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ABSTRACT

After insertion of the dental implant into the jaw, the neck of the 
implant protruding through the mucosa (implant abutment) will be 
exposed to the complex environment of the mouth. This results in 
the formation of a conditioning protein coat (pellicle) derived from 
saliva and/or gingival crevicular fluid. Microorganisms in saliva 
are transported to the surfaces where they initiate biofilm (plaque) 
formation. Over time, early colonizers promote co-aggregation of 
later colonizers, leading to development of complex plaque, which 
can include hundreds of different bacterial species. Continuous 
undisturbed growth of plaque has been reported to trigger inflam-
matory responses in the periodontal tissues, which can compromise 
the integration of the implant abutment with the surrounding oral 
mucosa and eventually progress to breakdown of supporting bone 
tissue (peri-implant disease). 

Key elements in the long-term success of dental implants are the for-
mation of a stable connection between the sub-crestal anchoring part 
of the implant (fixture) and the host bone tissue (osseointegration) 
and integration of the abutment with the surrounding soft tissues. 
Consequently, much research has been focused on development 
of surfaces that may optimize osseointegration as well as support 
the formation of a healthy cuff of keratinized mucosa around the 
implant abutment, providing a barrier that prevents the passage 
of microorganisms into the underlying connective tissues. Reports 
from a large number of studies have shed light upon the positive 
effects of surface modifications on osseointegration. However, the 
effect of such modifications on development of oral biofilms and 
soft-tissue cells is not understood. 
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The overall aim of this thesis was to obtain a better understanding 
of the adaptive processes occurring at the implant-host tissue inter-
face. Thus the effects of surface characteristics on formation of pel-
licles as well as adherence and activity of early colonizing bacteria 
were examined. Furthermore, we investigated adherence of epithe-
lial cells and fibroblasts to nano-porous titanium surfaces in order 
to identify surface characteristics that may facilitate improved soft 
tissue attachment.   

In paper I, the effects of surface roughness as well as the effect of a 
saliva- or serum- derived coating on adherence of different strains 
of Streptococcus oralis (an early colonizer of mouth that is also 
recovered from implant surfaces in vivo) to titanium was examined. 
Titanium plates with smooth (average height deviation (Sa) < 0.5 
µm) or moderately rough (Sa 1-2 µm) surface topography were 
used together with a flow-cell model and confocal laser scanning 
microscopy (CLSM) with Live/Dead BacLight staining kit. Micro-
bial adherence to moderately rough surfaces was greater overall 
than that to smooth surfaces, suggesting that implants with moder-
ately rough surfaces, developed to improve osseointegration, have a 
greater propensity for retention of adhered bacteria. Furthermore, a 
saliva pellicle promoted binding of S. oralis although different strains 
varied in their binding capacity. Adherence could be attributed to 
specific binding, involving bacterial adhesins and salivary molecules 
in the pellicle. The presence of potential adhesins was investigated by 
comparing cell-wall protein preparations from the different strains 
using two-dimensional gel electrophoresis (2DE) and mass spectros-
copy (MS/MS). This showed that S. oralis strains that bound well to 
saliva-coated surfaces expressed an adhesin (SOR_0366) that was 
not found in the non-adherent strain. To our knowledge this is the 
first time that this putative adhesin in S. oralis has been identified at 
the protein level. 

In paper II, the effects of surface contact on bacterial activity were 
studied by comparing metabolic activity of planktonic and sur-
face-associated bacteria. Biofilms were formed on smooth titanium 
surfaces, either uncoated or coated with saliva, for 2 hours using 
the same flow-cell model and one of the S. oralis strains in study 
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I. Metabolic activity was assessed using CLSM with the BacLight 
CTC vitality kit. The dominant proteins in the salivary pellicles on 
the titanium surfaces in vitro were identified using 2DE and MS/MS. 
Metabolic activity in S. oralis cells was shown to be up-regulated 
upon surface contact and this effect was enhanced in the presence 
of a salivary pellicle. Pellicle characterisation indicated selective 
adsorption of salivary proteins to titanium, with the enrichment of 
prolactin-inducible protein, secretory IgA, -amylase and cystatins 
on the surfaces. 

Paper III compared the early stages of biofilm formation on 
modified titanium surfaces to that on commercially pure titanium 
(CpTi) control surfaces (C) in the presence of a salivary pellicle. 
Modified surfaces were prepared by anodic oxidation on CpTi 
(N1) or titanium alloy (N2). A 2 hour adhesion assay of mono- 
cultures and mixed-cultures of four early colonizing oral strepto-
cocci (Streptococcus gordonii, Streptococcus mitis, Streptococcus 
oralis and Strepto coccus sanguinis) was used. All surfaces showed 
similar mean surface roughness values (Sa  0.2 µm), while increased 
anatase content and oxide layer thickness were recorded on the two 
modified surfaces compared to control. Fluorescence microscopy 
and Live/Dead BacLight staining were used for visualization of 
bacteria. Results demonstrated high levels of viability for bacteria 
on all surfaces, with reduced surface coverage on modified surfaces 
compared to control. It was concluded that the anatase-rich surfaces 
could contribute to reduced biofilm formation, possibly through 
altered conformation of the absorbed salivary pellicle proteins.

In paper IV, adherence of soft-tissue cells to the same surfaces as 
in paper III was investigated. The surfaces were characterised 
using scanning electron microscopy (SEM) and adherence of oral 
keratinocytes and gingival fibroblasts was then investigated using 
a 24 hour adhesion assay and fluorescence microscopy with Live/
Dead BacLight staining. Cell adhesion strength was assessed using 
a standardized washing technique. Since dental implant abutments 
are placed in a bacteria-rich environment, the effect of consortium 
of commensal oral streptococci on keratinocyte function was eval-
uated. SEM revealed both the N1 and N2 surface to have a nano- 
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porous structure, with pores in the range of 50 nm superimposed 
on the turned structure. The pores on N2 were more sparsely dis-
tributed, with larger pore-free areas, than on the N1 surface. Only 
minor differences were seen between adhesion levels for keratino-
cytes and fibroblasts on the nano-porous surfaces compared to the 
control. While keratinocytes exhibited greater adhesion strength 
than fibroblasts to all surfaces, no differences in adhesion strength 
were observed for either cell types between the modified and the 
control surfaces. The presence of bacteria reduced adherence of 
keratinocytes to all surfaces as well as causing damage to the cells.

In summary, the results presented in this thesis show that surface 
modification of titanium affects adhesion of soft-tissue cells as well 
as adherence and activity of oral bacteria. In particular, anatase- 
rich, nano-porous surfaces appear to have promising properties 
for use in dental implant abutments since they reduce binding of 
oral streptococci while at the same time allowing fibroblasts and 
keratinocytes to attach to the surface. In addition, the studies show 
that the salivary pellicle formed on implant abutment surfaces plays 
an important role in bacterial colonization and metabolism. This 
work thus demonstrates that surfaces designed to improve implant 
success rates should be tested in models that include host-tissue cells, 
bacteria and pellicle proteins. 
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INTRODUCTION

Dental implants
Primitive attempts to replace missing teeth with implants date 
back to 600 A.D. and the Mayan civilization when seashells and 
stones, such as jade, were carved and wedged into slots made in 
the jawbone. Modern implantology had its starting point in 1952 
when Per-Ingvar Brånemark from Gothenburg discovered that the 
titanium microscopes that he had placed in rabbit femur to study 
bone healing had become integrated into the bone and were impos-
sible to remove. Following this serendipitous finding he surgically 
inserted the first root-formed titanium implants in an edentulous 
patient’s jaw in 1965, demonstrating that under controlled condi-
tions titanium could be integrated into living bone without host 
tissue inflammation. He coined the term ‘’osseointegration’’, to refer 
to a direct structural and functional connection between bone and 
the surface of a load-bearing implant. Eventually on the basis of a 
15-year clinical study conducted by Adell et al. (Adell et al. 1981), 
Brånemark implants became the first root-form dental implants 
accepted and sold worldwide. 

Almost simultaneously with Brånemark, Dr Andre Schröder intro-
duced the one-piece transmucosal screw-shaped implant with a 
plasma spray (TPS) coating in collaboration with the Straumann 
Company and ITI Institute in Switzerland. With the successful early 
clinical results, many companies recognized the commercial oppor-
tunity in the field and the market soon became flooded with clone 
implants, leading to an explosive development of implants with new 
designs and surfaces. At the beginning of the 21-century there were 
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25 dental implant manufacturers worldwide, marketing nearly 100 
different dental implant systems with varieties in size, shape, length 
and surface properties (Binon 2000).

During the initial years of dental implant use in restorative dentistry, 
the major part of the research focused on improvements in surgical 
techniques, dealing with prosthodontic complications and esthetic 
challenges (Brånemark et al. 1999; Sones 1989; Zarb & Schmitt 
1990). However, with increased use of dental implants, multiple 
disciplines including surface chemistry, biomechanics and engi-
neering joined together in order to develop modern dental implant 
systems with advanced designs and improved bio- and mechano- 
functionalities. 

Titanium as a biomaterial 
Titanium and its alloys have been the ‘’gold standard’’ implant 
material used in dentistry and orthopaedic medicine due to their 
excellent properties such as low density, resistance to corrosion, 
chemical inertia and the ability to induce a favorable reaction in the 
host tissue (Hille 1966). The phenomenon by which such material 
stimulates biological activity in the host tissue has been termed ‘’bio-
compatibility’’ and is defined as ‘’the ability of the device to perform 
its intended function, with the desired degree of incorporation in 
the host, without eliciting any undesirable local or systemic effects 
in that host’’ (Williams 2003). This means that the host tissues in 
contact with biocompatible materials do not respond with any toxic, 
irritating, inflammatory or allergic reactions. 

Commercially pure titanium is categorized in four grades (ASTM 
F67) ordered in relation to the material properties and impurity 
contents, including nitrogen, oxygen, carbon, iron and hydrogen. 
Increased concentrations of impurities contribute to higher strength 
and reduced ductiliy. Thus grade 1 titanium with the greatest weight 
percent pure titanium (99.5 %) has the lowest strength but highest 
ductility, while on the other end of the scale, grade 4 titanium with 
the least weight percent pure titanium (98.9%) offers the highest 
strength and lowest ductility, making this category the material of 
choice in implant dentistry today (Park & Lakes 2007). Titanium 
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alloy (Ti6Al4V), also known as grade 5 titanium, with aluminum 
and vanadium as alloying elements, is a considerably harder material 
also used in implant applications, mainly involved in orthopaedic 
rehabilitation. 

It has been established that biocompatible properties of titanium are 
mainly attributed to a native dense oxide layer of about 100 Å in 
thickness, predominantly made of stable oxides such as TiO, TiO2 
and Ti2O3, formed on the surface instantaneously on exposure to 
air (Kasemo 1983). Titanium oxide has been shown to be highly 
polar with a net negative charge at physiological pH in host tissues. 
Thus once the implant is introduced to the surgical site, the surface 
oxide layer reacts immediately with ions and proteins in the tissue 
fluids, based on electrostatic interactions between titanium-linked 
O- and cations (Ellingsen 1991). It has been suggested that Ca2+ ions 
in particular, play a major role in initiation of favorable interac-
tions between implant and host-tissue cells through linking proteins 
such as, fibrinogen, immunoglobulin G and albumin, to the titanium 
oxide layer (Collis & Embery 1992; Sela et al. 2007). Modifications 
made to the oxide layer have shown to influence adsorption and 
behavior of host-tissue cells associated with titanium surfaces (Mac-
Donald et al. 2002; Linderbäck et al. 2010). Thus specialized tech-
niques have been explored to modify titanium oxide thickness along 
with making alterations to the surface content of crystalline phases 
of TiO2, namely anatase and rutile, to improve biocompatibility of 
titanium implant materials (Lausmaa 1996; Sul et al. 2002a).

Implant design
Dental implants are biocompatible metal anchors used to replace 
missing natural teeth. In general, the dental implant is composed 
of a sub- and a supra-gingival part. The subgingival part (fixture), 
resembling a root of a natural tooth, is normally a threaded screw 
integrating with the host bone tissue under the gum level, whereas 
the supragingival part or the neck of the implant, also called the 
abutment, penetrates the oral mucosa to support an artificial 
superstructure such as a bridge or a crown. Variations in the body 
geometry of modern dental implants include differences in design 
and number of threads or different degrees of taper. 
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Surface properties
Dental implants are subjected to chemical and mechanical bio- 
environments of the mouth in consequence of direct contact with 
vital soft and hard tissues. Thus surface properties of biomaterials 
are important in stimulation of favorable responses necessary for 
good tissue healing and high clinical success rates. 

The early dental implants following the work of Brånemark were made 
of commercially pure titanium with a turned surface (Brånemark et 
al. 1969). Despite initial high survival rates of 90-98% over 20 years 
(Ekelund et al. 2003; Lekholm et al. 2006), with the increased use of 
dental implants, clinicians soon found themselves confronted with 
more challenging clinical situations associated with compromised 
patients or cases involving unfavorable bone- quality and –quantity. 
Subsequently, manufacturers started to develop modified implant 
surfaces with superior topographical properties to improve clinical 
outcomes. Additionally, ‘’bioactive’’ mate rials with increased ability 
to stimulate a stronger ‘’chemical bonding’’ between the implant and 
host bone tissue cells were also investigated (Cao & Hench 1996; 
Hench et al. 1971). 

Surface modifications
A number of methods have been developed to alter the topographical 
as well as chemical properties of implant surfaces. However, isolated 
modifications have been proven to be unattainable, since alterations 
made to surface topography will inevitably lead to changes in 
surface chemistry and vice versa. Topographical modifications often 
result in improved osseointegration due to increased biomechanical 
interlocking between the implant and the surrounding bone tissue 
(Buser et al. 1991; Cochran et al. 1996; Degasne et al. 1999). In a 
systematic review by Wennerberg and Albrektsson it was concluded 
that the bone response was influenced by the surface roughness 
(Wennerberg & Albrektsson 2009). Moderately rough surfaces with 
average height deviation (Sa) > 1-2µm showed the strongest bone 
response compared to the smooth (Sa < 0.5µm), minimally rough (Sa 
0.5-1µm) and rough surfaces (Sa > 2µm). Thus, today many modern 
implant fixtures are made from commercially pure grade 4 titanium 
with moderately rough surfaces while the neck of the implant which 
is in direct communication with the bacteria-rich environment of 



"!

the mouth, is normally made from smooth surfaces, less prone to 
bacterial colonization. 

A few of the methods used for surface texturing and chemical modifi-
cations are briefly described below.
 
Turning process
The original Brånemark implants were fabricated using a turning 
process (Brånemark et al. 1969), which generated an anisot ropic, 
minimally rough surface with an average height deviation of 0.5-1 µm. 
Smooth turned or polished surfaces are still today regularly used in 
the neck of the implants penetrating the oral mucosa (Sawase et al. 
2000), to minimize microbial retention and support oral hygiene 
regimes. 
 
Blasting process
Sand/grit blasting is the most common abrasive method for rough-
ening implant surfaces. TiO2, Al2O3 and biphasic calcium phosphate 
are some of the blasting particles commonly used in this process 
(Wennerberg et al. 1996; Gotfredsen et al. 2000; Citeau et al. 2005). 
The particles are extruded from a distance using a specific pressure 
to generate impressions on the surface and hence increase surface 
roughness. Blasted surfaces are isotropic with topo graphical varia-
tions of 1-2 µm in average height deviation (moderately rough).  The 
surface chemistry of blasted surfaces also becomes altered depending 
on the size and chemical properties of the blasting particles. 

Chemical modifications
Acid-etching
Most of the commercially available dental implants with acid-etched 
surfaces are grit-blasted prior to the thermal acid-etching process. 
Sulfuric- and hydrofluoric- acids are commonly used to generate 
an isotropic surface with a surface roughness of 1-2 µm in average 
height deviation (Cochran et al. 1998; Masaki et al. 2005). Experi-
ments investigating osseointegration of chemically modified implant 
surfaces using acid-etching techniques have demonstrated establish-
ment of a greater contact between the implant and surrounding 
bone tissue at early stages after implant insertion (Khang et al. 2001; 
Weng et al. 2003). 



#*

Alkali and heat treatment
The chemistry of titanium is altered through the process of soaking 
the surface in an aqueous solution of sodium hydroxide (NaOH) 
followed by heat treatment at 600 °C (Nishiguchi et al. 1999b). 
Consequently, the material becomes ‘’bioactive’’ through forma-
tion of a sodium titanate gel layer on the surface with the ability to 
bond to bone through exchange of calcium and phosphate ions and 
hydroxyapatite deposition on the surface (Takadama et al. 2001). 
Animal studies investigating osseointegration of heat and alkali 
treated titanium alloys in rabbit tibiae have consistently demonstra-
ted enhanced bone-bonding strength for these surfaces (Kato et al. 
2000; Nishiguchi et al. 1999a). 

Anodic oxidation
Surface oxides are prepared using electrochemical oxidation methods, 
generating an oxide layer of varying thickness, morphology and 
chemistry depending on the original surface and ions incorporated 
into the electrolyte system (Lausmaa 1996; Sul et al. 2001). Results 
from animal studies suggest that the properties of the oxide layer on 
titanium implants may be altered using anodic oxidation to stimulate 
improved bone tissue responses (Sul et al. 2002b; Fröjd et al. 2008).

Ion implantation
Ion deposition involving bombardment of the treated surface with 
a selection of ions such as carbon (C+), carbon monoxide (CO+), 
calcium (Ca2+), magnesium (Mg2+), fluoride (F-) and silver (Ag+) has 
been investigated in order to develop modified titanium surfaces with 
improved properties (Rautray et al. 2010). The reported benefits 
derived from these surfaces are early bone formation and improved 
osseointegration (Hanawa et al. 1997; Braceras et al. 2002; De 
Maeztu et al. 2003), enhanced chemical and mechanical properties 
(Buchanan et al. 1987; Mucha & Braun 1992) as well as antibac-
terial properties (Cheng et al. 2013). However, implants treated with 
ion deposition have as yet not been used in clinical practice.

Bioactive coatings
Dip-coating of titanium surfaces in bioactive solutions is used to 
obtain surfaces with enhanced osseoinductive properties. Dipping 
of the specimen is followed by heat treatment in order to sinter and 
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immobilize the bioactive coating-material, incorporating func tional 
organic groups and proteins onto the surface (Xiao et al. 1997; Lenza 
et al. 2002). Titania/hydroxyapatite (TiO2/HA), calcium phosphate 
(CaP), biphosphonate and laminin are a few examples of substan-
ces used as coatings with enhanced osseoinductive performances in 
experimental studies (Ramires et al. 2001; Yoshinari et al. 2002; 
Bougas et al. 2011).

Nanotechnology
Recent trends in clinical implant dentistry explore the use of nano-
technology for modulating cellular behavior and to provide implant 
surfaces with even greater osseoinductive properties. Nano- features 
have a size range of 1-100 nm (as defined by the National Aero-
nautics and Space Administration) and can be fabricated using 
approaches such as compaction of TiO2 nano-tubes (Bauer et al. 
2008), ion implantation (Hanawa et al. 1997) or chemical treat-
ment with sodium hydroxide (NaOH) solution (Zhou et al. 2007), 
peroxidation (H2O2) (Wang et al. 2002) and  anodic oxidation 
(Kim & Ramaswamy 2009). While existing data from experi mental 
studies support the potential of nanoscale surface modifications 
in promoting osseoinductive cellular tissue reactions, the effect of 
nano-features on soft tissue healing is currently limited (de Oliveira 
& Nanci 2004; Meirelles et al. 2008b). Furthermore, the role of 
specific surface properties such as chemical composition or nano-to-
pography are not yet fully understood and remains to be established 
(Meirelles et al. 2008a; Palmquist et al. 2010; Svanborg et al. 2010).

Complications of dental implants
Many scientific papers on treatment outcome for dental implants 
report high success rates (90-98%) (Adell et al. 1981; Attard & 
Zarb 2004; Ekelund et al. 2003), while others suggest that incident 
of complications have been underestimated (Berglundh et al. 2002; 
Roos-Jansaker et al. 2006; Fransson et al. 2009). However, differ-
ences in the criteria used to define success and variations in study 
design make interpretation of these reports difficult (Berglundh 
et al. 2002; Klinge et al. 2012).  Additionally, while most of the 
investigators report on “implant loss”, there is limited information 
on “failing implants” as a result of biological complications and 
marginal bone loss.



##

In a review on factors contributing to failures of dental implants, 
excessive surgical trauma together with an impaired healing ability, 
premature loading and infections were identified as the most 
common causes for early implant loss (during the first year of 
function), whereas overload and progressive chronic marginal infec-
tions (peri-implantitis) were the major etiological agents causing late 
failures (after the first year of function) (Esposito et al. 1998). 

According to Tonetti and Schmid, pathological processes leading 
to peri-implant diseases and biological failure of osseointegrated 
implants are the result of imbalance in host-microflora equilibrium 
(Tonetti & Schmid 1994).  Peri-implantitis and peri-implant muco-
sitis are the two common terms used to describe the pathological 
syndromes, with a clear relationship between plaque accumulation 
and inflammatory response in host tissue (Pontoriero et al. 1994; 
Zitzmann et al. 2001; Lang et al. 2011). While peri-implant muco-
sitis describes an inflammatory lesion that resides in the mucosa, 
peri-implantitis also affects the supporting bone tissue (Lindhe et 
al. 2008). A number of recent studies indicate the prevalence of 
peri-implantitis to lie between 6.6- 40% (Roos-Jansaker et al. 2006; 
Fransson et al. 2009), whereas other reports explain marginal bone 
loss around dental implants as part of the normal bone remodeling 
rather than a pathological condition (Jemt & Albrektsson 2008). 
Nevertheless, continuous resorption of marginal bone may lead to 
exposure of the implant to the oral cavity with subsequent accu-
mulation of plaque and pathological inflammatory reactions in the 
peri-implant tissue (Ericsson et al. 1995). 

In a review comparing pathological aspects of peri-implant mucosi-
tis and inflammation of the soft tissue around teeth (gingivitis), the 
authors concluded that the host response to biofilms around teeth 
and implants was rather similar (Lang et al. 2011). Histopatho-
logical data from peri-implantitis sites have likewise confirmed 
comparable features between peri-implantitis lesions and inflam-
matory lesions around teeth (periodontitis) (Esposito et al. 1997; 
Berglundh et al. 2004). Despite these similarities, the dynamics of 
the pathological processes are not necessarily always the same. It 
appears that the infections around implants may progress into the 
jawbone, encapsulating the whole length of the implant, even in 
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sections where the interface between the implant and soft tissue 
appears to be preserved (Esposito et al. 1997). Furthermore, the rate 
of peri-implantitis associated bone loss seems to increase with time 
(Fransson et al. 2010). Hence, it is vitally important that implant 
sites with peri-implant disease are diagnosed and treated without 
delay with emphasis on the provision of supportive oral hygiene 
treatment (Roccuzzo et al. 2010).

Formation of plaque- the oral biofilm
Plaque or the oral biofilm is a sticky complex of bacteria that accu-
mulates on the hard tissues (teeth and restorative materials) in the 
oral cavity. Like any other biofilm occurring in nature, such as those 
found on rocks and pebbles at the bottom of rivers or biofilms 
growing in pipes and showers, the oral biofilm is a dynamic ecolog-
ical unit responding to local environmental factors with changes in 
structure and composition. 

Although bacteria were first described by Antonie van Leeuwenhoek 
in 1674, it was not until the late 1970s that scientists described the 
theory of biofilm formation and began to appreciate the complexity 
of bacterial communities (Costerton et al. 1978). In 2002, Donlan 
and Costerton defined the biofilm as ‘’a microbially derived sessile 
community characterized by cells that are irreversibly attached to a 
substratum or interface or to each other, embedded in a matrix of 
extracellular polymeric substances (EPS) that they have produced, 
and exhibiting an altered phenotype with respect to growth rate 
and gene transcription’’ (Donlan & Costerton 2002). The process 
of biofilm formation has been described as a series of sequential 
natural occurrences involving five stages (Sauer et al. 2002):

1. initial reversible attachment of bacteria to the surface 
2. irreversible attachment of bacteria to the surface 

and formation of micro-colonies through bacterial 
aggregation 

3. biofilm maturation with development of layered cell 
clusters embedded in EPS 

4. maturation of the biofilm architecture 
5. detachment and dispersal of biofilm cells 
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The formation of plaque in the oral cavity follows the same steps. 
However, plaque is likely to be the most complex form of biofilms 
due to its very heterogeneous nature, including up to 700 different 
bac terial species (Aas et al. 2005)(Figure 1). 

Within a couple of minutes after brushing, the tooth surfaces become 
covered with a conditioning film (pellicle) formed by proteins 
derived from saliva and gingival crevicular fluid (GCF). Dominating 
proteins in acquired enamel pellicle include members of the cystatin 
family, -amylase, histatins, proline-rich proteins, lysozyme, salivary 
mucins, secretory IgA and statherins (Al-Hashimi & Levine 1989; 
Yao et al. 2003; Siqueira et al. 2007). The composition of salivary 
pellicles formed on titanium surfaces has been investigated in few 
studies. Salivary proteins including -amylase, cystatins, prolactin-in-
ducible protein, sIgA and proline-rich proteins have been identified 
as dominating proteins in adherent pellicles formed on titanium in 
vitro (Edgerton et al. 1996; Lima et al. 2008; Dorkhan et al. 2013). 
However, the overall composition of the salivary pellicles on new 
modified titanium surfaces is as yet unknown. Pellicle proteins 
provide an array of potential receptors, facilitating attachment of the 

Figure 1. Schematic illustration of plaque formation (not to scale).
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free-floating (planktonic) microorganisms in saliva.  Initial attach-
ment between pioneer microorganisms (early colonizers) and the 
substrate is mediated through weak unspecific physical forces (Van 
der Waals forces, electrostatic forces and hydrophobic interactions), 
followed by irreversible attachment of specific bacterial surface mol-
ecules (adhesins) to pellicle receptors (Kolenbrander et al. 2002). 
Thus the protein density and composition of the acquired pellicle, 
as well as the conformation of the proteins present in it, which may 
be influenced by the physico-chemical properties of the underlying 
substratum (enamel and restorative materials), is thought to play an 
important role in attachment and retention of bacteria.

Streptococci and Actinomyces have been reported as major 
colonizers of the mouth (Nyvad & Kilian 1987) with the ability 
to bind to both pellicle receptors and other bacteria (co-adhesion). 
For example, Streptococcus gordonii can interact with both salivary 
proteins and Actinomyces naeslundii (Jakubovics et al. 2005; 
Jakubovics et al. 2008) (Figure 2). Over time, due to sequential waves 
of microbial succession, co-adhesion and co-aggregation (binding 
of two genetically distinct microorganisms by means of highly 
specific cell-to-cell reactions) the microflora of plaque becomes 
more diverse with a shift from the initial Gram-positive bacteria to 
increasing proportions of Gram-negative rods (late colonizers), such 
as Fusobacterium, Porphyromonas and Prevotella (Kolenbrander  
et al. 2010). 

Figure 2. Schematic illustration of pellicle receptors facilitating 
bacterial colonization (not to scale).
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Continuous undisturbed growth of bacteria will eventually lead to 
the formation of micro-niches with varying milieu relating to gradi-
ents in bacterial signaling molecules, metabolic products and nutri-
ents in the biofilm. Changes in local environmental conditions may 
lead to altered bacterial gene expression which, with time disturb 
the balance in the resident microflora and lead to oral diseases 
(Socransky & Haffajee 2002; Marsh 2003). For example, increased 
GCF flow with a rise in pH, resulting from a chronic inflammatory 
response to dental plaque, will promote growth of proteolytic and 
anaerobic bacteria causing gingivitis and/or periodontitis. In other 
words, the microorganisms associated with disease are often also 
present at healthy sites, but in different proportions and perhaps 
with different patterns of gene expression (Marsh et al. 2011). 

Interactions between oral bacteria and implant surfaces
After introduction of dental implants into the mouth, the surfaces 
instantly become covered with pellicles and oral microorganisms in 
a similar manner as on natural teeth, initiating the formation of a 
biofilm.  While Gram-positive bacteria constitute the major part of 
the indigenous microbiota around dental implants in health, longi-
tudinal clinical observations and in vivo studies indicate a shift 
towards higher proportions of Gram-negative bacteria such as 
Actino bacillus actinomycetemcomitans, Porphyromonas gingivalis 
and Prevotella intermedia dominating the peri-implantitis micro-
biota (Leonhardt et al. 1992; Hultin et al. 2002).

The structure and composition of the biofilm microbiota is mainly 
interrelated with the ecosystem that bacteria select for their habitat 
and the local environmental conditions. For example, on soft tissues 
the bacterial load always remains low due to epithelial desquami-
nation and consequent bacterial clearance by swallowing, while on 
the hard tissues bacteria grow rapidly to develop mature biofilms. 
Equally, the colonization pattern and microbiological profile of 
plaque accumulated on surfaces above the gum line (supragingival 
plaque) differs from that on surfaces beneath the gingiva (subgin-
gival plaque) (Shibli et al. 2008). 
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Studies investigating the composition of microbiota around dental 
implants have indicated surface characteristics such as surface free 
energy, roughness and chemistry as important factors in the process 
of plaque formation. An increase in surface roughness above average 
height deviation (Sa) of 0.2 µm, has been shown to be one of the 
predominant factors facilitating bacterial colonization on implant 
surfaces (Teughels et al. 2006). Additionally, the occurrence of 
peri-implantitis has been reported to be greater around implants with 
roughened surfaces (Esposito et al. 2007). It has been suggested that 
rougher surfaces promote biofilm formation by offering a greater 
area available for colonization at the same time as surface irregulari-
ties may protect bacteria against the naturally occurring shear forces 
in the mouth as well as oral hygiene measures (Quirynen et al. 1993; 
Amarante et al. 2008; Fröjd et al. 2011).

Summary and relevance to this thesis
Modern implants with modified topography and chemical com-
positions have been shown to provide improved osseoinductive 
properties. However, the effect of surface modifications on soft 
tissue healing and development of oral biofilms is, as yet, contro-
versial and not fully understood. Thus in this thesis, early stages of 
biofilm growth and adherence of soft-tissue cells to smooth titanium 
surfaces, similar to those used in the original Brånemark implants, 
blasted surfaces of moderate roughness and nano-porous surfaces 
prepared by anodic oxidation was investigated.
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AIMS

• To characterize protein composition of pellicles formed  
on titanium implant surfaces. 

• To study the effect of surface characteristics and the 
composition of the attached pellicles on adherence and  
activity of oral bacteria.

• To investigate the effect of surface characteristics on soft  
tissue attachment (keratinocytes and fibroblasts).
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MATERIALS AND METHODS

Surface processing 
In studies I and II, commercially pure titanium (CpTi) with different 
micro-topography were used. Control surfaces were smooth with 
similar surface characteristics to those used in original Brånemark 
implants. Test surfaces were roughened using a blasting process.  
All surfaces were designed as thin plates (99.25 x 25.25 x 0.8 mm) 
intended to fit the flow-cell system used in the experiments. 

In studies III and IV, round discs (8mm in diameter and 2 mm in 
thickness) with three different surfaces characteristics were used. 
Control surfaces were made from CpTi with similar surface charac-
teristics to those used in studies I and II. The other two discs were 
modified electrochemically to give a higher content of crystalline 
anatase. 

Blasted surfaces
The test surfaces used in study I were blasted with Al2O3 particles 
in the range of 250-500 µm at a distance of 25 cm and air pressure 
of 5 bars, giving rise to a moderately rough surface (Albrektsson & 
Wennerberg 2004). 

Electrochemically modified surfaces 
Surfaces were modified by anodic oxidation from commercially pure 
titanium (CpTi) or titanium alloy (Ti6Al4V), generating an anatase- 
rich surface with nano-porous features in the range of 50 nm. 
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Surface characterization
Titanium surfaces tested in the thesis were characterized regarding 
surface energy, surface morphology, surface topography, chemical 
composition and surface oxide thickness.

Surface energy
The nature of the molecular bonds at surfaces (surface energy, !SV) 
and cohesive forces within liquids determine the intermolecular 
interactions when the two are brought together. The adhesive forces 
between the liquid and surface oppose the cohesive forces within 
the liquid according to Young’s equation (Figure 3). Consequently, 
when the adhesive forces between the liquid and the solid surface 
are greater than the cohesive forces within the liquid, the liquid will 
spread out resulting in wetting of the surface. As the tendency of a 
drop to spread out over a flat solid surface decreases, the contact 
angle (") increases, indicating that the degree of wetting is reduced. 

Figure 3: The energy 
of the surface can be 
characterized using 
Young’s equation 
through contact  
angle measurements. 

In study 1 and III, we used contact angle measurements to determine 
the surface energy of the titanium surfaces with or without a protein 
coating. Water contact angles on the smooth titanium surfaces were 
measured using the sessile drop technique with a goniometer from 
Sinterface Technologies, Berlin. For the coated surfaces in study 
I, contact angles were measured after 10, 30 and 60 minutes of 
drying at 30 °C (Busscher et al. 1984). The results after 60 minutes 
drying were similar to those after 30 minutes incubation, suggesting 
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that the values reached a plateau after 30 minutes. Hence in study 
III 30 minutes drying time was allowed prior to contact angle 
measurements.  

A contact angle (") less than 90° was indicative of favorable wetting 
of the surface, showing that the surface had a high surface energy 
and was hence characterized as hydrophilic, while contact angles 
greater than 90° indicated unfavorable wetting of the surfaces, 
meaning that the surface had low surface energy and was charac-
terized as hydrophobic (Förch et al. 2009)

Surface morphology 
Morphology of titanium surfaces used in study III and IV was 
examined using a Zeiss Ultra 55 scanning electron microscope 
(SEM). In a SEM, images are produced through scanning the samples 
with a focused beam of electrons. The electrons will then interact 
with the atoms in the samples to produce signals that will be identi-
fied by a detector constructing images with very high-resolution and 
three-dimensional appearances valuable in understanding structure 
of the surface. In this thesis images of the surfaces were taken using 
10 kV accelerating voltage at 500x and 8000x magnification. 

Surface topography
Surface topography is determined by roughness, waviness and 
form. When measuring roughness (Sa) it is important to separate 
this from waviness and form (British Standards Institution. BS 
1134. Assessment of surface texture. Methods and Instrumentation/
General Information and Guidance. London: British Standards 
Institution, 188). Topographical properties of surfaces used in papers 
I and II were characterized using surface optical interferometry 
(MicroXamTM, PhaseShift, Tuscan, USA). Three titanium plates 
from each test group were measured at three sites over a 200x260 µm 
area and images were produced using SPIPTM (Scanning Probe Image 
Processor, Image Metrology, Denmark). To separate roughness from 
waviness and form a standard Gaussian filter, which is internationally 
accepted for 3-D measurements (SS-ISO 11562:1996) was used.  
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The mean roughness of surfaces used in papers III and IV was 
measured using a WYKO NT9100 profilometry system with a 
5x5 median filter.  Three 630x 470 µm areas on each sample were 
measured and data was evaluated using the software Vision 4.10.

Chemical composition and surface oxide thickness
In studies III and IV, near edge X-ray absorption fine structure 
spectroscopy (NEXAFS) experiments were performed using a syn-
chrotron radiation source (Max-IV Laboratory in Lund, Sweden) 
for chemical mapping and assessment of surface crystallinity of 
titanium surfaces. Auger Electron spectroscopy (PHI 770 Scanning 
Auger Microprobe) was also used for analyzing chemical composi-
tion of the surfaces (top atomic layers) and measuring the thickness 
of the titanium oxide. All samples were analyzed in four areas.

Surface parameters
Different numerical parameters can be used for the characterization 
and analysis of surface topography (Dong et al. 1994). Due to devel-
opment of a vast range of 3-D parameters, many of these are not 
always used and there is some uncertainty about which parameters 
are most suitable for implant evaluations (Wennerberg & Albrekts-
son 2000). In order to describe the appearance of surfaces used in 
this study comprehensively and in a straightforward manner, we 
used the three main groups of parameters suggested and used inter-
nationally (Stout et al. 1993). 

Height parameter:
Sa (µm):

‘’Arithmetic Mean Deviation’’ of the surface or the ‘’Average Rough-
ness in Height’’ is a dispersion parameter defining the amplitude 
property of a surface using the arithmetic mean of the absolute 
values of height deviation from a mean plane within the sampling 
area.

Spatial parameter:
Sds (µm-2):

‘’Density of Summits’’ of the surface is a spatial parameter defining 
the number of summits (the highest of eight neighboring peaks) per 
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unit sample area. Being the highest points on the surface, the summits 
may act as the primary binding sites for proteins and cells, influ-
encing the initial attachment as well as the development of biofilms. 
Furthermore, the density and pattern of summits may contri bute to 
greater surface area available for attachment compared to the flat 
surface. 

Hybrid parameter:
Sdr (%):

‘’Developed interfacial area ratio’’ reflects the hybrid property 
(combination of amplitude and spacing) of the surface, defining 
the additional surface area contributed by peaks and valleys across 
the surface. For instance Sdr value of 50% indicates 1.5 times larger 
surface area, if the surface were to be stretched out to a totally flat 
plane.

Coatings
In studies I and II, two titanium plates separated by a rubber spacer 
with thickness of 1.6 mm, were mounted in a flow-cell. Titanium 
plates were then coated with either 25% whole human saliva or 
5% sterile human serum (Lonza Group Ltd) and allowed to stand 
overnight before biofilm formation.

The saliva used for coating in paper I was prepared according to 
the method described by Palmer et al. (Palmer et al. 2001). Briefly, 
dithiothreitol (Sigma) was added to stimulated whole saliva pooled 
from six individuals, to give a final concentration of 2.5 mM and 
then gently stirred on ice for 10 min. After centrifugation (30 000 
g, 20 min, 4 °C), the supernatant was retained and 3 vols distilled 
water was added prior to passing through a 0.2 µm filter. The filtrate 
was kept at #20 °C until use.

In paper II, whole saliva from ten healthy individuals collected 
on ice was pooled and prepared as described by Wickström et al. 
(Wickström & Svensäter 2008). Briefly the sample was mixed 1:1 
with 0.2 M NaCl and stirred gently overnight at 4 °C.  Next the 
sample was centrifuged in a Beckman Coulter Avanti J-E centrifuge 
(Beckman JA 20 rotor; Beckman Coulter, Brea, CA) for 20 minutes 
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at 4000 r.p.m. and 4 °C. The supernatant was then subjected to 
isopycnic density-gradient centrifugation in CsCl/ 0.1 M NaCl in a 
Beckman Coulter Optima LE-80K Ultracentrifuge (Beckman 50.2 
Ti rotor, starting density 1.45 g ml!1) at 36000 r.p.m. for 90 hours 
at 15 °C. Fractions were collected from the top of the tube and 
analyzed for density by weighing, absorbance ( 280) and their 
content of MUC5B, MUC7, lactoferrin and lysozyme by ELISA. All 
fractions were then pooled and dialyzed against phosphate-buff-
ered saline (0.15 M NaCl, 10 mM K2PO4, pH 7.2) and stored at 
! 20 °C until use.

In paper III, titanium discs were coated overnight in 12-well culture 
dishes with 25% whole saliva preparation used also in study II. 

Protein desorption
Salivary pellicles formed on smooth titanium surfaces, used in 
studies I and II, were desorbed and collected for protein charac-
terization. The collection procedure was started by drainage of the 
unbound proteins from the flow-cells and followed by 2 sets of 2 
minutes wash with PBS on a rocking plate. Next a mixture of Tween 
80 (0.006- v/v%) and Triton x-100 (0.012- v/v%) was introduced 
into the flow-cells and they were subjected to 60 minutes oscillation 
in an ultrasonic bath. The content of the flow-cells was then drained 
and collected before repeating this step for an additional 15 minutes. 
The oscillation procedure was completed with a third 15-minute 
cycle using SDS (0.5- v/v%). Protein desorbates collected after each 
sequence were subjected to SDS-PAGE on 4-12% polyacrylamide 
gels to validate the protocol used for protein desorption (Figure 4). 
Data demonstrated that Tween 80 and Triton X-100 removed the 
majority of surface-associated material and that the subsequent SDS 
wash removed no further material. In addition, the desorbate collec-
tions of in vitro pellicles as well as whole saliva were subjected to 
2DE for protein characterization (for method description see under 
proteomics section).
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Bacterial strains 
In papers I and II, several fresh clinical isolates of Streptococcus oralis 
were used. LA11 was obtained from dental plaque while strains 89C 
and 192B were from peri-implant infections sites. Identification of 
S. oralis was based on positive phenotypic tests for N-acetylglucos-
aminidase and sialidase, negative tests for D-fucosidase and addi-
tional confirmation by sequencing of the gdh gene as well as the 
ddl gene (89C and 192B) or the sodA gene (LA11) (Hoshino et al. 
2005). 

In papers III and IV, fresh clinical isolates of Streptococcus gordonii  
(HC7), Streptococcus mitis (BA7) and Streptococcus sanguinis (FC2) 
obtained from approximal dental plaque were used in addition to S. 
oralis (strain 89C) also used in studies I and II. 

S. gordonii was identified based on phenotypic tests positive for 
N-acetylglucosaminidase, N-acetylgalactosaminidase, -fucosidase 
and -galactosidase. S. mitis was identified based on positive pheno-
typic tests for N-acetylgalactosaminidase, N-acetylglucos-aminidase, 
-galactosidase and sialidase. Identification of S. sanguinis was based 

on phenotypic tests negative for sialidase, arbinosidase, L-fucosidase, 
-glucosidase and firm adherence to MSA agar.

Figure 4.  Silver stained SDS-
PAGE gel from an in vitro  
salivary pellicle desorbate. Pro-
tein bands from unbound saliva 
(A), and serial surface rinse with 
PBS (B and C), Tween 80 and 
Triton X-100 (D and E) and  
finally SDS (F).
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Soft-tissue cell cultures
In paper IV, human oral keratinocytes and gingival fibroblasts were 
used.

Human oral keratinocytes
Immortalized normal human oral keratinocytes (OKF6/TERT-2) 
were oral mucosal epithelial cells which had been transduced with 
hTERT to give rise to immortalized keratinocytes with largely unaf-
fected growth control and differentiation systems (Dickson et al. 
2000). They were a kind gift from Dr James Rheinwald  (Brigham 
and Women’s Hospital, Boston, USA).

Human gingival fibroblasts 
Human gingival fibroblast cultures (N29 and N30) were established 
from gingival biopsies obtained from two healthy subjects (aged 
11-13 years) with no clinical signs of periodontal disease.

Media 
In the first three papers, studying bacterial adherence and activity, 
sterile solutions of Todd Hewitt (TH) broth (Difco laboratories, 
Becton Dickinson & Co, Sparks, MD), TH broth diluted 1:10 in 
PBS (0.15 M NaCl, 10 mM NaH2PO4, pH 7.4), PBS and 25% saliva 
were used as growth media. 

In paper IV, serum-free keratinocyte medium (Gibco) supplemented 
with 0.2 ng ml-1 human recombinant epidermal growth factor, 25 µg 
bovine pituitary extract ml-1 and 0.3 mM CaCl2 containing 1 IU pen-
icillin ml-1 and 1µg streptomycin ml-1 (DF-K medium) was used for 
keratinocyte cultures. For gingival fibroblasts, Dulbecco’s Modified 
Eagle Medium (DMEM) (Gibco), with added Fetal Bovine Serum 
(FBS) (25 µg ml-1) and 1 IU penicillin ml-1 streptomycin (1 µg ml-1) 
was used. For part of the experiment where both soft-tissue cells 
and bacteria were involved, Todd Hewitt broth was used initially for 
growth of bacteria while cell culture medium without penicillin and 
streptomycin was used during incubation phase with both soft-tis-
sue cells and bacteria.
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Biofilm formation
Flow-cell model
Malmö model flow-cells were used in studies I and II. Two parallel 
titanium plates were assembled inside the flow chamber separated 
by a 1.6 mm thick rubber spacer, sealed with O-rings and covered 
with a plastic lid (Figure 5). The surface area for biofilm growth 
inside the flow-cells is 13 cm2 and the total volume 2.1 cm3. Biofilms 
were generated by re-circulation of a bacterial suspension over the 
titanium surfaces, using a peristaltic pump with constant flow of 42 
ml h-1, corresponding to the daily salivary flow in the mouth. Before 
evaluation of the biofilm bacterial population, the flow-cells were 
rinsed with fresh medium to remove cells loosely attached to the 
titanium surfaces.

Static-adhesion model
In study III, titanium discs coated with saliva were placed in 12-well 
culture dishes filled with 3 mL of bacterial suspension and main-
tained on a rocking platform (VWR international LLC) operating 
at 10 cycles/min for 2 hours at 37 oC. Discs were then washed with 

Figure 5: Setup of the flow-cell system. The bacterial suspension 
was circulated to generate a biofilm (grey arrows) with a constant 
flow. Fresh medium was used to rinse off the non-adherent cells 
(red arrows).
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Todd-Hewitt broth diluted 1:10 in PBS (2x 10 min) to remove 
loosely attached cells, before visualization of tightly adhered cells 
and  image capture in a fluorescence microscope.

Soft-tissue adhesion assay
Keratinocyte adhesion assay
OKF6/TERT-2 cells cultured in culture dishes supplemented with 
serum-free keratinocyte medium were passaged at 30-50% con-
fluence using 0.05% trypsin-EDTA (Gibco). Cells at a density of 1x 
105 cells/mL were then seeded onto titanium discs in 24-well culture 
dishes and incubated in 5% CO2 in air at 37 °C for 24 hours.

Fibroblast adhesion assay
N29 and N30 cells seeded in culture dishes supplemented with 
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) were passaged 
at 90% confluence using 0.025% trypsin-EDTA (Gibco). Cells at a 
density of 1x 105 cells/mL were then seeded onto titanium discs in 
24-well culture dishes and incubated in 5% CO2 in air at 37 °C for 
24 hours.

Visualization of cells
Fluorescent staining
Cells can be stained with fluorescent dyes and visualized using 
fluore scence- or confocal laser scanning microscopes. 

BacLight – Bacterial Viability Kit 
LIVE/DEAD® BacLightTM Bacterial Viability Kit (Molecular Probes) 
was used for visualization of bacteria as well as soft tissue cells, 
employing two nucleic acid stains with different spectral charac-
teristics; green-fluorescent SYTO®9 and red-fluorescent propidium 
iodide. The green fluorescent dye penetrates all cells, viable or dead, 
while the red dye only penetrates the dead or damaged cells with 
penetrable membranes and quenches out the green stain. Thus, 
when viewed under the microscope, staining gives an immediate 
assessment of both numbers as well as viability of the cells; with live 
cells labeled as green and dead cells labeled as red (Figure 6). 
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Figure 6: Mono-species biofilms of S. oralis visualized using the 
BacLight Live/Dead stain to the left (viable cells appear as green 
and dead cells as red) and CTC vitality kit to the right (metabolic 
active cells appear red while non-active cells appear blue).

CTC – vitality assessment
To evaluate metabolic activity of the bacteria in paper II, the 
BacLightTM RedoxSensorTM CTC Vitality Kit was used. The kit 
contains 5-cyano- 2,3-ditolyl tetrazolium chloride (CTC), which 
is taken up by cells and reduced into an insoluble red fluorescent 
formazan product in the presence of active dehyrogenases, giving 
a quantitative estimate of metabolically active cells vs. non-active 
cells. DAPI (4 ,6-diamidino-2-phenylindole,  dihydrochloride) was 
used as counterstain to evaluate total number of cells (Figure 6). 

Microscopy 
Specimens were labeled with a fluorophore and visualized using a 
fluorescence microscope or a confocal laser scanning microscope 
(CLSM). The main advantage of a confocal microscope is the 
ability of the device to acquire in-focus images at selected depths by 
focusing on a certain section of the specimen and excluding the light 
from out-of-focus planes, generating high-resolution optical images. 
Another advantage is that several in-focus images from different 
depths within the specimen can be reconstructed by a computer to 
obtain a three-dimensional image.
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Proteomics
SDS-PAGE
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) is the most widely used qualitative method for analyzing 
protein mixtures (Gallagher 2006). In paper II we used NuPAGE® 
4-12% Bis-Tris Gels (Invitrogen, Life Technologies, Grand Island, 
USA) in combination with Coomassie brilliant blue stain and silver 
staining to visualize the protein composition of in vitro saliva- and 
serum-pellicles on titanium.

Two-dimensional electrophoresis (2-DE)
2-DE combines isoelectric focusing (IEF) and SDS-PAGE to improve 
separation of protein mixtures. Prior to initiation of the 2-DE (used 
in papers I and II), protein concentration of the analytes was deter-
mined using a 2D Quant kit (GE Healthcare Life Sciences). A volume 
corresponding to 20 µg protein was diluted with rehydration buffer 
and placed in a swelling cassette with a linear pH strip (GE Health-
care Life Sciences) on top. Rehydration was carried out at room tem-
perature for 30 h under silicone oil. Isoelectric focusing was carried 
out using a Multiphor II (GE Healthcare Life Sciences) with cooling 
water at 15 °C supplied by Pharmacia Multitemp II. The focusing 
was initiated at 150 V for 1 h and continued at 300 V for 3 h, 600 V 
for 3 h, 1200 V for 12 h and finally 3500 V for 20 h. After focusing, 
the IPG strips were stored at –80 °C. Before being run in the second 
dimension, the IPG strips were equilibrated first in 50 mM Tris buffer, 
pH 6.8, containing 2 % SDS, 26 % glycerol and 16 mM DTT for 15 
min and then in 50 mM Tris buffer, pH 6.8, containing 2 % SDS, 26 
% glycerol, 250 mM iodoacetamide and 0.005% bromophenol blue 
for another 15 min. The equilibrated IPG strips were then embedded 
on top of a polyacrylamide gel (20 x 20 x 0.1 cm) using 0.5 % (w/v) 
molten agarose and SDS-PAGE was performed at a constant current 
of 15 mA, at 10 °C, overnight in a PROTEAN II xi cell (Bio-Rad) with 
rainbow high-range molecular mass standards (GE Healthcare Life 
Sciences) run on the acidic side of the IPG strips. Gels were stained 
with Coomassie brilliant blue or silver according to the relevant pro-
tocols from GE Healthcare Life Sciences. Spots were identified using 
either mass spectrometry or matching to previously identified proteins. 
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Liquid chromatography Mass Spectrometry/
Mass Spectrometry (LC-MS/MS)
This analytical method combines liquid chromatography with 
tandem mass spectroscopy to determine the mass as well as chemical 
and structural composition of molecules of the analyte. 
In studies I and II, proteins of interest were excised manually from 
Coomassie brilliant blue-stained gels and send to the The Aberdeen 
Proteome Facility at the University of Aberdeen, for help with protein 
identification using LC followed by MS/MS as described previously 
(Davies et al. 2009).
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RESULTS

Paper I - Effects of saliva or serum coating on adherence of 
Streptococcus oralis strains to titanium.

Key findings:

• Surface topography influenced adherence of S. oralis 
strains to the titanium surfaces.

• Saliva seemed to promote adhesion of some, but not  
all strains of S. oralis to the titanium surfaces.

• A serum pellicle did not promote adhesion of the  
S. oralis strains to titanium.

• S. oralis strains that bound to saliva expressed cell-
wall-anchored adhesins not present in the non-binding 
strains. These may be responsible for mediating inter-
actions with salivary molecules on titanium surfaces. 

Effect of surface roughness on adherence of different  
S. oralis strains
Experiments investigating early stages of biofilm formation using 
three strains of S. oralis (89C, LA11, 192B) and titanium surfaces 
with different topography (native as well as coated with saliva or 
serum), revealed significant differences in levels of adherence between 
strains and surfaces. As revealed by the representative confocal laser 
scanning microscopy (CLSM) images shown in Fig. 7, all strains of 
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Figure 7: CLSM images showing level of adherence for S. oralis 
strains on titanium surfaces using the BacLight Live/Dead stain. For 
moderately rough surfaces (top row) mulit-layer stacks composed 
of 10 2DE images were acquired while on smooth surfaces (bottom 
row) single images were taken. The inserts show adherent bacteria 
at a higher magnification.

S. oralis demonstrated a greater level of adherence to moderately 
rough surfaces than to smooth ones. After correction for the dif-
ferences in actual surface area for the two topographically differ-
ent surfaces (Sdr: smooth surface, 2.8%; moderately rough surface, 
58%), image analysis confirmed that the level of adherence on the 
moderately rough surfaces was five times greater for strain LA11 
and approximately two-fold for strains 89C and 192B compared to 
that on the uncoated smooth surfaces (Figure 8). Thus, although all 
three strains of S. oralis adhered at higher levels to moderately rough 
surfaces, the actual levels of adherence varied between them, with 
strain 89C showing the highest and strain 192B the lowest mean 
number of attached cells. 
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Effect of serum and saliva on adherence of different  
S. oralis strains to titanium surfaces
Image analysis additionally revealed marked differences between 
adherence of S. oralis strains to titanium surfaces in the presence 
of serum or saliva coatings. For strain LA11 the mean number of 
attached cells on moderately rough surfaces coated with saliva was 
seven times greater than that on the same surfaces coated with serum. 
Strain 89C also demonstrated a significantly higher mean level of 
adherence to surfaces coated with saliva than to uncoated surfaces 
or those coated with serum. In contrast to strains LA11 and 89C, 
the mean number of adhered cells for strain 192B was generally low 
and not affected by a coating. Similar results were observed on the 
smooth surfaces, where saliva enhanced adherence for strains LA11 
and 89C, but not strain 192B. Presence of serum coatings seemed to 
assert no significant effect on level of adherence for any of S. oralis 
strains compared to that on uncoated surfaces (Figure 9).

Cell wall anchored adhesins in S. oralis strains
Since the S. oralis strains showed differences in their binding 
capacity to saliva, the presence of potential adhesins was investi-
gated by comparing cell wall protein preparations from the different 
strains. In cell wall extracts from strain LA11 and 89C, two protein 
spots with a molecular weight of around 200 kDa were identified 
but these were not present in strain 192B (Figure 10). 

Figure 8: Graphs showing mean ± SEM of adherence for three strains 
of S. oralis to moderately rough (Bl) and smooth surfaces (Tu).



%&

Figure 9: Graphs showing mean ± SEM of adherence for three 
strains of S. oralis to moderately rough (a) and smooth surfaces 
(b). Data from three independent experiments were analysed using 
Mann-Whitney U test (**P<0.01 and ****P<0.0001). U; uncoated, 
Sa; saliva-coated, Se; serum-coated. 

Figure 10: 2DE of cell wall proteins from three strains of S. oralis. 
Arrows indicating LPXTG- linked proteins identified in the saliva 
binding strains 89C and LA11. Reference proteins are circled. 1. 
DnaK; 2. GroEL; 3. Trigger factor.
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Using LC-MS/MS, these spots were shown to correspond to a 
novel protein comprised of 1060 amino acids (SOR_0366). Further 
analyses of structural elements within amino acid sequences of 
this novel protein revealed several common features with cell wall 
proteins from other streptococcal species, such as the Sgo0707 
adhesin in S. gordonii (Nylander et al. 2013). The membrane 
spanning sequence and a sequence of positively charged amino acids 
at the C-terminus with an LPXTG-motif suggested that this was a 
cell wall anchored adhesin. The N-terminal extracellular domain 
contained three tandem repeats of an 84 amino acid sequence as 
well as a number of degenerate repeats. At the extreme N-terminus, 
there was a unique, alanine-rich region containing 424 amino acids 
(Figure 11).  

Figure 11: Amino acid sequences of the novel proteins identified 
in this study showing several common features with SGO-0707 in  
S. gordonii.
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Paper II - Salivary pellicles on titanium and their effect on 
metabolic activity of Streptococcus oralis.

Key findings:

• sIgA, -amylase, cystatins and prolactin-inducible 
protein were identified as abundant proteins in salivary 
pellicles formed on titanium surfaces. 

• Adherence to smooth titanium surfaces under flow 
caused an up-regulation of metabolic activity in the early 
colonizer S. oralis. 

• Up-regulation of metabolic activity in surface-associated 
S. oralis cells was enhanced in the presence of a salivary 
pellicle.

Protein characterization of in vitro salivary 
pellicles formed on titanium
Titanium plates were coated with 50% whole human saliva over-
night. Surface-associated proteins were then removed using a 
mixture of Tween 80 (0.006 v/v%) and Triton X-100 (0.012 v/v%) 
and collected. A volume of the protein desorbate corresponding 
to 20 g protein was subjected to 2DE and proteins visualized by 
silver staining. This revealed the presence of almost 50 spots, all 
seen in Coomassie brilliant blue stained 2DE gels of whole saliva, 
identified with LC-MS/MS. The dominant proteins identified in the 
salivary pellicle formed on titanium surfaces were secretory IgA, 
members of the cystatin family, -amylase and prolactin- induced 
protein (PIP).  The absence of zinc- 2-glycoprotein in pellicles 
formed on titanium indicated that this protein did not adhere to 
the titanium surface and the relative higher intensity of PIP spots 
in the pellicle formed on titanium than that in the original saliva 
preparation suggested that this protein might be enriched on the 
titanium surface (Table 1).
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Effect of surface contact on metabolic activity of S. oralis
Alterations in the level of metabolic activity for S. oralis cells floating 
in PBS (planktonic) and cells adhered to native titanium surfaces 
under flow were investigated using the BacLight CTC Vitality Kit. 
This showed a low level of endogenous metabolic activity for cells 
suspended in PBS at time 0 as well as at 2 hours and at 24 hours 
(6± 1.5%, 4 ± 0.5% and 2 ± 0.1% respectively). However, after 2 
hours of incubation in the flow-cell model, the adherent population 
contained a significantly higher proportion of metabolically active cells 
(48 ± 5.8%) indicating that contact with a surface stimulated bacte-
rial metabolic activity. After 24 hours, the level of metabolic activity 
within the adherent population had decreased but was still significantly 
greater than in the original PBS suspension (20 ± 1.1%)(Figure 12).

Table 1: Proteins identified in whole saliva and in vitro salivary 
pellicles formed on titanium surfaces.
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Effect of saliva coating on metabolic activity
of adherent S. oralis cells
The effect of saliva proteins on the metabolic activity of planktonic 
and surface associated S. oralis cells was also investigated. This 
revealed significantly higher levels of activity for cells associated 
with the saliva-coated surface after 2 hours (93 ± 2.7%) and 24 
hours (69 ± 2%) than in those suspended in saliva (4± 0.5% after 
2 hours and 3 ± 0.6% after 24 hours) (Figure 13), suggesting that 
adsorbed salivary proteins have the capacity to elicit a metabolic 
response that is not seen when the proteins are present in solution. 
Furthermore the results suggested that while initial contact with a 
surface caused an increase in metabolic activity, this was greatly 
enhanced by the presence of a salivary pellicle. Additionally, after 
24 hours, the level of activity for adhered cells on the saliva coated 
titanium surfaces remained significantly higher than that seen on 
uncoated surfaces, indicating that in addition to enhancing the 
initial response to surface contact, the presence of salivary proteins 
sustained the increase in metabolic activity over 24 hours.

Figure 12: Images showing metabolic activity of S. oralis cells in 
PBS suspension at time 0 and cells adhered to uncoated tita nium 
surfaces after 2 and 24 hours incubation under flow using the  
BacLight CTC Vitality Kit. Metabolically active cells appeared 
red in suspension but purple on titanium surfaces due to counter-
staining with blue DAPI. The scale bars represent 10 µm and the 
inserts show cells in two-fold enlargement.
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Figure 13: Images showing metabolic activity of S. oralis cells 
suspended in saliva for 2 hours and cells adhered to saliva-coated 
titanium surfaces after 2 and 24 hours incubation under flow, using 
the BacLight CTC Vitality Kit. Metabolically active cells were red 
in suspension but appeared purple on titanium surfaces due to 
counterstaining with blue DAPI. The scale bars represent 10 µm 
and the inserts show cells in twofold enlargement.
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Paper III - Crystalline anatase-rich titanium can reduce  
adherence of oral streptococci. 

Key findings:

• Modification of titanium surfaces by anodic oxidation 
produced a crystalline oxide surface with anatase as the 
dominating phase.

• Differences in degrees of wettability of surfaces diminis-
hed after coating with saliva. 

• For three out of four oral streptococci tested in this 
study, the level of adherence was significantly reduced 
on the modified titanium surfaces compared to that on 
the control surface.

Characterization of modified titanium surfaces prepared  
by anodic oxidation
Surfaces used in this study were: control surfaces (C) of commercially 
pure titanium (CpTi) and two modified surfaces prepared by anodic 
oxidation on CpTi (N1) or titanium alloy (N2). Charac terization 
of surface topography using a profilometry system revealed similar 
mean surface roughness values (Sa  0.2 µm) for all surfaces, while 
NEXAFS and AES analysis recorded increased anatase content and 
oxide layer thickness on the two modified surfaces compared to 
control.

Effect of saliva-coating on wettability of titanium surfaces
Contact angle measurements were performed to investigate the wetta-
bility of the different surfaces with and without a saliva coating. For 
the uncoated surfaces, the mean contact angle on control surfaces 
was 51° ± 2° while somewhat lower on modified surfaces, 42°  
± 1° on N1 and 38° ± 0.3° on N2 surfaces, demonstrating that they 
all had hydrophilic properties. After coating with saliva, the mean 
contact angles for the surface were changed to 40° ± 0.1° on control 
surfaces and 41° ± 0.5° and 45° ± 0.6° for the N1 and N2 surfaces 
respectively. This indicates that the presence of a saliva coat caused 
the differences in hydrophilicity to diminish.
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Adherence of oral streptococci to crystalline anatase-rich 
titanium titanium
Experiments investigating early stages of biofilm formation using 
mono-cultures and mixed-cultures of four early colonizing oral 
streptococci (Streptococcus gordonii, Streptococcus mitis, Strepto-
coccus oralis and Streptococcus sanguinis) on saliva-coated titanium 
surfaces with different topography, revealed reduced overall levels 
of adherence on modified surfaces compared to those on the control 
surface. 

In experiments using a mixture of four streptococcal species, modified 
surfaces showed 25% (N1) and 50% (N2) reduced bac terial adher-
ence compared to the control, although these differences were not 
significant at the 5% level (Figure 14). In mono-cultures, for three 
of the four tested species (S. gordonii, S. mitis and S. sanguinis), the 
level of adherence to modified surfaces were reduced significantly. 
While these reductions were less relevant for S. gordonii and S. mitis, 
due to the lower absolute numbers of adhering cells on the control 
surfaces for S. sanguinis where the percentage surface coverage on 
the control was 89%, the 75-80% reduction in level of adherence 
on modified surfaces was a phenomenon likely to be of biological 
significance (Figure 14). 

Overall, the results of this study lead to the conclusion that since 
the wettability of the surfaces was very similar after coating with 
saliva, the variation in levels of bacterial adherence can possibly be 
attributed to altered characteristics of the salivary pellicles formed 
on the anatase-rich surfaces, presenting different arrangement of 
epitopes for adhesins in oral streptococci.
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Figure 14: Adherence of oral streptococci to titanium surfaces. 
Mixed (4-species) and individual species of four oral streptococci 
(S. gordonii, S. mitis, S. oralis and S. sanguinis) were allowed to 
form biofilms on saliva-coated titanium surfaces in culture dishes for 
2 hours. Adhered cells were stained with Live/Dead BacLight and 
viewed in a fluorescence microscope. C; Control surface, N1; sur-
face prepared by anodic oxidation of CpTi, N2; surface prepared by 
anodic oxidation on titanium alloy. The scale bar represents 5 µm.
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Paper IV - Human oral keratinocyte and gingival fibroblast 
adherence to nano-porous titanium surfaces 

Key findings:

• Modification of titanium surfaces by anodic oxidation 
produced a nano-porous structure with pores in the 
range of 50 nm. 

• Nano-structured titanium surfaces did not stimulate adhe-
rence of soft-tissue cells (keratinocytes and fibroblasts).

• Adhesion strength for keratinocytes seemed to be greater 
than that for fibroblasts to all titanium surfaces tested in 
this study. 

•  Commensal oral micro-organisms may cause damage to 
soft-tissue cells and reduce adherence to implant surfaces  
in vivo. 

Surface morphology of modified titanium surfaces prepared  
by anodic oxidation
In paper IV, the same surfaces as in paper III were used. Surface 
characterization by SEM revealed nano-porous structures on both 
the modified surfaces prepared by anodic oxidation. The pores 
observed were in the range of 50 nm superimposed on the turned 
structure covering the entire surface. On N2 surfaces the pores were 
more sparsely distributed with larger pore-free areas compared to 
those on N1 surfaces. 

Soft-tissue attachment to anodically-oxidized titanium surfaces
The effect of surface modifications on integration of soft-tissue cells 
was investigated. Human oral keratinocyes and gingival fibroblasts 
were seeded onto titanium surfaces and stained with BacLight Live/
Dead staining kit after 24 hours, for visualization in a fluorescence 
microscope. Image analysis revealed similar mean number of kera-
tinocytes adhered to the control and the N1 surface (470 ± 73cm-2 
and 419 ± 107 cm-2 respectively), while cell density was somewhat 
lower on the N2 surfaces (284 ± 27 cm-2) (Figure 15).
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For gingival fibroblasts, the cell density was relatively high on the 
control (C) surface, corresponding to approximately 781±87 cells 
cm-2. Similar levels of coverage were seen on the N2 surface (669 ± 26 
cells cm-2), whereas the fibroblasts adhered in lower numbers to 
the N1 surface (328 ± 84 cells cm-2) (Figure 16a,b). This reduction 
was significant at the 5% level compared to control. Thus, gingival 
fibroblasts showed a lower binding capacity onto the N1 surface 
compared to the control and N2 surfaces. 

Figure 15: Attachment of human oral keratinocytes to control  (C) 
and modified surfaces, N1 and N2, was investigated using Live/
Dead BacLight staining kit and a fluorescence microscope (a). The 
scale bar represents 50 µm. Graphs showing mean number of ad-
hered cells ± SEM from three independent experiments (b).
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Figure 16: Attachment of gingival fibroblasts to control (C) and 
modified surfaces, N1 and N2, was investigated using Live/Dead 
BacLight staining kit and a fluorescence microscope (a). The scale 
bar represents 50 µm. Graphs showing mean number of adhered 
cells ± SEM from three independent experiments, analyzed using 
Anova with a Bonferroni post test (*p <0.05) (b).

To evaluate adhesion strength of the cells attached on the surfaces 
a standardized washing procedure was used. Loosely adhered 
cells were removed from titanium surfaces by shaking on a rotary 
shaker. After the wash, remaining cells were visualized in a fluo-
rescence microscope, quantified and expressed as a percentage of 
the pre-wash levels on the same surfaces.  The results revealed that 
fibroblasts were removed to a greater extent than the keratinocytes 
from all surfaces, indicating a lower overall adhesive strength for 
these cells. No differences were seen between the N1, N2 and the 
control surfaces, suggesting that presence of crystalline anatase (as 
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shown by surface characterization in paper III) and the nano-pores 
did not influence adhesion strength of either cell type. Since kerati-
nocytes are exposed to the oral microflora in the area where implant 
abutment emerges through the epithelium, the influence of a consor-
tium of early colonizers on keratinocyte adherence was also inves-
tigated. Titanium discs were seeded with keratinocytes and these 
were allowed to attach for 16 hours. After this time, a four-species 
bacterial consortium, containing equal numbers of early colonizing 
oral streptococci; S. gordonii, S. mitis, S. oralis and S. sanguinis was 
added and the discs were then incubated for an additional 8 hours. 
After a total incubation time of 24 hours, attached cells were visual-
ized using Live/Dead BacLight staining kit and a fluorescence micro-
scope. To evaluate strength of attachment of the bacteria-treated 
cells to the substratum, the same standardized washing procedure 
as outlined above was used. These investigations showed that the 
presence of bacteria during the final 8 hours of the adherence period 
caused a marked reduction in the number of keratinocytes found 
on all the surfaces, although this difference was not significant at 
the 5% level. Interestingly, the nucleus of the keratino cytes exposed 
to the bacteria for 8 hours showed red or orange staining with the 
BacLight Live/Dead stain that was not seen in the keratinocytes 
unexposed to bacteria (Figure 17). This was indicative of damage to 
the cell membrane and suggests that the presence of the bacteria not 
only caused a reduction in the capacity of the cells to adhere to the 
substrate, but also affected cell viability.

Figure 17: Human oral keratinocytes on control surfaces in the 
absence (left panel) and presence (right panel) of a consortium 
of oral bacteria. The scale bar represents 50 µm.
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DISCUSSION

Upon placement of dental implants, oral bacteria compete with 
host tissue cells for binding to the surfaces. Thus, optimal bioma-
terial implants should offer surface functionalities that discourage 
microbial adhesion and undesirable bacterial activity at the same 
time as they promote host tissue integration (Busscher et al. 2012). 
With this in mind, the studies in this thesis focused on evaluation 
of modified implant surfaces in relation to early biofilm growth, 
bacterial activity and adherence of soft-tissue cells.

Differences in adherence of bacteria on smooth  
and moderately rough titanium surfaces
In study I, the early stages of biofilm formation on dental implant 
surfaces with different topography was investigated.  The level of 
adherence for three strains (LA11, 89C and 192B) of Strepotcoccus 
oralis, one of the early colonizers of the mouth also recovered from 
titanium surfaces in vivo, on smooth and moderately rough titanium 
surfaces was assessed. One of the main observations was that adher-
ence of S. oralis was two- to five-fold greater on moderately rough 
surfaces (Sa 1,4 µm) than on smooth surfaces (Sa 0,1 µm), even after 
compensation for the greater developed interface area ratio [(the 
percentage enlargement if the surface was flattened out) (Sdr)] on 
the blasted surfaces (Sdr 59%) compared with control (Sdr 2.8%). 
Therefore, the greater total surface area available for bacterial col-
onization alone did not account for increased bacterial adhesion 
on moderately rough surfaces. Thus it is likely that the presence 
of peaks and troughs provided the bacteria with protection from 
removing shear forces as proposed by Quirynen et al (Quirynen & 
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Bollen 1995). Elevated levels of bacterial adherence on moderately 
rough surfaces are also consistent with findings from other in vitro 
studies using the early colonizers Streptococcus sanguinis (Pereira da 
Silva et al. 2005) as well as in vivo investigations of plaque accumu-
lation on dental implants (Quirynen et al. 1993; Elter et al. 2008). 
Additionally, the observations made in this study confirmed that 
although the level of adherence for all three strains of S. oralis was 
enhanced on moderately rough surfaces, the actual levels of adher-
ence varied between them, with strain 89C showing the highest and 
strain 192B the lowest mean number of attached cells, suggesting 
great differences in adhesion ability between different strains of the 
same species of oral streptococcus.

Influence of saliva- and serum-pellicle on adherence  
of bacteria
Since in natural conditions, the implant surfaces become covered 
with salivary proteins and/or proteins from gingival crevicular fluid 
directly after exposure to the oral environment, the presence of 
saliva and serum coat on adherence of S. oralis were also investi-
gated. In study I, titanium surfaces were coated overnight with 
5% human serum or 25% whole saliva prepared according to the 
method described by Palmer et al. (Palmer et al. 2001). Non-bound 
proteins were then removed prior to adhesion experiments. The 
results indicated that the presence of a serum-derived pellicle had 
no significant effect upon the adherence of any of the three S. oralis 
strains investigated compared to uncoated surfaces. This was in 
agreement with other studies suggesting that serum had either no 
effect or small inhibitory effect upon bacterial adherence (Paulsson 
et al. 1993; Müller et al. 2007). However, in the presence of a saliva 
coat, two out of the three S. oralis strains tested showed signifi-
cantly higher levels of adhesion compared to uncoated or serum-
coated surfaces, suggesting that S. oralis strains were representative 
of two groups: one that bound well to salivary proteins (LA11 and 
89C) and one showing little binding affinity (192B). To elucidate the 
effect of surface free energy on differences in level of adherence to 
uncoated, serum- and saliva- coated surfaces, wettability of surfaces 
were investigated using contact angle measurements. The results 
showed that surfaces became more hydrophilic in the presence of 
saliva or serum, with no major differences in surface energy between 
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the two coatings. Thus, differences in bacterial adhesion could not 
be attributed to differences in the substratum surface free energy. On 
the other hand, it became evident that adsorbed salivary proteins 
affected this process. Consequently, the presence of potential 
adhesins which could mediate binding to specific salivary proteins 
in all three strains of S. oralis tested in this study was investigated 
by comparing cell-wall protein preparations using 2DE gels and 
LC-MS/MS analysis. This lead to identification of a novel LPXTG-
linked adhesin with an approximate molecular weight of 200 kDa 
in saliva-binding strains of S. oralis (LA11 and 89C) which was 
absent in strain 192B. This suggests that the differences in binding 
to surfaces could be attributed to differential expression of adhesins, 
in a similar way to that shown previously by other authors (Murray 
et al. 1992; Müller et al. 2007). 

Differences in adherence of bacteria on modified titanium 
surfaces prepared by anodic oxidation
As part of an attempt to identify abutment surfaces with better 
adherence characteristics for soft-tissue cells but reduced binding of 
bacteria, two surfaces prepared by anodic oxidation were tested in 
studies III and IV. To better resemble the natural conditions in the 
oral cavity, experiments were performed in the presence of a saliva- 
coat. 

Biofilm-forming ability of four early colonizers of the mouth 
(S. gordonii, S. oralis, S. mitis and S. sanguinis) was investigated 
on saliva-coated titanium discs with modified surfaces compared to 
discs made from commercially pure titanium (CpTi) with surface 
characteristics similar to control surfaces used in studies I and II. 
Modified surfaces were prepared by anodic oxidation from CpTi 
(N1) or titanium alloy (N2) with a higher content of crystalline 
anatase. The saliva used for coating was prepared according to 
the protocol developed by Wickström et al. at Malmö University 
(Wickström & Svensäter 2008), using density-gradient centrifuga-
tion and without the use of denaturing agents such as guanidium 
hydrochloride or filtering. The advantage of this technique is that 
bacteria can be separated from large salivary macromolecules at the 
same time that the polymeric structure and the physiological con-
formation of all proteins including mucins are preserved as intact 
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as possible. Adhesion of bacteria, either used alone or mixed in a 
four-species consortium, to saliva-coated discs was significantly 
lower for three of the tested species on modified surfaces compared 
to control. This suggests that modified surfaces prepared by anodic 
oxidation used in this study could contribute to reduced biofilm 
formation on dental implant surfaces. The results also revealed 
marked inter-species variations in reduction of attachment levels on 
the modified surfaces compared to control. For example, for S. san-
guinis an 80% reduction in surface coverage was seen on modified 
surfaces compared to control whereas for S. oralis binding on these 
surfaces was not reduced relative to control.  It can be hypothe-
sized that for S. sanguinis, the significant reduction in binding was 
attributed to different conformation of the salivary proteins on the 
modified titanium surfaces, in terms of reduced exposure or absence 
of proteins carrying epitopes to which adhesins such as the SsaB in 
S. sanguinis can bind. Likewise, unchanged levels of adherence for 
S. oralis would be due to the persistence of epitopes for adhesins in 
this species on modified surfaces. 

Differences in metabolic activity of biofilm bacteria  
compared to bacteria in planktonic state 
Plaque build-up has been recognized as an important factor leading 
to biological complications and failure of dental implants (Esposito 
et al. 1998).  Changes in physiology and level of activity of the 
biofilm bacteria due to altered transcription and protein synthesis 
in response to contact with surface and sensing signal molecules 
from host tissue cells have been identified as contributing factors to 
biofilm community resilience to the host immune system, antibiotic 
resistance and increased virulence (Welin et al. 2004; Hoiby et al. 
2010; Wright et al. 2012). Thus, in this thesis changes in metabolic 
activity of biofilm cells of S. oralis formed on titanium surfaces 
compared to their planktonic counterparts was investigated and 
the influence of salivary proteins in this process was explored. The 
results showed that adherence to uncoated titanium under flow led 
to an up-regulation of metabolic activity and that this effect was 
doubled in presence of a saliva coat. Yet this increase in cellular 
activity was not seen in bacteria floating in the same preparation 
of saliva, suggesting that the conformational changes of salivary 
proteins taking place upon contact with the surface were important 
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for the response. Thus, surface contact on its own could activate 
energy-generating pathways within streptococci as part of adaption 
of bacteria to the biofilm mode of life, but this effect was enhanced 
by the presence of surface-associated salivary proteins, including, 
for instance, sIgA, -amylase, cystatins and prolactin-inducible 
protein. Further studies are required to clarify if different surface 
characteristics exert diverse regulatory effects on metabolic activity 
of biofilm bacteria as well as to identify the underlying mechanisms 
involved with this response upon contact of bacteria with a surface 
or surface-associated salivary proteins.

Adherence of soft-tissue cells to modified titanium surfaces 
prepared by anodic oxidation 
Electrochemically induced crystalline TiO2 (anatase) has been found 
to possess antibacterial properties (Del Curto et al. 2005) and 
exhibit improved bioactive properties (Yang et al. 2004; Xie et al. 
2010). Modified surfaces with higher content of anatase prepared 
by anodic oxidation, have been developed to improve clinical 
success rates for dental implants.  Hu et al. hypothesized that an 
enhanced antibacterial effect of anatase is due to the generation of 
reactive oxygen species (Hu et al. 2014) while the influence of ana-
tase-modified titanium on soft-tissue cells are controversial. Thus 
the adherence of human oral keratinocytes and gingival fibroblasts 
to three different surfaces; control surface (C) made from CpTi and 
another two modified titanium surfaces prepared by anodic oxida-
tion, one formed on CpTi titanium (N1) and the other formed on 
a Ti6Al4V (N2) was investigated. Surface characterization using 
NEXAFS revealed increased oxide thickness with a higher content 
of anatase in the modified surfaces compared to control. Addition-
ally, SEM analysis demonstrated a porous structure with pores in the 
range of 50 nm covering the entire surface of N1 and N2, although 
with larger pore-free areas on N2 surface. The results showed sig-
nificantly reduced levels of adherence for gingival fibroblasts to the 
N1 surface while on the N2 surface coverage was as good as to 
the control. Results also indicated that gingival fibroblasts adhered 
equally strongly to all surfaces. These findings were reminiscent of 
a number of studies indicating different results regarding the effect 
of nano-features on fibroblast adherence (Cohen et al. 2007; Guida 
et al. 2013) and led us to conclude that while the level of binding 



'$

of gingival fibroblasts appears to be strongly influenced by the 
nature of the substrate, the effect of different nano-features is as yet 
unclear. However, since the anatase content on N1 and N2 surfaces 
was comparable, it was hypothesized that the reduction in level of 
adhesion for gingival fibroblasts may be attributed to the differences 
in distribution of the nano-pores on the modified surfaces.

For oral keratinocytes the results obtained showed no significant 
differences in the overall cell density or the adhesion strength on 
the modified surfaces with nano-pores compared to that on control. 
This is in contrast to the very limited literature, describing increased 
levels of adherence for keratinocytes on nano-featured surfaces 
prepared by electron beam evaporation or anodization (Zile et al. 
2011). However, in the study by Zile et al. the nano-features of the 
surfaces were not the same as those tested here. This suggests that 
different nano topographies may influence keratinocyte attachment 
differently.

Since in the area where the abutment emerges through the oral 
epithelium, keratinocytes attaching to the titanium surfaces are 
exposed to the oral microflora, the effect of early colonizing oral 
streptococci on keratinocyte function was also evaluated. These 
results indicated a marked reduction in level of adhesion of human 
keratinocytes to all surfaces together with compromised cell integ-
rity. Since cell damage was only evident in the presence of bacteria, 
it was hypothesized that changes in cell integrity of keratinocytes 
could be attributed to an array of metabolic end products produced 
by commensal streptococci including lactate, acetate, ethanol and 
formate along with enzymes such as glycosidases and other prote-
ases (Drucker & Melville 1968; Carlsson & Griffith 1974). 

Clinical implications and own reflections
Lack of tissue integration and microbial infections are the two main 
factors that might interfere with success of implant devices in general, 
whether it being prosthetic joints, artificial heart valves, peritoneal 
dialysis catheters or dental implants. Regarding dental implants, 
maintenance of tissue integration is especially critical since the neck 
of the implant, protruding through the mucosa, may operate as a 
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port of entrance for oral bacteria and their metabolic end products 
into the sulcular area, eventually communicating with the sub-crestal 
part of the implant and surrounding host tissues to initiate peri-im-
plant bone loss. Many implants with modified surface properties 
have been developed in an attempt to reduce the numbers of bacte-
rial infections and prevent biological complications that might con-
tribute to significant healthcare costs. A major challenge with this 
has been the invention of multifunctional biomaterials that interact 
favorably with three biological components in the oral environment; 
namely host bone tissue cells, soft-tissue cells and microbial biofilms. 
Whilst some modified surfaces have been shown to promote encour-
aging responses from specific cell types, their influence on other 
cell types and/or biofilms have not been as positive. For example, 
surfaces of moderate roughness proven to enhance osseointegration 
(Wennerberg & Albrektsson 2009) have also shown a tendency to 
encourage bacterial accumulation (Teughels et al. 2006).  Moreover, 
the effects of surface modifications on host soft-tissue cells are as 
yet unclear. Thus the aim of this thesis was to generate knowledge 
about surface characteristics that may contribute to development of 
an optimal biomaterial implant, promoting desired responses not 
only in the process of osseointegration but also in arrangement of 
soft-tissue cells surrounding the abutment and composition of the 
attached microbial biofilms. 

The results in paper I confirmed the findings in many earlier in 
vivo and in vitro studies reporting elevated bacterial attachment 
levels on moderately rough surfaces (Pereira da Silva et al. 2005; 
Elter et al. 2008; Burgers et al. 2010). Additionally, in study III, 
investigations on bacterial adhesion to modified titanium surfaces 
prepared by anodic oxidation indicated reduced overall numbers 
of bacteria compared to those on CpTi. Currently data regarding 
the influence of different titanium surfaces on biofilm formation 
are extensive. However, making comparisons between the effect of 
different modified titanium surfaces on biofilm formation are dif-
ficult (Subramani et al. 2009; Puckett et al. 2010; Fröjd et al. 2011; 
Pérez!Jorge et al. 2012). Thus taking into account the limited data 
presented here as well as the studies referred to above, from a micro-
biological perspective, anodically-oxidized titanium surfaces could 
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potentially have added value in clinical practice compared to mode-
rately rough surfaces due to their promising properties with regard 
to reduction of bacterial colonization, which could, in turn, increase 
their potential for improved tissue healing. 

Investigations on the influence of modified titanium surfaces with 
altered chemistry and nano-features have been reported to enhance 
osteoblast functions in vitro (Mendonça et al. 2009) as well as to 
improve osseointegration responses in vivo (Bjursten et al. 2010; 
Wang et al. 2011). In this thesis we studied the interactions between 
nano-porous titanium surfaces, prepared by anodic oxidation (also 
used in paper III) and soft-tissue cells (human oral keratinocytes and 
gingival fibroblasts). Adherence along with strength of adhesion 
was recorded for each cell type,  as well as for keratinocytes in co- 
culture with a consortium of oral bacteria. The results revealed no 
changes in keratinocyte responses on the different titanium surfaces 
tested. For gingival fibroblasts however, adherence was greater on 
N2 surfaces compared to N1, but almost unaffected compared to 
the control. Thus modified titanium surfaces with more sparsely 
arranged nano pores, on N2 surfaces, appeared to offer improved 
properties relating adhesion of fibroblasts. To sum up, the lower 
bacterial binding and the unchanged soft tissue behavior on the N2 
surface compared to CpTi suggests that anodically-oxidized titanium 
surfaces with certain nano-porous features, may offer bene ficial 
properties for enhanced tissue healing. 

Looking at the bigger picture, recognition of the full scope and 
complex processes taking place around non-living biomaterials in 
coexistence with living host-tissue cells is of paramount importance 
in developing new products. Scientific frontrunners should consider 
a range of parameters before launching new products. Well designed 
in vitro, in situ and in vivo investigations are necessary to explore 
how altered chemical properties of materials following refinements 
and advances in surface modifications may regulate host-tissue 
responses. In order to fulfill the biological and mechanical require-
ments, biomaterial properties should be investigated carefully in 
relation to treatment indications, area of use, host-tissue structures, 
healing processes and prevention of potential infections and compli-
cations at both individual and molecular levels.
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RESEARCH LIMITATIONS  
AND FUTURE OUTLOOKS

At present, it is known that the physical-, mechanical- and chemical- 
properties of biomaterials interplay to impact biological processes 
involved in healing. Thus a central question for researchers is how to 
modify material properties in order to achieve beneficial effects on 
host-tissue cell responses as well microbial biofilms associated with 
implant surfaces.

Over the past decades, different surface modification processes 
and strategies entailing a combination of changes in surface 
topography and chemistry through, for instance, incorporation of 
nano- particles, antibacterial materials and growth factors have been 
tested for refinement of existing dental implant biomaterials. In 
this thesis we made an effort to identify surface characteristics that 
would potentially contribute to development of multi-functional 
biomaterials offering increased biocompatibility and bactericidal 
properties to support successful implant therapy. To increase the 
clinical relevance, experimental models used here were designed in 
such way to resemble the natural conditions in vivo to the greatest 
possible levels. Nonetheless, considering the multifaceted milieu of 
the mouth, harboring complex microbial communities and various 
environmental niches, this task was very challenging and the reason 
for some of the drawbacks of this thesis. For example in papers I 
and II bacterial adhesion assays were performed using a flow-cell 
model to reproduce shear forces in the mouth. In papers III and 
IV however we adapted a semi-static adhesion assay protocol since 
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this method was more compatible with design of the titanium discs 
tested. Whether or to what extent differences in adhesion pro to-
cols used in this thesis, then again also used universally, impact the 
outcomes relating to the early stages of biofilm formation is as yet 
unsure. Moreover, in this thesis we used mono-species or multi- 
species bacterial cultures, containing 4 species of early colonizing 
oral streptococci at most, due to technical restrictions in co-culturing 
aerobic and anaerobic bacteria. We investigated the role of saliva 
and serum in bacterial adhesion to titanium surfaces independently, 
whereas in the mouth surfaces are covered with proteins derived 
from different body fluids such as blood plasma, gingival crevicular 
fluid and saliva. Ultimately, in the future, we recommend that 
investigations on biofilm formation should be tested using dental 
plaque or even better carried out in situ.

Anatase-rich titanium surfaces used in this thesis elicited desirable 
primary responses in early stages of biofilm formation. We speculate 
that use of biomimetic agents, as coatings in conjunction with such 
modifications may be a promising approach to achieve optimum 
biological responses involved in healing. 
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CONCLUDING REMARKS

In conclusion, this thesis aimed to address a major challenge in 
dental implant research, which is to develop surfaces that promote 
bene ficial host-tissue responses at the same time as allow a balanced 
microbial colonization and provide accessibility for infection control.

Surface modifications
Alterations in surface chemistry and topography influence bacterial 
adherence and host-tissue interactions. We hypothesize that this 
effect is mainly attributed to changes in primary interactions between 
the implant surface and the host, involving adsorption of proteins 
derived from the blood plasma, gingival crevicular fluid and saliva. 

Microbial interactions
Overall, early colonizing oral streptococci showed a tendency for 
increased levels of adhesion to moderately rough surfaces (Sa 1-2 µm) 
in vitro. On the other hand, levels of adhesion seemed to be discour-
aged on anatase-rich titanium surfaces with a nano-porous structure. 

Host-tissue interactions
Human oral keratinocytes showed similar patterns of adherence 
to nano-porous titanium as seen on smooth surfaces. For gingival 
fibroblasts, density of nano pores on the surface seemed to have an 
impact on levels of adhesion.
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POPULÄRVETENSKAPLIG  
SAMMANFATTNING  
(SUMMARY IN SWEDISH)

Ersättning av förlorade tänder med tandimplantat är numera en 
vanlig behandlingsmetod med generellt goda resultat. Antalet 
implantatsystem på den internationella marknaden har ökat kraftigt 
under senare år. Stora forskningsinsatser har lagts på att utveckla 
nya modifierade titanmaterial med ytegenskaper som påskyndar 
integreringen av implantat i benvävnad. Exempel på sådana modi-
fieringar är hög ytråhet och kemiska ytförändringar som förstärker 
bioaktiva karaktärsdrag hos titan. Vissa modifieringar har visat sig 
kunna stimulera benceller att bilda benvävnad och därmed skapa 
bättre förutsättningar för inläkning av implantat. Klinisk forskning 
pekar på att även mjukvävnad runt tandimplantat, liksom slem-
hinnan runt naturliga tänder, har avgörande betydelse för skydd mot 
mikrobiella angrepp. En funktionell mjukvävnadsbarriär anses vara 
nödvändig för att tandimplantat skall fungera livet ut. Emellertid är 
kunskapen enbart sporadisk om hur celltyper såsom mjukvävnads-
celler och orala bakterier, reagerar när de kommer i kontakt med 
modifierade titanytor i munhålan. 

På tandimplantat i den orala miljön, liksom på naturliga tänder, 
finns salivproteiner (pellikel) och sådana munhålebakterier som har 
förmåga att kolonisera fasta ytor som titan. Bakterier som fäster 
till implantat bildar med tiden komplexa bakteriesamhällen som är 
inbäddade i en matrix, en så kallad biofilm. Under vissa förhållanden 
kan dessa mikrobiella biofilmer ge upphov till kroniska infektioner. 
Flera kliniska uppföljningsstudier pekar på att kroniska infektioner 
i anslutning till tandimplantat är vanligare än man tidigare trott. 
Sådana infektioner kan vara svåra att behandla och leda till så 



(*

omfattande benförlust att tandimplantat förloras. Syftet med denna 
avhandling var att förbättra förståelsen för hur orala streptokocker, 
fibroblaster och keratinocyter påverkas då de kommer i kontakt 
med moderna tandimplantat som har modifierade ytstrukturer.

Resultaten i denna avhandling visade att titanytor med skrovliga 
strukturer på mikrometernivå, framtagna för bättre benläkning, 
främjade även adhesion av orala streptokocker vilket kan tolkas 
som att biofilmer lättare ackumuleras på sådana ytor. Vidare 
framkom det att streptokockers vidhäftningsförmåga och metabola 
aktivitet ökade avsevärt när en naturlig salivfilm fanns på plats på 
titanytan vilket ytterligare skulle påskynda bilningen av biofilmer 
på tandimplantat. Karaktärisering av proteinsammansättningen 
i salivfilmen på titan visade att sekretoriskt IgA, amylas, cystatin 
och prolactin-inducible protein var de dominerande proteinerna.  
S. oralis är en bakterie som ofta förekommer i samband med 
kroniska infektioner runt tandimplantat. Denna bakterie visade sig 
ha ett adhesin som interagerade speciellt bra med salivproteiner på 
titan. Detta var första gången som detta adhesin identifierades.

Vad gäller adhesion av mjukvävnadsceller som fibroblaster och kera-
tinocyter visade det sig att dessa celler kunde fästa väl till en titanyta 
som modifierats med hjälp av anodisk oxidering. Vid en karak-
tärisering av ytan framkom det att den var rik på anatas kristaller 
och hade också nanoporösa strukturer. Orala streptokocker visade 
sig binda sämre till den anatasrika ytan än till kommersiellt rent 
titan. Sammantaget förefaller denna ytmodifikation vara en lämplig 
kandidat för nya implantat då den minskar inbindningen av strepto-
kocker samtidigt som den tillåter fibroblaster och keratinocyter att 
växa på ytan.

Sammanfattningsvis visar resultaten i denna avhandling att yt modi-
fierat titan påverkar såväl adhesion av mjukvävnads celler som bakterie-
celler och deras aktivitet. Studierna visar också att saliv pellikeln 
på implantat spelar en viktig roll för bakteriernas kolonisation och 
metabolism.  Vi föreslår därför att beroende på tillämpningsområde i  
praktiken, experimentell utvärdering av nya implantatytor ska i så stor 
sträckning som möjligt innefatta granskning av effekten av ytornas 
egenskaper på olika vävnadsceller såväl som bakterier i närvaro av 
saliv och/eller serumproteiner.



("

ACKNOWLEDGEMENTS

“At times our own light goes out and is rekindled by a spark from 
another person. Each of us has cause to think with deep gratitude 
of those who have lighted the flame within us.” Albert Schweitzer. 

I really do not think that I would have grasped the depth to these 
thoughts uttered by this philosopher before my dissertation. So many 
people have inspired me along this joyful journey and contributed to 
this work, especially;

Julia Davies, you are without a doubt one of the most amazing 
persons I have encountered in my life. Your wisdom, passion for 
research, rational intellect and integrity combined with total hum-
bleness and kindness is extraordinary. Thank you for sharing your 
wisdom with me and always having time for me. I feel so lucky I had 
you as my supervisor.

Gunnel Svensäter, your enthusiasm, creativity, thirst for knowledge 
and problem solving ability is truly admiring. Thank you for stim-
ulating and challenging me, at the same time as being supportive 
and caring. Thank you for filling the corridors with your contagious 
laughter as soon as you arrive at work every day.

Ann Wennerberg, you are a great researcher and person and I am 
grateful I had you as one of my co-supervisors. 

Jessica Neilands, a piece of sunshine just sitting next door, even in the 
gloomiest days. I have enjoyed our chats every day, time allowing,  



(#

being brainy conversations or talking about anything and nothing 
from fashion, shopping, training to food and travel. I really appre-
ciate your friendship.

Bertil Kinnby, our very own, in-house, technical wizard. Thank 
you for coming to my rescue every time I had difficulties with my 
computer, various programs or the confocal and working your way 
around the problem, magically, kindly and efficiently.

Claes Wickström, I really have enjoyed working with you and appre-
ciate your intelligence, kind manners and sense of humor.

Agnethe Henriksson, Madeleine Blomqvist och Ulrika Troedsson, 
thank you for training me to the alchemist that I am today, and for 
your continual excellent technical assistance.

Helén Åkesson, thank you for always keeping calm and organizing 
with excellence. 

Tulay Lindberg, thank you for your guidance and help with experi-
ments in paper IV in this thesis. I really appreciate that you not only 
made my visit to Karolinska Hospital University educative, but even 
extremely pleasant. You are one incredible lady.

My research fellows from the Swedish National Graduate School in 
Odontological Science. Special thanks to Hero, for looking after me 
when I was working at your lab at Karolinska.

My colleagues and friends at the Department of Oral Pathology, 
Oral Surgery, Endodontics and Prosthodontics. Special thanks to 
Liv, Zdenka, Ulf, Maryam, Jafar, Yvonne and Lotta for making the 
time spent together so pleasant. 

Many thanks to the wonderful staff at Malmö University Library, in 
particular Pär and Marie at Orkanen, for not making me part from 
the apple of my eye.



($

My dearly loved Mom and Dad, Homa and Hussein, merci az in 
eshghe bi marz o hadi ke har roz be man midin. Az tahe ghalbam 
migam, maman babye azizam, man bedone eshghe shoma emkan 
nadasht emroz ro bebinam.

My brilliant sisters, Mozhgan and Morvarid, and wonderful brother 
David, thank you for being great sources of inspiration, strength and 
happiness in my life. Thank you for always spoiling me with love 
and kindness. I love you endlessly. 

My dear brothers in law, Mehran and Fredrik, I could not ask for 
better ones. Thank you for always being there for me when I need 
you.

Mina älsklingar, Nikan, Tara, Filip, William och Oscar, tack för att 
Ni fyller mitt liv med glädje. Ni är bäst och khale älskar er så mycket 
och för alltid. 

Madar joon, merci az hame zahmatayee ke baraye man keshidi. 
Kheylee doset daram. 

My uncle Hamid, I really enjoy our moments together and appre-
ciate having you in my life.

My darling cousins Mina and Myad, You are truely special to me 
and I just love having you around. Keep close, please!

Last but not least, my close friends, specially my Swedish twin-sister 
Angelica, I feel so blessed for having you all in my life.



(%

REFERENCES

Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE. 2005. Defining the 
normal bacterial flora of the oral cavity. Journal of Clinical Microbiology, 
vol. 43 nr. 11 s. 5721-5732. 

Adell R, Lekholm U, Rockler B, Brånemark PI. 1981. A 15-year study 
of osseointegrated implants in the treatment of the edentulous jaw. 
International Journal of Oral Surgery, vol. 10 nr. 6 s. 387-416. 

Albrektsson T & Wennerberg A. 2004. Oral implant surfaces: Part 1-review 
focusing on topographic and chemical properties of different surfaces and 
in vivo responses to them. The International Journal of Prosthodontics, vol. 
17 nr. 5 s. 536-543. 

Al-Hashimi I & Levine MJ. 1989. Characterization of in vivo salivary-derived 
enamel pellicle. Archives of Oral Biology, vol. 34 nr. 4 s. 289-295. 

Amarante ES, Chambrone L, Lotufo RF, Lima LA. 2008. Early dental plaque 
formation on toothbrushed titanium implant surfaces. American Journal of 
Dentistry, vol. 21 nr. 5 s. 318-322. 

Attard NJ & Zarb GA. 2004. Long-term treatment outcomes in edentulous 
patients with implant overdentures: the Toronto study. The International 
Journal of Prosthodontics, vol. 17 nr. 4 s. 425-433. 

Bauer S, Park J, von der Mark K, Schmuki P. 2008. Improved attachment 
of mesenchymal stem cells on super-hydrophobic TiO2 nanotubes. Acta 
Biomaterialia, vol. 4 nr. 5 s. 1576-1582. 

Berglundh T, Gislason O, Lekholm U, Sennerby L, Lindhe J. 2004. 
Histopathological observations of human periimplantitis lesions. Journal  
of Clinical Periodontology, vol. 31 nr. 5 s. 341-347. 

Berglundh T, Persson L, Klinge B. 2002. A systematic review of the incidence 
of biological and technical complications in implant dentistry reported 
in prospective longitudinal studies of at least 5 years. Journal of Clinical 
Periodontology, vol. 29 Suppl 3s. 197-212; discussion 232-3. 



(&

Binon PP. 2000. Implants and components: entering the new millennium.  
The International Journal of Oral & Maxillofacial Implants, vol. 15  
nr. 1 s. 76-94. 

Bjursten LM, Rasmusson L, Oh S, Smith GC, Brammer KS, Jin S. 2010. 
Titanium dioxide nanotubes enhance bone bonding in vivo. Journal  
of Biomedical Materials Research Part A, vol. 92 nr. 3 s. 1218-1224. 

Bougas K, Franke-Stenport V, Tengvall P, Currie F, Wennerberg A. 2011. 
Laminin caoting promotes calcium phosphate precipitation on titanium 
discs in vitro. Journal of Oral & Maxillofacial Research, vol. 2 nr. 4. 
PMID:24422002.

Braceras I, Alava JI, Oñate JI, Brizuela M, Garcia-Luis A, Garagorri N, 
Viviente JL, de Maeztu MA. 2002. Improved osseointegration in ion 
implantation-treated dental implants. Surface and Coatings Technology, 
vols. 158-159 s. 28-32. 

Brånemark PI, Adell R, Breine U, Hansson BO, Lindstrom J, Ohlsson A. 
1969. Intra-osseous anchorage of dental prostheses. I. Experimental 
studies. Scandinavian Journal of Plastic and Reconstructive Surgery, vol. 3 
nr. 2 s. 81-100. 

Brånemark PI, Engstrand P, Ohrnell LO, Gröndahl K, Nilsson P, Hagberg K, 
Darle C, Lekholm U. 1999. Brånemark Novum: a new treatment concept 
for rehabilitation of the edentulous mandible. Preliminary results from a 
prospective clinical follow-up study. Clinical Implant Dentistry and Related 
Research, vol. 1 nr. 1 s. 2-16. 

Buchanan RA, Rigney ED, Williams JM. 1987. Ion implantation of surgical 
Ti6Al4V for improved resistance to wear-accelerated corrosion. Journal  
of Biomedical Materials Research, vol. 21 nr. 3 s. 355-366. 

Burgers R, Gerlach T, Hahnel S, Schwarz F, Handel G, Gosau M. 2010.  
In vivo and in vitro biofilm formation on two different titanium implant 
surfaces. Clinical Oral Implants Research, vol. 21 nr. 2 s. 156-164. 

Buser D, Schenk RK, Steinemann S, Fiorellini JP, Fox CH, Stich H. 1991. 
Influence of surface characteristics on bone integration of titanium 
implants. A histomorphometric study in miniature pigs. Journal of 
Biomedical Materials Research, vol. 25 nr. 7 s. 889-902. 

Busscher HJ, van der Mei HC, Subbiahdoss G, Jutte PC, van den Dungen J, 
Zaat S, Schultz MJ. 2012. Biomaterial-associated infection: locating the 
finish line in the race for the surface. Sci Transl Med, vol. 153. PMID: 
23019658. 

Busscher HJ, Weerkamp AH, van der Mei HC, van Pelt AW, de Jong HP, 
Arends J. 1984. Measurement of the surface free energy of bacterial 
cell surfaces and its relevance for adhesion. Applied and Environmental 
Microbiology, vol. 48 nr. 5 s. 980-983. 



('

Cao W & Hench LL. 1996. Bioactive Materials. Ceramics International, vol. 
22s. 493-507. 

Carlsson J & Griffith CJ. 1974. Fermentation products and bacterial yields in 
glucose-limited and nitrogen-limited cultures of streptococci. Archives of 
Oral Biology, vol. 19 nr. 12 s. 1105-1109. 

Cheng H, Li Y, Huo K, Gao B, Xiong W. 2013. Long lasting in vivo and in 
vitro antibacterial ability of nanostructured titania coating incorporated 
with silver nanoparticles. Journal of Biomedical Materials Research Part A, 
PMID:24178451. 

Citeau A, Guicheux J, Vinatier C, Layrolle P, Nguyen TP, Pilet P, Daculsi G. 
2005. In vitro biological effects of titanium rough surface obtained by 
calcium phosphate grid blasting. Biomaterials, vol. 26 nr. 2 s. 157-165. 

Cochran DL, Nummikoski PV, Higginbottom FL, Hermann JS, Makins SR, 
Buser D. 1996. Evaluation of an endosseous titanium implant with a 
sandblasted and acid-etched surface in the canine mandible: radiographic 
results. Clinical Oral Implants Research, vol. 7 nr. 3 s. 240-252. 

Cochran DL, Schenk RK, Lussi A, Higginbottom FL, Buser D. 1998. Bone 
response to unloaded and loaded titanium implants with a sandblasted and 
acid-etched surface: a histometric study in the canine mandible. Journal of 
Biomedical Materials Research, vol. 40 nr. 1 s. 1-11. 

Cohen A, Liu-Synder P, Storey D, Webster TJ. 2007. Decreased fibroblast and 
increased osteoblast functions on ionic plasma deposited nanostructured Ti 
coatings. Nanoscale Research Letters, vol. 2 nr. 8 s. 385-390. 

Collis JJ & Embery G. 1992. Adsorption of glycosaminoglycans to 
commercially pure titanium. Biomaterials, vol. 13 nr. 8 s. 548-552. 

Costerton JW, Geesey GG, Cheng KJ. 1978. How bacteria stick. Scientific 
American, vol. 238 nr. 1 s. 86-95. 

Davies JR, Svensäter G, Herzberg MC. 2009. Identification of novel LPXTG-
linked surface proteins from Streptococcus gordonii. Microbiology, vol. 155 
nr. 6 s. 1977-1988. 

De Maeztu MA, Alava JI, Gay-Escoda C. 2003. Ion implantation: surface 
treatment for improving the bone integration of titanium and Ti6Al4V 
dental implants. Clin. Oral Impl. Res, vol. 14 nr. 2003 s. 57-62. 

de Oliveira PT & Nanci A. 2004. Nanotexturing of titanium-based surfaces 
upregulates expression of bone sialoprotein and osteopontin by cultured 
osteogenic cells. Biomaterials, vol. 25 nr. 3 s. 403-413. 

Degasne I, Basle MF, Demais V, Hure G, Lesourd M, Grolleau B, Mercier L, 
Chappard D. 1999. Effects of roughness, fibronectin and vitronectin on 
attachment, spreading, and proliferation of human osteoblast-like cells 
(Saos-2) on titanium surfaces. Calcified Tissue International, vol. 64 nr. 6 s. 
499-507. 



((

Del Curto B, Brunella MF, Giordano C, Pedeferri MP, Valtulina V, Visai L, 
Cigada A. 2005. Decreased bacterial adhesion to surface-treated titanium. 
The International Journal of Artificial Organs, vol. 28 nr. 7 s. 718-730. 

Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, Louis DN, 
Li FP, Rheinwald JG. 2000. Human keratinocytes that express hTERT and 
also bypass a p16(INK4a)-enforced mechanism that limits life span become 
immortal yet retain normal growth and differentiation characteristics. Mol 
Cell Biol, vol. 20 nr. 4 s. 1436-1447.

Dong WP, Sullivan PJ, Stout KJ. 1994. Comprehensive study of parameters 
for characterising three- dimensional surface topography III: Parameters for 
characterising amplitude and some functional properties. Wear, vol. 178 nr. 
1-2 s. 29-43. 

Donlan RM & Costerton JW. 2002. Biofilms: survival mechanisms of 
clinically relevant microorganisms. Clinical Microbiology Reviews, vol. 15 
nr. 2 s. 167-193. 

Dorkhan M, Svensäter G, Davies JR. 2013. Salivary pellicles on titanium and 
their effect on metabolic activity in Streptococcus oralis. BMC Oral Health, 
vol. 13 nr. 1 s. 32. 

Drucker DB & Melville TH. 1968. Fermentation end-products of cariogenic 
and non-cariogenic streptococci. Archives of Oral Biology, vol. 13 nr. 5 s. 
565-570. 

Edgerton M, Lo SE, Scannapieco FA. 1996. Experimental salivary pellicles 
formed on titanium surfaces mediate adhesion of streptococci. The 
International Journal of Oral & Maxillofacial Implants, vol. 11 nr. 4 s. 
443-449. 

Ekelund JA, Lindquist LW, Carlsson GE, Jemt T. 2003. Implant treatment 
in the edentulous mandible: a prospective study on Brånemark system 
implants over more than 20 years. The International Journal of 
Prosthodontics, vol. 16 nr. 6 s. 602-608. 

Ellingsen JE. 1991. A study on the mechanism of protein adsorption to TiO2. 
Biomaterials, vol. 12 nr. 6 s. 593-596. 

Elter C, Heuer W, Demling A, Hannig M, Heidenblut T, Bach FW, Stiesch-
Scholz M. 2008. Supra- and subgingival biofilm formation on implant 
abutments with different surface characteristics. The International Journal 
of Oral & Maxillofacial Implants, vol. 23 nr. 2 s. 327-334. 

Ericsson I, Persson LG, Berglundh T, Marinello CP, Lindhe J, Klinge B. 1995. 
Different types of inflammatory reactions in peri-implant soft tissues. 
Journal of Clinical Periodontology, vol. 22 nr. 3 s. 255-261. 

Esposito M, Hirsch JM, Lekholm U, Thomsen P. 1998. Biological 
factors contributing to failures of osseointegrated oral implants. (II). 
Etiopathogenesis. European Journal of Oral Sciences, vol. 106 nr. 3 s. 721-
764. 



()

Esposito M, Murray-Curtis L, Grusovin MG, Coulthard P, Worthington HV. 
2007. Interventions for replacing missing teeth: different types of dental 
implants. Cochrane Database of Systematic Reviews, PMID:17943800.

Esposito M, Thomsen P, Molne J, Gretzer C, Ericson LE, Lekhol U. 1997. 
Immunohistochemistry of soft tissues surrounding late failures of 
Brånemark implants. [Digital version]. Clinical Oral Implants Research, 
vol. 8 nr. 5 s. 352-366. 

Förch R, Schönherr H, Jenkins ATA. 2009. Appendix C: Contact angle 
goniometry. In ’Surface Design’: Applications in Bioscience and 
Nanotechnology. Förch R, Schönherr H, Jenkins ATA. editors. Germany: 
Wiley-VCH. s. 471-473.

Fransson C, Tomasi C, Pikner SS, Gröndahl K, Wennström JL, Leyland AH, 
Berglundh T. 2010. Severity and pattern of peri-implantitis-associted bone 
loss.  Journal of Clinical Periodontology, vol. 5 nr. 37 s. 442-448. 

Fransson C, Wennström J, Tomasi C, Berglundh T. 2009. Extent of peri-
implantitis-associated bone loss. Journal of Clinical Periodontology, vol. 36 
nr. 4 s. 357-363. 

Fröjd V, Chavez de Paz L, Andersson M, Wennerberg A, Davies JR, Svensäter 
G. 2011. In situ analysis of multispecies biofilm formation on customized 
titanium surfaces. Molecular Oral Microbiology, vol. 26 nr. 4 s. 241-252. 

Fröjd V, Franke-Stenport V, Meirelles L, Wennerberg A. 2008. Increased bone 
contact to a calcium-incorporated oxidized commercially pure titanium 
implant: an in vivo study in rabbits. International Journal of Oral and 
Maxillofacial Surgery, vol. 37 nr. 6 s. 561-566. 

Gallagher SR. 2006. One-dimensional SDS gel electrophoresis of proteins. 
Current Protocols in Molecular Biology, Chapter 10s. Unit 10.2A. PMID: 
8265373.

Gotfredsen K, Berglundh T, Lindhe J. 2000. Anchorage of titanium implants 
with different surface characteristics: an experimental study in rabbits. 
Clinical Implant Dentistry and Related Research, vol. 2 nr. 3 s. 120-128. 

Guida L, Oliva A, Basile MA, Giordano M, Nastri L, Annunziata M. 2013. 
Human gingival fibroblast functions are stimulated by oxidized nano-
structured titanium surfaces. J Dent. vol. 41 nr. 10 s. 900-907.

Hanawa T, KamiuraY, Yamamoto S, Kohgo T, Amemiya A, Ukai H, 
Murakami K, Asaoka K.1997. Early bone formation around calcium-ion-
implanted titanium inserted into rat tibia. J Biomed Mater Res. vol. 36 nr. 
1 s. 131-136.

Hench LL, Splinter RJ, Allen WC, Greenlee TK. 1971. Bonding mechanisms 
at the interface of ceramic prosthetic materials. Journal of Biomedical 
Materials Research, vol. 5 nr. 6 s. 117-141. 

Hille GH. 1966. Titanium for surgial implants. Journal of Materials, vol. 1 nr. 
2 s. 373-383. 



(!

Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. 2010. Antibiotic 
resistance of bacterial biofilms. International Journal of Antimicrobial 
Agents, vol. 35 nr. 4 s. 322-332. 

Hoshino T, Fujiwara T, Kilian M. 2005. Use of phylogenetic and phenotypic 
analyses to identify nonhemolytic streptococci isolated from bacteremic 
patients. Journal of Clinical Microbiology, vol. 43 nr. 12 s. 6073-6085. 

Hu X, Neoh KG, Zhang J, Kang E. 2014. Bacterial and osteoblast behavior on 
titanium, cobalt–chromium alloy and stainless steel treated with alkali and 
heat: A comparative study for potential orthopedic applications. Journal of 
Colloid and Interface Science, vol. 417s. 410-419. 

Hultin M, Gustafsson A, Hallstrom H, Johansson LA, Ekfeldt A, Klinge B. 
2002. Microbiological findings and host response in patients with peri-
implantitis. Clinical Oral Implants Research, vol. 13 nr. 4 s. 349-358. 

Jakubovics NS, Gill SR, Iobst SE, Vickerman MM, Kolenbrander PE. 2008. 
Regulation of gene expression in a mixed-genus community: stabilized 
arginine biosynthesis in Streptococcus gordonii by coaggregation with 
Actinomyces naeslundii. Journal of Bacteriology, vol. 190 nr. 10  
s. 3646-3657. 

Jakubovics NS, Kerrigan SW, Nobbs AH, Strömberg N, van Dolleweerd 
CJ, Cox DM, Kelly CG, Jenkinson HF. 2005. Functions of cell surface-
anchored antigen I/II family and Hsa polypeptides in interactions of 
Streptococcus gordonii with host receptors. Infection and Immunity,  
vol. 73 nr. 10 s. 6629-6638. 

Jemt T & Albrektsson T. 2008. Do long-term followed-up Brånemark 
implants commonly show evidence of pathological bone breakdown?  
A review based on recently published data. Periodontol.2000, vol. 47s.  
133-142. 

Kasemo B. 1983. Biocompatibility of titanium implants: surface science 
aspects. The Journal of Prosthetic Dentistry, vol. 49 nr. 6 s. 832-837. 

Kato H, Nakamura T, Nishiguchi S, Matsusue Y, Kobayashi M, Miyazaki T, 
Kim HM, Kokubo T. 2000. Bonding of alkali- and heat-treated tantalum 
implants to bone. Journal of Biomedical Materials Research, vol. 53 nr. 1  
s. 28-35. 

Khang W, Feldman S, Hawley CE, Gunsolley J. 2001. A multi-center study 
comparing dual acid-etched and machined-surfaced implants in various 
bone qualities. Journal of Periodontology, vol. 72 nr. 10 s. 1384-1390. 

Kim KH & Ramaswamy N. 2009. Electrochemical surface modification of 
titanium in dentistry. Dental Materials Journal, vol. 28 nr. 1 s. 20-36. 

Klinge B, Meyle J, Working G. 2012. Peri-implant tissue destruction. The third 
EAO consensus conference. Clin Oral Implants Res, vol. 23 Suppl. 6  
s. 108-110. PMID: 23062134.



)*

Kolenbrander PE, Andersen RN, Blehert DS, Egland PG, Foster JS, Palmer 
RJ. Jr. 2002. Communication among oral bacteria. Microbiology and 
Molecular Biology Reviews, vol. 66 nr. 3 s. 486-505. 

Kolenbrander PE, Palmer RJ. Jr, Periasamy S, Jakubovics NS. 2010. Oral 
multispecies biofilm development and the key role of cell-cell distance. 
Nature Reviews. Microbiology, vol. 8 nr. 7 s. 471-480. 

Lang NP, Bosshardt DD, Lulic M. 2011. Do mucositis lesions around 
implants differ from gingivitis lesions around teeth? Journal of Clinical 
Periodontology, vol. 38 Suppl. 11 s. 182-187. 

Lausmaa J. 1996. Surface spectroscopic characterization of titanium implant 
materials. Journal of Electron Spectroscopy and Related Phenomena,  
vol. 81 nr. 3 s. 343-361. 

Lekholm U, Gröndahl K, Jemt T. 2006. Outcome of oral implant treatment 
in partially edentulous jaws followed 20 years in clinical function. Clinical 
Implant Dentistry and Related Research, vol. 8 nr. 4 s. 178-186. 

Lenza RF, Vasconcelos WL, Jones JR, Hench LL. (2002). Surface-modified 3D 
scaffolds for tissue engineering. Journal of Materials Science.Materials in 
Medicine, vol. 13 nr. 9 s. 837-842. 

Leonhardt A, Berglundh T, Ericsson I, Dahlen G. 1992. Putative periodontal 
pathogens on titanium implants and teeth in experimental gingivitis and 
periodontitis in beagle dogs. Clinical Oral Implants Research, vol. 3 nr. 3  
s. 112-119. 

Lima EM, Koo H, Vacca Smith AM, Rosalen PL, Del Bel Cury AA. 2008. 
Adsorption of salivary and serum proteins, and bacterial adherence on 
titanium and zirconia ceramic surfaces. Clinical Oral Implants Research, 
vol. 19 nr. 8 s. 780-785. 

Linderbäck P, Harmankaya N, Askenda A, Areva S, Lausmaa J, Tengvall P. 
2010. The effect of heat-or ultra violet ozone-treatment of titanium on 
complement deposition from human blood plasma. Biomaterials, vol. 31 
nr. 18 s. 4795-4801. 

Lindhe J & Meyle J: Group D of European Workshop on Periodontology. 
2008. Peri-implant diseases: Consensus report of the Sixth European 
Workshop on Periodontology. Journal of Clinical Periodontology, vol. 35 
nr. Suppl. 8 s. 282-285. 

MacDonald DE, Deo N, Markovic B, Stranick M, Somasundaran P. 2002. 
Adsorption and dissolution behavior of human plasma fibronectin on 
thermally and chemically modified titanium dioxide particles. Biomaterials, 
vol. 23 nr. 4 s. 1269-1279. 

Marsh PD. 2003. Are dental diseases examples of ecological catastrophes? 
Microbiology, vol. 149 nr. Pt 2 s. 279-294. 

Marsh PD, Moter A, Devine DA. 2011. Dental plaque biofilms: communities, 
conflict and control. Periodontology 2000, vol. 55 nr. 1 s. 16-35. 



)"

Masaki C, Schneider GB, Zaharias R, Seabold D, Stanford C. 2005. Effects of 
implant surface microtopography on osteoblast gene expression. Clinical 
Oral Implants Research, vol. 16 nr. 6 s. 650-656. 

Meirelles L, Arvidsson A, Andersson M, Kjellin P, Albrektsson T, Wennerberg 
A. 2008. Nano hydroxyapatite structures influence early bone formation. 
Journal of Biomedical Materials Research. Part A, vol. 87 nr. 2 s. 299-307. 

Meirelles L, Currie F, Jacobsson M, Albrektsson T, Wennerberg A. 2008. The 
effect of chemical and nanotopographical modifications on the early stages 
of osseointegration. The International Journal of Oral & Maxillofacial 
Implants, vol. 23 nr. 4 s. 641-647. 

Mendonça G, Mendonça D, Simoes LG, Araujo AL, Leite ER, Duarte WR. 
Aragao FJL; Cooper LF. 2009. The effects of implant surface nanoscale 
features on osteoblast-specific gene expression. Biomaterials, vol. 30 nr. 25 
s. 4053-4062. 

Mucha A & Braun M. 1992. Requisite parameters for optimal wear 
performance of nitrogen-implanted titanium and Ti6Al4V. Surface and 
Coatings Technology, vol. 50 nr. 2 s. 135-139. 

Müller R, Gröger G, Hiller K, Schmalz G, Ruhl S. 2007. Fluorescence-based 
bacterial overlay method for simultaneous in situ quantification of surface-
attached bacteria. Applied and Environmental Microbiology, vol. 73 nr.  
8 s. 2653-2660. 

Murray PA, Prakobphol A, Lee T, Hoover CI, Fisher SJ. 1992. Adherence of 
oral streptococci to salivary glycoproteins. Infection and Immunity, vol. 60 
nr. 1 s. 31-38. 

Nishiguchi S, Kato H, Fujita H, Kim HM, Miyaji F, Kokubo T, Nakamura T. 
1999. Enhancement of bone-bonding strengths of titanium alloy implants 
by alkali and heat treatments. Journal of Biomedical Materials Research, 
vol. 48 nr. 5 s. 689-696. 

Nishiguchi S, Nakamura T, Kobayashi, M, Kim H, M, Miyaji F, Kokubo T. 
1999. The effect of heat treatment on bone-bonding ability of alkali-treated 
titanium. Biomaterials, vol. 20 nr. 5 s. 491-500. 

Nylander Å, Senadheera DB, Senadheera DB, Cvitkovitch DG, Davies JR, 
Persson K. 2013. Structural and Functional Analysis of the N-terminal 
Domain of the Streptococcus gordonii adhesin Sgo0707. PLOS ONE, vol. 
8 nr. 5 s. 1-12. 

Nyvad B & Kilian M. 1987. Microbiology of the early colonization of human 
enamel and root surfaces in vivo. Scandinavian Journal of Dental Research, 
vol. 95 nr. 5 s. 369-380. 

Palmer RJ. Jr, Kazmerzak K, Hansen MC, Kolenbrander PE. 2001. Mutualism 
versus independence: strategies of mixed-species oral biofilms in vitro using 
saliva as the sole nutrient source. Infection and Immunity, vol. 69 nr. 9 s. 
5794-5804. 



)#

Palmquist A, Omar OM, Esposito M, Lausmaa J, Thomsen P. 2010. Titanium 
oral implants: surface characteristics, interface biology and clinical 
outcome. Journal of the Royal Society Interface, vol. 7 Suppl. 5 s. 515-527. 

Park JB & Lakes RS. 2007. Metallic implant materials. In ’Biomaterials:  
An introduction’, Wiley. s. 99-137. 

Paulsson M, Kober M, Freij-Larsson C, Stollenwerk M, Wesslen B, Ljungh 
Å. 1993. Adhesion of staphylococci to chemically modified and native 
polymers, and the influence of preadsorbed fibronectin, vitronectin and 
fibrinogen. Biomaterials, vol. 14 nr. 11 s. 845-853. 

Pereira da Silva CH, Vidigal GM. Jr, de Uzeda M, de Almeida Soares G. 2005. 
Influence of titanium surface roughness on attachment of Streptococcus 
sanguis: an in vitro study. Implant Dentistry, vol. 14 nr. 1 s. 88-93. 

Pérez Jorge C, Conde A, Arenas MA, Pérez Tanoira R, Matykina E, de 
Damborenea JJ, Gómez Barrena E, Esteban J. 2012. In vitro assessment of 
Staphylococcus epidermidis and Staphylococcus aureus adhesion on TiO2 
nanotubes on Ti6Al4V alloy. Journal of Biomedical Materials Research  
Part A, vol. 100 nr. 7 s. 1696-1705. 

Pontoriero R, Tonelli MP, Carnevale G, Mombelli A, Nyman SR, Lang NP. 
1994. Experimentally induced peri-implant mucositis. A clinical study in 
humans. Clinical Oral Implants Research, vol. 5 nr. 4 s. 254-259. 

Puckett SD, Taylor E, Raimondo T, Webster TJ. 2010. The relationship 
between the nanostructure of titanium surfaces and bacterial attachment. 
Biomaterials, vol. 31 nr. 4 s. 706-713. 

Quirynen M & Bollen CM. 1995. The influence of surface roughness and 
surface-free energy on supra- and subgingival plaque formation in man.  
A review of the literature. Journal of Clinical Periodontology, vol. 22 nr. 1 
s. 1-14. 

Quirynen M, van der Mei HC, Bollen CM, Schotte A, Marechal M, 
Doornbusch GI, Naert I, Busscher HJ, van Steenberghe D.1993. An in 
vivo study of the influence of the surface roughness of implants on the 
microbiology of supra- and subgingival plaque. Journal of Dental Research, 
vol. 72 nr. 9 s. 1304-1309. 

Ramires PA, Romito A, Cosentino F, Milella E. 2001. The influence of titania/
hydroxyapatite composite coatings on in vitro osteoblasts behaviour. 
Biomaterials, vol. 22 nr. 12 s. 1467-1474. 

Rautray TR, Narayanan R, Kwon T, Kim K. 2010. Surface modification of 
titanium and titanium alloys by ion implantation. J Biomed Mater Res,  
Part B: Appl Biomater, vol. 93: nr.2 s. 581-591. 

Roccuzzo M, De Angelis N, Bonino L, Aglietta M. 2010. Ten-year results 
of a three-arm prospective cohort study on implants in periodontally 
compromised patients. Part 1: implant loss and radiographic bone loss. 
Clinical Oral Implants Research, vol. 21 nr. 5 s. 490-496. 



)$

Roos-Jansaker AM, Lindahl C, Renvert H, Renvert S. 2006. Nine- to 
fourteen-year follow-up of implant treatment. Part II: presence of peri-
implant lesions. Journal of Clinical Periodontology, vol. 33 nr. 4 s. 290-
295. 

Sauer K, Camper AK, Ehrlich GD, Costerton JW,  Davies DG. 2002. 
Pseudomonas aeruginosa displays multiple phenotypes during development 
as a biofilm. Journal of Bacteriology, vol. 184 nr. 4 s. 1140-1154. 

Sawase T, Wennerberg A, Hallgren C, Albrektsson T, Baba K. 2000. Chemical 
and topographical surface analysis of five different implant abutments. 
Clinical Oral Implants Research, vol. 11 nr. 1 s. 44-50. 

Sela MN, Badihi L, Rosen G, Steinberg D, Kohavi D. 2007. Adsorption 
of human plasma proteins to modified titanium surfaces. Clinical Oral 
Implants Research, vol. 18 nr. 5 s. 630-638. 

Shibli JA, Melo L, Ferrari DS, Figueiredo LC, Faveri M, Feres M. (2008). 
Composition of supra- and subgingival biofilm of subjects with healthy and 
diseased implants. Clinical Oral Implants Research, vol. 19 nr. 10  
s. 975-982. 

Siqueira WL, Zhang W, Helmerhorst EJ, Gygi SP, Oppenheim FG. 2007. 
Identification of protein components in in vivo human acquired enamel 
pellicle using LC-ESI-MS/MS. Journal of Proteome Research, vol. 6 nr. 6  
s. 2152-2160. 

Socransky SS & Haffajee AD. 2002. Dental biofilms: difficult therapeutic 
targets. Periodontology 2000, vol. 28s. 12-55. 

Sones AD. 1989. Complications with osseointegrated implants. The Journal  
of Prosthetic Dentistry, vol. 62 nr. 5 s. 581-585. 

Stout, KJ, Sullivan PJ, Dong WP, Mainsah E, Luo N, Mathia T, Zahouani H. 
1993. The development of methods for the characterisation of roughness 
in three dimensions. no. EUR 15178. Birmingham: The University of 
Birmingham, U.K. ISBN 10: 0704413132. 

Subramani K, Jung RE, Molenberg A, Hammerle CH. 2009. Biofilm on dental 
implants: a review of the literature. The International Journal of Oral & 
Maxillofacial Implants, vol. 24 nr. 4 s. 616-626. 

Sul Y, Johansson CB, Petronis S, Krozer A, Jeong Y, Wennerberg A, 
Albrektsson T. 2002. Characteristics of the surface oxides on turned 
and electrochemically oxidized pure titanium implants up to dielectric 
breakdown: the oxide thickness, micropore configurations, surface 
roughness, crystal structure and chemical composition. Biomaterials,  
Part A: vol. 23 nr. 2 s. 491-501. 

Sul Y, Johansson CB, Jeong Y, Wennerberg A, Albrektsson T. 2002. 
Resonance frequency and removal torque analysis of implants with turned 
and anodized surface oxides. Clinical Oral Implants Research, Part B: vol. 
13 nr. 3 s. 252-259. 



)%

Sul Y, Johansson CB, Jeong Y, Albrektsson T. 2001. The electrochemical oxide 
growth behaviour on titanium in acid and alkaline electrolytes. Medical 
Engineering & Physics, vol. 23 nr. 5 s. 329-346. 

Svanborg LM, Andersson M, Wennerberg A. 2010. Surface characterization 
of commercial oral implants on the nanometer level. Journal of Biomedical 
Materials Research.Part B, Applied Biomaterials, vol. 92 nr. 2 s. 462-469. 

Takadama H, Kim HM, Kokubo T, Nakamura T. 2001. An X-ray 
photoelectron spectroscopy study of the process of apatite formation on 
bioactive titanium metal. Journal of Biomedical Materials Research, vol. 55 
nr. 2 s. 185-193. 

Teughels W, Van Assche N, Sliepen I, Quirynen M. 2006. Effect of material 
characteristics and/or surface topography on biofilm development.  
Clinical Oral Implants Research, vol. 17 Suppl. 2 s. 68-81. 

Tonetti MS & Schmid J. 1994. Pathogenesis of implant failures. 
Periodontology 2000, vol. 4 s. 127-138. 

Wang N, Li H, Lü W, Li J, W J, Zhang Z, L. 2011. Effects of TiO2 nanotubes 
with different diameters on gene expression and osseointegration of 
implants in minipigs. Biomaterials, vol. 32 nr. 29 s. 6900-6911. 

Wang XX, Hayakawa S, Tsuru K, Osaka A. 2002. Bioactive titania-gel 
layers formed by chemical treatment of Ti substrate with a H2O2/HCl 
solution. Biomaterials, vol. 23 nr. 5 s. 1353-1357. 

Welin J, Wilkins JC, Beighton D, Svensäter G. 2004. Protein expression by 
Streptococcus mutans during initial stage of biofilm formation. Applied  
and Environmental Microbiology, vol. 70 nr. 6 s. 3736-3741. 

Weng D, Hoffmeyer M, Hurzeler MB, Richter EJ. 2003. Osseotite vs. 
machined surface in poor bone quality. A study in dogs. Clinical Oral 
Implants Research, vol. 14 nr. 6 s. 703-708. 

Wennerberg A & Albrektsson T. 2009. Effects of titanium surface topography 
on bone integration: a systematic review. Clinical Oral Implants Research, 
vol. 20 Suppl. 4 s. 172-184. 

Wennerberg A & Albrektsson T. 2000. Suggested guidelines for the 
topographic evaluation of implant surfaces. The International Journal  
of Oral & Maxillofacial Implants, vol. 15 nr. 3 s. 331-344. 

Wennerberg A, Albrektsson T, Lausmaa J. 1996. Torque and 
histomorphometric evaluation of c.p. titanium screws blasted with 25- 
and 75-microns-sized particles of Al2O3. Journal of Biomedical Materials 
Research, vol. 30 nr. 2 s. 251-260. 

Wickström C & Svensäter G. 2008. Salivary gel-forming mucin MUC5B- a 
nutrient for dental plaque bacteria. Oral Microbiology and Immunology, 
vol. 23 nr. 3 s. 177-182. 

Williams D. 2003. Revisiting the definition of biocompatibility. Medical 
Device Technology, vol. 14 nr. 8 s. 10-13. 



)&

Wright CJ, Burns LH, Jack AA, Back CR, Dutton LC, Nobbs AH. 
Lamont RJ, Jenkinson HF. 2012. Microbial interactions in building of 
communities. Molecular Oral Microbiology, vol. 28 nr. 2 s. 83-101.

Xiao SJ, Textor M, Spencer ND, Wieland M, Keller B, Sigrist H. 1997. 
Immobilization of the cell-adhesive peptide Arg-Gly-Asp-Cys (RGDC) on 
titanium surfaces by covalent chemical attachment. Journal of Materials 
Science. Materials in Medicine, vol. 8 nr. 12 s. 867-872. 

Xie L, Yin G, Yan D, Liao X, Huang Z, Yao Y, Kang Y, Liu Y. 2010. 
Structure, morphology and fibroblasts adhesion of surface-porous titanium 
via anodic oxidation. Journal of Materials Science: Materials in Medicine, 
vol. 21 nr. 1 s. 259-266. 

Yang B, Uchida M, Kim HM, Zhang X, Kokubo T. 2004. Preparation of 
bioactive titanium metal via anodic oxidation treatment. Biomaterials,  
vol. 25 nr. 6 s. 1003-1010. 

Yao Y, Berg EA, Costello CE, Troxler RF, Oppenheim FG. 2003. Identification 
of protein components in human acquired enamel pellicle and whole saliva 
using novel proteomics approaches. Journal of Biological Chemistry,  
vol. 278 nr. 7 s. 5300-5308. 

Yoshinari M, Oda Y, Inoue T, Matsuzaka K,  Shimono M. 2002. Bone 
response to calcium phosphate-coated and bisphosphonate-immobilized 
titanium implants. Biomaterials, vol. 23 nr. 14 s. 2879-2885. 

Zarb GA & Schmitt A. 1990. The longitudinal clinical effectiveness of 
osseointegrated dental implants: the Toronto study. Part III: Problems and 
complications encountered. The Journal of Prosthetic Dentistry, vol. 64  
nr. 2 s. 185-194. 

Zhou J, Chang C, Zhang R, Zhang L. 2007. Hydrogels prepared from 
unsubstituted cellulose in NaOH/urea aqueous solution. Macromolecular 
Bioscience, vol. 7 nr. 6 s. 804-809. 

Zile MA, Puckett S, Webster TJ. 2011. Nanostructured titanium promotes 
keratinocyte density. J Biomed Mater Res A. PMID: 2131929.

Zitzmann NU, Berglundh T, Marinello CP, Lindhe J. 2001. Experimental  
peri-implant mucositis in man. Journal of Clinical Periodontology,  
vol. 28 nr. 6 s. 517-523. 



)'



D
O

C
TO

R
A

L D
IS

S
E

R
TA

TIO
N

 IN
 O

D
O

N
TO

LO
G

Y

M
A

R
JA

N
 D

O
R

K
H

A
N

 
 M

A
LM

Ö
 U

N
IV

E
R

S
IT

Y
  2

0
1

4

MALMÖ UNIVERSITY

205 06 MALMÖ, SWEDEN

WWW.MAH.SE

MARJAN DORKHAN
Effect of surface characteristics  
on cellular adherence and activity

 

isbn 978-91-7104-523-2 (print)
ISBN 978-91-7104-524-9 (pdf)

E
F

F
E

C
T O

F
 S

U
R

FA
C

E
 C

H
A

R
A

C
TE

R
IS

TIC
S

 O
N

 C
E

LLU
L

A
R

 A
D

H
E

R
E

N
C

E
 A

N
D

 A
C

TIV
IT

Y


