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Current strategies for designing biomaterials involve creating materials and interfaces that
interact with biomolecules, cells and tissues. This thesis aims to investigate several bioactive
surfaces, such as nanocrystalline diamond (NCD), hydroxyapatite (HA) and single crystalline
titanium dioxide, in terms of material synthesis, surface functionalization and characterization.
Although cochlear implants (CIs) have been proven to be clinically successful, the efficiency
of these implants still needs to be improved. A CI typically only has 12-20 electrodes while the
ear has approximately 3400 inner hair cells. A type of micro-textured NCD surface that consists
of micrometre-sized nail-head-shaped pillars was fabricated. Auditory neurons showed a strong
affinity for the surface of the NCD pillars, and the technique could be used for neural guidance
and to increase the number of stimulation points, leading to CIs with improved performance.
Typical transparent ceramics are fabricated using pressure-assisted sintering techniques.
However, the development of a simple energy-efficient production method remains a challenge.
A simple approach to fabricating translucent nano-ceramics was developed by controlling
the morphology of the starting ceramic particles. Translucent nano-ceramics, including HA
and strontium substituted HA, could be produced via a simple filtration process followed by
pressure-less sintering. Furthermore, the application of such materials as a window material was
investigated. The results show that MC3T3 cells could be observed through the translucent HA
ceramic for up to 7 days. The living fluorescent staining confirmed that the MC3T3 cells were
visible throughout the culture period.
Single crystalline rutile possesses in vitro bioactivity, and the crystalline direction affects HA
formation. The HA growth on (001), (100) and (110) faces was investigated in a simulated body
fluid in the presence of fibronectin (FN) via two different processes. The HA layers on each face
were analysed using different characterization techniques, revealing that the interfacial energies
could be altered by the pre-adsorbed FN, which influenced HA formation.
In summary, micro textured NCD, and translucent HA and FN functionalized single
crystalline rutile, and their interactions with cells and biomimetic HA were studied. The results
showed that controlled surface properties are important for enhancing a material’s biological
performance.
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Preface

‘I love those who can smile in trouble, who can gather strength from
distress, and grow brave by reflection. ‘Tis the business of little minds
to shrink, but they whose heart is firm, and whose conscience approves their conduct, will pursue their principles unto death’.
Leonardo da Vinci

To My Magnificent Mom
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Introduction

The term biomaterials refers to materials that can be made into units and
devices to partially or completely replace the function of living tissues. A
biomaterial’s biocompatibility is one of its most pivotal and decisive characteristics, as the developed materials must be accepted by their biological
surroundings, including cells and tissues. The development of bionanotechnology by combining modern medical technologies represents a
promising path toward creating a new generation of advanced biomaterials.
Figure 1 summarizes some key factors that influence the properties of biomaterials. All of these factors play significant roles in determining whether a
biomaterial will be suitable for clinical use. In this thesis the surface properties, mechanical properties, bio-interactions, physical properties and biocompatibility of biomaterials are studied.

Figure 1. Major topics of current biomaterials research divided into the categories of
physical properties, chemical properties and biocompatibility.

A ‘bioactive material’ can be described as a material that is capable of interacting with body fluid, tissues and its biological surroundings, such as peptides, proteins, growth factors or even viruses and bacteria. Several bioactive
surfaces, that use different materials, are investigated in this thesis including
topological modifications of the surface (paper I), synthesis (paper II), and
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characterization (paper III and IV). In the present thesis, three materials
were investigated: nanocrystalline diamond (NCD), hydroxyapatite (HA)
and titanium dioxide (single crystalline rutile).

Nanocrystalline diamond
Diamond has excellent thermal, chemical, optical and mechanical properties.
Hardness is an exceptional quality that can make the material resistant to
wear. Although harder candidates, such as wurtzite boron nitride and lonsdaleite, have been developed recently 1, synthesis and large-scale commercialisation remain to be realised. Diamond is electrically insulating 2, but can
become a semi-conductor via doping (boron or phosphorus). Diamond also
has a relatively high refractive index (approximately 2.4) and is one of the
few materials that is transparent in the ultraviolet, visible and infrared wavelengths. One commercial application of synthetic diamond is as an attenuated total reflection (ATR) crystal for use in Fourier transform infrared spectroscopy (FTIR) 3. Here, the broad optical transmission window, high refractive index, chemical inertness and hardness of diamond are appreciated. Diamond has also been studied as a biomaterial 4.
NCD is polycrystalline diamond with grains smaller than approximately 100
nm. NCD has unique material properties that are similar to those of single
crystal synthetic diamond, including extraordinary mechanical properties (a
low friction coefficient, extremely hard etc.), chemical stability and biocompatibility 5. NCD is particularly favourable for use in biomedical applications, such as dental 6, orthopaedic 7,8 and ophthalmological implants 9 and
surgical instruments 10,11. Moreover, NCD is resistant to bacterial colonization when compared with steel and titanium 12. NCD is most often grown as
a solid thin film on a substrate in a chemical vapour deposition (CVD) reactor.

Hydroxyapatite
Hydroxyapatite (HA) is a natural mineral form of calcium phosphate and its
formula is written as Ca5(PO4)3(OH). Another chemical formula,
Ca10(PO4)6(OH)2, is also used to reveal the crystal unit cell that comprises
two entities of Ca5(PO4)3(OH). HA exhibits osteo-conductive, non-toxic and
non-immunogenic properties, particularly in the repair of bone and teeth 13.
The mineral in our teeth and bone (50% by volume and 70% by weight 13) is
composed of a calcium-deficient carbonated HA. Synthetic HA in different
forms, such as; powders, bulks, porous scaffolds, cements and composites,
has been widely used as a biomedical material.
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The similarity of HA in terms of chemical composition and its good biocompatibility and bioactivity make HA a preferred material in bone repair
and regeneration. Bulk HA ceramics are rarely used in orthopaedic and dental applications because of their poor intrinsic mechanical properties. However, bulk HA ceramics can be used as prototype materials for studies of the
interactions between bioceramics and cells/tissue on different scales. In this
case, the transparency of HA ceramics would allow for the direct observation of cell-material interactions using optical microscopy, which is very
difficult to achieve with currently available materials.
To achieve a transparent or translucent HA ceramic, the material should
have a dense microstructure, as pores often contribute to opacity via light
scattering. However, it is a challenge to achieve the full densification of polycrystalline ceramics 14,15, which strictly requires a good vacuum level and
high temperature and pressure during sintering. Efforts should be made to
minimize light scattering to achieve transparency in a ceramic. In the field of
optics, transparency is the physical property that describes a material that
allows light to pass through the material without being scattered. A translucent material could be defined as letting light pass through to allow objects
on the other side to be distinguished. The identification of a simple method
of fabricating transparent or translucent HA ceramics represents a technical
challenge, as the current employed method requires complicated sintering
techniques, such as hot isostatic pressure.

Bioactive Ti implants
Titanium (Ti) is widely used as a load bearing implant material in bone replacement applications 16–19. The interaction of Ti with the host tissue is of
utmost importance for the long-term clinical outcome of the implant. An
oxide forms rapidly on Ti implants after exposure to air, which then interacts
with the host tissue and determines the biological properties of the material
20
. Oxide formation has also been reported to increase the interaction with
calcium ions, which are important for extracellular protein adhesion and
future bone conduction.
Crystalline titanium oxides have been proven to be bioactive 21, due to the
presence of hydroxyl groups on the surface, which induces HA formation
from body fluids. Titanium oxide coatings have been studied in vitro and in
vivo for many years 22–24. It is worth noting that the surface atomic configuration of titanium oxides is pivotal in determining their physicochemical properties, such as adsorption and reactive selectivity 25,26. For single crystalline
rutile, the majority of research efforts have been devoted to the photocatalytic and photo-electrochemical properties of the materials 27,28. Very few studies have reported on their bioactivity of such materials 29,30.
15

Simulated body fluid (SBF), which is a solution close to that of human blood
plasma in terms of concentrations of inorganic ions and the pH value, is used
as a standard in vitro method to investigate HA formation on the surface of
materials 31–35. This method is useful for evaluating in vitro bioactivity. To
improve the bioactivity of titanium dioxide surfaces, the current strategy is
to coat or functionalize the surfaces with bioactive compounds, such as apatite, to improve bone bonding, accelerate bone formation 36–38, and enhance
osteoconductivity in vivo 39–41.
When used in vivo the implants first encounter body fluids containing not
only salts but also proteins. The interaction of proteins with the potential
bioactive properties of a material could be a very important addition to current testing methods and could help us to gain a significant new understanding of how bioactive biomaterials interact with body fluids in vivo.
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Aims and Goals

The design of biomaterial interfaces is particularly interesting because the
interaction between materials and tissues always occurs at the interface.
Such interfaces are thus important for determining the clinical outcome of a
material. The aim of this thesis is to establish strategies for the synthesis,
surface functionalization and characterization of three materials and thereby
possibly improve their biological properties.
In paper I, microstructured NCD was used as a potential nerve-electrode
interface to improve CIs, which are used to treat sensorineural hearing loss
and deafness. Although currently existing CIs are clinically successful, the
patient’s hearing cannot be completely restored. One problem is the number
of electrodes; 12–20 electrodes are used to replace the function of 3400 inner
hair cells. Via our material design on micrometre-sized NCD pillars, we
aimed to develop individual neuron stimulation patterns for regenerated human neurons, which could be used for improved CIs.
HA exhibits osteo-conductive, non-toxic and non-immunogenic properties, particularly in the repair of bone and teeth. However, it is difficult to
directly observe HA-cell or HA-tissue interactions with conventional light
microscopy methods because HA is typically opaque. Making an HA ceramic transparent will therefore allow for the direct observation of the cellmaterial interaction. In paper II and III, a simple method of fabricating
translucent HA nano-ceramics was studied, and the characteristics of the
fabricated materials were applied to cell observation, functioning as a new
type of ‘bio-window’ material.
The biomaterial surface is typically exposed to numerous extracellular
proteins in biological fluids. The crystal phase can determine the interaction
of materials and cell/tissue with proteins and body fluids. Thus the effect of
proteins on different crystal planes must be addressed. In paper IV, the effect of fibronectin (FN) on biomineralization on single-crystal rutile substrates was studied at time points from 1 week to 4 weeks. The objective of
this study was twofold: (i) to investigate the effect of pre-adsorbed FN on
different single rutile faces and observe the differences in HA formation by
using a pure SBF solution, and (ii) to conduct a comparison study, using a
solution that contains both FN and SBF.
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Preparation and characterization of the
investigated materials

Micro-fabrication
Micro-fabrication represents a meticulous process of fabricating miniature
structures on the micrometre or nanometre scale. This process originates
from the need to miniaturise components in the semi-conductor industry, and
the micro-electronics industry remains a major driving force behind the development of better processes for the fabrication of even smaller and complex structures in a wide range of different materials. However, in medicine
and biology, micro-fabrication can have a remarkable impact, as illustrated
in paper I. Commonly used techniques in micro-fabrication include lithography, doping, thin film deposition, etching, bonding and polishing.
This section will give a short overview of the key methods, used in this
thesis, for the micro-fabrication of micro-metre sized NCD pillars.

Photolithography
Photolithography is a rather simple and inexpensive technique for defining
small features in a thin polymer layer (photoresist) on top of a substrate. The
substrate is often a silicon wafer and the technique is highly suitable for
mass production with the possibility to define patterns with a size of less
than 1 µm. In the photolithography process, a light source is used to transfer
an image from a chromium glass mask to a photosensitive layer (photoresist
or resist) on a substrate.
There are three main steps in photolithography (Fig. 2). The first step is
spin-coating, which means that a photosensitive material (photoresist) is
applied to the substrate surface. The second step is exposure; the photoresist
is exposed using an ultraviolet (UV) light source. The final step is called
developing, which means that the exposed or unexposed photoresist is dissolved with a chemical developer. Before exposure (soft-bake) and after
development (hard-bake), the substrate is placed on a hot plate at 100-120 C
(normally for 1 minute). In the soft-baking step, nearly all solvents are removed from the photoresist coating while in the hard-baking step the photoresist is made harder and more resistant to etchants. The type of photoresist

18

determines whether the exposed (positive) or unexposed photoresist (negative) is dissolved.

Figure 2. Flow chart for photolithography.

Plasma Etching
Plasma etching, or dry etching, represents an important micro-fabrication
process for integrated circuits. In general, plasma etching is a chemical etching method, which means that a chemical reaction occurs between the solid
atoms from the substrate surface and reactive gas atoms formed in the plasma (radicals). Volatile products are formed, which are pumped out of the
plasma chamber. Originally, in the late-1960s plasma etching was used to
strip resists from silicon wafers 42. Later in the 1980s, plasma etching was
developed as a mainstream process in the semiconductor industry, primarily
due to the possibility of anisotropic etching. The main categories of plasma
etching include reactive ion etching (RIE), electron cyclotron resonance
(ECR) and inductively coupled plasma (ICP) etching. The latter two systems
are so called high density plasma systems and were developed relatively late
in the 1990s. High density plasma systems typically offer higher etch rates,
better uniformity and lower surface roughness than RIE systems. ICP systems are currently the most widely used systems due the complexity of ECR
systems.
For the work in this thesis, ICP etching was used for the fabrication of
microtextured NCD surfaces. ICP systems are driven with a coil (radio frequency at 13.56 MHz as power source) that sustains the plasma through a
dielectric window. Moreover, an ICP system is equipped with a separate
19

capacitively coupled radio frequency (rf) power supply. In principle, this
feature is equivalent to a RIE system. In this way, the electrode where the
substrate is placed can be biased leading to ion bombardment of the substrate
surface.
For instance, in an oxygen plasma discharge, which is used to etch NCD,
highly reactive radicals in the form of atomic oxygen (reactive species) are
created. The atomic oxygen, in combination with the ion bombardment of
the surface, reacts with the outermost carbon atoms on the NCD surface and
CO2 is formed and pumped out of the system. The main steps in the etching
process are as follows:
1) Generation of the reactive species (plasma)
2) Diffusion of the reactive species to the substrate surface
3) Adsorption of the reactive species at the substrate surface
4) Diffusion of reactive species on the substrate surface
5) Formation of reaction products
6) Desorption of the volatile reaction products
7) Diffusion of the reaction products to the plasma and removal by the
pumping system
To control an ICP etching process in terms of etch rate, geometry of the
fabricated microstructures and surface roughness several parameters should
be taken into consideration. These parameters are gas mixture, flow rate, ICP
power, substrate bias and process pressure.

Fabrication of micro-structured NCD biomaterials
In paper I, we described the application of one type of micro-structured
NCD (Fig. 3) as a potential nerve-electrode interface. However, we did not
address in detail how the NCD pillars were fabricated. Here the entire procedure is described.
The micro-structured NCD fabrication was conducted in the cleanroom
facility of Ångström Laboratory, Uppsala University. There are seven steps
in the entire procedure.
1) The NCD wafer (1 µm thick NCD on a 4 inch silicon wafer) was first
soaked in a piranha solution to obtain a clean surface (H2SO4/H2O2).
2) The wafer was subsequently coated with a 1-μm-thick aluminium layer
by sputtering (VonArdenne CS 730S).
3) Using standard photolithography (Karl Suss mask aligner), a resist pattern was fabricated on top of the Al-coated wafer.
4) The square pattern was then etched into the Al layer by ICP etching
(Plasmatherm SLR) using Cl2/BCl3/Ar chemistry.
5) The remaining Al pattern could then be used as a mask for NCD etching. The same ICP system was employed for the NCD plasma etching, using
O2/Ar chemistry.
20

6) By changing the plasma process to the so called Bosch process 43, pillars consisting of silicon with NCD/Al on top were fabricated. The Bosch
process is used to fabricate high aspect ratio structures (deep etching of
small structures/grooves) in silicon. The process consists of three steps that
are repeated several times, depending on the desired depth of etching. The
first step is a polymer deposition process, and the second step is a polymer
etching step in which all of the deposited polymer is etched away except the
polymer on the sidewalls of the etched microstructures. In the third step, the
plasma chemistry is chosen to ensure that the silicon is etched without etching the polymer. In this way extremely high aspect ratio structures can be
fabricated. The chemistry is a combination of C4F8/SF6/Ar.
In a final etching step, an isotropic silicon etch is used (i.e. using the
third step in the Bosch process). In this way, an undercut of the NCD squares
can be fabricated.
7) Finally, the Al is etched away using wet etching (phosphoric acid, water, and nitric acid).

Figure 3. (a) SEM images of NCD/silicon pillars fabricated by ICP etching. (b)
Close-up image of the pillars.

Fabrication of translucent nano-ceramic biomaterials
In paper II and III, we introduced how we fabricated two types of translucent nano-ceramics and made them available for the direct observation of
cells via optical microscopy. Here the standard procedure is illustrated. The
three main steps are described below:
21

Synthesis of HA and SrHA nanoparticles
The first step can be simplified and described in the reaction scheme shown
below, which is one of the most standard routes of precipitating HA based on
the reaction between calcium nitrate and ammonium dihydrogen phosphate.
5Ca(NO3)2 + 3(NH4)2HPO4

ସୌర ୌ

ሱۛۛۛۛሮ

Ca5(PO4)3(OH) + 3H2O + 10NH4NO3

HA nanoparticles were synthesized using a typical precipitation procedure.
Diammonium hydrogen phosphate was individually prepared in deionized
water to form a clear solution with a concentration of 0.2 M. Calcium nitrate
was prepared in deionised water with a stoichiometric Ca/P molar ratio of
1.67 for the formation of Ca5(PO4)3OH. The initial pH of each solution was
adjusted to 10. Similar to the synthesis of HA nanoparticles, the strontium
substituted HA precursor was prepared using the following procedure. Diammonium hydrogen phosphate was prepared with a concentration of 0.2 M.
For the formation of 0.05% strontium substituted calcium hydroxyapatite,
(Ca9.95Sr0.05(PO4)6(OH)2). written as 005SrHA in the following), the calculated concentrations of calcium nitrate and strontium nitrate were 0.317 M and
0.013 M, respectively, and both chemicals were mixed in deionised water
with stirring. To avoid the rapid growth of crystalline grains, solutions of
pure calcium nitrate and mixed calcium nitrate containing strontium nitrate
were added drop-wise to a diammonium hydrogen phosphate solution. The
entire procedure was performed under vigorous stirring overnight. The precipitate was then kept stationary in the mother liquor for another 24 h.
025SrHA (Ca7.5Sr2.5(PO4)6(OH)2) and 050SrHA (Ca5Sr5(PO4)6(OH)2) were
synthesized using the same method.

Filtration of translucent HA and SrHA nano-ceramic precursors
For the second and key step of forming the HA and SrHA translucent ceramic precursors, a 20 mL suspension was removed from each mother liquor and
ultrasonicated to ensure a homogeneous suspension. The filtrated precipitate
was made into a precursor through a simple glassware-based filtration system that used one laboratory pump. The samples were dried in air at room
temperature after filtration. The vacuum pump system was connected to a
filter unit. A polycarbonate filter paper (Whatman® Nuclepore™ TrackEtched Membranes) with a diameter of 47 mm and a pore size of 0.2–0.4 μm
was used throughout the entire procedure.
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Sintering of as-prepared HA and SrHA translucent nanoceramics
Four types of HA and strontium-doped HA precursors (HA, 005SrHA,
025SrHA, 050SrHA) were dried and then placed in an ordinary non-vacuum
furnace for sintering. The samples were heated to 1000°C at a rate of
5°C/min and kept at 1000°C for 2 hours. Then, the samples were to room
temperature cooled at the same rate.

Biomimetic HA deposition
Bioactive bone-replacement implants have exhibited better bonding to host
bone than inert implants. The mode-of-action has been described as the material’s ability to form a HA coating on its surface in body fluids 32. For this
process to occur, a negative surface charge is needed. This technique can
also be used as a coating method to provide a HA-coated implant, which is
called biomimetic HA coating.
HA coatings on implants have shown good fixation to the host bone with the
coating acting as a bonding layer between the bone and the implant 44. Such
an interface is important for orthopaedic applications, as it will improve the
implant’s stability and integration with the surrounding bone. There is a keen
interest in developing biomaterials that can control the process of biomineralisation at the implant surface, thus aiding in the formation of a strong bone
implant interface 45–48.
Bone formation is actually a complicated process that combines ion adsorption, the formation of apatite crystals, and ion exchange. Kokubo et al. proposed a method that could mimic certain steps involved in bone formation 49,
which has been widely used to test the bioactivity of a defined biomaterial
surface, as described above. The soaking solution has an ion concentration
close to that of human blood plasma and is a simulated body fluid (SBF).
SBF can be applied to assess the bioactivity of new functionalized materials,
particularly when testing surface modifications of metallic implants.

Characterization techniques
Different analysis techniques were used in this thesis. (1) Scanning electron
microscopy (SEM), (2) X-ray photoelectron spectroscopy (XPS), (3) Atomic
force microscope (AFM) and (4) X-ray diffraction (XRD) are the principle
techniques used in the papers included in this thesis. Other techniques, such
as confocal laser scanning microscopy, nano-indentation, Fourier transform
infrared spectroscopy, and thermal gravity analysis, were also used.
23

SEM uses a focused beam of high-energy electrons to generate different
signals at the surface of a solid specimen, revealing for example, the morphology, chemical composition, and crystalline structure of material. This
technique has been used for the analysis of the micro- and nano-structures of
material surfaces (Fig. 4). In this thesis, a Zeiss SEM (LEO 1550 and Merlin) was used (Fig. 5). The materials studied in this thesis were nonconducting and to avoid charging in the microscope chamber the samples
must be covered with a thin layer of a conductive metal (Pt/Au) or carbon.
XPS, which is known as electron spectroscopy for chemical analysis (ESCA), is obtained by irradiating a material using X-rays, and the kinetic energy and number of electrons that escape from the top of the material are
measured simultaneously. XPS is used to analyse the surface chemistry of
the studied material (e.g. the surface of a single crystalline rutile before and
after treatment). The technique is surface-sensitive and quantitative, and can
measure the elemental composition. A physical electronics quantum 2000
(Al Kα X-ray source) was used.
AFM is one type of scanning probe microscopy, and measures the force
between a probe and the sample. AFM was used to determine the surface
topography and adhesion force in this thesis. Peak force quantitative nanomechanical mapping (PF-QNM) was used to determine the surface adhesion
of single crystalline rutile before and after FN adsorption. A Bruker multimode 8 AFM was used.
X-ray diffraction is a tool that can be used to determine the crystalline phases in a material. A beam of incident X-rays diffracts at crystalline atoms, and
by detecting the angles and intensities of the diffracted beams the crystal
structure of a material can be determined. XRD (Siemens diffractometer
D5000 (Cu Kα radiation)) was used to determine the crystallinity of materials in this thesis, such as hydroxyapatite and strontium substituted hydroxyapatite.
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Figure 4. Example of an SEM micrograph, which shows the bulk structure of a
translucent hydroxyapatite nano-ceramic plate.

Figure 5. Images of the SEM setup used throughout this thesis (Merlin, Zeiss, Germany)
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Results and Discussion

Micro-patterned nanocrystalline diamond surfaces

Figure 6. SEM micrographs of micrometer-sized nanocrystalline diamond before
(left) and after (right) culturing with mouse ganglion cells. Confocal laser microscopy showing neonatal mouse spiral ganglion neuron growth on the NCD pillars; most
sprouting neurites remained on the structured NCD surface (middle).

The results show that human and murine inner-ear ganglion neurites and,
potentially, neural progenitor cells can attach to patterned NCD surfaces
(Fig. 6) without an extracellular matrix coating. SEM and confocal laser
scanning microscopy revealed adhesion and neural growth, specifically in an
ordered manner along the nail-head-shaped NCD pillars, rather than in nontextured areas. This pattern was established when the inter-NCD pillar distance varied between 4 and 10 µm. At a distance of 14 µm, the neurons initiated random growth.
These findings demonstrate that regenerating auditory neurons show a
strong affinity for the NCD pillars, and the technique could be used for neural guidance and the creation of new neural networks. Together with the
NCD’s unique anti-bacterial and electrical properties (NCD can be made
electrically conductive using boron doping), structured NCD surfaces could
provide designed neural/electrode interfaces to create independent electrical
stimulation signals in CI electrode arrays for the neural population.
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Translucent HA nano-ceramics
An analysis of HA and 005SrHA before and after sintering showed that good
translucency was obtained after filtration for both materials. Figure 7 shows
the dense microstructure of HA and 005SrHA nano-ceramics. The translucency decreased after sintering. 025SrHA and 050SrHA appeared not to be
translucent. The HA and 005SrHA ceramics showed a highly compact structure and inter-granular pores were difficult to detect. A significant morphology transformation was observed with increasing strontium concentrations in
the case of 025SrHA and 050SrHA, which were rod-like particles (Fig. 8 a–
b). Moreover, the grain morphology of sintered 025SrHA and 050SrHA
ceramics was primarily between quadrangular and hexagonal, with a size in
the range of 100–300 nm, and the ceramics were porous (Fig. 8 c–d).

Figure 7. SEM images of the final nano-ceramic products, as revealed by SEM (A)
Low magnification HA, (B) high magnification HA, (C) low magnification
005SrHA, and (D) high magnification 005SrHA.
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Figure 8. The morphologies of (a) 025SrHA precursors, (b) 050 SrHA precursors,
(c) 025SrHA ceramics, and (d) 050SrHA ceramics.

The pores, grain size and grain boundaries of a ceramic are the main factors
that affect its translucency and mechanical strength. Porosity is the most
important factor for the translucency of the material, and a porosity lower
than 0.1% can obtain an initial transparency 50. The elimination of pores
happens mainly during sintering after grain growth. Because the green body
was composed of spherical nanoparticles, the mass transformation and
growth of grain boundaries is more homogeneous than observed for green
bodies with rods and irregular-shaped grains. Sintering under a vacuum may
help to achieve a higher translucency. Based on the results of this study, by
controlling the morphology of ceramic nanoparticles, other functional translucent ceramics could be fabricated via this simple technique.
MC3T3 cells are a mouse calvarial model of early stage pre-osteoblasts 51.
MC3T3 cells undergo different stages of differentiation and proliferates rapidly, making them a popular choice for osseous toxicity and developmental
testing 52. MC3T3 cells were used to evaluate whether translucent HA ceramics can be used as a window material. Bright field and CFDA staining
showed that the MC3T3 cells were viable over the 7 days of culture (Fig. 9).
The results show that the material is not toxic and cells can be easily seen
through the tHA nano-ceramics, indicating that tHA has the potential to be
used as a window material.
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Figure 9. Fluorescence images of MC3T3 cells seeded on tissue culture polystyrene
dishes (TCP) covered by translucent hydroxyapatite nano-ceramics after 7 days (a)
40x, (b) 100x.

Biomineralized single-crystal rutile surfaces
Two processes were used to evaluate biomineralization on single-crystal
rutile surfaces: (1) samples were soaked in SBF containing FN and (2) FN
was adsorbed onto samples surfaces followed by soaking in SBF without
FN. By soaking each substrate in the two different processes, different HA
growth was observed after 1 week of incubation. Fig. 10 shows the SEM
results obtained after biomineralization on each face for 1 week. In process I,
a few crystals could be found at the centre of each substrate, suggesting that
no significant differences in the growth rate occur during the first week on
each face. However, in comparison to the (001) and (100) faces, fewer
spherical HA crystals with plate-like structures could be found on the (110)
face. Significant differences in HA growth were found in process II, during
which the (001), (100) and (110) faces exhibited a faster biomineralization
than obtained with process I. In addition, HA growth on the (110) face was
the slowest. The morphologies of (001) and (100) were sphere-like particles,
and the size of particles on the (001) face was 2.05 ± 0.28 µm, which was
larger than that of the particles on the (100) faces (1.70 ± 0.24 µm).
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Figure 2. SEM images of biomineralisation on the (001), (100) and (110) faces after
being soaked in processes I and II for 1 week. The shapes of some individual
calcospherites are also presented to illustrate the nucleation period.
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Conclusion

In paper I, the findings demonstrate that auditory neurons have a strong
affinity for the NCD pillars, and the technique could be used for neural guidance and the creation of new neural networks. Together with the NCD’s
unique anti-bacterial and electrical properties, patterned NCD surfaces could
provide designed neural/electrode interfaces to create independent electrical
stimulation signals in CI electrode arrays for the neural population. The results obtained from our current study suggest that NCD surfaces fabricated
from a topographical perspective are a new strategy for developing potential
interface biomaterials that can support neuron adhesion and migration.
In paper II, two types of translucent ceramics, HA and 0.05% strontiumsubstituted calcium HA, were fabricated successfully using a simple filtration method. Optical transmittance tests confirmed that the translucency of
each body was mostly retained after calcination at 1000 °C, and both ceramics achieved good mechanical properties compared to commercial HA products. The presented theoretical model confirms the importance of a proper
filtration pressure and time for producing a dense precursor and finally a
sintered translucent ceramic.
In paper III, biomimetic tHA nano-ceramics were used as a window material to directly observe cells. The attachment and spreading of MC3T3
cells can be observed through tHA nano-ceramics. The findings made it possible to observe cell behaviour through bioceramics via light microscopy,
revealing a function of such HA materials for live detection in biomedical
applications.
In paper IV, the obtained findings indicated that the interfacial energies
could be altered by pre-adsorbed FN, which led to different HA growth kinetics on the (001), (100) and (110) surfaces.
The above studies demonstrated that synthesis/surface structuring (paper I
and II), characterization (paper II and IV) and functionalization (paper IV),
and cell studies (paper I and III) can be used to evaluate biomaterials with
defined surfaces. The use of these advanced tools in material characterizations will provide further evidence to confirm that a material will be well
accepted in biomedical applications.
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Sammanfattning (Summary in Swedish)

Hos en vanlig människa, finns det cirka 3400 hårceller i örat och balanserande organ. Dock kommer alla dessa hårceller aldrig regenerera efter att ha
skadats. Detta innebär att varje patient som har drabbats av hörselproblem
kommer kunna vara i behov av att transplantera in ett cochleaimplantat. När
det kommer till cochleaimplantat är en svår utmaning att skapa en yta som
kan styra tillväxten av neuroner med utmärkt affinitet och biokompatibilitet.
Genom att studera befintliga cochleaimplantat visar det sig att dessa produkter endast har 12-20 elektroder för att ersätta funktionen av 3400 hårceller,
vilket är långt ifrån en idealisk situation, då varje individuell neuronfiber
mottager olika våglängder när stimulering tas emot från utsidan. Dessa måste
sedan separeras för att realisera hörseln. Emellertid är det mycket svårt att
göra tusentals elektroder på en mycket liten ytarea. Detta ledde till att vi
valde ett spännande material med utmärkt biologisk affinitet och biokompatibilitet - nanokristallin diamant (NCD). Mikrostrukturerade NCD-pelare
tillverkades med hjälp av tillverkningstekniker lånade från mikroelektronikindustrin såsom kemisk ångdeponering, litografi och plasmaetsning. Slutligen studerades en sådan plattform med mänskliga hörselneuroner som är
tagna från patienter, genom att samarbete med läkare från Uppsalas Akademiska sjukhus. Resultaten är väldigt lovande, de visade att neuroner kan
styras in i systematisk tillväxt till följt av denna mikropelarstruktur.
Hydroxyapatit (HA), betraktas som ett polykristallint keramiskt biomaterial med bioaktiva och biokompatibla egenskaper, det har använts i stor
utsträckning inom tvärvetenskapliga områden såsom fysik, kemi, biologi och
medicin. HA uppvisar osteo-ledande, icke-giftiga och icke-immunogena
egenskaper, särskilt vid reparation av ben och tänder. Det är dock svårt att
direkt observera HA-celler eller HA-vävnadsinteraktioner med konventionella ljus mikroskopimetoder eftersom HA normalt är opakt. Att kunna göra
HA-keramer transparenta kommer därför att utvidga dess biomedicinska
tillämpningar. Transparenta polykristallina keramer uppvisar förbättrad värmebeständighet och hårdhet jämfört med enkristalla, även om de har lägre
optisk transmittans. Det finns ett växande intresse av att tillämpa sådana
keramikbaserade material inom biomedicin och biomaterial, i synnerhet vid
direkt observation av benmatriser in vitro samt perkutana enheter. En transparent keram behöver en kompakt och porfri mikrostruktur, eftersom porerna ofta bidrar till opaciteten i en keram. Emellertid är det en utmaning att
uppnå full förtätning av polykristallin keramik, eftersom det krävs ett lågt
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vakuum samt en hög temperatur och tryck under tillverkningen. Nyligen
framtagna metoder som ljusbågssintring (SPS), het isostatisk pressning
(HIP), och trycklös sintring (PLS) är exempel på metoder som har använts.
Vi beskriver tillverkningen av halvgenomskinliga HA, nanokeramisk HA
med substituerat strontium (SrHA) och nanokeramisk Al2O3 genom ett enkelt
filtreringssystem och användningen av dem som ett nytt bio-fönstermaterial
för detektering av cellbeteende samt celltillväxt.
Titandioxid är känd som ett bioaktivt material. Dock sker aldrig den cellsubstrala interaktionen vid implantering direkt med den kala ytan hos
materialet utan istället genom den extracellulära matrisen (ECM), där biomakromolekyler (t ex proteiner, polysackarider, proteoglykaner) adsorberas
på implantatytan vid exponering av biologiska vätskor. Typerna och mängderna av adsorberade proteiner bestämmer tillgängligheten av de bioaktiva
platser som kan vara avgörande för cell-substrat-interaktioner. Egenskaperna, inklusive orientering, konformation, packningstäthet av de adsorberade
proteinerna avgör om de bioaktiva platserna känns igen av membranbundna
receptorer, genom vilka cellerna förhör sin omgivning. Enkristallint rutil
(001), (100) och (110) plan valdes som modeller för att undersöka det komplexa samspelet mellan ytbioaktivitet och proteinadsorption. Vidhäftning på
ytan för varje plan före och efter adsorption av fibronektin (FN) bestämdes
genom analys med atomkraftsmikroskopi (AFM) med peak force quantitative nanomechanical mapping (PF-QNM). Resultaten tyder på att ytenergin
hos FN pre-adsorberat (001), (100) och (110) ytor har förbättrats, vilket leder
till efterföljande acceleration av HA-formation.
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