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Abstract

Background: Surface properties of titanium implants play an important role in osseointegration. From
1990, a lot of engineering techniques have been applied to dental implant productions for improving their
clinical performance by changing surface properties. In particular, surface chemistry modification
enhanced the strength and speed of implant integration in bone and has become a marketing trend in the
production of new implants. However, it is not clearly understood why and how strongly surface
chemistry modifications reinforce the osseointegration of titanium. Hence, it is required to investigate the
bone response to surface chemistry modifications of titanium for a better understanding of the roles of
surface chemistry on the osseointegration response.

Aims: The present thesis aims to investigate the bone response to chemistry-modified titanium implants.
In particular, our purpose is to better understand the effect of surface chemistry on the osseointegration of
titanium implants.

Materials and methods: Clinical implants, such as TiUnite, Osseotite, OsseoSpeed and SLA were
analyzed. Surface engineering methods include plasma immersion ion implantation and deposition (PIIID)
and micro arc oxidation (MAO). Using these techniques, Mg-, Ca- and O-incorporated titanium surfaces
were prepared. Surface chemistry was analyzed by X-ray photoelectron spectroscopy and auger electron
spectroscopy. For topographical analyses, we used scanning electron microscopy and optical
interferometry. A total of 136 screw-shape implants were inserted into rabbit tibiae and the bone responses
were evaluated after 3, 6 and 10 weeks of healing. Biomechanical strengths at the bone implant interface
were measured by removal torque. Bone tissue responses were evaluated by quantifying bone metal
contact, bone area and new bone formation from undecalcified cut and ground sections.

Results: Surface chemistry of the Osseotite, OsseoSpeed and SLA implants showed mainly TiO,, but
surface topography varied with modification methods in use. In contrast, the TiUnite, prepared by an
electrochemical oxidation technique, displayed porous structures as well as P-incorporation to the oxide
layer. The PIIID process changed surface chemistry of titanium with plasma resources, but negligibly
altered surface topography at the nanometer scale. The atom concentration of plasma ion increased with
ion dose, but decreased with acceleration voltage. The MAO process not only incorporated Mg and Ca
ions into titanium surfaces, but also produced microporous structures on the surface. Furthermore, the
MAO process controlled the calcium concentration of titanium implants without significant change of
chemical bonding states of Ca in titanium oxide. /n vivo results showed that Mg-incorporated implants
produced by the MAO technique increased the biomechanical bonding strength and osseointegration rate
compared to non-incorporated titanium surfaces. Furthermore, Mg-incorporated implants produced by the
PIIID demonstrated a significant increase of biomechanical bonding strength, bony contact and new bone
formation compared to O-incorporated implants. Ca 4.2% and Ca 6.6% containing implants revealed no
significant differences in biomechanical and histomorphometrical measurement outcomes in rabbit tibiae.
Conclusions: The surface chemistry and topography of clinical and experimental implants were greatly
dependent of surface engineering methods. In particular, the PIIID technique modified surface chemistry
of titanium implants by tailoring plasma source with negligible alternation of surface topography at the
nanometer scale, thus enabling the investigation of the effect of bioactive implant surface chemistry on
the bone response. Using the PIIID and MAO techniques, we found that the Mg-incorporation to titanium
significantly enhanced the bone responses to implant surfaces. Furthermore, the Mg-incorporated titanium
oxide chemistry played an important role on the strength and speed of osseointegration. Choosing one of
two calcium concentrations had no significant influence on the bone response to the Ca-incorporated
titanium implants.

Key words: Osseointegrated titanium implants, magnesium and calcium incorporated bioactive titanium
oxide, metal plasma immersion ion implantation and deposition, micro arc oxidation, clinical implants, in
vivo bone response
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1 Introduction

1.1  Current Trends of Dental Implants Production

Since titanium implants were first introduced by professor P-I Branemark in 1965 as a
viable option for patient treatment', a variety of surface properties of osseointegrated implants
have been developed to improve clinical performance of titanium implants.”"® Unlike the last
three decades that was dominated by micro-structured, moderately rough surfaces®'>', today,
recent advances of surface engineering micro- and nano-technology provide greater opportunities
for high quality surfaces of titanium implants. Thus, newly launched clinical implants have
demonstrated the developed surface properties, including bioactive surface chemistry,
topography and crystal structures from micro to nanometer scales'"*'*'>"7

Surface chemistry modification of titanium implants has become a marketing trend in the
production of new implants for a better clinical performance. So-called bioactive implants, such
as magnesium, calcium, phosphorous and fluorine containing titanium implants have shown
promising in vivo results with respect to their strength and speed of osseointegration.”'>!*!%1?
These implants are now available in the market and expected to improve clinical results

especially in situations of immediate/early loading or in poor bone quantity and quality situations.

1.2  Needs for Developing Implant Surface Properties and the Effects of Surface
Chemistry Modification of Titanium on the Osseointegration

The outermost layer of titanium implants is covered with 2-20 nm thickness of native
oxide film**?', which forms immediately after exposure to oxygen. The native oxide film
increases the corrosion resistance of bulk titanium and provides the biocompatibility of titanium
implants in clinical and experimental applications. The clinical success rate of titanium implants
has been reported as more than 90% in literature due to stable osseointegration'*, which is
defined as “a direct — on the light microscopic level— contact between living bone and implant” >
Despite good osseointegration of pure titanium oxide, relatively low success rates of
osseointegrated implants were reported in poor bone quantity and quality situations.”*>*%°
Furthermore, most of the failures of dental implants in clinical use occurred during the early
healing period.?” For these reasons, we need to develop novel implant surfaces which lead to
rapid and strong osseointegration. Surface modification of titanium implants is one of methods to
enhance osseointegration in terms of bonding strength and speed of anchorage.>'>!'*!5182% 1

particular, surface chemistry-modified implants have shown promising results in in vivo
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experiments. So called “bioactive” implants containing calcium, magnesium, phosphorous,
fluorine, sodium, calcium phosphates and hydroxyapatite increased the bonding strength and
anchorage speed of implants in bone (see the section 1.6 for detailed information).”'>!#2%30 1t jg
not clearly understood yet why the bioactive titanium implants enhanced the osseointegration at
the early healing times, but several explanations have been suggested as follows:

i) Chemistry mediated-osseointegration mechanism (Biochemical bonding): Sul et al
have found that Ca- and Mg-incorporated titanium implants significantly increased the strength
and speed of osseointegration compared to non-incorporated cp titanium.”'"'**'? On the basis
of these findings, Sul et al explained enhanced bone responses to the bioactive implants at the
early healing period being facilitated by the biochemical bonding between the implant and bone
tissue. According to the bonding mechanism, the Ca and Mg cations in titanium oxide provide
numerous binding sites for the attachments of adhesive bone matrix proteins. Thus, Mg- and Ca-
incorporated titanium surfaces may electrostatically bond with polyanionic proteins, such as
proteoglycans, collagen, thrombospondin, firbronectin, vitronectin, fibrillin, osteoadherin,
osteopontin and bone sialoprotein.>>> This process can stimulate the Arg-Gly-Asp (RGD)
sequence and trigger further recruitment of osteoprogenitor cells and osteoblasts, which possibly
leads to rapid and strong bone formation at Mg- and Ca-incorporated titanium.

ii) Electronic charge effects of bioactive implants on the bone formation: Hanawa et al
have found an enhanced bone response to Ca-incorporated titanium compared to non-
incorporated cp titanium."® According to the authors, the rapid healing process of the Ca-
incorporated titanium in rat tibiae is most likely due to the positively charged Ca-incorporated
titanium by dissociation of hydroxyl radicals. On the positively charged Ca-incorporated
titanium, the negative ions of phosphate in body fluid are absorbed due to electronic charge
attraction.’® As the more phosphate ions are absorbed on the surface, the more calcium ions are
attracted on the surface, which consequently forms a great amount of calcium phosphates.
According to the authors, Ca ions are gradually released from the surface of the Ca-incorporated
titanium. The gradual release of Ca ions accelerates the precipitations of calcium phosphate on
the surface, which possibly resulted in the rapid bone formation of the Ca-incorporated implants
compared to the non-incorporated cp titanium.

iii) Catalytic effect of bioactive chemistry on the bone integration to titanium surfaces:
Ellingsen investigated the bone response to fluoride-treated titanium prepared by chemical
etching in sodium fluoride (NaF).” The author found that NaF-treated implants showed greater
retention in bone than non-treated cp titanium. The author suggested that “the presence of a
fluoride coat on the surface of titanium stimulates the bone response leading to a connection
between titanium and phosphate from tissue fluids”. In addition, the author proposed that “free
fluoride ions will catalyze this reaction and induce the formation of fluoridated hydroxyapatite
and fluorapatite in the surrounding bone.”

6



Despite of the rapid bonding ability of the bioactive implants in bone at early healing
periods, however, several bioactive implants demonstrated adverse effects on the bone response
after 1 or 2 years of healing due to biodelamination and biodegradation of thick coating
materials’’, which possibly caused severe bone resorption around the implants, and finally
resulted in the implant failure.*® To overcome these possible risks of the biodegradation and
biodelamination of bioactive materials on dental implants, several technologies have been
applied to dental implant productions by coating bioactive materials at the nanometer scale or by
incorporating the bioactive ions into titanium oxide layer. Surface chemistry-modified
titanium/titanium alloy implants are now commercially available in the world market.

1.3 Surface Chemistry of Commercially Available Clinical Implants

Clinical implants have been manufactured by various surface engineering techniques
including chemical treatments, physical modifications and different hybrid methods.®*'****
Depending on the engineering techniques, surface properties of dental implants show great
differences in surface chemistry, topography, oxide thickness and crystal structure. In particular,
surface chemistry of clinical implants is determined by the experimental conditions of surface
engineering processes.***’” In this section, the surface chemistry of several commercially
available dental implants is summarized depending on their engineering techniques (Surface
chemistry of the clinical implants is referenced from XPS data of previous studies.)

Electrochemical oxidation: The electrochemical oxidation technique is an electrolytic
passivation process, known as an anodizing or micro arc oxidation method (MAO). The
electrochemical oxidation used on several clinical implants not only creates porous structures on
the surfaces, but also incorporates cations and anions from the electrolytes used. Furthermore,
these implants can contain great amounts of hydroxyl groups on surface as compared to
commercially pure titanium due to anodic reaction, e.g; Ti*'(0x) + 4H,0(aq) — Ti(OH)4(0x) +
2H, — TiO,4(OH)yy + (2-x)H,0.*

TiUnite from Nobel Biocare: The TiUnite implant is manufactured by an electrochemical

oxidation technique using a P-containing mixed electrolyte.*’ The implant surface contains 7% of
phosphorous in titanium oxide.* The chemical bonding state of P is mainly titanium phosphates.
M implant from Shinhung: The M implant is produced with an MAO method using a Mg-
containing mixed electrolyte. The M implant surface contains Mg ions (< 9.3%) and P ions (<
3%) in titanium oxide.'* The chemical bonding state of Mg is mainly composed of magnesium
titanates.

Ospol implant from Ospol: The Ospol implant is prepared with an MAO method using a Ca-
containing mixed electrolyte. The Ospol implant contains Ca ions (< 11%) in titanium oxide.’
The chemical bonding state of Ca in titanium oxide is mainly calcium titanates.



Acid etching: The acid etching technique is one of subtractive methods for altering titanium
surfaces. In general, acid etching forms various micro- and nano-structured surfaces whereas
surface chemistry of titanium seldom changed after acid etching.**

Osseotite from BIOMET 3i: The Osseotite implant is manufactured by a dual acid etching
process: The implant are soaked in HF solution, and then chemically etched in a mixture of
HCI/H,S0Os, and finally heat treated at 60-80°C for 3-10min.*° The main chemical compositions
of the Osseotite are Ti, O and C. The possible remnants of Cl, S and F were not or negligibly
detected at the Osseotite implants.***

OsseoSpeed from Astra Tech AB: The OsseoSpeed implant is produced by grit-blasting with
TiO, particles and acid etching including diluted hydrofluoric acid.">° The surface chemistry of
the OsseoSpeed is mainly composed of Ti, O and C. In addition, the OsseoSpeed implant
contains small amounts of F (0.3-0.5%).

SLA implant from Straumann: The SLA surface is blasted with large grits of Al,Os, and then
chemically etched in a mixture of H,SO4/HCL>' The SLA implant shows crystallographically
oriented etching pits. The surface chemistry of SLA implants is mainly composed of Ti, O and C.
Alumina residuals from the grit-blasting process are often detected on the SLA implant.**4°

Plasma_spraying: The plasma spraying technique represents a coating process by spraying
thermally melted materials on implant surfaces.” The thermal spraying technique generally forms
thick layer of plasma materials, such as hydroxyapatite and titanium. The plasma spraying
technique has been applied to dental implant productions for creating bioactive surfaces with
hydroxyapatite coating as well as for roughening implant surfaces by titanium plasma coating.
TPS implant from Straumann: The TPS implant is produced by titanium plasma spraying (TPS)
technique. The surface chemistry of the TPS implant is mainly composed of Ti, O and C
including small amounts of N.*® The chemical bonding states of Ti and O is mainly TiO,, while
N is detected as titanium nitrates due to thermal heating during TPS process.

Steri-Oss HA-coated implant from Nobel Biocare: The Steri-Oss implant is coated with
hydroxyapatite using plasma spraying technique.”>”® The surface chemistry of the Steri-Oss
implant is mainly composed of Ca, P and C. The amount ratio of Ca and P is 1.62 (Ca/P =
17.7/10.8).>* The top layer (1-2 um) of HA-coating materials is amorphous, but the rest layer
shows the crystal structure of hydroxyapatite (hexagonal packed HA phase).”

Sol-gel technique: The sol-gel process is one of wet-chemical techniques using chemical
solutions which lead to gel formation on sample surface, such as discrete particles or network
polymer.** In general, heat treatments follow after gel formation on the surface to enhance the
mechanical stability of gel structure. By controlling soaking time, chemical solutions and heat

treatments, the sol-gel process enables change of surface chemistry and topography of titanium
surfaces from micro to nanoscale.

Nanotite from BIOMET 3i: The Nanotite implant is produced by discrete crystalline deposition
of calcium phosphates onto a dual acid etched surface.'® The Nanotite surface is covered with
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calcium phosphate particles of 20-100 nm in size. Surface chemistry of Nanotite is composed of
Ti, O, C, Ca and P. The concentration ratio of Ca and P is = 2.1(Ca/P = 10.62/5.01) 33

Ion-beam assistant deposition (IBAD) technique: The IBAD technique is one of dry methods
to deposit thin films of source materials onto a substrate. The IBAD technique enables formation
of a thin film of bioceramic, such as hydroxyapatite and calcium phosphate on dental implants.
The film thickness ranges from several tens of nanometers to several micrometers depending on

the experimental parameters.”®

Integra CP/NanoTite from Bicon: The Bicon implant is manufactured using an ion beam
assistant bioceramic deposition on Ti-6A1-4V surfaces.”’ Yet, no XPS data of this clinical implant
is available on Pubmed database except that experimental implants prepared by the IBAD
technique of the Bicon company showed the presence of O, C, Ca, P and Al on the implant
surfaces.™ The concentration ratio of Ca and P at the experimental implants ranged from 1.2 to
2.2 on the as-received surfaces.™

Blasting technique: Grits-blasting techniques have been widely applied to dental implant
productions during last two decades to increase the roughness of titanium surfaces. Since the
blasting particles are collided with implant surfaces, debris and residuals of the blasting particles

are often found on the blasted surfaces in SEM observations.***® Surface chemistry analysis
confirmed the presence of blasting residuals on the blasted surfaces.*’

TiOblast from Astra Tech AB: The TiOblast surface is produced by grit-blasting of TiO,
particles on cp titanium. The surface chemistry of the TiOblast implant is mainly composed of Ti,
O and C including trace levels of N and Na.*’

Ossean from Intra-Lock, FL, USA: The Ossean surface is produced by blasting of RBM
particles (bioceramic particles composed of Ca and P) on Ti-6A1-4V implant.*” Main elements of
the Ossean surface are Ti, O, C, Al, Ca and P including small amounts of N and Si. The
concentration ratio of Ca and P is 0.16 (Ca/P = 0.5/4.0).

1.4  Surface Chemistry Modifications of Titanium Surfaces

Surface chemistry modifications of titanium implants in the present thesis are performed
using metal plasma immersion ion implantation (MePIIID) and micro arc oxidation processes.
These techniques can incorporate ‘bioactive ions’, such as Mg, Ca, P and Na, into titanium
surfaces without forming weak and thick coating layers, which may results in implant failure due
to biodegradation and biodelamination of the coating materials. Furthermore, MePIIID process
allows surface chemistry modification with negligible alteration of surface topography at the
nanometer level, thus enabling the investigation of the effect of bioactive implant surface
chemistry on the bone response. The details of these processes are described in the following
subsections (see 1.4.1 and 1.4.2).

Among many candidates of bioactive titanium surfaces, Mg- and Ca-incorporated



implants were selected in the present thesis to investigate the effect of surface chemistry on the
bone responses to titanium. According to Sul and colleagues, Mg- and Ca-incorporated titanium
surfaces significantly reinforced the bonding strength and speed of the implants in rabbit bone
compared to non-incorporated pure titanium.'"'> One plausible explanation for the enhanced
bone responses to Mg- and Ca-incorporated titanium is that surface chemistry mediated-
osseointegration via “electrostatic/ionic” bonds, namely biochemical bonding, occurs at the
bone-implant interface.'"*! Because Mg and Ca cations in titanium oxide provide numerous
binding sites for the attachments of adhesive bone matrix proteins, Mg and Ca ions in titanium
surfaces may electrostatically bond with polyanionic proteins, such as proteoglycans, collagen,
thrombospondin, fibronectin, vitronectin, fibrillin, osteoadherin, osteopontin and bone
sialoprotein.**> This process can stimulate the Arg-Gly-Asp (RGD) sequence and trigger further
recruitment of osteoprogenitor cells and osteoblasts via signaling pathways, which possibly leads
to rapid and strong bone formation at Mg- and Ca-incorporated titanium.'"®*

1.4.1 Plasma Immersion Ion Implantation and Deposition (PIIID)

Plasma ion implantation technique has been known as plasma source ion implantation
(PSII) or plasma based ion implantation (PBII) since non-condensable gaseous plasmas (O, N,
Ar, etc) were generally employed to this technique.”> However, after condensable plasma species
(metal plasma of Mg, Ca, Fe, Ti, etc) were applied to this technique®*®>, plasma ion implantation
technique is generally known as plasma immersion ion implantation & deposition (PIIID) due to
the repeated-phases of ion implantation and deposition; ion implantation phase during bias pulse
on and deposition phase during bias pulse off.> In the present study, PIIID is used as general
terminology for plasma ion implantation techniques and divided into two categories: MePIIID
for metal arc plasma and O PIIID for gaseous plasma of oxygen. MePIIID is often described as
Mg PIIID and Ca PIIID depending on the used plasma source.

MePIIID process is a cyclic process of repeating cathodic arc deposition and plasma
immersion ion implantation.®**® Alternations of implantation and deposition of plasma ions
finally forms the intermixed layer between the substrate and film during the MePIIID process®”
68 which leads to excellent mechanical properties with the benefit of preventing biodelamination
and biodegradation of implant surfaces in bone.*”’’. MePIIID takes advantages to overcome the
line-of-sight restriction inherent in conventional ion implantation®, enabling application of
homogeneous film formation of complex geometry samples including screw-shaped implants.
Furthermore, MePIIID allows surface chemistry modification with negligible alteration of
surface topography at the nanometer level thus enabling the investigation of the effect of
bioactive implant surface chemistry on the bone response.’' By tailoring plasma sources and ion
dose, MePIIID can create desired bioactive surface chemistry for a better understanding of
osseointegration mechanism.

O PIIID process is a periodic plasma ion implantation process of oxygen plasma.*®> Under
0.1 Pa of oxygen pressure, an energetic negative bias generates gaseous plasma and accelerates
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the plasma ions into the normal direction of titanium surface, thus allowing homogeneous
incorporation of plasma ions into the implants. O PIIID process can be performed under the same
ion dose and acceleration voltage used on MePIIID process.

The present thesis investigated the effect of MePIIID process parameters, i.e., plasma
sources of magnesium and calcium, ion dose, and acceleration voltage on the surface chemistry
and morphology of screw-type titanium implants that have been most widely used for
osseointegrated implants. Furthermore, we investigated the bone response to plasma immersion
ion implantation and deposition of titanium implants with oxygen and magnesium.

1.4.2 Micro Arc Oxidation (MAO)

MAO process is an electrolytic passivation process, known as electrochemical oxidation
or anodic oxidation process. By controlling the process parameters, such as current density and
electrolytes, the MAO process may modify the surface properties of titanium oxide, including
surface morphology, chemistry, oxide thickness, roughness and crystal structure.”"”""> According
to previous studies, the MAO process not only produced porous structures on titanium surfaces
by dielectric breakdown phenomenon, but also incorporated anions and cations from the
electrolytes used.”! Although the ion incorporation into titanium oxide during the MAO process
is not fully understood, Sul et al produced Mg-, Ca-, P- and S-incorporated titanium
surfaces.”''*? With respect to the mechanical strength of the oxidized layer, the ultimate tensile
strengths of the oxidized surfaces prepared with anodic oxidation process were higher than the
ultimate tensile strength of cp titanium surfaces when the dielectric breakdown occurred: the
ultimate tensile strength was 32.8 MPa for the cp titanium, 34.2 MPa for the titanium anodically
oxidized with the dielectric breakdown, and was ranged from 13.1 to 20.2 MPa for the titanium
anodically oxidized without the dielectric breakdown.”” This result, indeed, confirm the
mechanical stability of Mg- and Ca-incorporated titanium oxides prepared with the MAO
process. TiUnite from Nobelbiocare, Ca implant from Ospol and M implant from Shinhung are
commercially available dental implants manufactured by MAO process.

In the present thesis, Mg- and Ca-incorporated titanium implants were produced with the
MAO process and their outcomes in rabbit tibiae were investigated.

1.5  Surface Characterization Methods

1.5.1 X-ray Photoelectron Spectroscopy (XPS)

Since Einstein explained the principle of photoelectron emission from metal substrates,
the photoelectronic effect has been applied to the analytical tools for the investigation of electron
energy states in materials. The photoelectronic effect can be described as following simple
equation: Eyx = /v - Eg - W, where Ej is kinetic energy of photoelectron, 4v is the photon energy,
Eg is binding energy of the electron, and W is work function of materials.”* XPS is one of
analytical tools based on the photoelectronic effect for the analyses of surface chemistry and
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electronic band structures of materials using X-ray sources. Al Ka (hv = 1486.7¢V) and Mg Ka
(hv = 1253¢V) lines are generally used for X-ray source.” 76 By measuring the kinetic energy of
photoelectrons, we can investigate the electron binding states, namely chemical bonding states,
of materials. Fig. 1 illustrates the photoelectric effect and XPS measurement. For a precise
analysis of surface chemistry, the binding energy should be referenced with a reference material
(Cu, Ag) or hydrocarbon on the surface to compensate the charging differences from materials to
materials. In the present thesis, all XPS data have been referenced by hydrocarbon of 284.8eV."”
XPS provides the quantitative analysis of surface chemistry. By using the signal intensity and
sensitivity factor of elements investigated, we can know the relative atom concentration of
surface chemistry. The quantitative accuracy is about 80-95% depending on the experimental
conditions and signal intensities of elements.”” Since the detection limit of XPS is several tenths
of nanometers into the surface, XPS provides very sensitive and reliable information on the
surface chemistry. However, the lateral resolution of XPS is in the range values of 100-500 pm.
The advantage of XPS is to analyze surface chemistry with X-rays which are less damaging to
the surface than electron beams of AES and ion beams of SIMS.”®

Electron
Analyzer

Er=hv-Ep-W  E=hv

<several tenths
of nanometers

X-ray source: Al Ka (hv=1486.7¢V), Mg Ka (hv=1253eV)

Fig. 1. The illustration of XPS measurement and the photoelectric effect

1.5.2 Auger Electron Spectroscopy (AES)

Auger electrons are produced when the electron bombardment makes an atomic inner
shell vacancy.”” During an electronic rearrangement due to the filling process of the vacancy,
electrons from outer shells are emitted from the surface and provide the chemical composition as
well as chemical bonding states of surface elements.” In addition, with use of continuous Ar*"
etching, we can investigate the elemental distribution in depth, namely depth profile. Although
AES is a more destructive method of surface analysis than XPS and does not provide the
electronic bonding state of an inner shell’’, AES is widely used for surface chemistry analyses
due to its’ higher spatial resolution (< 100 nm) than that of XPS. In the present study, AES was
employed for depth profiles of elements near the surface region.
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1.5.3 Scanning Electron Microscopy (SEM)

SEM is an analytical tool measuring surface topography using energetic electron beams.
The electron beam can be focused by a magnetic field from micro to nanometer level, thus
enabling measurement of surface topography at the magnification of x 10 to x 500,000.”° SEM
provides images of secondary electron (SE) or back scattered electron (BSE) modes. In general,
the SE mode mainly supplies images based on the topographical information, while the BSE
mode can provide the mixed information of topography as well as composition. Compared to the
BSE mode, high-resolution images (> % 10,000) of samples can be achieved at the SE mode.

1.5.4 Optical Interferometry

Optical interferometry is one of methods to measure surface topography based on the
interference phenomenon between on-going light from a source and reflected light from a
surface. The intensity differences of the interfered lights transform to the height difference of
surfaces, which allows the measurements of surface roughness. In general, an interferometer
measures surface topography using a white light source which has a wave length of 300-800 nm.
Due to this wavelength, the lateral resolution of an interferometer is over 100 nm.”® In contrast to
the lateral resolution, an optical interferometer has a vertical resolution of less than 1 nm.”® One
of important factors in the roughness measurement is the measuring area. Since dental implants
do have heterogeneous topographies, the roughness value depends on the size and the macro
geometry of local areas where the measurements were performed. Furthermore, as-received
roughness values of dental implants contain the information of complex geometry of screw
design, so-called “waviness” or “error form”. To remove the waviness and error forms of
samples, Gaussian filtering is generally used. However, the surface roughness values,
particularly Sa value, depends on the filtering size: the Sa value increases with filtering size.””*
In the present thesis, the surface roughness was measured from thread-tops, thread-flanks and
thread-valleys of implants, and then the roughness values were statistically compared between
implant groups. The measuring area of 230 um X 230 pm and a Gaussian filter of 50 um x 50
pm were used for surface roughness comparisons.

1.6 Bone/Cell Responses to Surface Chemistry-modified Titanium/Titanium
Alloys

1.6.1 Magnesium-incorporated Titanium/Titanium Alloy Surfaces

In vivo

Sul et al 2005* investigated the bone integration of Mg-incorporated implants prepared with the
MAO process. The concentration of Mg ions on the Mg-incorporated implant was 7.58% prior to
insertion, while Mg ions were not detected on the retrieved implants after 6 weeks of healing in
rabbit femur. The Mg-incorporated implants revealed significantly higher removal torque (RTQ)
and interfacial stiffness (ISQ) values than non-incorporated cp titanium.

13



Sul et al 2005* investigated the optimum surface properties of oxidized implants for the
reinforcement of the osseointegration using Mg-incorporated implants. The Mg-incorporated
implants were prepared by the MAO process with different experimental parameters, thus
containing four different Mg concentrations ranged from 8.36% to 9.33%. The Mg-incorporated
titanium implants presented significant increase of removal torque as compared to non-
incorporated cp titanium. In addition, the removal torque value of the Mg-incorporated titanium
increased with Mg concentration. The authors concluded that the Mg concentration of optimal
oxidized implants is approximately 9% in relative atom concentration.

Sul et al 2005 investigated the effect of Mg-incorporation to titanium oxide on the
osseointegration of implants. The implants prepared with the MAO process contained < 9.3% of
Mg. Removal torque tests presented significantly higher bonding strengths of the Mg-
incorporated implants in rabbit tibia compared to non-incorporated cp titanium. EDX line

profiles at the bone and implant interface revealed the ion exchange of Mg, Ca and P ions
between the implants and surrounding bone tissue. The authors concluded that these results
provide positive evidences for surface chemistry-mediated “biochemical bonding theory” of
oxidized implants.

Sul et _al 2006% investigated the bonding strength and speed of Mg-incorporated implants in
rabbit tibiae. The implants were prepared with the MAO process and contained 9.3% of Mg. The
Mg-incorporated titanium showed significantly higher removal torque values than cp titanium
controls at the healing times of 3 and 6 weeks. The osseointegration speed, defined as
ARTQ/Ahealing time (Ncm/week), was 3.4 Ncm/week for Mg-incorporated implants and 2.6
Ncm/week for cp titanium controls, which showed a significant difference in Wilcox-signed rank
test. The authors concluded that Mg-incorporated implants were rapidly and strongly integrated
in bone.

Sul et _al 2006"* compared the strength and speed of osseointegration among three groups of
implants, such as Mg-incorporated titanium implants prepared with the MAO process, TiUnite
implants from Nobel Biocare and Osseotite implants from BIOMET 3i. The Mg concentration of
the Mg-incorporated implants was < 9.3%. The Mg-incorporated implants showed a significantly
higher RTQ value than the two clinical implants at a healing time of 3 weeks. After a healing
time of 6 weeks, the Mg-incorporated implants revealed a significantly higher RTQ value than
the Osseotite implants, but showed only a higher value than the TiUnite implants. The speed of
osseointegration was significantly faster for the Mg-incorporated implants and for the TiUnite
implants between 3 and 6 weeks of healing time, but was not significantly fast for the Osseotite.
The authors concluded that surface chemistry facilitated the strong and rapid osseointegration of
the Mg-incorporated implants.

Sul_et_al 2009” investigated the bonding speed and strength of Mg-incorporated implants
prepared with the MAO process. Magnesium was detected less than 9.17% on the Mg-
incorporated implants. The Mg-incorporated implants showed significantly higher removal
torque values than machined-turned cp titanium implants and Al,Os-blasted implants after 3
weeks and 6 weeks of healing whereas the blasted implants presented significantly higher RTQ
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values than the machined turned implants after 6 weeks of healing. The Mg-incorporated
implants revealed a significantly higher rate of osseointegration as compared to the machined-
turned and the blasted implants between 3 and 6 weeks of healing time.

Sul et al 2010*' investigated the integration strengths of Mg-incorporated implants and O-
incorporated implants in rabbit tibiae by measuring the tensile strength. Magnesium and oxygen
ions were incorporated into titanium surfaces using PIIID techniques. The Mg-incorporated
implants presented a significantly higher tensile strength than the O-incorporated implants.

In vitro

Park et al 2010* investigated in vitro osteoconductivity of Mg-incorporated titanium prepared
with hydrothermal treatment. The hydrothermal treatment was performed on two different micro-
structured surfaces of abraded minimally rough titanium and grit-blasted moderately rough
titanium. The incorporated Mg ion was = 7.1% for the minimally rough titanium and 6.3% for
the moderately rough titanium. The Mg incorporation significantly increased the attachment of
MC3T3-El (pre-osteoblast cell) on the minimally rough titanium, while the Mg-incorporation
had negligible influences on the cellular attachment of the moderately rough titanium. The Mg-
incorporation enhanced ALP activity of cells cultured on the minimally and moderately rough
titanium surfaces. Furthermore, the Mg-incorporation increased the mRNA expressions of the
osteoblast genes and integrins in cells grown on the minimally and moderately rough surfaces.

Zreigat et al 2005% investigated the effect of surface chemistry modification of Ti-6Al-4V with
magnesium on the regulation of key intracellular signaling proteins in human bone-derived cells
(HBDC). The Mg-incorporated Ti-6Al1-4V was prepared with an ion implantation process. After
2 hours of the cell culture, the Mg-incorporated surfaces revealed higher expression levels of f1-
integrin, Shc isoforms (pp66, p52, p46), phosphorylated Erk and c-fos protein in cells compared
to non-incorporated titanium alloy. They found that the Mg-incorporated titanium alloy
modulated key signaling proteins such as Shc; a common point of integration between integrins

and the Ras/Mapkinase pathway. Furthermore, the signaling pathway involving c-fos was
upregulated in the osteoblasts cultured on the Mg-incorporated surfaces. The authors concluded
that surface chemistry modifications of titanium alloy with magnesium may lead to successful
osteoblastic function and differentiation.

1.6.2 Calcium-incorporated Titanium/Titanium Alloy Surfaces

In vivo

Hanawa et al 1997" investigated the bone response to Ca-incorporated titanium in rat tibiae.
Using an ion implantation process, the Ca ions were implanted into an upper side of cp titanium
plates at a dose of 10'7 jons/cm?, while the other side (lower side) was not treated with the ion
implantation. Decalcified cut and ground sections displayed a greater amount of new bone
formation at the Ca-incorporated titanium side than at the non-incorporated side after 2 days of

15



healing. In addition, tetracycline labeling was observed on the Ca-incorporated side of the
titanium plates, but not observed on the non-incorporated side of the titanium plates after 8 days
of surgery. The authors concluded that the Ca-incorporated titanium may be superior to the non-
incorporated cp titanium for bone conduction.

Sul et al 2002* investigated the bone response to Ca-incorporated implants prepared by the
MAO process. The relative atom concentration of Ca was approximately < 11%. The Ca-
incorporated implants demonstrated significantly higher removal torque values and bone metal
contact % than non-incorporated cp titanium after 6 weeks of healing in rabbit tibiae. The
authors concluded that surface chemical composition of titanium implants play an important role
on the bone responses.

Sul 2003’ compared the strength of osseointegration between Ca-, P-, S-incorporated implants
and non-incorporated cp titanium using a rabbit model. The Ca-incorporated implants were
prepared with the MAO process and contained approximately < 11% of Ca. The Ca-incorporated
implants presented significantly higher removal torque as compared to the non-incorporated
titanium implants and the P-incorporated implants whereas no significant differences were found
between the removal torque of the Ca-incorporated implants and the S-incorporated implants. In
addition, the Ca-incorporated implants showed a significantly greater bone metal contact% than
the non-incorporated cp titanium. The author concluded that surface chemistry and topography
separately or together play important roles in the bone response to oxidized implants.

Sul et al 2004" investigated the effect of calcium chemistry of oxidized implants on the implant
integration in rabbit tibiae. The MAO process was used to produce Ca-incorporated implants (Ca
7.37% on the as-received surface). The Ca-incorporated implants showed significantly higher
removal torque values than non-incorporated cp titanium (27.6 vs 8.8 Ncm, 314% increase) after
6 weeks of healing time. The authors have suggested two action mechanisms of the strong and
fast bone integration to the Ca-incorporated implants: (1) biomechanical interlocking through
bone growth in pores and (2) biochemical bonding.

Park et _al 2007* evaluated the biocompatibility of Ca-incorporated Ti6Al4V alloy implants
produced by hydrothermal treatment. The thickness of Ca-incorporated TiO, layer ranged from ~
250 nm to =~ 1200 nm depending on the mol concentrations of NaOH and CaO used. The Ca-
incorporated implants presented significantly higher removal toque values (3.2 vs 2.2 Nem) and
bone metal contact % (36.7 vs 20.2%) than the non-incorporated cp titanium. The authors
concluded that the Ca-incorporation to TiO, layer may be an effective tool for improving the
biocompatibility of Ti6Al4V implants.

Frijd et al 2008* compared the osseointegration between Ca-incorporated implants, oxidized
titanium implants and Al,Os grit-blasted implants using a rabbit model. The Ca-incorporated
implants and the oxidized implants were prepared with the MAO process. The Ca-incorporated

implants contained ~ 11% of Ca. Despite significantly lower Sa value of the Ca-incorporated
implants compared to the other implants, the Ca-incorporated implants showed the significantly
highest bone implant contact %. According to the authors, one reason for this can be explained
by that a certain chemistry of titanium implants is of importance for bone attachment.
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In vitro

Krupa et al 2001* investigated the corrosion resistance of Ca-incorporated titanium surfaces in
SBF solution and the cell (human derived bone cells) responses to the Ca-incorporated titanium.
The Ca-incorporated titanium produced by an ion implantation process contained 1.5% of Ca.
Under stationary conditions, the Ca-ion implantation increased the corrosion resistance of
titanium surfaces. From XTT assay and measurements of alkaline phosphatase (ALP) activity,
the Ca-incorporated implants showed similar viability and ALP activity of osteoblasts as

compared to non-incorporated cp titanium (grade2).
Nayab et al 2005% investigated the effect of Ca-implantation to titanium on the attachment and

spreading of MG-63(osteogenic sarcoma cell). Using ion implantation methods, Ca ions were
implanted into titanium at three different dose levels (10", 10', 10" jons/cm?). At the initial
stages of cell culture (4 hours), the Ca-implantation to titanium with the highest dose enhanced
the spreading of MG-63 cells, but inhibited the cell attachment. With increasing the culturing
time, cell adhesion to the Ca-incorporated titanium with the highest dose significantly increased
and more so than non-incorporated cp titanium. The authors suggested the possibility that “the
sufficient Ca ions in titanium might trigger enhanced binding of the integrin receptor, thereby
stimulating integrin-mediate activation signaling pathway”.

1.6.3 Phosphorous-incorporated Titanium Surfaces

In vivo

Sul et _al 2004’ investigated the bone response to P-incorporated titanium implants. The P-
incorporated implants were prepared with the MAO and inserted in rabbit tibiae for 6 weeks. The
P-incorporated implants showed higher removal torque value than non-incorporated cp titanium,
but not significantly different. The bone metal contact % was significantly higher for the P-
incorporated implants compared to the non-incorporated cp titanium. The authors presented that
the greater bone response to the P-incorporated implants can be explained by chemical reactions
of phosphate titanium oxide with bone tissue.

Omar et al 2011*® compared the bone tissue response between P-incorporated titanium implants
(TiUnite, Nobel biocare, Sweden) and non-incorporated cp titanium. Phosphorous was detected
about 3.6% at the the P-incorporated surface. The bone bonding strength was measured by a

removal torque test 6, 14 and 28 days after implant insertion in rat tibiae. The P-incorporated
implants showed significantly higher removal torque than the cp titanium after 6, 14 and 28 days
of healing time. Furthermore, the P-incorporated implants only significantly increased the
removal torque value with healing time, while the removal torque slightly increased with healing
time for the non-incorporated cp titanium. From gene expression analyses, the authors found that
the downregulation of gene expression of proinflammatory maker and upregulation of marker for
bone formation and remodeling were presented on the P-incorporated implants.
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In vitro

Krupa et al 2002* investigated the effect of phosphous-ion implantation on the corrosion
resistance and biocompatibility of titanium. The P-incorporation at a dose of 1 x 10'” increased
the corrosion resistance of titanium. The P-incorporated titanium presented no significant
difference in XTT viability assay and ALP activity test compared to non-incorporated titanium.

1.6.4 Fluorine-containing Titanium Surfaces

In vivo

Ellingsen 1995° investigated the bone response to fluoride-treated titanium. The fluoride-treated
implants were prepared by soaking in two different concentrations of sodium fluoride, 0.5% NaF
and 4% NaF. The bone bonding strength was measured by a push out test 4 weeks and 8 weeks
after the implant insertion in rabbit ulna. The NaF-treated implants showed greater retention in
bone than non-treated cp titanium. Furthermore, the 4%NaF-treated titanium seemed to give
higher retention than 0.5% NaF-treated titanium. The author suggested a catalytic effect of F ions
on the bone response, which leads to a connection between titanium and phosphates from bone
tissue.

Ellingsen 2004" investigated the effect of a fluoride modification of titanium surfaces on
subsequent bone responses. The fluoride modification was performed on TiO, grit-blasted
implants using a diluted hydrofluoric acid. Despite slightly lower Sa values, the fluoride-
modified implants showed significantly higher removal torque values, shear strengths and bone
metal contact % than non-treated blasted implants at 3 months after placement in rabbit cortical
bone. The author suggested the possibility that the modified surface chemistry and small
morphologic changes (small etching pits) of the fluoride-treated surfaces have a beneficial effect
on the bone healing.

Lamolle et al 2009%° investigated the bone attachment strength to F-incorporated titanium
implants prepared by a cathodic reduction process in HF containing electrolytes. The
concentrations of HF in the electrolytes were 0.0011, 0.01 and 0.1vol%. The bone attachment
strengths were measured by pull-out tests 4 weeks after implant insertion in rabbit tibiae. The
bone-to-implant attachment strength increased with atom concentration of F near surface (< 30
nm). The attachment strength positively correlated with the amounts of F” and H'. According to

the authors, these results supported the idea that chemical elements, such as fluoride or hydride,
can be useful for improving the biological response to titanium surfaces.

Sul 2010" compared the osseointegration between TiO, grit-blasted titanium implants and
fluorinated TiO, nanotube implants. The fluorinated nanotube implants were fabricated by an
electrochemical oxidation process in the mixture of H3PO4 and HF. The F ion concentration on
the fluorinated nanotube implants ranged from 4.0% to 4.6% depending on the processing time.
The fluorinated implant containing 4.6% of F was selected for an animal study. Despite of
significantly lower Sa and Sdr values, the fluorinated nanotube implants demonstrated the higher
removal torque values and bone metal contact percentages than the blasted titanium surfaces at 6

18



weeks after placement in rabbit femur condyle region. The author concluded that the presence of
the nanotube and the fluorinated surface chemistry determined the nature of bone responses to
the implants.

In vitro

Lamolle et al 2009°' investigated the surface chemistry, topography and biocompatibility of
titanium surfaces treated with 0.2% HF acid. The murine osteoblasts (MC3T3-E1) were cultured
on a polished control group and test groups treated with HF acid at different exposure times (40s,
90s, 120s and 150s). For short treatment times (40s, 90s), the fluorine was detected within 5 nm
from outermost surface, while the fluorine was incorporated deeper for longer treatment times
(120s, 150s). The cytotoxicity level measured by LDH activity was found lower for all the HF-
treated titanium surfaces compared to the polished titanium control, and the levels were
significantly lower for the HF-treated surfaces with the longer treatment times. Numbers of cell
attached on the HF-treated surface with the longer treatment times were significantly higher
compared to the control group.

1.6.5 Hydroxyapatite-/Calcium Phosphates-containing Surfaces

In vivo

Gottlander et al 1997 investigated the bone response to hydroxyapatite (HA)-coated titanium
implants. The HA coating thickness was approximately 51 pm with a plasma spray process. The
HA-coated implants showed significantly higher bone contact % compared to non-coated cp

titanium at 4 weeks and 6 months after implant insertion in rabbit bone. However, as compared
to the cp titanium implants, the HA-coated implants showed significantly lower bone area %
inside threaded area and outfolded mirror area after 6 months of healing time. According to the
authors, small amounts of bone adjacent to the HA-coated implants could be explained by
macrophage-induced resorption.

Ishizawa et al 19952 compared the bone response of anodically oxidized titanium, anodically
oxidized + hydrothermally treated titanium, non-treated cp titanium and sintered HA ceramics.
The anodic oxidation process was performed on cp titanium implants in mixed electrolytes
(sodium B-glycerophosphate and calcium acetate), and the process finally formed an anodic

titanium oxide film containing Ca and P (AOFCP). The hydrothermal process was performed at
300°C for 2 hours using an autoclave with water, which finally formed numerous hydroxyapatite
crystals on the AOFCP surface. The anodically oxidized titanium and the anodically oxidized +
hydrothermally treated titanium presented significantly higher interfacial shear strength and bone
apposition % than the non-treated cp titanium 8 weeks after the implants insertion in rabbit femur.
However, there were no significant differences in the shear strength and bone apposition %
between the sintered HA and the anodically oxidized + hydrothermally treated titanium. The
author found that thin HA layers, only a few micrometers thick, may be sufficient for implants to
acquire the abilities of bioactive materials.
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Geesink et al 1988” investigated the bonding strength of hydroxyapatite-coated titanium
implants in dog femur. The hydroxyapatite-coated implants were prepared with a plasma-
spraying technique. The hydroxyapatite-coated implant showed significantly increased interfacial
shear strength compared to non-coated cp titanium after 6 weeks of healing time. The shear
strength increased with healing time up to 6 months, but slightly decreased after 1 year follow-up.
The authors concluded that the hydroxyapatite-coated implant can form a chemical fixation in
bone, which strength is comparable to the mechanical strength of cortical bone itself.

Ong et al 2002** compared the bone responses to CaP-coated titanium, CaP-coated & heat-
treated titanium and non-coated cp titanium implants. Radio frequency (RF) sputtering process

was used for the CaP coating on titanium surfaces and the heat treatment was performed under
700°C for 90min. As compared to the non-coated cp titanium and the CaP-coated & heat-treated
implants, the CaP-coated implants revealed significantly higher interfacial shear strength 3
weeks after the implants insertion in dog, while the shear strengths of the implants became
similar after 12 weeks of healing time. Furthermore, the CaP-coated implants presented
significantly greater % of bone implant contact than the other two implants after 3 weeks and 12
weeks of healing. The author suggested that the dissolution of the CaP coatings may play a
important role in the enhanced bone response to the CaP-coated titanium.

Siebers et al 2007”° investigated the bone response to CaP-coated titanium implants prepared

with an electrostatic spray deposition (ESD) and heat treatment process. After titanium implants
were coated with CaP using the EDS process (coating layer ~ 2pum), the implants were subjected
to an additional heat treatment at three different temperature conditions (400°C, 500°C and
700°C) for 2 hours. Depending on the temperature during the heat treatment, the implants
revealed different crystallinity of amorphous structures for 400°C, carbonate apatite structure for
500°C and carbonated hydroxyapatite structure for 700°C. After 12 weeks of implant insertion in
goat femur, the CaP-coated implants having carbonated hydroxyapatite crystalline presented a
significant increase of bone metal contact % compared to non-CaP coated cp titanium implants,
while two other CaP-coated implants showed no significant difference of bone metal contact %
compared with the cp titanium implants. The author concluded that the degree of crystallinity has
an influence on the bone response to CaP-coated implants prepared with the ESD process.
Mendes et al 2007"° investigated the effect of discrete calcium phosphate nanocrystals on bone
response to titanium/titanium alloy implants. The cp titanium and Ti6Al4V implants were dual-
etched with acid and, then modified by a discrete calcium phosphate deposition process. The
implants were bilaterally inserted in distal metaphyses of rat femora. After 9 days of healing, the
discrete calcium phosphate deposition significantly increased the bone bonding strength to the
titanium implants.

Quaranta_et_al 2010°® compared the bone response of plasma-sprayed calcium-phosphate

(PSCaP) implants and bioceramic nano-coated (Nano) implants prepared with an ion beam-
assisted deposition process. The PSCaP coating and bioceramic coating were performed on
TiAl64V implants (Bicon, Bodton, MA). After the ion beam-assisted deposition process, the
Nano implants showed 300-500 nm thickness of CaP layer on the surface, while the PSCaP
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surface presented 20-30pum thickness of CaP coating layer. The PSCaP implants showed
significantly higher percentages of bone metal contact and bone area than the Nano implants
20days, 30days and 60days after the implants insertion in rabbit femur. The author concluded
that the early bone response was favored by the presence of the thicker PSCaP coating.

In vitro

Fini et al 1999”7 investigated bone cell (HOS-TE85, human osteosarcoma line) responses to Ca-
and P-incorporated titanium. Three different groups were used in this study: 1) HF-soaked cp
titanium (Ti), 2) HF-soaked + anodically oxidized implants (Ti/Al), and 3) HF-soaked +
anodically oxidized + heat-treated implant (Ti/Al/HA). Ca and P ions were incorporated into
titanium after anodic oxidation and were enriched after the heat-treatment. Three surfaces
presented no differences in cell morphology, vacuolation, detachment and membranelysis

Pham et al 2000 investigated the response of hydroxyapatite precipitation on Ca- and P-
incorporated titanium using a simulated body fluid (SBF). The Ca- and P-incorporated titanium
was prepared using an ion-implantation technique. The Ca- and P-incorporated titanium
presented the enhanced precipitation and mineralization of the hydroxyapatite in the SBF
compared to non-incorporated titanium. According to the authors, the encouraged surface
reactivity was related to the increased provision of the ionic mineral components, such as Ca®*

and HP,*, which act as nucleating cites for hydroxyapatite.

1.6.6 Sodium-containing Titanium Surfaces

In vivo

Nishiguchi et al 1999* investigated the effect of heat-treatment on the bone-bonding strength to
alkali-treated titanium. The alkali-treated titanium was prepared by soaking in a SM NaOH
aqueous solution and the heat treatment was performed at 600°C for 1 hour. The alkali- and heat-
treated titanium showed significantly higher detaching strength compared to non-treated cp
titanium and the alkali-treated titanium (no heat-treatment) 8 weeks and 16 weeks after implant
insertion in rabbit tibiae. The author concluded that a more stable sodium titanate layer was
formed on the alkali-treated surface after heat treatment, which led to stronger bone bonding to
the alkali- and heat-treated surface than to the alkali alone treated titanium.

Nishiguchi et al 1999*® investigated the effect of alkali- and heat-treatment on the bone
integration to three different titanium alloys. The alkali- and heat-treatment were performed to
the titanium alloys of Ti6Al4V, Ti6A12Nb1Ta and TiSMo5Zr3Al by soaking in NaOH containing
aqueous solutions and subsequently heating at 550°C or 600°C for 1 hour. Detaching
measurements showed that the alkali- and heat-treatment increased the bone-bonding strength of
three different alloys 8, 16 and 24 weeks after implant insertion in rabbit tibiae. According to the
authors, the titanium alloys bound chemically to bone via a crystallized sodium titanate layer
formed by the alkali- and heat-treatment.
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Fujibayashi et al 2001'" investigated the effect of sodium removal on the bone bonding
strength of alkali- and heat-treated titanium implants. For the sample preparation, cp titanium
plates were soaked in SM NaOH aqueous solution for 24 hours and were heated at 600 °C for 1

hour. Prior to the heat-treatment, sodium-free alkali- and heat-treated titanium (Na-free titanium)
was prepared by an additional step of soaking in distilled water for 48 hours after the alkali
treatment. At 4 weeks after implant insertion in rabbit bone, the Na-free titanium showed the
significantly higher bone-bonding strength than the alkali- and heat-treated titanium. After 8, 16
and 24 weeks of healing times, the bone bonding-strength of the Na-free titanium negligibly
changed whereas the alkali- and heat-treated titanium significantly increased the bone bonding
strength with the healing time. As a result, the alkali- and heat-treated titanium showed
significantly higher bone bonding strength than the Na-free titanium after 16 and 24 weeks. This
reversal in the bonding strength between two groups was explained by the weakness of the
surface structure of the Na-free titanium, which led the detachment between bioactive layer and
bulk titanium.

In vitro
Maitz et al 2005""" investigated the performance of osteogenic cells on Na-incorporated titanium

prepared with three different methods, such as plasma immersion ion implantation & deposition
(PIII&D), beam-line ion implantation (II) and wet chemical (NaOH-soaking) processes. After the
PII&D and II processes, the Na-incorporated implants were oxidized in air (1h at 600°C) and
then hydroxylated in boiling water (2-4h). The precipitation of calcium phosphates in SBF was
significantly higher for the PIII&D treated implants compared to the other implants. After 4-5
hours of cell culture, however, all four titanium surfaces (including non-treated cp titanium)
showed similar cell adhesion and proliferation except that the implants prepared with NaOH-
soaking process presented the best cell adhesion in the morphological aspects.

Baszkiewicz_et_al 2008'"? investigated the effect of Na-ion implantation on the corrosion

resistance of titanium, the precipitation of calcium phosphate in a simulated body fluid (SBF)
and the cytocompatibility of MG-63 cells. The Na-incorporation increased the corrosion
resistance of cp titanium most likely due to the formation of amorphous layer on titanium.
Furthermore, the Na-incorporated surface formed dense layers of the calcium phosphate, but
non-incorporated titanium did not form a dense layer. However, the Na-incorporated and non-
incorporated surfaces revealed negligible differences in the viability of the cells and their ability
to spread on the investigated surfaces.

22



2  Aims

Study I. To investigate the surface chemistry and morphology of recently developed
commercially available dental implants (TiUnite®, OsseoSpeed®, Osseotite®, and SLA®).

Study II: To investigate the effect of the MePIIID process parameters, i.e., plasma sources of
magnesium and calcium, ion dose, and acceleration voltage on the surface chemistry and

morphology of screw-type titanium implants.

Study III: To investigate the effects of surface chemistry and surface topography on the rate and
strength of osseointegration.

Study IV: To investigate the effect of calcium concentration on the bone tissue response to Ca-
incorporated titanium implants

Study V: To investigate the bone response to Mg-incorporated titanium oxide chemistry prepared
with MePIIID process on titanium implants.
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3 Materials and Methods

3.1 Commercially Available Dental Implants

Commercially available titanium implants, such as TiUnite® (3.75x7mm, Nobel Biocare,
Goteborg, Sweden), OsseoSpeed® (4.00x11mm, Astra Tech AB, Molndal, Sweden), SLA®
(4.10x10mm, Institute Straumann, Waldenburg, Switzerland), and Osseotite® (3.75x8.5mm,
Implant Innovation, FL, USA) were purchased from local distributors. These implants are
fabricated with chemical etching or anodic oxidation processes. Two specimens for each type
implant were analyzed

3.2  Design of Experimental Titanium Implants

Commercially pure titanium (grade 4) screw shaped implants were used in study II, III,
IV and V. The implants used in animal experiments (study III, IV and V) have no cutting edge.

3.3 Sample Preparations

Surface chemistry modifications of the titanium implants in the present thesis were
performed with PIIID and MAO processes. Table 1 summarized the implants group and their
modification methods.

Table 1. Implant groups and their surface modification methods

Study Implant group Surface modification
EP CNC machining + electropolishing
IMgl, IMg2, IMg3, . .
Study 11 CNC machining + electropolishing + Mg PIIID
IMg4, IMg5
ICal, ICa2, ICa3 CNC machining + electropolishing + Ca PIIID
Turned implant CNC machining
Study 111 , o o )
(in vivo) Blasted implant CNC machining + blasting with Al,O; particles (75 pm)
in vivo
Mg implant CNC machining + blasting with Al,O, particles (75 um) + MAO
Study IV Ca4 CNC machining + MAO
(in vivo) Cab CNC machining + blasting with TiO, particles (100-150 pm) + MAO
Study V 10 CNC machining + O PIIID
(in vivo) Mg CNC machining + Mg PIIID
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3.3.1 PIIID Process

MePIIID process was performed using metal arc plasma and negative high voltage pulse.
The metal arc plasma was generated from metal load type Mg and Ca sources triggered by a
pulse supply (100V), and then guided to titanium samples using a magnetic coil. The magnetic
coil filters heavy particles produced from the plasma generation, thus enabling to guide pure
plasma ions. When the guided metal arc plasma was arrived to the samples, the metal arch
plasma was attracted and incorporated into titanium surfaces by the negative high voltage pulse
(0-40kV). The signals used for triggering the metal arc plasma and the negative high voltages
were synchronized to achieve successful ion incorporation. Fig. 2 illustrates a brief overview of
the MePIIID process. O PIIID process was conducted using oxygen plasma and the negative
high voltage pulse. The oxygen plasma was produced by a radio frequency generator at the
oxygen pressure of 0.1 Pa. By synchronizing the RF generator and the negative high voltage
source, the oxygen plasma ions were incorporated to titanium samples. The detailed sample
preparations using the MePIIID and O PIIID processes in studies II and V were described below
and summarized in Table 2.

1) Study II: Using metal arc plasma of Mg and Ca sources, the MePIIID process
was performed to the electropolished titanium of screw-shape implants. The machined-turned
surfaces were galvanostatically electropolished in a mixture of 3M surphuric acid and methanol
at -7°.'" Prior to the MePIIID process, the electropolished samples were degreased by ultra-
sonication in an aqueous solution of phosphate-free Extran® MA 03 (Merck, Darmstadt,
Germany)/deionized water (1:100) and absolute ethanol for 2 x 15 min. To generate the metal arc
vacuum plasma, metal rod types of Mg and Ca were connected to arc-generator and triggered
with 100V. Incident ion fluences per pulse were calculated by measuring current densities on
titanium surfaces and by using the mean ion charges of Mg and Ca. The mean charge of metal
arc plasma is 1.54 for Mg and 1.93 for Ca.'™ By controlling processing time and incident ion
fluences, Mg and Ca ions were incorporated into titanium surfaces with three different ion doses
(5 x 10, 10 x 10", 50 x 10" jons/cm?). The plasma ions were incorporated into titanium
surfaces using three different negative voltage pulses (10kV, 13.6kV, 16.7kV). Totally eight
types of samples were prepared with the MePIIID process (see Table 2)

ii) Study V: IMg and IO implants were prepared with the MePIIID and O PIIID
processes, respectively (see Table 2). The MePIID and OPIIID processes were performed to
machined-turned cp titanium. Using 20kV of the negative high voltage pulse, magnesium and
oxygen plasma ions were incorporated into titanium surfaces at a dose level of 50 x 10
ions/cm”. To generate the magnesium arc plasma, metal rod types of Mg were connected to arc-
generator and triggered with 100V. The oxygen plasma was generated by the RF generator at the
oxygen pressure of 0.1 Pa.
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Fig. 2. Schematic illustrations of the MePIIID process: a) The metal plasma generated by a pulse supply (0-400V)
was filtered and guided to the sample. A synchronized signal with the pulse generator triggered the negative high
voltage pulse (0-40kV) connected to the samples, thus incorporating the plasma ions into the sample surface. b) The
guided plasma ions perpendicularly incorporated into the samples surfaces, which enables to modify surface
chemistry of the screw-shape implants having a complex geometry.

Table 2. Process parameters of the MePIIID and OPIIID used in studies Il and V

Plasma

Incident ion dose

Acceleration

Working

Sy parel source (ions/Cm?) voltage (KV) pressure (Pa) SIS S
Stwdyll Mgl Mg 5%10"° 10 13%10
IMg2 Mg 10x10" 10 13x10°
IMg3 Mg 50x10" 10 1.3%10°
IMgd Mg 10x10" 13.6 1.3x10° Electropolished
IMg5 Mg 10x10" 16.7 1.3%10° titanium
ICal  Ca 5x10" 10 13x10°
ICa2  Ca 10x10"” 10 1.3%10°
ICa3  Ca 50x10" 10 1.3%10°
15 -3
Study V 10 ° 5 0><101 ; 20 1.3x10 Machined turned
Mg Mg 50x10 20 0.1Pa titanium
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3.3.2 MAO Process

MAO process was conducted in galvanostatic mode using a Mg-containing electrolyte
and a Ca-containing electrolyte, respectively. Currents and voltages were recorded continuously
at 1-s intervals by an IBM computer interfaced with a DC power supply. The ripple variability
was controlled to less than 0.1%. Two platinum plates having a surface area of 32 cm” were used
as counter electrodes on both sides of the titanium anode. Fig. 3 illustrated the apparatus and cell
of MAO process. The implants preparations using the MAO process were describe below:

i) Study III: Mg implants were machined turned, blasted with 75 pm particles of
Al,O3, and then processed with the MAO using the Mg-containing electrolyte.

if) Study IV: Two groups of Ca-incorporated titanium implants were prepared with
the MAO process using the Ca-containing electrolyte. Ca 4.2% containing Ca4 implants were
machined turned, and then processed by the MAO, while Ca 6.2% containing Ca6 implants were
machined turned, blasted with TiO; particles (100-150 pm) and, finally processed by the MAO.

Prior to the MAO process, all the titanium samples were degreased by ultra-sonication in
an aqueous solution of phosphate-free Extran® MA 03 (Merck, Darmstadt, Germany)/deionized
water (1:100) and absolute ethanol for 2 x 15 min. After the MAO treatments, the samples were
rinsed with absolute ethanol, and then dried in an oven at 60°C over a day. Finally, the implants
were sterilized in an autoclave prior to animal experiments.
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Fig. 3. Schematic illustrations of the apparatus and cell of the MAO process

28



3.4  Surface Characterization

3.4.1 X-ray Photoelectron Spectroscopy (XPS) Analysis

Surface chemistry of all the implants was analyzed by X-ray Photoelectron Spectroscopy
(XPS, Sigma Probe, Thermo-VG, England). Monochromatic Al Ko (1486.7¢V) X-ray was
irradiated on the area of 400 um between the second and third thread of the implants. The
electron take-off angle was fixed at 45° and the vacuum pressure was below 107 torr during
spectra data acquisition. Survey XPS data (widescan data) were acquired over 1200eV with pass
energy of 50eV and a resolution of 1eV. XPS high resolution spectra were obtained at C 1s, Ti 2p,
O 1s, Mg 2p, Ca2p, P 2p, F 1s, Na 1s, CI 2p, S 2p and Si 2p. The experimental conditions were
over 15-20eV ranges, pass energy of 20eV and a resolution of 0.1eV. XPS data were acquired
before and after sputtering for a better understanding of chemical bonding states between surface
elements. Ar sputter cleaning was operated for 3 seconds (beam energy = 2keV, primary current
= 2uA, rastered area 3.14mm?). Relative atom concentration ratios were calculated based on the
peak area and sensitivity factors of elements investigated. The binding energy of photoelectron
was referenced to the C 1s line of adventitious hydrocarbon at 284.8eV. XPS spectra of Ti 2p, O
Is, C 1s, Mg 2p and Ca 2p were deconvoluted using a curve fitting program provided by a
product company (Sigma Probe, Thermo-VG, England). Ti 2p spectra were deconvoluted to TiO,,
magnesium titanates, calcium titanates or titanium phosphates at =~ 458.7 + 0.2eV, Ti-OH at=
457.9¢eV, Ti,O5 at 457.0eV £ 0.2eV, TiO at 455.3 + 0.2eV and metal Ti at 453.8 = 0.2eV. O 1s
spectra were fitted with four sub-peaks, i.e., TiO,, magnesium titanates, MgO or calcium
titanates at 530.1 + 0.2eV, titanium phosphates at 531.1eV = 0.2eV, (OH), or C-O at 531.7 +
0.2eV, H,0 or C=0 at 532.7 £ 0.2eV. Mg 2p spectra were resolved into two Gaussian sub-peaks,
i.e., Mg(OH), at 49.5¢V and magnesium titanates or MgO at 50.3eV. Deconvolution data of Ca
2p were imposed to calcium titanates at ~ 346.8eV and Ca(OH), at = 347.6¢V.

3.4.2 Auger Electron Spectroscopy (AES) Analysis

Element depth profiles were measured by Auger Electron Spectroscopy (AES, Physical
Electronics, model PHI 650). The electron beam with 2.5 um x 4.0 um probing area was
accelerated at a 5KV of acceleration voltage and < 10 torr. Continuous Ar etching was
performed with sputtering energy of 2kV (etching rate: 3.7 nm/min) in study I and 0.5kV
(etching rate: 0.5 nm/min) in study IT and V.

3.4.3 Analysis of Surface Morphology and Pore Properties

Surface morphology of the titanium implants were analyzed by scanning electron
microscopy (SEM, JEOL, LV-6380, Sweden). The SEM images were acquired with acceleration
voltage of 20kV. The vacuum pressure was maintained below 1 x 107 torr. The load current (L.C)
was approximately 85 pA. In order to reflect overall surface morphology, the SEM images were
acquired at thread flanks of the implants except for SLA implant. The SEM images of SLA were
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obtained from the thread valley. The magnifications of the SEM images were varied from x
3,000 to x 8,000 depending on the implant surfaces. From the SEM images, pore properties of
the implants in study III and V were investigated using image measurement 2000 software
(version 2.3, Tekno Optik AB, Skédrholmen, Sweden).

3.4.4 Surface Roughness Measurement

Surface roughness of the screw-type implants were measured by an optical interferometer
(MicroXamTM, Phase shift, AZ, US). The interferometer has a lateral resolution of 110 nm and
vertical resolution of 1 nm. The roughness was measured from three samples of each group at
three thread-tops, thread-valleys, and three thread-flanks, totally 27 measurements per group.
The measuring area was fixed to 230 x 230 pm?” and the Gaussian filter (50 x 50 pm?®) was
applied for removing the waviness and error forms. The evaluated roughness parameters were Sa
(arithmetic average height deviation, um) and Sdr (developed surface ratio, %).

3.5 Implant Insertion and Implant Group

Totally 29 of New-Zealand white rabbits were used in the present thesis: 10 for study III,
9 for study IV and 10 for study V. The mean weight of the rabbits at operation was 3.89kg for
study 111, 4.6kg for study IV and 4.3kg for study V. The animal experiments were approved by
the local animal ethics committee at the Karolinska Institute, Stockholm, Sweden.

For surgery, the animals were anesthetized with intramuscular injections of fentanyl and
fluanisone (Hypnorm Vet, Janssen, Saunderton, UK) at 0.5 ml/kg body weight and
intraperitoneal injections of diazepam (Valium, Roche, France) at 2.5 mg/animal. Prior to surgery
the shaved skin was carefully washed with a mixture of iodine and 70% ethanol. Local
anesthesia with 1.0 ml of 5% Xylocaine (AstraZeneca, Sodertélje, Sweden) was administered to
the tuberositas region of the bone where the incision was planned, under aseptic conditions. The
skin and fascial layers were opened and closed separately. The periosteal layer was gently pulled
away from the surgical area and was not resutured. Totally 136 implants used in the thesis were
inserted in tuberositas tibia region and were allowed to penetrate the first cortical region only.
During all surgical drilling sequences low rotary drill speeds (not exceeding 2000 rpm) and
saline cooling were used. The animals were kept in separate cages and immediately after surgery
were allowed full weight-bearing. The animals were sacrificed by intravenous injections of
Pentobarbital® (Apoteksbolaget, Uppsala, Sweden) at a given follow-up period. The implants
groups were summarized in Table 3 and detailed insertion protocols were described below.

30



i) Study III: Three implants (n = 30), one of each group, were randomly placed in
one tibia and, after 3 weeks, another 3 implants (n = 30, one of each group) were placed in the
other tibia. The follow-up time was 6 weeks.

ii) Study IV: Two Ca4 implants (n = 18) were inserted in the tuberositas tibia region.
In the corresponding site of the contra lateral leg, two Ca6 implants (n = 18) were inserted. The
healing time was 6 weeks.

ii) Study V: Two Mg-incorporated implants (IMg, n = 20) were inserted in one side
and two O-incorporated implants (I0, n = 20) were inserted in the other side. The follow-up time
was 10 weeks.

Table 3. Implant groups of in vivo experiments

Study Implant group Number Healing time Surface chemistry
Turned implant 20 3 and 6 weeks mainly Ti, O and C
Study 111 Blasted implant 20 3 and 6 weeks mainly Ti, O, C and Al
Mg implant 20 3 and 6 weeks <9.2% Mg, Ti, O and C
Ca4 18 6 weeks 6.6% Ca, Ti,O and C
Study IV .
Cab 18 6 weeks 4.2% Ca, Ti, O and C
10 20 10 weeks mainly Ti, O and C
Study V )
Mg 20 10 weeks 9% Mg, Ti, O and C

3.6 Measurements of Bone Responses to Titanium Surfaces
3.6.1 Biomechanical Strength

3.6.1.1 Removal Torque (RTQ)

The strength of bone implant integration was evaluated by the removal torque (RTQ) test which
measures the torque (force) needed to loosen the implant in the bone bed. This is a 3-dimensional
biomechanical measurement roughly reflecting the interfacial shear strength between bone and
implant.'” The equipment consists of an electronic device incorporating a strain-gauged
transducer, which enables controlled torque analysis of the peak loosening torque.'” The peak
removal torque was measured on the implants placed in the tibiae after 3, 6 and 10 weeks of
healing.
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3.6.1.2 Shear Strength

The shear strength, force per unit area (N/mm?), was evaluated as following methods:
T

shear strenth=———
wxdxIxr , where T = removal torque in Nmm, d = mean diameter of the
implant (3.45 mm), » = lever arm (= radius 1.725 mm), / = the bone length at the interfacial zone
of bone and implant'®. Four different bone lengths were used for shear strength calculations as

follows:

Method A:  measuring solid bone length from all threads of the unscrewed (RTQ
tested) implants.

Method B:  measuring solid bone length from three best consecutive threads in cortical
region of the unscrewed implants.

Method C:  measuring bone contact length from all threads of the non-unscrewed
(non-RTQ tested) neighboring implants.

Method D:  measuring bone contact length from three best consecutive threads in
cortical region of the non-unscrewed neighboring implants.

The Fig 4 illustrates how to measure the solid bone length at the destroyed interface
between bone and unscrewed-implants. In study IV, the shear strengths were calculated using
method A, B, C and D, while method C was used in study V for the shear strength evaluation.

Fig. 4. Light micrograph of ground sections from the removal torque tested implants in bone, illustrating how to
measure the solid bone length at the interfacial zone between bone and implant. The solid bone in the shear strength
calculation is defined as the old cortical bone and newly formed bone except soft tissues. The solid bone length
(yellow line) was measured along the destroyed interface between bone and implant.
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3.6.1.3 Rate of Osseointegration

The rate of osseointegration was defined as the change in RTQ value over a particular
healing time. The rate of osseointegration can be expressed as described in the following two

cases29:

a) for the healing period from day 0 to the very first follow-up time:
Osseointegration rate = ARTQ / Ahealing time - o

b) for the healing period from the very first follow-up to the next follow-up:
Osseointegration rate = ARTQ / Ahealing time

The constant o is RTQ value at day 0 / the very first follow-up time. In study III, the
constant o, was presented as o, o, and o, for the Mg implants, blasted-implants and machined-
turned implants, respectively.

3.6.2 Histomorphometry

3.6.2.1 Sample Preparation

The implants inserted into the distal part of the tibia in studies IV and V were prepared
for undecalcified cut and ground sections using the Exakt cutting and grinding system.'*>'"” The
sections were ground to a final thickness of about 20 um and stained with toluidine blue mixed
with pyronin G.

The implants inserted into the proximal part of the tibia (removal torque tested implants)
in study IV were prepared for cut and ground sections with the same procedures above. The
sections were stained with basic fuchsin'®'® and used only for the measurement of the solid
bone length at the destroyed interface between bone and implant to calculate the shear strength.

3.6.2.2 Quantitative and Qualitative Analyses on the Stained Sections

The quantitative and qualitative observations of the stained sections were performed by a
light microscope equipped with an image analysis software (Ecllips 80i, Tekno Optik AB,
Skérholmen, Sweden). For histomorphometrical analyses, bone metal contact (BMC), bone area
(BA) and newly formed bone were quantified. BMC and BA values were measured in all threads
and three best consecutive threads in cortical region.'” The newly formed bone were analyzed in
two zones'%: 1) inside the threads located in the old cortical region (zone A), 2) in the threads
below the old cortex, i. e. the newly formed endosteal bone (zone B). In addition, new bone
formation inside all threads (zone A and B) was quantified.
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3.7  Statistical analysis

The data are presented as mean value + standard deviation. Roughness comparisons of
the experimental implants in study II and III were performed by analysis of variance (ANOVA):
Post-Hoc multiple comparisons using SPSS 17 program, while the roughness values of implant
surfaces in study IV and V were compared by the independent samples t-test. Bone responses to
three groups in study III were compared by the multiple comparisons of Post-Hoc turkey
methods whereas non-parametric Wilcoxon signed rank test were employed for the comparisons
of biomechanical strengths and histomorphometrical data from the paired groups in study I'V and
V. The relationship between shear strengths calculated from different methods was assessed by
Pearson correlation test using the same program.
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4 Results

4.1 Surface Properties of Commercially Available Dental Implants

Fig. 5 showed SEM images of the clinical implants. The survey and high resolution XPS data
were displayed in Fig. 6. Relative atom concentration and binding energies were summarized in
Table 4. AES depth profiles of elements were demonstrated in Fig. 7.

magnifications of x3,000 and x8,000 were used for SEM observation.

TiUnite: The TiUnite implants showed porous structure on the surface. The pore size was
0.5-3.0 pm, and sometimes elongated to ~ 10 um. The inset in Fig. Sa showed crack propagation
on the TiUnite surface. Surface chemistry of the TiUnite was mainly composed of Ti, O, C and P.
The atom concentration of P was = 6.8% in XPS analysis. The peak binding energy of P 2p was
133.4eV, which indicated the presence of titanium phosphates. AES data confirmed the P-
incorporation to the thick titanium oxide. Deconvoluted Ols data in Fig. 6d show significantly
higher amount of (OH) on the TiUnite compared to the other implants.

OsseoSpeed: Surface topography of the OsseoSpeed implants were characterized with
facets produced by blasting and fine etching pits. Sometimes, deep pits were observed on the
surface. Surface chemistry of OsseoSpeed was mainly composed of Ti, O and C. The binding
energy of Ti 2p and O 1s were congruent with the binding energy of Ti 2p and O Is of c¢p
titanium implants. F in the OsseoSpeed was barely detected at 0.3% in XPS analysis.
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Osseotite & SLA: The acid-etched surfaces of the Osseotite and SLA implants similarly
characterized by crystallographically oriented boundaries. However, the difference was a needle-
like elevation structure with pore sizes of = 1-2 um for the Osseotite and a honey-comb structure
of = 1-3 pm for the SLA. The insets in Fig. 5 e and g showed some poorly etched area at a thread
peak of the Osseotite and a remnant of blasting particle for the SLA, respectively. Main surface
composition of the Osseotite and SLA was Ti, O and C. The binding energy of Ti 2p and O 1s
were detected at ~ 458.7¢V and 530.1¢eV, respectively.
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O 1s and C s spectra of as-received surfaces; (f) P 2p in TiUnite; (g) F 2p in OsseoSpeed.
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Table 4. Binding energies and atom concentration rate (at%) of elements at as-received and sputter-

cleaned implants in XPS analysis

TiUnite OsseoSpeed Osseotite SLA
Elements AR* SP** AR SP AR SP AR SP

at% BE at% BE at% BE at% BE at% BE at% BE at% BE at% BE
Ti 120 459.0 175 4592 11.8 4588 20.7 4588 16.7 458.6 309 458.7 20.1 458.7 29.5 458.7
(o) 452 5307 551 5309 331 530.1 39.6 5303 387 530.0 484 5304 471 530.1 559 5304
P 68 1334 95 1335 - - - - - - - - - - - -
F - - - - 03 6847 04 6848 - - - - - - - -
C 351 2848 17.0 2848 532 2848 382 2848 440 2848 208 2848 320 2848 139 28438
N 1.0 4005 09 4006 03 4005 - - 0.6 4005 - - 1.0 400.6 0.8 400.5
Ca - - - - 13 3508 1.1 3475 - - - - - - - -

AR¥*: As-received surface, SP**: Sputter-cleaned surface, at%: atomic concentration, BE: binding energy (eV).
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Fig. 7. The AES depth profiles with respect to the depth: Ti, O and C distribution of all the implants.

4.2  The Effect of MePIIID Process on the Surface Chemistry and Topography of
Titanium

4.2.1 The Effect of Ion Source

Fig. 8 shows SEM images of the machined-turned, electropolished and MePIIID
processed surfaces. These images demonstrate a characteristic feature of grooves and margins
oriented during machine-turning procedures (Fig. 8 a) and leveled off by electropolishing, which
resulted in mirror finish (Fig. 8 b). The Mg and Ca PIIID negligibly altered surface topography
of the electropolished surfaces (Fig. 8 ¢ and d). In addition, delaminations of deposited films or
clusters of deposited particles were not observed at the implant surfaces after the MePIIID
process. Surface roughness comparisons revealed that there were no significant differences in Sa
and Sdr values at the thread top, valley and flank of the screw implants (Table 5).
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Fig. 8. The SEM images of (a) machined turned implant, (b) electropolished surfaces, (¢) MgPIIID implant (IMg2)
and (d) CaPIIID implant(ICa2)

Table 5. Surface roughness of Mg PIIID (IMg2), Ca PIIID(ICa2) and electropolished titanium implants (EP)

Sa: mean (SD), pm Sdr: mean (SD), %

Top Valley Flank Total Top Valley Flank Total

IMg2 0.42(0.03) 0.12(0.02) 0.08(0.02) 0.21(0.16) 0.38(0.21) 0.13(0.07) 0.03(0.02) 0.18(0.18)

1Ca2 0.39(0.04) 0.10(0.02) 0.06(0.02) 0.19 (0.15) 0.42 (0.15) 0.09 (0.07) 0.02(0.01) 0.17 (0.20)

EP  0.43(0.03) 0.13(0.02) 0.08(0.02) 0.23(0.15) 046 (0.13) 0.14(0.29) 0.03 (0.01) 0.21 (0.20)

There were no significant differences in Sa and Sdr values among the samples at thread top, valley and flank,
consequently showing no significant differences in total average values (p>0.05).

Survey XPS spectra in Fig. 9 demonstrate that the MePIIID process incorporated Mg or
Ca ions into titanium. The major peaks were located at Ti 2p, O 1s, C 1s, Ca 2p and Mg 2p
depending on the plasma source used. Sulfur was detected at the electropolished surface, but
reduced to trace level after the MePIIID process. After Ar*" sputter-cleaning, the peak intensities
decreased at C 1s, but increased at Ti 2p, O 1s, Mg 2p and Ca 2p. Relative atom concentrations
(at%) and binding energies of the elements are summarized in Table 6.

After the MePIIID process, Mg ions in Mg PIIID samples were detected in the range
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values of 6% and 11%, while Ca ions in Ca PIIID samples were 5 to 8%. Ti amounts of the
samples were decreased to more or less 3% after MePIIID.
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Fig. 9. XPS widescan of Mg PIIID (IMg2), Ca PIIID (ICa2) and electropolished (EP) samples: (a) XPS data of the
as-received surfaces (b) XPS data of the sputter-cleaned surfaces.
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Table 6. Relative atom concentration rate (at.%) and binding energies of elements at as-received and sputter

cleaned samples in XPS analysis

Mg PIIID Ca PIIID Reference
PIIID
parameters -
Plasma source Mg arc plasma Ca arc plasma eFtro—
. polished
Acceleration o
10KV 13.6KV 16.7KV 10KV titanium
voltage
Ton dose 15 15 15 15 15 15 15 15 serew
on
. 2 5%10 10x10 50%10 10x10 10x10 5%10 10x10 50%10
(ions/cm )
Sample Mgl Mg2 Mg3 IMg4 Mg5 ICal 1Ca2 1Ca3 EP
abbreviation . & & . & 2 & &
XPS Atom
concentration AR* SP** AR SP AR SP AR SP AR  SP AR SP AR SP AR SP AR SP
rate (%)
Ti 23 119 21 97 20 81 22 108 3.6 123 21 110 20 89 13 32 132 326
(0) 359 639 354 66.8 39.0 644 314 653 428 68.7 28.8 57.1 27.0 57.5 359 60.1 394 587
C 535 79 528 64 473 72 580 79 470 6.7 646 175 643 172 552 18.1 448 72
Mg 81 163 9.5 171 11.0 203 82 160 6.6 123 - - - - - - - -
Ca - - - - - - - - - - 53 145 63 164 7.6 187 - -
S - - 02 - 0.7 - 02 - - - 02 - 04 - - - 1.2 15
N 02 - - - - - - - - - - - - - - - 1.4 -
XPS Peak

binding energy AR SP AR SP AR SP AR SP AR SP AR SP AR SP AR SP AR SP
(eV)

Ti2p3 458.2458.8 458.2458.7 458.2458.8 458.4458.8 458.5458.8 458.0458.6 458.0458.5 457.1457.8 458.8458.8
Ols 532.0530.5 532.0530.5 531.9530.5 532.0530.5 532.0530.4 531.8530.3 531.8530.2 531.9532.0 530.1530.3
Mg2p 50.0 50.2 495 50.1 49.6 50.0 50.0 50.1 505 502 - - - - - - - -
Ca2p3 - - - - - - - - - - 34743472 347.4347.2 34743473 - -

AR*: as-received surface, SP**: sputter cleaned surface.

XPS high resolution data in Fig. 10 show the effect of the MePIIID on the binding energy
shift in Ti 2p (= -A0.7) and O 1s (= +A1.3). The deconvoluted XPS data presented that the
MePIIID process increased the peak intensity of (OH)s, HyO and Ti-OH and resulted in
significantly hydroxylation of Ca and Mg. After sputter cleaning, the intensity of (OH)s, H,O
and Ti-OH were abruptly decreased.

AES depth profiles in Fig. 11 showed intermixed layers of cathodic arc deposition and
plasma ion implantation to titanium oxide. At a given MePIIID parameter, the Ca PIIID process
formed a thicker intermixed layer than the Mg PIIID did.

40



a b

30 30

Mg depth profile Ca depth profile
L <
S 25 —m—50 x10'® (IMg3) & 25 —&—50 x10"® (ICa3),
< 10 %10'* (IMg2) Mg3 1l ¢ T 10x10" (ICa2) " | \caa
2 r“. A~ 5x10" (IMg1) ’ e L\ A 5x10™(ICat) : T
© 20p g T© 20 L g
= 560 £ (A 560
® A A =
9] g @ ] g
Q15 540 o5k k 540
Q é o Mo * 5
o 10 2 M o|| © A S20(7°\ca
D 10 ¢ w10 4 = 0 o)
= | 5 10 15 20 25 O S : -‘l“‘-?_ 5 10 15 20 25
* Depth (nm) PREN=s ) Depth (nm)
50 & 5 ata AT
A W A
A Ay A :lAlAl-\'} -
. L aaan x"‘;uue_‘a, . . ) i i e
0 5 10 15 20 25 0 5 10 15 20 25

Depth (nm) Depth (nm)
Fig. 11. AES depth profiles of Mg and Ca for three different ion doses: (a) Mg distribution; (b) Ca distribution. The
inset spectra in (a) and (b) present the elemental distributions of Ti, O, Mg and Ca in IMg3 and ICa3 samples,
respectively.

4.2.2 The Effect of Ion Dose

Fig. 12 displays the amount ratio of Mg/Ti and Ca/Ti in XPS analysis at the as-received
and sputter-cleaned surfaces, respectively. The Mg/Ti and Ca/Ti increased with an increase of ion
dose. At the acceleration voltage of 10kV, XPS data (Fig. 13) of the Mg PIIID samples showed
no distinctive differences in Ti 2p, O 1s and Mg 2p irrespective of three ion doses, while XPS
spectra of the Ca PIIID samples presented clear differences in Ti 2p and O 1s at the highest ion
dose used. The AES depth profiles in Fig. 11 reveal that the signal intensity of Mg and Ca
increase near surface with ion dose and the amount of plasma ion implanted deeper was
increasing for higher ion doses at a given plasma source.
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Fig. 12. The amount ratios of Mg/Ti and Ca/Ti in XPS analysis with respect to ion dose: (a) Mg/Ti of Mg PIIID
samples; (b) Ca/Ti of Ca PIIID samples.
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Fig. 13. High resolution spectra of the as-received and sputter cleaned implants for three different ion doses: Ti 2p
(a-b), O 1s(c-d), Mg 2p (e-f) and Ca 2p (g-h)

4.2.3 The Effect of Acceleration Voltage

The amount ratio of Mg/Ti in XPS analysis (Fig. 14 a) decreased with acceleration
voltage at an incident ion dose of 10 x 10'°. AES depth profile in Fig. 14 b revealed that the
amount of Mg decreased with acceleration voltage near surface. The high resolution XPS spectra
in Fig. 15 show peak binding energy of Mg 2p shifted from = 49.5¢V to = 50.5e¢V with
increasing the acceleration voltage.
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4.3  Surface Properties of Experimental Implants used in in vivo Studies

Surface topography of the experimental implants used in in vivo studies was displayed in
Fig. 16. Roughness values of Sa and Sdr were shown in Table 7. Survey and high-resolution XPS
of the implants were described in Fig. 17 and 18, respectively. Relative atom concentration rates
and binding energies were summarized in Table 8.

Fig. 16. The SVEMrimages of the implants: (a) Mg implant; (b) blasted implant; (c) turned implant; (d) Ca4 implant;
(e) Ca6 implant; (f) IO implant; (g) IMg implant

Study III: SEM images in Fig. 16 showed the microporous structures in the Mg implants
(a), blasted pit structures in the blasted implants (b) and a feature of margin and grooves in the
machined-turned implants (c). The Mg implants demonstrated a significantly lower Sa values
than the blasted implants (0.69 + 0.09 vs. 0.82 = 0.09 pm, p = 0.007). Both of the Mg and
blasted-implants revealed significantly higher Sa and Sdr values than the turned implant. Survey
XPS data showed the characteristic elements of the implants, such as Mg for the Mg implants
and Al for the blasted implants. The atom concentration of Mg ion was =~ 6.2% for the as-
received surface and ~ 9.2% for the sputter-cleaned surface. The binding energy of Mg 2p was =
50.5eV.

Study IV: Fig. 16 displayed the SEM images of the Ca4 (d) and Ca6 implants (¢). The
microporous structures were found on the implant surfaces. The mean porosity was 19.5 + 3.3%
for the Ca4 implants and 19.5 £ 3.9% for the Ca6 implants. The pore size varied from 0.2 to 1.5
pm for the Ca4 implants and from 0.3 to 1.5 pm for the Ca6 implants. The Ca6 implants showed
significantly higher roughness values of Sa and Sdr than the Ca4 implants. Surface chemistry of
the Ca4 and Ca6 implants were mainly composed of Ti, O, C and Ca. The Ca6 implants
contained 6.6% of Ca and the Ca4 implants contained 4.2% of Ca. The peak binding energies of
Ti 2p, O 1s and Ca 2p appear at = 458.5¢V, 530.0eV and 346.9¢V, respectively (see Fig. 18).
Deconvolution data revealed a similarity in the chemical bonding state of Ca in titanium oxides
of the Ca4 and Ca6 implants.
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Study V: Fig. 16 f and d presented the surface topography of the 10 and the IMg
implants, including a feature of machine-turning oriented grooves and margins. There were no
significant differences in the surface roughness values of Sa and Sdr between the implants. The
IMg and IO implants showed clear differences of surface chemistry: the IMg implants contained
9% of Mg, while the surface chemistry of the IO implants was mainly composed of Ti, O and C
(see Fig. 17 and Table 8, below). The binding energy of Mg 2p was 49.8eV. XPS deconvolution
data in Fig. 18 showed significant increase of hydroxyl group on the IMg and IO implants after
PIIID process. AES data confirmed the Mg-incorporation to the titanium oxide of the IMg
implants (data was shown in the manuscript of study V).

Table 7. Surface roughness of the implants used in the animal experiments (mean + SD)

Study Samples Sa (um) Sdr (%)
Mg implant 0.69 £+ 0.09 433+194
Study III Blasted implant 0.82 +0.09 40.5+7.9
Turned implant 0.55+0.28 10.6 £3.9
Study IV Ca4 0.61 +0.17 9.15+1.42
Cab 0.72+0.17 13.0+£0.94
10 0.52+0.15 19.2 £18.1
Study V
Mg 0.53+£0.18 17.8 £17.1
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Fig. 17. XPS widescan of the implants: (a) Mg implant, blasted implant and turned implant in study III; (b) Ca4 and
Ca6 implants in study I'V; (¢) IO and IMg implants in study V.

Table 8. Chemical compositions of the experimental implants used in the animal experiments (at. %)

Study Sample Ti (0} Mg Ca P C Al trace elements
Mg implant 8.9 470 6.2 - 52254 27 S, N, Ca, Na, Si
Study 111
udy Blasted implant  10.5 464 - .- 254 115 g; N, Ca, P, Na,
Ca4 149 450 - 42 - 336 - N,S, K, Si
Study IV 2 > B 5t
Cab 154 469 - 6.6 - 29.1 - N,S, K, Si
10 1.1 377 - - 499 - N, Ca, Si
Study V .
Mg 3.6 344 9.0 - - 526 - N, Ca, Si
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Fig. 18. The high resolution XPS data of the implants: (a-c) the Ti 2p, Ols and Mg 2p spectra of the Mg implant and
blasted implant; (d-f) the Ti 2p, O 1s and Ca 2p spectra of the Ca4 and Ca6 implants; (g-i) the Ti 2p, O 1s and Mg 2p
spectra of the IMg and 10 implants.
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4.4 Bone Responses

The bone responses of the implants in rabbit tibia were described at the following sub-sections.
The osseointegration strengths of the implants in rabbit tibiae were measured with removal
torque and summarized in Table 9.

Table 9. The osseointegration strength of the implants in terms of removal torque

Removal torque (Ncm)

Study Group
3 weeks 6 weeks 10 weeks
Mg implant 25 & 5% *x 39 & 9% *x
Study I1I Blasted implant 17 +4 3() & 7HE*
turned implant 14+3 20+ 7
Ca4 - +
Study IV 327
Cab - 30+4
10 N N +
Study V 273
Mg - - 38 £ 3ok

*: Significant difference (p < 0.05) between the Mg and turned implants

**: Significant difference (p < 0.05) between the Mg and blasted implants
*#%: Significant difference (p < 0.05) between the blasted and turned implants
**%%: Significant difference (p < 0.05) between the IMg and 10 implants

4.4.1 Bone Responses in Study I11

4.4.1.1 In vivo Removal Torque Test (RTQ)

At 3 weeks of healing, the Mg implants showed a significantly higher mean RTQ value
than the turned implants (25.3 + 4.7 vs. 13.5 = 3.3 Ncm, n= 10, p = 0.0001) and the blasted
implants (16.8 = 3.6 Ncm, n = 10, p = 0.0001). There was no significant difference of mean RTQ
values between the blasted and turned implants.

At 6 weeks of healing, the Mg implants demonstrated a significantly higher mean RTQ
value than the turned implants (39 + 8.5 vs. 19.6 £ 6.7 Ncm, n= 10, p = 0.0001) and the blasted
implants (29.7+ 6.5 Nem, n = 10, p = 0.035). The blasted showed a significantly higher mean
RTQ value than the turned implants (p = 0.0001).

4.4.1.2 Rate of Osseointegration

Fig 19 showed the rate of osseointegration at two different healing intervals. Between day
0 and 3 weeks, the Mg implants demonstrated significantly higher rate of osseointegration (A
RTQ/ A weeks) than the blasted (p = 0.008) and turned implants (p = 0.004). As compared to the
turned implant, Mg implants between 3 and 6 weeks demonstrated significantly rapid
osseointegration (p = 0.039) while the blasted implants (p = 0.289) presented no significant
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Fig. 19. The rates of osseointegration.

4.4.1.3 Ex vivo Removal Torque Test at day 0

The insets of Fig 19 showed Ex vivo baseline RTQ measurements of the implants in
chicken tibia at day 0. The RTQ values of all implants were 6.2 = 0.55 Ncm (range 6-7 Nem, n =
8) for the turned implants, 5.3 + 0.6 Ncm (range 5-6 Nem, n = 8) for the blasted implants, and
5.0 + 0.6 Ncm (range 5-6 Nem, n = 8) for the Mg implants.

4.4.2 Bone Responses in Study 1V

4.4.2.1 Removal Torque Test (RTQ)

The mean value of RTQ was 32 + 7 Ncm for the Ca4 implants and 30 = 4 Nem for the
Ca6 implants (p = 0.37). There was no significant difference between the two implants.

4.4.2.2 Shear Strength Comparison

The mean values and standard deviation of the shear strength are described in Table 10.
The shear strengths revealed no significant differences between the Ca4 and Ca6 implants
irrespective of the calculation methods (p > 0.05). Furthermore, at a given implant group, there
are no significant differences of the shear strengths between the calculation methods using the
unscrewed implants and the non-unscrewed neighboring implants (p > 0.05). The shear strength
distributions in Fig 20 display that the shear strengths calculated from the unscrewed implants
were more narrowly distributed than the shear strengths calculated from the non-unscrewed
implants. There was strong correlation between the shear strengths estimated from two different
threaded parts of implants, i.e., the all threads and the three best consecutive threads in cortical
region: r = 0.77 (p < 0.01) for the methods using the unscrewed implants (Fig. 20 a) and r = 0.97
(p <0.01) for the method using the non-unscrewed implants (Fig. 20 b).
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Table 10. Shear strength calculations mean + SD

Ca4 Cab p-values
Shear strength (N/mmz)
- method A: unscrewed implants, entire threads 16.7+2.8 164+25 0.59
- method B: unscrewed implants, 3 best consecutive threads 20.0+4.1 19.6+3.4 0.78
- method C: non-unscrewed implants, entire threads 19.6 £ 10.5 15.0+59 0.14
- method D: non-unscrewed implants, 3 best consecutive threads 21.6+9.3 17.7+4.4 0.26

Note: Shear strength = 7/zdrl, where T = the removal torque, d = the mean diameter, » = the lever arm and / = bone
length; (A) the solid bone length measured on the entire threaded part of the unscrewed implant; (B) the solid bone
length measured on the three best consecutive threads in cortical region of the unscrewed implant; (C) the bone contact
length measured on the entire threaded part of the non-unscrewed neighboring implant; (D) the bone contact length
measured on the three best consecutive thread in cortical region of the non-unscrewed neighboring implant. The
measurement of the solid bone length is illustrated in Fig. 4.
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Fig. 20. The shear strength distributions: (a) the shear strength distribution calculated from the RTQ tested implants;
(b) the shear strength distribution calculated from the non-RTQ tested neighboring implants.

4.4.2.3 Qualitative Light Microscopy Observations

Fig. 21 a and b show light microscopy observations of the undecalcified cut and ground
sections from the non-unscrewed implants. Newly formed bone was clearly distinguished by the
demarcation/cements line between dark and pale stained bone tissue. There were no distinct
differences in apposition of new bone between the Ca4 and Ca6 implants. Inflammatory cells,
such as macrophages and multinuclear giant cells, were observed in close vicinity of both
implant surfaces. Fig. 21 ¢ and d demonstrate the micrographs of the ground sections from the
removal torque tested implants. Bone fractures and red blood cell infiltrations into the bone
tissue were observed at both sections of the Ca4 and Ca6 implants.
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Fig. 21. Light microscopical observations on the undecalcified cut and ground sections in bone: Toluidine blue
stained sections from non-RTQ tested implants (a: Ca4 implant, b:Ca6 implant) and basic-fuchsine-stained sections
from the RTQ-tested implants (c: Ca4 implant, d:Ca6 implant). Newly formed bone (NB) including endosteal bone
formation (black arrow head) and endosteal downgrowth (white arrow head) were clearly distinguished from old
cortical bone (OC) by the demarcation line between dark and pale stained bone tissue both for the microphotograph
of Ca4 implant (a) and Ca6 implant (b). Bone fractures (white arrow head) and blood cell infiltrations into the bone
tissue were observed on the basic fuchsine stained sections (c-d) of the removal torque tested implants. The old
cortical bone (OC; pale-green), the newly formed bone (NB; dark-green), red blood cell (RB; red) and soft tissue
(ST; red and white) were clearly distinguished at the micrographs of Ca4 implant (¢) and Ca6 implant (d). The
length of solid bone (yellow line) was measured along the destroyed interface between bone and implant.

4.4.2.4 Histomorphometrical Measurements

Bone metal contact: The bone metal contact (BMC) measurements showed no
significant differences between the Ca4 and Ca6 implants (Fig. 22 a). The mean value of BMC in
all threads was 16.1 £ 6.7% for the Ca4 implants and 20.8 = 6.8% for the Ca6 implants (p =
0.18). In the three best consecutive threads in the cortical region, the mean value of BMC was
34.5 £ 9.5% for the Ca4 implants and 40.6 = 7.3% for the Ca6 implants (p = 0.13).

Bone Area: Bone area comparisons revealed no significant differences between the two
implants (Fig. 22 b). The mean percentage of bone area inside all threads was 25.4 + 8.7% for
the Ca4 implants and 21.6 + 7.1% for the Ca6 implants (p = 0.26). In the three best consecutive
threads in the cortical region, the mean value of bone area was 52.5 + 12.4% for the Ca4
implants and 46.5 + 4.3% for the Ca6 implants (p = 0.37).
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Fig. 22. The bone metal contact (a), bone area (b) and newly formed bone (c¢) of the Ca4 and Ca6 implants.
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Newly formed bone: The amount of newly formed bone demonstrated no significant
differences between the two implants (Fig. 22 c¢). The mean value of newly formed bone in zone
A was 24.9 £ 7.1% for the Ca4 implants and 23.1 + 8.7% for the Ca6 implants (p = 0.95), while
the mean value in zone B was 20.6 = 7.0% for the Ca4 implants and 18.1 + 6.8% for the Ca6
implants (p = 0.95). The mean value of newly formed bone inside all threads was 21.8 + 7.1%
for the Ca4 implants and 19.5 + 7.3% for the Ca6 implants (p = 0.37).

4.4.3 Bone Responses in Study V

4.4.3.1 Removal Torque Test (RTQ)

The mean value of RTQ was 27 = 3 Ncm for the IO implants and 38 + 3 Nem for the IMg
implants. The IMg implants showed significantly higher removal torque than the 10 implants (p
=0.005).

4.4.3.2 Shear Strength Comparison
The mean value of shear strength was 15.0 + 4.9 N/mm? for the IO implants and 18.1 +

5.1 N/mm® for the IMg implants. The IMg implants showed significantly higher shear strength
than IO implants (p = 0.011).

4.4.3.3 Histomorphometrical Measurements
Bone metal contact (BMC): The mean percentage of BMC is 26.1 + 4.5% for the IO

implants and 29.6 + 5.9% for the IMg implants. The IMg implants showed significantly higher
BMC% than the IO implants (p = 0.011).

Bone area: The mean value of bone area was 45.6 £ 6.3 % for the 10 implants and 52.0 +
3.4 % for the IMg implants. The IMg implants showed significantly higher bone area% than the
10 implants (p = 0.038).

Newly formed bone: The mean percentage of newly formed bone was 42.7 + 6.4 % for

the 10 implants and 49.3 + 5.9 % for the IMg implants. The IMg implants demonstrated
significantly higher newly formed bone% than the 10 implants (p = 0.038).
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5 Discussion

5.1 Discussion on Materials and Methods

5.1.1 Clinical Implants (Study I)

Surface chemistry and topography of the clinical implants were greatly dependent of
treatment methods. The blasting and acid etching technique used for the Osseotite, OsseoSpeed
and SLA implants resulted in mainly TiO,, but rather changed surface topography. In contrast,
electrochemical process for the TiUnite altered not only surface chemistry, but also created
porous structures on surface.

The surface chemistry of the Osseotite, OssoSpeed and SLA was mainly composed of Ti,
O and C. The Ti metal peaks of the Osseotite, OssoSpeed and SLA indicated that they have a thin
oxide layer. However, XPS and AES data of the TiUnite implants showed P-incorporation into
the thick titanium oxide. The binding energy of P, Ti and O may indicate the presence of titanium
phosphates. In addition, TiUnite implants showed a higher amount of hydrated water (Ti-OH)
and hydroxides (OH) on the surface as compared to the Ossotite, OsseoSpeed and SLA.

The surface topography of the TiUnite was characterized as a porous structure with a lot
of craters while the other implants contained the etching pits and facets. Fine differences of the
pits and facets were obvious between the OsseoSpeed, Osseotite and SLA implants due to
differences of used blasting and etching parameters. Blasting particles were detected in the SLA
implants. These particles deemed to be alumina residuals.*®

5.1.2 Surface Modification Techniques

5.1.2.1 MePIIID and O PIIID Processes (Studies II and V)

In the present project, we employed the MePIIID technique to investigate the effect of the
MePIIID on the surface chemistry and morphology of titanium oxide depending on the MePIIID
parameter used and to produce ‘bioactive’ titanium including Mg and Ca ions on the titanium
surfaces. It is a great advantage that the MePIIID process can alter surface chemistry of titanium
oxide with negligible change of surface roughness by tailoring the plasma source, ion dose and
acceleration voltage.”"'”” Furthermore, the cyclic process of repeating cathodic arc deposition
and plasma immersion ion implantation formed the intermixed layer between the substrate and
film®**%, which prevents a possible delamination and bio-degradation of the MePIIID-treated
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surface when exposed to biological environments.”

The MePIIID process produced the Mg- and Ca-incorporated titanium surfaces which
chemical bonding states were mainly magnesium titanates and calcium titanates, respectively.
The atom concentrations of plasma ions increased with ion dose and decreased with acceleration
voltages. By tailoring the MePIIID parameters, such as plasma source, ion dose and acceleration
voltages, we have successfully produced magnesium titanates surfaces containing ~ 9% of Mg,
which concentration is corresponding to the optimal Mg concentration of titanium oxide in a
previous study.® Furthermore, titanium surfaces demonstrated a significant increase of hydroxyl
groups on the surfaces after the MePIIID process. Due to the significant hydroxylation of
titanium oxide after the MePIIID, the Mg- and Ca-incorporated titanium showed chemical shifts
in Ti 2p and O 1s as compared to the non-treated titanium oxide.

The OPIIID process produced the O-incorporated titanium which was mainly composed

of Ti, O and C. Similarly to the MePIIID process, the OPIIID treated titanium demonstrated a
significant increase of hydroxyl group in Ti 2p and O 1s.
The IMg and IO implants prepared with PIIID process in study V demonstrated clear differences
in surface chemistry: the IMg implants contained ~ 9% of Mg in titanium oxide, while the 10
implants were mainly composed of Ti, O and C. However, the two implants revealed no
significant differences in surface topography as evaluated from roughness comparisons as well as
SEM observations. From the surface analyses, it is certain that the PIIID process provides proper
test and control groups for the investigation of the effect of Mg ions on the bone response.

5.1.2.2 MAO Process (Studies III and IV)

The MAO process not only incorporated Ca and Mg ions into titanium surfaces, but also
created microporous structures in titanjum oxide.'”''”*? By controlling the MAO process
parameters, we produced Ca-incorporated implants containing two different concentrations of Ca,
but having similar chemical bonding states of Ca in titanium oxides. The chemical bonding states
of Ca were mainly calcium titanates including small amounts of Ca(OH),. In case of the Mg-
incorporated titanium, the chemical bonding states of Mg were mainly magnesium titanates.
Surface roughness of Sa values were ranged from 0.61 to 0.72 pm after the MAO process. The
Sa value of the titanium implants prepared with the MAO on the blasted surfaces were higher
than the Sa values of the implants prepared with the MAO on the machined-turned surfaces.

5.1.3 Surface Characterization

5.1.3.1 XPS Analysis

XPS enables to investigate the chemistry of the outmost surface due to the short
penetration depth of X-ray and the short mean free path (escape depth) of photoelectron.”” In
general, XPS data of as-received surfaces show the contaminants of C species, physically and
chemically absorbed water, as well as main components of implant surfaces, such as Ti, O, Mg
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and Ca. Therefore, it is necessary for us to compare XPS data from as-received and sputter-
cleaned surfaces for a better understanding of surface components and their chemical bonding
states. By comparing XPS data from as-received and sputter-cleaned surfaces, we found that
more than 20% of carbon contaminates were present on the commercially available dental
implants. Furthermore, the increase of Mg and Ca concentration after sputter cleaning indicated
that Mg and Ca ion were incorporated into titanium surfaces after the MePIIID and MAO
processes. Abrupt decrease of hydroxyl groups and the binding energy shift of Ti 2p after sputter
cleaning revealed the significant hydroxylation of the MePIIID treated samples after exposure to
air.

5.1.3.2 AES Analysis

AES analysis enables investigation of the chemical compositions of the implants and
depth profiles of surface elements, such as Mg and Ca. However, the chemical compositions of
the implants measured by AES were differed from the chemical compositions measured by XPS.
This may be due to the difference in sensitivity factor to elements of XPS and AES.”

5.1.3.3. Interferometry

Surface roughness measurements presented the difference in surface topography of the
implants depending on the surface treatment used. The Sa value was = 0.21 um for the implants
prepared with the electropolishing/electropolishing + MePIIID process, ~ 0.53pm for the
implants produced with the CNC machining/ CNC machining + PIIID process, ~ 0.82 um for the
implants prepared with the Al,Os-blasting process, = 0.61um for the CNC machining + MAO
processes and ~ 0.71um for the TiO,-blasting + MAO processes. The roughness measurements
for the electropolished implants revealed a big difference of Sa values depending on the
measuring site of the screw-shaped implants: the mean Sa value from the thread top was about
5.2 times higher than the mean Sa value from the thread flank.

5.1.4 Evaluation Methods for the Bone Responses to the Implants

5.1.4.1 Removal Torque Measurements and the Rate of Osseointegration

The strength and rate of osseointegration in the present thesis were evaluated on the basis
of biomechanical measurements of removal torque.'” The terminology of osseointegration
strength reflects the bone integration to implants. Indeed, the strength and rate of
osseointegration are valuable parameters to estimate how rapidly and strongly the implants
integrate in bone during a given heal time.'**

The rate of osseointegration in study III was calculated from the removal torque values
after 3 weeks and 6 weeks of healing time. For the calculation of the osseointegration rate from
day 0 to 3 weeks, the following equation have been used: (RTQ at 3 weeks) / (3 weeks) - a,
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where oo = RTQ value at day 0 / 3 weeks. The virtual mean RTQ values at the day 0 will be
determined primarily by frictional force originated from compressive strength exerted upon
implant insertion. Thus, all the groups in study III were supposed to share similar values of
friction force and the constant a since all the implants had the same macroscopic geometry, and
were inserted by a same surgeon according to the same surgical protocol. The ex-vivo
experiments supported the validity of the hypothesis in that the differences of RTQ values were
more or less 1 Nem between the implant groups. The constant o has no influence on the p values.

5.1.4.2 Shear Strength Calculation

The shear strength in the present thesis was calculated by the simple formula based on the
RTQ value and the bone length. For a ‘proper’ shear strength calculation, the shear strength as
well as the bony contact length to implant surface need to be measured on the same implants.
However, the interface between bone and implant was destroyed after removal torque testing,
which makes it difficult to measure the direct bone contact length of the same implant. Thus, we
approximated the bone contact length to unscrewed implants by using two methods in study IV:
1) measuring the solid bone length at the destroyed interface between bone and unscrewed
implants and 2) measuring the bone contact length on non-unscrewed neighboring implants.
Irrespective of the implant group in study IV (Ca4 and Ca6), the shear strength comparison
revealed no significant difference between the methods using unscrewed and non-unscrewed
implants. However, the shear strength converted from the unscrewed implants presented a more
narrow distribution than the shear strength converted from the non-unscrewed implants. In study
IV, the shear strength was calculated from two different threaded parts of the implants, such as
the entire threads (all threads) and three best consecutive threads in cortical region. The
correlation test revealed the strong correlation between the shear strengths converted from the
entire threads and converted from three best consecutive threads. This strong correlation implies
that the bone contact length to three best consecutive threads in the cortical region may be the
determinant part of the total bone contact length for the shear strength calculation.

5.1.4.3 Histomorphometry

Undecalcified cut and ground sections with implant were stained with toluidine blue
mixed with pyronin G for non-RTQ tested implants and stained with basic fuchsin for the RTQ-
tested implants. The toluidine blue staining distinguished newly formed bone from the old
cortical bone, while the basic fuchsin staining clearly presented the bone fractures and the
infiltrations of red blood cell into bone tissue after the RTQ tests. Bone metal contact, bone area
and newly formed bone were measured using the toluidine blue-stained sections.
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5.2 Discussion on Results

5.2.1 Study III

At the healing time 3 weeks and 6 weeks, the Mg implants demonstrated significantly
higher osseointegration strength than the turned and blasted implants. There was no significant
difference in osseointegration strengths between the turned and blasted implants at 3 weeks of
healing. However, the blasted implants significantly increased the osseointegration strength at 6
weeks of healing time, which can be explained with the significantly higher roughness of the
blasted implants than the turned implants. According to previous studies, the blasted surfaces
increased the bone integration strength with increase of Sa value in the range = 0.4 to 2
um." 1% In contrast, the Mg implants revealed significantly higher osseointegration strength
than the blasted implants despite their significantly lower Sa values. This is most likely due to
surface chemistry effect on the bone implant integration.'>'"" According to our previous
studies'*****2_ the bioactive surface chemistry of Mg implants strongly and rapidly increased
the osseointegration. A number of experimental and clinical data provided evidences for the
significant effect of surface chemistry modifications of titanium implants in osseointegration.
7,15,99,112-114

The Mg implants showed a highly significant increase in the rate of osseointegration
compared to the turned and blasted implants between day 0 and 3 weeks. Between 3 weeks and 6
weeks, the Mg implants demonstrated a highly significant increased osseointegration rate
compared with the turned implants, but not the blasted implants. The difference of the
osseointegration rate between two healing interval is 3.8 - o, Necm/week for the Mg implants, 1.3
- op Nem/week for the blasted implants and 2.5 - a; Ncm/week for the turned implants. These
features represent three characteristic modes of osseointegration behavior: (i) the Mg implants
had continuously increased the osseointegration strength up to 6 weeks; (ii) the blasted implants
had increased osseointegration strength for the second 3 weeks compared with the first 3 weeks;
(iii) the turned implants had increased the osseointegration strength for the first 3 weeks
compared with the second 3 weeks.”’

From this study, it is found that the Mg-incorporated titanium oxide enhanced the
osseointegration in terms of bonding strength and speed. These results provide evidence for the
surface chemistry-mediated osseointegration mechanism proposed by Sul”', which facilitates
rapid and strong integration of implants in bone, particular at earlier healing periods.

5.2.2 Study IV

The study IV investigated the effect of Ca ion concentration on the bone response to Ca-
incorporated titanium. The Ca-incorporated implants prepared by the MAO process showed two
different concentrations of Ca (4.2% and 6.6%), but revealed similar chemical bonding states of
Ca in titanium oxide. The chemical bonding states of Ca in titanium oxide were mainly calcium
titanates including small amounts of Ca(OH),. The overall bone response to the two investigated
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titanium implants demonstrated no significant differences in RTQ, BMC, BA, newly formed
bone and shear strength analyses irrespective of calcium concentration. In addition, LM
observation revealed no significant differences in the bone apposition, the old and new bone area
between the two tested implants. However, the results of the present thesis stand in clear contrast
to the results in our previous studies where the osseointegration strength was measured by RTQ
for two other types of Ca-incorporated implants. In the previous studies, the Ca 7%-containing
implants revealed an increased RTQ value of 314% compared to pure machined-turned titanium,
while the Ca 11%-containing implants showed an increased RTQ value of 153% compared to
same types of cp titanium implants.”'" The discrepancy between the present and previous results
may be explained by the similarities and differences in the chemical bonding states of Ca at the
titanium implant surfaces: the similar chemical bonding state of Ca in the two implants used in
the present thesis lead to no significant difference in the bone response whereas a two-fold
difference in the increased rate of RTQ values resulted from the different chemical bonding state
of Ca in Ca-incorporated implants of the previous studies. The two implants of the previous
studies demonstrated clear differences in chemical bonding states of Ca: the peak binding energy
of Ca2p was detected ~ 347.3 for the Ca7%-containing implants and =~ 347.8eV for the Call%
implants.”"!

Ca-incorporated implants have shown improved bone responses in several in vivo studies.
Although the action mechanism is not clearly understood underlying the previous findings, Ca
ions in titanium play an important role on the enhanced bone tissue/cell integration to the implant
surfaces via “electrostatic/ionic bonding” with adhesive proteins, i.e. proteoglycans, collagen,
thrombospondin, fibronetin, vitronection, fibrillin, osteoadherin, osteopontin and bone
sialoprotein. These polyanionic proteins can stimulate Arg-Gly-Asp (RGD) sequence and also
trigger further recruitment of osteoprogenitor cells and osteoblasts via the Ca-signalling
pathway.''**>* The main driving force of this mechanism may be the movement of Ca ions from
the Ca-incorporated implants. In general, an important factor affecting ion release from the
oxidized surface of metals is the chemical bonding state of the metal oxide."'> This indeed
supports the explanation that the similar bone responses to the Ca-incorporated implants used in
this project resulted from the similarity in chemical bonding state of Ca in titanium oxide.

Significantly different surface roughness of the two tested implants may, at least in part,
have an influence on the bone response to titanium surface. Regarding the effect of surface
roughness of the magnitudes cited, it has been reported that ‘rough’ implant surfaces enhance
osseointegration compared to smoother surfaces.'*!"®!'”. However, in the present thesis,
somewhat rougher Ca6 implants revealed no significant difference in the osseointegration
compared to smoother Ca4 implants, but differences in roughness were small, if significant.
Perhaps this difference is compensated by the osteoconductive properties of Ca ion.

In the present thesis, mean shear strength of Ca-incorporated implants after 6 weeks of
healing was 16.9 N/mm?. This value is greater than the shear strength of machined-turned
implants (14.8 N/mm?) inserted into rabbit tibiae during 12 weeks. Probably, the Ca ions in
titanium implants facilitate the rapid and strong integration of implants in bone.

58



5.2.3 Study V

The IMg implants showed significantly higher osseointegration strength than the 10
implants after 10 weeks of healing. Furthermore, the IMg implants presented significantly higher
percentages of BMC, BA, and newly formed bone than the IO implants. In shear strength
comparison, the IMg implants demonstrated significantly higher strength than the IO implants.
These results support the significant effect of Mg-incorporated titanium oxide chemistry on the
bone integration to titanium.'>**

According to previous studies, bioactive surface chemistry including Mg, Ca, S and P
ions reinforced the bone integration to titanium surfaces in terms of bonding strength and
speed.”'"'>* In particular, Mg-incorporated titanium oxide chemistry demonstrated significantly
higher strength of osseointegration compared with experimental and clinical implants.'>*? Based
on the hypothesis of chemistry-medicated osseointegration mechanism, Sul et al explained that
the Mg-incorporated titanium oxide chemistry facilitates the rapid and strong osseointegration,
particularly at the early healing time.'>”’ In this study, the Mg-incorporated titanium oxide
chemistry was produced by the MePIIID process. This process allows surface chemistry
modification with negligible alternation of surface topography at the nanometer level thus
enabling the investigation of the effect of bioactive surface chemistry on the
osseointegration.”*'”” Indeed, surface properties of the IMg and 10 implants demonstrated clear
difference of surface chemistry, but showed negligible differences in their topography. Thus, the
results of bone responses to the IMg and IO implants not only enabled to investigate “pure”
contribution of Mg-incorporated titanium oxide chemistry on the osseointegration, but also
provide strong evidence of the chemistry mediated-osseointegration mechanism.
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6 Conclusions

1. Surface chemistry of commercially available dental implants is determined by
experimental parameters of surface engineering techniques in use. The blasting and acid etching
techniques generally do not change the surface elements of the titanium, consisting mainly TiO,,
but rather alter the surface morphology. In contrast, the electrochemical oxidation process not
only changes surface chemistry due to incorporation of anions from the used electrolytes, but
also produces microporous surface

2. The MePIIID technique modifies surface chemistry by tailoring plasma source with
negligible alternation of surface topography at the nanometer scale, thus enabling the
investigation of the effects of bioactive implant surface chemistry on the bone response.

3. The Mg-incorporated titanium prepared with the MAO process demonstrated
significantly stronger osseointegration and most rapid osseointegration compared with the turned
or blasted implants.

4. From the biomechanical and histomorphometrical measurements, the Ca-concentration
difference of titanium surfaces had no significant influence on the bone response. This similar
bone response in rabbit tibiae may be explained by the similarity of the qualitative Ca chemistry
in titanium surfaces.

5. The Mg-incorporated titanium prepared by the MePIIID process demonstrated the
significantly enhanced bone responses compared to the O-incorporated titanium. The results
indicated that the Mg-incorporated titanium oxide chemistry most likely contributed to the
enhanced bone responses to the implant surfaces.
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