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ABSTRACT 

The aim of this project was to develop a methodological platform in order to advance 
our scientific understanding of the mechanisms of osseointegration. Screw-shaped, 
titanium implants, with different surface properties, were inserted in the rat tibia, or 
incubated in mono- or co-culture of human monocytes and MSCs. After different 
time points, the implant-adherent cells or the peri-implant bone were harvested and 
processed for different analyses. For in-vivo studies, qPCR, immunohistochemistry, 
histomorphometry, electron microscopy and removal torque analyses were used. In 
the in-vitro study, FACS, qPCR, ELISA and protein profiling were applied. Finally, 
qPCR was employed in a clinical study to analyse the abutment-adherent cells of 
osseointegrated fixtures. At the early time points in vivo, a higher gene expression of 
MSC recruitment and adhesion factors (CXCR4 and integrin-β1) was found in cells 
adhering to the oxidised compared to machined implant. This was corroborated by 
predominance of MSCs at the oxidised surface, as judged by immunohistochemistry 
and SEM. At the later time points, cells adhering to oxidised implants retained a 
higher expression of bone formation (ALP and OC) and bone remodelling (TRAP 
and CatK) genes. The qPCR findings correlated with histomorphometric, electron 
microscopy and removal torque measurements, revealing progressively increasing 
bone-implant contact and bone bonding and, as a result, an increase in the 
biomechanical stability of the oxidised implant. The enhanced RANKL/OPG 
expression ratio corresponded to the remodelling phase at the bone-implant interface. 
The qPCR analysis of FACS-sorted cells showed that the co-existence of monocytes 
and MSCs on the implant surface, in vitro, upregulates the gene expression of some 
cytokines in a cell-specific manner. The clinical study showed that bacterial 
colonisation was frequently detected on the skin, the abutment and in the bone canal. 
A higher expression of TNF-α was associated with positive cultures of S. aureus, 
whereas fixture loss was associated with lower expression of OC and IL-10. 

In conclusion, the present methodological platform enables detailed analyses of the 
events at the bone-implant interface. Employing this platform demonstrated that 
implant surface properties elicit a cellular and molecular cascade for rapid cell 
recruitment and enhanced bone formation and remodelling, which accelerates bone 
maturation and implant stability. Finally, the results of the thesis provide a first line 
of information on factors that could affect the performance of percutaneous implants. 

Keywords: Osseointegration, titanium, inflammation, cell recruitment, cell adhesion, 
bone regeneration, bone remodelling, gene expression, immunohistochemistry, 
histomorphometry, removal torque, ultrastructure, FACS, protein profiling, 
transfemoral amputation, abutment, percutaneous, bacteria, clinical signs.  
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SAMMANFATTNING PÅ SVENSKA 
Att förlorade tänder kan ersättas med titanimplantat är vida känt, men vilka 
biologiska faktorer som ligger bakom benbildningen vid implantatytan är 
ännu inte klarlagt. Syftet med avhandlingen var att utveckla en 
metodplattform för att i detalj kunna studera de cellulära och molekylära 
processerna som styr inflammation, benbildning och benremodellering vid 
implantatytan.Titanimplantat med olika ytegenskaper sattes i skenbenet på 
råtta och cellerna på skruvarna, samt det omkringliggande benet, 
analyserades vid olika tidpunkter med qPCR, immunohistokemi, histologi, 
histomorfometri elektronmikroskopi och urvridningstest. Specifika cellulära 
processer undersöktes i provrörsmiljö och analyserades med FACS, qPCR, 
ELISA och proteinprofilering. Genuttryck i celler som var adherenta till 
hudpenetrerande distanser hos lårbensamputerade patienter med 
benförankrade implantat analyserades med qPCR. 

Vid de tidiga mätpunkterna erhölls för den råa (oxiderade) implantatytan ett 
högre genuttryck jämfört mot den släta (maskin) ytan för markörer ansvariga 
för att locka till sig mesenkymala stamceller (CXCR4) samt infästning av 
celler (integrin-β1). Vid de senare tidpunkterna uppvisade den oxiderade ytan 
ett högre genuttryck för benremodellerande gener, medan den släta 
implantatytan hade en högre inflammatorisk aktivitet. Dessa fynd var 
korrelerade med en större andel ben i kontakt med implantatet samt högre 
stabilitet för oxiderad yta och ett högre ratio för RANKL/OPG genuttryck. 
Den utvecklade protein-analysmetoden tillät analys av en stor mängd 
proteiner som utsöndras från odlade celler och indikerade interaktion mellan 
cellerna. I den kliniska studien visades att Staphylococcus aureus är den mest 
förekommande bakterien i hud hos patienter med benförankrade proteser. S. 
aureus associerades med ett uppreglerat genuttryck för TNF-α medan 
implantatförlust associerades med lägre genuttryck för IL-10 och osteocalcin. 

Sammanfattningsvis presenterar denna avhandling en kombination av 
analytiska tekniker som möjliggör detaljerade studier av vad som händer på 
cellnivå vid gränsytan mellan implantat och vävnad, samt med avseende på 
benstruktur och stabilitet. Vi visade med denna plattform att ytstrukturen på 
implantat främjar cellulära signaler för att snabbt locka till sig celler och öka 
benbildningen vilket i sin tur ökar inläkning och stabilitet. Kandidat-faktorer 
såsom RANKL/OPG föreslås som en känslig indikator för att mäta graden av 
benbildning runt implantatet. I den kliniska studien ges indikationer på att 
specifika markörer (cytokiner) kan användas för att detektera förändringar 
runt implantaten och förutspå komplikationer. 



i 

LIST OF PAPERS  
This thesis is based on the following studies, referred to in the text by their 
Roman numerals. 

I. Omar O*, Lennerås M*, Svensson S, Suska F, Emanuelsson 
L, Hall J, Nannmark U, Thomsen P. Integrin and chemokine 
receptor gene expression in implant-adherent cells during 
early osseointegration. J Mater Sci Mater Med. 
2010;21(3):969-80 *Equal contributions 

II. Omar OM*, Lennerås ME*, Suska F, Emanuelsson L, Hall 
JM, Palmquist A, Thomsen P. The correlation between gene 
expression of proinflammatory markers and bone formation 
during osseointegration with titanium implants. 
Biomaterials. 2011;32(2):374-86. *Equal contributions 

III. Lennerås M, Palmquist A, Norlindh B, Thomsen P, Omar O.  
Oxidized titanium implants enhance osseointegration via 
mechanisms involving RANK-RANKL regulation. Clin 
Implant Dent Relat Res. 2015;17 Suppl 2:e486-500. doi: 
10.1111/cid.12276. 

IV. Lennerås M, Ekström K, Vazirisani F, Shah FA, Junevik K, 
Thomsen P, Omar O. Adhesion and activation of monocytes 
and MSCs on titanium surfaces analysed by FACS, qPCR 
and protein profiling. In manuscript 

V. Lennerås M*, Tsikandylakis G*, Trobos M, Omar O, 
Vazirisani F, Palmquist A, Berlin Ö, Brånemark R, Thomsen 
P. The clinical, radiological, microbiological and molecular 
profile of the skin-penetration site of transfemoral amputees 
treated with bone-anchored prostheses. In manuscript. 
*Equal contributions 
  



ii 

Additional publications not included in this thesis: 

• Omar O, Svensson S, Zoric N, Lennerås M, Suska F, 
Wigren S, Hall J, Nannmark U, Thomsen P. In vivo gene 
expression in response to anodically oxidized versus 
machined titanium implants. J Biomed Mater Res A. 
2010;92(4):1552-66. 

• Omar O, Suska F, Lennerås M, Zoric N, Svensson S, Hall J, 
Emanuelsson L, Nannmark U, Thomsen P. The influence of 
bone type on the gene expression in normal bone and at the 
bone-implant interface: experiments in animal model. Clin 
Implant Dent Relat Res. 2011;13(2):146-56. 

• Slotte C, Lennerås M, Göthberg C, Suska F, Zoric N, 
Thomsen P, Nannmark U. Gene expression of inflammation 
and bone healing in peri-implant crevicular fluid after 
placement and loading of dental implants. A kinetic clinical 
pilot study using quantitative real-time PCR. Clin Implant 
Dent Relat Res. 2012;14(5):723-36. 

• de Peppo GM, Palmquist A, Borchardt P, Lennerås M, 
Hyllner J, Snis A, Lausmaa J, Thomsen P, Karlsson C. Free-
form-fabricated commercially pure Ti and Ti6Al4V porous 
scaffolds support the growth of human embryonic stem cell-
derived mesodermal progenitors. ScientificWorldJournal. 
2012;2012:646417. 

• Elgali I, Igawa K, Palmquist A, Lennerås M, Xia W, Choi S, 
Chung UI, Omar O, Thomsen P. Molecular and structural 
patterns of bone regeneration in surgically created defects 
containing bone substitutes. Biomaterials. 2014;35(10): 
3229-42. 

  



iii 

CONTENTS 
ABBREVIATIONS ............................................................................................. VI	
1	 INTRODUCTION ........................................................................................... 1	

1.1	 Introductory remarks ............................................................................. 1	
1.2	 Bone ....................................................................................................... 2	

1.2.1	 Cellular components of bone ......................................................... 3	
1.2.2	 Structural components of bone ...................................................... 5	

1.3	 Bone healing: inflammation, bone regeneration and bone remodelling 5	
1.3.1	 Initial and early events of inflammation ........................................ 5	
1.3.2	 Osteogenic differentiation and bone regeneration ......................... 8	
1.3.3	 Osteoclastic differentiation and bone remodelling ........................ 9	

1.4	 Material-tissue interactions in relation to osseointegration ................. 10	
1.5	 Challenges of osseointegration-based clinical applications ................ 12	
1.6	 Traditional methods for studying osseointegration ............................. 13	

1.6.1	 Light microscopy ......................................................................... 13	
1.6.2	 Electron microscopy .................................................................... 14	
1.6.3	 Biomechanics ............................................................................... 14	

1.7	 Cellular and molecular techniques with potential application to the 
bone-implant interface ................................................................................ 14	

1.7.1	 Immunohistochemistry (IHC) ...................................................... 14	
1.7.2	 In situ hybridisation ..................................................................... 15	
1.7.3	 Enzyme-linked immunosorbent assay (ELISA) .......................... 15	
1.7.4	 Western Blot (WB) ...................................................................... 16	
1.7.5	 Polymerase chain reaction (PCR) ................................................ 16	
1.7.6	 Quantitative real-time PCR analysis (qPCR) .............................. 16	
1.7.7	 Proximity extension assay (PEA) ................................................ 19	
1.7.8	 Flow cytometry ............................................................................ 19	

2	 AIM .......................................................................................................... 21	
2.1	 Specific aims of the included studies .................................................. 21	



iv 

3	 MATERIALS AND METHODS .................................................................. 22	
3.1	 Implants (Paper I-IV) and abutments (Paper V) ................................. 22	
3.2	 Surface characterisation ...................................................................... 22	

3.2.1	 Profilometry ................................................................................. 22	
3.2.2	 Auger electron spectroscopy ....................................................... 22	
3.2.3	 Transmission electron microscopy .............................................. 23	
3.2.4	 Scanning electron microscopy ..................................................... 23	

3.3	 Study design ........................................................................................ 23	
3.3.1	 Animal model and surgical procedure (Paper I-III) .................... 23	
3.3.2	 In vitro model using mono- and co-cultures  (Paper IV) ............. 25	
3.3.3	 Human clinical study (Paper V) .................................................. 25	

3.4	 Analytical procedures .......................................................................... 26	
3.4.1	 Gene expression analysis (Paper I-V) ......................................... 26	
3.4.2	 Flow cytometry (paper IV) .......................................................... 27	
3.4.3	 Enzyme-linked immunosorbent assay (Paper IV) ....................... 27	
3.4.4	 Protein profiling (Paper IV) ......................................................... 27	
3.4.5	 Western blot (Paper V) ................................................................ 28	
3.4.6	 Bacterial culture (Paper V) .......................................................... 28	
3.4.7	 Immunohistochemistry (paper I) ................................................. 29	

3.5	 Histology (Papers I-III) and histomorphometry (Paper III) ................ 29	
3.5.1	 Scanning electron microscopy (Paper I-V) ................................. 29	
3.5.2	 Transmission electron microscopy (Paper III) ............................ 30	

3.6	 Removal torque analysis (paper II) ..................................................... 30	
3.7	 Scoring system (paper V) .................................................................... 31	
3.8	 Statistical analyses ............................................................................... 31	
3.9	 Ethical approval ................................................................................... 32	

4	 RESULTS IN SUMMARY ............................................................................. 33	
5	 DISCUSSION .............................................................................................. 38	

5.1	 Initial events of cell recruitment and adhesion in the bone-implant 
interface ....................................................................................................... 38	



v 

5.2	 Monocyte-MSC interactions ............................................................... 42	
5.3	 Inflammation at the bone-implant interface ........................................ 43	
5.4	 Bone regeneration and remodelling at the bone-implant interface ..... 44	
5.5	 Implant stability and osseointegration ................................................. 46	
5.6	 Clinical application .............................................................................. 47	
5.7	 Methodological considerations ............................................................ 50	

5.7.1	 Sampling ...................................................................................... 50	
5.7.2	 Molecular techniques ................................................................... 51	
5.7.3	 Study design ................................................................................. 52	

6	 SUMMARY AND CONCLUSION ................................................................... 54	
7	 FUTURE PERSPECTIVES ............................................................................. 56	
ACKNOWLEDGEMENTS .................................................................................. 57	
REFERENCES .................................................................................................. 59	
 

  



vi 

ABBREVIATIONS 
AES Auger electron spectroscopy 

ALP Alkaline phosphatase 

AMAC-1 Alternative macrophage activation-associated CC 
chemokine-1  

BMP-2 Bone morphogenetic protein-2 

BA Bone area 

BIC Bone-implant contact 

CatK Cathepsin K 

CCL2/MCP-1 Chemokine (C-C motif) ligand 2/Monocyte 
chemoattractant protein-l  

CXCR2/IL-8R Chemokine (C-X-C motif) receptor 2/Interleukin-8 
receptor 

CXCR4/SDF-
1R 

Chemokine (C-X-C motif) receptor 4/Stromal derived 
factor-1 receptor  

CXCL8/IL-8 Interleukin-8 

CXCL12/SDF1 Stromal derived factor-1 

CCL20 C-C motif chemokine ligand 20 

CXCL5 C-X-C motif chemokine ligand 5 

CXCL10 C-X-C motif chemokine ligand 10 

CSF-1 Colony stimulating growth factor-1 

ECM Extracellular matrix 

EDS Energy dispersive X-ray spectroscopy 



vii 

FACS Fluorescence-activated cell sorting 

FIB Focused ion beam  

HGF Hepatocyte growth factor 

IL-1β Interleukin-1beta 

IL-6 Interleukin-6 

IL-10 Interleukin-10 

LIF Leukemia inhibitory factor 

LPS Lipopolysaccharide 

M-CSF Macrophage-colony stimulating factor 

MIP-1α Macrophage inflammatory protein-1 alpha  

MMP Matrix metalloproteinase 

MSC Mesenchymal stem cell 

MCP-1 Monocyte chemoattractant protein 

NPX Normalised protein expression 

OC Osteocalcin 

ON Osteonectin 

OPG Osteoprotegerin 

OPN Osteopontin 

PBMC Peripheral blood mononuclear cell 

PDGF Platelet derived growth factor 

PMN Polymorphonuclear leukocytes 



viii 

PS Polystyrene 

PEA Proximity Extension Assay 

PPAR-γ Peroxisome proliferator-activated receptor-gamma 

qPCR Quantitative polymerase chain reaction 

RANKL Receptor activator of nuclear factor-kappa B ligand 

RANK Receptor activator of nuclear factor-kappa B 

RSA Roentgen stereo photogrammetric analysis 

Runx2 Runt related transcription factor-2 

SEM Scanning electron microscopy 

SPS Skin-penetration site 

TIMP Tissue inhibitor of matrix metalloproteinase 

TEM Transmission electron microscopy 

TGF-β Transforming growth factor-beta 

TNF-α Tumor necrosis factor alpha 

TNFR Tumor necrosis factor receptor 

TFA Transfemoral amputation 

TRAP Tartrate-resistant acid phosphatase 

VEGF-A Vascular endothelial growth factor A 

WB Western blot 

WNT Wingless-type MMTV integration site family 

 

 



Maria Lennerås 

1 

1 INTRODUCTION 

1.1 Introductory remarks 
The global population is getting older and this is associated with an increased 
number of elderly people with increasing demands relating to their quality of 
life. One remarkable contribution to this challenge has been discovered and 
developed in Gothenburg by PI Brånemark and co-workers1. Since the 
discovery of osseointegrated implants in the late 1960s, the concept has been 
used for different reconstructive applications, including missing teeth and 
limbs, and for bone-anchored hearing aids. 

Osseointegration is the biological process during which bone is formed 
directly on the implant surface without intervening fibrous tissue1,2. Over the 
years, and in parallel with the continuous introduction of new implant surface 
modifications, the main emphasis has been the morphology and mechanical 
strength of the bone-implant interface3. On the other hand, few studies have 
focused on the mechanisms of osseointegration in vivo, which entail the 
cellular and molecular events at the bone-implant interface. Furthermore, 
most of the recent research on the cellular and molecular events of 
osseointegration has been mainly exploratory and has related to the specific 
processes of bone healing (e.g. bone formation), whereas other major 
processes, such as the initial events of inflammation and the process of bone 
remodelling at the interface, have been largely neglected. 

When it comes to the development of new generations of implants, it is 
fundamentally important to determine the effect of implant surface properties 
on the sequence of events, including the recruitment of different cells at the 
implant surface, the interactions of the different cells with the implant surface 
and the interactions of the interface cells with each other. Further, it is 
important that these cellular and molecular events are interrelated, not only to 
the degree of bone formation but also to the quality, composition and 
functional capacity of the bone formed at the interface. 

There are several challenges for systematic studies that could provide 
detailed knowledge of the relationship between the cellular and molecular 
events in vivo and the structure, composition and biomechanical performance 
at the bone-implant interface. One major challenge is to employ a 
combination of tools and techniques for correlative analyses of these events 
at the interface. Most of the available cellular and molecular techniques are 
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well suited to in-vitro studies and several optimisations associated with the 
sample preparation and processing are needed in order to adapt these 
techniques to studies of the interface between bone and implant in vivo. In 
relation to this, another challenge is to obtain access to and apply appropriate 
sampling procedures to the narrow interface zone, where the actual events 
take place. In addition, the limited amount of biological material at the 
interface creates a substantial demand for techniques that could enable large-
scale analyses of different biological factors and mediators. 

The development of a methodological platform for studying the bone healing 
events at implants can also provide a new approach to evaluating and 
predicting tissue changes in relation to osseointegrated implants in a clinical 
setting. One clinical application of osseointegrated implants is the 
rehabilitation of patients with transfemoral amputations (TFA). In this 
procedure, there is a major challenge at the skin-penetration site (SPS), where 
an interface of titanium, bone and soft tissue comes into contact with the 
outer environment. Although the detection of bacteria and various symptoms 
and signs, such as redness, exudation and excessive granulation tissue, is 
common, the diagnosis of an infection at the SPS is still difficult. An 
increased knowledge of the cellular and bacteriological profile in relation to 
the clinical manifestations of the SPS is clearly needed. 

1.2 Bone 
Bone is a complex, dynamic and vascularised living tissue. It is a highly 
mineralised connective tissue with the main function of providing a 
framework that supports the body, anchors muscles and protects vital organs. 
It also acts as a reservoir for calcium and inorganic ions, a storage site for 
growth factors, as well as the site of the production of red and white blood 
cells4. 

Embryonically, bone is formed by two processes: endochondral and 
intramembranous ossification. These processes are also involved in fracture 
healing in the adult human5. Endochondral ossification starts with cartilage 
tissue being formed by chondrogenic cells from the mesenchymal cell 
lineage. The cartilage that forms is then mineralised and transformed into 
bone by osteoblasts. Intramembranous ossification, on the other hand, starts 
with mesenchymal condensation, which differentiates directly to osteoblasts, 
thereby forming bone. 
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1.2.1 Cellular components of bone 
The bone microenvironment contains several types of cells, from those of 
mesenchymal origin to those of haematopoietic origin. The main components 
from mesenchymal origin are osteoprogenitors, pre-osteoblasts, osteoblasts, 
osteocytes and bone-lining cells. The haematopoietic cellular component 
consists of osteoclasts, tissue-resident macrophages and the precursors of 
different types of leukocytes residing in bone marrow niches6. 

Mesenchymal stem cells and osteoprogenitors 
Mesenchymal stem cells (MSCs) are a diverse subset of multipotent 
precursors present in the stromal fraction of many adult tissues7. At the time 
of injury, MSCs are believed to be recruited from the surrounding tissues and 
the circulation, regulated by multiple factors8. MSCs have wide-ranging 
differentiation potential, meaning a capacity to differentiate into several cell 
types, including osteoblasts, chondrocytes and adipocytes. Several proteins 
are regulators of more than one of these differentiation pathways and there is 
cross-talk and cross-regulation between the different lineages. The 
differentiation processes and the signalling pathways that are involved have 
been extensively studied in vitro, but their identity in vivo is just starting to 
be uncovered7. The transcription factor, Runt related transcription factor-2 
(Runx2), is a key marker of the commitment of MSCs towards the osteogenic 
lineage and excludes divergence towards other lineages9. One major and 
recently discussed aspect of MSCs relates to their immunomodulatory 
activities10. In vitro, MSCs have been shown, for example, to inhibit T-cell 
activation and immune-regulatory roles have also been documented in vivo7. 
Part of the explanation is thought to be the vast array of soluble mediators 
secreted by MSCs which are known to have immunomodulatory properties7. 

Upon receiving specific signals, such as bone morphogenetic protein-2 
(BMP-2), MSCs commit to the osteogenic lineage, i.e. osteoprogenitors11. 
The osteoprogenitors have the properties of stem cells and thereby the 
potential to proliferate and differentiate12. The osteogenic differentiation 
process continues with the differentiation of bone progenitor cells into pre-
osteoblasts, which then form mature osteoblasts. The mechanisms involved 
in the differentiation of MSCs into mature osteoblasts are complex and a 
variety of signalling molecules, including transforming growth factor-beta 
(TGF-β), BMPs and WNTs, are involved in this process13. 

Pre-osteoblasts and osteoblasts 
The pre-osteoblast is a transitional stage between the proliferative 
osteoprogenitor and the mature osteoblast11. It has a low production capacity 
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for proteins and expresses a panel of early bone formation markers14. When 
pre-osteoblasts differentiate into osteoblasts, they become cuboid in shape 
and actively secrete the organic bone matrix. Osteoblasts firstly secrete the 
osteoid consisting of collagen and other proteins. During the early stage of 
bone formation, osteoblasts express high activity of alkaline phosphatase 
(ALP) enzyme, growth factors and molecules involved in auto- and paracrine 
regulations and cell-cell interactions. When the osteoid is mineralised, it 
develops into new bone tissue, which contains collagen type I, as well as 
non-collagenous proteins like osteopontin (OPN), bone sialoprotein (BSP) 
and osteocalcin (OC). During the process of bone matrix formation, 
osteoblasts extend cellular protrusions toward the osteoid seam and adhere to 
the existing matrix and neighbouring cells via integrins (mainly type β1). 

Osteocytes 
As bone is formed, osteoblasts are trapped within the matrix and become 
osteocytes. Osteocytes communicate with each other and with the blood 
vessels through narrow channels called canaliculi and they are able to 
transmit signals over long distances in the canalicular network. Osteocytes 
are believed to be the major mechanosensing cell type that responds to 
mechanical stimuli and controls the activity of osteoblasts and osteoclasts15. 

Osteoclasts 
Osteoclasts originate from specific subsets of monocytes/macrophages of the 
haematopoietic lineage6. It is believed that osteoclast progenitors are 
recruited from haematopoietic tissues in the bone marrow to the site of bone 
resorption. They proliferate and differentiate into mononuclear pre-
osteoclasts, which subsequently fuse with each other to form multinucleated 
osteoclasts6. Osteoclasts resorb the mineralised bone by making resorption 
pits. A number of key cytokines crucial for osteoclastogenesis and osteoclast 
development have been identified16,17. Macrophage-colony-stimulating factor 
(M-CSF) is believed to be of major importance for the proliferation of the 
osteoclast precursors. Receptor activator of nuclear factor-kappa B ligand 
(RANKL) is considered directly to control the differentiation process when 
binding to its receptor RANK on the osteoclast precursor surface18. 
Furthermore, osteoprotegerin (OPG), a member of the TNF-receptor family, 
is a major regulator of osteoclast differentiation and function16. OPG 
competes with RANK in binding to RANKL and acts as a break for 
osteoclasts. Furthermore, other cytokines and growth factors, such as tumour 
necrosis factor-alpha (TNF-α), interleukin-1beta (IL-1β), IL-6 and TGF-β1, 
have been shown to enhance osteoclastogenesis16. 
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1.2.2 Structural components of bone 
Bone exists in compact (cortical) or trabecular (cancellous) forms. Bone 
marrow resides in the spaces between the bone trabeculae and in the cavities 
of long bones and it contains multipotent stem cells. The main component of 
bone is a mineralised extracellular matrix (ECM) composed of inorganic and 
organic phases. The inorganic part consists primarily of plate-shaped 
carbonated hydroxyapatite, made of calcium and phosphate, as well as small 
amounts of other ions19. The organic phase is mainly type I collagen, in 
addition to proteoglycans and several non-collagenous proteins and growth 
factors15. 

The basic building block of bone is the structurally highly anisotropic 
mineralised collagen fibril and it is organised in concentric lamellae around a 
central blood vessel termed osteon. Each block is composed of alternating 
layers of plate-shaped crystals of the mineral, carbonated apatite, and layers 
of triple helical collagen molecules20. The presence of collagen is crucial for 
bone formation and bio-mineralisation, i.e. the nucleation and orientation of 
calcium phosphate crystals21,22. Several of the non-collagenous proteins, such 
as OC, BSP and osteonectin (ON), are also important for mineralisation23. 

1.3 Bone healing: inflammation, bone 
regeneration and bone remodelling 

Bone healing is a complex process involving the co-ordinated participation of 
haematopoietic and immune cells, in conjunction with vascular and 
mesenchymal, skeletal, regenerative cells8. Multiple factors regulate the 
cascade of molecular events leading to the migration of cells, chemotaxis and 
the differentiation of the cells at the site of bone injury. Although simplified, 
the healing process can be divided into the closely linked phases of 
haematoma formation, acute inflammation, bone regeneration and 
remodelling. 

1.3.1 Initial and early events of inflammation 
When an injury occurs, the vasculature is damaged, with subsequent blood 
loss and the formation of a blood clot (haematoma). The blood clot acts as a 
substrate for haematopoietic cells that initiate the inflammatory cascade. 
Inflammatory cells are recruited to the site of injury and propagate the 
inflammatory response, which peaks after 24 hours and usually resolves 
within seven days8. Signalling molecules, such as TGF-β, platelet derived 
growth factor (PDGF), fibroblast growth factor (FGF) and vascular 
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endothelial growth factor (VEGF), are secreted and are important for 
angiogenesis and the recruitment of MSCs. The initial clot subsequently 
reorganises into a fibrin-rich granulation tissue24. 

During the early events of bone healing, the complex interactions of 
inflammatory cells and MSCs are controlled by multiple factors. These 
molecules can be roughly divided into cytokines, chemokines and 
integrins8,25. Further, several enzymes, which play a major role in the 
degradation of the fibrinous matrix and the early-formed granulation tissue, 
are secreted26,27. 

Inflammatory cytokines 
Pro-inflammatory cytokines, such as TNF-α, IL-1β and IL-6, are secreted to a 
major extent by the early-recruited leukocytes, including polymorphonuclear 
leukocytes (PMNs) and monocytes/macrophages. These cytokines play a 
major role in activating the immune cells to clear insults, such as bacteria. 
Further, these cytokines are believed to be involved in triggering the 
subsequent events of extracellular matrix synthesis, stimulating angiogenesis 
and recruiting endogenous regenerative cells to the site of injury. The highest 
expression of these cytokines is seen within the first 24 hours after injury8. 
Normally, a downregulation is observed when woven bone is formed, 
followed by an increase during the active phase of bone remodelling. TNF-α 
promotes the recruitment of MSCs and stimulates osteoclastic functions8. 
Furthermore, although in-vivo studies have revealed crucial roles for TNF-α 
in bone regeneration, in-vitro studies have shown that this cytokine inhibits 
osteoblastic differentiation25. On the other hand, IL-6 is a pleiotropic 
cytokine, which influences several biological events in different organs 
including bone28. IL-6 performs both a pro-inflammatory and an anti-
inflammatory role. In bone, although it is regarded as a pro-osteoclastogenic 
factor, IL-6 has been also suggested to play a role in osteoblast generation29. 

In addition to pro-inflammatory cytokines, leukocytes also secrete anti-
inflammatory cytokines, such as IL-10. This is a key regulatory cytokine 
produced by a variety of cells, including activated macrophages, B-cells and 
regulatory T-cells30. IL-10 has been shown to inhibit the synthesis of pro-
inflammatory cytokines, such as IL-1, IL-6, IL-8, TNF-α and IFN-γ31, and it 
has been suggested to play a central role in limiting the immune response to 
pathogens, thereby preventing damage to the host tissue32. 

Chemokines and integrins 
When the pro-inflammatory cytokines are activated, they generate a second 
wave of cytokines with the ability to induce chemotaxis in the nearby 
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responsive cells. Monocyte chemoattractant protein-1 (MCP-1/CCL2) is 
responsible for recruiting monocytes, memory T-cells and dendritic cells to 
sites of inflammation33. In bone, MCP-1 is also expressed and secreted by 
osteoblasts34. 

Interleukin 8 (IL-8/CXCL8) is a chemokine produced by macrophages and 
any cell with toll-like receptors that are involved in the innate immune 
response35. IL-8 is known as a main PMN chemotactic factor responsible for 
the migration of PMNs to the site of infection, induced after elevated levels 
of IL-1 and TNF-α35. 

Macrophage inflammatory protein-1 alpha (MIP-1α/CCL3) is a major factor 
in the recruitment and activation of PMNs during early inflammation. MIP-
1α possesses high pro-inflammatory properties and may also play a role in 
regulating haematopoiesis36. MIP-1α has been shown to stimulate 
macrophage TNF-α, IL-1 and IL-6 production and has been suggested to play 
a role in modulating macrophage responses to inflammatory stimuli in vivo37. 

C-X-C motif chemokine 10 (CXCL10) is a chemokine that binds to the 
chemokine receptor, CXCR3, to induce chemotaxis, apoptosis and cell 
growth38. Alterations in CXCL10 expression levels have been associated with 
several inflammatory diseases38. CXCL10 has been shown to upregulate the 
expression of RANKL, which plays an important role in the formation of 
osteoclasts38.  

Stromal-derived factor-1 (SDF-1/CXCL12) is a growth-stimulating factor 
with several functions39. It binds exclusively to its receptor, CXCR4, and 
plays an important role in angiogenesis by recruiting endothelial progenitor 
cells from the bone marrow40. CXCR4 is expressed by haematopoietic 
leukocytes, especially neutrophils, and regulates their homing, retention and 
mobilisation41. Recently, it has been suggested that SDF-1 plays a critical 
role in the recruitment and function of MSCs during early bone healing and 
regeneration42. 

Integrins are transmembrane receptors crucial for interactions between cells, 
as well as between cells and extracellular matrix (ECM)43. Their function is 
primarily to regulate the cell cycle, cellular shape and mobility, thereby 
allowing rapid responses to events at the cell surface43. Integrins are believed 
to be expressed by every cell type and a cell may have several different types 
of integrin on its surface. Cells of the osteoblastic lineage predominantly 
express β1, α4, α5 αv44, whereas αvβ3 complexes are more profound on 
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osteoclastic cells44. Leukocytes express at least 13 different integrins, among 
which β2 is a unique leukocyte-specific integrin45. 

Tissue-degrading enzymes 
Matrix metalloproteinases (MMPs) play an important role in tissue 
remodelling associated with various physiological or pathological processes, 
such as angiogenesis and tissue repair. These enzymes are capable of 
degrading all kinds of ECM protein, as well as being involved in the cleavage 
of cell surface receptors and chemokine/cytokine inactivation46. Under 
normal physiological conditions, MMPs are precisely regulated at the level of 
transcription and by the inhibition of endogenous inhibitors (tissue inhibitors 
of metalloproteinases, TIMPs). When this regulation is interfered with, 
matrix metalloproteinase activity increases, leading to excessive tissue 
degradation and/or remodelling. One example is MMP8, which is mainly 
produced by PMNs47,48 and is expressed at high levels during wound 
healing49. MMP-8 has also been implicated in several pathological conditions 
associated with chronic inflammation49. 

1.3.2 Osteogenic differentiation and bone 
regeneration 

MSCs receive signals and biochemical stimuli from the surrounding 
microenvironment, as well as the neighbouring cells, which are likely to 
influence their differentiation into osteoprogenitors and osteoblasts,14 termed 
osteogenic differentiation. Upon their osteogenic differentiation, MSCs 
express and release several factors, corresponding to the developmental stage 
of the osteoblastic cells and the ongoing activity during the healing cascade. 

Alkaline phosphatase (ALP) is a group of enzymes with low substrate 
specificity, and is present in many human tissues, including bone, liver and 
white blood cells. ALP is responsible for phosphorylation and works 
effectively at an alkaline pH. During early bone formation, ALP is highly 
expressed and secreted and it is regarded as an early marker of osteogenic 
differentiation. The exact role of ALP is not known and several physiological 
functions have been suggested. They include the active transportation of 
substances across the membrane, an increase in the local concentration of 
inorganic phosphate and acting as a calcium binder50. Osteocalcin (OC) is 
believed to be exclusively produced by osteoblasts in bone and plays an 
important role in bone mineralisation51. OC represents a late marker during 
osteogenic differentiations of MSCs in vitro and bone formation in vivo52. 
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Transforming growth factor beta (TGF-β) is a growth factor that controls 
many functions in most cells, such as proliferation and cellular 
differentiation. It exists in at least three isoforms, TGF-β1, 2 and 3, which are 
secreted by different cell types. Most leukocytes secrete TGFs and, during 
early fracture healing, it is believed that TGF-β1 is also secreted by 
platelets53. Further, TGF-β plays a major role in the recruitment and/or the 
differentiation of MSCs and osteoprogenitor cells54. TGF-β1 is also regarded 
as an anti-inflammatory mediator, and induces apoptosis in many cell types, 
such as inflammatory cells, through the SMAD pathway, for example55. 

Bone morphogenetic proteins (BMPs) belong to the TGF-β superfamily, and 
are potent pro-osteogenic factors with a capacity to induce bone formation 
throughout the body, including muscular and subcutaneous sites56. There are 
more than 25 different BMPs, with BMP-2, -6, -7 and -9 being the most 
potent ones in promoting MSC differentiation towards the osteoblastic 
lineage. BMP-2 exerts this effect by inducing the critical transcription 
factors, Runx2 and Osterix, via the SMAD pathway57. BMPs are mainly 
produced by osteoprogenitors, MSCs, osteoblasts and chondrocytes. 
Furthermore, haematopoietic cells have been suggested to be responsive to, 
and even produce, BMPs58. BMP-2 is regarded as a key-player in early bone 
healing and regeneration59. 

Runt-related transcription factor 2 (Runx2) is an osteoblast-specific 
transcription factor, essential for pluripotent mesenchymal cells to 
differentiate into osteoblasts13. The transcriptional control of Runx2 is 
required for the commitment of MSCs to the osteoblast lineage. It is well 
known that Runx2 is crucial for bone formation in vivo and Runx2 knock-out 
mice do not show any intramembranous or intracartilaginous bone 
formation60. 

1.3.3 Osteoclastic differentiation and bone 
remodelling 

After early bone formation, the less organised heterogeneous woven bone 
undergoes gradual remodelling, where it is replaced by highly mineralised 
mature bone24. Bone remodelling also takes place as a continuous 
physiological process of coupled bone resorption and bone formation 
(homeostasis) and for the replacement of damaged bone61. During bone 
resorption, osteoclast precursors are recruited and subsequently differentiated 
at the site of bone resorption, where they express a variety of integrins. 
Osteoclasts express integrin-ανβ3 and also low levels of integrin-β262. The 
binding of integrins forms a tight sealing zone of osteoclasts attached to the 
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bone surface. This makes bone resorption proceed by creating a highly acidic 
microcompartment, where the enzymatic degradation of organic components 
takes place. Lysosomal proteases, like cathepsin K (CatK), are also involved 
in this process. The subsequent process of bone formation begins once the 
osteoclasts leave the resorption pit. The mechanisms for this process are not 
fully understood, but it is possible that the release of growth factors from the 
dissolved matrix provides signals to osteoblasts to start forming bone63,64. 

Cathepsin K (CatK) is detected at the ruffled border membrane of osteoclasts 
and is thereby associated with the dissolution of the bone matrix65. It has the 
ability to catabolise elastin and collagen, leading to the degradation of bone 
and cartilage. The expression of CatK is stimulated by pro-inflammatory 
cytokines. Under normal conditions, tartrate-resistant acid phosphatases 
(TRAP) are highly expressed by osteoclasts and activated macrophages, but 
they are also expressed to some extent by osteoblasts and osteocytes66. 

The coupling between osteoblastic bone formation and osteoclastic bone 
resorption is a highly controlled process. The RANK/RANKL/OPG is a 
major coupling triad that has been well characterised and documented18. 
RANKL is a member of the TNF superfamily that appears to play an 
important role in both immune responses and bone morphogenesis67,68. 
Osteoblasts express RANKL as a membrane-associated factor. Osteoclast 
precursors that express RANK, a receptor for RANKL, recognise RANKL 
through the cell-cell interaction and differentiate into osteoclasts16. 
Osteoprotegerin (OPG), on the other hand, competitively binds to RANKL, 
preventing its pro-osteoclastic effects and thus controls and fine-tunes the 
remodelling process. 

1.4 Material-tissue interactions in relation to 
osseointegration 

The biological events leading to osseointegration resemble those of normal 
bone healing via the intramembranous route, i.e. direct bone formation 
without intermediate cartilage formation69. However, the presence of a bone-
anchored implant, as well as the specific surface properties of such implants, 
are assumed to modulate the biological events. This will subsequently affect 
the degree of bone formation and maturation, implant integration and the 
biomechanical stability of the bone-implant interface70. 

In contrast to the late phases of osseointegration, the initial and early phases 
have not been well described in vivo. Most of the available knowledge on the 



Maria Lennerås 

11 

effect of titanium implants on the initial cellular and molecular activities has 
been obtained from soft tissue and in-vitro studies. 

For instance, it has been shown in vitro, that the implant surface has a major 
influence on the initial events of protein adsorption, complement activation 
and thrombogenesis71,72. These processes are strongly linked to the 
subsequent processes of cell recruitment and differentiation, and disruption or 
dysregulation in these processes may lead to tissue damage or prolonged 
inflammation73 or even the failure of the biomaterial72. 

With respect to the recruitment of cells, the early morphological studies of 
osseointegration demonstrated the recruitment of different cell types at the 
bone-implant interface preceding the process of bone formation74,75. MCP-1, 
a major chemotactic factor for monocytes/macrophages, has been shown in 
vitro to be highly expressed by human monocytes/macrophages in response 
to titanium particles76. Furthermore, other in-vitro studies have shown that the 
expression and/or release of MCP-1 and pro-inflammatory cytokines, e.g. 
TNF-α, is enhanced on micro-rough surfaces77. In contrast, surfaces with 
nano-topography reduce the expression of MCP-1, TNF-α and MIP-1α in 
vitro78. Further, MCP-1 has been found in granulomatous tissue surrounding 
loosened prosthetic implants and it may thus play a role in prolonged 
inflammation around biomaterials76. However, there is still lack of 
information on the expression of the major chemotactic factors at the bone-
implant interface in vivo and the way this is related to the early organisation 
of tissue and bone formation at the bone-implant interface. 

Similar to the effect on cell recruitment and the initial inflammatory 
response, the effect of titanium and titanium surface modification on integrin 
activities has been mainly studied in vitro79-83. For instance, an enhancing 
effect of surface roughness was found on the expression of integrin-β1 in 
MG63 osteoblasts and, by blocking the integrin-β1, (by gene-silencing), the 
osteoblastic secretion of ALP and OC was inhibited84. Another in-vitro study 
showed that blocking integrin-β1, by antibodies, inhibited the expression of 
BMP-2 in murine macrophages adhering to grit-blasted titanium surfaces in 
vitro85. 

Regarding osteogenic differentiation and bone formation activities, there is 
ample in-vitro evidence and several in-vivo studies show an influential effect 
of surface modification on the osteoblastic, bone-related, molecular activities. 
For instance, in-vivo studies have shown that grit-blasted and hydrofluoric 
acid-etched surfaces increase the expression of Runx2 and ALP in implant-
adherent cells in the rat86 and rabbit87 tibiae compared with grit-blasted 
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titanium without acid etching. However, the way the temporal regulation of 
osteoblastic activities relates to the kinetic changes in terms of the amount of 
bone formation and implant stability at the bone-implant interface remains to 
be explored. 

Despite being an integral component of bone, osteoclast and osteoclastic 
bone remodelling has not been sufficiently investigated at the cellular and 
molecular level in vivo in relation to osseointegration. Whereas bone 
remodelling is generally regarded as a late process at the interface88 in-vivo 
morphological studies suggest that remodelling is an integral process which 
starts at an early stage after implantation89. In-vivo studies reveal the 
upregulation of the osteoclastic gene (TRAP) in response to titanium discs 
acid etched with a combination of hydrochloric and hydrofluoric acids 
compared with discs treated only with hydrochloric acid in the rabbit tibia 
after four weeks of healing90. Subsequent studies showed a positive 
correlation between osteoclastic gene expression (calcitonin receptor and 
TRAP) and the pull-out forces of the titanium discs in the rabbit tibia after 
four and eight weeks of healing91. Nevertheless, it remains to be elucidated 
how early the osteoclastic molecular activities are regulated by the implant 
surface properties. Moreover, given the highly controlled nature of the 
coupled bone formation and remodelling, exploring the molecular switches 
for bone remodelling, e.g. RANK/RANKL/OPG, with the emphasis on the 
role of the implant surface properties, is of great interest. One of the main 
aims of this thesis is to explore the relationship between the regulation of 
bone formation and remodelling activities at the implant surface in vivo and 
the development of the structure and ultrastructure of the bone in contact with 
the implant. 

1.5 Challenges of osseointegration-based 
clinical applications 

Based on the long-term success of osseointegration in dentistry, this concept 
was introduced to the orthopaedic field in 199092. Patients with transfemoral 
amputations often experience problems related to the use of socket-
suspension prostheses. With this treatment, instead of suspension through a 
socket, the prosthetic leg is directly anchored to the residual femur by an 
osseointegrated, percutaneous implant. Success has been shown both 
experimentally93 and clinically92,94-96, with reports of improved quality of 
life92 and cumulative survival of 92% two years after surgery92. This 
treatment involves two operations, where the first stage is the surgical 
insertion of the fixture into the residual femoral bone, and it is then left 
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unloaded (usually for six months) in order to permit osseointegration92. 
During second-stage surgery, the abutment is inserted, penetrating through 
the skin into the implant and secured with a screw. A percutaneous implant 
protruding through the skin creates a breach of the skin barrier and 
constitutes a critical issue for these patients due to bacterial colonisation. A 
recent study showed frequent colonisation by Staphylococcus aureus and 
coagulase-negative staphylococci, known to be potentially virulent bacteria97. 
Whether deep infections arise from the superficial infections is not yet known 
and whether frequent bacterial colonisation can be coupled to fixture 
loosening requires further investigation. 

A previous study validated a combined polymerase chain reaction and 
reverse line hybridisation protocol for identifying musculoskeletal 
infections98. The authors identified S. aureus as the most frequently found 
organism and they also reported that PCR-line blot hybridisation is more 
sensitive than routine culture. The same group also reported that 4-13% of 
total hip artroplasty revisions classified as aseptic are in fact low-grade 
infections, which are missed with routine diagnostics99 although the diagnosis 
of infection did not have any obvious clinical consequences. For this reason, 
a knowledge of factors with a potential relationship to inflammation, 
microbial colonisation, infection and clinical manifestations of derangement, 
loosening or the failure of the biomaterial-tissue interface is urgently 
required. 

1.6 Traditional methods for studying 
osseointegration 

1.6.1 Light microscopy 
This refers to the histological and morphological evaluation of tissue and 
cells in relation to the implant in vivo at the light microscopy level74. As a 
first step, samples are fixed, in order to maintain the cellular and structural 
integrity of the tissue, using different formulations of fixatives, such as 
formalin, that cross-link proteins and prevents enzymatic degradation. One of 
the most commonly used methods for morphological and histomorphometric 
analyses of bone-implant interface is performed on un-decalcified ground 
sections100. For histomorphometry, the percentage of bone in contact with the 
surface (bone-implant contact; BIC) as well as the percentage of bone area 
filling the thread (bone area; BA) are the most commonly studied parameters. 
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1.6.2 Electron microscopy 
Electron microscopy provides possibilities to analyse structural details at 
higher level of resolution, compared to light microscopy. In the field of 
implants, scanning electron microscopy (SEM) has been commonly used to 
evaluate surface roughness and topography101. Transmission electron 
microscopy (TEM) uses the same basic principles as light microscopy, but 
electrons instead of light is used as a light source giving a thousand times 
higher resolution. This technique allow for visualisation of the micron- and 
sub-micron details of the tissue formed at the bone-implant interface. The 
difficulty to obtain intact and ultra-thin sections of the bone implant interface 
has been a major problem. However, the use of focused ion beam (FIB) 
milling and thinning, for subsequent TEM, has provided new insights on the 
ultrastructure and composition of intact bone-implant interfaces, down to the 
atomic level102. 

1.6.3 Biomechanics 
The stability of an implant in bone is crucial for successful osseointegration 
and quantitative measurements can be made using several biomechanical 
techniques. Removal torque analysis is performed on rotationally 
symmetrical implants, measuring the force needed to loosen the implant 
under constant unscrewing rotation. It has been suggested that removal torque 
depends on the degree of implant integration in the recipient bone103. Push- 
and pull-out tests, on the other hand, appear to be fairly dependent on the 
quantity/quality of the surrounding bone104. In addition, implant stability has 
been measured using resonance frequency analysis (RFA). However, it is not 
yet clear what parameters are measured by RFA, i.e. the integration of the 
implant or the stiffness of bone surrounding the implant. 

1.7 Cellular and molecular techniques with 
potential application to the bone-implant 
interface 

1.7.1 Immunohistochemistry (IHC) 
This technique refers to the process of detecting and visualising proteins 
intra- or extra-cellularly, by using antibodies that will bind specifically to 
antigens in the target protein/cell. The antibodies used for specific detection 
can be either polyclonal, which are a heterogeneous mix of antibodies that 
recognise several epitopes, or mono-clonal that show specificity for a single 
epitope. The primary antibody is subsequently visualised using secondary 
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antibodies with attached reporter molecules, such as fluorescent compounds, 
enzymes or metals, e.g. gold. The horseradish peroxidase (HRP) method is a 
commonly used approach. IHC has the major advantage of being able to 
show the spatial distribution of proteins and cells and is commonly 
performed on paraffin-embedded decalcified sections of bone. One 
drawback, however, is that the implant usually has to be removed and, as a 
result, the analysis is not actually performed on an intact bone-implant 
interface105. Further, there are limitations related to the semi-quantitative 
nature of the analysis, as well as the limitation when it comes to performing 
large-scale analyses of several factors. 

1.7.2 In situ hybridisation 
This technique permits analysis of the spatial distribution of expressed gene 
markers (RNA transcripts) of factors of interest, in tissue sections and in 
relation to biomaterials implanted in different tissues106. Using this technique, 
a labelled complementary DNA or RNA probe localises a specific RNA 
sequence in a tissue section. The target transcript is fixed, followed by 
hybridisation to the target sequence at elevated temperature. Only exact 
sequence matches should remain bound after the washing steps and the probe 
that was labelled with a radiolabel, antibody or fluorescent bases is visualised 
and quantified by autoradiography, immunohistochemistry or fluorescent 
microscopy. One major drawback of this technique is a low specificity, 
which can lead to a high false-positive rate. In spite of this, in-situ 
hybridisation has been valuable for the analysis of biomaterial-host 
interactions107 and the key technique currently in use is fluorescence in-situ 
hybridisation, i.e. FISH108. 

1.7.3 Enzyme-linked immunosorbent assay (ELISA) 
Another antibody-based analysis is ELISA, which involves at least one 
antibody with specificity for a particular antigen (protein). A primary 
antibody is coated on to a microtitre plate with the antigen-binding site(s) 
ready to catch antigens in the added sample. This bound antigen is 
subsequently recognised by an enzyme-conjugated secondary antibody to 
perform a “sandwich”. A substrate for the conjugated enzyme is added, thus 
initiating a colourimetric reaction and the absorbance is measured at 450 nm 
in a spectrophotometer. In relation to implants and biomaterials, the ELISA is 
a widely used technique in vitro, given its sensitivity and quantification 
potential. Furthermore, ELISA of selected factors has also been performed on 
clinically retrieved samples, such as crevicular fluid around teeth and 
implants109,110. One drawback in the field of biomaterials is the limited 



A methodological platform to study molecular biocompatibility of biomaterials 

16 

amount of biological material in relation to the implant and the sensitivity 
when it comes to detecting protein secretions in very low abundance. 

1.7.4 Western Blot (WB) 
Western Blot is a semi-quantitative technique used to detect specific proteins 
in a sample of tissue homogenate or extract. Gel electrophoresis is used to 
separate native proteins by 3D structure or denatured proteins by the length 
of the polypeptide. The protein sample is transferred to a membrane where it 
can be detected by protein-specific antibodies. The antibodies are conjugated 
to an enzyme that, like the ELISA, catalyses a colour or fluorescence reaction 
that can be detected by a camera. WB has been used to provide important 
information on the presence of growth factors in implanted degradable 
biomaterials for bone regeneration111,112. However, some drawbacks exist, 
with difficulty in terms of background subtraction, saturation of signals and 
variation in blotting, which may interfere with accurate quantification. 

1.7.5 Polymerase chain reaction (PCR) 
PCR is based on the amplification of DNA molecule(s) to thousands and up 
to millions of copies of the starting template. In PCR, a heat-stable DNA 
polymerase assembles a new DNA strand using the single-stranded DNA as a 
template in the presence of DNA primers and the building blocks, 
deoxynucleoside triphosphates (dNTPs). When RNA is the target material, it 
is firstly reverse-transcribed into complementary DNA (cDNA). After PCR, 
the product can be transferred to an agarose gel in order to determine, semi-
quantitatively, the relative amount of the starting genetic material. Today, 
quantitative PCR (qPCR) is the premier molecular enabling technology for 
the detection and quantification of nucleic acids and it is widely used both as 
a research tool and for many diagnostic applications. With its capacity to 
detect and measure critically low amounts of nucleic acids in a wide range of 
samples, together with its combination of speed, sensitivity and specificity, 
qPCR has become a gold standard for nucleic acid quantification. 

1.7.6 Quantitative real-time PCR analysis (qPCR) 
The qPCR reaction is initiated by combining the DNA (or cDNA) with a 
forward (sense) and reverse (antisense) primer pair in a reaction buffer 
containing equimolar ratios of four deoxynucleoside triphosphates (dNTPs), 
together with Mg2+, a heat stable polymerase, (usually Taq polymerase) and a 
fluorescent DNA binding dye (or a probe). This mixture is heated to around 
95°C which will separate the complementary DNA strands and allow primers 
to bind when the temperature is decreased. The mixture is rapidly cooled to 
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the annealing temperature of the primers (usually around 60°C), allowing 
them to find their complementary sequence and form a short double-stranded 
region. Primers must possess a free 3’-OH end to which an incoming dNTP is 
added by the Taq polymerase and the temperature is usually raised to 72°C, 
which is optimal for the polymerase. An intercalating dye, usually SYBR® 
Green, binds to all double-stranded DNA, giving a fluorescent signal that is 
proportional to the amount of DNA used for the quantification. Since the 
product of one cycle serves as the template for the next cycle, in theory, this 
results in the doubling of the amount of original template DNA present in the 
PCR solution. PCR thus leads to an exponential amplification of the initial 
DNA template, resulting in more than 1 x 10^6 copies of a homogeneous 
PCR product in 20 cycles113. 

Quality control 
The addition of the reverse transcription step changes the nature of the qPCR 
assay and requires careful quality control of the RNA templates, as poor 
sample quality is a serious obstruction to completing a correct qPCR 
analysis114. However, when the quantity of RNA is very low, this might not 
be entirely possible. Nucleic acid concentration and purity can be determined 
spectrophotometrically, as the heterocyclic rings of the nucleotides absorb 
ultraviolet light at the absorption maxima around 260 nm for nucleic acids. 

Purity is an important consideration for both DNA and RNA samples, as 
impurity leads to the inaccurate measurement of nucleic acid concentration. 
Genomic DNA (gDNA) not removed from the sample can also cause an 
increase in the estimate of copy number and it is therefore advisable to 
perform DNAse treatment on RNA samples. Further, impurity of the samples 
will cause the inhibition of the reverse transcription (RT) and/or the PCR. 
The most common inhibitors are carbohydrates and compounds used in the 
preparation of nucleic acids such as guanidine hydrochloride, EDTA, phenol 
and TRIzol®. As inhibitors are assay specific, inhibition will distort the 
results by leading to the loss of transcript proportionality. By simply diluting 
the sample, the problem with inhibitors can sometimes be solved. This can be 
further checked using a universal inhibition assay115.  

The integrity of the RNA can be assessed by a microfluidics-based device, 
which even provides an RNA integrity number (RIN). This system uses the 
28S/18S ratio to measure the integrity of rRNA and aims to evaluate mRNA. 
The higher the RIN, the higher the quality of the RNA and the more likely it 
is that a sample will provide reliable data. In general, there are 
recommendations of a RIN ≥ 7 for subsequent qPCR analysis. 
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cDNA synthesis 
To enable the analysis of gene expression with real-time PCR, the RNA has 
to be converted to complementary DNA (cDNA). The amount produced as 
cDNA reflects the input amounts of RNA, making reverse transcription (RT) 
a critical step for accurate quantification. The RT step contributes most of the 
introduced variation in experimental accuracy. To copy RNA to DNA, the 
enzyme, reverse transcriptase, needs a starting sequence, the primer, to 
initiate the synthesis. The main strategy for this is to use oligo(dT) sequences, 
random hexamer sequences or gene-specific primers. Random hexamer 
primers, i.e. short oligomers that are synthesised entirely randomly and will 
anneal throughout the target molecule, will copy all the RNA (tRNA, rRNA 
and mRNA). Oligo-dT primers bind to the poly(A)-tail of the mRNA, 
initiating transcription at the very end of the gene. It will produce long 
cDNAs, but it is sensitive to degradation. It has been shown that the 
efficiency of the RT reaction varies between different priming strategies, 
different RT enzymes and different genes, which makes it important to 
maintain consistency when analysing samples that should be compared116. 

Normalisation with reference genes 
To be able to compare the gene expression between samples, differences in 
the amount of starting material need to be compensated for117. There are 
several options for this such as mass and volume, cell number or total RNA 
amount. However, it is not always possible to measure dry weight and cell 
number and total RNA is sometimes undetectable at very low concentrations. 
Furthermore, none of these approaches compensates for variations in RNA 
quality, RT or PCR inhibition. The use of one or more stable reference genes 
is crucial for the correct interpretation of qPCR data. No universal reference 
gene exists and the stability of the reference gene(s) should be validated for 
each individual study. In this thesis, the relative gene expression was 
evaluated using the 2–ΔΔCq method118. 

Primer design and validation 
Primer design and validation is a key factor for successful PCR119. Physical 
parameters, such as the base composition and concentration of primers, affect 
PCR efficiency and sensitivity. Primers should have between 18-24 bases, a 
40-60% G/C content and a balanced distribution of G/C and A/T bases. At a 
melting temperature (Tm) of 55-65°C the annealing occurs without an 
internal secondary structure (e.g. hair-pin) formation. Further, primer pairs 
should have similar melting temperatures (within 2-3°C) and no significant 
complementarity (> 2-3 base pairs), particularly not at the 3’-ends. It is 
important always to test the primers in the “wet lab” before using them. This 
validation procedure is performed by checking the specificity (by melt curve 
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and on gel electrophoresis), reproducibility (Cq values) and PCR efficiency 
(by standard curve). This can be followed by the application of specific tests 
as the limit of detection (LOD) and limit of quantification (LOQ). 

MIQE guidelines 
The practical simplicity of qPCR, together with the opportunity to detect a 
single molecule in a wide range of samples, has resulted in an exceptional 
number of publications reporting qPCR data, all with different reagents, 
protocols and analysis methods. There is therefore a need for guidelines when 
publishing data from this widely used technology. The MIQE guidelines: 
Minimum Information for Publication of Quantitative Real-Time PCR 
Experiments, aim to help produce data that are more uniform, more 
comparable and ultimately more reliable114. 

1.7.7 Proximity extension assay (PEA) 
This is a recently developed protein-profiling method consisting of a 
multiplex assay, which simultaneously measures 92 proteins in as little as 1 
µl of supernatant. The technique is based on a pair of oligonucleotide-
labelled antibodies that are allowed to bind pairwise to the target protein in 
the sample. When the two probes are in close proximity, a new PCR target 
sequence is formed and subsequently quantified using qPCR. Each antibody 
pair contains a unique DNA sequence allowing hybridisation only to each 
other and only matched DNA reporter pairs are amplified with real-time 
PCR. One major advantage of this technique is that a critically low amount 
can be measured in small biological material. This technique has been used 
for the detection of low-abundance proteins in human blood but not as yet in 
the field of biomaterials120,121. 

1.7.8 Flow cytometry 
Flow cytometry is a technique that analyses cells under flow. The method is 
based on specific light scattering: forward scatter (FSC), which measures the 
relative size of the cells, and side scatter (SSC), which measures the 
granularity or inner complexity. Flow cytometry can be used to count the 
cells/particles in suspension, separating live/dead cells and for immune 
phenotyping. Modern instruments are able to analyse several thousands of 
particles every second in “real time” and are able actively to separate and 
isolate particles with specified properties. Fluorescence-activated cell sorting 
(FACS) is a specialised type of flow cytometry providing the option of 
sorting a heterogeneous mixture of cells, one at a time, to a new tube for 
downstream applications. It is based upon the specific light-scattering and 
fluorescent characteristics of each cell. A wide range of fluorophores can be 
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used to label the cells and they are usually attached to an antibody that 
recognises a target feature on or inside the cell. Flow cytometry is an 
automated method that makes it possible to objectively measure the features 
of single cells in suspension with many parameters. One drawback is the 
limitation of available antibodies for species other than humans and mice. 

Flow cytometry is a powerful technique for analysing inflammatory exudates 
and large differences in cellular responses to different biomaterials in vivo 
have been observed using this technique122. A recent study used flow 
cytometry to identify specific markers indicative of septic and aseptic 
loosening in patients with total hip arthroplasty and suggested flow cytometry 
as a diagnostic tool123. 
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2 AIM 
The main objective of this PhD thesis was to develop a methodological 
platform, allowing for detailed analyses of cellular, molecular and structural 
events at the bone-implant interface, in order to advance our understanding of 
the mechanisms of osseointegration. 

2.1 Specific aims of the included studies 
I. To investigate the early gene expression denoting cell 

recruitment, cell adhesion and initial inflammation in cells 
adhering to different titanium implants in vivo and to relate 
these activities to the initial tissue organisation and cell 
distribution at the bone-implant interface 
 

II. To investigate gene expression crucial for inflammation, 
bone formation and remodelling at different titanium 
implants up to 28 days in vivo and to correlate the molecular 
activities with the biomechanical capacity of the bone-
implant interface 
 

III. To investigate the kinetic changes in the structure and 
ultrastructure of bone interfaces with different titanium 
implants in vivo and to relate these events to the regulation 
of remodelling activity at the bone-implant interface 
 

IV. To investigate the cell-specific molecular activities of 
human monocytes and MSCs adhering to different titanium 
implants in single- and co-culture systems and to evaluate 
the protein secretory profile of the implant-adherent cells, 
separately and in co-cultures with direct cell-cell contact 
 

V. To determine the frequency of macroscopic signs of 
inflammation in patients with transfemoral amputations 
treated with osseointegrated fixtures and percutaneous 
abutments, and to employ the qPCR technique for 
correlative analyses between gene expression in the 
abutment-adherent cells and clinical, radiological and 
microbiological findings 
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3 MATERIALS AND METHODS 

3.1 Implants (Paper I-IV) and abutments (Paper 
V) 

In the experimental (in-vivo and in-vitro) studies (Paper I-IV), screw-shaped 
titanium implants, 2 mm in diameter and 2.3 mm in length, were used. Two 
different surfaces were selected, machined and anodically oxidised 
(TiUniteTM), All implants were manufactured and sterilised by Nobel 
Biocare, Göteborg, Sweden. 
In the human clinical study (Paper V), commercially available components 
from Integrum AB (Mölndal, Sweden) were used. In this study only the 
abutment was used for analysis. It has a diameter of 11 mm and length 
between 72-77 mm. The human abutments were either machined titanium 
(cp-Ti grade IV) (n=29) or titanium alloy (Ti6Al4V, grade V) (n=1). The 
abutments were cleaned by ultrasonication followed by sterilisation by the 
manufacturer. 

3.2 Surface characterisation 
The material surfaces of the implants in the experimental studies (Paper I-IV) were 
characterised, both qualitatively and quantitatively, using chemical and 
topographical techniques as outlined below. In the clinical study (Paper V), the 
surface morphology of the abutment was evaluated using scanning electron 
microscopy. 

3.2.1 Profilometry 
Topographical analysis of machined and oxidised implant surfaces (n=3) was 
performed using non-contact 3D interference microscopy (WYKO NT-9100). 
The measurements were performed on a 125 x 95 µm area on flanks, tops and 
valleys of two nonadjacent threads on each implant type. The following 
surface parameters were derived: Sa (arithmetic mean of the absolute values 
of deviation from a mean plane), St (peak-to-valley distance) and Sdr 
(developed interfacial area ratio). Similar information was provided by 
analysing the surface of one abutment in Paper V. 

3.2.2 Auger electron spectroscopy 
The top atomic layers of the machined and oxidised implant surfaces were 
analysed by Auger electron spectroscopy (AES PHI 660 scanning Auger 
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microscope) (n=3) in order to evaluate the chemical composition of the 
implant surfaces. The analysis was made on the thread top and valley of the 
implant over 30 x 30µm analysis area. The implants were analysed either as-
received or after short cleaning with argon ion. 

The oxide thickness of one oxidised implant was determined by AES in 
combination with argon ion sputtering. The depth profiling was conducted on 
the top of the third thread using Ar+ ion gun and the thickness of the titanium 
oxide layer was calculated. 

3.2.3 Transmission electron microscopy 
Ultrathin sections for TEM analysis were prepared from one implant of each 
type using focused ion beam (FIB) microscopy. The implants were embedded 
in LR White plastic resin and cut longitudinally into two halves. The exposed 
side of the implant was sputter-coated with a thin film of palladium (Pd), 
mounted on stubs and placed in the focused ion beam (FIB) microscope (FEI 
Strata DB235, FEI Company, Eindhoven, Netherlands). Ultrathin sections 
(100 nm) were prepared for TEM. Bright field and dark field imaging, 
selected area electron diffraction analysis (SAED) and energy dispersive X-
ray spectroscopy (EDS) were performed. 

3.2.4 Scanning electron microscopy 
Four abutments (one new in sterile packaging, and three re-cleaned after 
retrieval) were evaluated in terms of surface morphology. Imaging was 
performed in secondary electron mode in a Leo Ultra 55 FEG-SEM (Zeiss) 
operating at 10 kV, using magnification levels up to x200 000. Different 
locations on the abutment were evaluated while the major focus was on the 
zone of the bone canal (1.5-3.5 cm from the proximal hexagonal end). 

3.3 Study design 
The present thesis was performed in vivo (animal), in vitro (cell culture) and 
in human. 

3.3.1 Animal model and surgical procedure (Paper I-
III) 

Sprague–Dawley rats (200-250g) were used for implantation of titanium 
implants. After shaving and cleaning (5 mg/mL chlorhexidine in 70% 
ethanol), the medial aspect of the proximal tibia metaphysis was exposed. 
Implant installation sites were prepared with Ø1.4 and 1.8 mm round burs 
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under profuse irrigation with NaCl 0.9%. Each rat received two oxidised 
implants in one tibia and two machined implants in the opposite tibia. After 
different time points of implantation (3h-28d), the rats were sacrificed using 
an intraperitoneal overdose of sodium pentobarbital (60 mg/mL). The 
samples were retrieved depending on the subsequent analyses. 
For gene expression analysis implant with the adherent cells were retrieved 
by unscrewing and immediately preserved in RNAlater (Paper I-III). 
Furthermore (in Paper II), removal torque was measured on the implants 
prior to preservation for gene expression analysis. In addition, the peri-
implant bone was retrieved using a trephine with internal Ø 2.3 mm and 
immediately preserved in RNAlater (Paper II). 
For immunohistochemistry, histology, histomorphometry and ultra-structural 
analyses: implants with the surrounding bone were dissected en bloc and 
subsequently fixed in formaldehyde (4%). 
 

 

Figure 1: Experimental design for studies I, II and III. 
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3.3.2 In vitro model using mono- and co-cultures  
(Paper IV) 

For the in vitro study, monocytes and MSCs were cultured on polystyrene 
(PS), machined titanium (Ma) and anodically oxidised titanium (Ox) 
implants. The screw-shaped implants were pooled with 3 implants in each 
well. Monocytes were isolated from human blood using a two-step separation 
procedure, where the monocytes were isolated from the peripheral blood 
mononuclear cells (PBMCs) by negative isolation. The human MSCs were 
commercially available adipose-derived cells expanded without adding 
osteogenic factors. Human monocytes and MSCs were stained with Vybrant 
DiO (yellow) and DiD (blue) cell-labelling dyes. The stained monocytes and 
MSCs were seeded on the polystyrene (PS) and on screw-shaped machined 
(Ma) and oxidised (Ox) titanium implants. The cells were seeded as separate 
mono-culture or co-cultures (1:1) of 1×105 monocytes and 1×105 MSCs in 96-
well plates. After 24h, culture media was collected from each experimental 
group and stored (at-20°C) for subsequent ELISA and protein profiling 
analyses. At the same time, the pooled implants were transferred, with the 
adherent cells, to a new well with new culture media and placed in the 
incubator for additional 1h period. Supernatant from the 1h culture of 
implant-adherent cells was collected and stored for protein profiling. The 
implant-adherent cells were detached from the titanium implants and the 
polystyrene surface using trypsin. The detached cells were counted and 
prepared for FACS and subsequent qPCR (gene expression) analyses. 

3.3.3 Human clinical study (Paper V) 
During a two-year period thirty consecutive patients with transfemoral 
amputation treated with bone-anchored prostheses were enrolled in the study. 
The reasons for abutment exchange/removal were either mechanical failure 
or infectious problems. Three of these patients had their abutments removed 
due to fixture loosening as part of complete removal of the implant system. 
The abutment exchange or removal was performed in the operation theatre 
under sterile conditions. The clinical appearance of the skin penetration site 
(SPS) was documented by photographs and macroscopically for skin colour, 
exudation and presence of granulation tissue. Swabs for microbiology were 
taken from three different compartments: the SPS, a defined area of the 
abutment surface as well as inside the bone canal. The removed abutment 
was placed in a tube containing RNAlater® for subsequent gene expression 
and Western blot analyses. 
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3.4 Analytical procedures   
In the present thesis, combinations of different cellular, molecular, 
morphological, ultrastructural and functional techniques were used in the 
respective studies. In addition, microbiological analysis was performed on 
bacterial swabs at routine microbiology laboratory at Sahlgrenska University 
Hospital. 

3.4.1 Gene expression analysis (Paper I-V) 
In Paper I-III total RNA was extracted using Qiagen RNeasy Micro kit 
(implant-adherent cells) and Mini kit (peri-implant bone). Prior to isolation 
the samples were placed in lysis buffer (RLT buffer + β mercaptoethanol for 
implant-adherent cells and QIAzol + steel bead for peri-implant bone) and 
homogenised in Tissuelyser.  

In Paper IV, RNA was isolated from FACS-sorted implant-adherent cells. 
The cells were sorted directly into a 96-wellplate with 5µL lysis buffer 
(Cellulyser) in each well. 

In Paper V, total RNA and protein was extracted from the abutment-adherent 
cells using a combination kit from Macherey-Nagel. Prior to extraction the 
abutment was placed in RP1 lysis buffer (only covering the part that had been 
in the bone canal) and roughly vortexed for 3 minutes, thereby homogenising 
the adherent cells.  

The concentration and purity of RNA was measured, when applicable, using 
a nanospectrophotometer (NanoDrop, Thermo Scientific) and the quality of 
RNA samples was evaluated by chip electrophoresis in an Agilent 2100 
Bioanalyser (Agilent Technologies). 

In Paper I-III, mRNA was transcribed to cDNA using iScript cDNA 
synthesis-kit (Bio-Rad Laboratories) and in paper IV and V Grandscript 
cDNA synthesis kit (TATAA Biocenter AB) was used. Primer design was 
performed using the Primer3 web-based software or Primer Blast 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast)124. Primers were designed 
to yield short amplicons and the efficiency and specificity of the assays were 
confirmed. 
 
In Paper I-III, quantities of target genes were normalised using the expression 
of 18S ribosomal RNA (18S). 
 



Maria Lennerås 

27 

In Paper IV, the gene expression was normalised to the number of sorted 
cells (200 FACS-sorted cells). In Paper V, the samples were screened for a 
reference gene panel (TATAA Human reference gene panel) for determining 
the most stable reference gene(s). Hence, a mean of 18S, GAPDH and 
YWHAZ was used for normalisation. 
 
The normalised relative quantities were calculated using the delta-delta Cq 
method and assuming 90% PCR efficiency (k*1.9ΔΔCq). 

3.4.2 Flow cytometry (paper IV) 
Prior to flow cytometry, cells were detached from the implants by trypsin, 
counted on Nucleocounter and re-suspended in FACS buffer. The flow 
cytometry analysis was carried out on FACS Aria flow cytometer (BD 
Bioscience). Cells were acquired using forward scatter (FSC) and side scatter 
(SSC) in combination with the cell stains DiD and DiO (Thermo Scientific) 
to distinguish monocytes and MSCs in the co-culture. A total of 200 
monocytes and MSCs, respectively, were sorted into a 96-well plate for 
qPCR. After lysis, the plate was stored (at -80°C) for subsequent qPCR 
analysis (as described above). The acquired flow cytometry data was 
analysed by FlowJo Version 9.3.2 software (TreeStar). 

3.4.3 Enzyme-linked immunosorbent assay (Paper IV) 
In the in vitro study (Paper IV), the levels of secreted TNF-α and BMP-2 
were analysed using sandwich ELISA (R&D systems) according to the 
manufacturer's instructions. Briefly, the plate was coated with a capture 
antibody over night, after which the supernatant was added to the wells. The 
absorbance was measured at 450 nm using a microtiter plate reader 
(SPECTRAmax PLUS, Molecular Devices). 

3.4.4 Protein profiling (Paper IV)  
In the in vitro study (Paper IV), large-scale protein analysis was performed 
on the supernatants using Proseek Multiplex Inflammation 96x96 kit (Olink 
Bioscience). Ninety-two proteins (and 4 controls) were simultaneously 
measured in the supernatant by real-time polymerase chain reaction using the 
BioMark HD (Fluidigm). Details about the procedure are at Olink webpage 
(http://www.olink.com/products/proseek-multiplex/downloads/data-
packages). Briefly, the 96 antibody probe pairs were allowed to bind to their 
target proteins in the samples. An incubation mix was prepared, which 
contains: A-probes (96 antibody probes labelled with A oligos), B-probes (96 
antibody probes labelled with B oligos), incubation solution and stabiliser. 
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Three microliters of the incubation mix was added to each well in a 96-well 
plate together with 1 µL of each sample, and incubated at 4°C over night. 
Thereafter, 96 µL of an extension mix was added to each well of the 
incubation plate. Extension was performed on T100 thermocycler (Bio-Rad 
Laboratories) using a thermal cycling protocol. After the pre-amplification, 
7.2 µL of a detection mix was transferred to a new 96-well plate (Sample 
plate) and mixed with 2.8 µL from the Incubation plate. Additional plate 
containing the individual primers (Primer Plate) was unsealed.  

From the Primer Plate, 5 µL was transferred to the 96x96 Dynamic Array on 
the BioMark platform (Fluidigm). To the same chip (separate wells), 5 µL 
from each well in the Sample Plate was transferred and a thermal cycling 
protocol was applied. The quality control of the data was checked in the 
Fluidigm Real-Time PCR Analysis Software. The raw data was imported to 
the Excel QC sheet to control the samples against the internal controls. The 
normalisation was performed according to the formula NPX = Correction 
factor – ddCqanalyte where NPX (Normalised protein expression) are log2-
transformed values, with a low value corresponding to low protein levels. 

3.4.5 Western blot (Paper V) 
In Paper V, cellular proteins from the abutments were isolated with 
NucleoSpin RNA/protein kit (Macherey-Nagel) according to the 
manufacturer’s instructions. The protein concentration was determined using 
a Pierce®BCA protein Assay kit (Thermo Scientific). Equal amounts of 
proteins were loaded per well and separated on a gel and transferred to 
Nitrocellulose membranes (Bio-Rad Laboratories). To prevent non-specific 
binding, membranes were blocked with 2% non-fat milk powder in Tris-
buffered saline. The membranes were incubated with HRP-conjugated 
ProteinA antibody (Abcam). The membranes were washed and developed 
using chemiluminescence detection kit (Bio-Rad Laboratories). Digital 
detection was made using the Gel imaging system, supplied with Image Lab 
Software (Bio-Rad Laboratories). 

3.4.6 Bacterial culture (Paper V) 
In Paper V, patient samples were taken for bacterial culture with a sterile 
cotton swab, transported in a coal-based medium and cultured according to a 
routine procedure (Clinical Microbiology Lab, Sahlgrenska University 
Hospital). Briefly, swabs were streaked on 5 different agar plates: Columbia 
horse blood (incubated under aerobic and anaerobic conditions), Grand Lux 
plate, Streptococcus plate, Chromogenic Staphylococcus plate and Drigalski 
plate, following incubation at 37°C from 2 to 6 days. The swabs were 
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enriched in order to increase the detection and incubated for 6d at 37°C. All 
cultures were analysed by experienced microbiological analysts. 

3.4.7 Immunohistochemistry (paper I) 
The bone-implant specimens were fixed in modified Karnovsky’s media for 
2h, decalcified in 10% EDTA for 10d and embedded in paraffin. While the 
paraffin was still in the molten stage, the implants were unscrewed and the 
embedding procedure was continued. Finally, 4 µm thick sections were 
produced, mounted on poly-L-lysine slides (Menzel GmbH). The sections 
were deparaffinised, hydrated and incubated with primary antibodies CD163 
(Santa Cruz Biotechnology), a marker for monocyte/macrophage cells, and 
periostin (Abcam), a marker for mesenchymal stem cells and 
osteoprogenitors. Negative control slides were prepared by omission of the 
primary antibody and incubation with 1% BSA in PBS. In addition, 10 µm 
thick sections were produced, mounted on regular glass slides and stained 
with hematoxylin and eosin. Qualitative analyses were performed under light 
microscopy (Nikon Eclipse E600). 

3.5 Histology (Papers I-III) and 
histomorphometry (Paper III) 

The implant-bone specimens were fixed in formaldehyde and subsequently 
dehydrated in a graded series of ethanol. The specimens were embedded in 
plastic resin (LR White). The embedded specimens were divided along the 
long axis of the implant using a diamond saw. One half was used for 
histological and histomorphometric analyses, and the other half was used for 
qualitative backscattered scanning electron microscopy and ultrastructural 
analyses (see below). A central ground section with a final thickness of 10–
20 µm was obtained and stained with 1% toluidine blue. The qualitative 
histological evaluation was made with an optical microscope using ACT-1 
imaging software (Nikon). 

Quantitative histomorphometry was performed with the optical microscope 
and using Easy Image Measurement 2000 analytical software (Technooptik 
AB). The amount of bone between the implant threads (bone area percentage, 
BA%) was measured as well as the amount of bone in direct contact with the 
implant surface (bone-to-implant contact percentage, BIC%). 

3.5.1 Scanning electron microscopy (Paper I-V) 
SEM was performed on different types of specimens. 
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In Paper I and IV, the analysis was performed on the unscrewed implants, in 
vivo, and cultured implants, in vitro, to evaluate tissue and/or cells adherent 
to the implant. After fixation with modified Karnovsky’s medium, the 
retrieved implants were rinsed with sodium cacodylate buffer and 
impregnated with osmium using a modified osmium-thiocarbohydrazide-
osmium technique (OTOTO). The specimens were then dehydrated in 
ethanol, dried and mounted on SEM stubs. All specimens were examined in a 
Zeiss DSM 982 Gemini SEM (Paper I) and Leo Ultra 55 FEG SEM (Paper 
IV). 

In Paper II and III, the backscatter-SEM analysis was performed on the 
second half of the resin-embedded bone-implant specimens. The specimens 
were polished and sputter-coated with Au/Pd prior to mounting in the 
microscope chamber. Imaging was performed in the backscattered electron 
mode using high acceleration voltages in Leo Ultra 55 FEG SEM (Paper II 
and III) and Leo 440 LaB6 SEM (Paper III). Elemental analysis (Paper III) 
using energy-dispersive X-ray spectroscopy (EDS) was also performed. 

3.5.2 Transmission electron microscopy (Paper III) 
After BS-SEM, selected samples were transferred to a focused ion beam 
microscope (FEI Strata235) for preparing cross-sections for transmission 
electron microscopy (TEM) analysis. Ultrathin sections (100 nm thick 
containing both implant material and tissue) were prepared. Analysis of the 
TEM samples was performed in a FEI Technai F20 TEM operating in the 
high-angle annular dark field scanning transmission electron microscopy 
(HAADF-STEM) mode for optimal contrast between the implant and bone 
tissue. In addition, site-specific elemental analysis was performed using a 
nanoprobe and energy-dispersive X-ray spectroscopy (EDS). 

3.6 Removal torque analysis (paper II)  
In paper II, and immediately after sacrificing the rats, torque analysis was 
performed on the implants in situ. The implants were exposed and a special 
hexagonal screw-driver, connected to the torque instrument, was fitted into 
the implant internal hexagon. The torque was registered versus the rotation 
angle and followed in real time. After the breakpoint was reached, the 
procedure was continued under the constant rotation to determine 
deformation curve. After recording the torque values, the implant was 
completely unscrewed and preserved for gene expression analysis (as 
described above). 
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3.7 Scoring system (paper V) 
In Paper V, in order to clinically describe the SPS, a classification system 
was constructed. The commonly used Holgers scoring system for the 
assessment of soft tissue conditions around bone-anchored hearing aids 
served as a starting point. Due to major anatomical and technical differences, 
a modified classification system was created, taking the following clinical 
signs into account: Skin colour (normal=0, purple=1, red=2), presence of 
exudate (no exudate=0, serous=1, purulent=2), presence of granulation ring 
(0/1) and presence of fistulas (0/1). With this system a perfectly normal SPS 
without any signs of soft tissue irritation is classified as score 0, whereas a 
SPS with redness, purulent secretion, granulation ring and fistulas would 
receive a maximum score of 6. 

3.8 Statistical analyses 
In the present thesis, different statistical analyses were performed depending 
on the research questions.  
In Paper I and II, Wilcoxon signed rank test was used to analyse the 
differences in the gene expression levels between the two implant types, at 
each specific time point. For comparing the gene expression between the 
different time points, for each implant type, one-way ANOVA was used. 
Topographical, chemical and torque measurement comparisons were 
performed using one-way ANOVA followed by Bonferroni’s post hoc test. 
 
In Paper III, Kruskal-Wallis test and/or Mann-Whitney test were used to 
analyse differences between the two implant types or between the different 
time points with respect to histomorphometry and gene expression. 
 
In Paper IV, statistical comparisons were made between the different 
experimental groups, comparing the 3 analysed surfaces, mono-cultures 
versus co-cultures and between the two cell types. For cell counting and 
ELISA, one-way ANOVA and post hoc LSD test, were used. For gene 
expression and protein profiling analyses, one-way ANOVA was performed 
with Bonferroni correction, considering the multiple analysed factors. 
 
In addition, correlation analyses were performed, when applicable, in the 
different studies. In Paper II, Pearson correlation analysis was performed 
between removal torque values and the expression levels of different 
analysed genes. In Paper III, Spearman correlation analysis was performed to 
determine correlations between the analysed genes. In Paper V, Spearman 
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correlation analysis was performed between the different clinical, 
radiological, microbiological and gene expression parameters. 
All analyses were performed in IBM SPSS® Statistic software and p-values 
of  <0.05 were considered statistically significant. 

3.9 Ethical approval 
Animal studies (Paper I-III) 
The animal experiments were approved by the University of Gothenburg 
Local Ethical Committee for Laboratory Animals (Dnr 306-2006 and 301-
2009). 
Human clinical study (Paper V) 
The transfemoral abutments were obtained from patients undergoing surgical 
exchange of abutments at the Centre of Orthopaedic Osseointegration, 
Sahlgrenska University Hospital (Mölndal), Sweden. Written consent was 
obtained from all patients. The consent form was part of the ethical 
application and was approved together with the study protocol by the 
Regional Ethical Review Board of Gothenburg (Dnr 110-14). 
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4 RESULTS IN SUMMARY 
Paper I  
The first study was performed to investigate the expression of pro-
inflammatory cytokines, chemokines and adhesion markers during the first 
24h of implantation.  
 
With respect to chemokines and chemokine receptors, for both machined and 
oxidised implants, IL-8R expression showed a temporal increase from 3h to 
12h, followed by a decrease thereafter. No difference in the IL-8R expression 
level was found between the two surfaces at any of the evaluation time 
periods. The expression of MCP-1 at the oxidised implant peaked at 12h and 
decreased thereafter, whereas at the machined implants MCP-1 showed a 
continuous temporal increase up to 24h. On the other hand, the expression of 
chemokine receptor CXCR4 showed 11-fold up-regulation at the oxidised 
surfaces compared to the machined after 12h of implantation. 
With respect to the pro-inflammatory cytokines, the machined implant was 
associated with higher expression of TNF-α (2-fold) and IL-1β (3-fold) 
compared to the oxidised implant, at 3h and 24h, respectively. Both cytokine 
expression levels continuously increased with time at the machined surface. 
Regarding the integrin gene expression, and irrespective of the implant type, 
the temporal pattern for all analysed integrins peaked at 12h, except for 
integrin-αv where the peak appeared after 24h. Comparing the two implant 
surfaces, oxidised implants revealed higher expression of integrin-αv (at 
12h), integrin- β1 (at 24h) and integrin-β2 (at 12h and 24h). 
 
Histological analysis showed a rapid organisation of the early-formed 
haematoma in the threads of the implants. Immunohistochemical analysis 
revealed that both CD163-positive monocytes/macrophages and periostin-
positive osteoprogenitors were present in the newly formed haematoma. 
Furthermore, a prominent finding was the fibrin-like strands running parallel 
to the machined but not the oxidised surface.  
 
SEM showed a high proportion of fibrinous material adherent to the 
machined implants but not to the oxidised. Numerous erythrocytes and 
leukocytes were captured within the fibrin and smaller cells were also visible 
on the machined surface. An interesting observation was that several 
relatively large mesenchymal-like cells, were evident at the oxidised implant 
surface. These cells revealed a firm anchorage by extending their processes 
onto surface features of the oxidised implant. 
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Paper II 
In the second study, the material surface-induced gene expression at 6, 14 
and 28d were evaluated and related to the biomechanical assessment of the 
strength of the bone-implant interface. 
 
In comparison to the machined implants, higher removal torque values were 
recorded for the oxidised implants at all time periods with increases (at 
breakpoint) of 140%, 170% and 190%, after 6, 14, and 28d, respectively. 
However, at 6d the difference was not statistically significant. Furthermore, 
the two implant types demonstrated two distinctly different deformation 
curves. For the machined implant, the deformation curve showed a linear 
torque increase up to few degrees, reaching a plateau at constant or slightly 
increasing torque with the increasing torsion angle. On the other hand, the 
deformation curve for the oxidised implants, was characterised by a sharp 
increase at higher torque and a distinct breakpoint with shorter or no plateau 
period. 
 
The gene expression in implant-adherent cells of the two implant types was 
analysed regarding 3 major processes: inflammation, bone formation and 
bone resorption. IL-1β was higher at the machined versus oxidised implants 
by factors of 3, 2.4 and 2.3 after 6, 14 and 28d of implantation, respectively. 
Similarly, the expression of TNF-α was higher at the machined implants by 
factors of 3 and 2.9 at the machined implants after 6d and 28d, respectively. 
Regarding the bone formation genes, a higher expression of OC was detected 
at the oxidised implants compared to the machined ones during all evaluation 
periods. The transcription factor, Runx2, showed 1.7-fold higher expression 
at the oxidised implants compared to machined at 28d time point. With 
respect to bone resorption genes, a higher expression of TRAP (at all 
evaluated time points) and CatK (at 6 and 14d) was demonstrated at the 
oxidised surface compared to the machined surface. 
 
The BS-SEM showed that the threads contained mineralised lamellar bone 
and areas of newly formed bone with typical osteocyte lacunae and blood 
vessels. Direct contact between the oxidised implants and bone was observed 
with bone ingrowth into the micron- and sub-micron pores. 
 
Surface characterisation revealed that the oxidised implant surface had higher 
roughness parameters (moderately rough) compared to the machined surface. 
Furthermore, the chemical analysis revealed 3.6% phosphorus in the oxidised 
surface. The surface oxide thickness reached up to 7.5 µm as judged by the 
in-depth profiling. TEM showed that the surface oxide consisted of both 
amorphous as well as crystalline phases. The crystalline phase was identified 
to be anatase. 
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Paper III 
In study III, the kinetic changes in structure and composition of bone 
interfaces was investigated and related to the expression of bone remodelling 
genes, over an extended period of time (1d-28d).		
 
The histological/histomorphometric analysis demonstrated higher percentage 
of bone in contact with oxidised implant (60% BIC) compared to machined 
implants (40% BIC), both at 14 and 28d. The bone area percentage (BA), 
occupying the threads, was higher at the oxidised implant after 6d, whereas at 
the later time points (14d and 28d) the machined implants was associated 
with higher BA percentage compared to the oxidised implants. 
 
The BS-SEM revealed a progressive maturation of bone over time with a 
predominance of immature, less mineralised bone in the implant threads at 6d 
and well-mineralised, highly remodelled, bone after 28d. Bone tissue could 
be seen growing into the porous surface of the oxidised implant. This was 
further confirmed in the ultra-structural TEM analysis where bone ingrowth 
was observed even in the sub-micron pores. Collagen fibres were found in 
parallel direction to the surface. The EDS chemical analysis revealed the 
presence of calcium and phosphorus inside the sub-micron pores of the 
oxidised implants. 
 
Gene expression analysis at 3d revealed a 65-fold higher expression of OPG 
at oxidised implants compared to the machined implants. Furthermore, 41- 
and 77-fold higher expression of RANK and RANKL, respectively, were 
demonstrated for oxidised implant compared to machined at 3d. The 
RANKL/OPG ratio was higher at the oxidised implants compared to 
machined implant after 1d of implantation. This difference was reversed after 
3d, where a higher RANKL/OPG gene expression ratio was found at the 
machined implants. Thereafter (6d and 14d), a higher RANKL/OPG ratio 
was found again at the oxidised implant. No difference was observed at 28d. 
For both implant types, the RANKL/OPG ratio increased from 1d to 14d and 
was significantly reduced after 28d.  
 
Correlation analysis between the analysed genes of bone remodelling at 3d 
revealed strong, positive relationships between RANK, RANKL and OPG 
only at the oxidised implants, but not the machined. 
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Paper IV 
In study IV, an in-vitro model was developed with the aim to determine cell-
specific adhesion and gene expression of monocytes and MSCs in mono- and 
in co-cultures, when adhering to titanium implants, and to study the protein 
profiles of the implant-adherent monocytes and MSCs in mono- and co-
cultures. 

The cell counting and FACS analyses revealed that after 24h, in vitro, the 
coexistence of monocytes and MSCs in co-culture led to equal proportions of 
adherent monocytes and MSCs, irrespective to implant type. In contrast, a 
higher proportion of adherent monocytes was found when cells were in 
mono-culture on the oxidised implant.  

SEM revealed that the monocytes and MSCs in the co-culture were in close 
proximity and at times with direct connection between the cellular processes 
suggesting a direct cell-cell interaction. 

The qPCR analysis of FACS-sorted cells revealed that the coexisting surface-
adherent monocytes and MSCs, in co-culture, up-regulated the expression of 
IL-1β, in monocytes, and IL-1β and CXCR4, in MSCs, compared to that 
detected in mono-culture. In addition, in co-culture, the expression of BMP-
2, SDF-1 and integrin-β1 was mainly enhanced in the implant-adherent 
MSCs, but not in the monocytes. No major differences between the two 
implant types could be observed in the present, un-stimulated, culture 
conditions. 

ELISA showed that BMP-2 was not secreted by surface-adherent monocytes 
in mono-culture, but significantly enhanced when monocytes were present 
with MSCs in co-culture. 

As judged by the protein profiling, several cytokines, chemokines and growth 
factors were enhanced when monocytes and MSCs co-existed on the implant 
surface, and these included: MCP-1, IL-6, CXCL5, VEGF-A and CSF-1. 
Furthermore, several factors were mainly secreted by the MSCs in the mono-
culture, and their secretion was enhanced in the co-culture, which included: 
MMP-1, MMP-10, LIF and OPG. In contrast, MIP-1α and CASP-8 were 
highly secreted by the monocytes in the mono-cultures, however, their 
secretion did not change in the co-culture. The only factor showing a 
reduction in the co-culture was the CXCL10, which was mainly secreted by 
the monocytes in mono-culture.  
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Paper V 
In study V, thirty patients, with transfemoral amputation (TFA), using 
osseointegrated, percutaneous titanium implants, and who had been 
scheduled for abutment exchange were consecutively enrolled. The aims 
were to determine the macroscopic skin signs, the presence of bacteria and 
the gene expression in abutment-adherent cells and to conduct correlative and 
comparative analyses between the different parameters.  

Redness and a granulation ring were present in 47% of the patients. The 
modified Holgers skin score of 2 was the most frequent.  

The most frequent radiological changes of the bone around the fixture were 
proximal trabecular buttressing (14/30 patients) and endosteal bone 
resorption (10/30). Pain upon loading was experienced by 8/30 patients 
whereas 3/30 patients declared pain at rest.  

Bacteria were detected in 27/30 patients, most commonly in the bone canal. 
The most common bacteria were Staphylococcus aureus, coagulase-negative 
staphylococci, streptococci and Enterococcus faecalis.  

A positive correlation was found between the expression of TNF-α in 
abutment-adherent cells and the detection of S. aureus irrespective of 
sampling site. S. aureus together with other bacterial species revealed a 
positive relationship with MMP-8 gene expression. A negative correlation 
was demonstrated between the residual length of the stump and the detection 
of a granulation ring around the abutment, and the detection of E. faecalis. 
No correlation was found between fixture loosening and bacteria in the skin-
penetrating site (SPS). In addition, no correlation was detected between 
endosteal bone resorption and bacteria in the SPS, on the abutment and in the 
bone canal. A positive correlation was found between fixture loosening and 
two other clinical parameters: pain symptoms, and radiological detection of 
endosteal bone resorption. Fixture loosening was also correlated with a 
reduced expression of anti-inflammatory interleukin-10 and osteogenic 
differentiation marker osteocalcin in abutment-adherent cells. 
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5 DISCUSSION 
In the present thesis, a methodological platform was developed in order to 
advance our scientific understanding of the mechanisms of osseointegration. 
Special emphasis was placed on the cellular activity in the implant-tissue 
interface, particularly during the initial stages of osseointegration. Paper I 
focuses on the initial events of inflammation, cell recruitment and adhesion. 
The inflammatory, osteogenic and osteoclastic responses were the focal point 
in Paper II. Here, we combined the molecular findings with an evaluation of 
functional effects (biomechanical evaluation). In Paper III, the relationship 
between molecular and morphological patterns at the interface was studied, 
with particular reference to bone remodelling. Efforts to explore the response 
of specific cell types were pursued in an in-vitro mono- and co-culture model 
(Paper IV). In the final work (Paper V), qPCR methodology was employed 
for the analysis of implant-adherent cells on retrieved skin-penetrating 
abutments, connected to osseointegrated amputation prostheses. The results 
were correlated to microbiological and clinical findings. 

5.1 Initial events of cell recruitment and 
adhesion in the bone-implant interface 

Immediately after the insertion of an implant, a sequence of cellular events is 
initiated. One of the hallmarks is the recruitment of cells to the site of injury, 
including the implant surface and the surrounding tissue43. In Paper I, both 
inflammatory cells and mesenchymal osteoprogenitors were detected at an 
early stage both in the tissue and in the proteinaceous matrix adhering to the 
implant. In the search for a tentative molecular explanation for the 
recruitment of different cell types, the expression of selected cytokines and 
chemokines in implant-adherent cells was explored. According to the 
prevailing concept of inflammation, bone regeneration and remodelling in the 
implant-bone interface, the recruitment of MSCs, bone regeneration and 
remodelling appear quite late (3-10 days and 4 weeks respectively)88. In 
contrast, the present findings provide evidence that the recruitment of MSCs 
and osteoprogenitors takes place much earlier and, in fact, simultaneously 
with the inflammatory cells during the initial hours after implantation. One of 
the main observations during the initial 24h was the modulation of the 
chemokine receptor, CXCR4, in implant-adherent cells (Paper I). CXCR4 is 
the receptor for the chemokine, SDF-1, which is a major mediator of MSC 
recruitment to the site of injury. The CXCR4/SDF-1 is a major axis for MSCs 
migration in vivo125 and it is regarded as the axis of choice for enhancing 
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chemokine-mediated MSC homing to the site of injury in tissue 
engineering42. It has also been suggested that the CXCR4/SDF-1 pathway 
plays a crucial role in bone formation, where it is involved in the migration of 
circulating osteoblast progenitors to the site of bone regeneration in BMP-2-
containing collagen pellets in mouse muscles126. Interestingly, the present 
findings show that implant surface modification strongly enhances the 
expression of CXCR4 in the implant-adherent cells. This was demonstrated 
by the observation that oxidised implants promote 11-fold higher expression 
of CXCR4 compared with the machined ones after 12h of implantation. 
Whereas, in the in-vivo study (Paper I), the exact phenotypes of the implant-
adherent cells that expressed the CXCR4 were not determined, 
immunohistochemistry revealed that a large population of cells in the peri-
implant tissue were positive for periostin, a marker of osteoprogenitors. 
Furthermore, SEM analysis showed that a high proportion of large, 
mesenchymal-like cells adhered to the oxidised implants. In an attempt to 
address the cell types responsible for the expression of CXCR4 and SDF-1, 
the results in Paper IV revealed two main related findings: firstly, the results 
showed that, in a co-culture of monocytes and MSCs adhering to machined 
and oxidised implants, only the MSCs expressed SDF-1. Secondly, although 
the MSCs per se did not express CXCR4 in a mono-culture, they 
significantly upregulated the CXCR4 expression when co-existing with 
monocytes. 

In parallel with the upregulation of chemotactic signals for MSCs, the results 
of the in-vivo study (Paper I) showed that the expression of chemokines 
crucial for the recruitment of inflammatory cells, including PMNs and 
monocytes, was modulated during the first 24h after implantation. 
Furthermore, the results in Paper I showed that the expression of the selected 
chemokines in the implant-adherent cells was largely influenced by the 
different surface properties of machined and oxidised implants. Both surfaces 
were associated with the significant temporal upregulation of IL-8R and 
MCP-1 gene expression between three and 12 hours after implantation. IL-
8R is a marker of PMN recruitment and MCP-1 is a major chemoattractant 
protein for monocytes/macrophages35. Whereas the expression of IL-8R was 
transiently upregulated after 12h, for both surfaces, MCP-1 expression 
continuously increased at machined but not oxidised surfaces. The finding for 
IL-8R gene expression is in line with the short life span of PMNs at the sites 
of inflammation and did not appear to be affected by implant surface 
modification, as no differences were found between the two implant surfaces. 
These results are supported by a previous in-vitro study, where leukocyte 
adhesion (mainly PMNs) to machined and oxidised surfaces increased during 
the first hours of blood-material contact and decreased thereafter120. On the 
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other hand, the expression of MCP-1 revealed a constant increase to the 
highest level after 24h, particularly at the machined implants. This was in 
parallel with a higher expression of both TNF-α (after 3h) and IL1β (after 
24h) in the cells adhering to machined surfaces compared to oxidised 
surfaces. 

The change in gene expression between the surfaces during these early time 
points can be due to several possible mechanisms. As blood clot formation is 
the start of the healing process, the interaction between blood and material is 
regarded as one important factor for successful implantation127-129. Cells that 
come into contact with surfaces adsorbed with proteins do not directly 
“sense” the substrate but instead interact with the intervening protein 
adsorbate130. In the present thesis, no detailed characterisation was made of 
proteins adhering to the different surfaces. However, in Paper I, a general 
observation in all histological sections (and supported by SEM) was the large 
amount of fibrin-like tissue with entrapped leukocytes and erythrocytes 
covering the machined surface. Fibrinogen has been shown to enhance the 
pro-inflammatory response to biomaterials131 and may tentatively be involved 
in the upregulated gene expression of inflammatory markers at the machined 
surface. In addition, albeit not explored in this thesis, another protein cascade 
that can be differently activated by the two implant types is the complement 
pathway. In contrast to materials inserted in the blood vasculature72, little is 
known about the involvement of the complement system in association with 
materials in bone. A previous study showed that metals with different surface 
properties induced very different thrombogenic and complement activating 
patterns71. 

In addition to the possibility that the implant surface topography and 
chemistry influenced the protein-mediated effects on the implant-adherent 
cells, the differences in material surface topography and chemistry may also 
have affected the shape and orientation of the cells. The surface topography 
may play a role in the orientation of a cell and ultimately guide the direction 
of migration. For instance, cells on a grooved surface become oriented with 
the grooves and migrate in the direction of the grooves, not across them132. 
Furthermore, there is evidence in vitro that the cell shape may regulate gene 
expression133. 

The attachment of the cell to a surface is one of the first critical steps in the 
cellular response to a biomaterial88. In the in-vivo experiments, the number 
and proportion of different cells adhering to the implant surface was not 
determined. One way of assessing the proportion of cells, as well as 
quantifying the specific cell types in the overall population of implant-
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adherent cells, is flow cytometry or FACS122. This was performed in the in-
vitro study (Paper IV) using screw-shaped implants similar to those used in 
Papers I-III. When monocytes and MSCs were cultured alone, monocytes 
preferentially adhered to the oxidised surface compared with MSCs. A 
similar observation was made with the polystyrene (Ps; control surface) but 
not the machined surface. One possible explanation of this observation is the 
increased texture and rugophilia provided by the oxidised surface. Previous 
observations in vitro have described this important concept134,135. On the 
other hand, the Ps surface also displayed a similar response, despite being 
smooth. Here, the surface chemistry may play an important role. Admittedly, 
the in-vitro system needs to be further characterised with respect to material 
surface-adsorbed proteins and the available material surface area for the 
adhesion of cells. One important observation was the different distribution of 
adherent cells (compared with mono-cultures) when they were in co-culture. 
Here, the two titanium surfaces revealed 60% MSCs and 40% monocytes, 
whereas the Ps demonstrated a monocyte predominance. This suggests that 
the surface properties, as well as the cell-cell interactions, play a role in 
determining the relative proportions of these two cell types when settling on 
the implant surfaces. 

Integrins mediate interactions between cells and between cells and 
extracellular matrix43. In the present in-vivo model, integrin-β1 and -β2 
showed a peak at 12h for both machined and oxidised implants. Further, the 
expression of integrins-β2 (after 12h) and -β1 (after 24h) was significantly 
increased at oxidised implants compared with machined ones. Whereas 
integrin-β1 is expressed by different cell types, including inflammatory cells 
and MSCs, integrin-β2 is exclusively expressed by leukocytes. Interestingly, 
the co-culture of monocytes and MSCs in vitro (Paper IV), on the machined 
and oxidised implants, revealed that the integrin-β1 is predominantly 
expressed by MSCs. Taken together, the present results show, firstly, that 
integrins are rapidly expressed in the implant-adherent cells in vivo and, 
secondly, that implant surface modifications may enhance integrin 
expression, possibly in a cell-specific manner. The finding that modified 
surfaces enhance the expression of integrin-β1 is in line with previous in-
vivo136 and in-vitro studies137. On the other hand, the expression of integrin-
β2, which is exclusively linked to leukocytes, at the oxidised implants did not 
appear to be associated with increased inflammatory activity. One 
explanation is that the increase in β2 expression at the oxidised surface might 
be related to osteoclast progenitors138. 

Integrins and chemokines are triggered and expressed simultaneously during 
the early phase of cell recruitment. In the present in-vivo model, positive 



A methodological platform to study molecular biocompatibility of biomaterials 

42 

correlations were demonstrated between the expression of chemokines and 
integrins in implant-adherent cells after 24h139. In particular, IL-8R was 
associated with integrin-β2, whereas MCP-1 showed a relationship with 
integrin-β1 and -β2. Interestingly, at the oxidised surface, CXCR4 was 
positively correlated with integrin-β1, which provides supporting evidence 
for a predominance of MSCs on the oxidised surface in vivo. The machined 
surface, on the other hand, demonstrated a strong correlation between 
CXCR4, IL8R and integrin-β2, which points in the direction of more 
leukocytes being associated with this surface. 

5.2 Monocyte-MSC interactions 
In Papers I-III, the analyses were performed on all implant-adherent cells. In 
Paper IV, the cell-specific gene expression was analysed in monocytes and 
MSCs separately and in co-culture. There were no major differences between 
the two titanium surfaces, irrespective of mono- or co-cultures and cell type, 
either at gene expression level or for protein secretion. One possible 
explanation of the discrepancy between the in-vitro findings and the previous 
gene expression data in vivo is the different environmental conditions, e.g. 
that no inflammatory stimuli were added in the in-vitro model, which would 
partly have mimicked the early inflammatory response in vivo. Interestingly, 
the sorted MSCs, when co-cultured on implant surfaces, had higher IL-1β 
gene expression compared with mono-culture conditions. This finding 
suggests, firstly, that monocytes mediate signals for the enhanced IL-1β 
expression by MSCs and, secondly, that the MSCs may acquire pro-
inflammatory potential. The former novel finding may be of importance for 
the transition between the inflammatory and regenerative phases in vivo. The 
latter suggestion is in line with previous in-vitro findings that MSCs can be 
primed to either pro-inflammatory or immunosuppressive phenotypes, 
depending on specific signals in the surrounding environment140. The 
mechanism responsible for the augmented response remains to be 
established. 

Several interactions between monocytes and MSCs were indicated when 
comparing the secretory profiles of the cells when cultured alone or together. 
One important finding was that the co-culture of monocytes and MSCs in 
direct contact resulted in a significantly higher level of leukemia inhibitory 
factor (LIF) compared with that produced by MSCs alone. LIF is a factor that 
is implicated in the immunosuppressive effects of MSCs on leukocytes and 
inflammatory cells141,142. Furthermore, LIF acts on bone stromal cells to 
enhance differentiation into bone-forming osteoblasts142 and has an inhibitory 



Maria Lennerås 

43 

effect on the expression of sclerostin, a potent inhibitor of bone formation143. 
The enhanced LIF secretion in the co-culture indicates that the cross-talk 
between the two cell types also involves regenerative and/or immune-
regulatory signals. This is supported by the ELISA findings showing that the 
release of pro-osteogenic factor BMP-2 from MSCs is enhanced when the 
MSCs co-existed with monocytes in co-culture. Like LIF, other analysed 
growth factors (VEGF-A, CSF-1 and OPG) were highly secreted in the co-
cultures, which further supported this assumption. Moreover, and contrary to 
all other profiled cytokines, CXCL10 revealed a lower level in the co-culture 
compared with the mono-culture of monocytes. Increased CXCL10 mRNA 
and protein expression has been associated with the pathogenesis of various 
infectious diseases, chronic inflammatory diseases and immune 
dysfunction38. CXCL10 has also been shown to correlate with the rejection of 
certain organs after transplantation144. The present finding of reduced 
CXCL10 in the co-culture of MSCs and monocytes provides additional 
support for the assumption of an immunosuppressive role for the MSCs. 

5.3 Inflammation at the bone-implant interface 
Following the initial blood/material interactions and the formation of a 
provisional matrix, a sequence of acute and chronic inflammation occurs145. 
The inflammatory response around the inserted implant has several important 
roles in the healing process, such as removing debris from the surgical trauma 
and sending the appropriate signals to start the repair and regeneration 
process. In Paper I, during the initial 24h, the machined surface was 
associated with higher inflammatory activity, indicated by the higher gene 
expression of TNF-α and IL1β. In the later period (after the early stage of 
woven bone formation), up to 28d (Paper II), the expression of the pro-
inflammatory cytokines for both implant surfaces was relatively constant, 
although still significantly higher for the machined surfaces. These 
observations suggest that the physico-chemical properties of the implant 
surface play a major role in triggering and modulating inflammation. The 
temporal modulation of TNF-α might be important for the bone-remodelling 
phase, as indicated in a previous in-vivo study, where the peak expression of 
TNF-α coincided with the highest gene expression for OC, ALP, TRAP and 
CatK three days after implantation139. This assumption was further confirmed 
by significant correlations between TNF-α and Runx2, ALP, TRAP, CatK for 
the oxidised surface alone (Paper II). 

The early inflammatory response to implanted biomaterials has been 
described as an essential process that determines wound healing and implant 
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integration or failure3,146,147. In spite of this, the impact of pro-inflammatory 
cytokines in vivo is highly controversial. High yet transient levels of pro-
inflammatory cytokines, e.g. IL-1β, IL-6 and TNF-α, have been observed 
around implants during the early hours after implantation in vivo148. 
However, a prolonged association with pro-inflammatory cytokines around 
implants can be detrimental, as activated inflammatory cells can induce 
osteolysis and ultimately aseptic loosening147,148. During bone defect healing 
with and without bone substitutes, several positive correlations were found 
between the expression of TNF-α and the expression of bone formation 
(ALP) and bone remodelling (TRAP and CatK) genes and this was mainly 
detected in the defects treated with synthetic substitutes149. In the latter study, 
however, the level of TNF-α did not differ between the sham, untreated and 
the defects treated with the synthetic substitute. The present study (Paper II) 
shows a positive correlation for TNF-α with osteogenic and bone-
remodelling genes at the oxidised implants, where the overall TNF-α 
expression was significantly lower compared with the machined ones. Taken 
together, the results indicate a plausible osteogenic- and osteoclastic-
promoting effect of TNF-α in conjunction with bone formation and 
remodelling at biomaterials, which is probably dependent on the level of 
expression of this cytokine. 

5.4 Bone regeneration and remodelling at the 
bone-implant interface 

The oxidised implants demonstrated higher gene expression for bone 
formation and remodelling markers at both the early and later time points 
(Paper II). In fact, the peak expression of OC, ALP, TRAP and CatK has 
been observed as early as three days after implantation139. On the basis of the 
results in Paper III, it was shown that cells adhering to oxidised implants 
promote not only early osteogenesis and bone formation but also 
osteoclastogenesis and remodelling activity, via the RANKL/RANK/OPG 
triad. Osteoclasts differentiate and become activated when RANKL on the 
osteoblasts binds to RANK on osteoclasts. Three days after implantation, 
only the oxidised surfaces triggered high expression levels of RANKL and 
RANK in the implant-adherent cells. In the same way, OPG, the break for 
RANKL, was only upregulated at the oxidised surface. The early enhanced 
osteoclastic differentiation coupled to osteoblast differentiation at the 
oxidised surface is supported by the positive correlation between RANK and 
RANKL expression, which was not observed for the machined surface. The 
ratio between RANKL and OPG has commonly been used to index the level 
of bone remodelling. For both machined and oxidised implants, the highest 
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RANKL/OPG ratio was observed between three and 14 days, corresponding 
to the bone-remodelling phase in this model. The finding that a larger amount 
of mineralised bone was in contact with the oxidised surface suggested 
accelerated bone maturation, pushed by an increase in the RANKL/OPG ratio 
at this surface. 

One important question is which cells express and secrete these regulatory 
molecules in vivo. According to the literature, in the bone environment, 
stromal cells, osteoprogenitors and osteoblasts express both RANKL and 
OPG, whereas RANK is mainly expressed by osteoclast progenitors and 
osteoclasts18,150. Other cells, such as fibroblasts, dendritic cells and T-
lymphocytes, are also able to express RANKL and OPG18. In Paper IV, the 
protein levels of OPG were analysed for monocytes and MSCs in mono-
culture as well as in co-culture. Firstly, the data indicate that MSCs are 
responsible for the OPG secretion obtained in the co-culture. Secondly, no 
differences were found between the machined and oxidised surfaces at 
protein level at the analysed time point. Although these findings underscore 
the importance of the in-vitro co-culture system, they also illustrate that the 
in-vitro and in-vivo models do not share the same features. 

The exact reasons for the accelerated expression of bone formation and 
remodelling genes and the subsequent enhancing effects on bone formation, 
bone remodelling and osseointegration at the oxidised implants are still not 
clear. The main explanation of these two effects is a result of the combined 
effects of the physico-chemical surface characteristics, eliciting well-
organised, highly regulated cellular and tissue responses. 

Two main surface features of the oxidised implant, compared with the 
machined, are the increase in micron-scale roughness and the porous 
structure of the surface layer (Paper II). SEM images (Papers I and IV) 
showed mesenchymal cells with a firm attachment to the oxidised surface, 
extending cellular processes into the pores. The machined surface, on the 
other hand, was merely associated with fibrin-like tissue with numerous 
erythrocytes and leukocytes. Furthermore, the SEM revealed that the oxidised 
surface exhibits roughness features on the micron- and sub-micron scales. 
The important role played by micro-scale surface roughness in improved 
implant stability and bone formation is well documented151. On the other 
hand, less information on the role of nano-topography per se is available3. 
Our data on an increase in the expression of osteogenic markers in cells 
adhering to relatively rougher surfaces are in line with other in-vivo87,152 and 
in-vitro observations153,154. On the nano-scale, recent studies revealed that 
nano-topography per se elicits less peri-implant macrophage infiltration and 
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significantly downregulates the expression of pro-inflammatory cytokine 
(TNF-α) in the cells adhering to nano-patterned titanium implants compared 
with machined implants155. As the present oxidised titanium implants have a 
combination of micro-scale and nano-scale topography, it is possible that the 
downregulatory effect on pro-inflammatory cytokine gene expression is 
predominantly related to nano-topography. 

The AES and EDS analyses (Paper II) revealed a considerable and relatively 
constant amount of phosphorus throughout the oxide layer, reflecting a 
difference in chemical composition from that of the machined implants. The 
surface chemical composition may affect the hydrophilicity of the surface 
and highly hydrophilic surfaces appear to be preferred by cells, tissues and 
biological fluids compared with hydrophobic ones156. Anderson et al. 
suggested that the surface chemistry of a biomaterial dictates the degree of 
cellular cascade effects and ultimately determines the overall biocompatible 
outcome43. 

The ultrathin sections of the oxidised implant displayed a substantially thick 
oxide layer. This was confirmed by the depth profiling using AES and argon 
sputtering, revealing a thickness of 7.5 µm in the oxide layer for the oxidised 
implants. Further, this thick oxide layer demonstrated large clusters of 
crystalline structure (mainly anatase) embedded in amorphous titanium 
dioxide. Little is known about the effect of the phase composition of the 
surface oxide on the cellular and molecular events of osseointegration in 
vivo3. Early in-vivo studies showed that the anodic oxidation of 
electropolished titanium implants, producing a thick, rough surface oxide 
layer, enhanced the rate of bone formation157. Other in-vivo studies revealed 
an increase in removal torque after six weeks in rabbit tibia in parallel with 
the increase in oxide thickness of up to 3.4 µm158. However, in the latter 
study, the positive effect of the oxide thickness on osseointegration could not 
be isolated from the effect of other surface parameters, including different 
roughness, porosity and chemistry158. 

5.5 Implant stability and osseointegration 
The combination of the in-vivo model with removal torque enabled the 
analysis of the relationship between cellular activity and biomechanical 
capacity at the interface. A significantly higher removal torque was 
demonstrated for oxidised implants at 14d and 28d. Furthermore, a 
significantly higher increase in removal torque over time was shown for the 
oxidised implants. One plausible explanation of the increase in implant 
stability at the oxidised implants (Paper II) is the increased amount of mature, 
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well-mineralised, and remodelled, bone in direct contact with the implant 
surface, as demonstrated for the oxidised implants (Paper III). 

Although it is not clear which of the oxidised surface properties (roughness, 
porosity, chemistry and/or surface oxide thickness) plays the major role, the 
mechanisms for the increase in osseointegration at the oxidised surface 
involve enhanced and coupled bone formation and remodelling activities 
(ALP, OC, CatK and TRAP) which are fine-tuned by changes in the 
RANK/RANKL/OPG triad. One important finding is that these processes 
take place in cells adhering to the surface rather than those in the peri-implant 
bone. This fact can also provide an explanation of the ultrastructural 
observations, showing bone-like mineralised deposits inside the micron- and 
sub-micron pores of the implant surface layer. At the early time points, it was 
observed by SEM that MSC-like cells extend their cytoplasmic processes 
inside the pores of the oxide layer (Paper I), where deposition and/or 
mineralisation may take place. However, as the presence of collagen inside 
the pores could not be clearly seen by TEM, it is difficult to say whether the 
calcium- and phosphate-containing tissue found within the pores may be 
considered bone or not (Paper III). Nevertheless, it is likely that the direct 
coalescence of mineralised bone with the implant surface at ultrastructural 
level made a major contribution to the increased stability of the oxidised 
implant. 

5.6 Clinical application 
In Papers I-IV, sampling and analytical tools were developed and 
implemented in experimental animal and in-vitro models to enable detailed 
molecular analyses during the early stages of osseointegration of different 
titanium implants. In these papers, the analyses were performed on the 
implant-adherent cells, showing that these cells are the major contributors to 
the molecular activity at the bone-implant interface. 

The treatment of individuals with transfemoral amputations using 
osseointegrated fixtures improves ambulatory function and the overall quality 
of life159. In Paper V, the sampling procedure was employed clinically on 
abutment-adherent cells of individuals with percutaneous titanium implants. 
In these patients, the abutment penetrates through the skin, thereby creating a 
breach in the skin barrier, which may be of importance for the host defence, 
bacterial colonisation and the maintenance of osseointegration. In a group of 
30 consecutively enrolled patients with mechanical problems with their 
abutments, the gene expression was analysed and related to observations in 
the skin, the presence of bacteria and radiological changes around the 



A methodological platform to study molecular biocompatibility of biomaterials 

48 

osseointegrated fixture. The macroscopically observed inflammatory signs in 
the skin (redness, secretion) and regenerative (granulation tissue) response 
were considerably more frequent compared with macroscopic inflammatory 
signs in the skin around percutaneous, bone-anchored hearing aids 
(BAHAs)160. Several possible factors, such as the major differences in 
anatomy and the mechanical forces imposed on the bone and soft tissue in the 
two regions, might explain this. Moreover, the previous trauma of lower 
extremity amputation may be important, as the skin of the stump is 
considered to be more fragile and prone to skin problems. 

Bacterial colonisation was very frequent: 27 of 30 patients had positive 
cultures of potentially pathogenic species such as Staphylococcus aureus, 
CoNS, various groups of streptococci, Enterococcus faecalis and 
Enterobacter. Only three patients therefore displayed negative cultures at all 
sampling sites and about half the included patients had positive cultures for 
more than one bacterial species. However, only one patient had a clinical 
manifestation of infection in the skin-penetration site (SPS), septic loosening 
of the fixture and a definite diagnosis of deep infection (according to the 
definition in Tillander et al., 2010) at the time of observation. The most 
frequently found bacterium among these patients was Staphylococcus aureus, 
in agreement with Tillander and co-workers97. Importantly, we observed a 
high proportion of patients (20%) with a positive culture of Enterococcus 
faecalis in the bone canal. We also found a relationship between E. faecalis 
and a shorter stump. This finding could be important in relation to enforced 
and specific cleaning tools and instructions to patients, as well as the 
judgement of the residual extremity length before treatment. The high 
frequency of bacterial colonisation on the skin, on the abutment and in the 
bone canal indicates that the frequently observed macroscopic inflammatory 
signs are associated with a high bacterial burden. Support for this assumption 
is provided by the fact that the presence of bacteria in the skin (irrespective of 
species) and the presence of E. faecalis were associated with macroscopic 
signs of skin secretion and a granulation ring respectively. 

The most commonly observed radiological changes in our study were 
proximal trabecular buttressing (increase in the density of the bone) and 
endosteal bone resorption (resorption of bone around the threads of the 
fixture). A variety of radiological changes in the fixture-bone interface have 
previously been described161. In our material, three patients had to remove 
their fixtures; their abutments were examined in exactly the same way as the 
remaining 27 abutments (in addition, this allowed sampling from the marrow 
cavity). Despite the small number of fixture removals (n=3) and the 
heterogeneous population, one important finding was the correlation between 
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fixture loosening and pain symptoms and endosteal bone resorption 
respectively. 

In the current study, the method for sampling and RNA extraction was 
developed at our laboratory and the panel of genes representing tissue 
metabolism, bone physiology and cytokines was selected to give an overview 
of changes that might occur in the tissue/biomaterial interface of patients with 
osseointegrated implants. 

IL-6 expression in abutment-adherent cells was positively correlated with the 
detection of polymicrobial cultures. IL-6 has been suggested as a biomarker 
for the diagnosis of infection162. Similarly, MMP-8 expression correlated 
with polymicrobial cultures, as well as with the detection of S. aureus, 
together with other bacterial species. MMP-8 is a collagen-cleaving enzyme 
involved in tissue remodelling46. These findings are in line with previous 
studies of inflammation around percutaneous, bone-anchored hearing aids, 
showing higher protein levels of IL-6, TNF-α and MMP-9 at inflamed 
sites163. 

Paper V also demonstrated a relatively higher gene expression of the pro-
inflammatory marker, TNF-α, in association with positive cultures of S. 
aureus (irrespective of sampling site). The level of TNF-α in peri-implant 
crevicular fluid has previously been shown to be increased in patients with 
peri-implantitis compared with healthy subjects and the level was decreased 
after anti-infective therapies164.  

One important observation was the positive correlation between fixture 
loosening and a lower expression of IL-10. The roles of IL-10 in the 
maintenance or failure of osseointegration are not well understood. This is 
exemplified by contradictory observations in the dental literature on patients 
with peri-implantitis30. Furthermore, whereas a study suggested that IL-10 
could provide information about the potency of the immune response in 
patients with peri-implantitis165, another study reported no difference in IL-10 
levels between patients with peri-implantitis and healthy subjects164. 

IL-10 is generally regarded as an anti-inflammatory cytokine which is 
implicated in the control of the inflammatory response166 and a regulator of 
immunity to infection167. IL-10 also induces the expression of tissue 
inhibitors of metalloproteinases (TIMPs) and OPG, the respective inhibitors 
of MMPs and RANKL systems, thereby being implicated in the prevention of 
bone resorption168. In the present clinical study (Paper V), although a cause-
effect relationship was not identified, the detection of S. aureus in high 
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frequency in the bone canal was associated with an increase in the expression 
of TNF-α and MMP-8, suggesting a mounted inflammatory response, 
presumably in order to clear the bacteria. On the other hand, no correlation 
was detected between the presence of bacteria and IL-10 expression. Albeit 
speculative, the multiple clinical signs of skin inflammation, an abundance of 
bacteria and an increase in pro-inflammatory gene expression present a risk 
scenario leading to the degradation of the bone holding the fixture. A 
prerequisite for a scenario of this kind to occur at the fixture-bone interface is 
that pro-inflammatory/degradation signals and inflammatory cells would 
reach and migrate respectively to the actual fixture-bone interface. A process 
like this would be balanced by anti-inflammatory activity and pro-
regenerative activity. This hypothesis is supported at least in part by the 
finding that the three patients who had fixture loosening demonstrated a 
lower anti-inflammatory IL-10 and lower pro-osteogenic OC gene expression 
in abutment-adherent cells compared with the patients with fixture stability. 

The data presented in Paper V underscore the necessity for future studies of 
the relationship between the bacterial species and the particular strain 
virulence, including biofilm properties and antibiotic susceptibility. The 
present approach to sampling and analysing the gene expression in cells 
present in the soft tissue-abutment interface is a first attempt to acquire a 
molecular understanding of the biological processes in this region. Finding an 
accurate combination of biomarkers could be essential in order to 
differentiate between pathogenic conditions (e.g. aseptic loosening and low-
grade infection) and the establishment of prevention protocols. 

5.7 Methodological considerations 
The sensitivity, reproducibility and specificity of a method set the limits for 
the quality and reliability of the experimental data. For this reason, a critical 
assessment of the scientific methods is a key feature of research. In the 
present thesis, in-vitro, in-vivo and human samples were analysed. Interest 
has focused on the development of a methodological platform to study the 
cellular and molecular events in combination with a structural and functional 
evaluation of the biomaterial-tissue interface. 

5.7.1 Sampling 
One major point of emphasis in this thesis was the sampling and 
methodological development. One advantage of the present in-vivo model 
was the opportunity to isolate the RNA from both implant-adherent cells and 
the peri-implant bone. This allowed for the spatial distinction of gene 
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expression between the cells in contact with the implants and in the tissue 
some distance from the implant. Differences between the two implant 
surfaces were frequently detected in the implant-adherent cells rather than in 
the peri-implant bone. However, the implant-adherent cells constitute a small 
amount of biological material, which requires highly optimised RNA-
extraction procedures. This resulted in limitations in quantifying the RNA 
and RNA quality control. On the other hand, this was successfully performed 
in the bone samples, which compensates for some of the information on the 
RNA quality that was lacking, as the samples were treated in similar ways. 
The normalisation in the first studies (I-III) was performed using 18S as a 
representative reference gene. In the human clinical study, a panel of human 
reference genes was employed and the mean of three stable reference genes 
was used. In the in-vitro studies, the normalisation was made with the 
number of FACS-sorted cells. 

The analysis of the abutment-adherent cells, in the clinical study (Paper V), 
reflects the cellular processes occurring in the soft tissue-abutment interface 
in the bone canal. The limited bone tissue in this area might be one reason for 
the lack of gene expression of the bone remodelling-related factor calcitonin 
receptor. In contrast to the experimental implants, the large size of the 
abutment did not allow for the traditionally used homogenisation methods. 
The lysis was therefore performed with upscaled volumes of reagents and 
rough vortexing. To confirm the complete detachment of cellular material, 
SEM was performed on randomly selected abutments after RNA/protein 
extraction. In addition, metallic ions and blood from the abutment could 
constitute potential inhibitors for the qPCR and, for this reason, inhibitory 
tests were performed and excluded these confounding factors. 

The in-vitro sampling (Paper IV) was conducted on cells in mono-culture and 
co-culture. Trypsin was used for the detachment of both cell types and the 
incubation time was shortened as much as possible to avoid destroying 
epitopes. The detachment of cells was confirmed using SEM. 

5.7.2 Molecular techniques 
The core molecular technique used in the thesis is the qPCR. All primers 
were designed and validated to ensure efficiency and specificity. For 
immunohistochemistry (paraffin-embedded samples), the sample reflects the 
bone-implant interface and cannot be fully compared with the implant-
adherent cells. In spite of this, one major advantage is the opportunity to 
identify different cell types, as well as the secreted proteins. One limitation of 
the paraffin-embedded samples is that they do not contain the actual implant. 
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For histomorphometry, bone-implant contact and bone area in the threads 
were determined in plastic-embedded ground sections that contain the 
implant. 

The WB analysis of Protein A (Paper V) detects the protein in the cell wall of 
S. aureus. The RNA/protein-extraction method was optimised for eukaryotic 
cells, but the rough vortexing and extraction buffer are likely to lyse the 
bacterial cells, despite the thick cell wall of S. aureus169. The antibodies used 
in the current WB may also detect fragments of the bacterial cells, as well as 
dead bacteria that could not be detected on the culture plates. 

5.7.3 Study design 
Pre-clinical in-vivo models involving small animals are necessary platforms 
for basic research. No single in-vivo model exists that completely recreates 
the anatomical, physiological, biomechanical and functional environment of 
humans. The selected animal model should therefore reflect the question for 
which an answer is sought170. The rat tibia model used in Papers I-III has 
several advantages: it is very well studied, which makes it easy to relate these 
findings to previous studies. It is reproducible and many cellular events are 
well preserved between species (e.g. RANK/RANKL/OPG axis). The model 
makes it possible to analyse the gene expression of the implant-adherent 
cells, as well as the bone collar surrounding the implant. 

At present, the need to further characterise the different cell types on the 
implant surface, as well as protein profiling, is challenging, due to the small 
number of biological samples and the poor availability of a panel of 
antibodies for the rat. We therefore chose the human in-vitro system to 
address these questions. Two major advantages of in-vitro studies are the 
reduced number of variables that affect the outcome and the opportunity to 
focus on specific cellular events during interactions either with a material 
surface or between particular cell types. The in-vitro co-culture models 
required a suitable culture medium that supports the balanced growth of both 
monocytes and MSCs. Based on a previous study171 in which DMEM was 
successfully used for human monocytes and MSCs, this was also the choice 
in the current study. Another advantage of this in-vitro platform was the use 
of actual screw-shaped implants instead of titanium discs. The shape of the 
implant may influence the behaviour and activation of the cells and in this 
way we approached the clinical situation172. One disadvantage of this in-vitro 
platform is the need to pool the implants to reach a critical number of cells 
for counting. 
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In the clinical study (Paper V), patients scheduled for the exchange of the 
abutment were enrolled. This represents a potential selection bias, as the 
study could not be conducted on a randomly selected pool of transfemoral 
amputees. The abutment, which would otherwise have been discarded, 
provided valuable information using gene expression analysis and the 
sampling involved minimal interference with the clinical procedure. The 
anatomic conditions in the clinical study are unique and it is difficult to 
extrapolate these data to other applications, even to other percutaneous ones. 
In spite of this, the results might be useful for bone-anchored hearing aids 
where similar problems have been observed (skin inflammation, presence of 
bacteria and infection)163. 
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6 SUMMARY AND CONCLUSION 
The present thesis was performed in vitro, in animal studies and in humans. 

- In Paper I, it was demonstrated that implant surface properties influence 
extracellular matrix protein and cell morphology, cell recruitment and gene 
expression at the bone-implant surface during the early time points after 
implantation. A higher gene expression of major MSC recruitment and 
adhesion factors (CXCR4 and integrin-β1) was revealed in cells adhering to 
oxidised implants compared with machined ones. This was corroborated by 
the predominance of MSCs at the oxidised surface, as judged by the 
immunohistochemistry and SEM morphological analyses. On the other hand, 
cells adhering to machined implants were associated with greater pro-
inflammatory activity. 

- In Paper II, the in-vivo model was combined with torque analysis, which 
enabled detailed studies of the complex interplay between material surface 
properties, cell activity and functional aspects. Oxidised implants 
demonstrated an increase in bone anchorage in association with the 
downregulation of pro-inflammatory genes (TNF-α and IL-1β) and the 
upregulation of bone-remodelling genes (ALP, OC, TRAP and CatK). The 
increase in biomechanical stability shown for the oxidised implants strongly 
suggests greater bone interlocking compared with machined implants. 

- The results in Paper III showed that the oxidised implants rapidly stimulate 
bone formation and remodelling involving the regulation of the expression of 
the RANK, RANKL, OPG triad. These molecular determinants promote the 
process of osseointegration, characterised by a large amount of mineralised 
bone in contact with the implant surface and ultrastructural features 
suggesting a bonding between the mineralised tissue and pores in the oxide. 

- In Paper IV, the results showed that, in an unstimulated and static culture 
condition in vitro, the co-existing monocytes and MSCs on the implant 
surface upregulate the gene expression of IL-1β and CXCR4 in a cell-specific 
manner compared with that detected when each cell existed alone on the 
implant surface. Furthermore, the gene expression of BMP-2, SDF-1 and 
integrin-β1 is mainly enhanced in the surface-adherent MSCs but not in the 
monocytes. As judged by protein profiling, the overall secretory profile of the 
surface-adherent monocytes and MSCs is synergistically enhanced when the 
two cell types co-exist on the implant surface. 
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- Finally, the results in Paper V showed that the macroscopically observed 
inflammatory signs in the skin (redness, secretion) and a granulation ring 
were observed in about 50% of 30 consecutively enrolled patients with a 
transfemoral amputation treated with osseointegrated fixtures and a 
percutaneous abutment. Bacterial colonisation was frequently detected on the 
skin, the abutment and in the bone canal. A higher expression of TNF-α was 
associated with positive cultures of S. aureus. Furthermore, positive 
associations were found between fixture loosening and the lower gene 
expression of IL-10 and OC in three patients with fixture loosening. 

In conclusion, the present combination of comparative and correlative 
analytical techniques allows for detailed analysis of the cellular, molecular, 
structural, ultrastructural and biomechanical events at the bone-implant 
interface. Employing this methodological platform, it was demonstrated that 
implant surface properties elicit a cellular and molecular cascade for rapid 
cell recruitment and enhanced bone formation and remodelling which, in 
turn, accelerates bone maturation and the implant stability at the bone-
implant interface. The present set of analyses suggests candidate factors, such 
as the RANKL/OPG expression ratio, as a sensitive indicator for monitoring 
the remodelling process during osseointegration. Finally, the results of the 
present thesis provide a first line of information on factors that could affect 
the performance of percutaneous implants. 
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7 FUTURE PERSPECTIVES 
The findings from the clinical study indicated several relationships between 
clinical and microbiological assessments and the selected panel of qPCR 
markers. A future large-scale molecular array (on the RNA and protein 
levels) may provide information on other factors of importance in relation to 
tissue-integration, performance and/or the pathological changes in 
conjunction with osseointegrated implant-based procedures. Furthermore, it 
is of interest to gather more information on the bacteria related to biomaterial 
associated infections, for instance by employing the technique Next 
Generation Sequencing (NGS), in order to identify virulence factors and 
specific types of bacteria involved. 

Based on the detailed studies on the mechanisms of osseointegration, several 
factors appeared to be crucial for the different processes. One example was 
the strong association between the molecular cascade involved in bone 
formation and remodelling and the higher degree of integration and stability 
of the implants. Future work may extend these findings into a clinical 
situation, e.g. monitoring RANKL/OPG gene expression ratio around bone-
anchored implants in relation to the development of osseointegration. 

The application of FACS in the in vitro model provided useful data on the 
cell-specific activities (e.g. adhesion and gene expression) when two known 
cell types were simultaneously present at titanium implants. The next step is 
to employ the FACS technique in vivo in order to characterise a more 
complex population of implant-adherent cells. 

The in-vitro platform provided a sensitive system, which would allow 
inclusion of other cell types and to extend the analysis over different periods 
of time. Addition of stimuli, e.g LPS, would activate a series of intracellular 
signals leading to a rapid increase in pro-inflammatory cytokines. This 
would, at least partly, mimic the inflammation induced by trauma or infection 
following the insertion of an implant in vivo. Furthermore, the model 
provides possibilities to study other routes for cell-cell communication, for 
instance via exosomes. In addition, several factors appeared to be regulated 
differentially in the co-culture (e.g. LIF and CXCL10). These factors have 
not been studied in relation to tissue healing around biomaterials and deserve 
further exploration. 
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