utilize commercially available titanium dental implant surfaces from 

the highly regarded manufacturer, Straumann
®

 who provided us with three types of 

titanium surface modified discs suitable for in vitro experimentation (Fig. 2-1A). 

Two of the surfaces of these discs (SLA
®
 and SLActive

®
) replicate those used on 

commercially available titanium dental implants. The surface modification included: 

polishing titanium to produce a minimally rough surface (SMO), sandblasting with 

large grit aluminum oxide (Al2O3) particles and then etching it with hydrochloric 

acid (HCL) and sulphuric acid (H2SO4) at high temperature for 5 minutes to produce 

a micro-rough surface texture (SLA) and finally rinsing/conditioning the SLA 

surface under a nitrogen atmosphere followed by storage in an isotonic sodium 

chloride (NaCl) solution (SLActive)  (de Wild 2005). This procedure significantly 

increases the surface hydrophilicity and also provides a cleaner surface by reducing 
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the adsorption of air-borne contaminants  (Zinelis et al 2012)(Fig. 2-1B). The 

minimally rough (SMO) surface will thus act as a control for the microrough SLA, 

which will be the control for the nano-rough/hydrophilic SLActive surface. 

 

Figure 2-1: A) The utilized grade II commercially pure titanium discs (1mm thick, 15 

mm diameter), which fit snugly into the wells of a 24-well tissue culture plate. B) 

Titanium surfaces used in the study demonstrating differences 

(SLActive>SMO>SLA) in their surface energy (hydrophilicity). 

2.1.2 Previous investigations of these surfaces 

Animal studies have shown that the micro-rough SLA surface is superior to the 

smooth surface in regard to the bone-implant contact  (Cochran et al 1998; Buser et 

al 1991) and implant removal torque  (Li et al 2002; Abrahamsson et al 2004). The 

SLA surface has also shown successful clinical outcomes in demanding applications 

such as areas with poor quality bone  (Cochran et al 2002). On the other hand, the 

            SMO    SLA                SLActive A 

B 
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SLActive surface enhanced bone apposition during the early stage of 

osseointegration more so than the SLA surface  (Abrahamsson et al 2004; Buser et al 

2004). This was confirmed in a recent human study  (Lang et al 2011). However, 

after one month both SLA and SLActive surfaces showed similar levels of 

osseointegration. This suggests that the SLActive surface properties may modulate 

biological processes occurring early during osseointegration. 

At the cellular level, it has been shown that the SLA surface promotes osteoblast 

differentiation and increases production of osteogenic factors, cytokines and growth 

factors (Wennerberg & Albrektsson 2009). On the other hand, the SLActive surface 

has been shown to further enhance osteoblast differentiation, growth factor 

production and osteogenic gene expression  (Rausch-fan et al 2008; Zhao et al 2007; 

Qu et al 2007) when compared to the SLA surface. In terms of possible biological 

mechanisms involved to explain these results, a recent in vitro study in our 

laboratory, which examined the whole genome mRNA expression profile of primary 

human osteoblasts, have shown that the SLActive surface was able to differentially 

modulates genes associated with the TGFβ/BMP signaling cascade  (Vlacic-Zischke 

et al 2011).  

Gene expression in other cells involved in the healing process has also been shown to 

be modulated by surface modification. We have shown for first time that the 

SLActive surface attenuated both murine (Hamlet et al 2012) and human (Alfarsi 

2013 accepted for publication) macrophage associated pro-inflammatory cytokine 

gene expression. This agrees with the finding of a previous study, which showed that 
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the SLActive surface induced a non-inflammatory immature dendritic cell phenotype  

(Kou et al 2011). 

2.1.3 Platelets response to titanium surface modification 

As prominent blood components, platelets are one of the first cell types that reach the 

implant site, whereupon they release a wide array of proteins that participate in 

provisional matrix formation and have widely recognized effects on the healing 

process (Blair & Flaumenhaft 2009). Through the actions of their releasate, they can 

modulate the response and behavior of other downstream cells involved in the 

healing process such as macrophages  (Cognasse et al 2007), B-cells  (Sadallah et al 

2011) and bone marrow cells  (Kark et al 2006). 

Previous work has shown that titanium surface roughness can increase both platelet 

attachment and activation  (Kämmerer et al 2011; Kikuchi et al 2005; Park et al 

2001). It can therefore be hypothesized that the enhanced osseointegration observed 

in vivo associated with the modified titanium surface may be partly due to its effect 

on platelet attachment and activation, which would subsequently modulate 

provisional matrix formation on the implant surface and ultimately influence the 

bone wound healing process leading to osseointegration. Therefore, this study aimed 

to investigate the effect of titanium surface roughness and hydrophilicity on primary 

human platelet attachment and activation in vitro. 
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2.2 Material and Methods 

2.2.1 Titanium surface characterization 

2.2.1.1 Titanium discs preparation 

The discs were supplied in sterile packs by the manufacturer,  and had been prepared 

according to the protocols described in section 2.1.1. The discs were used without 

any further treatment in order to keep them identical to the clinically used implants 

that they represent. 

2.2.1.2 Surface topography analysis 

The surface topography of the titanium discs was assessed using a high vacuum 

scanning electron microscope (JSM-6610, Joel, NSW, Australia) to analyze the 

micro-topography and a high-resolution thermal field emission SEM (JSM-7001F, 

Joel, NSW, Australia) to analyze the nano-topography. The operational conditions 

varied among the samples and are displayed on the SEM images. 

2.2.1.3 Surface chemical composition analysis 

The titanium surfaces were also examined by X-ray photoelectron spectroscopy 

(XPS) using an FEI Quanta 200 Environmental SEM with EDAX thin-window X-ray 

detector and microanalysis system (FEI Company, Hillsboro, Oregon, USA). This 

technique analyzes the chemical composition of the outermost 10nm layer of the 

surface. Since titanium is very reactive to oxygen, contact with air leads to the 
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development of a titanium dioxide (TiO2) surface layer. The thickness of this oxide 

layer may increase if the titanium sample is exposed to the air for prolonged time. 

2.2.2 Platelet response to titanium surface modification 

2.2.2.1 Primary human platelet collection 

Ethical clearance was obtained from the Griffith University Human Research Ethics 

Committee (DOH/12/08/HREC) to extract blood from human volunteers. Venous 

whole blood was subsequently drawn from medication-free healthy volunteers 

without any hematological relevant medical history. The blood drawn was collected 

in 4.5ml CTAD (Sodium Citrate, Theophylline, Adenosine & Dipyridamole) 

buffered tubes (Becton Dickinson, Australia). 

To prepare platelet rich plasma (PRP) a two-step centrifugation method was used 

(Fig. 2-2). Initial centrifugation was carried out at 160g for 10min. to separate blood 

cells from plasma. 

 

Figure 2-2: Platelet-rich plasma extracted from human blood. 
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PRP and platelet poor plasma (PPP) was separated by centrifuging the PRP at 2,500g 

for 20min. Platelet concentration in the PRP was adjusted to 3x10
5
 platelets/μl by 

diluting with the PPP. 600μl of PRP, with a platelet concentration of 3x10
5
 

platelets/μl (i.e.1.8x10
8
/disc), from each volunteer was then cultured, without any 

addition of culturing media, on each of the titanium surfaces in triplicate, at 37
O
C in 

a 5% CO2 atmosphere for 1h (Fig. 2-3). 

 

Figure 2-3: The primary human platelet experiment design. The experiment was 

carried once with three technical replicas for each of the three volunteers. 

2.2.2.2 Platelet attachment 

The numbers of platelets attached to the titanium discs were assessed by 

photospectrometric measurement of the lactate dehydrogenase (LDH) activity 

released into the culture medium after the lysis of adherent platelets using a cell 

cytotoxicity assay kit (DHL™, AnaSpec, San Jose, CA). The culture wells were first 

washed with saline three times to remove any platelets that did not adhere to the 

titanium discs. 200µl of the lysis buffer provided was added to each well to lyse the 
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adherent platelets. The culture wells were then incubated for 3h at room temperature. 

After the incubation, 150µl of each well was collected and analyzed for LDH 

activity. A standard calibration curve was obtained by measuring LDH release from 

known number of platelets lysed using the same protocol. 

2.2.2.3 Platelet activation 

β-thromboglobulin (β-TG) and platelet factor 4 (PF4) are proteins present within the 

platelets α-granules that are released upon platelets activation. The presence of these 

proteins in the culture supernatant thus can be used as a measure of platelet 

activation. An enzyme-linked immunosorbent assay (Asserachoms
®
, Diagnostica 

Stago, Australia) was used as per the manufacturer’s instructions. 

2.2.2.4 Scanning electron microscopy analysis 

Platelet attachment and activation following culture on the titanium surfaces was 

confirmed visually by SEM. Briefly, attached cells were fixed overnight in 2.5% 

glutaraldehyde at 4
0
C. Following gradual ethanol dehydration and critical point 

drying (Autosamdri-815, Tousimis Research Corporation, Rockville, MD, USA), the 

samples were coated with platinum using a Bal-tec MED 020 Sputter Coater (Leica 

Microsystems GmbH, Wetzlar, Germany) and analyzed by SEM. The operational 

conditions varied slightly and are recorded on the SEM images. 

2.2.3 Statistical analysis 

The significance of any differences in platelet LDH, β-TG and TF4 expression 

following culture on the different titanium surfaces was carried out using an analysis 
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of variance (ANOVA) followed by a Tukey's Honestly Significant Difference (HSD) 

test. 

2.3 Results 

2.3.1 Titanium surface characterization 

2.3.1.1 Scanning electron microscopy 

The surface topography of the smooth (SMO) surface had no observable features 

(Fig. 2-4). At the microscale-level, both SLA and SLActive surfaces exhibited 

almost identical surface micro-topography (Fig. 2-5). However, there were certain 

deposits on the SLActive that were readily washable with distilled water (Fig. 2-6). 

On the other hand, at the nanoscale-level the SLActive surface exhibited non-

washable structures on its surface (Fig. 2-7). 

 

Figure 2-4: Scanning electron microscope images of smooth (SMO) titanium 

surfaces with no observable features. 
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Figure 2-5: Scanning electron microscope images of the (A) SLA and (B) SLActive 

titanium surfaces showing identical surface micro-topography. 

 

Figure 2-6: Scanning electron microscope images showing deposits on the SLActive 

surface (A) that were readily washed with distilled H2O (B). 

 

A B 

A B 
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Figure 2-7: Scanning electron microscope images of the (A) SLA and (B) SLActive 

titanium surfaces showing nanostructures on the SLActive surface. (C) Higher 

magnification of the SLActive surface showing the nanostructures. 

B 

A 

C 
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2.3.1.2 Surface chemical composition analysis 

XPS analysis of unwashed SLActive discs (i.e. as supplied by the manufacturer) 

showed the presence of sodium and chloride on the SLActive surface but not on the 

other surfaces (Table 2-1), which explains the deposits on this surface observed with 

SEM (Fig. 2-6). As the manufacturing process of the SLActive surface involves 

storage in an isotonic NaCl solution, we assume that these deposits are remnants of 

the storage solution. This is significant as NaCl is often used as an additive in blood 

collection to inhibit platelet coagulation  (van Rhenen et al 1995), which in turn may 

inhibit attachment. Whether the presence of these NaCl deposits on the hydrophilic 

titanium surface inhibits cell attachment has not to the best of our knowledge been 

examined. Whilst this may not necessarily be significant when SLActive implants 

are placed clinically, given the natural saline environment, it is particularly relevant 

to the in vitro assays where platelets are placed on unwashed SLActive discs. In 

order to keep the experiment environment as clos as possible to in vivo, we decided 

to use the titanium discs unwashed. 
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Table 2-1: Titanium surface elemental concentrations for unwashed and washed 

SMO, SLA and SLActive discs. 

Surface 
Oxyge

n 
Carbon 

Titaniu

m 

Nitroge

n 
Sodium 

Chlorin

e 

SMO 
Un-washed 48.97 28.37 22.66 nd nd nd 

Washed 47.36 7.30 45.20 0.14 nd nd 

SLA 
Un-washed 53.21 26.35 19.33 1.12 nd nd 

Washed 52.48 17.64 28.39 1.49 nd nd 

SLActive 
Un-washed 36.77 26.20 11.23 0.76 14.55 10.48 

Washed 57.50 11.72 28.31 0.74 nd 1.74 

Atomic concentrations (%) of elements detected by XPS survey (wide) scans of each 

of the titanium discs. Washed samples (in distilled H2O) were given a further 10 min 

argon ion beam etching prior to analysis to remove 10-20nm of surface 

contaminants. nd = not detected. 
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2.3.2 Platelet response to titanium surface modification 

2.3.2.1 Platelet attachment 

Following incubation on the titanium discs, there were 1.33x10
5
, 2.45x10

5
 and 

6.3x10
4
 platelets attached to the SMO, SLA and SLActive surfaces respectively (Fig. 

2-8). Attachment to the SLActive surface was significantly lower compared to both 

SMO and SLA surfaces (p<0.05).  

 

Figure 2-8: Platelets attachment. Data Shown as mean +/- SE, n=3, sign (*) indicates 

statistical significance (P<0.05) compared to the indicated surface. 

2.3.2.2 Platelet activation 

No significant difference in the level of β-TG and TF4 measured in the culture 

supernatant following platelet activation on the modified titanium surfaces was 

detected (Figs. 2-9) 

*SLActive 

*SLActvive 

*SMO 
*SLA 

0 

50000 

100000 

150000 

200000 

250000 

300000 

350000 

SMO SLA SLActive 

N
u

m
b

e
r 

o
f 

P
la

te
le

ts
 



 

 
55 

 

Figure 2-9:  Concentration of βTG and PF4 in the culture supernatant after 1h of 

culture. No statistically significant differences were observed. Data Shown as mean 

+/- SE, n=3,  

To normalize platelet activation following the differential level of attachment 

observed on the different titanium surfaces, the levels of β-TG and TF4 determined 

by ELISA were divided by the number of platelets attached to each particular 

surface. In contrast to the observed levels of platelet attachment, the SLActive 

surface was shown to activate significantly higher levels (p<0.05) of both β-TG and 

TF4 release per platelet compared to both the SLA and SMO surfaces. Similarly, the 

SLA surface was demonstrated to have a significantly lower level (p<0.05) of both 

β-TG and TF4 release per platelet compared to both the SMO and SLActive surfaces 

(Fig. 2-10). 
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Figure 2-10: Activation markers secreted per platelet. Data Shown as mean +/- SE, 

n=3,  

2.3.2.3 Scanning electron microscopy 

SEM analysis of the titanium discs following platelets culture showed the attachment 

of platelets that exhibited morphological characteristics of activated platelets, i.e. 

spherical with pseudopods (stellate-shaped) on all surfaces, which confirmed the 

platelets attachment and activation (Fig. 2-11). 
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Figure 2-11: Activated human platelets attached to SMO (A), SLA (B) and SLActive 

(C) surfaces after 1h of culture. 

B 

A 
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2.4 Discussion 

Upon implant placement, adhesion proteins, derived from the blood and the 

surrounding bone matrix, are adsorbed onto its surface  (Terheyden et al 2011) and 

mediate subsequent cellular binding and interactions  (Wilson et al 2005). Platelets 

are one of the first cell types to interact with an implant surface and hence are an 

important early mediator of the osseointegration process. They reach the implant site 

within seconds of an injury and attach to the adsorbed adhesion proteins such as 

fibronectin through their surface glycoproteins receptors forming a monolayer. This 

leads to the activation of the platelets and the expression of more surface binding 

integrins that attract more platelets leading to the formation of multilayer platelets 

aggregates. This is followed by their contraction and the release of the substances 

stored within their granules (Rao & Chandy 1999). 

Platelets release over 300 substances  (Smyth et al 2009; Coppinger et al 2004), 

which play significant roles in promoting inflammatory and immune responses, 

maintaining vascular integrity, and contributing to wound healing  (Blair & 

Flaumenhaft 2009; Nurden et al 2008). Platelets also contribute to the wound healing 

process by promoting thrombin generation, which acts as a chemo-attractant for 

macrophages, stromal cells, and endothelial cells, and by secreting a wide range of 

growth factors, cytokines, and chemokines that can directly influence the reparative 

process  (Nurden et al 2008). 

However, quiescent platelets are not simply storehouses for bioactive molecules; 

rather they contain messenger RNAs that can be translated to a number of proteins, 
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including those for cytokines such as interleukin 1β precursor  (Lindemann et al 

2001). In response to cellular activation, protein synthesis by activated platelets 

(initiated by a novel pre-mRNA splicing mechanism) has been shown to occur in a 

rapid and sustained fashion termed ‘signal-dependent translation’  (Zimmerman & 

Weyrich 2008). Of particular significance is recent evidence showing that the release 

of proteins from platelet granules is not only modulated by classical platelet agonists, 

but also may be selectively regulated by specific micro-environmental factors  

(Etulain et al 2011). This therefore provides an important mechanism whereby 

extracellular environmental cues may stimulate the local release of specific cytokines 

from platelets, which are then able to further affect downstream inflammatory 

mediator cells such as macrophages. Moreover, this has important implications for 

healing around titanium implants as the titanium surfaces used in the present study 

clearly provide differing cell modulatory cues through their unique surface 

topography and chemistry. These signals may then modulate platelet attachment and 

activation and the resultant ‘releasate profile’ which can ultimately influence the 

early inflammatory macrophage response in the healing wound site.  

It is recognized that platelet secretion starts around 10 minutes after activation and 

increases over time, with almost all platelets degranulated within 1h  (Marx 2004). 

Upon activation platelets undergo a cytoskeletal changes to become more stellate 

shaped with the extension of pseudopodia. Scanning electron microscopy analysis of 

the platelets attached to the titanium surfaces showed that this characteristic shape 

was present in platelets exposed to all surfaces (Fig. 2-11). This indicates that the 

platelets were activated, and thus would have been degranulated after 1h of culture. 
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Once platelets release their proteins they act as a mechanical plug to stop bleeding. 

Once the blood vessels are repaired, macrophages phagocytose them, as they become 

redundant (Enoch & Leaper 2008). Since macrophages are programmed to 

phagocytose platelet aggregates, increased platelet aggregation may require more 

time for macrophage phagocytosis and clearance. Thus increased platelet aggregate 

on the implant surface may prolong the inflammatory phase of the healing process, 

which may subsequently delay the rate of bone formation. In this context, the 

decreased attachment of platelets to SLActive shown in this study (Fig. 2-8) may 

contribute to the accelerated onset of osseointegration observed in vivo with this 

surface. 

The effect of titanium surface topography on platelet function has been reported in a 

number of studies. Park and colleagues (Park et al 2001; Park & Davies 2000) 

demonstrated that surface complexity significantly increased platelet attachment, a 

result similar to that shown with the micro-rough SLA surface in the present study 

(Fig. 2-8). Interestingly, further functionalization of the surface whilst maintaining 

the underlying topography has also been shown to significantly alter the platelet 

response, although the result is somewhat dependent upon the biomimetic agent(s) 

used. For example, the addition of calcium phosphate (CaP) to a micro-rough surface 

did not significantly alter platelet attachment (Kikuchi et al 2005) while surface 

modification with RGD peptide led to more specific promotion of platelet activation 

and degranulation  (Kämmerer et al 2011).  

Studies with the SLActive surface have shown that, while platelet attachment may be 

significantly inhibited with this treatment  (Kämmerer et al 2011), the overall 
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thrombogenic effect was in fact increased  (Hong et al 2011). This supports the 

results of the current study where, although the SLActive surface has the same 

underlying topography as the SLA surface, the level of platelet attachment was 

significantly lower, but was activated (as measured by protein release per platelet) to 

a higher degree (Fig. 2-10).  

Activation and resultant differential secretion of protein in response to different 

environmental stimuli is currently a focus of research, with the emerging evidences 

are showing that platelets may selectively release their stored proteins upon 

activation  (Thor et al 2007; Kopp et al 2006). In this study, we focused on the 

overall response of the platelets to titanium surface properties, and hence selective 

temporal protein release was not a focus of this study. PRP were cultured on the 

titanium surfaces for 1h to enable complete activation and degranulation of the 

platelets. However, the possibility that titanium surfaces may induce a specific early 

platelet protein release profile, as suggested by a recent report  (Kämmerer et al 

2011), is intriguing and warrants further investigation. 

These findings need to be considered in the context of in vivo studies, which have 

shown that the SLActive surface is associated with an earlier onset of 

osseointegration  (Lang et al 2011; Ivanovski et al 2011b). As the biological 

processes of inflammation and bone formation have been shown to be inversely 

related during osseointegration  (Ivanovski et al 2011a) it can be reasonably 

suggested that the lower platelet attachment and more platelet activation associated 

with this surface could contribute to minimizing the inflammatory process which 

would in turn speed up the onset of the osteogenic phase. 
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2.5 Conclusion 

The present in vitro study shows that a hydrophilic titanium surface enhances platelet 

activation while minimizing attachment. This may represent one of the biological 

mechanisms responsible for the accelerated onset of osseointegration observed in 

vivo with the SLActive titanium surface.  
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 CHAPTER THREE: MACROPHAGE RESPONSE TO TITANIUM 

SURFACE PROPERTIES 
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3.1 Introduction 

Recent transcriptional analysis of the biological processes associated with 

osseointegration shows that the early immuno-inflammatory response following 

implant placement is down-regulated as the osteogenic process takes place, 

suggesting that inflammation and bone formation are inversely related during 

osseointegration (Ivanovski et al 2011b). Therefore, it may be hypothesized that the 

inflammatory process is a potential target for manipulation in order to enhance 

osseointegration and hence it is important to understand the response of 

inflammatory cells to different clinically utilized titanium surface modifications. 

Macrophages are the primary cell type modulating the early stages of the 

inflammatory process (Anderson et al 2008) and play a key role in the subsequent 

repair process by secreting a wide array of cytokines and chemokines (Cruse & 

Lewis 2010). During an inflammatory response, depending upon the signals received 

from the surrounding milieu, activated macrophages can display considerable 

plasticity in their cytokine phenotype. Classically activated ‘M1’ macrophages 

stimulate cell-mediated responses through the production of pro-inflammatory 

cytokines and chemokines such as IL1β, IL6, IL12, TNF, CXCL9, CXCL10 and 

CXCL11. Alternatively activated ‘M2’ macrophages however stimulate humoral 

responses, tissue remodeling and angiogenesis through the production of anti-

inflammatory cytokines and chemokines such as IL10, TGFβ, IL1RII, IL1 receptor 

antagonist, CCL2, CCL17, CCL18 and CCL22  (Schraufstatter et al 2012; Porta et al 

2009). These classical macrophage subsets thus represent the ends of a spectrum of 
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macrophage cytokine expression phenotypes, from inflammatory to reparative, each 

with distinct transcriptional profiles that would modulate further downstream events 

at the tissue-titanium surface such as those during the osseointegration of titanium 

implants.  

Biomaterial roughness has been shown to modulate macrophage adhesion, 

morphology and cytokine production (Chen et al 2010). The effect(s) of titanium 

dental implants surface roughness on macrophage inflammatory cytokine expression 

has been reported in several in vitro studies. Hamlet and Ivanovski  (Hamlet & 

Ivanovski 2011) showed that the addition of nanoscale sized calcium phosphate 

crystals onto the titanium surface, resulting in nano-roughness, down-regulated the 

murine macrophage gene expression of twenty-three pro-inflammatory cytokines, 

chemokines and their receptors. Tan et al (Tan et al 2006) showed that a microrough 

surface modulated the production of murine macrophage CCL-2 & 3, IL-1 & 6 and 

TNF. Refai et al  (Refai et al 2004) showed that a grit-blasted rough titanium surface 

up-regulated pro-inflammatory IL-1β expression while down-regulating anti-

inflammatory IL-6 gene expression in murine macrophages. Moreover, a pilot study 

carried out in our laboratory using a murine macrophage cell line suggested that 

titanium surface hydrophilicity also modulates cytokine gene expression (Hamlet et 

al 2012). 

To date, the effect of titanium dental implant surfaces used in this project on human 

macrophages has not been described. The present study therefore aimed to determine 

using a human macrophage cell line (THP-1), the in vitro effect of titanium surface 

properties on the macrophages inflammatory cytokine gene expression profile. 
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3.2 Materials and Methods 

3.2.1 Experiment design 

This experiment was carried out in parallel with those described in the following 

chapter (Ch. 4), which investigated the effect of platelet releasate on macrophage 

inflammatory cytokine gene expression profile. This was done in order to minimize 

variables in the cell culture environment to enable a better-controlled experiment for 

comparisons. 

Macrophages were seeded onto the titanium discs at a concentration of 1x10
5
 cells 

per disc in 24-well tissue culture plates (Corning, VIC, Australia) in triplicate. 

Culture wells with no discs (BLK) served as negative control (Fig. 3-1). 
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Figure 3-1: The Macrophage experiment design. The experiment was carried once 

with three technical replicas. 

3.2.2 Cell culture 

This study utilized the human acute monocytic leukemia cell-line THP-1 (ATCC, 

Manassas, USA) for the purpose of obtaining a homogeneous and reproducible 

response. The monocytes were allowed to proliferate in RPMI-1460 (Invitrogen, 

VIC, Australia) supplemented with 10% fetal bovine serum (Invitrogen, VIC, 

Australia) and 1% penicillin/streptomycin (Invitrogen, VIC, Australia) at 37
O
C in a 

5% CO2 atmosphere.  

THP-1 cells normally grow in suspension and do not adhere to the plastic surfaces of 

culture plates. Culture with the mitogen 100ng/ml Phorbol Myristate Acetate (PMA) 

(Sigma-Aldrich, NSW, Australia) stimulates the induction of terminal differentiation 
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into macrophage-like cells. Following PMA stimulation these cells were shown to 

adhere to the bottom of the culture flask and have the morphological characteristics 

of differentiated macrophages, such as increased cytoplasmic volume and granularity  

(Daigneault et al 2010)(Fig. 3-2). Monocytes were induced to differentiate into 

macrophages by incubation with PMA for two days, followed by further two days 

without PMA before they were introduced to the titanium discs. 
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Figure 3-2: THP-1 induction process. (A) Before induction, (B) 1 and (C) 2 days 

after induction. 

A 

B 
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A pilot study comparing different detachment methods (Fig. 3-3) showed that the 

cells had a better capacity to re-grow after treatment with Trypsin/EDTA (Invitrogen, 

VIC, Australia) than following mechanical (scraping) detachment from the tissue 

culture plate surface.  

 

Figure 3-3: Light microscopy analysis of the macrophage culture flask after 

detachment with (A) trypsin/EDTA and (B) mechanical scraping. Macrophages 

ability to re-grow was higher with the trypsin/EDTA (C), compared to the 

mechanical scraping (D). 

Since macrophages ability to re-grow after detachment was better with the 

trypsin/EDTA detachment method, this method was used thereafter. 

A 

C 

B 

D 



 

 
71 

3.2.3 Macrophage attachment and viability 

To ensure any differential changes in cytokine gene expression from the 

macrophages cultured on the different surfaces were not the result of differences in 

cell attachment and or proliferation, we also compared the proportions of attached 

viable cells at one and three days post-seeding on each of the surfaces using the 

colorimetric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) 

assay (Sigma-Aldrich, NSW, Australia) according to the manufacturer’s instructions 

(Figs. 3-4 &3-5). 

 

Figure 3-4: MTT cell viability experiment. 
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Figure 3-5: Tetrazolium dye absorbed by viable cells where the mitochondrial 

dehydrogenases of viable cells cleaved the tetrazolium ring, yielding insoluble purple 

formazan crystals. 

3.2.4 Scanning electron microscopy analysis 

After one day of culture, the titanium discs were analyzed by SEM to confirm 

macrophages attachment and viability. Briefly, the attached cells were fixed 

overnight with gluteraldehyde at 4
o
C. Then an ethanol gradual dehydration was 

carried out followed by critical point drying using the Autosamdri-815 (Tousimis 

Research Corporation, Rockville, MD,USA). Finally, the samples were coated with 

platinum by a Bal-tec MED 020 Sputter Coater (Leica Microsystems GmbH, 

Wetzlar, Germany) and were then analyzed by SEM (JSM-6610, Joel, NSW, 

Australia). 
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3.2.5 Genomic analysis 

After washing the non-adherent cells off the titanium discs, RNA was extracted at 

days one and three of culture using the RT2 qPCR-Grade Isolation Kit 

(SABiosciences, VIC, Australia) following the manufacturer’s instructions. The total 

RNA concentration was subsequently adjusted to 250ng/ul for all samples. cDNA 

was prepared using the RT
2
 First Strand Kit (SABiosciences, VIC, Australia) and the 

expression of eighty-four pro-inflammatory cytokines and chemokines and their 

receptors was assessed using the RT² Profiler™ PCR Array System (SABiosciences, 

VIC, Australia) (for complete gene list: 

http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-011A.html). The 

relative expression of the target genes was normalized against a panel of up to five 

reference genes (GAPDH, ACTB, RPL13A, HPRT1 and B2M) using the ΔΔCt 

method  (Vandesompele et al 2002). 

3.2.6 Proteomic analysis 

The level of thirty-six cytokines in the cell culture supernatants collected at day three 

were determined using the commercially available Proteome Profiler Kit (R&D 

Systems, MN, USA) (for complete protein list: 

http://www.rndsystems.com/product_detail_objectname_cytokinearraypanel.aspx). 

Briefly, primary antibodies against the targeted cytokines were first incubated with 

the sample. These antibodies were subsequently bound to a secondary antibody pre-

coated onto a cellulose membrane at known locations. Bound target was 

demonstrated by the further addition of Streptavidin-HRP chemiluminescent 
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detection reagents (Thermo Fisher Scientific, VIC, Australia). The membrane 

fluorescence signal was finally read in a VersaDoc scanner (BioRad, VIC, Australia) 

and the pixel density was measured at each target location (Fig. 3-6). These readings 

were normalized against the included positive controls for each sample. 

 

Figure 3-6: The cellulose strips in the Versadoc scanner. 

3.2.7 Statistical analysis 

An analysis of differences in cell viability following growth on the different titanium 

surfaces was carried out using a two-way analysis of variance (ANOVA) followed 

by a Tukey's Honestly Significant Difference (HSD) test. The gene expression data 

was analyzed using the student’s t-test. For the two pair-wise surface comparisons 

(SLA vs SMO to determine effect of roughness and SLActive vs SLA to determine 

effect of hydrophilicity/nano-roughness), a p-value <0.05 was considered to be 
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statistically significant. Fold-change differences in gene expression for each pair-

wise comparison between the different titanium surfaces were also calculated. 

3.3 Results 

3.3.1 Macrophage attachment and proliferation 

The presence of macrophages on the titanium discs, as detected by SEM analysis, 

confirmed their attachment, whereas morphological changes, such as extensive 

pseudopodia formation on the rough surfaces, confirmed their viability (Fig. 3-7).  

 

Figure 3-7: SEM images of macrophages attached to (A) SMO, (B) SLA and (C) 

SLActive surfaces. 

The results of the MTT assay showed that there was no statistically significant 

differences in the relative numbers of attached viable cells on the surfaces at both 

time points examined (Fig. 3-8). The lack of any further increase in viable attached 

cell numbers from that seen at day one, on any surface, suggests that the THP-1 cells 

are committed to differentiation rather than proliferation between days one and three. 

A B C 



 
76 

 

Figure 3-8: Macrophage viability as assessed by MTT assay showed no statistically 

significant difference between surfaces. Data shown as mean +/- SE, n=3. 

3.3.2 Gene expression 

3.3.2.1 The effect of surface roughness (SLA compared to SMO) 

Overall, the rough surface was shown to up-regulate the macrophage gene expression 

in a temporal fashion, i.e. while there were only a small number (four) of 

significantly up-regulated genes following one day of culture on the rough surface 

(LTA, LTB, LTB4R, TOLLIP), by day three the expression of sixteen genes were 

significantly up-regulated. These genes (CCL-1, 2, 3, 4, 18, 19 & 20, CXCL-1, 5, 8 

& 12, IL-1β, TNF, CCR7, LTB & LTB4R) are all key pro-inflammatory mediators 

(Table 3-1). 
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3.3.2.2 The effect of surface hydrophilicity/nano-roughness (SLActive 

compared to SLA) 

In contrast to that seen for surface roughness alone, chemical modification to 

increase surface hydrophilicity/nano-roughness had an overall down-regulatory 

effect on the expression of the macrophage genes. Again, there was a temporal effect 

with the greatest numbers of significantly down-regulated genes following three days 

of culture (CCL-1, 3, 19 & 20, CXCL-1 & 8, IL-1α & β, IL-1R1 and TNF) (Table 3-

1). Interestingly, of the ten significantly down-regulated genes, almost all were up-

regulated by surface micro-roughness alone (i.e. CCL-1, 3, 19 & 20 & CXCL-1 & 8, 

IL-1β and TNF), demonstrating an attenuation in their expression on the 

hydrophilic/nano-rough surface. 
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Table 3-1: THP-1 statistically significant gene expression changes following one and 

three days culture on titanium. 

Genes 
SLA/SMO SLActive/SLA 

Day 1 Day 3 Day 1 Day 3 

Chemokines 

CCL1  +5.84  -11.2 

CCL18  +2.62   

CCL19  +2.23  -4.82 

CCL2  +1.61   

CCL20  +2.02  -2.09 

CCL3  +1.41  -1.65 

CCL4  +1.85   

CXCL1  +1.52  -1.78 

CXCL11 -1.51    

CXCL12  +1.81   

CXCL5  +2.42   

CXCL8 (IL8)  +1.47  -1.29 

Chemokine Receptors 

CCR1   +1.32  

CCR2   +3.44  

CCR5    +3.21 

CCR7  +2.52   

CCR9 -2.16    

CX3CR1  -1.48   

Cytokines 

IL1A    -1.8 

IL1B  +1.61  -1.76 

IL1F8 -1.46    

LTA +6.5    

LTB +1.53 +1.64   

SPP1    +1.43 

TNF  +1.6  -1.58 

Cytokine Receptors 

IL1R1    -1.53 

IL10RA   +1.29  

IL10RB   -1.12  

IL13RA1   +1.23  

Other Genes Involved in Inflammatory Response 

LTB4R +1.57 +1.36   

TOLLIP +1.73    

Values indicate fold change differences in gene expression. Sign (+/-) indicates up or down 

regulation. 
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3.3.3 Protein secretion 

Of the thirty-six cytokines in the protein array, only nineteen were also present in the 

gene expression array. 

3.3.3.1 SLA compared to SMO 

From the list of pro-inflammatory cytokine genes that displayed statistically 

significant up-regulation on the SLA surface (compared to SMO) at day 3, seven 

were also represented in the protein array, and four of these (CCL-1, 2 & 3 and 

CXCL-1) also had corresponding up-regulation of protein secretion, whereas three 

(CXCL-8, IL-1β and TNF) did not correspond with the change in the gene 

expression (Fig. 3-9A). 

3.3.3.2 SLActive compared to SLA 

From the list of pro-inflammatory cytokine genes that displayed statistically 

significant down-regulation on the SLActive surface (compared to SLA) at day 3, 

seven were also represented in the protein array, and six of these (CCL-1 & 3, 

CXCL-1, IL-1β, IL-1R1 and TNF) also had corresponding down-regulation of 

protein secretion. Only the change in protein secretion of CXCL-8 did not 

correspond with the change in gene expression (Fig. 3-9B). 



 
80 

 

Figure 3-9: Correlation of average fold change differences in THP-1 cytokine gene 

expression and protein secretion into the cell culture media following 3 days of 

culture. N=3. 

3.4 Discussion 

Alteration of the physical properties of biomaterials has been well established as a 

means to facilitate changes in both cell phenotype and function  (Geiger et al 2009). 

Surface micro-roughness is widely recognized as having a major effect on the 

osteogenic differentiation of osteoblasts and their precursors and this appears to be 

the predominant way in which it enhances osseointegration (Wennerberg & 
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Albrektsson 2009). More recently, a hydrophilic micro-rough titanium surface was 

shown to be associated with earlier onset of osseointegration in vivo  (Lang et al 

2011). While increased hydrophilicity appears to play some role in enhancing 

osteogenic differentiation  (Vlacic-Zischke et al 2011; Olivares-Navarrete et al 2011; 

Wall et al 2009), the magnitude of this effect is relatively minor compared to that 

associated with micro-roughness  (Chakravorty et al 2012; Vlacic-Zischke et al 2011; 

Wall et al 2009), suggesting that hydrophilicity may influence other biological 

processes besides osteogenic differentiation. Further, after one month of healing, 

both micro-rough surfaces, hydrophobic (SLA) and hydrophilic (SLActive), show 

similar levels of osseointegration  (Lang et al 2011; Oates et al 2007; Buser et al 

2004)  suggesting that the hydrophilic surface affects biological events that take 

place during the early stages of the bone healing process. 

Although the SLActive surface has been shown to promote osteoblast differentiation 

in vitro  (Vlacic-Zischke et al 2011), this still may not explain the accelerated onset 

of osseointegration observed in vivo as osteoblasts reach the implant site at a later 

phase of the healing process and might not come in direct contact with the implant 

surface  (Terheyden et al 2011). This suggests that there are other biological 

pathways that are modulated by the SLActive surface, which subsequently enhance 

osteoblast behavior and thus osseointegration. Indeed the inflammatory response is 

one of the biological mechanisms, which has been shown using transcriptional 

profiling, to be differentially regulated during early SLA and SLActive implant 

osseointegration in humans  (Donos et al 2011). 



 
82 

Macrophages modulate the early phase of the inflammatory process through the 

release of a wide array of cytokines and chemokines that influence the behaviors of 

other cells. It should be noted that for the purpose of obtaining a homogeneous and 

reproducible response, a broadly representative transfected human macrophage 

(TPH-1) cell line was utilized in this study, which however may not precisely 

replicate the biological response of harvested primary cell cultures.  

There are two main macrophages phenotypes; the M1, classically activated 

macrophages, which exhibit pro-inflammatory activities, and the M2, alternatively 

activated macrophages, which promote repair  (Vega & Cobri 2006). Differentiation 

toward either the M1 or M2 phenotype can be modulated by the implanted 

biomaterials’ properties  (Badylak et al 2008). Biomaterials with hydrophilic surfaces 

in particular are associated with less macrophage-associated inflammation  (Chun et 

al 2011) and can inhibit the formation of foreign body giant cells  (Brodbeck et al 

2002). This has led to the development of tissue engineering strategies exploiting the 

anti-inflammatory properties of surface modified biomaterials (Go et al 2011). 

The pro-inflammatory cytokines IL-1β and TNF are well known to induce an 

inflammatory response during the early stage of the healing process  (Cruse & Lewis 

2010). The present study showed that IL-1β and TNF gene expression amongst a 

number of other pro-inflammatory chemokines (Table 3-1) was significantly up-

regulated in response to the hydrophobic surface, which is consistent with previous 

studies using micro-rough hydrophobic surfaces  (Tan et al 2006; Refai et al 2004). 

The level of the IL-1β and TNF in the culture media did not correspond to their 

elevated gene expression (Fig. 3-10A), probably due to the delay between gene 
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expression and protein synthesis and secretion. Further, post-transcriptional 

regulation of gene expression may result in different levels of mRNA and protein 

expression. 

The hydrophilic SLActive surface down-regulated the IL-1β and TNF expression 

and hence appeared to attenuate the pro-inflammatory effect of the hydrophobic SLA 

surface. This attenuation of expression was also observed for the pro-inflammatory 

chemokines CXCL-1 & 8, responsible for the activation of neutrophils  (Cruse & 

Lewis 2010) along with CCL-1, 3, 19 and 20, responsible for the activation of 

monocytes, lymphocytes, eosinophils and basophils  (Cruse & Lewis 2010) which 

was confirmed at the protein level for CCL-1 & 3 and CXCL-1 (Fig. 3-10B). 

Further the hydrophilic surface also significantly up-regulated the expression of a 

number of cytokine (IL13RA1, IL-10Rα and IL-10Rβ) and chemokine (CCR1, 

CCR2) receptors. The cytokine receptor ligands IL13 and IL10 are able to down-

modulate macrophage function inhibiting both pro-inflammatory cytokine (e.g. IL-1, 

2, 6 and TNFβ) and chemokine (e.g. CCL2 and CCL3) synthesis  (Cruse & Lewis 

2010). CCR2, which has been shown to be expressed by a variety of cell types 

including monocytes, binds the chemokine CCL2 (MCP-1).  This chemokine, 

chemotactic for monocytes but not neutrophils, not only has a key role in 

immunoregulatory and inflammatory processes, but also has a critical role in tissue 

repair  (Gillitzer & Goebeler 2001). 

Osteopontin gene expression (SPP1), which can inhibit the formation of foreign body 

giant cells (Tsai et al 2005) was also significantly up-regulated by the hydrophilic 
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surface. Although nominally a pro-inflammatory cytokine, osteopontin modulates the 

immune response at several levels e.g. its chemotactic property promotes 

inflammatory cell recruitment and subsequent cytokine production at sites of 

inflammation (Wang & Denhardt 2008), while its function as an adhesion protein 

facilitates cell attachment and wound healing in mineralized tissues  (McKee & 

Nanci 1996). 

Given the pleiotropic nature of cytokines, some care needs to be taken in the 

assignation of an inflammatory or reparative response to the observed cytokine 

expression profiles. CXCL-12 expression e.g. (up-regulated by the rough SLA 

surface) is important to the inflammatory response, being expressed constitutively by 

various cells and exhibiting chemoattractive activity for monocytes, bone marrow 

neutrophils, and early-stage B-cell precursors, as well as being a highly efficient and 

potent chemoattractant for T-cells and a co-stimulator of their activation  (Nanki & 

Lipsky 2000). CXCL-12 however also plays an important role in wound repair being 

a chemoattractant for hematopoietic and mesenchymal stem cells as well as 

supporting their survival and proliferation  (Kortesidis et al 2005). 

Taken together, these results indicate that the macrophage gene expression profile is 

directing the inflammatory process towards a less pro-inflammatory macrophage 

phenotype, in response to the hydrophilic titanium surface by the third day.  This 

‘predisposition’ towards an attenuated pro-inflammatory macrophage phenotype by 

the SLActive titanium surface is likely to influence downstream healing events via 

the macrophage releasate. It has been shown, for instance, that macrophage releasate 

in response to culturing on polystyrene surfaces can modulate the osteogenic 
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behavior of human mesenchymal stem cells (hMSCs) without direct contact (Omar et 

al 2011a).  Further, the attenuation of the inflammatory response has been associated 

with improved bone formation during osseointegration in vivo  (Omar et al 2011b; 

Omar et al 2010). Therefore, the modulation of the pro-inflammatory macrophage 

response by the SLActive surface may result in a more reparative environment for 

mesenchymal stem cell and osteoprogenitor cell function, and thus accelerating bone 

formation. 

Recently it has been shown that this SLActive surface has nanostructures on its 

surface (Wennerberg et al 2012). This suggests that the observed effects of this 

surface on macrophages could be the results of its nano-topography, which is 

intriguing and warrants further investigation. 

3.5 Conclusion 

This study shows that the immuno-stimulatory effect of titanium surface micro-

roughness on pro-inflammatory cytokine gene expression by human macrophages is 

attenuated by hydrophilic-modified titanium surface. These findings suggest that the 

modulation of the pro-inflammatory cytokine response is an important biological 

mechanism allowing for improved and/or faster wound healing hydrophilic titanium 

dental implants. 
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 CHAPTER FOUR: THE INFLUENCE OF TITANIUM SURFACE-

INDUCED PLATELET RELEASATE ON MACROPHAGE GENE 

EXPRESSION   
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4.1 Introduction 

In the previous study (Ch.3) we investigated the macrophage response to SMO, SLA 

and SLActive surfaces. We found that the SLA surface up-regulated the macrophage 

inflammatory response more than the SMO surface, which is somewhat inconsistent 

with the superior osseointegration associated with the SLA surface  (Lang et al 

2011). We postulated that there might be certain biological mechanisms that were not 

accounted for in the in vitro experiment and sought to more closely replicate the in 

vivo environment in order to identify these mechanisms. 

Upon implant placement in the surgically created osteotomy, proteins derived from 

blood, activated platelets and the surrounding injured bone matrix cover the implant 

surface  (Terheyden et al 2011). This adsorbed protein layer can selectively regulate 

further cellular attachment  (Wilson et al 2005) leading to the formation of a 

provisional matrix  (Anderson 2001). Following this, the inflammatory phase begins, 

which is mainly controlled by macrophages  (Anderson et al 2008). Thus, despite the 

critical role of macrophages, these cells arrive at the biomaterial surface only after 

the formation of a provisional matrix on the surface, which means that they initially 

interact with the adsorbed proteins rather than the surface itself (Terheyden et al 

2011). 

Platelets, on the other hand, reach the implant site within seconds of the injury, well 

in advance of macrophages  (Terheyden et al 2011). Platelets subsequently may 

release more than 300 proteins that can participate in provisional matrix formation 

and play various roles in the healing process  (Clemetson 2011; Smith et al 2009). 
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Not surprisingly, this ‘platelet releasate’ has been shown to also modulate 

macrophage behavior (Sadallah et al 2011). Since it has been shown that titanium 

surface properties can modulate platelet functions  (Walkowiak-Przybyło et al 2012; 

Kämmerer et al 2011), it can then be reasonably postulated that the effect of titanium 

surface properties on platelets may subsequently influence macrophages behavior. 

This study is, therefore, aimed at testing the hypothesis, which suggested that the 

platelet releasate, upon initial contact with modified titanium surfaces, may modulate 

the nature of the resultant macrophage inflammatory response, through examining 

the effect of titanium surface-induced platelet releasate on the gene expression of 

inflammatory cytokines and chemokines by human macrophages. 

4.2 Materials and Methods 

4.2.1 Pilot studies 

This study has for the first time, used platelets derived from the human 

megakaryoblast cell-line MEG-01 (ATCC, Manassas, USA) in these investigations. 

Understandably, several optimization studies needed to be carried out to finalize the 

experimental protocol. 

4.2.1.1 Platelet production 

First we needed to confirm platelet production by the MEG-01 cells. These cells 

were cultured in RPMI-1640 (Invitrogen, VIC, Australia) supplemented with 10% 

fetal bovine serum (Invitrogen, VIC, Australia) and 1% penicillin/streptomycin 

(Invitrogen, VIC, Australia), at 37
O
C in a 5% CO2 atmosphere. These cells 
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spontaneously release platelet-like particles into the culture media, which have been 

shown to express platelet markers  (Takeuchi et al 1998). The MEG-01 cells were 

analyzed using light and scanning electron microscopy to confirm platelet production 

(Fig. 4-1). 

 

Figure 4-1: (A) Light and (B) scanning electron microscopy analyses of platelet-like 

particles production by the MEG-01 cells. 

4.2.1.2 Suspension media 

There was a concern that the presence of serum in the platelet suspension media may 

overwhelm any platelet protein effect on macrophages. However we did not know 

whether a lack of serum in the media might also affect platelet function. Therefore, 

three suspension media were tested as carriers for the platelets i.e. RPMI-1640 media 

plus 10% fetal bovine serum (M+S), RPMI-1640 media without serum (M) and 

isotonic saline (S) (Fig. 4-2).  

The concentration of platelets was adjusted to 1x10
8
 platelets/ml. 1ml of this platelet 

suspension was then cultured on each disc (i.e. 1x10
8
/disc). They were then 

B A 
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incubated at 37
O
C in a 5% CO2 atmosphere for 1h. Each of the titanium surfaces was 

run in triplicate.  

 

Figure 4-2: The MEG-01 derived platelets experiment design. Three technical 

replicates were carried out for three different media cocktails on the three different 

titanium surfaces plus a blank well as a control. The experiment was carried once 

with three technical replicas. 

4.2.2 Platelet attachment  

The same platelet attachment and activation tests carried out in chapter 2 on the 

primary human platelets were repeated for the MEG-01 derived platelets to assess 

their functional similarity. Interestingly, the attachment behavior of the MEG-01 

platelets when suspended in media plus serum was identical to that seen for primary 

human platelets where the SLA surface has the highest number of attached platelets. 

However, in the absence of serum the behavior changed. Here the SLActive surface 
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has the highest number of attached platelets (Fig. 4-3). This experiment thus showed 

the importance of the serum proteins for the MEG-01 platelets to function similarly 

to the primary human platelets. 

 

 

Figure 4-3: Platelet attachment, human platelets versus MEG-01 platelets suspended 

in three different media. Data shown as mean +/- SE, n=3. 

4.2.3 Platelet activation 

To ensure that the MEG-01-produced platelets are activated and release their 

proteins, an experiment was conducted whereby these platelets were suspended in 

saline and cultured on the titanium discs. The total protein concentration in the saline 

after 1h of culture was measured using the calorimetric BCA Protein Assay Kit 
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(Thermo Scientific, IL, USA) following the manufacturer instructions. Equal amount 

of protein (250μg/ml) was measured on all discs, which conformed the platelet 

activation and releasate secretion. 

4.2.4 Experiment design 

A conditioned media method was chosen for the platelet and macrophage co-culture 

experiment as it mimics the in vivo temporal sequence of cell arrival at the implant 

surface where platelets arrive and release their proteins that participate in the 

formation of the provisional extracellular matrix on the titanium surface before the 

arrival of the macrophages.  

The MEG-01-produced platelets were introduced to the different titanium discs, 

SMO, SLA and SLActive, and the control blank wells (BLK) at a concentration of 

1x10
8
 platelets per disc/well in 24-well tissue culture plates (Corning, VIC, 

Australia). Platelets were then left for 1h to allow them to produce their releasates. 

Following this the culture media was collected and spun at 2,500g for 10 minutes to 

separate the platelets. The platelet-free supernatant were then collected and 

introduced to new titanium discs. Following this the macrophages were introduced to 

those discs at a concentration of 1x10
5
 cells per disc (Fig. 4-4). 
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Figure 4-4: The platelet conditioned media experiment design. The experiment was 

carried once with three technical replicas. This experiment was run in parallel to the 

previous experiment to allow for direct comparison. 

4.2.5 Genomic analysis 

This experiment was run in parallel with the previous experiment. The genomic 

analysis technique has been explained in section 3.2.5 

4.2.6 Statistical analysis 

This experiment was run in parallel with the previous experiment. The statistical 

analysis has been explained in section 3.2.7. 
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4.3 Results 

4.3.1 Genomic analysis 

4.3.1.1 The effect of micro-rough titanium surface-induced platelet releasate 

on macrophages (SLA compared to SMO) 

There were relatively few statistically significant differences in gene expression 

between the SMO and SLA surfaces (CCL7 & 18, IL-1β, IL-1RN and ABCF1 

expression was down, whereas IL-1F8, TOLLIP and LTB4R were up-regulated). By 

day 3, IL1β, IL1RN, CCL1, 2, 5 & 20 and CXCL-8 were significantly down-

regulated, while C5 and CX3CR1 were up-regulated (Table 4-1). Surprisingly, the 

combined effect of the surface plus platelet releasate differentially modulated 

macrophage inflammatory response such that compared to the surface alone the 

expression of pro-inflammatory cytokine genes (IL-1β, CCL-1, 2 & 20 and CXCL-8) 

was significantly attenuated (Fig. 4-5A-D).  

4.3.1.2 The effect of hydrophilic/nano-rough titanium surface-induced platelet 

releasate on macrophages (SLActive compared to SLA) 

Interestingly, by the first day the hydrophilic titanium surface-induced platelet 

releasate has significantly down-regulated the expression of twenty-two genes (CCL-

11, 13, 16, 23, 24, 25 & 26, IL-1β, 1F10, 5 & 13, IL-1RN, IL-8Rα & β, IL-9R, 

BCL6, CCR4, CRP, IFNA2, XCR and SPP1) while up-regulated the expression of 

C5. By the third day, CCL-2 and IL-10Rα have been significantly up-regulated while 

IL-8Rβ was down-regulated (Table 4-1). This indicates that the SLActive-induced 
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platelet releasate enhanced the attenuation of macrophage inflammatory response by 

the first day, while the surface alone did so by the third day (Fig.4-5E-H).  

 

Figure 4-5: Comparison of the fold change differences in cytokine gene expression 

between macrophage cultured alone (M) versus macrophage culture with titanium-

induced platelet releasate (M+P). Only significant gene changes (P<0.05) were 

reported. N=3. 
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Table 4-1: The titanium surface-induced platelet releasate effect on the THP-1 gene 

expression following one and three day’s culture. 

Genes 
SLA/SMO SLActive/SLA 

Day 1 Day 3 Day 1 Day 3 

Chemokines 

 CCL1  -1.56   

 CCL11   -1.39  

CCL13   -1.39  

 CCL16   -1.39  

 CCL18 -2.84    

 CCL2  -1.22  +1.31 

 CCL20  -2.11   

 CCL23   -1.38  

 CCL24   -1.47  

 CCL25   -1.39  

 CCL26   -1.39  

 CCL5  -1.44   

 CCL7 -1.52    

 CXCL8 (IL8)  -1.54   

Chemokine Receptors 

 CCR4   -1.39  

 CX3CR1  +1.41   

 XCR1   -1.39  

Cytokines 

 IFNA2   -1.39  

 IL13   -1.39  

 IL1B -1.17 -2.29 -1.11  

 IL1F10   -1.39  

 IL1F8 +1.38    

 IL5   -1.39  

 LTB   -1.48  

 SPP1   -1.26  

Cytokine Receptors 

 IL10RA    +1.41 

 IL1RN -1.26 -1.5 -1.2  

 IL8RA   -1.39  

 IL8RB   -1.44 -1.41 

 IL9R   -1.39  

Other Genes Involved in Inflammatory Response 

 ABCF1 -1.15    

 BCL6   -1.11  

 C5  +1.17 +1.25  

 CRP   -1.39  

 LTB4R +2.42    

 TOLLIP +1.58    

Values indicate fold change differences in gene expression. Sign (+/-) indicates up or down regulation. 
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4.4 Discussion 

The present study has for the first time investigated the effect of titanium surface-

induced platelet releasate on macrophage inflammatory cytokine gene expression in 

an in vitro conditioned media co-culture model. The results show that platelet protein 

released in response to titanium surface properties can influence the cytokine gene 

expression by macrophages, and that the magnitude of this effect is surface-specific. 

We have shown that titanium surface hydrophilicity (Alfarsi 2013 accepted for 

publication; Hamlet et al 2012) and nano-roughness  (Hamlet & Ivanovski 2011) 

down-regulates the murine macrophage inflammatory cytokine gene expression 

profile. This suggests that these surfaces may induce macrophages to differentiate 

into an M2-like phenotype. However, the inflammatory phase of healing, which is 

manipulated mainly by macrophages, starts approximately 10 minutes after 

implantation  (Terheyden et al 2011). So despite the important role of macrophages, 

events that happen before macrophage arrival, e.g. platelet releasate, may also play 

an important role in macrophage phenotypic differentiation and downstream 

regulatory functions. 

Although circulating platelets can exert a pro-inflammatory effect on circulating 

monocytes  (Smyth et al 2009; Weyrich et al 2003), their effect on differentiated 

macrophages, particularly at sites of inflammation, is less clear. At the implant 

wound site, platelet released proteins help form a protein layer on the implant surface 

which mediates further implant-cell interactions  (Wilson et al 2005) and modulation 

of immune cells (including macrophages) chemotaxis and attachment  (Franz et al 
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2011). Previous studies have also shown that the biomaterial surface can manipulate 

monocyte adhesion via these surface adsorbed proteins  (Shen & Horbett 2001), 

which dictates macrophage phenotypic changes  (Kou et al 2011; Badylak et al 2008) 

and their release of cytokines  (Dinnes et al 2007). Taken together, this data suggests 

that platelet released proteins in response to surface topographical/chemical stimuli, 

when adsorbed onto the titanium surface, may significantly modulate macrophage 

behavior. 

Surprisingly, in contrast to what has been observed in the previous experiment (Ch. 

3), the present study showed that compared to SMO, the SLA surface-induced 

platelet releasate has significantly down-regulated the inflammatory inducer IL-1β 

(Table 4-1) along with its receptor antagonist IL-1RN, which inhibits the activities of 

both IL-1α and β  (Cruse & Lewis 2010), thus limiting macrophage-associated 

inflammation. Further, several pro-inflammatory chemokines (CCL1, 2, 5, 7, 18 & 

20 and CXCL8) have been significantly down-regulated over the three days culture, 

which indicates that the macrophages are not recruiting more cells, i.e. concluding 

the inflammation. Collectively these finding suggest that macrophages are 

terminating the inflammatory process, which in turn promotes repair and 

subsequently enhances osseointegration. This, in contrast to the previous 

experiment’s outcomes, is consistent with the superior osseointegration associated 

with the SLA surface  (Lang et al 2011). 

Interestingly, the present study also showed that the SLA-induced platelet releasate 

modulated macrophage expression of several key pro-inflammatory cytokine genes, 

namely IL-1β, CCL-1, 2 & 20 and CXCL-8 (Fig. 4-5A-D). IL1β is freely circulating 
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potent pro-inflammatory cytokine that, along with membrane-associated IL-1α (the 

other member of the IL-1 superfamily), constitute a significant part of the host 

inflammatory response  (Cruse & Lewis 2010). Subsequently, modulating its 

expression by macrophages would regulate downstream responses during 

osseointegration. Likewise, CCL-1, 2 & 20 along with CXCL-18 are all pro-

inflammatory chemokines, and modulating their expression would regulate the 

chemotaxis of other inflammatory cells to the implant site. 

Interestingly, the SLActive surface acted synergistically with platelet releasate to 

enhance the attenuation of macrophage inflammatory cytokine gene expression, 

compared to the surface properties alone (Fig. 4-5E-H). This is consistent with the 

recognized clinical observations of accelerated onset of osseointegration on 

SLActive  (Lang et al 2011). This shows the co-culture model’s ability to closely 

mimic the in vivo environment compared to the single cell-type culture model.  

The results of the present study, whereby SLActive surface-activated platelet 

proteins significantly enhanced the attenuation of macrophage pro-inflammatory 

cytokine gene expression, suggest that immunomodulation may be an important 

mechanism responsible for the established superior in vivo performance of these 

surfaces. This is supported by the clinical observation that the SLActive surface is 

associated with an earlier onset of osseointegration compared with the SLA surface. 

However with time, both surfaces ultimately have similar osseointegration outcomes 

(Lang et al 2011), suggesting that the SLActive surface exerts its influence during 

the early stages of the wound healing process. 



 
100 

Notably, in the previous study (Ch.3), the SLA surface did not have 

immunomodulatory properties, but in the current study after pre-incubating with 

platelet releasate, a late (day 3) immunomodulatory effect was observed on this 

surface. This is consistent with the recognized clinical observations of improved 

osseointegration on SLA compared to smooth surfaces, albeit at a delayed rate 

compared to SLActive. This shows that adsorbed platelet proteins may have the 

ability to modulate the subsequent cellular response to the implant, which is in 

agreement with previous suggestions that the host responds to the adsorbed proteins 

on the biomaterial surface rather than the surface itself  (Franz et al 2011). 

Overall, the chemically modified SLActive surface induced the greatest and earliest 

(day1) immunomodulatory effect among the three surfaces that were investigated. 

Given that this surface has the highest osteoinductive potential in vivo, it appears that 

immunoregulation may be an important mechanism in promoting osteogenesis 

around titanium implants. The SLA surface was also shown to produce an 

immunomodulatory effect, albeit to a lesser degree and at the later time point (day3), 

which is consistent with its clinical performance. Taken together, these findings 

suggest that targeting cells such as platelets and macrophages that modulate 

inflammation during the early phases of the healing process may ultimately improve 

the rate and degree of osseointegration of titanium implants. 

Finally, the findings of the present study show the importance of the use of 

appropriate in vitro culture models, which try to take into account the temporal 

sequence of cellular events that occur at wound healing sites. 
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4.5 Conclusion 

This study showed a significant effect of titanium surface-induced platelet releasate 

on the subsequent macrophage inflammatory cytokine response, supporting our 

hypothesis, which suggested that platelet interaction with the titanium surface might 

modulate the macrophage response. 
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 CHAPTER FIVE: THE INFLUENCE OF TITANIUM SURFACE-

INDUCED MACROPHAGE SECRETIONS ON OSTEOBLAST GENE 

EXPRESSION 
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5.1 Introduction 

Although titanium surface modification has been shown to up-regulate 

osteoprogenitor cell function in vitro  (Chakravorty et al 2012; Vlacic-Zischke et al 

2011; Olivares-Navarrete et al 2011; Wall et al 2009), the clinical relevance of this is 

unclear as these cells are un-likely to come into direct contact with the implant 

surface following surgical placement. Upon implant placement in the surgically 

created osteotomy, proteins derived from blood, activated platelets and the 

surrounding injured bone matrix cover the implant surface  (Terheyden et al 2011). 

This adsorbed protein layer can selectively regulate subsequent cellular attachment 

(Wilson et al 2005) leading to the formation of a provisional matrix that can 

modulate the healing process (Anderson 2001). Following this process, the 

inflammatory phase begins which can further dictate the fate of the bone healing 

outcome  (Anderson et al 2008). 

Macrophages are the main cells controlling the host response to foreign bodies, such 

as titanium implants  (Anderson et al 2008). They release a wide array of substances 

that regulate the function of other cells (Cruse & Lewis 2010). Macrophage releasate 

differs according to their phenotype. Classically activated macrophage (M1) 

enhances the inflammatory response  (Vega & Cobri 2006) while alternatively 

activated macrophage (M2) terminates it and enhances repair (Gordon 2003). They 

can change their phenotype, and thus their released cytokine profile, according to 

changes in their environment (Kou & Babensee 2011). The implant surface 
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properties, in particular, are able to modulate macrophage phenotype  (Dinnes et al 

2007). 

We have shown that the SLActive surface can down-regulate the inflammatory 

cytokines gene expression in both murine  (Hamlet et al 2012) and human (Alfarsi 

2013 accepted for publication) macrophages, suggesting that this surface promotes 

the establishment of an M2 macrophage phenotype. 

Osteoblasts are among the cells modulated by macrophage cytokines (Cruse & Lewis 

2010). It has been shown that the titanium wear particles modulate macrophage 

secretions, which subsequently inhibits the osteogenic activities in osteoprogenitor 

cells (Lee et al 2012). It was also observed that titanium surface properties could 

modulate macrophage releasate to stimulate osteoblastic differentiation of 

mesenchymal stem cells (Omar et al 2011a). On the other hand, a previous study in 

our laboratory, which analyzed the whole genome of primary human osteoblasts in 

response to the same titanium surfaces tested in this study, showed that these 

surfaces mostly modulated the expression of the transforming growth factor-ß/bone 

morphogenetic protein (TGFß/BMP) signaling pathway genes in human osteoblasts  

(Vlacic-Zischke et al 2011). 

Considering that inflammation and bone formation are inversely related during 

osseointegration  (Ivanovski et al 2011b), it is logical then to postulate that the 

immuno-modulatory effect of the titanium surface properties on macrophages would 

in turn enhance osteoblast function. This study is therefore aimed at investigating the 
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influence of titanium surface-induced human macrophage secretion on TGFß/BMP 

signaling pathway genes in human osteoblasts in a co-culture model. 

5.2 Materials and Methods 

5.2.1 Experiment design 

A transwell
®
 co-culture system was used (Corning, VIC, Australia), which has two 

separate cell culture compartments that are separated by a permeable membrane with 

a 0.4μm pore size. This membrane keeps the cells apart, preventing direct cell 

contact, while allowing for media exchange. The experiment included five groups for 

three time points (one, three and seven days) and was run in triplicate.  

Osteoblasts were cultured on the transwell insert at a concentration of 5x10
4
 cells per 

insert. The culture plate well had five different conditions (Fig. 5-1). 

1- Empty wells, as a negative control (OB). 

2- Macrophages only without a titanium disk (OB+M0), to test the effect of 

macrophages on osteoblasts 

3- Macrophages cultured on the SMO titanium surface (OB+M0/SMO), to test 

the effect of titanium-induced macrophage cytokines on osteoblasts. 

4- Macrophages cultured on the SLA titanium surface (OB+M0/SLA), to test 

the effect of the SLA surface-induced macrophage cytokines on osteoblasts. 

5- Macrophages cultured on SLActive titanium surface (OB+M0/SLActive), to 

test the effect of the hydrophilic SLActive surface-induced macrophage cytokines on 

osteoblasts. 



 
106 

 

Figure 5-1: Culture conditions. 

5.2.2 Cell culture 

Macrophages: This study used the human acute monocytic leukemia cell-line THP-1 

(ATCC, Manassas, USA). The monocytes were allowed to proliferate in RPMI-1640 

without phenol red (Invitrogen, VIC, Australia) supplemented with 10% fetal bovine 

serum (Invitrogen, VIC, Australia) and 1% penicillin/streptomycin (Invitrogen, VIC, 

Australia) at 37
O
C in a 5% CO2 atmosphere. The monocytes were subsequently 

induced to differentiate into macrophages by incubation with 100ng/ml phorbol 

myristate acetate (PMA, Sigma-Aldrich, NSW, Australia) for two days followed by 

further two days incubation without PMA. Adherent macrophages were then 

detached from the tissue culture surface with 0.25% trypsin/EDTA (Invitrogen, VIC, 

Australia). 

Osteoblasts: The human osteoblast cell-line hFOB was used (ATCC, Manassas, 

USA). The cells were cultured in a 1:1 mixture of Ham’s F2 and Dulbecco’s 

Modified Eagle Medium (DMEM/F12) without phenol red supplemented with 10% 

fetal bovine serum (Invitrogen, VIC, Australia) and 300 μg/ml Geneticin (Invitrogen, 

VIC, Australia) at 34
0
C in a 5% CO2 atmosphere, following the supplier’s 

instructions as this low temperature induces hFOB cells proliferation. The 
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temperature was then raised to 37
O
C for a week to facilitate differentiation into 

mature osteoblasts (Fig 5-2). The cells were then detached with 0.25% 

Trypsin/EDTA (Invitrogen, VIC, Australia) pending co-culture. 

 

Figure 5-2: Osteoblasts after 5 days in culture at 37
O
C. 

5.2.3 Macrophage/osteoblast co-culture 

Macrophages were cultured on the discs at a concentration of 1x10
5
 cells per disc. 

They were incubated for a day before the introduction of the osteoblasts to mimic the 

in vivo temporal sequence. Osteoblasts were cultured in the transwell inserts at a 

concentration of 5x10
4
 cells per transwell. They too were incubated separately in the 

transwells for a day before the introduction to the co-culture so they settle and attach 

to the transwell without the macrophages influence (Fig. 5-3). 
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Figure 5-3: After a day hFOB cells did not pass through the transwell membrane, 

indicating that there will be no direct contact between the cells. 

The experiment had three replicates of each of the three time points (one, three and 

seven days) (Fig. 5-4). A lot of hFOB cells taken just before the start of the co-

culutre served ad a baseline for genomic analysis. A fourth replica was used to assess 

the cells proliferation and viability after detaching them with Trypsin/EDTA. 

Proliferation was assessed by counting the cells in an automated cell counter (Z 

Series, Beckman coulter Inc., Hialeah, Florida, USA), whereas incubating the cells 

with 0.4% Trypsin Blue dye, which would infuse into the non-viable cells, assessed 

the viability.  
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Figure 5-4: The M0+OB co-culture experiment design. The experiment was carried 

once with three technical replicas. 

The co-culture media used was a mixture of 45% RMPI-1640, 45% DMEM/F12 

(both without phenol red) and 10% fetal bovine serum (Invitrogen, VIC, Australia). 

The co-culture plates were incubated at 37
O
C in a 5% CO2 atmosphere. The media 

volume is set by the plate specification at 200μl in the insert and 600μl in the well. 

The media of the day seven plate was replaced on the third day. 

5.2.4 Genomic analysis 

RNA was extracted from osteoblasts using the RT2 qPCR-Grade Isolation Kit 

(SABiosciences, VIC, Australia) following the manufacturer instructions at day one, 

three and seven. cDNA was subsequently prepared using the RT2 First Strand Kit 

(SABiosciences, VIC, Australia) and the expression of eighty-four genes related to 

TGFß/BMP-mediated signal transduction was assessed using the Human TGFß/BMP 
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Signaling Pathway RT² Profiler™ PCR Array (SABiosciences, VIC, Australia) (for 

complete gene list: http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-

035A.html). The relative expression of the target genes was normalized against a 

panel of up to five reference genes (B2M, HPRT1, RPL13A, GAPDH and ACTB) 

using the ΔΔCt method  (Vandesompele et al 2002). 

5.2.5 Statistical analysis 

The gene expression data was analyzed using the student’s t-test. For the two pair-

wise surface comparison, a p-value <0.05 was considered to be statistically 

significant. Fold-change differences in gene expression for each pair-wise 

comparison between the different titanium surfaces were also calculated. 

5.3 Results 

5.3.1 The effect of macrophages on osteoblasts  

When osteoblasts were cultured alone they had a significant up-regulation of the 

expression of 38 genes (ACVRL1, BMP1, BMP2, BMP4, BMP7, CDC25A, 

CDKN1A, COL1A1, COL1A2, COL3A1, ENG, FKBP1B, FOS, GDF2, GDF5, 

GDF7, HIPK2, ID2, IGF1, IL6, JUNB, LTBP2, LTBP4, NOG, OCN, PDGFB, 

PLAU, SERPINE1, SMAD1, SMAD2, SMAD3, SMURF1, SOX4, STAT1, 

TSC22D1, TGFBI, TGFBR1 and TGIF1) after one day of culture compared to the 

baseline (OB/Baseline). Whereas after one day of co-culture with macrophages the 

expression of 26 genes (BMP2, BMP7, BMPR1A, BMPR2, CER1, COL1A2, 

COL3A1, DLX2, ENG, FKBP1B, FST, GDF2, GDF5, GSC, ID2, INHBA, JUNB, 
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LTBP4, MYC, NOG, SMAD1, SMAD3, SMURF1, SOX4, TSC22D1 and TGFB2) 

were significantly down-regulated (OB+M0 compared to OB) (Fig. 5-5). This 

macrophage influence on osteoblasts decreased with time and only 7 genes (GDF5, 

ID1, ID2, IL6, NODAL, PLAU and SMURF1) were significantly modulated by the 

third day. By the seventh day no statistically significant changes were observed. 
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Figure 5-5: TGFβ/BMP pathway gene expression by hFOB cells following one day 

co-culture with macrophages showing the effect of the macrophage’s secretions. Sign 

(*) indicates statistical significance. N=3. 
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5.3.2 The effect of titanium surface micro-roughness (SLA compared to SMO) 

At day one the gene expression of FKBP1B, HIPK2 and STAT1 was significantly 

up-regulated whereas TGFβR2 was significantly down-regulated. By the third day 

BMPER was significantly up-regulated while PDGFB was significantly down-

regulated. By the seventh day only the PLAU gene expression was significantly 

down-regulated (Fig. 5-6). 

5.3.3 The effect of titanium surface hydrophilicity/nano-roughness (SLActive 

compared to SLA) 

By the first day no significant change was observed. By the third day only the 

BMPER gene expression was significantly down-regulated. By the seventh day there 

was a significant up-regulation of the expression of 8 genes (AMHR2, BMP3, 

BMP5, GSC, LEFTY1, TGFBR2, TGFBR3 and TSC22D1) (Fig. 5-6). 
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Figure 5-6: The effect of titanium surface-induced macrophage secretion on 

TGFβ/BMP pathway genes expression by hFOB cells following one, three and seven 

days. Only statistically significant changes have been reported. N=3. 
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5.4 Discussion 

Several recently introduced titanium surface modifications are associated with 

superior osseointegration outcomes. However, little is known with regard to the 

actual mechanism whereby these modifications influence the cellular and molecular 

pathways leading to the observed superior osseointegration. For example, two 

different implants, namely SLActive (Lang et al 2011) and NanoTite
®
  (Goene et al 

2007; Orsini et al 2007), with different surface properties, were associated with 

similar levels of early onset of osseointegration clinically. 

Numerous studies have investigated the effect of titanium surface modifications on 

osteoprogenitor cells  (Chakravorty et al 2012; Vlacic-Zischke et al 2011; Olivares-

Navarrete et al 2011; Wall et al 2009). However, the influence of the titanium 

surface properties on the early modulators of osseointegration, such as macrophages 

and their subsequent effect on downstream responders, such as osteoblasts, has been 

scarcely investigated. We hypothesized that the osseointegration early modulators, 

particularly macrophages, may play a major role in the host response to titanium 

surface modifications and the associated superior osseointegration observed. 

Studies carried out in our laboratory showed that both SLActive (Alfarsi 2013 

accepted for publication; Hamlet et al 2012) and NanoTite  (Hamlet & Ivanovski 

2011) down-regulated macrophage inflammatory cytokine gene expression profile, 

indicating an attenuation of the macrophages-associated inflammation, i.e. an M2 

macrophage phenotype. M2 macrophages secretions modulate the cellular functions 

in the subsequent healing phase, such as osteoprogenitor cells. Indeed, Omar et al 
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(Omar et al 2011a) have shown that titanium surface properties can stimulate 

macrophages to communicate pro-osteogenic signals to mesenchymal stem cells by 

regulating their expression of BMP-2 and Runx2, which are major inducer of 

osteoblasts differentiation (Chen et al 2012). 

Nevertheless, the downstream effect of macrophage pro-inflammatory gene 

expression modulation by the titanium surface has not been fully elucidated. The 

present study therefore has for the first time, investigated the effect of the titanium 

surface-induced macrophage secretions on osteoblasts, a major downstream 

responder to the macrophage secreted molecular regulators, in a co-culture model 

that allows for cellular cross-talk without direct contact. 

A recent study in our laboratory, which analyzed the whole genome of primary 

human osteoblasts in response to the same titanium surfaces tested in this study, 

showed that the expression of genes associated with TGFβ/BMP signaling pathway 

were the most modulated  (Vlacic-Zischke et al 2011). Further analysis has shown 

that this regulation may occur through the differential regulation of miRNAs  

(Chakravorty et al 2012), which is in agreement with a recent in vivo study in a 

human model that investigated the osseointegration transcription profile associated 

with these surfaces  (Ivanovski et al 2011b).  

Therefore, we analyzed the influence of the titanium surface-induced macrophage 

secretions on the expression of genes associated with TGFβ/BMP signaling pathway 

in osteoblasts. The TGF-β superfamily is composed of over forty members, such as 

TGF-βs and BMPs. They are involved in regulating osteoblast differentiation and 
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bone formation  (Chen et al 2012). Subsequently, the ability of titanium surface-

induced macrophage secretions to modulate the expression of these genes would 

influence osteoblast differentiation. Up-regulation of the TGFβ/BMP pathway is 

likely to ultimately result in improved bone formation around the titanium implant, 

i.e. osseointegration. 

The results of the present study showed that macrophages, without titanium surface 

stimulation, significantly modulated osteoblast gene expression as early as day one 

of culture. Surprisingly, the macrophage secretions caused reduction in the 

expression of numerous genes, particularly at day 1, when compared to unstimulated 

osteoblasts (Fig. 5-5). This indicates that macrophage secretions can influence 

osteoblast gene expression without direct contact. This is in agreement with a 

previous report on the indirect influence of macrophage secretions on osteoblasts in a 

similar co-culture model  (Vallés et al 2008). 

Recently, it has been shown that macrophage secretions can regulate BMP gene 

expression in osteoprogenitor cells  (Lee et al 2012). Indeed, the present study 

showed that the SLActive titanium surface-induced macrophage secretions, when 

compared to SLA, significantly up-regulated osteoblast gene expression of BMP-3 

and 5, which regulate osteoblast differentiation  (Kokabu et al 2012; Wutzl et al 

2010) (Fig. 5-6). Further, the SLActive-induced macrophage secretions caused a 

significant up-regulation of the TGFβ receptors 2 and 3 (Fig. 5-6), which play 

significant roles in bone formation and mineralization (Chen et al 2012). This 

indicates that the SLActive surface modulated the macrophage secretions to become 
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stimulatory for osteoblast osteogenesis, i.e. an M2 phenotype, which confirms our 

previous findings (Alfarsi 2013 in press; Hamlet et al 2012). 

Moreover, the titanium surface-induced macrophage secretions differentially 

modulated the expression of the BMP binding endothelial regulator (BMPER), which 

is a BMP antagonist (Moser et al 2003). The expression of this gene at day three was 

up-regulated by the SLA-induced macrophage secretions, whereas the SLActive-

induced macrophage secretions decreased its expression, thus resulting in lower 

BMP antagonistic action and the likelihood of enhanced osteogenesis.  

Further, the receptors TGFβR2 and 3, which play a critical role in bone formation  

(Dünker & Krieglstein 2002), were significantly up-regulated in response to the 

SLActive surface-induced macrophage secretions (Fig. 5-6). This further support that 

the SLActive surface is inducing an M2 macrophage phenotype, which enhances the 

reparative functions of the downstream responders (such as osteoblasts). On the other 

hand, the SLA surface-induced macrophage secretions down-regulated the 

expression of two growth factors TGFB2 and PDGFB (Fig. 5-6), indicating that the 

SLA-induced macrophage secretions are less osteogenic compared to those 

associated with the SLActive surface. 

Finally, the present study confirmed our recent investigations, which suggested that 

attenuating macrophage-associated inflammation by titanium surface might be one of 

the mechanisms responsible for early onset of osseointegration observed in vivo with 

the recently introduced titanium surfaces (Alfarsi 2013 accepted for publication; 

Hamlet et al 2012; Hamlet & Ivanovski 2011). 
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5.5 Conclusion 

In conclusion, this study supported our hypothesis, which suggested that the 

macrophage response to different titanium surfaces influences osteoblast behavior in 

a surface-specific manner. This indicates that macrophage-associated inflammation is 

a potential target for manipulation by engineered titanium implant surfaces in order 

to enhance osseointegration.  
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 CHAPETR SIX: DISCUSSION AND FUTURE DIRECTIONS  
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6.1 The importance of the early mediators of the healing process to 

osseointegration 

The wound healing process is composed of overlapping yet well-defined phases. 

Specific cells control each phase and prepare the wound site for the subsequent 

phase. The actions of those cells include modulating other cells. Thus, it can be 

reasonably postulated that events that happen in the early stages of the wound 

healing process in response to implanted titanium devices may determine the 

outcome of osseointegration. Hence, understanding the influence of the titanium 

surface properties on the response of those early modulators and the subsequent 

effect on downstream responders is crucial to fully understanding the 

osseointegration process. This will enable an informed approach when modifying 

titanium surface properties to target and modulate those early modulators to enhance 

osseointegration. 

Haemostasis is the first phase of the wound healing process. The main purpose of 

this phase is to stop bleeding and start the healing process. Platelets are the main 

cells controlling this phase. Titanium surface properties have been shown to be able 

to modulate platelet behavior  (Kämmerer et al 2011; Takemoto et al 2004). We have 

therefore analyzed the platelet response to a number of current, clinically utilized, 

titanium surface modifications (See Ch. 2). 

The inflammatory phase is the second, and arguably the most important phase of the 

healing process, as the outcome of this phase may dictate the overall fate of the 

healing process (Enoch & Leaper 2008). Macrophages are the main cells controlling 
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this phase and modulating the subsequent repair process. There are two main 

classical macrophage phenotypes. One promotes inflammation, M1, and the other 

ceases inflammation and promotes healing, M2. Macrophages can change their 

phenotype, and thus their secretion profile in response to changes in their 

environment  (Stout et al 2005). Further, it has been shown that biomaterial surfaces 

are capable of modulating the macrophage protein secretion profile  (Dinnes et al 

2007). Subsequently, we also analyzed the effect of titanium surface modification on 

the macrophage inflammatory cytokine response (See Ch. 3). 

Traditionally, research investigating osseointegration has focused on the process of 

osteogenesis. However emerging evidence points to significant roles by other 

mechanisms, such as inflammation, on osseointegration. A recent study which 

analyzed the temporal gene expression profile associated with the early healing 

events during osseointegration in a human model showed that inflammation and bone 

formation are inversely regulated during osseointegration  (Ivanovski et al 2011b). 

This suggests that attenuating inflammation may enhance osseointegration. 

The macrophage inflammatory response has been shown to be influenced by 

biomaterial surface adsorbed proteins  (McNally et al 2008). Since platelet proteins 

are adsorbed onto the implant surface immediately after implantation, this study 

therefore investigated the ability of platelet proteins adsorbed onto the titanium 

surfaces to modulate the macrophage inflammatory cytokine response (See Ch. 4). 

In the last two phases of the healing process, proliferation and repair, osteoblasts are 

the most important cells for osseointegration as they form the new bone and have 
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been extensively studied. Understandably, as osteoblasts appear in the implant site in 

the later stages of healing, cells that interact with implants earlier in the healing 

process may send modulatory signals that could alter osteoblast function and 

subsequently osseointegration. Thus, in this study we also investigated the effect of 

the titanium surface-induced macrophage signals on osteoblast TGFβ/BMP signaling 

pathway gene expression (See Ch. 5). 

6.2 Modifying titanium surface properties to improve osseointegration 

It is clear that modifying titanium dental implant surface properties can modulate 

osseointegration (See section 1.8 for review). Interestingly, several titanium surfaces 

with variable surface modification were associated with similar in vivo outcomes. 

For example, the hydrophilic modified SLActive (Lang et al 2011), the fluoride 

modified OsseoSpeed  (Johansson et al 2011) and the nanorough modified NanoTite  

(Goene et al 2007) surfaces were all associated with an early onset of 

osseointegration in vivo. Is this a coincidence or do they share certain surface 

properties responsible for these observations? This project showed that the SLActive 

surface has unique nanostructures on the surface, which has also recently been 

recently reported by others  (Wennerberg et al 2012). Moreover, emerging evidence 

suggests that the fluoride modified OsseoSpeed also has a nanorough surface  

(Valencia et al 2009). It can thus be reasonably postulated that surface nano-

roughness may be a common shared property among the recently introduced implant 

surfaces that have similar clinical outcomes. 
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The biological mechanisms of osseointegration and how titanium surface properties 

may modulate it have not been fully elucidated. Understanding these mechanisms 

will enable the engineering of titanium dental implants that specifically target 

favorable cellular and molecular pathways which is in keeping with current strategies 

in the design of implantable biomaterials that include alteration of the biomaterial 

surface properties to systematically target cellular behavior  (Franz et al 2011). 

6.3 In vitro experiments to explain in vivo observations 

In vitro experiments are often used to investigate the biological mechanisms 

responsible for in vivo observations associated with titanium surfaces. The response 

of cells with recognized important roles in the healing process to such surfaces is 

most often studied in single cell type culture models. The outcomes of such studies 

help us understand aspects of the biological events of osseointegration. The next 

logical step in this approach therefore is to try to mimic the in vivo environment by 

investigating the role of cellular cross-talk through the use of conditioned media or 

by co-culturing multiple cell types together in co-culture models. However, very few 

studies have utilized this approach to investigate the effect of titanium surface 

modification on osseointegration. Therefore, this study utilized both the use of 

conditioned media and a two-cell-type co-culture model in order to better understand 

the interactions between macrophages and upstream regulators (platelets) and 

downstream responders  (osteoblasts). 
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6.4 The project outcomes 

This study aimed to investigate aspects of the influence of titanium surface properties 

on aspects of the host response during the early stages of osseointegration. It was 

divided into four experiments. The first two experiments studied the response of 

platelets and macrophages, respectively, to titanium surface modification. The third 

experiment studied the influence of the titanium surface-induced platelet releasate on 

macrophage behavior. The last experiment studied the effect of the titanium surface-

induced macrophage releasate on osteoblast function. 

6.4.1 Titanium surface characterization 

Whilst not the primary focus of this study, some degree of surface characterization 

was necessary in order to relate the biological findings with possible influencing 

physical characteristics of the titanium surfaces. In this project the titanium surface 

properties were analyzed using both SEM and XPS (see Ch. 2 for details). Two 

findings were observed on the SLActive surface. One is the presence of NaCl 

deposits on the surface. This could be remnant of the storage solution, as this implant 

is stored in an isotonic NaCl solution to keep the surface clean as part of the 

modification technique. These deposits were readily removed by washing.  

The other observation is the presence of nanostructures on the surface that were not 

removed by washing. Recently a study by one of the highly regarded researchers in 

the field reported the formation of the nanostructures on this surface. It was 

postulated that the formation of the nanostructures was a result of storing the surface 

in an aqueous solution (Wennerberg et al 2012). However, the effect of these 
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nanostructures on osseointegration and whether they are responsible for the clinical 

behavior of SLActive rather than the surface hydrophilicity and/or purity are yet to 

be investigated. 

6.4.2 Platelet response to titanium surface modification 

Platelets are the first cells that interact with the implant. They release a wide array of 

proteins that have been shown to modulate other cell functions. So, in the first 

experiment (Ch. 2) we investigated the response of platelets to titanium surface 

modification. We found that titanium surface micro-roughness enhanced platelet 

attachment, which is in agreement with previous reports  (Kämmerer et al 2011; 

Kikuchi et al 2005). However, the measured platelet proteins released into the media 

was similar for all the surfaces. This indicates that the “per platelet” activation is 

higher on the SLActive surface, suggesting that this surface enhances platelet 

activation. This is in agreement with a previous report  (Kämmerer et al 2011). 

6.4.3 Macrophage response to titanium surface modification 

A chronic inflammatory response is detrimental to the healing process and 

attenuating it may therefore promote repair. Macrophages are the main cell type 

controlling the late inflammatory phase and modulate the subsequent repair phase. 

They modulate other cells primarily through the release of cytokines. Their 

phenotype and thus their secretion profile changes as the surrounding environment 

changes. This influences the subsequent repair phase and eventually 

osseointegration. 
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Chapter 3 therefore investigated the macrophage inflammatory cytokine response to 

titanium surface modification. It was observed that the SLActive surface attenuated 

the macrophage inflammatory cytokine response whereas the SLA enhanced the 

inflammatory response compared to SMO. This is in agreement with the only 

previous study in this area, which investigated the response of murine macrophages 

to this surface  (Hamlet et al 2012). The work presented in this thesis confirms these 

observations in human derived macrophages, and confirms the findings at the protein 

level.  

The attenuated inflammatory response by the SLActive surface may explain the 

superior in vivo osseointegration associated with this surface. However, the finding 

whereby the SLA surface enhanced macrophage inflammatory cytokine response 

more than the SMO surface is somewhat inconsistent with the superior 

osseointegration associated with the SLA surface. We therefore postulated that there 

might be other biological mechanisms that were not accounted for in our in vitro 

experiment and thus sought to more closely replicate the in vivo environment.  

Upon surgical implant placement, it is immediately covered with proteins derived 

from blood, platelets and injured tissues. Since macrophages reach the implant 

surface after the formation of this adsorbed protein layer, is likely that they actually 

interact with these proteins rather than the biomaterial surface itself  (Anderson et al 

2008). Thus, as we suspected that this adsorbed protein layer may modulate 

macrophage function, the next experiment investigated the ability of platelet derived 

proteins adsorbed onto the titanium surfaces to modulate the macrophage 

inflammatory cytokine response. The results of these investigations support the first 
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hypothesis, which suggested that the titanium surface modification modulate both 

genomic and proteomic expression in macrophage. 

6.4.4 Platelet releasate influence on macrophage function 

Chapter 4 investigated the effect of the titanium surface-induced platelet releasate on 

the macrophage inflammatory cytokine response using a conditioned media 

approach. Surprisingly, in this experiment the macrophage inflammatory cytokine 

response was attenuated by the SLA surface that was covered with platelet proteins. 

This can then explain the observed better in vivo outcomes associated with this 

surface, as the enhanced inflammatory response observed following direct contact 

between macrophages and SLA is unlikely to occur in vivo where the surface is 

already covered by platelet proteins when macrophages arrive at the implant site. 

Further, in this experiment this attenuation of the pro-inflammatory response 

happened sooner with the SLActive surface, which also provides a mechanism to 

explain the in vivo observations of an earlier onset of osseointegration associated 

with this surface. 

The outcomes of this experiment also showed that in vitro studies investigating the 

effect of surface modification using a single cell type may have limited relevance to 

the complex mechanisms that occur in vivo. Although this type of single cell type 

experiment can provide important preliminary results, their outcomes should be 

interpreted cautiously. More complex co-culture models that more closely mimic the 

in vivo situation should be utilized for these investigations. 
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This experiment has for the first time used megakaryoblast cell-line (MEG-01) 

derived laboratory-cultured platelets. The attachment behavior of these cells was 

identical to that of human platelets. Further, the MEG-01 platelets were activated and 

released their proteins when cultured on the titanium surfaces. Using these platelets 

helped overcome the technical difficulty associated with using primary human 

platelets. Subsequently, this study showed that these platelets may be used instead of 

primary human platelets to study titanium-platelet interactions. 

Thus these experiments have proved the second hypothesis, which suggested that the 

titanium surface-induced platelet releasate modulates the macrophage’s response to 

the surface. 

6.4.5 Macrophage releasate influence on osteoblast function 

Osseointegration cannot occur without bone formation, and the differentiation of 

progenitor osteoblast cells is critical for bone formation. However osteoblasts arrive 

well after macrophages and they are unlikely to come into direct contact with the 

implant surface. This suggests that their response to titanium surface modification 

may, at least partly, occur indirectly through signals from other cells. Thus, in 

chapter 6 we investigated the effect of titanium surface-induced macrophage 

releasate on the osteoblast TGFβ/BMP signaling pathway. We focused on this 

pathway as a recent study in our laboratory found that SLA and SLActive surfaces 

modulate the expression of TGFβ/BMP signaling genes in cultured human 

osteoblasts  (Vlacic-Zischke et al 2011). 
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This experiment showed that the titanium surface-induced macrophage releasate is 

capable of modulating osteoblast gene expression indirectly without direct contact 

between macrophages and osteoblasts. This indicates that the macrophage’s response 

to titanium implants during the early stage of healing would subsequently modulate 

osteoblast behavior. This might also apply to other cells that are targeted by the 

macrophage releasate. 

Subsequently, this chapter also supports the last hypothesis, which suggested that the 

macrophage response to different titanium surfaces influences osteoblast behavior in 

a surface-specific manner. 

6.4.6 Conclusions and clinical significance 

This thesis sheds light on the importance of the biological events that occur during 

the early stage of the healing process associated with osseointegration. Subsequent 

research should focus on this stage to determine the cells and/or the biological 

mechanisms that can be targeted by engineered titanium implants in order to improve 

osseointegration. 

This study also showed that the adsorbed platelet releasate onto the titanium implant 

surface could modulate the behavior of macrophages. Thus, research should 

investigate the possibility of engineering titanium surfaces that can selectively 

control protein adsorption. This may enhance cellular behavior when cells attach to 

these proteins. This may eventually lead to a better control of the osseointegration 

process from the very beginning. 
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This study showed that the titanium surface-induced attenuation of macrophage 

inflammation could enhance osteoblast function. This is in agreement with a 

previous finding  (Ivanovski et al 2011b), which showed that inflammation and bone 

formation are inversely related during osseointegration. Subsequently, engineered 

titanium surfaces should attenuate macrophage-associated inflammation in order to 

enhance osseointegration.  

This study also showed the benefits of using a co-culture model to better explain in 

vivo observations associated with titanium surface modifications on osseointegration. 

Subsequently, this model should be used more frequently in this field. Further, more 

complex co-culture models should be developed that more closely mimic the in vivo 

environment for use in such experiments. 

Finally, the recommendation of this thesis is to focus on studying the early stage of 

osseointegration to fully understand the fundamental cellular and molecular 

mechanisms associated with the host response to titanium implants. This will 

eventually provide the necessary information for engineering titanium implants 

following a “bottom-up” strategy to control the osseointegration process on a sound 

biological rationale. Further, this project showed that this might not be possible 

without developing complex co-culture models that closely mimic the in vivo 

environment. 
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6.5 Future directions 

To advance our knowledge of osseointegration more research is needed. To help 

guide future researchers in this field, the following is a brief summary of the future 

areas of interest that drew our attention while carrying out this project. 

6.5.1 Identify/isolate the effect of each surface property 

One of the main issues complicating research in this field is the introduction of new 

titanium surface modification by dental implant manufacturers with claimed 

superiority without supporting evidence. This is partly facilitated by the nature of the 

regulatory environment in relation to medical devices (see section 1.7.1 for details). 

It is therefore left to independent researchers to explain the biological host response 

to these modifications. Since the manufacturing technique is in most cases 

proprietary, researchers are often forced to start the investigations with little or 

misleading information. Titanium surface modification processes may introduce 

more than the intended for properties. This means that in certain cases the titanium 

surface may have properties that even the manufacturer did not know about. 

The titanium surfaces used in this project, for example, represent the most highly 

successful and extensively researched implants in the market. The SLActive surface 

was introduced with an advertised modification to increase surface hydrophilicity. 

Lots of researchers, including our group, have tried to explain the superior in vivo 

outcomes associated with this surface. It was always assumed that the surface 

hydrophilicity was responsible for the biological events that led to the observed in 

vivo outcomes. Yet, it was recently discovered that this surface has nanostructures on 
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its surface  (Wennerberg et al 2012), which was also observed in this project (See 

Ch. 2 for details). This means that all the fundamental properties attributed to surface 

hydrophilicity might be the result of nano-roughness instead. Unfortunately, this may 

apply to other titanium surface modifications. This shows the need to fully 

characterize the surfaces being studied and not solely relies on the manufacturers’ 

information. 

Further, as modified titanium surfaces may have more than one new surface property 

(e.g. surface topography and/or chemistry), it would be very helpful to analyze the 

effect of each property separately. This may not be clinically relevant as in vivo these 

properties act synergistically. However, understanding the effect of each particular 

surface property may help to engineer implants by combining the desirable properties 

to enhance osseointegration in a more controlled and evidence-based manner. 

6.5.2 Megakaryoblasts platelet production process 

The main known function of megakaryoblasts is to produce platelets. They produce 

platelets while they are circulating in the blood. It has been long known that they 

produce platelets “filled” with proteins. However, it has recently been shown that 

platelets do in fact have mRNA and that inactive circulating platelets following 

stimulation are capable of translating these into proteins  (Weyrich et al 2009). 

While conducting this project it was noticed that megakaryoblasts attach to the 

titanium surface and have a specific morphological changes based on the surface 

(Fig. 6-1). Since the implant placement surgery causes bleeding, it can be reasonably 

postulated that circulating cells like megakaryoblasts come in direct contact with the 
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implant surface. This suggests that titanium surface modification may modulate the 

megakaryoblast platelet production process and thus platelet protein type and/or 

quantity. Thus the influence of titanium surface modification on megakaryoblast 

platelet production and platelet protein content should be investigated. 

 

 

Figure 6-1: Megakaryoblast attached to (A) SMO and (B) SLA surfaces, showing a 

surface-dependent morpholigical changes. 

6.5.3 The role of the platelet proteins 

There is increasing interest in biomaterial engineering strategies aimed at modifying 

surfaces for the purpose of modulating the immuno-inflammatory host response  

(Franz et al 2011). Understanding the role of surface-driven immunomodulation in 

promoting dental implant osseointegration requires an in-depth understanding of the 

cellular interactions between the very early mediators of the host immune response to 

biomaterials, such as platelets and macrophages. A physiologically relevant in vitro 

A B 



 

 
135 

investigation of the early inflammatory response to a biomaterial should incorporate 

an assessment of the relationship of platelet releasate and the subsequent cellular 

(including macrophage) response, but this has not been described in the literature as 

yet. 

6.5.4 The role of other inflammatory cells 

Osseointegration is a complex process involving the collaborative reactions of 

numerous cells. As yet, only few cell types has been investigated. Thus it is very 

interesting and important for a full understanding of osseointegration to include the 

role of other cells, such as neutrophils, T-cells, etc. This may propose targeting other 

cells and/or biological pathways by implant surfaces in order to enhance 

osseointegration. 

6.5.5 Development of complex in vitro co-culture models: 

This project clearly showed the importance of the co-culture model in investigating 

the effect of titanium surface modification on osseointegration. Further, this project 

showed that the outcome of the co-culture model could in certain cases contradict the 

outcome of the commonly used single cell type culture model. However, co-culturing 

cells together can be rather complicated. Thus, developing a well-controlled complex 

co-culture model that mimics the in vivo environment is of paramount importance to 

research in this field.  
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