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Introduction

Interfacial relationships between biomaterials and tissues strongly influence
the success of implant materials and their longevity. Bone graft substitutes
and bone-interfacing implants are reliant on establishing a strong bond with
bone. Understanding the response of bone tissue to these surfaces at a nanometre scale may aid in the development and improvement of biomaterials.
The current state of the art in interfacial bone and biomaterials investigations is comprised of a combination of light, electron and X-ray based analysis techniques, such as light microscopy (LM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray computed tomography (CT). Of these characterization techniques, only TEM can resolve
the ultrastructure of bone apposing implant materials. Despite the highresolution capabilities of the TEM, the electron beam transverses through the
sample, producing a two-dimensional (2D) image of an inherently threedimensional (3D) sample. Therefore, the aforementioned techniques present,
at a minimum, one of two drawbacks; they are either of inadequate resolution, or 2D in nature.
To circumvent the drawbacks of conventional analysis methods, electron
tomography can be employed, enabling both high-resolution and 3D imaging
of biomaterials and also their interfaces to tissue. This technique combines
the superior resolution of TEM with the 3D imaging capabilities of tomography, while simultaneously making available the plethora of analysis techniques in the TEM for, e.g., analytical studies.
In this thesis, Z-contrast electron tomography has been applied to two
streams of research related to bone-interfacing materials. Firstly, the technique has been used to gain an improved understanding of the mechanisms
of bone growth at an implant interface, with in vivo examples presented from
either the human or rabbit model interfacing with hydroxyapatite (HA) or
laser-modified titanium surfaces. Secondly, as nanotechnology plays an increasing role in the design of biomaterials, further extension of the electron
tomography technique to the design of biomaterials has demonstrated its
potential for understanding the porous structure of mesoporous titania coatings.
The following sections, Biomaterials, Microscopy and Interfaces, establish the present state of the art in this research area and provide the reader
with the necessary background to comprehend the findings of this work.
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Biomaterials

Bone Structure
When designing implant materials which promote regeneration and bonding
it is important to have an understanding of the tissue with which they interface. In this thesis, all implant materials investigated are intended for boneinterfacing applications; therefore, it is fitting to have a basic comprehension
of bone composition and arrangement in humans.
The constituents of human bone can be segregated into two categories:
organic and inorganic components. The organic component of bone, which
comprises 35% of bone mass, is mainly Type I collagen. The remaining 65%
consists of the inorganic mineral HA (Ca10(PO4)6(OH)2) and a small percentage of ion-substituted forms of the aforementioned (Becker et al. 1968;
Driessens 1980).
Bone is a complex hierarchical structure with a unique arrangement from
the micrometre to nanometre scale (Weiner & Traub 1992). During investigation with the TEM, the level of organization is on the ultrastructural or
nanostructural level. At this level, the relationship between HA crystals and
collagen is of much importance.
Collagen is a molecule measuring approximately 300 nm in length and
1.5 nm in diameter. In bone, collagen molecules are aligned parallel to each
other in a staggered array that forms collagen fibrils (Hodge & Petruska
1963). This array results in gap and overlap zones of 40 nm and 27 nm, respectively. In the TEM, this pattern is referred to as collagen banding and is
easily recognizable as alternating light and dark shading with a 67 nm periodicity.
HA crystals are generally plate-like with dimensions between 50–100 nm
in length, 25–50 nm in width and 4–6 nm in thickness (Su et al. 2003; LeGeros 2002). While a number of models exist to explain collagen–mineral
interaction, it is widely accepted that HA crystals are predominantly located
in the gap zone with their c-axes parallel to the long axis of the collagen
fibril (Landis et al. 1996), as simplified schematically in Figure 1. However,
recent findings with TEM suggest that the presence of intermolecular and
extrafibrillar apatite is required to account for the total volume of apatite in
bone (Alexander et al. 2012). The hierarchical organization continues, in that
collagen fibrils are further bundled into collagen fibres, and maintain either a
parallel or a circularly rotating arrangement with crystals in adjacent fibrils
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(Rubin et al. 2003), depicted schematically in Figure 1. These fibres then
become the building blocks for cortical and trabecular bone, the two main
macroscopic forms of bone.

Figure 1. The collagen–hydroxyapatite crystal arrangement in bone, dependent on
longitudinal or cross-sectional viewing orientation. The origin of collagen banding
in the longitudinal direction is defined. Not to scale.

Due to bone’s anisotropy, the direction along which it is viewed in the TEM
strongly affects how the structure is imaged. The crystal–collagen relationship and dependence on viewing direction is simplified for readers with the
schematic in Figure 1 and the corresponding TEM micrographs in Figure 2.
A specimen oriented longitudinally, or parallel, to the long axis of the collagen fibre, will clearly show a fibrillar structure and collagen banding. Conversely, a specimen, which is prepared in cross-section to the collagen fibres,
or perpendicular to the long axis of collagen, shows less organization with
localized areas of circular orientation 100–200 nm in diameter, representing
the rotation of HA crystals from one adjacent collagen fibril to the next (Rubin et al. 2003). These distinctive patterns are useful for roughly determining
the overall orientation of bone.

Figure 2. Examples of typical bone structure as viewed in the TEM along the A)
longitudinal, and B) transverse directions. Adapted with permission from (Rubin et
al. 2003).
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Bone-Interfacing Biomaterials
Synthetic biomaterials comprised of metals, ceramics or polymers are, in the
most general sense, considered to be any material, which elicits an appropriate host response (Hench et al. 1971; D. F. Williams 1987; Ratner 2004). In
bone-interfacing applications, biomaterials can be divided, more specifically,
into subsections based on their interaction in vivo, i.e., in the living body.
These subclasses are: nearly inert materials, which elicit minimal reaction,
bioactive materials, which form a biologically active layer, and resorbable
materials, which are resorbed by the body and replaced with natural tissue
over time (Hench et al. 1971; Ratner 2004; Cao & Hench 1996). A table of
some of the most common of these materials is given in Table 1.
Table 1. Subclasses of common biomaterials
Material Classification Examples
Nearly inert
Bioactive
Resorbable

Stainless Steel, Alumina, Zirconia, Polyethylene
Hydroxyapatite, Glass Ceramic A-W, Bioglass
Tricalcium Phosphate, Polylactic-Polyglycolic Polymers

The performance of a biomaterial in vivo is largely dependent on its materials properties. Factors such as chemical composition, crystallinity, surface
topography, as well as pore size, morphology and connectivity, to name a
few, may influence the biological response. Therefore, in the design of biomaterials, characterization techniques pre- and post-implantation are critical
to understand the effect of materials properties on the in vivo situation.
For bone-interfacing applications, the standard measure of success is determined by the extent of osseointegration of an implant with surrounding
bone tissue. Osseointegration refers to the direct contact of bone with implant surface (P.-I. Brånemark et al. 1977).
This thesis presents work on biomaterials intended for bone-interfacing
applications, which are either ceramic or metallic in nature, and predominantly exhibit bioactive tendencies. The materials in focus include HA scaffolds, laser-modified titanium and titanium alloys, and mesoporous titania
coatings on titanium.

Hydroxyapatite
Calcium phosphate ceramics have vast applications in the biomedical field.
Of these, HA (Ca10(PO4)6(OH)2) is of particular interest due to its similar
composition to the mineral component of bone. HA is a bioactive material,
in that it precipitates an apatite layer on its surface in vivo, enabling it to
form a chemical bond with bone similarly to other bioactive materials such
as Bioglass® (Hench et al. 1971). Additionally, HA is also considered to be
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osteoconductive, in that it directs bone growth along its surface (LeGeros
2002). Such bone bonding capabilities are of particular interest in the bone
regeneration field. These favourable biological properties, combined with
the widespread availability of HA in various forms, such as scaffolds, granules, blocks, etc., have made HA one of the most widely used biomaterials.

Titanium and Titanium Alloys
Titanium, and its alloy Ti6Al4V, are another set of highly investigated implant materials for load-bearing applications due to their high mechanical
strength, superior biocompatibility, corrosion and wear resistance, and ability to osseointegrate (X. Liu et al. 2004). The biocompatibility of titanium is
usually attributed to its native surface oxide layer, titanium dioxide, also
known as titania. Bone has an affinity to bond to and grow from this surface,
and as such, it is also considered a bioactive surface. This oxide layer can be
further modified to enhance bone bonding by altering the surface topography. Both micro and nanostructured surfaces have been shown to improve
bone growth and cellular activity on the surface of titanium (Palmquist et al.
2010; R. Brånemark et al. 2011).

Mesoporous Materials
Mesoporous materials contain pores with diameters between 2 and 50 nm.
Due to their unique structure, which results in high specific surface area,
ordered porosity, and large pore volumes, mesoporous materials have received much attention for applications in a wide range of fields (Ciesla &
Schüth 1999). More recently, mesoporous materials comprised of silica and
bioactive glasses have been studied as materials for bone regeneration and
drug delivery, (Wang 2009; Vallet-RegÌ et al. 2007; Santos et al. 2011; Xia
& Chang 2006).
Due to the widespread use of titanium implants and the biocompatibility
of titania, it is advantageous to investigate mesoporous titania surfaces. Creating a suitable mesoporous coating morphology may improve bone attachment while providing a network for the transportation and site-specific release of active macromolecules or drug agents to, e.g., reduce inflammation
or combat infection.
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Microscopy

Scanning Electron Microscopy
The scanning electron microscope is one of the most widely used instruments for investigating the structure of biomaterials and their interfaces to
biological tissues. Traditionally, such specimens were investigated only with
LM, but the SEM enables analysis with a larger depth of field and higher
resolution than the light microscope. The SEM also eliminates the stringent
specimen preparation and staining processes required for LM.
In an SEM, electrons are accelerated through a set of electromagnetic
lenses, which focus them to a point on the sample surface. Deflection coils
are used to raster the electron beam across the specimen surface, sequentially
constructing images in which each pixel represents the signal detected at
each point of the scan across the sample. The incident electron beam produces a variety of signals that can be detected in various operating modes, thus
enabling the user to gain both structural and chemical information by the
selection of the appropriate detector. The most frequently collected signals
include secondary electrons, backscattered electrons (BSE), and characteristic X-rays.
SEM has become one of the principal methods for evaluating bone–
implant contact. In this thesis, the SEM has primarily been used to form
images with compositional contrast by collecting BSE. BSE are primary
electrons, those that originate from the incident electron beam, which have
been elastically scattered by the atomic nuclei of the specimen. The number
of BSE generated is directly proportional to the atomic mass of the specimen. Since image contrast varies with the amount of signal detected, a user
can identify regions of different atomic mass by changes in image contrast.
This is particularly useful for choosing sites of complete bone–implant contact, that show no intervening soft tissue or preparation artefacts, for further
higher-resolution studies.
In this thesis, three SEMs were used, predominantly for preliminary investigations. These instruments include a JEOL 7000F FEG SEM, a Zeiss
Leo 1550 FEG SEM, and a Zeiss Leo 440 SEM operated with acceleration
voltages ranging from 5 to 15 kV.
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Focused Ion Beam Microscopy
The focused ion beam microscope has played a significant role in the evolution of the microelectronics industry over the past decade (Phaneuf 1999;
Giannuzzi & Stevie 2005). In recent years, its prominence as an analysis tool
and TEM sample preparation technique for biomaterials-based applications
has increased (Giannuzzi & Stevie 1999; Grandfield & Engqvist 2012). It is
important to note that in most of these applications and all scenarios of this
thesis, it is a dual-beam focused ion beam instrument that is referenced to,
and hereby referred to throughout the thesis as a FIB.
The FIB, described schematically in Figure 3, incorporates the functions
of an SEM with a focused gallium ion beam, by positioning both electron
and ion beams at eucentric coincidence on the specimen. By doing so, sitespecific tasks including deposition of metal-organic compounds or milling
with the ion beam are easily achieved while simultaneously imaging with
electrons. This multi-functionality has made the FIB instrument well suited
to prepare and image samples in cross-section, or to prepare thin lamellae for
more detailed TEM investigation.

Figure 3. Schematic of key components of the dual-beam focused ion beam; A)
electron column, B) lift-out probe, C) ion column, D) gas injector system, E) secondary electron detector (ion detector not shown), F) sample (showing how simultaneous milling and viewing is possible with the ion and electron beams), and G)
stage, at a tilt of 52°.

The nature of TEM investigations, as addressed in the following section,
necessitates transmission of electrons through the sample, and thus places
rather stringent constraints on the thickness of TEM samples. Classical
methods for TEM sample preparation in the biomaterials field include ultramicrotomy and broad-beam ion milling. In addition to offering site19

specificity, the FIB presents other advantages over these contenders in the
preparation of lamellae, particularly of interfacial samples, for TEM.
Of paramount importance is the integrity of the biomaterial–tissue interface of interest. The FIB milling process is sufficiently gentle to maintain
contact between soft biological tissues and harder or more brittle implant
materials. Additionally, the process does not deform natural biological structures, as is often an issue with ultramicrotomy (Marko et al. 2007). Due to
these advantages, FIB is becoming the dominant method in TEM preparation
of biomaterials and has been successfully applied to a number of biomaterials interfaces including titanium to HA or TiO2 modified surfaces (Iliescu et
al. 2004; Jarmar et al. 2008), titanium to bone (Engqvist et al. 2006;
Palmquist 2008; Giannuzzi et al. 2007), HA to bone (Grandfield et al. 2012),
calcium aluminate to bone (Palmquist, Jarmar, et al. 2009a), cobalt chromium to bone (Grandfield et al. 2011), and HA to cells (Engqvist et al. 2007).
Nevertheless, it is important to note that this technique is not without its
drawbacks. Gallium bombardment with the sample may result in ionimplantation, which alters the possibility for purely quantitative chemical
analysis. Furthermore, amorphization of between 10 to 30 nm of the outer
surface may result (Kato 2004). By protecting the surface with platinum,
implementing successively lower ion beam currents and using a final lowenergy cleaning step, these artefacts can be reduced (Drobne et al. 2007;
Giannuzzi 2006). This leads to reliable or superior production of representative samples of hard biological tissues such as bone, dentin and ivory, when
compared to a range of other methods including ultramicrotomy, and broad
beam ion milling (Coutinho et al. 2009; Jantou et al. 2009; Nalla et al. 2005).
Still, challenges specific to the production of intact biomaterial–bone interfaces for TEM with FIB remain. These difficulties arise primarily due to a
sequence of sample retrieval and processing procedures. The fixation, dehydration, and subsequent embedding of retrieved biological samples are a
standard protocol for many researchers. Indeed, these methods present potential drawbacks. Firstly, it is unclear how much of the original structure is
altered after these preservation techniques. The penetration of chemical fixatives such as aldehydes and osmium tetroxide indeed influence the chemical
make-up of the sample as a whole. Secondly, embedding and sectioning
techniques may result in the elimination of interfacial contact. Palmquist et
al. have demonstrated that the choice of embedding resin has an effect on the
overall shrinkage and thereby potential interfacial separation of the specimen
and surrounding bone (Palmquist, Lindberg, et al. 2009b). Furthermore, the
cutting and grinding of embedded specimens may introduce additional damage to the implant–bone interface. To circumvent the artefacts that may be
associated with conventional fixative preparation methods, a cryogenic approach may be taken, in which tissues remain in a near natural state (Edwards et al. 2009). However, the use of cryo-FIB facilities was not possible
in this work. Moreover, the unavailability of suitable regions for sample
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preparation, due to interfacial separation, is believed to have been caused by
a combination of retrieval and processing procedures.
For the work in this thesis, electron transparent lamellae were produced
using an in situ lift-out method on one of two FIB instruments: a Zeiss NVision 40 equipped with a 30 kV gallium ion column, FEG SEM, carbon gas
injector system and Kleindiek lift-out system, or an FEI DB325 equipped
with a 30 kV gallium ion column, FEG SEM, platinum gas injector system,
and Omniprobe lift-out system. The sample preparation steps are depicted in
Figure 4, and fully described in Papers I, II and VII.

Figure 4. Basic TEM sample preparation using an in situ lift-out method; A) A protective layer of carbon (or platinum) is deposited on the surface over the interface of
interest. B) Trenches are milled ~10 µm deep on either side of the protected strip. C)
The lift-out probe is attached to the lamella; the lamella is completely cut free and
lifted out. D) The lamella is attached to a TEM grid and the interface region is gently
milled to electron transparency.

In addition to the preparation of lamellae for TEM, the FIB instrument can
also be used for creating 3D reconstructions. Using a destructive tomography
approach, the surface of interest is repeatedly milled and imaged. These images are then compiled to regain the 3D structure. This technique has been
successfully employed on biomaterial–bone interfaces to show osseointegration on the micrometre scale (Giannuzzi et al. 2007; Giannuzzi 2012). While
extremely useful on this length scale, it is important to note that the technique is destructive and unrepeatable. Since the ultrastructure of the biomaterial–bone interface is of interest in this work, 3D FIB SEM was deemed
insufficient and was not employed.
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Transmission Electron Microscopy
The fundamental development of the transmission electron microscope began in 1931 by Max Knoll and Ernst Ruska, an achievement for which Ruska was recognized for in 1986 with the Nobel Prize in Physics. Due to continuous developments in TEM hardware and software over the decades, the
TEM is today one of the most valuable characterization instruments in the
materials science and life sciences fields. Its usefulness can be attributed in
part to the multi-functionality of the instrument, and in part to its ability to
obtain resolution superior to wide range of other characterization techniques.
The improved resolution can be related to the wavelength of electrons in
TEM; the wavelength is smaller than that of a light source and, in most operating conditions, smaller than that used in SEM. Contrary to SEM, in TEM
the accelerated electron beam is transmitted through an ultrathin sample,
which places restrictions on sample preparation, as discussed in the previous
section on FIB.
In this thesis, the majority of the work has been done using Scanning
Transmission Electron Microscopy (STEM). In this mode, the electron beam
is focused to a fine probe, which is rastered across the sample using scanning
coils, analogously to the beam in SEM. This provides the advantage of sitespecific chemical analysis and opens up the possibility to use different imaging modes. The multi-functionality of the TEM, as used in this thesis, is
addressed in the following sections on imaging, chemical analysis and tomography.
The two microscopes used for the work in this thesis, both operated at
300kV, include an FEI Tecnai F30 located at Uppsala University, Sweden
and a monochromated FEI Titan 80–300, located at the Canadian Centre for
Electron Microscopy at McMaster University, Canada. The Tecnai is
equipped with a Schottky field-emission gun, a model 3000 in-column
HAADF detector (Fischione Instruments, PA, USA) and an EDAX energy
dispersive X-ray spectrometer. The Titan is equipped with a Schottky fieldemission gun and a CEOS (Corrected Electron Optical Systems GmbH, Heidelberg, Germany) hexapole-based aberration corrector for the imageforming lens, a model 3000 in-column HAADF detector (Fischione Instruments, PA, USA) with an inner semi-angle of 40 mrad and an Oxford energy
dispersive X-ray spectroscopy (EDXS) detector and Inca software (Oxford
Instruments, Oxford, UK).

Imaging Modes
In this thesis, the TEM was used to record images in either bright-field (BF)
TEM, or high-angle annular dark-field (HAADF) STEM mode. The representative ray diagrams outlining image formation in these two modes are
shown in Figure 5.
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Figure 5. Comparison of the two imaging modes used in this work. In TEM, the
direct beam was selected by the objective aperture to form bright-field images. In
STEM, the electrons scattered to high angles were collected on the HAADF detector
to form Z-contrast images.

Quite often in biological investigations, and particularly in the study of bone,
stains are used to enhance contrast in BF TEM images. In this work, staining
methods have been avoided by mainly employing the HAADF STEM imaging mode instead. HAADF STEM imaging presents a variety of advantages
for the study of biomaterial interfaces. Collecting the electrons that have
been incoherently scattered to high angles, the HAADF detector suppresses
diffraction contrast while enhancing Z-contrast in images since the scattering
cross-section for the volume probed is approximately proportional to the
square of the mean atomic number in that volume (D. B. Williams & Carter
1996). This means that the image intensity is also approximately proportional to the square of the mean atomic number; the resulting image is therefore highly dependent on the atomic number of the constituents in the sample.

Analytical
One of the many signals generated in the TEM, as in the SEM, are characteristic X-rays. When an incident electron interacts inelastically with an innershell electron, it may result in the ejection of the inner shell electron, and
creation of a vacancy, i.e. a hole, in the inner shell. When an outer shell electron fills this hole, the superfluous energy is given off in the form of a photon, a characteristic X-ray. The process of X-ray generation is depicted in
Figure 6. A detector collects these X-rays and processes the signals according to intensity and characteristic energy; thereby enabling identification of
which elements and in what quantities they occur in the sample. This technique is referred to as Energy Dispersive X-Ray Spectroscopy, commonly
abbreviated as EDXS, EDX or EDS.
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Figure 6. Simplified model of X-ray generation in the TEM or SEM. 1) An incoming primary electron has an inelastic collision with an inner shell electron. 2) This
results in ionization, or ejection of the inner shell electron into the vacuum. 3) An
outer shell electron relaxes to fill the hole formed in the inner shell. 4) The surplus
energy is released in the form of a characteristic X-ray with energy corresponding to
the difference in binding energies between the inner and outer shell that partook in
the electron transfer.

In this work, EDXS was performed while operating in STEM mode. This
has the advantage that the X-ray signal collected corresponds to the placement of the electron beam. Therefore, in STEM mode a detailed chemical
analysis of each point in the sample is obtained, usually by acquiring a socalled elemental map, rather than collecting the averaged X-ray signal from
the entire sample, as in TEM mode.

Tomography
Tomography, originating from the Greek words tomos (to section) and graphe
(to write), is possible with a number of media: X-rays, electrons, ion beam
instruments and atom probes. However, electron tomography remains one of
the few high-resolution non-destructive methods, although synchrotron
source X-ray computed tomography (nanoXCT) can now obtain resolutions
on the nanometre level (Mobus & Inkson 2007; Mueller 2009). Since further
background details on electron tomography can be found in Paper III, only a
summary of the main principles of the technique is included herein.
While utilizing all the signals in TEM may provide a plethora of information about a specimen, conventional imaging techniques are constrained
to 2D projections of a 3D object. To visualize this predicament, Figure 7
illustrates the projection of a 3D object, similarly to the imaging process in
the TEM. It is clear that this projection does not properly represent the structures of the original object. However, by creating a tomogram the 3D nature
of the original structure can be understood with a series of volumetric slices
through the volume.
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Figure 7. Schematic representations of a 3D object, its projection, which illustrates
the missing structural information, and volumetric slices from a tomogram, which
better represent the original structure.

The main principles of electron tomography can be organized into three
stages: acquisition, reconstruction and visualization, which are summarized
schematically in Figure 8. In the acquisition stage, 2D projections are collected over an angular range to form a tilt-series. The TEM has a number of
operating modes, and most of these can be utilized for the collection of the
tomographic tilt-series. In standard TEM, BF images can make up the tiltseries; theses types of images reveal shape-sensitive information in threedimensions (Mobus & Inkson 2007). While BF TEM tomography is ideally
suited for purely biological specimens and samples containing polymerbased biomaterial interfaces (Mareau et al. 2007), the introduction of a crystalline material results in diffraction contrast and Fresnel fringes that severely degrade the accuracy of the reconstruction (Midgley & Dunin-Borkowski
2009). In the study of bone in contact with crystalline materials, HAADF
STEM is one of the only options for acquiring a tomographic series, as it
alleviates problems associated with non-monotonic variations in contrast
arising from the crystalline biomaterial. Additionally, HAADF imaging provides the advantage of compositional contrast based on the atomic number of
the sample. Therefore, this type of tomography is also referred to as Zcontrast electron tomography.
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Figure 8. The three main stages of tomography; A) Acquisition: projections of a
three-dimensional object are acquired over a large angular tilt range. Ideally, ±90◦
offers the best reconstruction, but geometrical limitations of tomographic instrumentation may limit this value. B) Reconstruction: projected images are back-projected
onto a three-dimensional volume. C) Visualization: serial sectioning through the
reconstructed volume in the Z-direction.

In the TEM, the maximum angular tilt-range achievable is limited by the
instrument and sample holder geometry. The unsampled tilt-range region is
referred to as the missing wedge and is the source of most artefacts in the
reconstruction stage. The missing wedge, Figure 9, can be reduced by implementing different acquisition schemes, such as dual-axis collection, or
different sample geometries, such as a needle shaped sample that permits
complete 360° sampling (Mastronarde 1997; Kawase et al. 2007). However,
in both these cases, specialized tomography sample holders are required,
which were not accessible for the work in this thesis.

Figure 9. Owing to geometrical limitations of the instrument, tomography in the
electron microscope always results in an unsampled area, referred to as the missing
wedge.

Following the acquisition stage, 3D image reconstruction techniques are
employed to build-up the 3D information from the acquired 2D projections.
As the modification or improvement of reconstruction algorithms was not
the aim of this thesis, readers are encouraged to consult the works of
Crowther et al., DeRosier et al, Frank and Gordon for a deeper understanding or for the origins some of the most commonly used reconstruction algo26

rithms (De Rosier & Klug 1968; Crowther et al. 1970; Gordon & Herman
1974; Frank 2006). In this work, the main method employed was a simultaneous iterative reconstruction technique (SIRT) (Gilbert 1972), in which 2D
projections are re-projected iteratively to create a difference tomogram. The
maximum attainable resolution in a 3D reconstruction was traditionally determined using the Crowther criterion:
! =   

!"
!

where the resolvable distance, d, is proportional to the diameter, D, of the
object, and inversely proportional to the number of projections acquired of
that object, N (Crowther et al. 1970). However, since images cannot be acquired over the entire ±90° range, a reduction in the resolution occurs along
the optic axis in conjunction with the missing wedge. Radermacher et al.
have accommodated for this by approximating the geometry of the specimen
with an extended slab geometry, thus:
! =   
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where T is the specimen thickness, and αmax is the maximum achievable tilt
angle (Radermacher 2006). Therefore, improved resolution depends not only
on using an instrument with an overall high-resolution, but it is also dependent on the size of the features to be reproduced, the maximum angle of allowable tilt and decreasing the angular increment between projections
(Midgley & Dunin-Borkowski 2009). Using the above equations, the tomograms in this thesis achieve a theoretical resolution of between 3–4 nm, far
superior to the 1 μm resolution attained in evaluations of biomaterial–bone
interfaces with X-ray microtomography techniques (Weiss et al. 2003).
All electron tomography in this thesis was performed on the FEI Titan 80300 microscope at the Canadian Centre for Electron Microscopy at McMaster University, Canada with the Advanced Tomography Holder model 2020
(Fischione Instruments, PA, USA). Automated focusing, image shifting and
acquisition of HAADF STEM images over an angular range of ±75° (for the
biomaterial–tissue interfaces) or ±60° (for the mesostructured coating) was
achieved using the Explore3D software (FEI Company, The Netherlands). A
linear tilt scheme was used with image acquisition increments of 2° up to
angles of ±60°, and 1° for further angles up to ±75°. However, for the
mesostructured coating for drug delivery, a linear tilt scheme with image
acquisition every 1° up to angles of ±60° was used. Images were corrected
for shift using a cross-correlation routine and the 3D reconstructions were
computed by SIRT with 15–20 iterations using the Inspect3D software (FEI
Company, The Netherlands). Reconstructions were visualized using orthoslice, isosurface or voltex (volume texture) in Amira Resolve RT FEI Version (Visage Imaging Inc., USA).
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Interfaces

Hydroxyapatite–Bone Interface
As established in the introduction, understanding the biomaterial–bone interface is critical for the evaluation and improvement of implant materials. The
HA scaffolds investigated in this work fall under the umbrella of calcium
phosphates, one of the most widely researched categories of biomaterials in
bone applications. The characterization of the interface between calcium
phosphates and bone is the subject of the review presented in Paper IV. As
such, readers are referred to this paper for a comprehensive review on findings made with light and electron microscopy techniques, while a basic introduction to the events at the interface of in vitro and in vivo situations is
summarized here.
HA is considered to be bioactive due to the formation of a bone-like apatite layer on its surface in vitro and in vivo, meaning a layer which is apatite
based, carbonate containing and needle-like in morphology (Leng et al.
2003). The mechanisms that govern this bone-like apatite formation in vitro
have been proposed by a number of groups (Hench et al. 1971; Bagambisa et
al. 1993; Cao & Hench 1996; Kim et al. 2005). It is generally believed that
formation is controlled via a dissolution-reprecipitation mechanism, ion exchange or epitaxial growth (Ducheyne 1999; Bagambisa et al. 1993). In the
dissolution mediated theory, material properties of HA, including particle
size, porosity, surface area, defect structures and crystallinity, strongly control the solubility and thereby dissolution and reprecipitation ability in vitro
and in vivo (LeGeros 2002; Porter 2006; Tracy & Doremus 1984; Porter,
Best & Bonfield 2003b; Porter, Best & Bonfield 2003a; Daculsi et al. 1989;
Weng 1997). However, non-calcium containing materials have also been
shown to form a bioactive surface apatite layer, suggesting that dissolution
may not be the only factor for apatite formation on HA (Canham 1995).
In one such alternative explanation by Kim et al., the apatite layer formation is caused by surface charges (Kim et al. 2005). According to their
study, the surface of HA has a slightly negative charge, owing to the oxygen
ions in the slightly polar –OH groups. This charge creates a gradient for positive calcium ions from the simulated body fluid (SBF) to deposit on the
surface of HA. With an accumulation of calcium ions, the surface charge
approaches slightly positive, and with this change, phosphate ions from solution are attracted to the surface. The phosphate ions are incorporated onto the
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surface and an amorphous calcium phosphate layer results. With increasing
soaking time in SBF solutions, this amorphous layer crystallizes (Kim et al.
2005). In some investigations, this apatite layer has taken the form of needlelike crystals aligned perpendicular to the HA surface (Porter, Botelho, et al.
2004a).
According to Kokubo et al., a material that forms an apatite layer on its
surface in vitro is likely to form a similar surface-active layer in vivo (Kokubo & Takadama 2006). However, this so-called rule of thumb has been
found to vary among some bioceramics (Xin et al. 2005) and in other cases,
the complete lack of a surface apatite layer has been noted (Porter, Patel, et
al. 2004b; Neo et al. 1992; Porter et al. 2002). In general, it is this layer on
HA, which may grow between 50–1000 nm, that facilitates bonding with
bone tissue (Tracy & Doremus 1984; Fujita et al. 2003). The events that
occur at the interface between HA and bone in vivo are, however, much
more complex than the in vitro situation. A defined series of chronological
events has been proposed by Ducheyne et al., which encompasses the cellular and protein activity on surfaces in vivo (Ducheyne 1999). The situation is
furthermore complicated by the variability of HA samples and animal models studied in in vivo investigations, leaving a lack of consensus on the properties of the formed apatite layer, such as chemical composition or phase,
and crystal orientation. A number of these competing views are expressed in
more detail in Paper IV.

Titanium–Bone Interface
The use of titanium and titanium alloy materials has been prevalent in loadbearing implant situations such as, dental applications, spinal stabilization
and occasionally total joint replacements. Therefore, the interface between
these materials and bone has been of much interest over the last decade. Due
to the combination of its corrosion and wear resistance, high mechanical
strength, and superior biocompatibility, titanium secures preferred use compared to other metallic implant materials (X. Liu et al. 2004). Particularly in
load-bearing applications, a stable and early fixation at the implant–bone
interface is critical to prevent osteolysis, initiated by wear particles, which
causes the resorption of bone, and eventual aseptic loosening of implants
(Sundfeldt et al. 2006).
Titanium surfaces have been found to promote osseointegration, and have
thus been the subject of many investigations. By altering the chemical and
physical surface properties of titanium and titanium alloy materials, it is
believed that improved osseointegration can be achieved. It is commonly
accepted that the surface oxide layer of titanium, titania (TiO2), facilitates
improved bony ingrowth (P.-I. Brånemark et al. 1977). This native surface
oxide layer can easily be augmented with simple alkaline or heat treatment
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methods (Hazan et al. 1993; Nishiguchi et al. 1999), while other techniques
include grit blasting, chemical etching, plasma spraying, sol-gel treatment,
physical vapour deposition and laser-modification (X. Liu et al. 2004).
It has been shown that both the anatase and rutile phases of titania enhance the bioactivity of titanium, yet in some cases increased apatite formation is seen on anatase phase surfaces, perhaps due to the availability of
preferred epitaxial growth directions (Wu et al. 2004; Uchida et al. 2003;
Rohanizadeh et al. 2003).
In addition to an augmented surface oxide, other surface properties such
as porosity and topography, both micro and nano, play an important role in
improving osseointegration of titanium-based implants. The inclusion of one
or both topographies has shown improved cellular response in vitro, and
increased bone growth in vivo (Hori et al. 2010; R. Brånemark et al. 2011;
Wennerberg & Albrektsson 2009).
These surfaces, with their chemical or physical modifications, have been
studied extensively with light and electron microscopy techniques. While
LM generally enables large-scale evaluations of the interface and quantitative measurements such as bone area and bone–implant contact, it does not
provide a clear understanding of the structure of the interface between titanium and bone. Studies in the literature with electron microscopy are quite
inconclusive as well due to the variability in titanium substrate, surface
treatments or morphology, animal model, and preparation methods employed in each study (Palmquist 2008). It is generally agreed upon that an
electron dense layer appears at the interface between titanium and bone tissue (Palmquist 2008). However, varying theories exist on the composition
and formation of this layer. The first theory by Davies et al. describes the
interfacial zone as being similar to the cement line in remodelled bone; a
region of non-collagenous proteins which attaches to the surface and is followed by the initiation of mineralization (Davies 2007). In other experiments, this zone is described as being a dense mineralized collagen fibre
matrix (Linder et al. 1983; Albrektsson et al. 1981) or a proteoglycan rich
unmineralized zone (Steflik et al. 1999). A major limitation of these observations is the lack of high resolution and 3D data.
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Aims of the Thesis

The interface between hydroxyapatite and titanium based implants has been
the subject of much debate in the literature. There exists a paucity of data
and lack of consensus on the organization of bone apposing implant materials. The inconsistency in the literature may arise from the use of insufficient
analysis methods. The aim of this thesis is to apply electron microscopy
techniques, in particular electron tomography, to contribute to the understanding of bone response at an implant surface.
More specifically, the investigations aim to utilize electron tomography to
understand the ultrastructure of bone interfacing to select biomaterials: hydroxyapatite and laser-modified titanium and Ti6Al4V.
A secondary aim is to evaluate a novel surface for enhancing osseointegration; with the intent to demonstrate that, in addition to the characterization of their interfaces, electron tomography can be extended to aid in the
design of biomaterials themselves.
Ultimately, the findings of this work may complement the current understanding of bone bonding mechanisms and lead to the development of improved biomaterials for the future.
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Hydroxyapatite Scaffolds for Bone
Regeneration

Materials & Methods
Scaffold Production
It has been shown that bone ingrowth and interfacial implant stability are
strongly dependent on both macro and microporosity (Malmström et al.
2007). Connected macroporosity greater than 50–100 µm is required to enable vascularization and has been shown to encourage bony ingrowth and
improve implant stability (Bonfield 2006; Lu et al. 1999). To control pore
geometry and fraction, scaffold materials were produced using a free form
fabrication method, which employs a 3D inkjet-printing principal. Porous
HA and zirconia scaffolds (ø = 3 mm and l = 4 mm) with square-shaped
interconnected channels (approximately 350 µm) define the macroporous
structure, shown in Figure 10. A previous study indicated that open microporosity comprised approximately 22 vol% of the HA scaffold (Malmström et al. 2009).

Figure 10. CAD drawing of the scaffold geometry, exhibiting large macroporous
square-shaped channels to encourage osseointegration.

Surgical Procedures, Retrieval & Processing
Patients recommended for implant treatment in the premolar region of the
maxilla and between the ages of 20 to 75 were included in this study. A variety of exclusion criteria applied, as detailed in Paper I. Ethical approval was
obtained from the ethical research committee at Linköping University, Linköping, Sweden (Dnr. M35-05).
Twelve patients (six men and six women, 48–72 years old) received the
implants in the maxilla, according to the surgical protocol outlined in Paper
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I. While 12 patients initially took part in the investigation, only 4 retrieved
samples were allotted for SEM and TEM analysis, while the remainders
were intended for another study.
Specimens were retrieved with surrounding bone tissue using a trephine
drill (5 mm inner diameter) after either three or seven months of implantation time. Retrieved specimens were fixed, dehydrated and embedded in
plastic resin, prior to sectioning and sputter coating with gold for SEM analysis.

Results & Discussion
Paper I
In Paper I, preliminary electron microscopy investigations were carried out
on the aforementioned HA scaffolds implanted in the human maxilla for 3
and 7 months. The zirconia–bone interface has also been investigated in
Paper I, yet the limited bone–implant contact and lack of bioactivity prevented additional studies on this material interface, and as such, it will not be
discussed further in this thesis.
The micrographs shown in Figure 11 exemplify the strong contrast
achieved between bone and implant material, in spite of their similar composition, by collecting BSE in the SEM. This technique was particularly useful
to identify regions with intact interfaces for further TEM study, such as the
boxed region in Figure 11 B). Good biological fixation, usually defined by
bone growth into pores greater than 150 µm (Cao & Hench 1996), was also
demonstrated with SEM BSE imaging. Furthermore, one of the main artefacts, interfacial separation, which has limited the number of samples suitable for TEM throughout this thesis, is evident upon further inspection of the
samples; crack formation in bone tissue, rather than between the implant and
bone, was shown to be a recurrent event induced during the removal and
processing stages.

Figure 11. BSE SEM micrographs showing bone ingrowth into the HA scaffold, A)
an overview, and B) higher-magnification, including the region selected for FIB,
which is denoted by a rectangle.
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Subsequent investigation with HAADF STEM revealed the formation of an
interfacial apatite layer, 80 and 50 nm in thickness for 3 and 7-month samples, respectively. This apatite layer is hereafter referred to as bone-like HA
or interfacial apatite in order to differentiate it from the HA scaffold and
natural bone, which also contains apatite crystals. Bone-like HA formation
in micropores was also noted in FIB lamellae up to 2 µm from the exterior of
the implant, which was further corroborated with rough FIB cross-sectional
milling up to 10 µm from the implant surface. It has been suggested from
experiments on PSHA in SBF that micropores maintain a relatively high
supersaturation with respect to apatite and are therefore favourable for the
nucleation of bone-like apatite within (Weng 1997).
With increased implantation time, regions of the 7-month sample began to
show signs of dissolution and resorption, Figure 12, characterized by a jagged interface. It is important to note that the regions exhibiting the most advanced dissolution are consistent with grain boundaries, which have been
shown to be initiation sites for dissolution of HA ceramics (Wen & Q. Liu
1998), and when in great abundance, such as in Si–HA ceramics, increased
dissolution due to triple-point junctions was suggested to promote bone remodelling and improve the quality of bone formed (Porter et al. 2006).

Figure 12. STEM HAADF micrograph of the HA–bone interface after 7-months implantation, revealing bone growth into micropores (a), an interfacial apatite layer (b),
signs of dissolution and resorption (c), and distinct collagen banding in region (d).

Elemental analysis across the HA–bone interface, for example Figure 13,
consistently showed calcium and phosphorus with a decreasing compositional gradient from scaffold into bone, suggesting the formation of the distinctive bone-like apatite layer by a dissolution-reprecipitation mechanism as
proposed by Ducheyne et al. (Ducheyne 1999). It is this apatite layer that
facilitates early and effective bonding with bone. Determining the exact
composition of this layer was not within the aims of this study, and it is im34

portant to note that distinguishing between various forms of apatite is generally outside of the detection limits of the EDXS technique. However, the
ratio of calcium to phosphorus in this interfacial apatite layer suggests the
layer is likely HA or a carbonate substituted form, which is generally agreed
to be the composition that forms on bioactive materials (Daculsi et al. 1990).

Figure 13. STEM HAADF micrograph, A), and accompanying EDX spectra, B),
across the interface denoted in A). The double-headed arrow ↔ indicates the bonelike apatite layer precipitated on the implant in vivo.

While the results of Paper I give evidence for the existence, and speculate
on the formation, of the interfacial HA apatite layer, both the imaging and
elemental analysis techniques are 2D in nature. Furthermore, due to the relatively small region of interest compared to the available apertures for selected area diffraction (SAD), concrete information on the orientation and phase
of the interfacial apatite layer was not attainable via diffraction techniques.

Paper II & III
The focus of Paper II, which was further reviewed and remarked upon in
Paper III, is the 3D analysis of the 7-month implanted HA scaffold. For the
first time, electron tomography on the interface between a hard implant material and bone tissue was performed.
While high-resolution electron microscopy may be used to reveal structural information such as crystal orientation and epitaxial growth, it requires
an especially thin specimen and is merely capable of producing a 2D projection of a 3D specimen. On the other hand, electron tomography does not
require an extremely thin specimen and can provide some of the same structural information. In fact, a thicker specimen enables the collection of a larger amount of information, and specimens up to several microns in thickness
have been investigated using this technique (Sousa et al. 2011).
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In this study, the geometry of the approximately 70 nm thick sample allowed for tilting between ±75°, to provide a tilt-series comprised of 90 images, with the image captured at 0° tilt shown in Figure 14. From these images, the interfacial apatite layer, along with collagen banding running perpendicular to the surface of the implant, are visible.

Figure 14. HAADF STEM micrograph at 0° tilt showing the interfacial region of
interest between the bone and implant material.

Using a SIRT reconstruction method, the 3D volume was computed, and is
visualized in Figure 15. For the first time, implant osseointegration was discernable in both three-dimensions and with nanometre resolution.

Figure 15. Visualizations of the HA scaffold–bone interface, as viewed from different perspectives in A) and B). The solid region, to the right in each image, represents
the implant, while the bone and interface region are textured.
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The significant findings of this paper are related to the orientation of the
interfacial apatite layer and bone apposing HA scaffold materials implanted
in humans. Numerous competing views on the interfacial mechanisms, products and its properties such as orientation, exist in the literature based on
TEM studies alone (Kitsugi et al. 1995; Daculsi et al. 1990; de Bruijn et al.
1995; de Lange et al. 1990; Hemmerle et al. 1997; Xin et al. 2005; Leng et
al. 2003; Fujita et al. 2003). This discrepancy may be in part due to the varying materials and implantation protocols investigated. However, by studying
the 3D visualizations and individual slices through the reconstructed volume,
it was evident that, for this particular HA scaffold material, the orientation of
HA crystals in the natural bone matrix differs from that of HA crystals laid
down in vivo on the implant surface. To clarify the regions and orientations
as determined by ET, a schematic is provided in Figure 16.

Figure 16. Schematic illustration of the orientation of HA crystals in bone and at the
HA scaffold interface as revealed by electron tomography. Crystals in bone are
oriented with their c-axes parallel to the implant surface, while HA crystals precipitated on the scaffold surface are oriented perpendicular to the implant.

HA crystals in bone have hexagonal symmetry with their long axis corresponding the c-axis of the crystal. From the 3D reconstruction, plate-like
crystals in the natural bone matrix with their long axes oriented parallel to
the interface were clearly visible. In addition, collagen banding, the origin of
which has been discussed prior in this thesis, was visible perpendicular to the
implant surface in 2D images, which further confirms the orientation of the
structures viewed in the 3D model. However, the HA crystals located in the
interfacial zone exhibit both different size and orientation. These smaller
particles are oriented with their c-axes perpendicular to the surface of the
implant. Since it is commonly believed that bone bonding, or so-called bioactive fixation, is facilitated through this interfacial apatite layer (Cao &
Hench 1996), achieving a better understanding of its formation, orientation
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and the surface properties of implants that encourage its formation, could
assist in the betterment of future biomaterials surfaces.
Coupling the 3D utilities of tomography with Z-contrast imaging has enabled the definitive visualization of bone and interfacial HA orientation,
which will perhaps aid the scientific community in forming a consensus on
the organization of bone immediately apposing HA implants.
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Titania Surfaces for Osseointegration

Materials & Methods
Surface Laser-Modification
Biohelix® implants provided by Brånemark Integration AB were investigated. Implants were produced from either of Grade I commercially pure Ti or
Grade V Ti6Al4V. The valleys of these screw-shaped implants, which
measure 3.75 mm in diameter and 13 mm or 5 mm in length, for implantation in humans and rabbits, respectively, were laser-modified in air using a
Q-switched Nd:YAG laser. This resulted in a thread valley surface that
showed both micro and nanotopography, as shown in Figure 17. Further
information on implant laser-modification can be found in the publications
by Palmquist et al. (Palmquist et al. 2010; Palmquist et al. 2011).

Figure 17. SEM micrographs of the Biohelix® implant A). The laser-modified
thread valley regions have micro and nanoscale roughness, B) and C), compared to
the smooth turned surface of the thread tops, D) and E).

Surgical Procedures, Retrieval & Processing
Laser-modified commercially pure implants (13 mm in length) were placed
in the lower jaw of a 66-year-old male patient. After two and a half months
healing, two of the implants were removed to prevent future hygienic problems. Fixtures were retrieved under local anaesthesia with a 4.25 mm diameter trephine drill and sent to Biobank 513 at the Sahlgrenska Academy at the
University of Gothenburg, Sweden.
Analogously, the laser-modified Ti6Al4V implants (5 mm in length) were
placed in the tibia of New Zealand White rabbits and retrieved with sur39

rounding bone after eight weeks healing. This study was approved by the
local animal ethics committee at the University of Gothenburg (Dnr. 30606).
All retrieved specimens were processed similarly with sequential fixation
in 2.5% glutaraldehyde, dehydration in a graded series of ethanol, and embedding in plastic resin, followed by longitudinal slicing and polishing of the
surface for SEM analysis. Where necessary, samples were also sputter coated with Au or Au-Pd to reduce charging.

Mesoporous Coating Production & Evaluation
MT coatings were produced on Grade 2 titanium substrates using an evaporation induced self-assembly method (EISA). This approach enabled production of homogeneous coatings at relatively low processing temperatures with
the added versatility to control coating thickness via dip coating speed. Coating precursors of titanium tetraisopropoxide:P123:HCl(37%):ethanol were
prepared in the weight ratio of 1.0:0.2:0.7:3.0. After vigorous stirring, and
storage at -15 °C, the titanium substrates were dip coated at a rate of 1
mm/min. The coated samples were aged at -15 °C for one day, followed by
calcination at 300 °C (ramping rate of 1 °C/min) for 4 h. For more specifics
on coating production and the evaluation methods that arise in the following
sections, readers are referred to Paper VII.
Drug Loading & Release
Titanium substrates were loaded with the antibiotic Cephalothin by soaking
in a 1 mg/ml aqueous solution for varying time points at 37 °C. The drug
loading capacity was determined by thermogravimetric analysis (TGA),
ramped at a rate of 10 °C/min to 600 °C. The loaded substrates were released
into a PBS solution, which was circulated through a UV cell where the concentration of Cephalothin was measured every 10 min for 24 h.
Coating Adhesion
Two methods: screw-in/screw-out testing in rat femur, and scratch testing
were used to evaluate coating adhesion. In the first case, the 2 mm implants
were placed in an undersized cavity of 1.8 mm, completely screwed in and
screwed out again. In the second case, a load of 20 or 30 N was applied
across the surface with a scratch tester. In both cases, the adhesion of the
coating to the surface was assessed qualitatively with SEM.
Bioactivity, Biocompatibility, and Antibacterial Evaluation
Bioactivity was evaluated by soaking MT, oxidized titania, and MT loaded
with Cephalothin in SBF at 37 °C for 12 h, 1 day or 3 days. To improve HA
formation, samples were washed in NaOH. The formation of HA on the surfaces was evaluated with XRD.
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The biocompatibility of MT and Cephalothin-loaded MT was assessed
with MG-63 human osteoblastic-like cells after 1, 3 and 5 days incubation
with the alamarBlue® viability test. Cells were prepared for morphological
appraisal with SEM according to the details in Paper VII.
The antibacterial properties of Cephalothin-loaded MT were evaluated
with agar diffusion and direct contact tests. In agar diffusion tests, E.coli
(DH5α) was inoculated uniformly onto Mueller-Hinton agar in a petri dish.
Drug-loaded and control MT were placed in each dish and incubated aerobically overnight at 37 °C. Dimensions of the inhibition zone were measured
by digital microscope. In direct contact tests, bacterial suspensions of 109
cfu/ml were spread on each specimen. Bacterial reduction was determined
by the alamarBlue® assay. For more details, see Paper VII.

Results & Discussion
Paper III & V
In Paper III and Paper V, the osseointegration of titanium implants with a
laser-modified surface, which exhibits complex micro and nanoporosity, were
evaluated with STEM HAADF imaging, EDXS, and electron tomography.
A roughened, granular layer at the interface shows the nanotopography of
the laser-modified surface, Figure 18. While the accompanying EDXS results show promising evidence that a bone-like matrix is intermixed with the
surface oxide layer, there is the risk that some signals overlap due to the
roughness of the laser-modified surface and the inherent 3D nature of the
sample. So, although it appears that calcium and phosphorus are present
throughout the oxide layer, increasing in concentration towards the bone
matrix, while the titanium signal simultaneously decreases, it is prudent to
confirm these results by another method.

Figure 18. STEM HAADF image A) of the laser-modified titanium surface interfacing to bone, and corresponding EDXS line scan B). Collagen banding is seen in
intimate contact with the roughened oxide surface and elemental analysis suggests a
region of bone and oxide intermixing. The double-headed arrow ↔ indicates the
surface oxide layer.

41

Due to the large difference in atomic number between titanium oxide and
bone tissue, the compositional contrast in HAADF images, which is proportional to the atomic number squared, enables the distinction between these
two materials. Therefore, use of this type of imaging in a tomographic reconstruction, as was done in Paper III and Paper V, enabled the visualization of the surface oxide layer intermixing with bone matrix, as shown in
Figure 19.

Figure 19. Three-dimensional reconstructions of the laser-modified titanium (bottom) and bone (top) interface. A grayscale rendering in A) highlights the bright
titanium dioxide particles and fibrous collagen layer above. The same region, shown
in B), in colour with increased transparency, highlights the intermixing of oxide
particles (light blue) with bone matrix (red).

The combined results of HAADF imaging, EDXS, and ET indicate that a
mineralized bone-like matrix completely intermixes with the oxide layer at
the immediate implant surface, and bone with aligned collagen fibres orients
itself parallel to and in direct contact with the oxide layer. However, since no
staining has been performed, the composition of the mineralized layer, i.e. if
it is completely collagen free, proteoglycan based, or originates from a collagen matrix, as commonly debated (Steflik et al. 1999; Davies 2007), cannot be commented upon. In summary, the high-resolution 3D reconstructions
have demonstrated the existence of nanoscale osseointegration and parallel
alignment of collagen to the titanium implant surface. Interestingly, this result is in agreement with the orientation of bone found apposing HA scaffolds in Paper II and III.

Paper VI
In Paper VI, a similar implant to that which is presented in Paper III and
Paper V was evaluated. In this paper, however, the laser-modification was
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performed on Ti6Al4V implants, in contrast to commercially pure titanium,
and the implants were assessed in the rabbit model rather than human subjects.
Similarly to previous studies, a single-axis tilt-series was obtained over
the interface of interest. A selection of these images is shown in Figure 20.
These images are a prime example of the dependence of the 2D projection
on the tilt angle. Therefore, interpreting the structure of the interface from
these images alone is quite difficult.

Figure 20. Original HAADF images acquired as part of the tilt series. The oxide
layer of interest is marked with arrows. Notice how the structure varies with tiltangle, further supporting the need for 3D information to fully understand the interface.

Using the SIRT algorithm, the 3D volume of this region of interest was obtained. One of the alternative visualization approaches to 3D renderings is to
view tomograms by volumetric slicing, in which you move slice-by-slice
through the reconstructed volume of the sample. By slicing through the reconstructed z-direction, as in Figure 21, we identified the columnar oxide
interface, and more importantly, tracked circular holes, representing collagen
fibres viewed in cross-section, throughout the thickness of the reconstruction.

Figure 21. Volumetric slicing through the thickness of the sample. Arrows indicate
the laser-modified oxide layer, while the white circle tracks the progression through
the sample thickness of some collagen fibres that are oriented parallel to the surface
and viewed here in cross-section.

In addition to showing a bright oxide surface layer in contact with the lighter
contrast bone matrix, the volumetric slices also are useful for understanding
the orientation of bone in contact with the interface. 3D renderings can also
be referred to, Figure 22. Similarly to the previous study on laser-modified
titanium in humans, the collagen in bone apposed to laser-modified surfaces
on Ti6Al4V in rabbits is also oriented parallel to the implant surface, alt43

hough viewed here in cross-section. Reference to control surfaces without
laser-modification was not possible due to separation at the interface. However, a commercially pure titanium laser-modified screw was also studied
with ET after implantation under the same conditions in rabbit and again
showed collagen running parallel to the implant in the immediate vicinity of
the oxide layer.

Figure 22. Three-dimensional grayscale rendering of the bone (top) and lasermodified Ti6Al4V implant (bottom). The oxide layer is indicated by arrows, while a
number of circles highlight the collagen fibres in cross-section, which run parallel to
the implant surface.

These results suggest that nano-osseointegration occurs both at the interface
of titanium and titanium alloy implants. In these specific examples, the slight
differences in chemical composition of the surface oxide layer did not affect
the apposition of bone as viewed with high-resolution 3D ET. It is possible
that, in this case, the more important feature for encouraging osseointegration is the micro and nano-topographical surface, as suggested by many in
the literature (Davies 2007; R. Brånemark et al. 2011).

Paper VII
In Paper VII, mesoporous titania coatings for improved osseointegration
and potential drug-delivery from titanium implant surfaces were produced
via an EISA method.
One of the most important factors to consider with mesoporous materials
is the spatial arrangement of their pores; i.e., pore size, shape, regularity and
connectivity (de Jong & Koster 2002). The surface morphology of the produced coatings, as determined with SEM in Figure 23, shows a relatively
smooth surface with a close-packed pore structure. This pore network has
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been further studied in 2D by cross-sectional STEM imaging, shown in Figure 24, which provides improved resolution.

Figure 23. SEM micrograph of the mesoporous titania coating. Closely packed hexagonal pores are visible on the surface.

From the cross-sectional analysis, it was clear that the porous network extended through the thickness of the coatings, providing a large surface area
for encapsulation of drugs for diffusion-based release. The thickness of the
coatings is approximately 200 nm, but could be varied with dip-coating
speed to produce thicker or thinner coatings. The composition of the coating,
established with XRD, was anatase. Furthermore, the distribution of Ti and
O signals from EDXS mapping confirmed the oxide to have a uniform composition.

Figure 24. Cross-sectional HAADF STEM micrograph of the mesoporous titania
coating, with higher magnification inset displaying the hexagonal close-packed pore
structure. A native oxide layer is visible between the titanium substrate and mesoporous titania.

45

In addition to the characterization of the implant coatings with electron microscopy, the coatings were also evaluated for their adhesion, bioactivity,
biocompatibility and drug-delivery potential. Screw-in/screw-out tests in rat
femur and scratch testing showed the coatings were sufficiently adhered to
withstand implantation. Soaking in SBF solutions induced formation of an
HA layer on the surface of MT, while no layer formed on the control oxidized anatase surfaces. Biocompatibility was inferred as no cytotoxic effect
on the osteoblastic cell line MG-63 was noted. Furthermore, the drugdelivery potential of MT was assessed by the loading and release of the antibiotic Cephalothin. Maximum loading occurred within 12 h and gradual
release rates suggest its potential as a drug carrier. The effectiveness of antibiotic-loaded MT was further supported by Agar diffusion tests, which
showed an inhibition zone surrounding drug-loaded MT disks.

Paper III
The bioactivity of mesoporous titania thin film coatings and their potential as
drug carriers was demonstrated in Paper VII. In Paper III, the 3D pore
structure was evaluated.
The SEM and HAADF STEM images obtained in Paper VII, both indicate a hexagonal pore structure. Yet, without 3D imaging techniques, it is
difficult to confirm if the pore structure is completely 3D, open or closed. Zcontrast ET, with volumetric slicing and 3D renderings, Figure 25, has confirmed that the coatings form an open 3D pore network, which increases
their suitability as a drug-carrying implant surface.

Figure 25. Orthogonal volumetric slices through the reconstructed titanium interface
with mesoporous titania, A), and 3D rendering of a section of the mesoporous titania
coating, B). Both of these techniques enable the visualization of the threedimensional porous network.
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Future Perspectives

As in many scientific ventures, often the pursuit of one set of answers brings
about a new set of questions. Likewise, in this study, there remain a number
of interesting avenues to investigate related to, for example: the spatial information reconstructed from mesoporous materials, alternative tomography
acquisition techniques, improved sample preparation, and the planning of in
vivo investigations.
Undoubtedly, further study on mesoporous titania coatings is called for.
This material has shown potential for not only improving surface bioactivity
and biocompatibility, but also enabling drug-delivery. In order to further
exploit this material for drug-delivery applications, more quantifiable characteristics could be extracted from the 3D model and used in computer simulations to better understand the release mechanisms of drugs from this porous network. Moreover, it would indeed be interesting to determine if bone
growth into the nano-sized pores is possible, and to compare the bone morphology apposing mesoporous and non-porous titania surfaces.
From a microscopy viewpoint, I feel it would be rather interesting to investigate other tomographic acquisition schemes and compare the effect that
the so-called missing wedge has on a quantitative reconstruction. Unfortunately, our study was limited by the instrumentation and software available,
only allowing for acquisition of single-axis electron tomographic series.
However, the missing wedge can be reduced to a missing pyramid by implementing dual-axis acquisition, and eliminated all together with a needleshaped sample and on-axis acquisition (Arslan et al. 2006; Kawase et al.
2007). Yet, perhaps of much greater interest for this work is the collection of
energy-filtered spectral images over an angular range, so-called EFTEMtomography. By recording elemental maps over a tilt-series, both structural
and chemical information can be extracted from the reconstruction (Midgley
2003; Midgley & Dunin-Borkowski 2009). This technique has been demonstrated on biological specimens (Leapman et al. 2004), yet it is unclear how
every beam-sensitive material will respond to such electron doses, therefore
the refinement of this technique for biomaterial–bone interfaces would be of
much interest in the future.
Furthermore, sample preparation techniques, which require embedding of
bone–implant samples in plastic resin, have proven to be the main limitation
in site availability for TEM investigation in this study as the inherent mechanical forces cause the interface between bone and implant to split apart.
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Recent developments in cryo–FIB microscopy enable the complete cryo–
preparation, transfer and subsequent cryo–TEM of biological samples. While
this approach requires access to substantially advanced microscopy facilities
and cryo–preservation of explanted samples, it may present the best approach for investigating tissues interfacing to implant materials in an as near
natural state as possible and, therefore, should be investigated in the future.
The main findings of this work indicated that ET could be used to understand the 3D structure of biomaterials and bone tissue at an interface. While
the findings in this thesis are significant in this regard, a systematic timeresolved study with multiple patient profiles and a larger number of specimens would be of increased value. In the future, coupling ET studies with
mechanical interfacial information, such as bone–implant pull-out strength,
could assist in determining if a particular observed interfacial nanostructure
represents a stable interface. Once stability is identified, the materials that
induce the preferred nanostructure could be distinguished and further improved upon. Unfortunately, such a study was not within the time frame of
this thesis. Often samples for electron microscopy are considered more of an
afterthought in animal and clinical studies, and it is my hope that this work
informs medical professionals and research clinicians of the importance of
allocating sufficient numbers of samples for electron microscopic investigation in the future.
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Conclusions

This thesis demonstrates that 2D imaging techniques are insufficient for the
investigation of nanostructured biomaterials, as well as their interface to
bone. For the first time, the interface of hard implant materials with bone
was imaged in three-dimensions with nanometre clarity. It was shown that
the orientation of bone apposing HA, titanium and Ti6Al4V implants is consistently parallel to the implant surface, where the bioactive layer that precipitates on HA is oriented perpendicular to the implant. Nanoscale osseointegration of titanium-based implants was also established. Furthermore, the
extension of this technique from interfacial analyses to the design of biomaterials provided an understanding of the 3D pore structure of mesoporous
titania for controlled and site-specific drug-delivery.
This work provides evidence of the advantages of Z-contrast electron tomography in the study of biomaterials and their interfaces to bone tissue.
Visualizing biointerfaces and biomaterials with nanometre precision in
three-dimensions can expose new fundamental information on materials
properties and their interaction in vivo, enabling better design of biomaterials
for the future.
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Swedish Summary

Interaktioner i gränsytan mellan ett biomaterial och den närliggande vävnaden påverkar hur framgångsrikt implantatet kommer att bli. Dessa interaktioner påverkar även livslängden för implantatet. Benersättningsmaterial och
benimplantat är starkt beroende av bra bindningar till omkringliggande ben.
Att förstå hur benvävnaden påverkas vid gränsytan till implantat på en nanonivå är viktigt vid utvecklingen av nya optimerade biomaterial.
De främst använda teknikerna för att studera gränsytor mellan ben och
biomaterial är baserade på en kombination av ljus-, elektron- och röntgentekniker, så som ljusmikroskopi (LM), svepelektronmikroskopi (SEM),
transmissionselektronmikroskopi (TEM) och röntgen datortomografi (CT).
Men dessa tekniker har alla minst en av följande nackdelar, de har antingen
otillräcklig upplösning eller så är de tvådimensionella (2D).
På grund av den inhomogena naturen av biologisk vävnad vid ett gränssnitt, speciellt benvävnad, är 2D-bilder ofta inte tillräckligt detaljerade för att
kunna se komplexiteten i gränsytan. Den ökande användningen av nanoteknologi inom design och produktion av biomaterial innebär dessutom att karakterisering måste ske på en liknande längdskala.
Trots den högupplösta kapaciteten hos TEM så skapas det en 2D-bild av
vad som egentligen är ett tredimensionellt (3D) prov. För att kringgå nackdelarna med konventionella analysmetoder kan elektrontomografi användas,
vilket möjliggör både hög upplösning och 3D avbildning av ett biomaterial
och dess gränsyta till vävnaden. Med denna teknik kan man få överlägsen
upplösning kombinerat med 3D funktioner som liknar röntgentomografi.
I den här avhandlingen har Z-kontrast elektrontomografi (ET) använts på
två olika benersättningsmaterial. Tekniken har först används för att få en
bättre förståelse av mekanismerna för bentillväxt vid gränsytan för ett implantat, med in vivo-exempel på både hydroxyapatite- (HA) och titandioxidytor. Tekniken har också använts som ett hjälpmedel vid design av mesoporösa titanoxidbeläggningar, då man har kunnat analyserat 3D strukturen i
samband med utvecklingen av beläggningarna.
De första proverna som studerats, papper I till III, var baserade på HA och
implanterades i överkäksbenet på människor i tre eller sju månader. HA,
med den kemiska formeln Ca10(PO4)6(OH)2, har en liknande kemisk kompositionen som ben, vilket har gjort det till ett av de vanligaste biomaterialen.
HA räknas som bioaktivt, i och med att det fälls ut ett apatitlager på dess yta
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in vivo, vilket möjliggör en kemisk bindning med det närliggande benet. Det
har visats att beninväxt och stabiliteten i gränsytan hos ett implantat är starkt
beroende på både makro- och mikroporositeten hos materialet (Malmström
et al. 2007). En makroporositet större än 100 µm krävs för att möjliggöra
inväxt av blodkärl i implantatet vilket har visats främja beninväxt och förbättra implantatstabiliteten (Bonfield 2006; Lu et al. 1999). Implantaten i
denna studie (ø = 3 mm och l = 4 mm) innehåller kvadratiska ihopkopplade
kanaler med sidor på ungefär 350 µm. Z-kontrast avbildning i sveptransmissionselektronmikroskopi, även kallat HAADF STEM, visade formationen av ett gränsapatitlager, 80 och 50 nm i tjocklek för tre- respektive sjumånadersproverna. Elementaranalys (EDXS) över HA-ben gränsskikten visade
konsekvent en avtagande kalcium- och fosforgradient med utgång från implantat mot ben. Detta tyder på formationen av ett apatitlager genom en upplösning-mineraliserings process som tidigare har föreslagits (Ducheyne
1999). 3D volymen av gränsytan beräknades med ET och simultanitterativrekonstruktionsteknik (SIRT). För första gången var osseointegrering urskiljbar både i 3D och med nanometerupplösning. Från 3D-rekonstruktionen
kunde man se att de plattlika kristallerna i benet var linjerade med c-axlarna
orienterade parallellt med ytan på implantatet, till skillnad mot de utfällda
HA-kristallerna i gränsytan som både var mindre och orienterade vinkelrätt
mot implantatet. Genom att koppla samman 3D information hos tomografi
med Z-kontrastavbildning kan man få en klarare bild av interaktioner mellan
ben och närliggande HA-implantat. Integrering mellan kalciumfosfat och
ben presenteras djupare i papper IV.
I den andra uppsättningen prover, papper III, V och VI, studerades skruvar
av titan och Ti6Al4V legeringar i kontakt med människo- respektive kaninben. Användandet av titan och titanlegeringar är utbrett i lastbärande applikationer, såsom tandapplikationer, ryggradsstabilisering och höftledsimplantat. Genom att ändra de kemiska ytegenskaperna tror man att man kan förbättra osseointegreringen, dessutom kan fysiska ytegenskaper, såsom porositet och topografi, både mikro och nano, spela en viktig roll i att förbättra
osseointegrering hos titanbaserade implantat (R. Brånemark et al. 2011; Hori
et al. 2010; Wennerberg & Albrektsson 2009). Dalarna i gängorna hos dessa
skruv-formade implantat var lasermodifierade i luft genom en Q-switchad
Nd:YAG laser, vilket resulterade i en yta som hade både mikro- och nanotopografi. Det kombinerade resultatet av HAADF STEM avbildning, EDXS
och ET på titanimplantatet indikerade att den mineraliserade ben-lika matrisen blandas med oxidlagret och kollagenet linjeras parallellt med ytan. 3D
modeller av Ti6Al4V implantatet i kaniner visar att kollagenet även här är
orienterade parallellt med implantatets yta. Dessa resultat tyder på att nanoosseointegrering förekommer både vid gränsytan hos implantat av titan och
titanlegeringar. I detta specifika exempel påverkade inte den lilla kemiska
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skillnaden i komposition hos ytoxiden kontakten med ben, vilket setts med
högupplöst 3D ET.
Slutligen har ET tekniken används för att karaktärisera mesoporösa titandioxidytor på titan under utvecklingen av dessa ytor, papper III och VII.
Mesoporösa material innehåller porer med diametrar mellan 2 och 50 nm.
De har fått stort intresse de senaste åren på grund av dess unika struktur, det
vill säga dess höga specifika ytarea, dess ordnade porositet, och dess stora
porvolym (Ciesla & Schüth 1999). Nyligen har mesoporösa material, såsom
modifierade mesoporös kiseldioxid och mesoporösa bioaktiva glaser, studerats som biomaterial för benregenerering och som bärare vid läkemedelsleverans (Santos et al. 2011; Vallet-RegÌ et al. 2007; Wang 2009; Xia &
Chang 2006). I den här studien tillverkades mesoporösa titandioxidbeläggningar med hjälp av en solgelmetod (EISA) och laddades med antibiotikan
Cephalothin. Avbildning med SEM och HAADF STEM visade ett poröst
hexagonalt nätverk som penetrerade hela den 200 nm tjocka beläggningen.
In- och utskruvningstest i råttlårben och skraprester visade dessutom att beläggningen satt tillräckligt bra för att klara implantering. Vid blötläggning i
simuleradkroppsvätska (SBF) fälldes ett HA lager ut på den mesoporösa
titandioxidytan, medan inget lager formades på kontrollytorna av titandioxid.
Ingen cytotoxicisk effekt på de osteoblastiska cellinjen MG-63 noterades,
vilket medför att materialet kan räknas som biokompatibelt. Man kunde se
ett gradvist utsläpp av Cephalothin när man laddade mesoporös titandioxid
med antibiotikan och sedan lät antibiotikan diffundera ut ur strukturen. Detta
indikerar att mesoporös titandioxid på titanytor potentiellt skulle kunna användas som läkemedelsbärare. Effektiviteten av den antibiotikaladdade
mesoporösa titandioxiden stöddes sedermera av Agar-diffusionstester, vilka
visade på en hämmande zon omkring de läkemedelsladdade mesoporösa
titandiskarna. Dessa positiva resultat indikerade att ytterligare information
om porernas fördelning kunde vara användbar för att förstå den mesoporösa
titandioxidens potential som läkemedelsbärare. Vid analys med ET kunde
man se det porösa nätverket och bekräfta att det faktiskt är ett öppet poröst
3D-nätverk, vilket ökar lämpligheten av materialet som läkemedelsbärare.
Denna avhandling har demonstrerat att 2D avbildningstekniker inte är tillräckliga för att studera nanostrukturer hos biomaterial, samt dess gränsområden till ben. För första gången har gränsområdet mellan hårda implantat och
ben avbildats i 3D med nanometerupplösning. Det visade sig att orienteringen av ben som sitter i närheten av HA-, titan- och Ti6Al4V-implantat är genomgående parallella mot implantatets yta. Dock är det bioaktiva lager som
fälls ut på HA implant orienterat vinkelrätt mot implantatet. Osseointegrering på nanonivå av titanbaserade implantat har också demonstrerats. Dessutom bidrog ET analyser med förståelsen av 3D porstrukturen hos mesoporös
titandioxid för kontrollerade och områdesspecifika läkemedelstransport.
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I den här avhandlingen har fördelarna med Z-kontrastelektrontomografi
demonstrerats, vilket möjliggör visualisering av biomaterial och deras gränsytor till benvävnad. Detta leder till en ökad förståelse för osseointegrering
samt bidrar till att en framtida design av bättre biomaterial.
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