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Abstract 

 
 
The ultrastructural and biomechanical properties of the bone-implant interface are important 
factors for implant performance. For further understanding of the osseointegration process 
novel tools enabling analysis of the intact interface in high resolution is needed, preferably 
combined with histology and biomechanical tests. Initial studies using focused ion beam 
microscopy (FIB) for TEM sample preparation have shown promising results. 
The general aim of the thesis was to evaluate FIB for TEM sample preparation using different 
lift-out techniques and protection modes applied on the implant surface and its interface to 
bone tissue. Further, another aim was to combine different surface analytical and biological 
evaluation techniques with FIB/TEM in order to correlate the ultrastructure and the 
biomechanics of the interface using a new implant surface with micro- and nano-scale surface 
features. 
A combination of different techniques was used for surface analysis of commercially 
available and test implants made of commercially pure titanium (Ti) and titanium alloy 
(Ti6Al4V). Scanning electron microscopy (SEM) and interference microscopy were used for 
surface topographical analyses. Auger electron spectroscopy (AES) was used for surface 
chemical analysis and depth profiling. Morphological and structural analysis was performed 
using FIB/TEM. An amputation prosthesis which was retrieved after 11 years in clinical 
function was analyzed by histology, histomorphometry and TEM. The bone response to Ti 
and Ti6Al4V implants in rabbit tibia was analyzed by a combination of histology, 
histomorphometry, biomechanics, SEM (back-scattered mode) and TEM analysis of the intact 
interface prepared by FIB. 
The present results showed that the FIB in situ lift-out technique provided a higher quality and 
yield of ultra-thin samples for TEM in comparison with the ex situ technique. In addition, in 
situ prepared samples could be re-thinned and plasma cleaned. Commercially available dental 
implants showed large differences in the outermost surface layer with regards to crystallinity, 
morphology and thickness. Osseointegrated amputation prosthesis made of machined Ti 
demonstrated 75% relative bone area, 85% bone-implant contact and a direct apposition of 
hydroxyapatite. No difference was found between machined Ti and Ti6Al4V after 8 weeks 
healing time in rabbit cortical bone. In contrast, laser-modified Ti6Al4V surface had a 270% 
increase in torque strength and altered bone fracture pattern, correlating to an ultrastructural 
bonding between nanocrystalline hydroxyapatite and surface features on the micro- and nano-
scales. 
In summary, TEM sample preparation was successfully applied on implants, giving new 
information on the surface morphology and crystallinity. Limitations with the technique were: 
sample thickness (~100 nm) casing difficulties to analyze very thin surface layers (<10 nm) 
and bone-implant interfaces which were not properly bonded to sustain pre-FIB preparation. 
In conclusion, FIB is a new, powerful tool for sectioning ultrathin samples for subsequent 
TEM analysis of implant surfaces and their interfaces to bone and could be performed in 
combination with other techniques giving important complementary information. 
 

Keywords: FIB, TEM, SEM, osseointegration, rabbit, human, biomaterial, titanium, titanium 
alloy, surface analysis, bone-implant interface, ultrastructure, surface modification, laser. 
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Introduction 

 
 
The aim of the introduction is to give the reader an insight of the current knowledge in the 
field of ultrastructural analysis of the bone anchored implant surface and its interface to bone. 
An overview of current methods for sample preparation and analysis is provided. The basic 
structure of bone and its relationship to implant surfaces is supplementing a brief introduction 
to the term “osseointegration”.  

Bone 
The bone tissue is a composite material forming the skeleton, the support structure of the 
body. On a macro scale two types of bone tissue could be found, cortical and trabecular 
(Figure 1). The cortical bone, also known as compact bone, is mainly found as an outer shell 
of the bones. The structure is composed of osteons or Haversian systems, which are hollow 
circular structures with blood vessels in the center and surrounding concentric bone lamellas. 
The direction of the lamellas are alternated changed as rotated plywood layers[1]. Cement 
lines are found between the osteons, forming the border between the bone tissues. The 
porosity is about 5-10 %, where the contribution is Haversian channels, Volkmann’s channels 
(interconnecting the Haversian channels with capillaries and nerves) and lacunas 
(interconnected by canaliculi). The trabecular bone also known as cancellous bone is found 
inside the cortical bone. It is composed by plates and struts known as trabeculae. The 
trabeculae have a thickness of around 200 μm and are highly porous (50-95 %)[2]. The macro 
design is hence a sandwich construction known for it’s mechanical properties[3]. During bone 
formation, a third bone type, woven bone, is found, constituting an unorganized bone tissue 
which will gain mechanical strength during remodeling[4]. 

Figure 1: Schematic images of the 
bone structure. A) A typical long bone 
where the cortical and trabecular 
bones are represented. B) Higher 
magnification of the cortical bone. 1. 
Bone lamellas with alternating 
collagen directions. 2. Periosteum. 3. 
Osteocytes trapped in the osteons. 4. 
Volkmann channels. 5. Blood vessel in 
the center of Haversian channel. 6. The 
cement line separating the Haversian 
systems. 7. Endosteum separating the 
bone from the marrow cavity (8). 9. 
Haversian systems. (Reprinted with 
permission from author[5]) 
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The bone is a living tissue undergoing constant remodeling where four cell types are involved. 
Osteoblasts (forming new bone), osteoclasts (dissolving old bone), bone lining cells (inactive 
osteoblasts at the bone surface, which could be reactivated by chemical or mechanical stimuli) 
and osteocytes (mature cells in the lacunae of bone tissue)[4]. It has been suggested that the 
osteocytes controls the remodeling by sensing the mechanical stimuli[6]. As mentioned 
above, cement lines are found between the osteons. Another border line is the lamina limitans, 
found at the bone tissue-cell interface as well as around the canaliculi. These are very similar 
in structure and composition, consisting of accumulations of organic material, such as 
proteoglycans, lipids and collagenous proteins and inorganic material such as 
hydroxyapatite[2,7]. Further, the third type of interface to mineralized bone would be the 
bone-implant interface, where as will be described later in more detail, a cement-like line has 
been detected between the implant and mineralized bone interface. According to Steflik et al, 
the canaliculi have been observed extending through the electron dense layer closest to the 
implant, hence able to sense the mechanical stimuli directly form the implant surface[8]. It is 
well established that the canaliculi traverse the cement lines[2]. 
On a micron scale the bone tissue is composed by an inorganic part, an organic part and 
water. The inorganic part is mainly hydroxyapatite, which is slightly different from the 
synthetic hydroxyapatite with substitute ions[9]. The organic part is mainly collagen type I, 
but also proteoglycans and other bone proteins. The dimensions of the collagen triple helix, 
fibril and the collagen bundles are 1.5 nm, 100 nm and 0.5-3 μm respectively[10,11] where 
the particular collagen molecules are ordered in a staggered array model (Figure 2) where a 
small distance between each molecule in the long direction is defined as a hole zone 
alternating with an overlap zone[12]. In this hollow compartment the apatite is laid down in 
the mineralization process of bone formation. The apatite forms as plates with the dimensions 
500x250x20 Å growing in the c-axis direction[12]. 

Bone healing around implants in general terms 
The implant installation requires a surgical intervention which will lead to a surgical trauma 
as well as a foreign material is inserted in the biological environment. The biological response 
will depend on the surface characteristics of the implant as well as the trauma. Considering a 
non-toxic implant surface, the first that will happen after implantation is that the surface will 
be in contact with biological fluids containing proteins, salts and other bio-molecules, which 
will lead to protein adsorption on the surface. The remaining spaces between the implant and 
bone will be filled by the blood clot. Different scenarios have been suggested depending on 
the mechanical strength of the adsorbed molecules[14] where two different scenarios could 
occur, namely distant or contact osteogenesis. The difference is from where the bone is 

Figure 2: Collagen molecular and fiber structure. 
The hole zone and overlap zone are together 
around 68 nm wide and give rise to the 
characteristic banding pattern of the tissue. The 
hydroxyapatite crystals * are laid down in the 
gaps between the collagen molecules. (Image 
redrawn from references [11] [13]). 
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formed and in what direction and if cells could reach the implant surface or not prior to bone 
apposition. For distant osteogenesis the bone forms towards the implant surface from the host 
bone surface, while the bone forms from the implant surface in contact osteogenesis. The 
difference will be the morphology of the bone-implant interface where either a cement like 
deposit is laid down directly at the implant surface[15] which is the case of contact 
osteogenesis or cells at the surface in the case of distances osteogenesis[14]. Further, it has 
been shown that the mechanical stimuli of the interface will alter the resulting bone formation. 
Excessive mechanical stimuli will result in micro motions of the interface zone which will 
end up in a fibrous tissue formation around the implant[16], however, the bone formation and 
mineralization of the interfacial tissue to implants are dependent on the local mechanical 
environment[17]. The proliferation and differentiation of the osteoblasts are suggested to be 
partly regulated by the local mechanical environment[18] and acting similar to the fracture 
callus formation[19]. 

Definitions of osseointegration 
The term “Osseointegration” was first coined by Brånemark and co-workers in 1977 in 
conjunction with their 10 year follow up of titanium implants for edentulous jaw 
replacement[20]. Their definition was “The re- and new-formed bone tissues enclose the 
implant with perfect congruency to the implant form and surface irregularities thus 
establishing a true osseointegration of the implant without any interpositioned connective 
tissue”[20]. The definition of osseointegration has been reformulated during the years to fit 
the current knowledge as well as for different areas of practice and evaluation. Other 
definitions are “Osseointegration means a direct – on light microscopic level – contact 
between living bone and implant”[21], hence defining the resolution level for the definition. A 
subsequent definition, “A structural and functional connection between ordered, living bone 
and the surface of load-carrying implant”[22] incorporates the loading condition into the 
definition but this definition does not consider the resolution level. To the author’s knowledge 
no definition has been made based on concluding evidence on the ultrastructural level. 
Definitions may serve important scientific, clinical and industrial purposes. Different 
definitions have been stated, however the need for new tools enabling higher resolution 
analyses is imperative for further understanding of the mechanisms of osseointegration. 

Applications of osseointegration 
The implants used could be categorized in two parts where total hip and knee replacements 
are in one group and dental implants, bone anchored hearing aids and amputation prosthesis 
are in the other group. The main difference are the surgical procedures, healing times and if 
the biomaterial is penetrating the skin, hence the external barrier. 
The hip and knee replacement was from the beginning cemented, fixated with a polymer 
material in the bone and not considered as osseointegration in the same way. Today more hip 
implants are installed by cement-less procedures where the stem is press fitted in the medullar 
cavity of the femur. According to a meta-analysis of the published literature of total hip 
replacements no advantages was found for either fixation method[23]. Non-cemented metal 
arthoplasties are often associated with either a fibrous membrane or limited bone ingrowth/bone-
implant contact[24-27] judged by morphological examination of retrieved, clinically well-
functioning implants. On the other hand, reports of higher apposition of bone to the implant has 
been observed with calcium phosphate coated metal femoral stems (32-78%[28]; about 50%[29]). 
Dental implants have been used since the mid 1960’s[20] Observations of clinically stable oral 
implants, retrieved after up to 16 years showed 79-95% bone area and 56-85% bone contact[30]. 
The early strategy for successful treatment was to allow the biology to approach the implant, 
where gentle surgical technique and long healing time prior to functional loading were 
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important[31]. Today the strategy is to have a more aggressive implant design which will improve 
the early implant stability and allow faster bone ingrowth, with increased surface micro and nano 
topography. Also aims for improving the biological response with growth factors and cells are 
under development. Surface modification has been performed on dental implants the latest 
decade, where it has been shown that increased surface roughness, hence a larger specific 
area, stimulates the bone formation around implants. According to Albrektsson el al. implants 
could be divided into 4 different categories depending on the surface roughness value Sa. The 
categories are the following, smooth (Sa < 0.5 μm), minimally rough (Sa = 0.5–1.0 μm), 
moderately rough (Sa = 1.0–2.0 μm) and rough (Sa > 2.0 μm). It is also suggested that the 
moderately rough implants tend to have a better bone response compared to the others[32]. 
Surface roughness is one surface characteristic for a modified implant surface where other 
potential important factors among others are surface potential, wettability, crystalline phases 
and contaminations. Different methods for creating an increased surface roughness are 
blasting with particles, such as aluminium oxide[33,34], anodic oxidation could be used for 
changing the oxide structure as well as the surface topography[35-37], plasma-spraying will 
add material to the surface and could be done with titanium or hydroxyapatite. A more recent 
modification is by laser treatment which results in an increased oxide thickness and surface 
topography. The advantage with laser modification is that no foreign material is in contact 
with the implant, hence the contamination of the surface is minimal as well as the 
modifications could be performed on certain areas of interest without the need of 
masking[38,39]. It has been shown to increase the biomechanical properties of the bone-
implant interface[40]. 
Other treatments based on the osseointegration concept have evolved from the dental 
implants. One is the bone anchored hearing aids which have been used since 1977[41] 
restoring the hearing for patient suffering from sound transmission loss from the outer ear to 
the inner ear. 
Another more recent application is the bone anchored amputation prosthesis for lower and 
upper limbs which has been used since the early 1990’s[42]. Recently it has been shown that 
the treatment increases the quality of life for amputees compared to using the traditional 
socket prosthesis[43]. Where some benefits are less skin irritation and pain in the remaining 
limb as well as increased sitting comfort[44] also an increased sensitivity of the environment 
is perceived through the osseoperception[45,46]. For further reading regarding the surgical 
procedures and rehabilitation for the patients see reference[47]. 

Techniques for implant surface analysis 
The importance of the interactions between biological components and the surface of 
implanted materials has put great importance on the development of tools for surface 
modification and analysis. A variety of methods are designed for surface analysis. They all 
have their pros and cons. In the following section some of the most used analytical tools will 
be listed and briefly described. The tools are addressing major properties of implant surfaces, 
ranging from surface topography measurement via elemental analysis of the surface layer to 
crystalline structural analysis in transmission electron microscopy.  

Surface topography 
The surface topography could be measured and characterized with or without physical contact 
between the instrument and sample. The contact measurements use some sort of tip sliding 
along the surface and the vertical movement is registered along with position in the horizontal 
plane. The non-contact methods use light and its reflections and register the vertical position 
via the focus plane. For screw shaped implants the latter is preferred due to difficulties in 
measurement due to the macro geometry and reaching the bottom and flanks of the threads 
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with the contact stylus[48]. Further, for contact measurements the size and radius of the tip 
will determine the resolution level due to the inability to penetrate smaller cavities. Some 50 
different parameters could be used for characterization of the surface structure where the 
parameters could be categorized in amplitude parameters, spacing parameters and hybrid 
parameters depending on the origin and mathematical treatment of the data[49]. The 
evaluation could be performed in 2 dimensions (along a line scan) or 3 dimensions (over a 
surface). The 3 dimensional evaluation is most suitable for implants due to eventual 
anisotropic surface structure, where the roughness in x and y directions are different. The 
most commonly used parameters in the literature for dental implants are Sa and Sdr which are 
the arithmetic average height of the irregularities and the developed surface area ratio, 
respectively. For further reading on this subject, the reader is referred to reviews [50,51]. 

Surface elemental composition 
The surface elemental composition could be evaluated by auger electron spectroscopy (AES), 
energy dispersive X-ray spectroscopy (EDS), X-ray photon spectroscopy (XPS) and 
secondary ion mass spectroscopy (SIMS). The resolution level as well as the surface 
sensitivity differs between the methods[51]. Both AES and EDS use a primary electron beam 
to probe the sample, while XPS probes the sample with monochromatic X-rays. The primary 
electron beam interacts with the sample causing ionization. The rearrangement of the excited 
atoms could generate either auger electrons (used for AES) or x-rays (used for EDS) which 
both possess characteristic energies related to the parent atom only and not the primary 
electron beam which makes them suitable for elemental analysis. The auger electrons have 
rather low energy and could only escape from the uppermost surface layer (nm) while the x-
rays could escape from higher depths (μm) making it less surface sensitive. Limitations of 
analysis for both AES and EDS are charging events caused by the primary beam where 
electrons are bombarding the sample. With XPS the charging effects are limited and the 
energy resolution is usually higher than for AES allowing also binding energy analysis for the 
individual elements in the material[52,53]. Both AES and XPS could be combined with ion 
etching allowing depth profiling of elements in the surface layer. The oxide thickness could 
also be measured by intensity relations of the oxide peak and metallic peak in the 
spectrum[53]. SIMS uses ion etching as a primary beam, resulting in charged secondary ion 
emission from the sample surface. The secondary ions are accelerated in a mass spectrometer 
where the charge to weight ratio could be used for identification[51]. Oxide thickness 
measurements of SiO2 on silicon wafers using different techniques (XPS, AES, SIMS and 
TEM) showed differences in the results among the techniques, indicating the need of 
combining different techniques[54]. Further, it was discussed that TEM was the only 
technique offering a true measurement, however, only on a limited area of analysis. These 
techniques do not generate any information regarding the crystalline structure of the surface 
layer and complementary techniques are required for a more thorough analysis. 

Surface phase composition 
Raman spectroscopy, high-resolution TEM (HRTEM), electron diffraction and X-ray 
diffraction (XRD) are different techniques enabling phase identification of crystal structures. 
Electron and x-ray diffraction uses the phenomena where the incoming beam will be scattered 
in a characteristic pattern. The diffraction occurs when the orientation of the crystals fulfills 
Bragg’s law. By angular scanning of the incoming X-ray and measurements of the diffracted 
X-ray the distance between the atomic planes in the crystals could be deduced. Similar results 
are obtained in electron diffraction in the TEM where characteristic spots are imaged in the 
diffraction plan. The HRTEM uses the phase contrast phenomena for imaging the fringes of 
the atomic columns, which could be measured and identified according to the characteristic 
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lattice parameter of the unit cell of the crystal structure. For TEM analysis different sample 
preparation methods have been used, the most commonly used is polishing and ion 
milling[55]. Another preparation method used is the creation of an electron transparent 
window by dissolution of the bulk metal leaving only the oxide layer[56,57]. The 
disadvantage of the latter is that the cross-section is not available where eventual gradients 
from the bulk metal interface toward the oxide surface could be analyzed. An advantage is 
that the surface area analyzed is relatively large and lateral evaluation of the oxide could be 
performed[56]. With Raman spectroscopy less sample preparation is needed. The technique 
uses the scattering phenomena of a visible light source, usually a laser with a specific wave 
length. The Raman scattering could be used for structural identification of an oxide 
layer[58,59]. However, for thin native oxides on titanium implants the degree of crystallinity 
and the usually thin nature of the oxide are reducing the possibility to acquire signal 
intensities reaching above the noise level[60]. 

Techniques for bone-implant interface analysis 
The evaluation of osseointegrated implants are difficult in man since most of the methods are 
designed for retrieved implants and could therefore not be performed on implants intended to 
remain functional in patients. Therefore the evaluation methods could be categorized with the 
viewpoint of invasive or non invasive, meaning evaluation of the implant in situ (in vivo) or 
ex situ (ex vivo) from the patient or experimental animals. The evaluation of in vivo functional 
implants is limited to different X-ray methods and resonance frequency methods. The most 
common methods for evaluation of retrieved implants and its surrounding tissue include 
biomechanical tests, such as push or pull out or torque tests, light microscopic histological 
evaluation, and electron microscopy. In this part a more detailed description of the analytical 
methods will be given, including a description of sample preparation, analysis resolution and 
limitations. Since the thesis is focused on the analysis of retrieved implants only a brief 
introduction will be given to the in vivo methods. 

Resonance frequency analysis 
Analysis of the primary stability of an implant is an important topic as immediate or early 
loading of clinical implants is emerging. As described in the part of bone healing around 
implants, possible micro motions may lead to fibrous encapsulation and later to implant 
failure. The resonance frequency analysis (RFA) uses the transducer which is attached to the 
implant. Oscillations are induced by a piezo electric element and the responding resonance 
frequency is recorded. The resonance frequency is mainly determined from the marginal bone 
height, stiffness of the bone and the length of the transducer[61]. It has been shown that the 
stability increases with time, hence the remodeling of the bone-implant interface[62,63]. The 
RFA method has been evaluated in combination with torsional biomechanical testing and 
histological evaluation: the torsional testing showed significant differences in torque values 
between two different implant materials after 16 weeks of healing in rabbit bone[64] whereas 
no significant difference was detected for the RFA and histomorphometry. RFA is gaining an 
increased use in clinical implantology as a tool for measurement of implant primary stability, 
hence as an indicator for the possibilities to perform immediate and early functional loading 
of the implants[65]. 

Radiography 
Radiographs are important both before and after implantation for evaluation of the host bone 
tissue where the implant will be implanted and the tissue reactions around the implants during 
the follow-up[66]. The radiographs are rather low in resolution level and some areas close to 
the implant can be difficult to acssess when the complete host bone is imaged. With new 
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micro computed tomography (μ-CT) instruments the interface could be analyzed around the 
whole implant and even in some cases be quantified with regards to bone area and bone-
implant contact however with some artefacts due to the opaque nature of implant 
materials[67]. By using μ-CT on titanium coated plastic implant replicas after implantation in 
rabbit tibia, the analysis could be combined with TEM analysis and morphological analysis of 
ground sections[68]. The μ-CT is an emerging technique allowing a 3 dimensional analysis. 

Biomechanics 
The biomechanical evaluation of implants is designed to give a quantitative measurement of 
the implant stability in bone. The method could be used for comparison of different implant 
surface modifications or healing times. Different methods of biomechanical evaluation exist, 
depending on the implantation site and the direction of the measured load and have been 
categorized into four main types[5]:  
 

I. Push- and pull-out tests for transcortically placed implants,  
II. Push- and pull-out tests for intramedullary placed implants,  
III. Miscellaneous test, which includes crack propagation, tensile tests and energy 

storage, and  
IV. Removal torque test on rotationally symmetrical implants.  
 

The intramedullary method is most convenient for orthopedic implants, such as total hip and 
total knee replacements and bone anchored amputation prosthesis which will have a load-
bearing situation intramedullary in the long bones of the skeleton. For dental implants the 
transcortical model is more accurate as the implants are installed transcortically in either 
maxilla or mandible. It has been suggested that the torque test is more dependent on the bone-
implant interface while the push- and pull-out test is more dependent on the surrounding bone 
support[69]. A drawback of the push- and pull-out tests is that most of them are performed 
after animal sacrifice and even after tissue fixation creating uncertainties as to the effects of 
post-retrieval procedures on the “true” values of the anchorage of the implant in the tissue[5]. 

Light microscopy 
Histology and histomorphometry of tissues in relation to implanted materials (particularly 
hard tissues) are mainly based on fixated and resin embedded ground sections. The 
methodology for un-decalcified ground sections of implant and bone blocs was first described 
in the early 1980’s[70] and is today the most commonly used preparation method for 
morphological analysis of bone-implant interactions. The method consists of tissue fixation, 
dehydration with ethanol, resin infiltration and polymerization. The resin embedded bloc is 
then divided along the long axis of the implant prior to sawing a thin section which is later 
ground to a thin section prior to staining[70]. Important parameters are the sawing direction 
and the final thickness of the ground sections[71,72]. The subsequent analyses of the dyed 
ground sections are performed using light microscopy where detailed features of the cellular 
activity around the implant could be evaluated as well as quantitative and qualitative 
histology. A major advantage with the ground section is the possibility to have the implant 
material present in the section. Different polymer resins have been used and evaluated such as 
epoxy, methyl methacrylate and polyester[73-75]. The polymerization which most often is 
performed by heat treatment, UV-light treatment or by adding an accelerator to the resin will 
result in a hardened block. The hardness will differ between different polymers and different 
polymerization methods as well as the degree of polymerized monomers. An important factor 
is the viscosity of the resin, where resins with lower viscosities penetrate the tissue more 
easily. 
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Transmission electron microscopy 
To obtain the highest resolution known today the transmission electron microscopy is needed. 
The resolution level is limited to the wavelength of the media used for imaging (ie. light or 
electrons). The visible light has per definition a fixed wavelength between 200-500 nm 
ranging from red to blue. The electrons have the same type of wave structure as the visible 
light but the wavelength is related to the speed, with higher accelerating voltage the smaller is 
the wavelength, hence the better is the resolution level. Another important factor for the 
resolution is the sample preparation, where thinner samples give better resolution due to more 
electron transparency and less overlapping in the view. The sample has to be less than 100 nm 
in order to be electron transparent, i.e. in the order of 100-200 times thinner than samples 
prepared by ground sectioning for light microscopy (LM). For interface analysis between 
implant material and biological tissue at high resolution (i.e. TEM) the sample has to be 
gently cut in order to withhold the information. This has been very cumbersome using the 
traditional methods of TEM sample preparation, such as ultramicrotome cutting where the 
relatively soft tissue component is easily cut while the implant part will either create artefacts 
as separation or breakage of the diamond knife. Several preparation techniques have been 
proposed in order to circumvent the technical difficulties of sample preparation: 
 

I. The  first technique, metal coated plastic plugs, used plastic replicas of implants 
with a thin coating of titanium which could be cut with an ultramicrotome[76].  

II. By separating the implant from the tissue after embedding in resin, applying a 
fracture technique, the tissue adjacent to bulk materials could be further processed 
by cutting with an ultramicrotome[77].  

III. The possibility has been explored to remove the bulk metal of the implant by 
electrochemical dissolution leaving the surface oxide layer and biological tissue 
intact for further ultramicrotome cutting[78]. 

IV. A recently introduced procedure of obtaining ultrathin sections using focused ion 
beam microscopy[79].  

 
A detailed description of the different techniques used with some interface examples is found 
below. The results of published studies will later be discussed under the heading 
Ultrastructural analysis. 
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Metal coated plastic plugs 
This method was described in the early 1980´s by 
Albrektsson and co-workers, allowing animal 
experimental studies of the interface between implants, 
even with a (thin) metal coat, and tissues (including 
bone)[76]. Since then different plastic resins has been 
used as well as different coating procedures for the 
metal coating and roughness parameters. In Figure 3, 
the general set-up is shown. In brief, after the 
application of a metal coat on a polymer implant, the 
coated plastic plug is implanted in bone tissue, allowed 
a certain healing period either submerged or non-
submerged, harvested and removed en bloc with 
surrounding tissue, and fixated in either glutaraldehyde 
or paraformaldehyde. The block is then embedded in 
plastic resin after dehydration and possibly 
decalcification. Thin samples could then be cut with a 
diamond knife. The metal coating is thin enough 
enabling the cutting without breaking the 
ultramicrotome knife. A major advantage with the 
method is the possibility to analyze the intact interface 
between a thin metal coat and tissue. Major concerns 
related to this technique are the exclusion of the role of 
bulk properties of metal implants and the difficulty of 
applying surface coatings having similar chemical and 
textures as those found in the clinic. Hitherto, the 
technique has had its main benefit in basic science studies and experimental studies since the 
clinically used implants in bone, at least today, are based on bulk metals.  

Fracture technique 
The fracture technique was introduced in the mid 1980’s and the goal was to enable an 
ultrastructural analysis of the interfacial tissue for solid bulk metal implants from 
experimental as well as human clinical studies. Thomsen and co-workers implanted titanium 
implants (screw shaped and cylinder shaped) in rabbit tibia and femur, as well as in the 
abdominal wall of rats[77]. After retrieval, the implants with surrounding tissue was fixated, 
dehydrated and embedded in plastic resin, as described in the light microscopic section. The 
bloc was divided into smaller pieces by sawing prior to carefully breaking the plastic 
embedded interfacial tissue from the implant using a dissection microscope. The un-
decalcified tissue part was then re-embedded in plastic resin prior to ultramicrotome cutting. 
Surface spectroscopy analysis of the implant after separation show only low quantities of 
tissue/plastic resins residues on the implant surface and it was concluded that the method 
allows ultrastructural studies of the true interface zone[80]. The surface sensitivity of the 
auger electron spectroscopy was in the order of 10 nm in depth, hence able to detect mono-
layers of organic residues. Since then, different methods for separating the implant for the 
surrounding tissue have evolved. Murai and co-workers, divided the fixated and decalcified 
tissue and implant with a razor blade. The part where the implant remained was left in 
ethylenediamine tetraacetic acid (EDTA) solution during 1-2 days when finally the implant 
detached from the tissue. The tissue was post-fixated, dehydrated and embedded in plastic 
resin prior to ultramicrotome cutting[81]. Other method employed for separating the tissue 
from the implant is cryofracture[82]. It consists of following the established fixation, 

Figure 3: Schematic presentation of the 
plastic implant replica model. (reprinted 
with permission from the author) 
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dehydration and embedding technique and dividing the cured bloc in half prior to alternately 
immersing it into liquid nitrogen and water causing a fracture of the implant from the 
tissue[83] or in boiling water[82]. After re-embedding of the tissue part, ultramicrotome 
sectioning was performed. Some discussion regarding defining the actual interface tissue 
when the implant is broken away could be at least partly solved by sputter-coating a thin gold 
layer on the interfacial tissue after separation but prior to re-embedding[84]. 
The technique has the advantage that true experimental and clinical implants and its interfaces 
to bone could be analyzed. However, the method is built on the idea of creating a controlled 
fracture of the interface between the surface oxide and the innermost biological components 
of the interface, leaving uncertainties as to where the exact border between implant and tissue 
exists. The method also requires special set-ups and is usually confined to a few laboratories. 

 
Figure 4: Schematic presentation of the fracture technique and the electrochemical dissolution of the bulk metal 
prior to ultramicrotome sectioning. A) Cutting the embedded implant bloc in half. B) Electrochemical 
dissolution of the bulk metal. C) Cutting the bone-titanium oxide interface with the ultramicrotome. D) 
Sectioning the implant-bone bloc prior to fracture. E) Fracturing the interfacial bone from the implant leaving 
the tissue ready for ultramicrotome sectioning. (reprinted with permission from author [84]) 

Electrochemical dissolution of the bulk metal 
Electrochemical dissolution of the bulk metal was introduced in the late 1970’s in order to be 
able to make ground sections of calcified tissue and implant for LM analysis of dyed 
section[85]. Later it was used for implant surface analysis, where electron transparent 
windows were prepared for crystallographic and morphological analysis[56,57]. By using this 
method for dissolving the bulk metal while leaving the oxide layer the intact bone-implant 
interface could be sectioned with the ultramicrotome. The methodological development was 
during many years focused on preparing the interface between bone and metals[30,84]. 
However, during this work it was concluded that the electrochemical dissolution also induced 
an artefactual demineralization of the bone tissue closest to the implant interface (within 
microns from the surface oxide)[84]. Therefore this method has been of limited value for the 
analysis of bone-implant interfaces. In contrast, the technique was found to be extremely 
valuable for the ultrastructural analysis of cells and proteins in association with metal 
implants in soft tissues[78].  
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This technique has today a limited value for bone-implant studies. Its unique potential for 
resolving the fine structure of metal-soft tissue interfaces has been convincingly demonstrated 
in experimental and clinical studies using different types of materials[86-89] The technique is 
due to its set-up however limited to a few laboratories. 

Focused Ion Beam Microscopy 
Focused ion beam microscopy was developed some decades ago, and is foremost used in the 
microelectronic and semi-conductor field. However the number of instruments is rapidly 
increasing around the world and new applications are discovered[90]. A basic FIB instrument 
is built up of a liquid metal ion source (LMIS), ion column, vacuum chamber, detectors, gas 
injection system (GIS) and an adjustable sample stage. For a more powerful tool an electron 
column may be added, hence a dual beam system, which allows imaging during sputtering as 
well as decreasing charging effects[91]. A schematic presentation of a dual beam instrument 
is found in Figure 5. 

 
Figure 5: Schematic drawing of a dual-beam instrument. FIB represents the ion column and SEM represents 
the electron column. The columns are separated by 52°. A) Tungsten needle, micromanipulator system, movable 
in x, y and z direction. B) Gas injection system (GIS) movable in the z direction. C) The detector. D) Sample 
stage, possible to rotate and tilt. E) Sample. 
 
The ion-solid interaction when bombarding a sample with gallium ions are complex, but it has 
been shown that the resulting sputter effects of sample material due to the ion bombardment 
are mainly created of elastic scattering[92]. The effects of the material in contact with the 
sputtered material are both a local increase in temperature and amorphization. The heating 
effect has been shown to be negligible due to the short dwelling times when the ion beam is 
rastered over the surface[92]. The effect of amorphization has been shown to be in the order 
of 20 nm when using a rather high beam current[92] and will be reduced with reduced beam 
current. The amorphization is also material dependent where silicon is affected but cupper is 
unaffected by this phenomena[90]. The amount of ion implantation in the sample due to ion 
bombardment is related to the inclination angle of the beam, where a perpendicular beam 
induces the most ion implantation[92]. Further, the ion beam could be used for micro and 
nano fabrication when performing an ion assisted chemical vapor deposition (CVD)[93]. By 
depositing a metal or carbon coating on the material, a protection from the ion bombardment 
is created. This could be used for protection of an area of interest when using the ion-solid 
interactions for preparing ultrathin lamellas. Hence, one important application of the FIB is 
the transmission electron microscopy sample preparation of ultrathin electron transparent 
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lamellas with a thickness of less than 100 nm[94]. Different modes of sample preparation are 
possible in the FIB instrument[95] and most employed are the two lift-out techniques, in situ 
and ex situ[96]. The FIB technique has been of limited use in the biomaterial field and mostly 
concerns the teeth and teeth-dental filling material interfaces[97-103]. Some initial work has 
been done on the bone response to implant materials[79,104-107] showing promising results. 
However, a need for further exploring and improving the technique is essential. 

TEM basics 
The basics of transmission electron microscopy is that a highly accelerated focused electron 
beam passes through the sample, creating an image with contrast differences due to 
differences in sample thickness (mass-thickness contrast), atomic number (z-contrast), crystal 
orientation (diffraction contrast) and interference of the waves (phase contrast). The 
instrument consists of an electron source, condenser lenses, condenser aperture, objective 
lenses, objective aperture, selected area aperture and collecting lenses. The image is viewed 
on a fluorescence screen. The entire system is under high vacuum avoiding interactions 
between the electrons and gas molecules. When the electrons pass through the sample 
different interactions could occur (Figure 6) which could be used for elemental analysis, 
crystallographic analysis as well as imaging with different contrasts. 

 
Figure 6: Schematic drawing of the different interactions that could occur when an electron passes through a 
material. In grey are the interesting interactions for SEM and AES. In black are the interesting interactions for 
TEM. 
 
The different analytical possibilities are bright field (BFTEM), where the unscattered and 
some of the inelastically electrons are used for imaging, dark field (DFTEM) where certain 
elastically scattered electrons are chosen for imaging. By applying different objective 
apertures different types of DFTEM could be performed, highlighting different 
crystallographic directions where the contrast differences for different interests could be 
altered. With electron diffraction the crystallographic structure could be identified due to the 
characteristic scattering depending on the geometries of the unit cells following Bragg’s law. 
Different techniques for diffraction are selected area electron diffraction (SAED) where a 
larger area is analyzed and convergent beam electron diffraction (CBED) where a highly 
focused beam is used for limiting the area of analysis. By using an instrument equipped with 
scanning coils, the analysis could performed in scanning transmission electron microscopy 
(STEM) mode, where EDS analysis could be performed on a very focused area. Further, in 
STEM mode high-angular annular dark field (HAADF) could be performed giving extra 
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contrast differences. Instruments could be equipped with energy filters enabling analysis of 
energy resolved spectrums of the inelastically scattered electrons such as electron energy loss 
spectroscopy (EELS) and energy filtered (EFTEM) analysis. In high resolution (HRTEM) 
crystallographic information could be gathered due to the phase contrast, where lattice fringes 
could be imaged and measured, revealing the interplanar distances of the unit cell. By using 
the described techniques, morphological, structural, elemental and molecular information 
could be obtained. This part was taken from the following references which are suggested for 
further reading[108,109]. 

Interface analysis 
For the literature review the search has been limited to titanium and titanium alloy implants. 
Results from other materials will be discussed briefly. 

Light microscopy 
On the light microscopy level many studies have been performed on animal experimental 
implants as well as clinically retrieved implants. Different surface modifications, animal 
models, healing periods and loading conditions have been evaluated. In comparison with 
machined implants, the results show a tendency for higher bone-implant contact but not bone 
area for surface modified implants, e.g. hydroxyapatite coatings, anodic oxidation or 
blasting[50,110,111]. When comparing machined implant from titanium and Ti6Al4V, the 
results of most studies suggest no difference in the qualitative and quantitative 
histology[64,112-114]. However, significant differences have been reported with higher bone-
implant contact and a higher degree of mineralized interface for c.p. titanium compared to 
Ti6Al4V[115].  

Transmission electron microscopy 
For titanium implants and titanium coated implant replicas some 40 published articles have 
been found (using Pubmed, and back-tracking the reference lists of the Pubmed publications) 
where the majority of articles are original publications. The interfaces described differ 
between the different preparation methods and between different authors/research teams and 
could be categorized in some typical interfaces. In Tables 1, 2 and 3, the articles concerning 
plastic implant replicas, fracture technique and other techniques are described with respect to 
implant types, species, implantation times and mode of fixation and embedding. The 
corresponding interfaces (A-G in Table 1-3) are described in detail in Figure 37. Almost all 
work has been performed on mineralized bone implant interfaces, while a few publications 
report serial sectioning along the entire implant[82] and some at very early time points in the 
healing process[83,116,117]. Others have evaluated non submerged implants[118], immediate 
loaded implants at short times[117] while a few have analyzed the interface after long follow 
up times of clinically retrieved implants after functional loading[30].  
Taken together, the studies describe both some common denominators and differences of the 
bone-implant interface. The main types are, an electron dense layer at the implant surface, 20-
50 nm wide, consisting of proteoglycans and glycosaminglycans followed by densely 
mineralized collagen bundles oriented parallel to the implant surface[8,82,119-126]. Others 
have also found a layer ranging between 20-50 nm closest to the implant surface, however 
this layer was not electron dense but rather consisting of ground substance containing 
proteoglycans and glycosaminglycans followed by a layer of randomly arranged collagen 
fibril ranging a few 100’s of nm before the parallel running collagen bundles[76,127-131]. 
Others have found a larger non-collagenous amorphous zone (100-400 nm) in the immediate 
interface closest to the implant both for clinically retrieved implants and experimental 
implants[30,84,116,132] when using the fracture technique. Yet another interface was 
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described as a electron lucent layer (30-60 nm) closest to the implant surface followed by an 
electron dense layer (100-200 nm) before the mineralized bone tissue[133]. The most 
commonly described observation is the different layers in the nanometer range at the 
immediate interface to the implant, sometimes electron dense, sometimes electron lucent and 
sometimes a combination of both. Only a few articles describe a direct contact between the 
implant surface and the mineralized bone, where the collagen was reaching the surface[118]. 
A few publications employing electron microscopic immunocytochemistry have been 
performed using antibodies for osteopontin and osteocalcin[134] and cathepsins B and 
D[135]. Both an electron dense zone and an amorphous zone (20-50 nm) were found at 
separated areas in the interface zone. The immunocytochemical findings suggest that the 
distributions of osteocalcin and osteopontin differ between the different interface types where 
osteocalcin was predominantly found in the amorphous layer while osteopontin was found in 
the electron dense layer[134]. The findings with the Focused ion beam technique was 
mineralized bone close to the surface layer with some discontinuities are present at the 
immediate surface, bone was growing into the pores at the surface[106,107]. The 
discontinuities were discussed as an amorphous layer[106,107] with references to earlier work 
by Murai et al[81]. However, the implant analyzed was a failed dental implant from human 
retrieved at the time of abutment installation due to mobility and not properly 
osseointegrated[106,107].  
The results from the different ultrastructural investigations of titanium implants and titanium 
coated implant replicas are not consistent with different reported interfacial morphologies. 
Differences may be explained by the implantation time, embedding technique and sectioning 
technique. Most of the ultrastructural analyses of the titanium-bone interface have been 
performed on implants possessing a rather smooth surface structure, eg, machined surface or 
even smoother for some plastic coated implant replicas. Some of the studies have used 
implants with roughened surfaces, however, without quantifying the roughness, either plastic 
implant replicas of a plasma-sprayed implants[118], implants which have been etched prior to 
implantation[8,82,119-126] or anodically oxidized implants[106,107]. The bone response to 
other implant materials, such as gold, stainless steel, zirconium and Ti6Al4V using the plastic 
implant replica technique with sputtered coatings of a few hundred nm showed larger 
interposed layers compared to pure titanium coating[76,127,128,130]. Other found no 
differences on the ultrastructural level between titanium and alumina implants while a 
difference was seen on the light optical level with better bone response to titanium[8,82,119-
126]. Yet another study performed on implant made of pure titanium, Tivanium®, Vitallium® 
and stainless steel showed no particular structural features which differed between the 
materials on the ultrastructural level[136]. Hydroxyapatite implants and hydroxyapatite 
coated implants have been analyzed on the ultrastructural level by many authors. The typical 
interface is to have an apatite layer closest to the implant[105,137-139] as seen for bioactive 
ceramic implant materials, such as bioglass[140]. 
Taken together, the species, healing period, type of bone, loaded or unloaded, technical details 
such as decalcification or not, and implant properties (chemistry, topography) appear to play 
an important role for the description of the interface between metal and bone. Most likely, the 
technique of preparation of the ultra-thin sections for transmission electron microscopy has a 
crucial role. This assumption has led to the focused effort in this thesis to develop a procedure 
for the preparation of an intact interface between metal implants and un-decalcified bone, 
having the metal and oxide present in the ultra-thin section, trying to exclude the uncertainties 
of the role of bulk properties of the metal and the presence of the implant surface in relation to 
cells and extracellular matrix. 
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Aims 

 
 
The general aim of this thesis was to evaluate and optimize a novel technique for the 
preparation of ultrathin samples of implant surfaces and its interface to bone for subsequent 
transmission electron microscopy analysis.  
 
The specific aims of this thesis were: 
 

- To compare different protection and preparation methods in FIB with regards to 
sample yield and quality. 

 
- To explore the possibilities and limitations of the FIB with regards to implant surface 

characterization of clinically used c.p. titanium implants from different manufacturers. 
 

- To evaluate the FIB on clinically retrieved machined c.p. titanium amputation 
prosthesis in combination with histological analysis. 

 
- To evaluate the effect of different embedding polymer resins on the bonding to 

machined c.p. titanium implants.  
 

- To evaluate and compare the bone response to machined c.p. titanium and Ti6Al4V 
implants, including the possibilities and limits of the FIB preparation.  

 
- To combine multiple techniques for characterization of the implant surface, 

biomechanical properties and ultrastructure of the interface between bone and 
machined and laser modified Ti6Al4V implants. 
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Materials and Methods 

 
 

Implants 
Different implants have been used in the papers. Some were test implants and others were 
commercially available implants from a variety of manufactures and all are listed below with 
corresponding paper. 
 
Commercially available dental implants 

- Fixture Original (Brånemark Integration) (Paper I, II and IV) 
- TiUnite (Nobel Biocare) (Paper II) 
- Steri-oss HA-coated (Nobel Biocare) (Paper II) 
- OsseoSpeed (AstraTech) (Paper II) 
- SLA (Straumann) (Paper II) 

 
Commercially available orthopedic implant 

- Commercially pure titanium, machined surface (Integrum) (Paper III) 
 
Test implants 

- Commercially pure titanium, machined surface (Paper IV) 
- Titanium grade V (Ti6Al4V), machined surface (Paper IV and V) 
- Titanium grade V (Ti6Al4V), laser modified surface (Paper V) 

Surface analysis (Paper I, II, IV and V) 

Scanning electron microscopy (Paper I, II, IV and V) 
Scanning electron microscopy was used for evaluations of both the implant surface and the 
interaction with bone tissue, where detectors for secondary electrons (SE) and back-scattered 
electrons (BSE) were used, respectively. The different techniques, SE and BSE, offer 
differences in contrast and topographical information, where the SE are low energy electrons 
originating from the ionization process during the electron-solid interaction whereas the BSE 
are high energy electrons from the electron beam. The analyses were carried out in three 
different microscopes (Leo 440 with LaB6 filament, Leo 1550 with FEG and FEI Strata 
DB235 FIB/SEM with FEG). Operating voltages between 3 and 10 kV have been used for 
imaging. 

Interference microscopy (Paper I, II, IV and V) 
3-D interference microscopy (WYKO NT-2000) Veeco Instruments, Inc., New York, USA) 
has a vertical resolution of 3 nm and a lateral resolution of 0.5 μm. For the different studies 
slightly different methods were applied in order to minimize the effect of the macro design of 
the screw shaped implants. In paper I and II the analyzed area was 119x91 μm and correction 
for cylindrical shape was performed. The results were averaged for 2 scans in the bottom of 
the thread of each implant type. In paper IV and V different area sizes were used at three 
different locations of each implant type, bottom (500 μm2), flank (2700 μm2) and top (2200 
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μm2) of the threads. The different sizes ensured minimal intervention from the macro design 
of the screw shaped implants. All implants were measured immediately after obtaining them 
from the delivery containers. When necessary the data was restored using interpolation for 
missing values. The parameters measured were Sa (roughness average) and Sdr (surface area 
ratio) and presented as mean values with corresponding standard errors. 

Auger electron spectroscopy (Paper IV and V) 
Surface analysis with auger electron spectroscopy (AES) was performed in order to analyze 
the purity and thickness of the surface oxide layer. The AES analysis was performed with a 
PHI 660 Scanning Auger Microprobe (SAM) working at 3 keV and a beam current of 360 nA. 
The analysis was made in 4 points in 2 different threads and the beam was defocused over a 
larger area for more accurate quantification. For depth profiling a 3.5 keV Ar+ ion gun was 
used and the depth of sputtering was calibrated with Ta2O5. 

Embedding resin evaluation (Paper IV) 
Implants were taken from their sterile boxes as delivered. Prior to embedding, the implants 
were immersed in ethanol in order to mimic the actual embedding procedure. The different 
plastic resins evaluated were LR White (London Resin Company Ltd), Epon-Agar Resin 100 
(Agar Scientific Limited) and Technovit 7200 (Heraeus Kulzer GmbH & co.) which all are 
commonly used for histology. The fully cured embedded implants were cut in half in the 
direction of the long axis of the implant by band saw (EXAKT® cutting and grinding 
equipment, EXAKT® Apparatebau GmbH & Co, Norderstedt, Germany). The two halves 
were then treated differently according to Figure 6B. One half was cemented to a supporting 
plate in order to get parallel surfaces prior to grinding. The other half was re-embedded in the 
same plastic resin as the first embedding in order to create parallel planes. The blocks were 
ground successively with 800, 1200 and 4000 grit paper prior to gold coating by sputtering. 
The evaluation was carried out in scanning electron microscopy using magnification levels 
between 100 and 20,000 times. The total length of the treaded cross-section as well as the 
length of separation between the resin and implant at the interface (Figure 6A) was measured. 
Qualitative evaluation of the different embedding routes was done while a quantitative 
evaluation was done for the re-embedded specimens. 

 

 
 
 
Figure 6: A) Schematic image showing how the 
measurements were performed. Only the threaded area of 
the implant (within the dotted box) was considered. B) 
Schematic image of the different embedding routes, non re-
embedded and re-embedded. 
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Biological evaluation (Paper III, IV and V) 

Case history (Paper III) 
Male born 1934 underwent a bilateral forearm amputation in 1977 after severe trauma. The 
patient was treated with osseointegrated amputation prostheses in 1993. The treatment was 
performed in three stages: first operation, March 1993, titanium implants were placed in right 
ulnar and radial bone; second operation, June 1993, titanium implants were placed in left 
ulnar and radial bone, while percutaneous abutments were installed on the right side ulnar and 
radial fixtures; third operation, May 1994, percutaneous abutments were installed on left side 
ulnar and radial fixtures. In November 1996, the right ulnar fixture was fractured after 41 
months of use caused by fatigue. The fractured outer part was removed while the still 
osseointegrated inner part of the implant was left in place. A custom built abutment was 
installed on the remaining part of the implant. In 1997, the patient developed a deep infection 
following the operation with the custom built abutment in the right ulnar bone. With long 
term antibiotics and minor revision surgery the deep infection was controlled. In June 2004, 
the patient was again suffering from fracture of the right ulnar implant in the junction with the 
custom built abutment. It was decided to remove the remaining part of the implant with a 
trephine after a total of 11 years of use. The implant, which was clinically stable, was 
immersed in formalin with the surrounding tissue. A new implant was installed in the ulnar 
bone and later abutment installation. At the latest patient check-up (April 28, 2008), the 
radiographs showed no signs of adverse effects. 

Animals and surgical procedures (Paper IV and V) 
Animal experimental studies were performed in paper IV and V. Ten New Zealand White 
female rabbits each got two implants in each leg. Experiments were approved by the Local 
Animal Ethical Committee, University of Gothenburg, Sweden (30606). The animals were 
anaesthetized prior to surgery with intramuscular injections of fluanisone (Hypnorm®, 
Janssen, Brussels, Belgium; 0.7 mg/kg body weight) and an intraperitoneal injection of 
diazepam (Stesolid®, Dumex, Copenhagen, Denmark; 1.5 mg/kg body weight). Additional 
fluanisone was given approximately every 20 minutes throughout the surgery which took 
around 2 hours/animal. The legs where shaven and disinfected with chlorhexidine and the 
surgery was performed under sterile conditions. The tibial metaphysis was exposed by skin 
incision and blunt dissection of the underlying tissues. Two holes in each tibial metaphysis 
(proximally and distally) were prepared by a dental guide drill and enlarged with 2 mm twist 
drill, pilot drill and 3.15 mm twist drill during irrigation with saline, finally the holes were 
tapered with a screw tap. The implants were installed according to a randomization scheme. 
Prior to suturing, cover screws were installed on the implants to avoid bone ingrowth in the 
interior threading, later used for abutment attachment for the biomechanical test. The area was 
rinsed with saline and sutured in separate layers with 5-0 Vicryl® and 4-0 Monocryl® or 3-0 
Ethilon®. Animals were given trimetoprim 40mg + sulfadoxin 200mg/ml (Borgal® vet, 
Hoechst AB) prior to surgery and two days postoperatively. Analgetics, buprenorphine 
(Temgesic®, Reckitt and Colman, USA, 0.05mg/ml), were given during three days 
postoperatively. The animals were housed separately for 7 days post-operatively and in group 
housing for the remaining observation period. 

Biomechanical evaluation (Paper V) 
8 weeks after implant installation the animals were anaesthetized and the skin over the tibial 
metaphysis was reopened (Figure 7). The cover screw was removed and a special abutment 
was installed on the distal implant. A torque test machine was connected to the abutment and 
calibrated prior to angular torque measurement. With the particular test machine used the 
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torsional load could be registered using constant rotation, also the rotation could be reversed 
for evaluating elastic and plastic deformation of the interface zone[69]. After testing, the 
abutment was detached and the implants were removed en bloc together with the surrounding 
tissue and fixated in glutaraldehyde. 

Figure 7: The skin was opened in order to access the implants, the supraperiosteal bone formation was removed 
prior to unscrewing the cover screws. The mechanical testing was performed on anesthetized animals. 

Histological evaluation (Paper III, IV and V) 
The fixated tissue-implant blocs were dehydrated in a 
series of graded ethanol baths prior to plastic 
embedding in LR White (London Resin Company Ltd) 
in Paper III and Technovit 7200 (Heraeus Kulzer 
GmbH & co.) in Paper IV and V. The curing processes 
were either by accelerator (LR White) or by UV-light 
(Technovit). The fully cured blocs were then divided 
along the long axis of the implant (EXAKT® cutting 
and grinding equipment, EXAKT® Apparatebau 
GmbH & Co, Norderstedt, Germany). Ground 
sections[70] (Figure 8) were prepared from one on the 
halves by sawing and grinding until thickness of 50 μm 
(Paper III) and 15-20 μm (Paper IV and V). The ground 
sections were subsequently stained with 1 % toluidine 
blue prior to histological evaluation using a Nikon 
Eclipse E600 light microscope. The quantitative 
histomorphometric measurements consisted of 
determining the bone area within the threads and the 
bone to implant contact along the threaded perimeter 
(Paper III and IV). Qualitative histology was performed 
on the sections for evaluating eventual adverse tissue reaction as well as the cellular response 
and general tissue appearance. 

Focused ion beam microscopy (Paper I, II, III IV and V) 

Sample preparation of implant surfaces (Paper I, II, IV and V) 
TEM sample preparation for implant surface analysis was performed with a dual beam 
focused ion beam microscope (FEI Strata DB235 FIB/SEM). Two different methods for 
sample lift-out were used, ex situ (paper I and II) and in situ (paper I, II, IV and V). The 

Figure 8: Schematic presentation of the 
sample preparation chain.  
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difference between the methods is exemplified in Figure 9, where the final thinning is 
performed on the TEM grid after transfer from the bulk sample or before the transfer. 

  
Figure 9: Images of sample preparation using ex situ (left; a-d) and in situ (right; a-d) lift-out techniques. For ex 
situ the rough milling and final thinning is done prior to lift-out, while for the in situ the rough milled lamella is 
transferred to a TEM grid prior to final thinning. 
 
Further, three different techniques for protecting the surface of the implant have been 
evaluated during the thesis work: ion assisted platinum deposition, electron assisted platinum 
deposition followed by ion assisted platinum deposition, and plastic embedding of the implant 
and extracting the sample from the interface between plastic resin and implant (Figure 10). 

  
Figure 10: SEM images of the FIB prepared samples using different techniques for protection. A) Sample taken 
directly from the implant surface where the surface layer was protected by the Pt deposition. B) Sample which 
was protected by resin embedding prior to FIB preparation. * implant surface. 
 
Further, different TEM grids have been used, where the sample could be attached on only one 
side (L-shaped) or on both sides (V-shaped) exemplified in Figure 11. 

  
Figure 11: SEM images of in situ lift-out FIB samples attached to the TEM grid. A) V-shaped TEM grid, sample 
attached in both ends. B) L-shaped TEM grid, sample attached in one end. *implant surface. 
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Sample preparation of tissue-implant interfaces (Paper III, IV and V) 
The counterpart of the resin embedded implant-tissue bloc was used for preparation of 
electron transparent TEM samples for ultrastructural analysis using the FIB. The bloc was 
glued upwards on a regular SEM stub by adhesive carbon tape, gold coated by sputtering and 
inserted in the vacuum chamber of the FIB (FEI Strata DB235). A 100 nm thick sample of the 
intact interface between implant and tissue was prepared using an in situ lift-out method. The 
area of interest was first protected by platinum deposition, followed by rough cutting of 
trenches on either side of the platinum strip. The lamella was transferred to a V shaped TEM 
grid for final thinning using beam currents down to 50 pA (Figure 12). 

 
Figure 12: Schematic images of the sample preparation of tissue-implant interfaces. A) Cutting trenches at 
either side of the platinum protective strip. B) Attaching the micromanipulator and lift-out. C) Transfer and 
attachment of the sample to the TEM grid. D) Final thinning. 

Transmission electron microscopy (Paper I, II, III, IV and V) 
Transmission electron microscopy was performed on the FIB produced samples using 2 
different microscopes (Jeol JEM 2000 FXII and FEI Tecnai F30) operating at 200 keV and 
300 keV, respectively. Both microscopes were equipped with an energy dispersive X-ray 
spectroscopy (EDS) system allowing elemental analysis by analyzing emitted X-rays. The 
FEI Tecnai F30 was also equipped with an energy filter (Gatan) which allows energy resolved 
spectroscopy by means of electron energy loss spectroscopy (EELS) and energy filtered TEM 
(EFTEM). For EFTEM a three window technique was used where images of the electrons 
with energies just around the interesting energy were obtained and processed for eliminating 
the background noise. Electron diffraction was performed both as selected area electron 
diffraction (SAED) and convergent beam electron diffraction (CBED). SAED gives the 
diffraction pattern from corresponding crystals over an area defined by the aperture while for 
the CBED the beam is focused on a single grain.  

Statistics (Paper IV and V) 
Non parametric paired test (Wilcoxon Signed Rank Test) was used in order to evaluate the 
statistical significance between the test and control implant with regards to torque values for 
the biomechanical evaluation in paper V and the mean percentages from each ground section 
evaluated in the histomorphometrical evaluation of both bone area within the threads and 
bone-implant contact in paper IV. 
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Results 

 
 

Paper I and II 
Surface analysis of a selection of commercially available, oral implants was performed with a 
combination of different techniques, i.e. scanning electron microscopy, interference 
microscopy and focused ion beam with subsequent transmission electron microscopy. Further, 
different sample lift-out techniques were evaluated in combination with two different 
techniques for protecting the implant surface. 

Scanning electron microscopy 
The SEM analysis showed differences in macro-design. Apparent differences were also 
observed regarding the isotropic characteristics of the surface irregularities. The machined 
implant was anisotropic where the direction of the surface irregularities mainly followed the 
machining direction and dominated by the scratches, ridges and valleys. The surfaces of 
implants modified by blasting and acid etching, plasma spraying and anodic oxidizing were 
isotropic without a preferential direction of the irregularities. Differences in surface structure 
were seen at higher magnification (Figure 13) where characteristic geometries could be found. 
The SLA surface showed a surface roughness in two levels, macroscopic valleys and 
microscopic pits and craters with sharp edges. The OsseoSpeed surface demonstrated a 
surface structure where flakes were distributed on the surface as islands. The HA plasma 
sprayed surface had a more spherical structure of the surface irregularities with softer edges, 
occasionally pores in the μm scales was seen. Many cracks were observed on the surface but 
no signs of flaking. The TiUnite surface was dominated by round pores either extending from 
the surface as volcanoes or as holes in the surface. The size of the pores varied where the 
general picture was that the volcanoes showed a larger diameter (~1-12 μm) than the holes in 
the surface (~0.5-1 μm). The edges were rather smooth. The Original surface show scratches 
and ridges in the micron scale which were mainly oriented with the machining direction. 

 

 

Figure 13: SEM images of the 
different implant surfaces. A) SLA 
surface. B) OsseoSpeed surface. C) 
HA coated surface. D) TiUnite 
surface. E) Original surface. 
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Interference microscopy 
The mean Sa values measured at the bottom of the threads showed large variation between the 
different implant surfaces. The HA coated surface was the roughest while the original surface 
was the smoothest. In Figure 14 the color maps show the surface roughness in 2d and 3d. It is 
apparent that the lateral resolution of the interference microscopy was not enough for 
penetrating the porous structure of the TiUnite surface. For the other surfaces the roughness 
maps are comparable to the SEM images (Figure 13). 

 

 

 

 

 
Figure 14: 2 and 3 dimensional images of the surface structure produced by interference microscopy, 
correction for tilt and cylinder shape have been performed. A) SLA surface. B) OsseoSpeed surface. C) HA 
coated surface. D) TiUnite surface. E) Original surface. 
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Transmission electron microscopy 
TEM sample preparation of the SLA surface was difficult due to the highly irregular and 
sharp surface features. The platinum deposition was uneven in thickness and preferential 
milling of the high peaks resulted in difficulties of producing a thin sample (Figure 15). 
Heavy dislocations were found at the surface layer while no structure could be identified by 
HRTEM and diffraction. 

Figure 15: TEM micrograph of the SLA surface. The 
surface roughness is clearly visible in the sample 
where sharp peaks of .5-1 μm are visible while the Pt 
layer is irregular in thickness. 

The OsseoSpeed surface possessed two levels of surface structures. Samples were prepared at 
the different locations in order to evaluate both surface structures in cross-section. The 
elevated islands consisted of a porous layer of crystalline titanium oxide composed of both 
rutile and anatase (Figure 16) with a thickness of 0.5-1 μm while the lower surface was found 
to be amorphous in structure with a thickness of 10 nm. Fluoride was detected by XPS but not 
in the TEM indicating a monolayer on the surface rather than incorporated in the oxide layer. 

Figure 16: TEM micrographs of the OsseoSpeed 
surface. Left) Sample taken of elevated surface island. 
Right) Sample taken of at the lower surface in between 
the surface islands. 

 
The HA coated implant revealed an amorphous surface layer (a few μm thick) and a 
crystalline subsurface layer (Figure 17). According to HRTEM the lattice parameter for the 
crystalline phase could be identified as hydroxyapatite. EDS analysis showed the presence of 
calcium, oxygen and phosphorous. 
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Figure 17: Left) Bright field TEM micrograph of the sample, the outermost layer is amorphous while the 
subsurface layer is crystalline. Right) Hydroxyapatite phase in the crystalline part is identified by HRTEM. 
 
The TiUnite surface showed a 2-3 μm thick oxide layer (Figure 18). The layer could be 
divided in 2 sub-layers. Firstly, close to the bulk metal a porous interface was demonstrated, 
consisting of an amorphous oxide with low content of phosphorous according to EDS. 
Secondly, a denser layer containing crystalline grains identified as anatase by HRTEM and 
diffraction with amorphous oxide in between the grains. This layer possessed a higher content 
of phosphorous than the porous layer. The phosphorous content gradually decreased towards 
the implant surface which was of amorphous structure. 

Figure 18: Left) Bright field electron micrograph of the cross-section of the TiUnite implant surface showing an 
amorphous oxide with crystalline grains within. The outermost layer was amorphous along the whole sample. 
Right) The EDS analysis in STEM mode showing presence of phosphorous in the oxide layer. 
 
The original, machined surface showed a crystalline oxide layer with a thickness of 10 nm 
(Figure 19A), identified as rutile by HRTEM. Further, the platinum protective deposition was 
shown to be important for avoiding damage of the surface layer, where the sample only 
protected by ion assisted vapor deposition showed no intact surface layer, while the Pt seemed 
to be integrated in the bulk metal (Figure 19B). The in situ lift-out technique was more time 
consuming compared to the ex situ lift-out. However, the sample yield and quality was 
superior, in addition with the possibilities of re-thinning and plasma cleaning the in situ lift-
out was considered the technique of choice for subsequent surface analysis in TEM. 
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Figure 19: Left) TEM micrograph of the original surface protected 
by electron and ion assisted CVD where the oxide layer could be 
clearly identified. Right) The original surface damaged by the ion 
assisted CVD process where the platinum layer is intermixed with 
the bulk titanium. 

Paper III 

Histology 
The inner cavity at the apical end of the implant was dominated by trabecular bone (Figure 
20) surrounded by well vascularized bone marrow. Few inflammatory cells were detected. 
The bone trabeculae had a predominantly perpendicular direction to the long axis of the 
implant in the middle of the cavity while they were more aligned with the implant closer to 
and in contact with the surface. The threaded outer side of the implant was dominated by 
lamellar cortical bone which was remodeled with Haversian systems surrounded by 
osteocytes. The threads closest to the implant fracture were dominated by soft tissue. Many 
threads were completely filled with bone. 

Figure 20: Light micrographs of implant and tissue retrieved from human ulnar bone after 11 years. Left: The 
material fracture (white stars) indicates the top of the implant, where no tissue or soft tissue dominates the first 
threads. Right: The apical part revealed a large amount of trabecular bone inside the hollow implant, where the 
bone was in direct contact with the implant (black arrows). 
 
The quantitative histomorphometry revealed a large amount of bone tissue within the threads 
and in direct contact with the implant surface. An exception was closest to the implant 
fracture zone where the threads were dominated by soft tissue. The bone implant contact and 
the bone area within the threads were averaged over 59 threads excluding the 4 threads closest 
to the implant fracture (Figure 20), with mean values of 85 ± 2 % and 75 ± 4 %, respectively. 
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Ultrastructure 
The interface between bone and implant was separated at large distances of the perimeter 
along the implant rim, reducing the number of sites for FIB sample preparation (Figure 21). 
Samples for FIB preparation were made at the tip of a thread. 

Figure 21: A) SEM micrograph of the bone implant 
interface, arrow heads pointing at areas of separation. 
B) SEM micrograph of area without separation 
between the bone and implant. C) The TEM sample, 
arrow head pointing at the difference in contrast in the 
interface zone. Star marks the implant. 

 
Bright field TEM imaging of the implant-bone interface revealed an interface zone 
characterized by an inner about 200 nm thick apatite layer and an outer electron dense layer 
with high diffraction contrast (Figure 22A). Mineralized bone was identified by the 
characteristic collagen banding and the randomly organized hydroxyapatite crystals. An 
artefact was seen at the bone implant interface, showing predominance of carbon according 
the EFTEM, however, at the immediate implant surface a layer of calcium was found. In the 
high resolution mode (Figure 22C) the presence of Ca at the implant surface was confirmed to 
be crystalline hydroxyapatite (HA). The distance between the lattice fringes corresponded to 
the HA (002). Further, an amorphous layer between the crystalline titanium grains and the 
hydroxyapatite indicated the presence of an amorphous titanium oxide. 
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Figure 22: A) Bright field micrograph of the interface, 
showing the implant and the bone tissue separated by 
an artefact *. B) Higher magnification of the implant 
bone interface showing presence of crystalline 
deposits on the surface. C) High resolution 
micrograph of the interface. 

Paper IV 

Polymer resin evaluation 
According to the SEM analysis no major qualitative difference was found between two 
different embedding routines: a similar degree of separation between implant and respective 
plastic resin was found. In contrast, large differences between the different plastic resins were 
observed. Measurements (Table 4) showed that LR White had an inferior adaptation to the 
implant compared to both Technovit and Epon. The width of the gap also varied among the 
plastic resins with the largest separation observed for LR White (200-2000 nm) compared to 
Epon (150-1000 nm) and Technovit (150-400 nm), however the larger cracks were sparse. 
 

Plastic resin A (%) B (%) C (%) Mean (SE) 
LR White 92.7 40.5 79.3 70.8 (15.6) 

Epon 7.2 0.9 14.7 7.6 (4.0) 
Technovit 15.8 2.3 1.2 6.4 (4.7)  

Table 4: The degree of separation between the embedding resin and implant for three different resins with three 
samples of each resin. 
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Surface analysis 
The surface analysis of the machined titanium and titanium alloy implants used in Paper IV 
was performed using a combination of different techniques in order to determine the surface 
topography, chemistry and morphology. Interference microscopy (Table 5) showed only 
minor differences in surface topography between the different implant materials. This was 
confirmed by SEM (Figure 23), where the surfaces were imaged at different magnifications. 
The surface structure consisted mainly of ordered ridges and valleys. According to the auger 
electron spectroscopy (AES) similar elemental composition was found on the surfaces (Table 
6). The main surface elements were titanium, carbon and oxygen, a small quantity of 
aluminum was found on both implant materials. However, no vanadium was detected at the 
immediate surface. The analysis showed presence of contaminations of elements, such as 
calcium at higher concentrations, while phosphorous, chlorine, sodium and calcium and lead 
were detected at low quantities. The depth profiling showed similar surface oxide thicknesses 
(approximately 5 nm) for both implant types. The titanium grade V implant showed 
increasingly amounts of aluminum and vanadium along the depth profile. The focused ion 
beam prepared TEM samples were protected with plastic resin embedding prior to sectioning 
in order to protect the surface layer. The surface layer on both samples was approximately 10 
nm and amorphous in structure (Figure 24). 
 

 Titanium grade I Titanium grade V 
 Sa (μm) Sdr (%) Sa (μm) Sdr (%) 

Top 0,388 18 0,333 15 
Flank 0,468 21 0,390 18 

Bottom 0,123 10 0,186 14  
Table 6: The roughness values measured by interferences microscopy. The lower value in roughness in the 
bottom of the thread was related to smaller analyzed area. 
 

  
Figure 23: Scanning electron micrographs of the machined implants. A) C.p. titanium. B) Ti6Al4V. 
 
Element Ti O C P S Ca Cl Si Na Al Pb V 
C.p. titanium 9.2 31.7 38.1 0.2 1.2 12.9 2.5 0.2 1.6 2.2 0.1 0 
Ti6Al4V 11.6 39.5 35.1 0 1.1 2.3 0.6 0 2.3 2.4 5.1 0 
Table 6: Auger electron spectrum from the c.p. titanium and Ti6Al4V implants surfaces. 
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Figure 24: TEM micrographs of the surface layer of 
the Ti6Al4V sample. Between the crystalline grains of 
the bulk material and the embedding resin an 
amorphous layer was seen. The thickness was about 
10 nm. 

Histology 
Histomorphometry did not reveal any significant difference between the titanium and titanium 
alloy implants with respect to bone-implant contact (p=0.575) and bone area within the 
threads (p=0.508). The mean bone-implant contact (with corresponding standard error) was 
21.5 % ± 2.3 % for c.p. titanium and 20.9 % ± 2.1 % for Ti6Al4V. The mean bone area within 
the threads with corresponding standard error were 47.7 % ± 1.0 % for c.p. titanium and 48.7 
% ± 2.0 % for Ti6Al4V. A similar histology was observed around the two implant materials. 
The peri-implant tissue was characterized by supra-periosteal new bone formation, new and 
old bone filling the threads on the level of the compacta (thread level 1-2), new bone as part 
of an endosteal downgrowth along the implant (thread level 3-4) and bone marrow (thread 
level 5-6) (Figure 25). Both at the surface of the implants and at a distance, an intense bone 
remodeling was ongoing. The bone which was formed superficial to the old compacta often 
consisted of a new compact bone layer with underlying bone trabeculae and bone marrow, in 
direct continuity with the surface of the old compacta. The compacta consisted of both old, 
lamellar bone and new bone. Within the threads of the implant, new, mineralized bone was in 
direct contact with the implant. The bone surfaces which were not in direct contact with the 
implant surface demonstrated resorption, as judged by moderately scalloped regions with the 
presence of osteoclasts, or appositional bone growth, as judged by the presence of osteoid and 
more or less ordered rims of osteoblasts. Blood vessels were either detected within the 
mineralized bone or in the soft tissue of the not-yet mineralized zone between the bony 
surfaces and the implant. Extravascular erythrocytes as an indication of bleeding were rarely 
detected. The endosteal bone downgrowth along the implant usually reached the 3rd or 4th 
thread. This portion of new bone was regularly of a lamellar character. The general 
histological picture in the lower threads was that of bone marrow filling the threads, often 
with a 2-10 cell layer thick condensation of soft tissue, with cells exhibiting a variety of 
morphological features, ranging from large, mesenchymal-like undifferentiated cells to 
osteoblasts and macrophages. Isolated bone islands were frequently observed inside the 
threads. 
Occasional (foreign body) multinuclear giant cells were detected directly at the implant 
surface in the level of the lower threads. No adverse tissue reaction or inflammation was 
observed in the ground-sections of either implant material. 
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Figure 25: Light micrographs of A) C.p. titanium and B) Ti6Al4V. Histograms of the C) Bone implant contact 
and D) the bone area within the threads. Error bars corresponds to standard error (SE). 

Focused ion beam microscopy 
No intact ultrathin samples could be prepared using the FIB due to separation along the whole 
perimeter of the implant and bone. The separation was seen directly from above in the FIB, 
however, trenches were cut in order to investigate if the separation was only superficial. It 
was found that the separation was following the implant surface in the depth (~10-15 μm) of 
the bloc. Figure 26 shows two samples attached to a V shaped TEM grid, during final 
thinning. The separation seen was increasing during thinning due to preferential milling in the 
void space. 

  
Figure 26: Samples of the implant-bone interface attached to the TEM grid.  A) Ti6Al4V implant and bone. B) 
C.p. titanium implant and bone. Separation is observed along the whole implant surface. * denotes the implant. 

Paper V 

Surface analysis 
Surface analysis of machined and laser-modified Ti6Al4V was carried out with different 
techniques allowing topographical, elemental and structural analysis of the surface oxide 
layer. The auger electron spectroscopy shows that the main elements of the surface were 
titanium, oxygen and carbon. A smaller amount of carbon was found in the bottom of the 
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threads of the laser treated surface compared to the other sites. Other elements found on the 
surface were calcium, sodium, potassium, aluminum, sulfur, chlorine and lead. The 
interference microscopy showed an increase in surface roughness for the laser treated surface 
compared to the machined implant at the top and flank of the threads. No roughness value 
could be gathered at the bottom of the thread due to shadowing effects for the roughness. The 
increased surface roughness was confirmed by SEM (Figure 27) where also surface features 
in the micro and nano scale could be seen for the laser treated implant. 

  
Figure 27: SEM micrographs of the surface features. A) laser treated surface and B) machined surface. 
 
The TEM analysis in low resolution showed that the machined Ti6Al4V implant was 
composed of rounded grains in the subsurface. In high resolution (Figure 28A) only lattice 
fringes from the Ti structure are observed while the outermost layer interfacing with the 
protective platinum layer displays an amorphous or nano-crystalline structure. However, FFT 
analysis of this layer indicates that only spots representing d-spacings in the range 2.2-2.5Å 
exist in the image. These are most probably originating from Ti hkl planes {010}, {002} and 
{011}.  
From low resolution TEM analysis of the laser treated sample a surface layer is seen. The 
surface oxide layer thickness ranges from 0.1 to 0.5�m (Figure 28C). According to the EDS 
analyses, the created surface layer includes, in addition to titanium and oxygen, also 
aluminum, one of the alloy metals. Analysis of small amounts of the other alloy metal 
vanadium was difficult due to that the V-L� and Ti-L� lines coincide. The bulk metal had a 
needle form structural appearance rather than the round grains found in the subsurface of the 
machined sample. High resolution images of the interface between the metal and the surface 
layer revealed that the surface oxide is built up of crystalline grains (Figure 28B). In addition 
to spots in the calculated FFT originating from the structure of Ti, a spot corresponding to 
2.05Å was frequently found. Obviously, it was hard to deduce the crystal structure type from 
one FFT spot. Since oxygen was found in the surface layer by elemental analysis, a plausible 
explanation is that these spots originate from one of the crystalline titanium oxides, anatase or 
rutile. It is however difficult to judge among the two since both have hkl d-spacings in this 
range. For anatase {113} the d spacing is 2.045Å while for rutile {120} the spacing is 
2.054Å. 
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Figure 28: TEM micrographs of the implant surfaces in cross-section. A) The outermost layer of the machined 
implant showed an amorphous region approximately 10 nm. B) The outermost surface layer of the laser treated 
sample showed nano crystalline structure judged by the high resolution image and corresponding FFT. C) Low 
resolution image of the surface layer of the laser treated implant showing a foam like structure with nano 
features, ranging from 0.1–0.5 μm in thickness. 

Biomechanical evaluation 
The biomechanical results were unanimous and significant (p=0,005) showing that the torque 
at break point was on average 270 % larger for the laser treated implants compared to the 
machined implants (Figure 29). The maximum torque was registered at 62 Ncm (laser treated 
surface) while the lowest was 7 Ncm (turned surface). The mean values (with corresponding 
standard error) were 44,1 (3,3) Ncm for the laser treated surface and 12,6 (1,6) Ncm for the 
machined surface (Figure 29). The load-deformation plot showed a sharp “fracture like” break 
point for the laser treated implants, while the machined implants had a less well defined break 
point (Figure 29). 
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Figure 29: Typical load-deformation plots of the 
biomechanical evaluation. The machined implant has 
a less defined breakpoint which is less than the 
maximum registered value, while the laser modified 
implant has a distinct breakpoint at the maximum 
registered value. The histogram shows the mean 
values for the 2 implant surfaces with indicated 
significance (p=0.005).  

Histology 
In brief, the histological examination showed a similar general appearance as in paper IV. A 
main difference between the implants in paper IV and V was that the implants in paper V had 
been subjected to biomechanical evaluation with an applied torsional load which had 
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damaged the tissue-implant interface. The morphological evidence of this biomechanical test 
performed in anaesthetized animals prior to sacrifice, was 1) a disruption of the contact zone 
between implant surface and tissue (Figure 30A), 2) the presence of fracture lines in the 
compacta, usually located in parallel with the distinct orientation of the lamellar bone (Figure 
30A), 3), the presence of a perpendicular fracture line through the mineralized bone starting at 
the thread top (Figure 30B), and 4) the presence of a fracture line in the bone at a distance 
from the implant surface (Figure 30C). The latter was exclusively detected in the bottom 
portion of threads with laser-modification. The finding of a disruption/fracture of the contact 
zone between the implant surface and the tissue precluded an accurate quantitative 
histomorphometric determination of the degree of implant perimeter in contact with different 
tissues. 

Figure 30: Details of the different fractures from the 
biomechanical evaluation. A) Disruption of the contact 
zone as well as fracture line in the compacta, B) 
Fracture at the thread top, and C) Fracture in the 
bone tissue at the thread valley exclusively for the 
laser modified implants. 

Ultrastructure 
For the machined implant no intact interface could be found according to the analysis using 
backscattered SEM (Figure 31A) while for the laser treated implant a large amount of bone 
was in direct contact with the implant at the bottom of the threads where the surface 
modification was applied (Figure 31B). 
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Figure 31: Backscatter SEM images of one thread of the implant tissue bloc. A) Machined implant. B) Laser 
treated implant. Arrowheads points at areas with separated bone implant interface. Arrows points at areas with 
intact bone implant contact. * indicate the fracture line from the biomechanical evaluation. 
 
Trenches were cut with the FIB (Figure 32) where it could be seen that the around the 
machined implant the separation is found going down in the bloc following the implant 
surface while for the laser treated sample an intact interface was found. The laser treated 
implant sample was lifted out for subsequent final thinning and TEM analysis. 

Figure 32: SEM images after trenches were cut with the FIB. A) Machined implant. B) Laser treated implant. 
Implants are detected by *. Arrowhead points at the separation, however, in the case of the laser treated sample 
a fracture was detected in the tissue distant from the implant-tissue interface. 
 
The analysis of the laser treated implant-bone interface show an intimate contact at all levels 
of TEM resolution. The bone tissue showed the characteristic banding pattern of collagen 
identified close to the implant surface. No distinct border between implant and bone is 
observed. A coalescence of mineralized bone and the nano-textured surface is demonstrated 
using TEM (Figure 33). HRTEM combined with energy filtered TEM revealed the presence 
of calcium at the immediate implant surface. 
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Figure 33: TEM micrographs of the interface between the laser modified implant and bone tissue. Collagen 
banding is seen close to the implant surface and calcium is present at the immediate implant surface, indicated 
by oxygen enrichment in the energy filtered insert image.  
 
The structure of the calcium at the implant surface was identified as hydroxyapatite via high 
resolution TEM where the lattice fringes were recalculated to a diffraction pattern by applying 
fast Fourier transform. The sizes of the crystallites are in the nano range (Figure 34). 
 

 
Figure 34: High resolution TEM micrograph acquired a few nanometers from the implant surface. Lattice 
fringes at different directions corresponding to crystallites with sizes of 5 to 20 nm, identified by FFT to be 
hydroxyapatite. 
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Discussion 

 
 

Biomaterial surface analysis 

Focused ion beam microscopy 
The use of focused ion beam microscopy for sample preparation of ultrathin sections of the 
outermost layer on implants was explored in the present thesis (Paper I, II, IV and V). The 
thesis demonstrated a usefulness of the method, allowing cross-sections directly on the 
implant without prior sample preparation.  
To the author’s knowledge the results of focused ion beam TEM sample preparation of native 
oxide layers on implants have not been previously published. One publication was found 
using focused ion beam microscopy for sample preparation of the interface between implant 
bulk and hydroxyapatite coating[153]. However, the FIB has been extensively used for 
sample preparation of thin coatings in other applications, such as oxide layers in anodes[58], 
galvanized steel[154] and other surface coatings summarized in a review[90].  
All methods have inherent advantages and drawbacks. It is therefore of importance that new 
tools are critically examined. The final role and practical implications of a new method is 
usually confined to future critical employment and testing by additional research groups. 
Nevertheless, at this stage some of the potential benefits, disadvantages and challenges may 
be discussed. 
 
Important considerations which will be discussed are: 
 

- protection of the area of interest 
- possible artefacts induced by the ion beam 
- limitation in sample thickness 
 

As the surface layer often is very thin, 2-10 nm for machined implants depending on 
sterilization method[53], different techniques for protection were evaluated (Figure 35). By 
using platinum deposition by ion assisted chemical vapor deposition directly at the surface it 
was shown that the thin native oxide on machined implants could be etched and destroyed 
(Paper I). By applying a thin electron assisted deposition prior to the ion assisted deposition, 
the surface oxide was protected and still present. It has previously been suggested that 
protection by a thin layer of chromium [155] or gold sputter coating[58,156] could be used 
prior to mounting the sample in the FIB. We have also used plastic embedding of the implant 
prior to sectioning samples with the FIB (Paper IV and V) where the surface layer of interest 
is not directly striked by the ion beam (Figure 35).  
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Figure 35: Schematic image of the different techniques for protecting the area of interest. A) Only by ion 
assisted Pt deposition. B) Electron followed by ion assisted Pt deposition. C) Embedding in resin prior to FIB 
preparation. 
 
The plastic embedding is frequently used in the conventional TEM preparation in the material 
science field, where often two surfaces are glued together and ground, polished and ion milled 
(argon ions) to electron transparency prior to TEM analysis. For implant surfaces, only one 
article has been found using the conventional preparation technique[55] and was not applied 
on screw shaped implants but rather on titanium disks prepared by similar surface treatment 
as the implant. For thinner oxide layers, as the machined surface (~10 nm) the plastic resin 
could be interfering with high-end TEM analysis, due to the presence of oxygen and the 
amorphous structure, especially for thicker samples as the FIB produced (~100 nm).  
Other limitations with the FIB is the limited size of the sample, where the normal size is 
30x10 μm[96] however, larger sample could be made with sizes up to hundreds of 
microns[157] but much more time consuming.  
Also different lift-out methods have been evaluated during the work where in situ and ex situ 
were employed as sample preparation for surface analysis (Paper I, II, IV and V). The 
disadvantage of the in situ lift out method is that it is more time consuming and also more 
operator dependent using the micromanipulator and soldering to the TEM grid. However, the 
advantages are numerous with improved sample quality, possibility to additional thinning of 
the sample if needed and no intervening carbon coating on the grid. Further, the results from 
the thesis show that a higher sample yield is obtained by the in situ lift-out method (Paper I). 
We have suffered lost sample due to repulsion forces to the glass needle when using the ex 
situ lift-out method, something which might be possible to improve. Other disadvantages for 
the ex situ method are limited depth of focus for highly irregular samples, and difficulties in 
reaching the sample with the glass needle[154]. Further, by tilting the sample during final 
thinning a wedge like structure could be obtained where the thickness gradually decreases 
either from the top or the bottom[158]. Depending on the pre-preparation of the specimen 
benefits could be obtained by extra tilting during the final thinning, where an embedded 
sample would always be found at the along the gradient whereas samples taken directly from 
the implant surface would not benefit from this preparation(Figure 36). 

 
Figure 36: Schematic image of FIB prepared samples obtained directly at the surface (right) or after plastic 
embedding (left). In order to make very thin samples tilting during final thinning is possible. With plastic 
embedded sample the area of interest is always present at different thicknesses while the sample taken directly 
from the surface shows differences in thickness from the bulk metal. 
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Other technical difficulties during the FIB sample preparation may cause the so-called 
amorphization and redeposition artefacts. The redeposition is mainly a problem when using 
the ex situ lift-out technique where the whole sample is prepared in the trenches and material 
could sputter back on the sample, but by using the low beam current at the final steps of 
thinning this is minimized[92]. The amorphization has been shown to be around 10 nm using 
1000 pA ion beam on silicon[92] and less when using lower beam currents at the final 
thinning[159]. As preparation of samples thinner than 50 nm is very difficult and the normal 
sample thickness is around 100 nm[155] the affected zone is only a fraction of the sample and 
would therefore not be a major interference of the subsequent analysis. 
The different FIB methods used in the thesis for sample preparation have shown advantages 
and disadvantages. The ex situ lift-out technique was faster (2-3 hours) compared to the in situ 
lift out technique (5-7 hours), however, the subsequent TEM analysis of the ex situ produced 
sample will have an interfering carbon coating on the TEM grid[96] while only the sample is 
in the electron beam path for the in situ prepared sample.  

Implant surface analysis 
Modifications of implant surfaces are introduced clinically with regular intervals. Whether 
such surface modifications infer significant paradigm shifts or incremental step-wise 
improvements in clinical performance is not known. According to evidence-based, Chochrane 
Systematic Reviews, small or no differences in clinical performance were found when 
reviewing the literature for randomized clinical trails of different implant systems[160-164]. 
Surface modifications belong to either chemical or topographical alterations. Much attention 
has been focused on the modification of surface texture. Of particular interest is that such 
alterations are usually resulting also in changes of the chemistry[165]. The non-intentional 
changes of other surface parameters have to be determined and their role determined. On this 
background it is imperative to fully characterize the combination of chemical and 
topographical surface properties of implants which are used clinically. The present studies 
demonstrated that the combination of FIB and TEM provides new, hitherto unpublished data 
on the properties of clinically used oral implant surfaces in contact with the biological system. 
Important characteristics of the surface are oxide thickness, morphology and phase 
composition. This is a field which has been largely unexplored for dental and orthopaedic 
implants, where the main focus has been on the bonding energies and thickness of the oxide 
layer[52,53,166]. However, it has been suggested that the different phases of TiO2 might have 
an effect on the in vivo performance. The Kukobo in vitro bioactivity test[167] has been 
performed on a variety of titanium surfaces with different compositions of rutile and 
anatase[168-170] and it has been found that the apatite formation occurs differently at the 
different crystal directions[171]. Therefore new techniques enabling analysis of the phase 
composition is required.  
With the FIB sample preparation for TEM analysis the present studies demonstrated large 
differences in the morphology and phase composition between different commercially 
available implants and test implants (Table 7). Regrettably, for the SLA surface we could not 
resolve the surface layer due to difficulties in sample preparation caused by uneven Pt 
deposition on the highly irregular and sharp surface features. The SLA surface has been 
suggested to be an amorphous titanium oxide with a subsurface of titanium 
hydride[55,172,173]. In contrast to previous suggestions of an incorporation of fluoride in the 
oxide layer[174], the OsseoSpeed surface was found to possess a dual surface layer, with 
different oxide thicknesses and crystallinity, where fluoride could be detected by XPS but not 
with TEM indicating a monolayer of fluoride on the immediate surface. For the TiUnite 
surface we found a mixture of amorphous and anatase containing surface with no rutile which 
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has been found earlier[175] which most likely is due to the limited area analyzed in the 
present thesis. However, it cannot be excluded that also the fabrication process plays a role, 
since it has been changed since the latter reference was published. Further, the outermost 
layer was always amorphous in our samples, potentially important information which could 
not be detected by other phase analysis as XRD and Raman. 
The original surface showed some crystalline (rutile) and some amorphous areas. Other TEM 
analyses of such surfaces have shown that with heat treatments above 250°C, the surface layer 
starts to crystallize[57]. For Ti6Al4V similar studies have shown that the crystallization 
temperature is about 400°C[56]. The machining process might generate temperature locally 
exceeding the crystallization temperature which renders some areas crystalline while others 
are amorphous. The present studies demonstrated an amorphous structure of the oxide layer 
for the machined Ti6Al4V implants, while the laser modified Ti6Al4V surface was 
crystalline. The laser process will melt the surface material at high temperature which will be 
splashed around and rapidly cooled down, this process seems to generate both a phase shift in 
the subsurface[176] as well as crystallization of the oxide layer. 
The present results regarding the biomaterial surface analysis have shown that the 
commercially available implants and test implants all possess differences in both surface 
topography and elemental and phase composition of the oxide layer. It has earlier been 
strongly suggested that the surface topography plays a role in the biological response to 
implants[33,34,177]. Implants have been categorized according to the magnitude of the 
topography and it has been suggested that the moderately rough implants have an improved 
bone response compared to the other categories[32]. However, the surface topography is not 
completely straight forward and a variety of values of different parameters have been reported 
for different commercially implant surfaces[174,175,178-180]. To sort this out guidelines 
have been suggested for the measurements[181]. The present surface topographical analysis 
using interference microscopy shows similar values as previously reported for SLA, 
OsseoSpeed, HA coated and TiUnite. In contrast, large differences was found for the 
machined implants between different sizes of analyzed areas (Table 7) comparing the results 
for paper II and paper IV where similar surfaces have been analyzed. Both values are outside 
the reported values in literature where it has been found to be between 0.3 to 1.0 for machined 
surface using different techniques and probably different sizes of analyzed areas[50]. One 
possibility to this difference is the size of analyzed area as well as the filtering and 
mathematical corrections of the raw data obtained by the instrument. Some filters may 
underestimate the surface topography by filter away larger scratches, while these might not 
even be included in the area of analysis when choosing a smaller area of analysis. Further, the 
machining process (turning speed and the material of the tools) and lubricant used might 
influence the surface topography.  
Further, regarding the isotropic features of the surfaces, it was found that the machined and 
laser modified implants have an anisotropic topography with preferential direction along the 
machining and laser direction. The role of this phenomena is not completely understood but it 
may influence the cell alignment along micro and nano fabricated surfaces[182,183]. Further, 
by applying a micron (100-200 μm) sized groove following the threads on the implant 
surface, higher bone implant contact has been found[184]. 



Discussion 

 55  

 

La
se

r m
od

ifi
ed

 

 - - 

A
ni

so
tro

pi
c 

Sm
oo

th
 e

dg
es

 

La
se

r m
od

ifi
ed

 

 
0.

1-
0.

5 
μm

 
39

0 
nm

 

 

N
an

oc
ry

st
al

lin
e,

 
ph

as
e 

un
id

en
tif

ie
d 

A
lu

m
in

um
 a

nd
 

va
na

di
um

 

L
as

er
 m

od
ifi

ed
 T

i6
A

l4
V

 

M
ac

hi
ne

d 
an

d 
la

se
r m

od
ifi

ed
 in

 th
e 

va
lle

ys
 o

f t
he

 th
re

ad
s 

M
ac

hi
ne

d In
ho

m
og

en
ou

s 

M
ac

hi
ne

d 

 Pa
rtl

y 
na

no
cr

ys
ta

lli
ne

 

M
ac

hi
ne

d 
T

i6
A

l4
V

 

M
ac

hi
ne

d 

 - 
0.

30
 

A
ni

so
tro

pi
c 

Se
m

i s
ha

rp
 e

dg
es

 

H
om

og
en

ou
s 

 
10

 n
m

 
5 

nm
 

 

A
m

or
ph

ou
s 

A
lu

m
in

um
 a

nd
 v

an
ad

iu
m

 

A
m

or
ph

ou
s Te

st
 im

pl
an

ts
 

O
ri

gi
na

l 

M
ac

hi
ne

d 

 
1.

53
 

0.
33

 

A
ni

so
tro

pi
c 

Se
m

i s
ha

rp
 e

dg
es

 

H
om

og
en

ou
s 

 
10

 n
m

 
5 

nm
 

 

A
m

or
ph

ou
s a

nd
 

cr
ys

ta
lli

ne
, r

ut
ile

 

 

Pa
rtl

y 
cr

ys
ta

lli
ne

 

T
iU

ni
te

 

A
no

di
c 

ox
id

at
io

n 

 
1.

55
 

 

Is
ot

ro
pi

c 

Sm
oo

th
 ro

un
d 

ed
ge

s 

H
om

og
en

ou
s 

 
2 

μm
 

- 

Po
ro

us
 

A
m

or
ph

ou
s a

nd
 

cr
ys

ta
lli

ne
, 

an
at

as
e 

Ph
os

ph
or

ou
s 

A
m

or
ph

ou
s 

H
yd

ro
xy

ap
at

ite
 

co
at

ed
 

Pl
as

m
a 

sp
ra

ye
d 

 
3.

29
 

 

Is
ot

ro
pi

c 

Sm
oo

th
 ro

un
d 

ed
ge

s 

H
om

og
en

ou
s 

 
> 

5 
μm

 
- - 

C
ry

st
al

lin
e,

 
hy

dr
ox

ya
pa

tit
e 

C
al

ci
um

 a
nd

 
ph

os
ph

or
ou

s 

A
m

or
ph

ou
s 

Lo
w

er
 su

rf
ac

e 

 
10

 n
m

 
-  

A
m

or
ph

ou
s 

O
ss

eo
sp

ee
d 

B
la

st
ed

 a
nd

 a
ci

d 
et

ch
ed

, d
ilu

te
d 

H
F 

 
1.

82
 

 

Is
ot

ro
pi

c 

Se
m

i s
ha

rp
 e

dg
es

 

In
ho

m
og

en
ou

s 

Is
la

nd
s 

 
0.

5-
1 

μm
 

- 

Po
ro

us
 

C
ry

st
al

lin
e,

 ru
til

e 
an

d 
an

at
as

e Fl
uo

rid
e*

**
- 

Pa
rtl

y 
cr

ys
ta

lli
ne

 

C
om

m
er

ci
al

 im
pl

an
ts

 

SL
A

 

B
la

st
ed

 a
nd

  d
ua

l 
ac

id
 e

tc
he

d 

 
1.

98
 

 

Is
ot

ro
pi

c 

Sh
ar

p 
ed

ge
s 

H
om

og
en

ou
s 

 - - - - - - 

 

Su
rf

ac
e 

na
m

e 

Su
rf

ac
e 

m
od

ifi
ca

tio
n 

R
ou

gh
ne

ss
 

La
rg

e 
ar

ea
* 

Sm
al

l a
re

a*
* 

D
ire

ct
io

n 

Su
rf

ac
e 

fe
at

ur
es

 

Su
rf

ac
e 

st
ru

ct
ur

e 

O
xi

de
 th

ic
kn

es
s 

TE
M

 
A

ES
 

B
ul

k-
ox

id
e 

in
te

rf
ac

e 

O
xi

de
 b

ul
k 

El
em

en
ts

 in
 th

e 
ox

id
e 

Im
m

ed
ia

te
 

su
rf

ac
e 

Ta
bl

e 
7:

 S
um

m
ar

y 
of

 th
e 

su
rf

ac
e 

an
al

ys
es

 p
er

fo
rm

ed
 o

n 
th

e 
di

ffe
re

nt
 im

pl
an

ts
, b

ot
h 

co
m

m
er

ci
al

ly
 a

va
ila

bl
e 

an
d 

te
st

 im
pl

an
ts

 u
se

d 
in

 th
e 

th
es

is.
 *

ro
ug

hn
es

s 
m

ea
su

re
m

en
ts

 p
er

fo
rm

ed
 a

cc
or

di
ng

 to
 p

ap
er

 II
, *

* 
ro

ug
hn

es
s m

ea
su

re
m

en
ts

 p
er

fo
rm

ed
 a

cc
or

di
ng

 to
 p

ap
er

 IV
. *

**
 a

cc
or

di
ng

 to
 X

PS
 a

na
ly

si
s. 



Discussion 

 56  

Bio-interface analysis 

Biomechanics and histology 
In paper III we have shown that a machined c.p. titanium implant was osseointegrated after 11 
years in human with large amount of bone around as well as in direct contact with the implant 
judged by light optical microscopy (75 and 85 % respectively). A high degree of 
osseointegration has earlier been demonstrated for dental implants[30] and craniofacial 
implants retrieved for human[185] while non-cemented metal arthroplasties are often 
associated either with a fibrous membrane or limited bone ingrowth/bone-implant contact[24-
26]. Further, for dental implants which had been in functional load, a higher bone-implant 
contact was found compared to un-loaded implants retrieved implant[186]. The implant which 
had been in functional loading during most of the time in situ had fractured caused by fatigue. 
By using implants materials with improved mechanical properties such problems may be 
limited for high load bearing implants such as the bone anchored amputation prostheses.  
Ti6Al4V has higher yield strength and resistance to fatigue compared to c.p. titanium[187-
189]. The present results did not reveal any differences in bone response to machined c.p. 
titanium and Ti6Al4V after 8 weeks of healing in rabbit tibia (Paper IV). The bone reactions 
toward differences in implant materials have been extensively studied especially the reactions 
around c.p. titanium and Ti6Al4V. However, the results are not conclusive whether there are 
any differences in the bone response. Many studies have shown no differences in 
histomorphological evaluations between the materials with similar surface structure[64,112-
114,190] while some studies have shown less mineralization in the interfacial tissue toward 
the implant surface of Ti6Al4V compared to c.p. titanium on the light optical level[115,130]. 
Small differences were found in the attachment to the bone as evaluated by biomechanical 
testing by torsion[64,112,114,191]. On the ultrastructural level, either using titanium and 
Ti6Al4V sputter coated plastic plugs or using real bulk metal implants with subsequent 
fracture technique for TEM sample preparation, the interface to Ti6Al4V in comparison to 
c.p. titanium has been differently described. A larger amorphous zone containing 
proteoglycans and glycosaminoglycans have been reported in contact to Ti6Al4V[130] while 
no differences in the interface was found with the bulk implants[136]. Concerns regarding ion 
leakage has been reported and discussed for titanium and titanium alloy implants[115,192] 
and in vitro corrosion studies have been performed for evaluating the re-passivation occurring 
in simulated biological environment[193]. Further, it has been shown that wear is an 
important factor for the ion leakage while the surface roughness and specific surface area was 
less important[192,194]. However, the clinical effect of ion leakage seems limited since long 
term success have been reported for both orthopaedic and dental implants[20,31,195]. 
 
By modifying parts of the implant surface (thread valleys) with laser, creating micro and nano 
features, the biomechanical properties of the bone anchored implants were increased with 270 
% compared to machined implants (Paper V). Similar increase in the biomechanical 
anchorage has been found for laser modified implants of c.p. titanium[40,196,197]. No 
qualitative difference was found in the bone response between partly laser modified machined 
implant and machined implant as judged by light optical histology after 8 weeks of healing 
while higher bone-implant contact has previous been found for c.p. titanium implants with 
similar laser treatment in the valleys of the threads[196,197]. The clinical possibilities of 
implants with both increased intrinsic mechanical properties and increased biomechanical 
anchorage in bone are numerous, where higher load could be applied. The size of the implant 
could be reduced as well as the patient criterion could be extended. Further, by keeping the 
majority of machined implant unchanged, possibly lower frequency of peri-implantitis may be 
expected[198].  
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Focused ion beam microscopy 
Focused ion beam milling for TEM sample preparation of interfaces between bone and 
implant materials is largely unexplored in the literature. Five papers concern the bone implant 
interface[79,105-107,199]. Two papers demonstrate the absence of an intact interface between 
bone and a failed titanium implant but the reason for the observation (due to the preparation 
steps and or the properties of the implant or host) is difficult to judge since essential details 
such as fixation, dehydration and stabilization) prior to sectioning with the FIB were not 
provided[106,107]. The other publications concerns hydroxyapatite and zirconia 
scaffolds[105], hydroxyapatite coated titanium implant[79] and calcium aluminate coated 
cobalt chromium implant[199]. 
The thesis presents for the first time TEM analysis of the intact interface between bone and 
both clinically retrieved high loaded amputation prosthesis and laser modified Ti6Al4V 
implants. The FIB preparation of such interfaces showed limited preferential milling of the 
softer part (bone) compared to the implant material, on the contrary to the ultramicrotome 
cutting, where cutting of both materials is not possible except of getting small residuals of 
implant material in the section[21]. The FIB produced samples were of such quality enabling 
high resolution analysis as well as energy filtered analysis giving new insight of the 
osseointegration process to titanium implants. 
The results of the present thesis show difficulties of obtaining intact interfaces depending on 
the bone bonding ability of the material where important features are surface topography and 
surface chemistry. The pre-FIB treatment of the specimen is most likely important for the 
possible outcome with FIB milling of electron transparent sections of the intact interface. It 
has been shown that the fixation as well as the dehydration affect the volume of the retrieved 
tissues[200]. Further, it has been suggested that the embedding resins might have an effect as 
well. The present results indicated that the importance of the embedding resin was less than 
the bone bonding ability to the implant surface (Paper IV). Hence, for relatively smooth 
implants as the machined implant, separation is a cumbersome problem for FIB sample 
preparation but on the other hand these results indicated the usefulness of the fracture 
technique for cases where limited bone bonding has occurred. On the other hand, by adding a 
thin coating of hydroxyapatite (100 nm) the bone bonding properties of the implant becomes 
enough to withstand the shrinkage of the tissue during fixation, dehydration and 
embedding[79]. The effect of surface topography has been shown to increase the 
biomechanical strength of the interfacial bond between implant and tissue[33,40,177]. This 
might create sufficient mechanical interlocking of the tissue to withstand the shrinkage of the 
tissue without disruption of the interface zone as observed in paper V. Also the healing time 
and loading conditions might have an impact in the bonding properties to a machined implant. 
This was suggested for the amputation prosthesis retrieved after 11 years of healing, where 
most of the time used with functional loading, allowed a semi intact interface for sectioning 
with the FIB (paper III). Other limitation with the FIB for TEM sample preparation of tissue-
implant interfaces compared to the conventional ultramicrotome sectioning is the sample size. 
With the FIB only a very limited sample (30x10 μm) could be sectioned, where at a distance 
from the implant were few cells are present. Further, the size of the cells is generally larger 
than the FIB sectioned sample. An advantage with the ultramicrotome is that when the 
specimen is prepared for sectioning, either by using metal coated plastic plugs, bulk metal 
dissolved by electrochemical process or the implant is removed and the actual interface is 
located, rather rapid serial sectioning is possible. For the FIB the localization of the interface 
is rapid but each sample takes a few hours of work. However, the intact interface with both 
the tissue and implant present is possible in contrast to the conventional ultramicrotome. Only 
one publication has been found sectioning the intact interface between implant and tissue 
using the ultramicrotome at an oblique angle obtaining only a fraction of the implant in the 
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section[21]. As the FIB sectioning was performed on resin embedded specimen the 
ultrastructural analysis could be performed in combination with histological analysis of the 
same implant and no special treatment was needed. 

Ultrastructural analysis 
The chemical and molecular composition of the interfacial tissue is a key issue for further 
understanding of the osseointegration process. Different theories have been forwarded and 
discussed, from the point that the interface is composed of an almost unmineralized ground 
substance[76] to a fully mineralized cement line appearance in the immediate interface[201]. 
Further, the nomenclature of the interposed layers in the interface varies with authors and 
publications. Here, the layer termed electron lucent has been referred to ground substance 
layer and amorphous layer, briefly a layer consisting of non mineralized or sparsely 
mineralized layer without fibrillar structure. The term electron dense layer has also been 
referred to amorphous layer by some authors, briefly a mineralized afibrillar layer. Both these 
layers have been found to consist of proteglycans and glycosaminoglycans according to 
ruthenium red and lanthanum contrasting[76,120], however a difference was found regarding 
ostecalcin and osteopontin, where the latter was found in the electron dense layer while the 
former was found in the electron lucent layer[134]. The different interfaces found for titanium 
implants are summarized (Figure 37). The present results show some difference in interface 
composition between the c.p. titanium implant and the Ti6Al4V implant, where both show 
apatite at the immediate implant surface. For the functionally loaded machined c.p. titanium 
implant retrieved from human (Paper III) an apatite layer was demonstrated followed by an 
electron dense zone consisting of tightly packed hydroxyapatite crystals prior to the bone 
tissue with the characteristic collagen banding (Interface H, Figure 37). For the micro- and 
nano-structured Ti6Al4V (Paper V) mineralized tissue was demonstrated at the immediate 
interface as judged by the presence of collagen banding and HRTEM of apatite structure 
(Interface B, Figure 37). Cement lines were not detected but since the samples were 
undecalcified and rather thick (100 nm) compared to ultramicrotome prepared sections (40-70 
nm) the presence of a cement line at the immediate interface cannot be excluded. 
The clinical effect of the different interfaces is difficult to judge, and most of the interfaces 
most likely co-exist within different areas around the implant. Only one author has performed 
serial sectioning of the complete bone adjacent to the implant and it was reported that the 
bone tissue differs at areas of resorption and remodeling, and areas with less mature bone 
(interfaces E and F, Figure 37)[119]. Further, different microscopic techniques, contrasts, 
healing and loading conditions may influence the analysis as well as the acceleration voltage 
of the microscope. Most of the studies found in the literature have used microscopes designed 
for biological analysis and often limited to rather low acceleration voltages. Some of the 
references have stated the acceleration voltage during analysis, where most used was between 
60-100 kV[8,82,83,119,120,122-126,133] and a few using 200 kV[79,106,107,147,148], 
while in the present thesis acceleration voltages of 200-300 kV has been used, enabling higher 
resolution and analysis of thicker samples. The present results showed differences for similar 
implants with different healing times, loading conditions and species(paper III and IV) where 
it was impossible to prepare intact samples of the latter (non-loaded; short healing time). 
According to Steflik et al, no difference was observed in the interface zone for different 
materials chemistry (titanium vs ceramic) or loading (non-loaded vs functional loading) on 
the ultrastructural level while differences were observed at the light optical level[120]. In the 
present thesis, an intact fully mineralized interface could be analyzed when a micro- and 
nano-featured surface was created by laser, showing a perfect congruency of mineralized bone 
and implant surface in high resolution TEM. 
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Figure 37: Schematic images of the typical titanium-bone interfaces found in literature and during the thesis 
work A) Typical interface found by many authors[76,77,81,83,106,107,127,128,130,131,134,135,142,143] 
where most of the authors have used decalcified specimen, however some with un-decalcified specimen, using 
different sample preparation techniques, plastic plug, fracture technique and FIB. Further different species and 
healing times have been reported. B) Mineralized bone in direct contact with the implant surface have been 
reported in the literature[21,79,117,118,141,144,147,148] and also found by us with laser modified Ti6Al4V. 
Different sample preparation has been reported, such as direct ultramicrotome cutting without prior removal of 
the implant, plastic plug, fracture technique and FIB.. All authors have used un-decalcified specimens from a 
variety of species including human, dog, rabbit and rat. C) An interface composed of 2 intervening layers, 
electron lucent followed by electron dense have only been reported for decalcified specimen using the plastic 
plug method[133] while the same research group found a similar interface with reversed layers in another 
publication[68] using the same preparation method. D) An interface found using fracture technique[132,145] 
and a combination with electropolishing[30,84,116] for implants retrieved from rabbit and human. All 
specimens were un-decalcified prior to sectioning. The amorphous layer was reported to be afibrillar without 
any structure and could not be excluded to be an artefact, possibly from the embedding with LR White (compare 
Paper III). E) A mineralized electron dense layer interposed between implant surface and bone has been 
reported and discussed as a cement line like structure using the fracture technique on specimens both loaded 
and non-loaded from dog[8,82,119-126] and from rat[81,134]. F) Similar interface as E found at areas where 
the bone was undergoing remodeling or was less mature[8,82,119-126,142]. G) An indistinct interfacial 
interposed layer have been reported consisting of fibrillar, non-fibrillar or granular structure from both 
decalcified and undecalcified sections from rabbit and human[136,147,148] H) Results from the present thesis 
with crystalline apatite formation directly at the implant surface after 11 years of clinical use (Paper III). 
Detailed descriptions of the sample preparation methods and analytical techniques used for corresponding 
interface are found in Table 1, 2 and 3 in the introduction.  
 
For future studies, more interfaces should be studied, linking the surface structure to its 
interface to bone, for further understanding the relevance of the phase composition of the 
implant surface (amorphous, rutile and anatase) and the bone formation in both experimental 
and clinical trials. Further, to evaluate the possibilities for immunocytochemical contrasting of 
biomolecules by colloidal gold particles of FIB prepared intact interfaces between implant 
material and tissue is an interesting future challenge. 
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Summary and Conclusions 

 
 

- An in situ lift-out technique for FIB preparation of TEM samples showed higher yield 
and sample quality compared to an ex situ lift-out method. Further, protection of the 
surface by a thin coating of electron assisted platinum deposition prior to ion assisted 
platinum deposition was essential in order to avoid surface damaging by the gallium 
ion bombardment.   

 
- The preparation by FIB of TEM samples in cross-section provided new possibilities to 

characterize the outermost surface layers of differently modified, clinically used oral 
implants, in particular, the morphology and phase composition. Limitations were 
observed for highly irregular and sharp surface structures.  

 
- The FIB preparation of ultrathin sections of the intact bone-implant interface 

combined with light optical histology provided for the first time a correlation between 
a mineralized bone interface and the clinical function of bone anchored amputation 
prosthesis. 

 
- Embedding resins frequently used for histology revealed large differences with respect 

to bonding to machined c.p. titanium implants. 
 

- A similar bone response was detected for machined c.p. titanium and Ti6Al4V 
implants after 8 weeks of healing in rabbit tibia, as judged by histology and 
histomorphometry. A limitations regarding FIB sample preparation was observed for 
specimens which did not provide sufficient bonding (mechanically or chemically) to 
the implant surface. 

 
- FIB sample preparation with subsequent TEM analysis could effectively be used in 

combination with biomechanical evaluation and histology in a study of laser modified 
and machined Ti6Al4V implants after 8 weeks in rabbit tibia. The study demonstrated 
a 270% increase in torque value, a different fracture pattern and a direct contact 
between nanocrystalline hydroxyapatite and the oxide surface. Taken together, these 
observations suggest, firstly, a stronger bone-implant interface for laser modified 
surfaces in comparison with machined implants, and, secondly, a correlation between 
the ultrastructure (down to the Ångström level) of the intact interface and its 
biomechanical properties. 

 
In conclusion, the results of the present thesis demonstrate that FIB is a new and promising 
preparation technique enabling high resolution analysis of both native implant surfaces and 
their interfaces to bone. Taken together, the present observations suggest that FIB in 
combination with TEM provide important ultrastructural information, complementary to 
available surface analytical, histological and biomechanical tools for the evaluation of 
biomaterials. 
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